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Motivation

* No clear evidence for new physics from direct searches.
Complementary approach:

* LHC is reaching a precision era. Standard Model Effective Field
Theory

- Systematic uncertainties start to dominate in several

situations.
Going NLO
This demands high precision in theoretical
predictions.

Ultimate goal: Precision global fit of the full SMEFT based on LHC observables.

Obtain SMEFT predictions to the precision level of the LHC.



Motivation

* No clear evidence for new physics from direct searches.

Complementary approach:
* LHC is reaching a precision era. Standard Model Effective Field

Theory
- Systematic uncertainties start to dominate in several

situations.

Going NLO
This demands high precision in theoretical

predictions.

Ultimate goal: Precision global fit of the full SMEFT based on LHC observables.
Obtain SMEFT predictions to the precision level of the LHC.

We focus on deviations parametrised by four-fermion interactions involving four top quarks.
They should appear as soon as new physics couples to the top quark.

In this work we explored the effects of four top quark operators at NLO in the top-pair
production




SMEFT

The SMEFT is a model-independent parametrization of deviations from the SM. The
Lagrangian is given by,

(d)
C; (1)
Zsmerr = Lsm Z Nd—3 o

i,d>4

With the ¢; indicating the Wilson coefficients and A the new cutoff energy.
This low-energy theory:

* is based on the SM fields only,

* respects the symmetries of the SM,

e must be used below the cutoff.

From this follows that the SMEFT is self-consistent, gauge invariant and
renormalizable order by order in 1/A.



SMEFT

The SMEFT is a model-independent parametrization of deviations from the SM. The
Lagrangian is given by,
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With the ¢; indicating the Wilson coefficients and A the new cutoff energy.

This low-energy theory:

 is based on the SM fields only,
* respects the symmetries of the SM,
* must be used below the cutoff.

From this follows that the SMEFT is self-consistent, gauge invariant and
renormalizable order by order in 1/A.

With this, parametrizations of possible deviations from the SM in the observable O,
are of the form
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EFT operators
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EFT operators
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In this work we focus on the four-heavy-quark operators
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All of these operators enter at tree level in the four-top process and at one-loop in the
top-pair production.



State of the Art

EWPO and Higgs related observables can impose bounds on some subsets of these five
operators.

EWPO: [Dawson & Giardino, 2022]
Constraints on

through the observables  I'z, ow, Ry, Ry, Re, Ab, AbFB L )
@(Q”Q =5 <QLJ/MQL> (01r"0;), CéQ c[-1.61,2.68].

1 /- - 8 _
7 @(QS)Q — 5 <QL}/IL1TAQL> (QL}/'MTAQL)’ —_— CQQ € [ 1523,2541],

via corrections ¢y € [-2.24,1.35]

@8,) = (QLV,,QL> (fR?’”fR)
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Higgs processes:

[Alasfar, de Blas & Grober, 2022]
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Higgs production in association with ttbar
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Higgs processes:
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State of the Art

EWPO and Higgs related observables can impose bounds on some subsets of these five
operators.

EWPO: [Dawson & Giardino, 2022]
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Bounds from global fit combining ¢7¢f and t7bb
[SMEFIT collaboration, 2021]

Higgs processes:

Constraints on

Sizeable constraints only via ttH for
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Four-Top production

The typical cross-section for this process is of some few fb, thus naively we could
expect its constraining power not as large as those from other processes.

In reality, this is compensated by the high sensitivity of the #7tf process to four-quark
operators.

At the LHC with CoM
energy of 13 TeV

osm(pp — titt) ~ 12 b
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Four-Top production

The typical cross-section for this process is of some few fb, thus naively we could
expect its constraining power not as large as those from other processes.

In reality, this is compensated by the high sensitivity of the #7tf process to four-quark
operators.

At the LHC with CoM
energy of 13 TeV

. QQ0QY _ s
g (@) i 9 (b) i osm(pp — titt) ~ 12 tb
O A‘% \
ci A") O(A™")

O(aiA™?) M A™?) | Total interf. Y Related by a factor of 2 | Due to a factor of
ek || 0.552771% ~1.74 ~1.24 4.25473% and 4, respectively 2 In the definitions
cho || 0.272FT1% —0.991 ~0.737 1.0673%

71% 73%

cho | 0.08891I0% —0.329 —0.245 0.118% %0

% %

che | —0.039277% 0.747 0.745 1.44173%

70% 73%

ot 0.2827 505, —0.605 —0.322 0.3497 550,
Values in fb
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Four-Top production

The typical cross-section for this process is of some few fb, thus naively we could
expect its constraining power not as large as those from other processes.

