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Outline

• Prospects for top couplings at the HL-LHC 
• Prospects for lepton colliders 
• Future for 4-tops in 4-tops 
• Future for 4-tops outside 4-tops 
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Operator map
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Top operator glossary
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• Contact interactions 
• 2-heavy-2-light or 4-heavy 
• Numerous (~O(20) w/ top)
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LHC top observables

Top-pair production 
W-helicities, 
asymmetry

Single top t-, s-channel

4 tops, ttbb, top-
pair associated 

production

LHC Data
Dataset

Ô
s, L Info Observables ndat Ref

ATLAS_tt_8TeV_ljets 8 TeV, 20.3 fb≠1 lepton+jets d‡/dmtt̄ 7 [46]

CMS_tt_8TeV_ljets 8 TeV, 20.3 fb≠1 lepton+jets 1/‡d‡/dytt̄ 10 [47]

CMS_tt2D_8TeV_dilep 8 TeV, 20.3 fb≠1 dileptons 1/‡d
2
‡/dytt̄dmtt̄ 16 [48]

ATLAS_tt_8TeV_dilep (*) 8 TeV, 20.3 fb≠1 dileptons d‡/dmtt̄ 6 [54]

CMS_tt_13TeV_ljets_2015 13 TeV, 2.3 fb≠1 lepton+jets d‡/dmtt̄ 8 [51]

CMS_tt_13TeV_dilep_2015 13 TeV, 2.1 fb≠1 dileptons d‡/dmtt̄ 6 [53]

CMS_tt_13TeV_ljets_2016 13 TeV, 35.8 fb≠1 lepton+jets d‡/dmtt̄ 10 [52]

CMS_tt_13TeV_dilep_2016 (*) 13 TeV, 35.8 fb≠1 dileptons d‡/dmtt̄ 7 [56]

ATLAS_tt_13TeV_ljets_2016 (*) 13 TeV, 35.8 fb≠1 lepton+jets d‡/dmtt̄ 9 [55]

ATLAS_WhelF_8TeV 8 TeV, 20.3 fb≠1
W hel. fract F0, FL, FR 3 [49]

CMS_WhelF_8TeV 8 TeV, 20.3 fb≠1
W hel. fract F0, FL, FR 3 [50]

ATLAS_CMS_tt_AC_8TeV (*) 8 TeV, 20.3 fb≠1 charge asymmetry AC 6 [57]

ATLAS_tt_AC_13TeV (*) 8 TeV, 20.3 fb≠1 charge asymmetry AC 5 [58]

Table 3.1. The experimental measurements of inclusive top-quark pair production at the LHC
considered in the present analysis. For each dataset we indicate the label, the center of mass energy
Ô

s, the integrated luminosity L, the final state or the specific production mechanism, the physical
observable, the number of data points ndat, and the publication reference. Measurements indicated
with (*) were not included in [7]. We also include in this category the W helicity fractions from top
quark decay and the charge asymmetries.

di�erential distributions based on luminosities larger than L ƒ 36 fb≠1 are not available yet:
the statistical precision of the data, and consequently their constraining power, remain there-
fore limited. For instance, the ATLAS fully hadronic final state measurement [61] is available,
but it exhibits larger uncertainties than in the cleaner lepton+jets and dilepton final states.
Furthermore, some measurements are not reconstructed at the parton level, as required in our
analysis. This is the case of the ATLAS and CMS measurements at high top-quark transverse
momentum [61, 62], that are based on reconstructing boosted topologies, and of the dilepton
distributions from ATLAS [63], that are restricted to the particle level.

Concerning theoretical calculations, the SM cross-sections are evaluated at NLO using
MadGraph5_aMC@NLO [64] and supplemented with NNLO K-factors [65, 66]. The input PDF
set is NNPDF3.1NNLO no-top [67], to avoid possible contamination between PDF and EFT
e�ects.2 The EFT cross-sections are evaluated with MadGraph5_aMC@NLO [64] combined with
the SMEFT@NLO model [39]. Unless otherwise specified, the same EFT settings will be used
also for the other processes considered in this analysis. Specifically, NLO QCD e�ects to the

2See [68, 69] for a detailed discussion of the interplay between PDF and EFT fits.
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_ttbb_13TeV 13 TeV, 2.3 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [70]

CMS_ttbb_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [79]

ATLAS_ttbb_13TeV_2016 (*) 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄bb̄) 1 [78]

CMS_tttt_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [71]

CMS_tttt_13TeV_run2 (*) 13 TeV, 137 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [76]

ATLAS_tttt_13TeV_run2 (*) 13 TeV, 137 fb≠1 total xsec ‡tot(tt̄tt̄) 1 [77]

CMS_ttZ_8TeV 8 TeV, 19.5 fb≠1 total xsec ‡tot(tt̄Z) 1 [72]

CMS_ttZ_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄Z) 1 [73]

CMS_ttZ_ptZ_13TeV (*) 13 TeV, 77.5 fb≠1 total xsec d‡(tt̄Z)/dp
Z
T 4 [81]

ATLAS_ttZ_8TeV 8 TeV, 20.3 fb≠1 total xsec ‡tot(tt̄Z) 1 [74]

ATLAS_ttZ_13TeV 13 TeV, 3.2 fb≠1 total xsec ‡tot(tt̄Z) 1 [75]

ATLAS_ttZ_13TeV_2016 (*) 13 TeV, 36 fb≠1 total xsec ‡tot(tt̄Z) 1 [80]

CMS_ttW_8_TeV 8 TeV, 19.5 fb≠1 total xsec ‡tot(tt̄W ) 1 [72]

CMS_ttW_13TeV 13 TeV, 35.9 fb≠1 total xsec ‡tot(tt̄W ) 1 [73]

ATLAS_ttW_8TeV 8 TeV, 20.3 fb≠1 total xsec ‡tot(tt̄W ) 1 [74]

ATLAS_ttW_13TeV 13 TeV, 3.2 fb≠1 total xsec ‡tot(tt̄W ) 1 [75]

ATLAS_ttW_13TeV_2016 (*) 13 TeV, 36 fb≠1 total xsec ‡tot(tt̄W ) 1 [80]

Table 3.2. Same as Table 3.1, now for the production of top quark pairs in association with heavy
quarks and with weak vector bosons.

the initial state of the reaction, see [93] for details. The NNLO QCD K-factors in the 5FNS
are obtained from the calculation of [94].

Associated single top-quark production with weak bosons. Finally, in Table 3.4 we
consider the experimental measurements on the associated production of single top-quarks
together with a weak gauge boson V . The dataset in this category that was already part of
our original analysis [7] consisted in the total inclusive cross-sections for tW production by
ATLAS and CMS at 8 TeV [95, 96] and at 13 TeV [97, 98], as well as in the ATLAS and CMS
measurements of the tZ total cross-sections at 13 TeV [99, 100], in the latter case restricted
to the fiducial region in the Wb¸+¸≠q final state.

