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EFT
A model independent probe of heavy New Physics
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SMEFT
The global aspect
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Figure 11. Comparison of the constraints on the indicated 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), found in a combined linear fit to the
Higgs, diboson and electroweak precision observables (top two panels) and including in addition top
data (bottom two panels), including CG in the fit (orange) and setting CG = 0 (red). Also displayed
in yellow in the top two panels is a fit without LEP (EWPO and WW ) measurements.
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SMEFT correlates different sectors: Global interpretations are needed

Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779
First global fit of the top+Higgs+EW sectors
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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
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EFT pathway to New Physics
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Aspects of EFT predictions
And how to improve them
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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 1/Λ2

𝒪(αs, αew) + 𝒪 ( 1
Λ2 ) + 𝒪 ( αs

Λ2 ) + 𝒪 ( αew

Λ2 )
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Why bother with higher orders?
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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
Example 1: k-factors and shapes
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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
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Example 2: EWPO
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LEP ILC GigaZ [arXiv:1908.11299]

Even EW corrections lead to ~20% difference

Accuracy and precision

Dawson and Giardino arXiv:1909.02000 & Giardino@HEFT2020

Impact of NLO corrections on W, Z pole observables:
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Improved sensitivity
New operators opening up at NLO
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4-heavy operators in top pair production
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

Complimentary information to ttbb and 4top production

At NLO:

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743
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Improved sensitivity
Breaking degeneracies by going beyond LO
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Basan, Berta, Masetti, EV, Westhoff arXiv:2001.07225

Different top chiralities

An asymmetry observable
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“Subleading” leading contributions
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Four tops observed

6.1𝜎

5.5𝜎

arXiv:2303.15061

CMS-PAS-TOP-22-013
5

Four tops in SMEFT: interference 

10

Interference

Four tops in SMEFT: interference 

10

Interference

Formally sub-leading EW effects are large

Four tops in SMEFT: interference 

10

Interference

Four tops in SMEFT

Electroweak contributions are important Aoude, HF, Maltoni, Vryonidou, arXiv: 2208.04962
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Four tops in SMEFT

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

EW

Aoude, El Faham, Maltoni, EV arXiv:2208.04962 

QCD

EW

https://arxiv.org/abs/2208.04962
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Loop-induced sensitivity
Trilinear H coupling

Sensitivity through 1-loop EW corrections to 
single Higgs production.


A new opportunity to extract information, 
beyond the typical probe of HH production.
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Di Vita et al. arXiv:1704.01953 and HH white paper 

Degrassi et al. arXiv:1607.04251, 
Gorbahn, Haisch 1607.03773, Bizon et 
al 1610.05771, Maltoni et al 
1709.08649

Diboson (off-shell Higgs) sensitivity 
to top couplings

Constraint from gg to ZH 
Englert et al arXiv:1603.05304

4-parameter fit:

Azatov, Grojean, Paul, Salvioni arXiv:1608.00977

Constraints on ttZ couplings 
competitive with ttZ process

See also: Englert, Soreq, Spannowsky arXiv:1410.5440 and Cao et al 2004.02031
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Improved sensitivity due to EW loops
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New loop-induced sensitivity 
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
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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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Loop & tree sensitivity in global fits
Higgs production and decay
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Global fit observables

16

Category Processes ndat

Top quark production

tt̄ (inclusive) 94
tt̄Z, tt̄W 14

single top (inclusive) 27
tZ, tW 9

tt̄tt̄, tt̄bb̄ 6
Total 150

Higgs production
Run I signal strengths 22

and decay
Run II signal strengths 40

Run II, di�erential distributions & STXS 35
Total 97

Diboson production
LEP-2 40
LHC 30
Total 70

Baseline dataset Total 317

Table 3.8. The number of data points ndat in our baseline dataset for each of the categories of
processes considered here.

Dependence on the EFT coe�cients. In order to interpret the results of the global
EFT analyses which will be presented in Sect. 5, it is useful to collect the dependence of the
various datasets described in this section with respect to the degrees of freedom defined in
Sect. 2. Table 3.10 indicates which EFT coe�cients contribute to the theoretical description
of each of the processes considered in this analysis. Recall that the 16 coe�cients listed in
Eq. (2.4) are related among them by the EWPO relations, and that only two of them are
independent.