In reality, this is compensated by the high sensitivity of the #7tf process to four-quark
operators.

At the LHC with CoM

energy of 13 TeV
" Q0O _ -
g (@) i 9 (b) i osm(pp — titt) ~ 12 tb
O A—/ |
i e O(A™)
O(a2A?) J(epas/a/w) Total interf. — Related by a factor of 2 | Due to a factor of

Ctt 0.5521 %1% ~1.74 —1.24 4.25773% and 4, respectively 2 in the definitions
cho ||| 0.2727 5% —0.991 —0.737 1.067755%
cdo | | 0.08897 L% ~0.329 —0.245 0.118173%

che | —0.0392+71% 0.747 0.745 1.44773% Related by a factor of 3

S | 0282707 ~0.605 =0:322 | 0.309°5% | and 9, respectively

Values in fb

0(8) tttt—_onlyl (1)

These are sources of degeneracy in the four-top production. QR — 37QQ
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Four-Top production
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 The invariant mass distributions linear in the ¢; present peaks at ~ 1.3 TeV.

e Square contributions dominate in the high-energy regime, presenting peaks at ~1.7 TeV.
They also fall slower than the corresponding linear distribution.

* The shapes of the invariant mass distributions are very similar at high energy.
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Four-Top production
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 The invariant mass distributions linear in the ¢; present peaks at ~ 1.3 TeV.

e Square contributions dominate in the high-energy regime, presenting peaks at ~1.7 TeV.
They also fall slower than the corresponding linear distribution.

* The shapes of the invariant mass distributions are very similar at high energy.
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Top-pair production

The four-heavy-quark operators enter through the following diagrams
b t 4 t b g|ob t
Quark induced >< - g
channel ] ) ) &
’ Pt Lo top f

Gluon induced
channel

Observables are then (&) —0 Ci - GiCj
SMEFT = Ugm + a + b, —=
computed as: AZ? ZL: “ A2 %: A4
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Top-pair production

The four-heavy-quark operators enter through the following diagrams

b t q t
Quark induced >< ¥ o
channel

b t qJ 7

4
Suppressed by loop
, factor and bottom
Gluon induced quark PDFs
channel
Ci C; CiCi
Observables are then g rrm (A_;) — Oan 4+ Z aiA_zz n Z bz’jﬁ

computed as: : Iy
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Top-pair production

The four-heavy-quark operators enter through the following diagrams
Quark induced >< >@_W$C<
channel _ o *

Gluon induced
channel

4

Suppressed by loop
factor and bottom
quark PDFs

The series truncated
up to this order is

referred as O(A™)

Interference >W< " <><>““C<> <><>2

referred as

O(A2) +§w<<::]><> +<::]><>2+<>”“C<>2
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Observables are then
computed as:




Top-pair production

The four-heavy-quark operators enter through the following diagrams

b

Quark induced
channel

4

Suppressed by loop
factor and bottom
quark PDFs

Gluon induced
channel

The series truncated
up to this order is

referred as O(A™)

o X >< + ¥ - The contributions
Interference below in principle

referred as are suppressed as

loop square
O(A™?)

()

Observables are then
computed as:
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Top-pair production

8 -4 8
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the tree-level. The latter is g 0y g '
suppressed by PDFs. g § 2
o T B By - <
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The total rates for the interference at one-loop Change of sign understood in terms of the
of several of the operators suffer from phase- » analytical results for the partonic differential
space cancellations. cross-sections.

Differential observables
increase the sensitivity to NP

Contributions of the Cét are one order of magnitude larger than the other c,. Displaced change of sign,

at high-energy.
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Top-pair production

Energy growth of unpolarized squared amplitude from the interference between SM
and SMEFT

qq — tt gg — tt

SM 27‘-20‘3(1 + cos> 9) 515772042 (1+4-cos? 21)15'27—;9 cos? 0)
o2 2
Cit si 255(1 + cos 26)(3 log = —2) %A—;mf (3C‘-:n299 13)
L 2 2 cOos
€QQ = 258(1 4 cos® 0)(3 log -5 — 2) 12em? @ Sm299 19)
a? cos? §—

CQQ | 3251 K% 3(1 + cos® 0)(151og -5 — 28) L Ssmj (15cos 0-41)

3202 2 1 a2 2
CQt 5 My gxgm (7(log 7 — %) — 18 cos®  — 19)

a2 A s 02 s

ot =581+ cos® 0)(3 log oz 5) L m(22(log2 mZ 7%) 4 63 cos® 6 + 29)

These are only the leading term after taking the limit § > mt2

The four-heavy-quark operators present the § factor enhancement of the two-

light-two-heavy operators, but additionally they profit from a logarithmic growth,
which could be used to distinguish them.