In addition to these datasets, we include here several new measurements of tW and tZ
production. First of all, we include a new total cross-section measurement of tW production
by ATLAS at 8 TeV [101]. This measurement is carried out in the single lepton channel,
and thus does not overlap with [95], which instead was obtained in the two leptons with one
central b-jet channel. Then we include the ATLAS measurement of the fiducial cross-section
for tZ production [102] using the t¸+¸≠q final state (in the tri-lepton channel) based on the
full Run II luminosity of L = 139 fb≠1. In this analysis, the cross-section measurement
di�ers from the background-only hypothesis (dominated by tt̄Z and dibosons) by more than
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Dataset
Ô

s, L Info Observables Ndat Ref

CMS_t_tch_8TeV_inc 8 TeV, 19.7 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [83]

ATLAS_t_tch_8TeV 8 TeV, 20.2 fb≠1
t-channel d‡(tq)/dyt 4 [85]

CMS_t_tch_8TeV_dif 8 TeV, 19.7 fb≠1
t-channel d‡/d|y

(t+t̄)
| 6 [84]

CMS_t_sch_8TeV 8 TeV, 19.7 fb≠1
s-channel ‡tot(t + t̄) 1 [87]

ATLAS_t_sch_8TeV 8 TeV, 20.3 fb≠1
s-channel ‡tot(t + t̄) 1 [86]

ATLAS_t_tch_13TeV 13 TeV, 3.2 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [88]

CMS_t_tch_13TeV_inc 13 TeV, 2.2 fb≠1
t-channel ‡tot(t), ‡tot(t̄) 2 [90]

CMS_t_tch_13TeV_dif 13 TeV, 2.3 fb≠1
t-channel d‡/d|y

(t+t̄)
| 4 [89]

CMS_t_tch_13TeV_2016 (*) 13 TeV, 35.9 fb≠1
t-channel d‡/d|y

(t)
| 5 [91]

Table 3.3. Same as Table 3.1, now for inclusive single t production both in the t- and the s-channels.

five sigma and thus corresponds to an observation of this process. We also consider the
corresponding measurement from CMS, where the observation of tZ associated production is
reported by reconstructing the t¸+¸≠q final state [103] based on a luminosity of L = 77.4 fb≠1.
No di�erential distributions for tZ have been reported so far. The settings of the theoretical
calculations for these ndat = 9 data points are the same as of [7].

In addition to these measurements, both ATLAS and CMS have measured di�erential
distributions in tW production at 13 TeV based on a luminosity of L = 35.9 fb≠1 [104, 105].
However, these measurements are reported at the particle rather than at the parton level,
and therefore they are not suitable for inclusion in the present analysis, which is restricted to
top-quark level observables. We also note that CMS has reported on the EFT interpretation
of the associated production of top-quarks, including with vector bosons, in an analysis based
on a luminosity of L = 41.5 fb≠1 [106].

Combining the four categories discussed above, the present analysis contains ndat = 150
top-quark cross-sections, to be compared with ndat = 103 in [7]. In Sect. 5.3 we will quantify
the impact of the new top-quark measurements by comparing two fits, one based on the
dataset of [7] and one based on the extended top-quark dataset included here.

3.2 Higgs production and decay
We now turn to the Higgs boson production and decay measurements. We consider first
inclusive cross-section measurements, presented as signal strengths normalised to the SM
predictions, and then di�erential distributions and STXS measurements.

Signal strengths. First of all, we consider the inclusive Higgs boson production signal
strengths µf

i
measured by ATLAS and CMS from LHC Run I and Run II. These signal

strengths are defined for each combination of production and decay channels in terms of
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Dataset
Ô

s, L Info Observables Ndat Ref

ATLAS_tW_8TeV_inc 8 TeV, 20.2 fb≠1
inclusive

‡tot(tW )
1

[95]
(dilepton)

ATLAS_tW_inc_slep_8TeV (*) 8 TeV, 20.2 fb≠1
inclusive

‡tot(tW )
1

[101]
(single lepton)

CMS_tW_8TeV_inc 8 TeV, 19.7 fb≠1 inclusive ‡tot(tW ) 1 [96]

ATLAS_tW_inc_13TeV 13 TeV, 3.2 fb≠1 inclusive ‡tot(tW ) 1 [97]

CMS_tW_13TeV_inc 13 TeV, 35.9 fb≠1 inclusive ‡tot(tW ) 1 [98]

ATLAS_tZ_13TeV_inc 13 TeV, 36.1 fb≠1 inclusive ‡tot(tZq) 1 [100]

ATLAS_tZ_13TeV_run2_inc (*) 13 TeV, 139.1 fb≠1 inclusive ‡fid(t¸+
¸

≠
q) 1 [102]

CMS_tZ_13TeV_inc 13 TeV, 35.9 fb≠1 inclusive ‡fid(W b¸
+

¸
≠

q) 1 [99]

CMS_tZ_13TeV_2016_inc (*) 13 TeV, 77.4 fb≠1 inclusive ‡fid(t¸+
¸

≠
q) 1 [103]

Table 3.4. Same as Table 3.1, now for single top quark production in association with electroweak
gauge bosons.

cross-section ‡i and the branching fraction Bf as

µf

i
©

‡i ◊ Bf

(‡i)SM ◊ (Bf )SM
= µi · µf =

A
‡i

(‡i)SM

BA
Bf

(Bf )SM

B

, (3.1)

that is, as the ratio of the experimentally measured production cross-sections in specific
decay channels to the corresponding (state-of-the-art) SM predictions. These inclusive signal
strengths can also be expressed as

µf

i
=

A
‡i

(‡i)SM

BA
�(h æ f)

�(h æ f)
--
SM

BA
�(h æ all)

�(h æ all)
--
SM

B≠1

, (3.2)

in terms of the partial and total decay widths. The measurements of signal strengths that
we consider in the present analysis are collected in Table 3.5. In contrast to the di�erential
distributions and STXS discussed below, these signal strengths are typically extrapolated to
the full phase space and do not include selection or acceptance cuts.

For the LHC Run I, we take into account the inclusive measurements of Higgs boson
production and decay rates from the ATLAS and CMS combination based on the full 7 and
8 TeV datasets [107]. Specifically, we include the 20 measurements presented in Table 8
of [107]. These measurements correspond to five di�erent production channels (ggF, VBF,
Wh, Zh, tth) for five final states (““, ZZ, WW , ·· , bb̄), excluding those combinations that
are either not measured with a meaningful precision or not measured at all. We account for
the experimental correlations between the measured signal strengths using the information
provided in [107]. In addition to these ATLAS+CMS combination results from Run I, we also
include two more signal strengths measurements from Run I, namely the ATLAS constraints
on the Z“ and µµ decays from [108].

22

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.

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)). 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, due to symmetry-induced cancellations,
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 Higgs 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 pair production.