In Table 3.10 we display from top to bottom the coe�cients associated to the two-light-
two-heavy, four-heavy, four-lepton, two-fermion plus bosonic, and purely bosonic dimension-
six operators. The Higgs measurements are separated between the Run I and Run II datasets,
and in the latter case also between signal strengths and di�erential distributions and STXS.
A check mark outside (inside) brackets indicates that a given process constrains the corre-
sponding coe�cients starting at O(�≠2) (O(�≠4)) at LO. Entries labelled with (b) indicate
that the sensitivity to the associated coe�cients enters via bottom-initiated processes, which
arise due to contributions from the b-PDF in the 5FNS adopted here.

Several observations can be drawn from this table. First of all, we observe that the
four-heavy coe�cients are constrained only by the tt̄QQ̄ production data, either tt̄tt̄ or tt̄bb̄.
Such measurements also depend on the 2-light-2-heavy operators, as well as on ctG, although
in practice this correlation is small. Furthermore, the four-heavy coe�cients are essentially
left undetermined at O

!
�≠2"

, and can only be meaningfully constrained only the quadratic
corrections are accounted for. One can also note how the two-light-two-heavy operators are
constrained by top-quark pair production (inclusive and in association with vector bosons)
as well as by the tt̄h production measurements. As will be shown below, by far the dominant
constraints on these coe�cients arise from the di�erential distributions in inclusive top quark
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Does NLO/1-loop change global fits?
Global top fits

17

Posterior distributions for Wilson 
coefficients

Significant impact of NLO for some operators


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

cQ
Q

1
cQ

Q
8

cQ
t1

cQ
t8

ct
t1

c8
1
q
q

c1
1
q
q

c8
3
q
q

c1
3
q
q

c8
q
t

c1
q
t

c8
u
t

c1
u
t

c8
q
u

c1
q
u

c8
d
t

c1
d
t

c8
q
d

c1
q
d

ct
p

ct
G

cb
p

cc
p

ct
a
p

ct
W ct
Z

cp
l1

c3
p
l1

cp
l2

c3
p
l2

cp
l3

c3
p
l3

cp
e

cp
m

u
cp

ta
c3

p
q

c3
p
Q

3
cp

q
M

i
cp

Q
M

cp
u
i

cp
d
i

cp
t

cp
G

cp
B

cp
W

cp
W

B
cp

d
cp

D
cW

W
W

−100

−10

−1

−0.1

0

0.1

1

10

100

c i
/Λ

2
(T
eV

−
2 )

Top + Higgs + VV, Linear NLO EFT

Top + Higgs + VV, Linear LO EFT

2

−200 0 200

cQQ1

−200 0 200

cQQ8

−200 0 200

cQt1

−200 0 200

cQt8

−200 0 200

ctt1

−20 0

c81qq

−200 0 200

c11qq

0 10

c83qq

−0.5 0.0 0.5

c13qq

0 20

c8qt

−200 0 200

c1qt

−25 0 25

c8ut

−200 0 200

c1ut

−25 0 25

c8qu

−200 0 200

c1qu

0 50

c8dt

−200 0 200

c1dt

−50 0

c8qd

−200 0 200

c1qd

−10 0

ctp

0.0 0.5

ctG

0.0 0.2

cbp

−0.5 0.0 0.5

ccp

−0.05 0.00 0.05

ctap

−0.5 0.0

ctW

−50 0 50

ctZ

−0.5 0.0 0.5

cpl1

cpl2

cpl3

−0.2 0.0 0.2

c3pl1

c3pl2

c3pl3

−1 0 1

cpe

cpmu

cpta

−0.2 0.0 0.2

c3pq

−2 0 2

c3pQ3

−0.25 0.00 0.25

cpqMi

0 20

cpQM

−1 0 1

cpui

−2cpdi

0 25

cpt

−0.05 0.00

cpG

−2.5 0.0 2.5

cpB

−1 0 1

cpW

−1 0 1

cpWB

−5 0 5

cpd

−2.5 0.0 2.5

cpD

−5 0

cWWW

Top + Higgs + VV, Linear NLO EFT Top + Higgs + VV, Linear LO EFT

3

Linear fits:

Ethier et al arXiv:2105.00006



E. Vryonidou Benasque, 4/10/23

Marginalised constraints

18

Impact of NLO predictions in global fits

Posterior distributions Significant impact of NLO for some operators
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Figure 5.8. Representative results for two-parameter fits carried out at linear order in the EFT. We
display the 95% CL ellipses obtained for di�erent data subsets and for the complete dataset, labelled
as “All Data (2D)”. For reference, we also show the marginalised bounds obtained in the global fit.
The black square in the center of the plot indicates the SM value.

such two-parameter fits, Fig. 5.8 displays representative results for fits performed at linear
order. We display the 95% CL ellipses obtained when di�erent subsets of data are used as
input, as well as for the complete dataset, labelled as “All Data (2D)”. For reference, we also
show here the marginalised 2D bounds obtained in the global fit.

To begin with, the upper panels of Fig. 5.8 display two-parameter fits for the three possible
pair-wise combinations of the ctÏ, ctG, and cÏG coe�cients, which connect Higgs production in
gluon fusion with top quark pair production, see also the Fisher information table of Fig. 3.1.
Theses comparison illustrate the relative impact of the various dataset in constraining each
coe�cient. For example, from the (ctÏ, ctG) fit we see that the sensitivity of ctG is driven by tt̄
data, while the Higgs measurements have a flat direction resulting in a elongated ellipse. When
top and Higgs data are combined, the resulting 95% CL ellipse is much smaller as compared
to the results obtained separately from the two groups of processes. Note that, as in the case
of the individual fits reported in Fig. 5.7, also for two-parameter fits the obtained bounds are
more stringent as compared to the global marginalised results. Similar considerations apply
to the (cÏG, ctG) fit, while from the (cÏG, ctÏ) one learns that the sensitivity is still dominated
by the Higgs signal strengths rather than by the di�erential cross-section measurements.

Then the bottom panels of Fig. 5.8 display two-parameter fits involving the two-light-
two-heavy coe�cients c1,8

Qq
, c3,8

Qq
, c8

tu, c8
td

, and c8
tq, all of which are constrained mostly from top

quark pair di�erential distributions as indicated by the Fisher information matrix. Here the
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Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.

7

Operator Coe�cient Definition

3rd generation quarks

O
(1)
ÏQ c(1)

ÏQ
(*) i

!
Ï†

¡

Dµ Ï
"!

Q̄ “µ Q
"

O
(3)
ÏQ c(3)

ÏQ
i
!
Ï†

¡

Dµ ·IÏ
"!

Q̄ “µ · IQ
"

OÏt cÏt i
!
Ï†

¡

Dµ Ï
"!

t̄ “µ t
"

OtW ctW i
!
Q̄·µ‹ ·I t

"
Ï̃ W I

µ‹ + h.c.

OtB ctB (*) i
!
Q̄·µ‹ t

"
Ï̃ Bµ‹ + h.c.

OtG ctG igS

!
Q̄·µ‹ TA t

"
Ï̃ GA

µ‹ + h.c.

OtÏ ctÏ

1
Ï†Ï

2
Q̄ t Ï̃ + h.c.

ObÏ cbÏ

1
Ï†Ï

2
Q̄ b Ï + h.c.

1st, 2nd generation quarks

O
(1)
Ïq c(1)

Ïq (*)
q

i=1,2

i
!
Ï†

¡

Dµ Ï
"!

q̄i “µ qi

"

O
(3)
Ïq c(3)

Ïq

q
i=1,2

i
!
Ï†

¡

Dµ ·IÏ
"!

q̄i “µ · Iqi

"

OÏu cÏu

q
i=1,2

i
!
Ï†

¡

Dµ Ï
"!
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Figure 5.15. Same as Fig. 5.8 for the two-parameter quadratic fits of (cÏt, ctZ) (upper) and (cÏt, cÏW )
(lower panels) comparing the results of the LO EFT fit (left) with its NLO counterpart (right panels)