The 6-dependence is very similar to that of the SM at high-energies. Forward-
backward asymmetry is not very sensitive.
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Top-pair production

Energy growth of unpolarized squared amplitude from the interference between SM
and SMEFT

qq — tt gg — tt
32,2 2 2 1_2 2 (14cos? 0)(7+9 cos? 6
SM 5 a5 (14 cos”0) ST ol ( 51)1529 )
2 2
Cit = 255(1 + cos® 0)(3 log -5 — 2) L 35m; (3C°an209 13)
1 2 2 cOos
CQQ si 255(1 4 cos® 0)(3 log =5 —2) %ﬁ-mf 3 Sm299 19)
8 a2 COS2 -
CQQ | 3251 K% 5(1 + cos* 0)(151og -3 5 — 28) L ZgmZ 15cos O-dl)
c 32 0F )2 Loem? L (7(1 — 72) — 18 cos? § — 19)
Qt 2 Emy L 35m; - og> 7 T cos
2 - a2
ot 2 2538(1 + cos® 0)(3log -5 — 5) L 79(22(10g2 S, —7®) + 63 cos® 0 + 29)
m sin m3

These are only the leading term after taking the limit § > mt2
The four-heavy-quark operators present the § factor enhancement of the two-

light-two-heavy operators, but additionally they profit from a logarithmic growth,
which could be used to distinguish them.

The 6-dependence is very similar to that of the SM at high-energies. Forward-
backward asymmetry is not very sensitive.

Spin correlations
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Top-pair production

Energy growth of unpolarized squared amplitude from the interference between SM

and SMEFT
qq — tt gg — it

SM 327202(1 + cos? 0) Lr2g? (1+4-cos? 21)15540;9 cos? 6)

Cit = —§.§(1 + cos” 0)(3 log = —2) %A—gmf (3°°an2‘99 13)

00 o —§ (1 + cos® 0)(3 log =5 —2) %Ig-mf 3 C(:nfe 12)
Weak growth coQ 55 & K% 3(1 + cos® 0)(151og -5 — 28) 2= %;mf (15";’;2290—41)
Thel_lsliﬁlf'_fleé:ts oy 32 %gmf %%gmt —5—(7(log® 7 — %) — 18 cos® 6 — 19)

constrains 1 e | 25331+ cos?0)(3log 5 —5) | 7 rsmi ik (22(log? £ — ) + 63 cos? 0 + 29)

These are only the leading term after taking the limit § > mt2
The four-heavy-quark operators present the § factor enhancement of the two-

light-two-heavy operators, but additionally they profit from a logarithmic growth,
which could be used to distinguish them.

The 6-dependence is very similar to that of the SM at high-energies. Forward-
backward asymmetry is not very sensitive.

Spin correlations
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Datasets

Proc. Tag Vs, L Final state Observable | ngat | Ref.
CMSy-1 | 13 TeV, 2.3 fb~! lepton-+jets do /dm; 8 | [53]
CMS4-2 | 13 TeV, 35.8 fb~ ! lepton+jets do /dmy; 10 | [26]

" CMS4-3 | 13 TeV, 2.1 fb~1 dilepton do /dmyz 6 | [27]
CMS;-4 | 13 TeV, 35.9 fb~! dilepton do /dmy; 7 | [28]
ATLAS;; | 13 TeV, 36.1 fb~! lepton-+jets do /dmyz 9 | [29]
HL-LHC | 14 TeV, 3 ab~! Total do/dm; | 24
CMSy-1 | 13 TeV, 35.9 fb~! | Two same-sign or multi-leptons | oo (tttt) 1 | [13]

. CMSy-2 | 13 TeV, 137 fb~! | Two same-sign or multi-leptons | oo (tttt) 1 | [12]
ATLAS4 | 13 TeV, 139 fb~! | Two same-sign or multi-leptons | o (¢ttt) 1 | [11]
HL-LHC | 14 TeV, 3 ab~! Total do/dmgz | 11
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Statistical Analysis

We compute the observables as a function of the centre-of-mass energy and the Wilson
coefficients, such that

OsMEFT (A2) Osm + Zaz + Z bij c&ij :

The exclusion regions are computed through a chi-squared distribution analysis

- 3(3)

i 2

Xf(&) _ Z (OsmerT(£%) — OBxp)

A2 (50)2 !