Concerning the two-fermion operators, most of them are constrained both by top and
by Higgs production process. Recall that the top and Higgs sectors are connected, among
others, by means of the gluon-fusion production process (with its virtual top-quark loop) as
well as by tt̄h associated production. In particular, we note that ctÏ, which modifies the
top Yukawa coupling, is constrained by these Higgs production measurements. The purely
bosonic operators exhibit sensitivity only to Higgs and diboson processes, since these do not

27

 tW, tZ
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What do we (not) know about top couplings

• More data always helps  
• Bounds vary between operators  
• ttZ ones and 4-heavy ones loosely constrained
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See Maeve’s talk on Tuesday



E.Vryonidou Top2022, 8/9/22 5

What do we (not) know about top couplings

• More data always helps  
• Bounds vary between operators  
• ttZ ones and 4-heavy ones loosely constrained

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
G

ct
W ct
Z

c3
p
Q

3

cp
Q

M cp
t10−3

10−2

10−1

100

101

102

103

M
ag

n
it
u
d
e
of

95
%

C
on

fi
d
en
ce

L
ev
el
B
ou

n
d
s
(1
/T

eV
2
)

Top− only (Data ′19), Quadratic NLO EFT

Top− only (Data ′21), Quadratic NLO EFT

2

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

See Maeve’s talk on Tuesday



E.Vryonidou Top2022, 8/9/22 5

What do we (not) know about top couplings

• More data always helps  
• Bounds vary between operators  
• ttZ ones and 4-heavy ones loosely constrained

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
G

ct
W ct
Z

c3
p
Q

3

cp
Q

M cp
t10−3

10−2

10−1

100

101

102

103

M
ag

n
it
u
d
e
of

95
%

C
on

fi
d
en
ce

L
ev
el
B
ou

n
d
s
(1
/T

eV
2
)

Top− only (Data ′19), Quadratic NLO EFT

Top− only (Data ′21), Quadratic NLO EFT

2

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

See Maeve’s talk on Tuesday



E.Vryonidou Top2022, 8/9/22 6
Brivio, Bruggisser, Maltoni, Moutafis, Plehn, EV, Westhoff, Zhang arXiv:1910.03606 (SFitter analysis)

What do we (not) know about top couplings
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The future
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What we can hope to know in the future
Goals: 
• Explore HL-LHC prospects 
• Explore future collider prospects 
• Do this in some some unified fit setup, with reasonable uncertainty 

assumptions
Snowmass: A good motivation!

Coe�cients fitted

2-quark

CtG C3
'Q C�

'Q = C1
'Q � C3

'Q

C't C'b CtZ = cWCtW � sWCtB

– Ct' CtW

4-quark

C8
tu =

P
i=1,2

2C(i33i)
uu C8

td =
P
i=1,2,3

C8(33ii)
ud C1,8

Qq =
P
i=1,2

C1(i33i)
qq + 3C3(i33i)

qq

C8
Qu =

P
i=1,2

C8(33ii)
qu C8

Qd =
P
i=1,2,3

C8(33ii)
qd C3,8

Qq =
P
i=1,2

C1(i33i)
qq � C3(i33i)

qq

– – C8
tq =

P
i=1,2

C8(ii33)
uq

2-quark

2-lepton

Ceb Cet C+
lQ = C1

lQ + C3
lQ

Clb Clt C�
lQ = C1

lQ � C3
lQ

– – CeQ

Table 1. Here we present the Wilson coe�cients that have been fitted in our analysis in

terms of those of Table 2. Those in first block are related with the two-quark operators,

those in the second block with the four-quark operators and the last block is related with

the two-quark two-lepton operators.

of the SM with the dimension-eight operators that we ignore in this work. Even

if the known quadratic terms are often included in SMEFT fits [12], we opt for a

more conservative approach here and include only the linear ones. For the two-quark

operators similar constraints could be obtained while using linear and linear plus

quadratic terms, for most of the Wilson coe�cients, as shown in Ref. [13]. For the

four-quark operators the inclusion of quadratic terms helps to eliminate the blind

directions since they reduce the possibility of having strong cancellations among the

di↵erent contributions. This e↵ect can be observed when comparing the results of

Ref. [5] (where only linear terms are included) with the results of Ref. [4] (where

linear and quadratic terms are considered). Note also that, considering only linear

terms, we lose sensitivity to the four-quark operators featuring a colour-singlet top

current, since they do not interfere with the dominant QCD amplitudes for pair

production. We refer to Ref. [1] for a detailed study on the contributions of the

top-quark operators to the observables included.

The number of operators involved in the SMEFT description is prohibitive if one

adopts the most general flavour structure. We focus on the operator coe�cients of

the Warsaw basis [14] (see also Refs. [15, 16]) that involve at least one top quark,

as well as the bottom-quark operators that a↵ect the observables included in our

study. Motivated by the minimal flavour violation ansatz, a U(2)q ⌦ U(2)u ⌦ U(2)d
symmetry is imposed among the first two generations, as in the conventions proposed

by the LHC Top Working Group [12]. The three lepton generations are treated

– 3 –

• Following Top WG note 
• Only colour octet 2-

light-2-heavy operators 
• No 4-heavy operators 

(see later) 
• Only linear 

contributions
𝒪(1/Λ2)

Durieux, Gutierez, Mantani, Miralles, Mirrales, Moreno, Poncelet, EV, Vos arXiv:2205.02140
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Observables and projections

pp ! tt̄Z Measured (fb ·GeV�1) SM (fb ·GeV�1)

LHC Unc. (fb ·GeV�1) HL-LHC Unc. (fb ·GeV�1)

theo.
exp.

theo.
exp.

stat. sys. mod. tot. stat. sys. mod. tot.

pZT : (0-40) 1.47 2.21 0.263 0.53 0.23 0.21 0.615 0.132 0.114 0.050 0.105 0.163
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pZT : (70-110) 4.24 4.60 0.555 0.75 0.54 0.36 0.993 0.278 0.162 0.117 0.182 0.270
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pZT : (160-220) 1.75 2.05 0.261 0.31 0.15 0.13 0.371 0.131 0.067 0.033 0.066 0.100

pZT : (220-290) 0.58 1.03 0.130 0.16 0.047 0.034 0.174 0.065 0.035 0.010 0.017 0.041

pZT : (290-400) 0.56 0.59 0.071 0.11 0.055 0.057 0.132 0.036 0.023 0.012 0.029 0.038

Table 7. We show the unfolded bin contents for the absolute parton-level di↵erential

cross-section measurement. The correlations are shown in Fig. 6.
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theo.
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p�T : (70-85) 0.122 0.1286 0.0031 0.014 0.0026 0.0069 0.0158 0.0016 0.0030 0.00056 0.0035 0.0046

p�T : (85-132) 0.060 0.06037 0.0017 0.005 0.0014 0.0068 0.0086 0.00084 0.0011 0.00029 0.0034 0.0036

p�T : (132-180) 0.020 0.02373 0.00077 0.003 0.00044 0.00080 0.00314 0.00039 0.00065 0.000095 0.00040 0.00077

p�T : (180-300) 0.009 0.00790 0.00028 0.00045 0.000085 0.0014 0.00144 0.00014 0.000097 0.000018 0.00068 0.00069

Table 8. We show the unfolded bin contents for the absolute parton-level di↵erential

cross-section measurement. The correlations are shown in Fig. 7.