5.5 The top-philic scenario
To conclude this section, we present results for a global EFT fit carried out in the top-philic
scenario defined in Sect. 2.2. In this scenario, we have the 9 equations of Eq. (2.10) that
relate a subset of the 14 two-heavy-two-light coe�cients listed in Table 2.5 among them,
leaving 5 independent parameters to be constrained in the fit. Given the more constraining
assumptions associated to the top-philic scenario, one expects to find an improvement in the
bounds of the two-light-two-heavy EFT operators due to the fact that the parameter space
is being restricted by theoretical considerations, rather than by data in this case.

The values of the ‰2 for each group of datasets in the top-philic scenario were reported
in Table 5.6, where we see that the fit quality is very similar to the fit with the baseline
settings. Fig. 5.17 then displays the 95% CL intervals for the EFT coe�cients comparing the
global fit results with those of the top-philic scenario. The only operators that are a�ected
in a significant manner turn out to be the two-light-two-heavy operators, with the bounds in
several of them such as c1

td
, c1,1

Qq
, and c1

tq improving by almost an order of magnitude. The fact
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Figure 5.8. Representative results for two-parameter fits carried out at linear order in the EFT. We
display the 95% CL ellipses obtained for di�erent data subsets and for the complete dataset, labelled
as “All Data (2D)”. For reference, we also show the marginalised bounds obtained in the global fit.
The black square in the center of the plot indicates the SM value.

such two-parameter fits, Fig. 5.8 displays representative results for fits performed at linear
order. We display the 95% CL ellipses obtained when di�erent subsets of data are used as
input, as well as for the complete dataset, labelled as “All Data (2D)”. For reference, we also
show here the marginalised 2D bounds obtained in the global fit.

To begin with, the upper panels of Fig. 5.8 display two-parameter fits for the three possible
pair-wise combinations of the ctÏ, ctG, and cÏG coe�cients, which connect Higgs production in
gluon fusion with top quark pair production, see also the Fisher information table of Fig. 3.1.
Theses comparison illustrate the relative impact of the various dataset in constraining each
coe�cient. For example, from the (ctÏ, ctG) fit we see that the sensitivity of ctG is driven by tt̄
data, while the Higgs measurements have a flat direction resulting in a elongated ellipse. When
top and Higgs data are combined, the resulting 95% CL ellipse is much smaller as compared
to the results obtained separately from the two groups of processes. Note that, as in the case
of the individual fits reported in Fig. 5.7, also for two-parameter fits the obtained bounds are
more stringent as compared to the global marginalised results. Similar considerations apply
to the (cÏG, ctG) fit, while from the (cÏG, ctÏ) one learns that the sensitivity is still dominated
by the Higgs signal strengths rather than by the di�erential cross-section measurements.

Then the bottom panels of Fig. 5.8 display two-parameter fits involving the two-light-
two-heavy coe�cients c1,8

Qq
, c3,8

Qq
, c8

tu, c8
td

, and c8
tq, all of which are constrained mostly from top

quark pair di�erential distributions as indicated by the Fisher information matrix. Here the
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Table 2.2. Same as Table 2.1 for the operators containing two fermion fields, either quarks or leptons,
as well as the four-lepton operator O¸¸. The flavor index i runs from 1 to 3. The coe�cients indicated
with (*) in the second column do not correspond to physical degrees of freedom in the fit, but are
rather replaced by c(≠)

Ïqi , c(≠)
ÏQi

, and ctZ defined in Table 2.3.
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2 fermion (current) SLHA Block: DIM62F
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Logarithmic energy growth in one-loop helicity amplitudes

Rossia, Thomas, EV arXiv:2306.09963 
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LHC. In this section, we investigate the effect of the operators presented above on this
process. We note that we consider only the operators involving the top quark and ignore
all other dimension-six operators, such as those affecting the interaction of the Higgs with
the vector bosons.
In addition to modifying the interactions in the SM-like diagrams of Fig. 11, the dimension-
six operators introduce additional vertices and hence Feynman diagrams as shown in Fig. 12.

