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Nikolaos Kidonakis

and Kaan Simgek

Department of Physics, Kennesaw State University, Kennesaw, Georgia 30144, USA

® (Received 7 April 2026; accepted 19 August 2026; published 11 September 2026)

We study top-antitop pair production in proton-proton collisions within the Standard Model effective
field theory (SMEFT) at dimension six. We focus on the top chromomagnetic operator C,; together with
the four-quark operators relevant for unpolarized 7 production. We analyze the top-quark single-
differential transverse-momentum (p) and rapidity (y) distributions and the double-differential distribu-
tions in py and y (pr X y) at 13 TeV, and we present projections for 13.6 TeV using the same binning. Our
highest-order setup combines next-to-next-to-leading-order (NNLO) Standard Model (SM) predictions
with approximate NNLO SM-SMEFT interference corrections. We find that higher-order QCD effects are
essential for a stable SMEFT interpretation, yielding substantially more robust bounds and milder
parameter degeneracies. The strongest sensitivity is obtained for C,;. In the combined highest-order
analysis of the 13-TeV results and 13.6-TeV projections, we obtain sensitivity to effective scales up to
3.9 TeV. Our results show that higher-order differential top-pair production provides a precise and
theoretically controlled probe of the top chromomagnetic interaction.

DOI: 10.1103/fd9b-clInl

I. INTRODUCTION

The Standard Model effective field theory (SMEFT)
provides a systematic, model-independent framework for
parametrizing heavy new physics through higher-dimen-
sional operators built from the Standard Model (SM) fields.
A complete nonredundant basis of dimension-six operators,
the Warsaw basis, was formulated in Ref. [1], with
equivalent alternative organizations developed sub-
sequently [2,3]. The operator program has been extended
to dimension eight and beyond [4-10], while the practical
toolkit has matured through automated implementations of
Feynman rules [11-15], extensive work on renormalization
and operator mixing [16-18], positivity bounds [19-21],
and very recently the complete one-loop threshold correc-
tions at dimension six [22]. For a broad overview, see
Refs. [23-25].

On the phenomenological side, SMEFT analyses have
progressed from sector-specific studies of electroweak
precision data, namely Higgs, and gauge-boson observ-
ables, and low-energy probes [26-37] toward global fits
combining Higgs, electroweak, and top-quark information
across many Wilson coefficients [38—48]. Effects beyond
the leading dimension-six level have also received growing
attention [37,49-58], and the SMEFT is now routinely
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employed by experiments in direct effective-field-theory
(EFT) interpretations of LHC measurements [59]. For
realistic phenomenology, however, the central limitation
is often theoretical precision, namely meaningful con-
straints on SMEFT parameters require predictions consis-
tently and with sufficient perturbative accuracy. This has
driven substantial progress in next-to-leading-order (NLO)
SMEFT calculations [60—66], and automated NLO QCD
calculations can be performed in MadGraph5_aMC@NLO [67]
using the SMEFT@NLO implementation [68].

Top-quark processes provide a particularly important
arena for such studies. In particular, top-pair production at
the LHC is both experimentally well measured and theo-
retically well developed, making it a natural process in
which to test the interplay between perturbative QCD
control and SMEFT sensitivity. Higher-order corrections
from soft-gluon contributions can be calculated via the
framework of threshold resummation. We use the resum-
mation formalism developed in [69-73], which has been
applied to top-quark anomalous couplings in [74-80] and,
in particular, to top-quark processes in the SMEFT
in [81,82].

The top-quark chromomagnetic operator is one of the
most prominent dimension-six directions affecting ¢7 pro-
duction, and approximate next-to-next-to-leading order
(aNNLO) results for this operator in top-pair production
were presented in Ref. [81]. In the present work, we use
higher-order calculations for differential ¢ production to
constrain dimension-six SMEFT effects through the single-
differential top-quark transverse momentum p; and rap-
idity y distributions and the double-differential pr X y
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distribution. Rather than attempting the most comprehen-
sive global determination of all relevant top-sector oper-
ators, our goal is to establish perturbative-QCD control in
this channel and to quantify how higher-order corrections,
theoretical uncertainties, and correlations with additional
four-quark directions affect the extraction of the chromo-
magnetic coefficient.