Process Measured (fb) SM (fb)

LHC Unc. (fb) HL-LHC Unc. (fb)

theo.
exp.

theo.
exp.

stat. sys. mod. tot. stat. sys. mod. tot.
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pp ! tZq 111 102 3.5 13.0 6.1 6.2 15.7 1.75 2.09 0.98 3.1 3.87

pp ! t�q 115.7 81 4 17.1 21.1 21.1 34.4 2 1.9 2.3 10.6 11.0

pp ! tt̄W + EW 770 647.5 76.1 120 59.6 73.0 152.6 38.1 13.1 6.5 36.5 39.4

pp ! tb̄ (s-ch) 4900 5610 220 784 936 790 1454 110 35 42 395 399

pp ! tW 23100 22370 1570 1086 2000 2773 3587 785 49 89 1386 1390

pp ! tq (t-ch) 87700 84200 250 1140 3128 4766 5810 125 51 140 2383 2390

F0 0.693 0.687 0.005 0.009 0.006 0.009 0.014 0.003 0.0004 0.0003 0.004 0.004

FL 0.315 0.311 0.005 0.006 0.003 0.008 0.011 0.003 0.0003 0.0002 0.004 0.004

Table 9. The data shown is the inclusive cross-section written in fb for all the channels

except for the W Helicities (F0 and FL).
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Process Observable
p
s Lint Experiment SM Ref.

pp ! tt̄ d�/dmtt̄ (15+3 bins) 13 TeV 140 fb�1 CMS [19] [20]

pp ! tt̄ dAC/dmtt̄ (4+2 bins) 13 TeV 140 fb�1 ATLAS [19] [21]

pp ! tt̄H + tHq � 13 TeV 140 fb�1 ATLAS [22] [23]

pp ! tt̄Z d�/dpZT (7 bins) 13 TeV 140 fb�1 ATLAS [24] [25]

pp ! tt̄� d�/dp�T (11 bins) 13 TeV 140 fb�1 ATLAS [26, 27] [28]

pp ! tZq � 13 TeV 77.4 fb�1 CMS [29] [30]

pp ! t�q � 13 TeV 36 fb�1 CMS [31] [31]

pp ! tt̄W � 13 TeV 36 fb�1 CMS [22, 32] [33]

pp ! tb̄ (s-ch) � 8 TeV 20 fb�1 LHC [34, 35] [36]

pp ! tW � 8 TeV 20 fb�1 LHC [37] [36]

pp ! tq (t-ch) � 8 TeV 20 fb�1 LHC [34, 35] [36]

t ! Wb F0, FL 8 TeV 20 fb�1 LHC [38] [39]

pp̄ ! tb̄ (s-ch) � 1.96 TeV 9.7 fb�1 Tevatron [40] [41]

e�e+ ! bb̄ Rb , Abb
FBLR ⇠ 91 GeV 202.1 pb�1 LEP/SLD - [42]

Table 3. Measurements included in the EFT fit of the top-quark electroweak sector. For

each measurement, the process, the observable, the centre-of-mass energy, the integrated

luminosity and the experiment/collider are given. The last two columns list the references

for the predictions and measurements that are included in the fit. LHC refers to the

combination of ATLAS and CMS measurements. In a similar way, Tevatron refers to the

combination of CDF and D0 results, and LEP/SLD to di↵erent experiments from those

two accelerators.

sensitivity to four-fermion operators increases considerably [46]. Measurements of

the cross section and charge asymmetry for tt̄ systems produced at large invariant

mass already play an important role in the constraints on the four-fermion operators

and their weight will increase if measurements on bulk tt̄ are limited by experimental

or theoretical systematic uncertainties. To take maximal advantage of this potential,

the range of the projections is extended further into the high-mtt̄ tail than the current

run 2 measurements. More details in the binning that has been considered can be

found in App. C.

The 95% probability bounds from a fit to the current data are shown as the

dark red bars in Fig. 1. The data include LHC run 2 and run 1 measurements and

several legacy results from the Tevatron, LEP, and SLD experiments. The light red

bars present the extrapolation to the complete HL-LHC program, with an integrated

luminosity of 3 ab�1.

Across the board, the HL-LHC program is expected to improve the bounds by

a factor of two to four with respect to the current run 2 limits, both for individual

bounds and global fit results. Exceptions are the individual bounds on C�
'Q and C3

'Q,

that continue to depend on the Zbb̄ measurements at the Z-pole.

Generally, the progress envisaged in the S2 scenario is limited by the theory

and modelling uncertainties, while statistical and experimental uncertainties are ex-

pected to be sub-dominant in nearly all measurements in the S2 scenario. Therefore,
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Noteby: One could include more differential information 
Difficulty is always to assign uncertainties

Additional bins added for HL-LHC

C Appendix: Binning for the di↵erential measurements

The binning of the cross section measurement is based on the CMS measurement

of Ref. [20], combining analyses targetting the resolved and boosted topologies.

This analysis is available on HEPDATA under: https://www.hepdata.net/record/

ins1901295

The binning of the charge asymmetry measurement is based on the ATLAS run

2 analysis reported in Ref. [21].

In both cases, the mtt̄ range is extended with several further bins to take advan-

tage of the greater reach of the full HL-LHC programme and the energy-growth of

the sensitivity of some operators. The final binning is given in Table 16. Bins that

have changed with respect to Refs. [20, 21], and additional bins, are indicated with

an asterisk (*).

observable binning

� vs. mtt̄ [GeV] bin 1 bin 2 bin 3 bin 4 bin 5 bin 6

250-400 400-480 480-560 560-640 640-720 720-800

bin 7 bin 8 bin 9 bin 10 bin 11 bin 12

800-900 900-1000 1000-1150 1150-1300 1300-1500 1500-1700

bin 13 bin 14 bin 15 bin 16 bin 17 bin 18

1700-2000 2000-2300 2300-2600⇤ 2600-3000⇤ 3000-3500⇤ 3500-4000⇤

AC vs. mtt̄ [GeV] bin 1 bin 2 bin 3 bin 4 bin 5 bin 6

500-750 750-1000 1000-1500 1500-2000⇤ 2000-2500⇤ 2500-3000⇤

Table 16. The binning for the cross section and charge asymmetry di↵erential measure-

ments in pp ! tt̄. Bins that di↵er from those used in the run 2 analyses are indicated with

an asterisk (*).
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For HL-LHC assume S2: 
• Experimental uncertainties scale as 

. Reduced by a factor of 5 for 
full HL-LHC dataset (except for the 
top pair production + asymmetry) 

• Theory and modelling uncertainties are 
divided by 2   

  

1/ Lint
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LHC vs HL-LHC

Figure 1. The 95% probability bounds on the Wilson coe�cients for dimension-six oper-

ators that a↵ect the top-quark production and decay measurements listed in Table 3 after

run 2 of the LHC (in dark red) and prospects for the bounds expected after completion of

the complete LHC program, including the high-luminosity stage (in light red). Only linear

terms proportional to ⇤�2 are taken into account in the dependence of the observables on

the Wilson coe�cients. The individual bounds obtained from a single-parameter fit are

shown as solid bars, while the global or marginalised bounds obtained fitting all Wilson co-

e�cients at once are indicated by the full bars (shaded region in each bar). The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

improving the accuracy of fixed-order predictions beyond the factor two envisaged

in the S2 scenario, which already assumes significant advances in the theoretical cal-

culations, will lead to a direct improvement of the sensitivity. This will, however,

likely require N3LO precision for 2 ! 3 processes with top quarks in the final state.

The boosted regime is indeed confirmed as one of the keys to improving bounds

on the operators that a↵ect the top-quark pair production process. In particular, the

high-mtt̄ tail of the top-quark pair production measurements provides a significant

reduction in the allowed regions of the four-quark operators, which shrink by a factor

between two and five (depending on the operator) thanks to the enhanced sensitivity

in this regime and the more pronounced improvement in the measurement. This

e↵ect is present even in a fit that only includes the linear (O(⇤�2)) terms in the

– 7 –
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Lepton colliders

Machine Polarisation Energy Luminosity Reference

ILC P(e+, e�):(±30%, ⌥80%)

250 GeV 2 ab�1

[56]500 GeV 4 ab�1

1 TeV 8 ab�1

CLIC P(e+, e�):(0%, ±80%)

380 GeV 1 ab�1

[57]1.4 TeV 2.5 ab�1

3 TeV 5 ab�1

FCC-ee Unpolarised

Z-pole 150 ab�1

[58]
240 GeV 5 ab�1

350 GeV 0.2 ab�1

365 GeV 1.5 ab�1

CEPC Unpolarised

Z-pole 57.5 ab�1

[58]
240 GeV 20 ab�1

350 GeV 0.2 ab�1

360 GeV 1 ab�1

Table 4. Here we show the di↵erent working configurations for the future e+e� colliders.

we expect an improvement in the constraint on Ct' by a factor two with respect to

the HL-LHC.