Bins

For the projected sensitivity, the uncertainties are parametrised as

oSM
50n = 3/ (60n)3as + (B0 = 1/ 7 + 02(o$M)2,

The results that follow were obtained using MadGraph5_aMC@NLO and SMEFT@NLO.
[Degrande et al., 2020]
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Bounds on 4-heavy quark op.

CMS44-1 CMS44-2 CMS+¢-3 CMS¢¢-4 ATLAS¢ Combined
nd O(A™2) | [-148,64.4] [-58.9,0.99] [—129,332] [-56.4,—0.81] [—26.4,52.2] | [—28.1,7.16]
nda.

L O(A~?%) | [—148,64.4] [-58.9,0.99] [—129,332] [-56.4,—0.81] [—26.4,52.2] | [—28.1,7.16]
(&
t [—50.8, —10.8]
Marg. | O(A™%) | [—122, 3.22] - - [—232,129] | [—48.0,2.83]
U [4.55, 255]
Ind O(A~2) | [-292,139] [—107,2.17] [—335,462] [—109, —1.66] [94.3, —51.3] | [—51.7,14.9]
na.
cho O(A~%) | [-18.2,16.2]  [-3.04,1.27]  [-21.4,21.1] - [—19.7,18.1] | [—5.72,4.29]
Marg. |O(A™4) | [-12.7,13.1]  [—15.3,12.1] - - [—26.5,24.0] | [—8.05,4.95]
Ind O(A~2) | [—323,126] [—157, 1.74] [-575,334] [-119, —-2.53] [—60.1,105] | [—66.9,15.0]
nda.
C%Q (’)(A‘4) [—43.0,32.1] [—11.9,1.52] [—48.9,43.1] - [—40.2,29.2] | [—16.1,7.90]
Marg. | O(A™%) | [-31.5,26.7] [—316, 163] - - [—75.2,68.8] | [—18.7,14.8]
d O(A—2) | [-53.7,78.8] |[—3.23,11.4]  [—451,28.0] - [—33.2,29.0] ||[—11.4,12.7]
na.
C%gt O(A~%) | [-15.9,17.7] |[-1.52,2.32]] [—30.4,14.8] - [—20.7,12.3] | |[—4.94, 4.80]
Marg. | O(A~%) | [-6.79,18.2]  [—50.3, 30.2] - - [—43.8,24.7] | |[—6.33,7.24]
Ind O(A™2) | [-177,69.5] [—100, 0.88] [—322,64.3] [-95.8,—0.77] [—32.3,44.9] | [—44.6,5.92]
na.
" oA~y | [-55.5,31.1]  [-26.0,0.85] [-72.8,34.2] [-27.3,-0.79] [-59.7,25.7] | [—31.4,5.02]
C
Qt [—142, —6.50]
Marg. | O(A~4%) | [—35.6,25.2] - - [—100, 58.2] | [—23.7,1.77]
U [2.21, 82.5]

Table 5: The 95% CL bounds (assuming A = 1 TeV) for the coefficients of the four-heavy-
quark operators in the process pp — tt individual and marginalized. The intervals are
presented for the different datasets introduced in Table 4. The missing entries correspond
to cases where the SM does not provide a good fit to the data. Notice that O(A~*) includes
terms of the order O(A~2) (see Eq. (4.3))
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Theory
Experiment

o o

o per bin [pb]

Bounds on 4-heavy quark op.

100 |

10 |

1
1

6F
4}

Sy OO0 =

SM+NP O(A~2), nBFP

CMS - Stat + Syst
SM QCD NNLO
SM-+NP O(A~2) —
SM+NP O(A™%) —

- pp — tt, LHC 13 TeV
- b =15, A = 1 TeV

500 1000

1500

2000 2500

m (tt) |GeV]|

C1 = —16.6,

Fit to the invariant mass distribution measured
by CMS in the lepton+jets channel with a

luminosity of 35.8 fb™ 1.

The best fit point (BFP) found at

ci; = 116, cor = —64.9,
¢t = 164 (150),

cog = 484 (150),
cHo = —1113 (—150),

To illustrate the capability of the effective
operators to fit data we show the invariant
mass distribution near the BFP.