Our analysis is performed in a four-parameter setup. In
addition to C,;, we include three combinations of four-
quark operators, denoted by C;, C:j, and C,J;, which arise
as the relevant linear combinations in the SMEFT@NLO top
basis for unpolarized top-pair production. These directions
are not introduced because the present dataset is expected
to provide competitive stand-alone bounds on each of them
separately, but because they furnish the natural correlated
directions against which the robustness of the extracted C,g
constraint should be tested. In this sense, the main
phenomenological target of the paper is the chromomag-
netic interaction, while the additional four-quark directions
are included to assess the extent to which flat or weakly
constrained combinations can affect its determination.

To this end, we analyze the available 13-TeV differential
measurements and also construct projections for 13.6 TeV
using the same binning. Our highest-order predictions
combine next-to-next-to-leading order (NNLO) SM results
with aNNLO SM-SMEFT interference corrections, allowing
us to examine directly how the fitted Wilson-coefficient
sensitivity changes from leading order (LO) to NLO and then
to our highest-order setup. This comparison is particularly
important in view of the fact that, at insufficient perturbative
order, a fit can partially absorb missing SM QCD corrections
into apparent SMEFT effects. A central question of this work
is therefore not only how strong the resulting bound on C,;
can become, but also how stable and interpretable that bound
remains once additional operator directions and realistic
uncertainty estimates are included.

This paper is organized as follows. In Sec. II, we describe
1t production at the LHC within the SMEFT framework and
define the set of dimension-six operators and Wilson
coefficients relevant to our analysis. In Sec. III, we briefly
describe the formalism for the calculation of the soft-gluon
corrections used to construct the aNNLO predictions. In
Sec. IV, we present the numerical setup, the SM and
SMEFT distributions, and our statistical treatment and
uncertainty modeling. In Sec. V, we present the SMEFT
fit results. We conclude in Sec. VI.

II. # PRODUCTION AT THE LHC WITHIN THE
SMEFT

The SMEFT provides a model-independent description
of possible new-physics effects beyond the SM. One
augments the SM with higher-dimensional operators

0,&”> of mass dimension n > 4, constructed from the SM
fields and suppressed by powers of a UV scale A which is
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FIG. 1. The Feynman diagrams for the partonic process
contributing to pp — 7 at leading order within the SM: gluon
fusion (top) and pair annihilation (bottom).

higher than accessible collider energy. The corresponding
Wilson coefficients C,(C") parametrize the strength of these

effective interactions. Schematically, the SMEFT
Lagrangian is given by
1 (n) (5 (1)
£:£5M+2An_4ZCk oV, (1)
n>4 k

These terms modify the SM vertices in a gauge-invariant
way and preserve the symmetries of the SM. In this work,
we focus on the dimension-six (n = 6) operators. For the
input parameters, we adopt the {Gf, mz, my } scheme, and
we work in the five-flavor scheme, following the con-
ventions of the SMEFT@NLO [68] implementation whose
Feynman rules we use throughout.

We consider the hadronic process pp — ff. At leading
order, the underlying partonic processes are gluon fusion
gg — tf and pair annihilation ¢g — ¢f with ¢ = d, u, s, c,
b. The Feynman diagrams at leading order within the SM
are pictured in Fig. 1. The top quark is denoted by the
double lines with an arrow.

There are two classes of dimension-six SMEFT operators
of interest from the Warsaw basis [1] that interfere con-
structively with the SM, presented in Table I. First, we have
the operator that modifies the 3-point top-quark coupling to
the gluon, also introducing the 4-point tzgg vertex. This is
the chromomagnetic coupling. The second class of oper-
ators is the ones that introduce the 4-point ttqq vertex (see
Fig. 2). Here, the blobs indicate SMEFT operator inser-
tions. We emphasize that the triple gluon operator is
excluded in this work because it is already strongly con-
strained by dijet angular or multijet data [83—88].