In Fig. 3, we compare the bounds expected from the HL-LHC and from the final

stages of the CEPC, FCC-ee, ILC and CLIC. The centre-of-mass energies, integrated

luminosities and beam polarisations envisaged for each of these projects are given

in Table 4. The circular colliders (FCC-ee and CECP) operated at and slightly

above the tt̄ threshold are expected to improve constraints on the bottom- and top-

operators by factors 5 and 2 for some two-fermion operators. Indeed, their “TeraZ”

runs provide very competitive bounds (individual ones, in particular) on two-fermion

bottom-operator coe�cients. Their constraining power on four-fermion operators is,

however, limited by the energy reach. Since, at these colliders, the two runs above

the tt̄-threshold are very close the two-fermion and four-fermion operators are harder

to disentangle. The global limits remain significantly above the individual bounds.

The linear colliders (ILC and CLIC), operated at two centre-of-mass energies

above the tt̄ threshold, can provide very tight bounds on all operators. The bounds on

four-fermion operators take advantage of the energy-growing sensitivity and become

very competitive if e+e� collision data at a centre-of-mass energy greater than 1 TeV

is available. The ILC1000 and CLIC3000 bounds of O(10�3) on the e+e�tt̄ operators

are by far the tightest top-sector SMEFT constraints that can be achieved at any

future collider considered in this work.1

1A muon collider or advanced linear collider have the potential to improve these bounds further,
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Observables:
:  
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Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –

Putting everything together

No bounds for 2Q2l operators at the (HL)LHC, no 4Q bounds for lepton colliders 
Runs above ttbar threshold needed for constraining 2Q2l well  
Extremely well bounded at ILC and CLIC ( )10−3

No improvement for 
top Yukawa due to 

missing  
(expect factor of two 

improvement for 
ILC1000)

ttH

arXiv:2205.02140
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Correlations

Figure 15. Correlation matrix obtained for the global fit including the data of the HL-

LHC, Tevatron, LEP and the final stage of FCC.

– 28 –

Block structure seen:  
• 2-light-2-heavy operators 
• 2-heavy-2-lepton operators 
• top-Z and b-Z operators

Correlation for HL- LHC, Tevatron, LEP and the final stage of FCC-ee fit  
 

arXiv:2205.02140
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Pushing the energy frontier

How about the FCC-hh?
No full study but expect much better sensitivity: 

5 Pushing the energy frontier

Several projects have been defined that extend the energy of colliders well beyond

the TeV scale. Collisions at a centre-of-mass energy of 10 TeV and beyond could

be achieved at a large (100 km circumference) hadron collider [59, 60], at a linear

electron-positron collider implementing novel accelerating techniques [61], or at com-

pact circular muon colliders [62]. The potential of these machines for the SMEFT fit

lies mainly in the energy-growing sensitivity to new physics. In the top- and bottom-

quark sectors of the SMEFT, the sensitivity to four-fermion operators shows a strong

increase [7, 46, 63, 64]. For a given measurement precision, bounds derived in higher-

energy collisions are therefore much stronger than those derived from measurements

at lower energy.

We illustrate the increased sensitivity with the dependence of the di↵erential

cross section at high mtt̄ to C8
tu and CtG. At the LHC, the cross section measurement

in the boosted regime (with mtt̄ > 1.4 TeV ), yields the following relation with the

Wilson coe�cient:

�(mtt̄ > 1.4 TeV ) = 1.8 pb⇥ [1+0.3 ·CtG+0.1 ·C2
tG+0.1 ·C8

tu+0.3 ·(C8
tu)

2+ ...] (5.1)

A 100 TeV pp collider has a seven times larger energy reach and one could envisage

a measurement with mtt̄ > 10 TeV that would have the following dependence:

�(mtt̄ > 10 TeV ) = 0.1 pb⇥ [1+0.3 ·CtG+1.8 ·C2
tG+3 ·C8

tu+256 · (C8
tu)

2+ ...] (5.2)

The increase in the factors that multiply the Wilson coe�cients is very clear for

the quadratic term of CtG and for both the linear and quadratic terms in C8
tu (and

similarly for the other four-fermion operator coe�cients).2

We therefore expect that FCChh and SPPC measurements in the 10 TeV regime,

with precision comparable to that of current boosted measurements at the LHC,

could provide bounds that are a factor 20 sharper than the HL-LHC prospects,

bringing the constraints down from O(1 TeV �2) to O(0.1 TeV �2). This, of course,

requires that techniques be developed to e�ciently trigger, select and reconstruct

events with highly boosted top quarks [65, 66] and that the experimental response

and Monte Carlo modelling be controlled to a similar level.

6 Conclusion

New energy-frontier colliders are expected to provide an important push for top- and

bottom-quark physics. We assess this potential in the framework of the Standard

but quantitative projections for integrated luminosity and experimental performance are currently
not available.

2Note that here we are showing the impact on linear and quadratic terms since many studies
include both contributions. We remark that in the quantitative analysis presented in this work only
linear terms are considered, as explained above.
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LHC14

FCC-hh

Expect bounds to improve from  down to 𝒪(1TeV−2) 𝒪(0.1TeV−2)
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Future directions for top projections

Improving projections fits:  

• Additional potentially sensitive top observables: spin correlations, 
differential information in other channels (for HL-LHC) 

• Add colour singlet 2-light-2-heavy operators 

• Add 4-heavy operators 

• Check impact of quadratic terms

More operators, more observables, new probes 
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The future of 4tops

See Hesham’s talk

from linear interference. However, and since quadratic contributions of four-heavy opera-
tors are only QCD-induced, including them in the fit would reduce the sensitivity to the
subleading terms.

Impact of differential information The HL-LHC will run at
p
s = 14 TeV with 3

ab
�1 of integrated luminosity; therefore, it is expected to obtain differential information for

the four-top process experimentally. Motivated by the larger impact of the EFT operators
in the tails of distributions, as illustrated in fig. 10, we examine the impact of adding the
invariant mass distribution of the four-top in our toy fit for the HL-LHC. Figure 19 displays
the individual limits for the same two cases used previously (QCD-only and mixed QCD-
EW) and compares the use of only inclusive information from �tttt to when also adding
differential information in the fit from mtttt. We use the HL-LHC SM prediction calculated
at LO, �HL

tttt = 9.0 fb, with a 20% theoretical uncertainty. The EFT predictions include the
linear and quadratic contributions. We assume the experimental measurement to be that
of the SM within the expected 28% experimental total uncertainty [45]; �HL

tttt = 9.0 ± 2.52

fb. The mtttt distribution is organised in three bins: [600-1500], [1500-2500], [2500-6000]

Figure 19: 95%CL limits on the 4-heavy operators’ coefficients at the HL-LHC scenario
from a �2 fit. The limits are shown for when only considering leading QCD terms and
when considering all the terms, in using only inclusive information from �tttt and when
adding differential information from mtttt. EFT predictions were obtained for the linear
and quadratic contributions.