For this process the factorisation and renormalisation scale is set to mH = 125 GeV.
Only LO results can be obtained as the NLO computation requires 2-loop multi-scale Feyn-
man integrals which are currently not available. The results are shown in Table 7 for both

t, b H

Z

t

Figure 11. Feynman diagrams for HZ production in gluon fusion in the SM.

t

Figure 12. Additional types of Feynman diagrams for HZ production in gluon fusion in the
presence of dimension 6 operators. The new vertices originating from the dimension-six operators
are denoted with a blob.
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Table 7. Cross sections (in fb) for gg ! HZ production at the LHC at
p
s = 8 TeV and

p
s =

13 TeV for the SM and the dimension-six operators. Scale uncertainties are shown in percentages.
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Finally, we note here that even though massless quarks can potentially enter in the

SM gg ! ZH process, in particular in the triangle loops with a Z propagator, the current-

current operators modifying light quark couplings do not a↵ect this process. In fact those

operators enter both in the triangle diagram with a Z propagator and in the diagram with

a qq̄ZH vertex and those two diagrams cancel each other out as we will also discuss in the

following.
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Table 3: High energy behaviour of the gg ! ZH helicity amplitudes in the SM and with modified
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Table 4: High energy behaviour of the gg ! ZH helicity amplitudes with modified top-Z and
top-Higgs interactions.

The tt̄Z vertex can be modified by O't and O
(�)
'Q

, which rescale the SM couplings of

the Z boson to the right-handed top singlet and the left-handed third generation doublet

respectively. Only the axial vector coupling of the top to the Z enters in this process, and

therefore the modification of this coupling is what determines the impact of these operators

on the amplitudes. These two operators also introduce a tt̄ZH vertex as well as a bb̄ZH one

from O
(�)
'Q

. The modified triangle diagrams with a Z propagator and with a tt̄ZH vertex

cancel each other exactly, invalidating naive expectations from tree-level tt̄ ! ZH [41].

More precisely in qq̄ ! ZH the longitudinal part of the Z propagator vanishes for external

massless quarks leading to energy-growing amplitudes, while its contraction with the one-

loop form factor gives a contribution that cancels the ones of the transverse propagator

and the tt̄ZH vertex.

Given this cancellation, the behaviour of O't and O
(�)
'Q

amplitudes can be simply

understood from the SM box diagrams with a rescaled tt̄Z interaction. Boxes grow log-
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Table 6: High energy behaviour of the gg ! ZZ helicity amplitudes modified by top operators.
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Table 7: High energy behaviour of the gg ! ZZ helicity amplitudes modified by the purely bosonic
operators.

The operators probed by gg ! ZZ can be divided into three categories. First, OtG,

OtZ , Ot', O't and O
(�)
'Q

enter in the top quark couplings with the Higgs, Z bosons and

gluons. Then O'B, O'W and O'G modify the bosonic Higgs couplings. Finally, O'u,

O'd, O(�)
'qi

, O(3)
'qi

and O
(3)
'Q

all modify the light quark couplings with the Z boson. Example

diagrams are shown in Fig. 3. The high energy behaviour of the SM helicity amplitudes,

first discussed in [69, 70], and of the SMEFT growing amplitudes are presented in Tables 5-

7.

The operators O't, O
(�)

'Q
and Ot' enter gg ! ZZ by rescaling the ZtRt̄R, the ZtLt̄L
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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 
• spin correlations 
• new final states

More/less/different operators:
• different flavour assumptions 
• UV inspired scenarios 
• dimension-8 operators

𝒪(αs, αew) + 𝒪 ( 1
Λ2 ) + 𝒪 ( αs

Λ2 ) + 𝒪 ( αew

Λ2 )
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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, needed to probe unconstrained operators. 


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

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

ij

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].
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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 one 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

– 11 –

500 1000 1500 2000

0.0

0.1

0.2

0.3

μ[GeV]

σ
[p

b
]

Sum

σ(cQu
(1) )

σ(cQu
(8) )

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

– 11 –
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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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Precision computations important to enhance sensitivity (especially for 
unconstrained operators)


Global fit results affected by the precision of EFT predictions


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