In Table I, ¢ denotes the left-handed quark SU(2),
doublet and u (d) the right-handed up-type (down-type)
quark singlet, with = y'y°. ¢ is the Higgs doublet, and
§ = it’¢* is its charge conjugate. Color is carried by the
SU(3),. generators T, and Gy, is the gluon field-strength
tensor. The fermion bilinears involve y# and 6 = % ", 7"];
square brackets indicate gauge- and Lorentz-invariant

055019-2



1t PRODUCTION AS A PROBE OF DIMENSION-SIX ... PHYS. REV. D 114, 055019 (2026)

TABLE I. The dimension-six SMEFT operators from the Warsaw basis [1] that affect the observable at leading order in Wilson
coefficients.

Top-gluon couplings (ttg, ttgg) Four-quark contact (ttqq)
Cug" Oug = 180" T"u,]§Gy, + Hee. Ciq 177! 04y = [@,r,4.)(@:r"q/
chg o 01 = layr,e'allar'e'a)
Cw[prsr] O, = [ﬁp}/uur] [ﬁs}/ﬂut]
Cha I 0%} = li,7,u,)[d.r"d)]
Cla b 0%) = [y, T*u,][d, T,
Ca 77 04! = [ayrua)liru]
Cau (7 04! = a,1, T4, T*u,
Ca 77 04 = [a,744,)ldsr"d)]
Cad 77" 0% = a,7,T*q,)[d:rT*d)
contractions within each current/bilinear with all indices 1 1
. . 3.1 _ ~(3) Jii33] (1) [i33i] (3) [i33]
left implicit. The superscripts [pr] and [prst| label quark Cos = Cyq + gcqq - gcqq ,
flavor indices, with p, r,s,t€{1,2,3}. For a two-fermion 1) s 3) 1rans
(77l ~ N o 38 — C( ) [i33i] _ C( ) [i33] (4)
operator, e.g., O, ~ (G, -~ u,]@G, the indices p and r Qg a4 4 ’
identify the generations of g and u. For a four-fermion )
, 1 3 3
operator, €.g., 0((11u)[prst] = [Gpruq,]isr*uyl, (p. r) belong to CIQQ :2C((]q> = _§C5”) e, CSQQ = 8C5M) NN )
the first bilinear and (s, 7) to the second.
Following the SMEFT@NLO model, we actually work in fo C(lu) 33ii] 8 — C(i) [33ii] (6)
the rop basis. The operator that gives us the ttg and ttgg Qu ! ’ Qu ! '
vertices reads cl . — M) 33 8 — '®) [33ii
0a=Cgp 0a=Cga s (7)
O, = ig, |07 T 419G}, + Hec., (2) " "
Cth _ Cq [3333]’ CSQt — Cq [3333]’ (8)
so the main differences are that the strong coupling is
factored out and that 7*¥ = ¢**/i, and the four-quark . (i3] 1 (1331 g (1331
Wilson coefficients of interest are defined as Cou = Cu™ + §C“” = Co =2Cu" (9)
3 1 NUUIRE | n 1 _ () 336 8 _ B [33ii
CE] _ Célq) [ii33] +8CS’1") [i33i] +§CE,3,,) 33 cl,=c B cs, =) 13, (10)
ng — C(qlq) [i33i] 4 3C((13q) [133i] (3) cl, = C(qlu) [ii33] cs = Cg) [i33] (11)

Trpe T i
5 05>

FIG. 2. The same as Fig. 1 but within the SMEFT. The blobs denote SMEFT operator insertions.
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FIG. 3.
with i = 1, 2. In total, we have 19 Wilson coefficients of

interest. The relevant Feynman rules from [68] can be
summarized as follows:

Vi = fABC((py = pa)' g™ + (py — p3)ig*
+ (p3 = p1)"d*)Chos

ta

g9 ”
B
9u ¢

The relevant SMEFT Feynman rules for the partonic process of interest, adopted from [68].