GeV, with total experimental uncertainties amounting to 28% for each of the first two bins,
and 60% for the latter to account for the degradation of the statistical uncertainty based
on the number of events expected in each bin. Even though very much simplified and not
based on a detailed analysis of how observables could provide most of the sensitivity, our
results indicate that differential information improves the sensitivity and should be used
whenever possible.

Comparison of different collider setups To fully appreciate the impact of collider
energy in constraining the relevant coefficients, we compare the results from current LHC
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A Translations and constraints

Table 5 presents the definitions of the SMEFTatNLO 4F operators, Oi, in terms of the Warsaw
basis coefficients. Respectively, table 6 and table 7 present the bounds on the 4F and
contributing operators (except for OG) obtained from the global fit of Ref. [28].

2-heavy 2-light
Oi UFO Translation Oi UFO Translation
O

1,1
Qq cQq11

P
i=1,2

[C
(1)

qq ]
ii33

+
1

6
[C

(1)

qq ]
i33i

+
1

2
[C

(3)

qq ]
i33i

O
1,8
Qq cQq18

P
i=1,2

[C
(1)

qq ]
i33i

+ 3[C
(3)

qq ]
i33i

O
3,1
Qq cQq31

P
i=1,2

[C
(3)

qq ]
ii33

+
1

6
[C

(1)

qq ]
i33i

�
1

6
[C

(3)

qq ]
i33i

O
3,8
Qq cQq38

P
i=1,2

[C
(1)

qq ]
i33i

� [C
(3)

qq ]
i33i

O
1
tu ctu1

P
i=1,2

[Cuu]
ii33

+
1

3
[Cuu]

i33i
O

8
tu ctu8

P
i=1,2

2[Cuu]
i33i

O
1
td ctd1

P
i=1,2(,3)

[C
(1)

ud ]
33ii

O
8
td ctd8

P
i=1,2(,3)

[C
(8)

ud ]
33ii

O
1
tq ctq1

P
i=1,2

[C
(1)

qu ]
ii33

O
8
tq ctq8

P
i=1,2

[C
(8)

qu ]
ii33

O
1
Qu cQu1

P
i=1,2

[C
(1)

qu ]
33ii

O
8
Qu cQu8

P
i=1,2

[C
(8)

qu ]
33ii

O
1
Qd cQd1

P
i=1,2,(3)

[C
(1)

qd ]
33ii

O
8
Qd cQd8

P
i=1,2,(3)

[C
(8)

qd ]
33ii

4-heavy

O
1
QQ cQQ1 2[C

(1)

qq ]
3333

�
2

3
[C

(3)

qq ]
3333

O
8
QQ cQQ8 8[C

(3)

qq ]
3333

O
1
Qt cQt1 [C

(1)

qu ]
3333

O
8
Qt cQt8 [C

(8)

qu ]
3333

O
1
tt ctt1 [C

(1)

uu ]
3333

Table 5: The translation of four-fermion operators from the Warsaw basis to the top-basis.
The UFO column shows the notation of the corresponding WCs in the SMEFTatNLO model.

2-heavy 2-light

UFO
O(⇤

�2
) O(⇤

�4
)

UFO
O(⇤

�2
) O(⇤

�4
)

Individual Marginalised Individual Marginalised Individual Marginalised Individual Marginalised
cQq11 [-3.603,0.307] [-8.047,9.400] [-0.303,0.225] [-0.354,0.249] cQq18 [-0.273,0.509] [-2.258,4.822] [-0.373,0.309] [-0.555,0.236]
cQq31 [-0.099,0.155] [-0.163,0.296] [-0.088,0.166] [-0.167,0.197] cQq38 [-1.813,0.625] [-3.014,7.365] [-0.470,0.439] [-0.462,0.497]
ctu1 [-6.046,0.424] [-15.565,15.379] [-0.380,0.293] [-0.383,0.331] ctu8 [-0.774,0.607] [-16.952,0.368] [-0.911,0.347] [-1.118,0.260]
ctd1 [-9.504,-0.086] [-27.673,11.356] [-0.449,0.371] [-0.474,0.347] ctd8 [-1.458,1.365] [-5.494,25.358] [-1.308,0.638] [-1.329,0.643]
ctq1 [-0.784,2.771] [-12.382,6.626] [-0.205,0.271] [-0.222,0.226] ctq8 [-0.396,0.612] [-4.035,4.394] [-0.483,0.393] [-0.687,0.186]
cQu1 [-0.938,2.462] [-16.996,1.072] [-0.281,0.371] [-0.207,0.339] cQu8 [-1.508,1.022] [-12.745,13.758] [-1.007,0.521] [-1.002,0.312]
cQd1 [-0.889,6.459] [-3.239,34.632] [-0.332,0.436] [-0.370,0.384] cQd8 [-2.393,2.042] [-24.479,11.233] [-1.615,0.888] [-1.256,0.715]

4-heavy
cQQ1 [-6.132,23.281] [-190,189] [-2.229,2.019] [-2.995,3.706] cQQ8 [-26.471,57.778] [-190,170] [-6.812,5.834] [-11.177,8.170]
cQt1 [-195,159] [-190,189] [-1.830,1.862] [-1.391,1.251] cQt8 [-5.722,20.105] [-190,162] [-4.213,3.346] [-3.040,2.202]
ctt1 [-2.782,12.114] [-115,153] [-1.151,1.025] [-0.791,0.714]

Table 6: Bounds on four-fermion WCs from the global analysis of Ref. [28].

B Additional results for the LHC and FCC-hh

Table 8 and table 9 of this appendix present the LHC inclusive predictions for the 4-heavy
and 2-heavy 2-light four-fermion operators within their scale uncertainties, respectively.
Same is the case for table 10 but for the set of contributing operators of eq. (3.1). Additional
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measurements with the FCC-hh bounds. For simplicity, we only use the inclusive cross-
section. The limits obtained from the fit are presented in fig. 20. For both scenarios, EFT
predictions include the linear and quadratic contributions. For the LHC, we use the SM
prediction at NLO in QCD of Ref. [2], and we fit the theoretical predictions to the inclusive
ATLAS [46] and CMS [47] measurements. For the FCC-hh, we use the same theoretical
and experimental inputs used for the previous case of fig. 18. The results from this fit

Figure 20: Limits on all four-fermion and relevant operators used in this study obtained
from the �2 fit to the ATLAS [46] and CMS [47] inclusive measurements and using the SM
prediction of Ref. [2] as well as FCC-hh projections.

show the significant constraining power that the FCC-hh will be able to provide for the
SMEFT coefficients. Again, the effects from the subleading terms are diluted by including
the quadratic contributions in the predictions. Finally, we note that it is expected that
with the high-energy reach of the FCC-hh, differential distributions extending well into
the multi-TeV range will become available and further improve the bounds beyond those
expected from the inclusive cross-section.

7 Double insertion

In this section, we critically assess Ref. [34], where it was suggested that 2-heavy-2-light
operators could be better constrained in tt̄tt̄ than in tt̄ production. This suggestion was
spurred by the results of Ref. [48] reporting an upper limit on the tt̄tt̄ cross-section to be
4.6 times that of the SM. Due to the high-energy scale related to the tt̄tt̄ process, its cross-
section depending on the fourth power of the operators’ coefficients scales as ⇠ (cE

2
/⇤

2
)
4,

an order that double insertion of dimension-six operators can probe. Ref. [34] argued these
terms enhance the EFT sensitivity of the 2-heavy-2-light operators to a level at which
four-top can compete with top pair production in constraining said operators.