In the diagonal basis the BFP is

Coy = 0944, C3 = —128, Cq = 123 Cy = 2038.
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Theory

Bounds on 4-heavy quark op.

L CMS - Stat + Syst

100 k - SM QCD NNLO
] — SM+NP O(A~2) —
= SM NP O(A~%) —
= ——  SM+NP O(A-2), nBFP
z 10 ¢
o

- pp — tt, LHC 13 TeV
Lt cp =15 A= 1TeV

1.6 f
14} —
£ 1.2 P —
1|
508

0.6 & . . .

500 1000 1500 2000 2500
m (tt) |GeV]|
Tension in the first bin between SM
and measurements.

EFT effects bring the theoretical prediction of
the first bin very close to the error band.

Fit to the invariant mass distribution measured

by CMS in the lepton+jets chan
luminosity of 35.8 fb™ 1.

nel with a

The best fit point (BFP) found at

ci; = 116, cor = —64.9,
¢t = 164 (150),

cog = 484 (150),

cHo = —1113 (—150),

To illustrate the capability of the effective
operators to fit data we show the invariant

mass distribution near the BFP.

In the diagonal basis the BFP is

¢y = —16.6, co=0.944, c3=—128,
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Bounds on 4-heavy quark op.
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510 15 20

Exclusion regions at 95% CL.
The points outside the regions are
excluded.

For these bounds, only datasets
from different final state and
collaboration were combined.

Bounds for the tftf are presented
as planes, which is a consequence
of only having two data points in
the fit.



Bounds on 4-heavy quark op.

Exclusion regions at 95% CL.

ol op — tF, O(A~Y The points outside the regions are
T 0 op ot OAD) | excluded.
Ni 0F pp — titt, O(A™%)
< ol op - tHE, O(A~2) For these bounds, only datasets
S EWPO B from different final state and

- collaboration were combined.

20 ¢

Bounds for the tftf are presented
as planes, which is a consequence
of only having two data points in
the fit.

Bounds from Electroweak precision

o [ 1l | observables (EWPO):
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=
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I il I | .
S el | d | Bounds from Higgs processes seem
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Bounds on 4-heavy quark op.

Regions for the ctlt case.

40

—20
C%t / A2 1/ TeVQ]

0

90

40

20}
15|
10|

—60

pp — tt, O(A™)
pp — tt, O(A72)
pp — titt, O(A™%)
pp — titt, O(A™?)
EWPO

(52 B e BN O

20 0 20 40

cli/N? [1/TeV?] 39

LR
R
et
bt
[ LeMatatets ]

Bounds from the interference are
complementary between the two
pProcesses.

Bounds from tftf in the quadratic
case are much more stringent than

the corresponding ones from ¢t
production.

The tftt process is sensitive the

most to ctlt.
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The tftt tends to
constraint the same
direction as all of
the distributions are
very similar.

At order O(A~?) the

1ttt seems to be
more under control
at the high-energy

bins than the 7.
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5000

No improvement in the bounds when including the
bin centred at 4 TeV, since in the high-energy
region the distributions are SM-like. This changes

with O(A™%) terms.
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m (tttt) [GeV]

5000

No improvement in the bounds when including the
bin centred at 4 TeV, since in the high-energy
region the distributions are SM-like. This changes

with O(A™%) terms.

2 Loop-square contributions are the full corrections of order aSZA_4 for the @gtl)

operator. At enough high-energies, these contributions have a similar magnitude as the
corresponding interference ones.



HL-LHC

Marginalized 95% CL bounds (A = 1 TeV) for the interference given by the coefficients of
the four-heavy-quark operators in the diagonal basis of the processes pp — tf and

pp — titt.

ci Cut pp — tt pp — tttt tt + tttt
mTet. < b TeV| [—0.35,0.35] [—1.46,1.46] [—0.42,0.42]
Moo, <3Tev| [F171,1.71]  [-1.42,1.42] [—1.71,1.71]
mrot. < b TeV | [-17.6,17.6] [—18.6,18.6] [—4.95,4.95]
” mrot. < 3 TeV | [—29.8,29.8] [-17.5,17.5] [—5.36,5.36]
My, <5 TeV| [-39.6,39.6] [—37.5,37.5] [—26.3,26.3]
” mrot. < 3 TeV | [—85.5,85.5] [—55.5,55.5] [—61.6,61.6]
MTor. < b TeV | [—62.1,62.1] [—477,477] [—63.3,63.3|
. MTot. < 3 TeV | [—289,289] [—509, 509] [—68.9, 68.9]
Mpe, <5 TeV| [-403,403] [—1785,1785] [—74.9,74.9]
P, < 3TeV| [=727,727]  [=2213,2213]  [—217,217]
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Summary & outlook

Main message:

The top-pair production offers the possibility to probe dimension-6 operators
iInvolving only the bottom and top quark, an often overlooked process when
constraining such operators.