Our study investigates the strength of the double-insertion contributions in four-top
production. In particular, we compare the EFT sensitivity from double-insertion to that
from the squared single-insertion of the same 2-heavy-2-light operator. As previously dis-
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HL-LHC differential information helps 
FCC needed to really pin down these coefficients

Aoude, El Faham, Maltoni, EV arXiv:2208.04962
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Anything else we can do?
4-heavy operators in top pair production

tt

t t

tb

b t

Loop-induced sensitivity 
Complimentary information to ttbb and 4top production

At NLO:

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743
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One-loop probes (1)
4-heavy operators in EWPO

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_

9

-20

0

20

C/
L

2  [T
eV

-2
]

LEP EWPO
FCC-ee (Tera-Z)
ILC (Giga-Z)

95% CL limits from NLO EWPO on 4-fermion operators

<latexit sha1_base64="dMw7pkyeaOPiEeE1fzn19nkf2QU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXhswX5AG8tms2mXbjZhdyOUkL/hxYMiXv0z3vw3btMctPXBwOO9GWbmeTFnStv2t1Xa2Nza3invVvb2Dw6PqscnPRUlktAuiXgkBx5WlDNBu5ppTgexpDj0OO17s9bC7z9RqVgkHvQ8pm6IJ4IFjGBtpFFrnHb87DGtO5fZuFqzG3YOtE6cgtSgQHtc/Rr5EUlCKjThWKmhY8faTbHUjHCaVUaJojEmMzyhQ0MFDqly0/zmDF0YxUdBJE0JjXL190SKQ6XmoWc6Q6ynatVbiP95w0QHd27KRJxoKshyUZBwpCO0CAD5TFKi+dwQTCQztyIyxRITbWKqmBCc1ZfXSe+q4dw0nM51rVkv4ijDGZxDHRy4hSbcQxu6QCCGZ3iFNyuxXqx362PZWrKKmVP4A+vzByQukQU=</latexit>

C(1)
Qd

<latexit sha1_base64="znxeaz9A/ViN68AGXY+u4VnbKyA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjxWsLXQxrLZbNqlm03YnQgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5fiK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoq+NUUdahsYhVzyeaCS5ZBzkK1ksUI5Ev2IM/ac38hyemNI/lPU4T5kVkJHnIKUEjDVrDDIP8Mau75/mwWnMazhz2KnELUoMC7WH1axDENI2YRCqI1n3XSdDLiEJOBcsrg1SzhNAJGbG+oZJETHvZ/ObcPjNKYIexMiXRnqu/JzISaT2NfNMZERzrZW8m/uf1UwxvvIzLJEUm6WJRmAobY3sWgB1wxSiKqSGEKm5utemYKELRxFQxIbjLL6+S7kXDvWq4d5e1Zr2IowwncAp1cOEamnALbegAhQSe4RXerNR6sd6tj0VrySpmjuEPrM8fWlKRKA==</latexit>

C(1)
td

<latexit sha1_base64="4GKPhwYgYtKTOitWeUOC+lOwnw4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvGYgHlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbcz97hOVisXiQc8S6kd4LFjICNZWGjSGactkj2nVu8yG5YpbcxdA68TLSQVyNIflr8EoJiaiQhOOlep7bqL9FEvNCKdZaWAUTTCZ4jHtWypwRJWfLm7O0IVVRiiMpS2h0UL9PZHiSKlZFNjOCOuJWvXm4n9e3+jwzk+ZSIymgiwXhYYjHaN5AGjEJCWazyzBRDJ7KyITLDHRNqaSDcFbfXmddK5q3k3Na11X6tU8jiKcwTlUwYNbqMM9NKENBBJ4hld4c4zz4rw7H8vWgpPPnMIfOJ8/PmmRFg==</latexit>

C(1)
Qu

<latexit sha1_base64="1rKyp2CdmPPgaDERMzioqhxLNqo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXisYGuhjWWz3bRLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odg3Jj5D09cGxGre5wk3I/oUIlQMIpW6jX6GabTx6zqnU/75Ypbc+cgq8TLSQVyNPvlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzW+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J442dCJSlyxRaLwlQSjMksADIQmjOUE0so08LeStiIasrQxlSyIXjLL6+S9kXNu6p5d5eVejWPowgncApV8OAa6nALTWgBgwSe4RXenNR5cd6dj0VrwclnjuEPnM8fdI2ROQ==</latexit>

C(1)
tu

<latexit sha1_base64="nG9H/hgp+benraBf9kShH6dbvZ0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRHMM5OIxgnlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbc797hOVisXiQc8S6kd4LFjICNZWGjSHqTbZY1qtX2bDcsWtuQugdeLlpAI5WsPy12AUExNRoQnHSvU9N9F+iqVmhNOsNDCKJphM8Zj2LRU4ospPFzdn6MIqIxTG0pbQaKH+nkhxpNQsCmxnhPVErXpz8T+vb3RY91MmEqOpIMtFoeFIx2geABoxSYnmM0swkczeisgES0y0jalkQ/BWX14nnauad1Pz7q8rjWoeRxHO4Byq4MEtNOAOWtAGAgk8wyu8OcZ5cd6dj2VrwclnTuEPnM8ffzeRQA==</latexit>

C(8)
tu

<latexit sha1_base64="M4d1ZKW1yAFTEuXYyaVHj738hQw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvEYwTwgWcPsZDYZMvtwplcIy/6GFw+KePVnvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNGjO/88SVFlF4j9OYuwEdhcIXjKKR+o1Bio/ZQ1p1zrNBuWLX7DnIKnFyUoEczUH5qz+MWBLwEJmkWvccO0Y3pQoFkzwr9RPNY8omdMR7hoY04NpN5zdn5MwoQ+JHylSIZK7+nkhpoPU08ExnQHGsl72Z+J/XS9C/cVMRxgnykC0W+YkkGJFZAGQoFGcop4ZQpoS5lbAxVZShialkQnCWX14l7Yuac1Vz7i4r9WoeRxFO4BSq4MA11OEWmtACBjE8wyu8WYn1Yr1bH4vWgpXPHMMfWJ8/bmGRNQ==</latexit>

C(1)
tq

<latexit sha1_base64="TWxinwuME/kwuGprV7olHC5WMis=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKoqMdCLx5bsB/QpmWz3bRLN5u4u1FKyP/w4kERr/4Xb/4bt20O2vpg4PHeDDPzvIgzpW3721pZXVvf2Mxt5bd3dvf2CweHTRXGktAGCXko2x5WlDNBG5ppTtuRpDjwOG154+rUbz1SqVgo7vUkom6Ah4L5jGBtpF61n9Qf0l5Sujx3ztJ+oWiX7RnQMnEyUoQMtX7hqzsISRxQoQnHSnUcO9JugqVmhNM0340VjTAZ4yHtGCpwQJWbzK5O0alRBsgPpSmh0Uz9PZHgQKlJ4JnOAOuRWvSm4n9eJ9b+rZswEcWaCjJf5Mcc6RBNI0ADJinRfGIIJpKZWxEZYYmJNkHlTQjO4svLpHlRdq7LTv2qWCllceTgGE6gBA7cQAXuoAYNICDhGV7hzXqyXqx362PeumJlM0fwB9bnDxpIkYU=</latexit>

C(3,1)
Qq

<latexit sha1_base64="AAQPjHpqp3D2AZxKcGJsAIFDbRk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpRERXss9OKxBfsBbVo22227dLOJuxulhPwPLx4U8ep/8ea/cdvmoK0PBh7vzTAzzws5U9q2v63M2vrG5lZ2O7ezu7d/kD88aqogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1RnfuuRSsUCca+nIXV9PBJsyAjWRupV+3H9IenFxauL8nnSzxfskj0HWiVOSgqQotbPf3UHAYl8KjThWKmOY4fajbHUjHCa5LqRoiEmEzyiHUMF9qly4/nVCTozygANA2lKaDRXf0/E2Fdq6num08d6rJa9mfif14n0sOzGTISRpoIsFg0jjnSAZhGgAZOUaD41BBPJzK2IjLHERJugciYEZ/nlVdK8LDk3Jad+XagU0ziycAKnUAQHbqECd1CDBhCQ8Ayv8GY9WS/Wu/WxaM1Y6cwx/IH1+QMk8pGM</latexit>

C(3,8)
Qq

<latexit sha1_base64="FOoMwfj19yFA6vakqA5CawiTdz8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQQUpWRD0WevHYgv2ANi2b7aZdutnE3Y1SQv6HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ50WcKe0431ZubX1jcyu/XdjZ3ds/KB4etVQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtTWozv/1IpWKhuNfTiLoBHgnmM4K1kfq1QdJ4SPtJGV2g83RQLDkVZw57laCMlCBDfVD86g1DEgdUaMKxUl3kRNpNsNSMcJoWerGiESYTPKJdQwUOqHKT+dWpfWaUoe2H0pTQ9lz9PZHgQKlp4JnOAOuxWvZm4n9eN9b+rZswEcWaCrJY5Mfc1qE9i8AeMkmJ5lNDMJHM3GqTMZaYaBNUwYSAll9eJa3LCrquoMZVqVrO4sjDCZxCGRDcQBXuoA5NICDhGV7hzXqyXqx362PRmrOymWP4A+vzBxc4kYM=</latexit>

C(1,1)
Qq

<latexit sha1_base64="HFqmPYOgN9neiGupk4USY7Et4qA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKIaI+FXjy2YD+gTctmu2mXbjZxd6OUkP/hxYMiXv0v3vw3btsctPXBwOO9GWbmeRFnStv2t7W2vrG5tZ3bye/u7R8cFo6OWyqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2JrWZ336kUrFQ3OtpRN0AjwTzGcHaSP3aIGk8pP2k5FxWLtJBoWiX7TnQKnEyUoQM9UHhqzcMSRxQoQnHSnUdO9JugqVmhNM034sVjTCZ4BHtGipwQJWbzK9O0blRhsgPpSmh0Vz9PZHgQKlp4JnOAOuxWvZm4n9eN9Z+xU2YiGJNBVks8mOOdIhmEaAhk5RoPjUEE8nMrYiMscREm6DyJgRn+eVV0roqOzdlp3FdrJayOHJwCmdQAgduoQp3UIcmEJDwDK/wZj1ZL9a79bFoXbOymRP4A+vzByHikYo=</latexit>

C(1,8)
Qq

<latexit sha1_base64="Z5zPwFXgu1VQDE7xsBnzCNCH2oE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjy2YD+gjWWz3bRLN5uwOxFKyN/w4kERr/4Zb/4bt20O2vpg4PHeDDPz/FhwjY7zbRU2Nre2d4q7pb39g8Oj8vFJR0eJoqxNIxGpnk80E1yyNnIUrBcrRkJfsK4/bcz97hNTmkfyAWcx80IyljzglKCRBo1h2sLsMa26l9mwXHFqzgL2OnFzUoEczWH5azCKaBIyiVQQrfuuE6OXEoWcCpaVBolmMaFTMmZ9QyUJmfbSxc2ZfWGUkR1EypREe6H+nkhJqPUs9E1nSHCiV725+J/XTzC481Iu4wSZpMtFQSJsjOx5APaIK0ZRzAwhVHFzq00nRBGKJqaSCcFdfXmddK5q7k3NbV1X6tU8jiKcwTlUwYVbqMM9NKENFGJ4hld4sxLrxXq3PpatBSufOYU/sD5/ADzekRU=</latexit>

C(1)
Qt

<latexit sha1_base64="pYWYeq3l0VMaQXKHF49NBQSvkx4=">AAAB83icbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RjmScPEIiSAJrKRbutDQ7W7argnZ7N/w4kFjvPpnvPlvLLAHBV8yyct7M5mZ58eCa+M436iwsbm1vVPcLe3tHxwelY9PujpKFGUdGolI9XyimeCSdQw3gvVixUjoC/bgT5tz/+GJKc0jeW9mMfNCMpY84JQYKw2aw7Tdzh7Tav0yG5YrTs1ZAK8TNycVyNEalr8Go4gmIZOGCqJ133Vi46VEGU4Fy0qDRLOY0CkZs76lkoRMe+ni5gxfWGWEg0jZkgYv1N8TKQm1noW+7QyJmehVby7+5/UTE9S9lMs4MUzS5aIgEdhEeB4AHnHFqBEzSwhV3N6K6YQoQo2NqWRDcFdfXifdq5p7U3Pb15VGNY+jCGdwDlVw4RYacAct6ACFGJ7hFd5Qgl7QO/pYthZQPnMKf4A+fwARh5D5</latexit>

C(8)
QQ

<latexit sha1_base64="Q3zA2Ni6rxiDEw8MChMvv26j2VQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspGRD0WevHYgv2Adi3ZNNuGZrNLkhXKsn/DiwdFvPpnvPlvTNs9aOuDgcd7M8zM82PBtXHdb6ewsbm1vVPcLe3tHxwelY9POjpKFGVtGolI9XyimeCStQ03gvVixUjoC9b1p425331iSvNIPphZzLyQjCUPOCXGSoPGMG21sse0ii+zYbni1twF0DrBOalAjuaw/DUYRTQJmTRUEK372I2NlxJlOBUsKw0SzWJCp2TM+pZKEjLtpYubM3RhlREKImVLGrRQf0+kJNR6Fvq2MyRmole9ufif109McOelXMaJYZIuFwWJQCZC8wDQiCtGjZhZQqji9lZEJ0QRamxMJRsCXn15nXSuavimhlvXlXo1j6MIZ3AOVcBwC3W4hya0gUIMz/AKb07ivDjvzseyteDkM6fwB87nDwbdkPI=</latexit>

C(1)
QQ

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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4-heavy operators in Higgs production
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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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Again competitive with top fit bounds! 

One-loop probes (2)
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Conclusions

• HL-LHC can improve bounds on top operators due to extended 
kinematic reach and reduced uncertainties 

• HL-LHC improves Wilson coefficients by a factor three 
• Degeneracies between 4-fermion operators persist  
• Lepton colliders can constrain top operators very well if they run 

above the threshold, in particular the 2-quark-2-lepton operators 
• FCC-hh is expected to further improve 4-quark operator bounds 

which remain poorly constrained due to degeneracies 
• One loop probes for 4-heavy operators can be a promising new 

direction
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