+ Global analyses that consider the four-top production to bound the four-heavy-quark
operators will benefit from considering the top-pair.

« We find that both processes are in the same ballpark in terms of the EFT validity. Push bounds
one order of magnitude to be safe.

« The analytic computation of the SMEFT predictions lead to the identification of a bug in
MadGraph5_aMC@NLO. For the first time, a full validation of SMEFT one-loop computations
in MadGraph5_aMC@NLO.
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Summary & outlook

Main message:

The top-pair production offers the possibility to probe dimension-6 operators
iInvolving only the bottom and top quark, an often overlooked process when
constraining such operators.

« Global analyses that consider the four-top production to bound the four-heavy-quark
operators will benefit from considering the top-pair.

« We find that both processes are in the same ballpark in terms of the EFT validity. Push bounds
one order of magnitude to be safe.

« The analytic computation of the SMEFT predictions lead to the identification of a bug in
MadGraph5_aMC@NLO. For the first time, a full validation of SMEFT one-loop computations
in MadGraph5_aMC@NLO.

* More optimized observables are required to improve the constraints. Look at spin correlations.

* |Investigate more the phase-space cancellations in the four-top production.
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Back up

pp — tt pp — titt tt + tttt
Cut Individual Marginalized Individual Marginalized | Marginalized
o h O(A2) O(A™%) O(A™%) O(A2) O(A™%) ol O(A™%)

. | mTot. <5 Tev | [-0.51,0.51]  [-0.51,0.51]  [-11.3,10.6] | [-2.37,2.37] [—0.55,0.66] [—0.26,0.33] | [—0.71,0.80]
ot mrot, < 3 TeV | [—2.58,2.58] [—2.58,2.58]  [-38.1,13.2] | [-2.35,2.35] [—0.62,0.78] [—0.30,0.40] | [—0.82,0.94]
1 mrer. < 5 TeV | [—1.02,1.02] [-1.11,0.96] [-5.82,5.38] | [—3.91,3.91] [-1.07,1.35] [—2.30,2.35] | [—2.50, 3.94]

‘eq mTot. < 3 TeV | [—5.0,5.0] [-7.71,3.07]  [-10.3,11.4] | [-3.95,3.95] [—1.21,1.61] [—2.37,2.44] | [-3.17,5.08]
8 mrer. < 5 TeV | [—1.21,1.21] [—1.24,1.18]  [-13.1,12.7] | [-11.8,11.8] [—3.22,4.07] [—6.88,7.14] | [—9.87,5.47]
@Q mTot. < 3 TeV | [—6.01,6.01] [—21.1,4.74]  [-26.3,28.7] | [-11.9,11.9] [—3.62,4.82] [—7.05,7.35] | [—15.2,7.73]

. | mTot. <5 Tev | [—9.03,9.03] [—4.24,2.92] [-6.45,5.39] | [—4.07,4.07] [—1.12,0.94] [—0.55,0.44] | [—1.36,1.21]
car Mmoot < 3 TeV | [—17.7,17.7] [—5.44,4.31] [-10.8,10.2] | [—4.0,4.0] [-1.35,1.06] [—0.70,0.51] | [—1.63,1.41]
g | mTot. <5 Tev | [-0.82,0.82] [-0.82,-0.82] [-16.4,12.0] | [—8.58,8.58] [—1.96,2.29] [—0.91,1.12] | [-2.50,2.56]
car mTot, < 3 TeV | [—3.86,3.86] [—4.21,3.61]  [-27.7,20.8] | [—8.47,8.47] [—2.23,2.71] [—1.06,1.32] | [—2.91, 3.04]

Table 8: The 95% confidence level bounds (assuming A = 1 TeV) for the coefficients of
the four-heavy-quark operators in the processes pp — tt and pp — tttt at the HL-LHC
with /s = 14 TeV. The intervals are presented for two different cuts in the invariant-mass
distribution.
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