Viuw = Vitee = 5ab5cd( *PLL [y P, Cai + [Y*Prlr*PL)Croo + [y*PL),[r* P, Cs7 + [J’“PRH}’“PR]MC112>

+ TﬁbT?d< [Pl [r*PL],Cas + [y*Prl[r*Pr],Ciio + [y*PLl,[y*Pr).Css + [y*Prl,[r*Prl.,Cii3 )

Vida = Viss = 5ab5cd( V*PLlalr®PL),Cao + [Y*Prlaly*PLl;Co1 + [r*PLlaly*Pr),Croo + [7aPR]d[7aPR]tC89)

+ TQbT?d( PLlaly*PL),Caa + [y*Prlyly*PL);Cra + [r*PL4ly*Pr],Ci10 + [7aPR]d[}/aPR]rC9O>’

Vibb = 6aalpe [J/QP L]-[V“P L]-C83

+ 5ab5cd( Py PLlyCaz + [Y*Prl [r*PLlCss + [y*Prl [r*Prl,Cso + [r* Pl [r*Prl,Cri )

+ Tﬁﬂ?d( [r*Prl,[r*PL]yCse + [r*Prl,[r*Pr]yCoo + [J’aPL]t[VaPR]an)’

where g = y*p,, Pg/p = (1 £75)/2, 6,4 is the Kronecker
delta in the fundamental representation, [y*P;|.[r*Pp].
represents the coupling of flavor-changing vector tb cur-
rents, and we have defined

Cio = —Ys» Ciy = igy, (19)
Cao=5(Chiy=C3). Co=15(Chy+Chl). (20)
Cy = Lz <C1QQ _1C8QQ>’ (21)

A 6
Cu=5(Chi=C3). Crs=5(CL+CE). (22)
C71 = é Cé}d’ C72 = Aizcggd’ (23)

tb

ta

ngg = T?zﬂ/ﬂcll» (13)
Vigg = T4, ([/*. #))C3s5 + 17*Chy), (14)
Vélz;g = fABCTQb [J’”, 7”]C360’ (15)
(16)
(17)
(18)
I g
C83 - WCQQ’ (24)
i i
Cgs = Eclgt’ Cgs = ECSQI’ (25)
i i
C87 — ECIQM, C88 = FCSQ”, (26)
i i
Cso Pczld’ Cop = pcigd’ (27)
i i
Cioo PC;W Cio = Pcip (28)
iy i
Cin _Fctu’ Ciiz :pctu’ (29)
g, 95709
Cssg = Wcth 360 —W G- (30)
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where v is the Higgs vacuum expectation value in the SM.
The Feynman rules are illustrated in Fig. 3.

The hadronic cross section at the pp center-of-mass
(c.m.) energy /s can be written as

Ny

ols)= > >

1*—Nf j*—Nf

/dx dxy fi(x1, pp) fj (X2, p )0 (3),

(31)

with N denoting the number of active flavors. The indices
and j label the parton flavors, where negative values
correspond to antiquarks and O to the gluon. The variables
x; and x, are the Bjorken-x parameters of the incoming
partons, and f; and f; are the parton distribution functions
(PDFs) evaluated at the factorization scale uy. The quantity
o;; is the partonic cross section for the subprocess f;f; — 1,
and V/3 is the c.m. energy of the partonic reaction.

We parametrize the cross section in terms of SMEFT
parameters as

0 =0sm T chﬁk + chck’ﬁkk’ (32)
k<k'

at all perturbative orders. In order to obtain the leading-
order amplitudes, we use FeynArts [89] and FeynCalc [90-93].
For the gluon fusion,

9(p1) +9(p2) = 1(p3) +1(p4), (33)

the spin and color-averaged squared SM amplitude is
— 1 7*a?
Al sm = 48 32
§
x (1283(7 + &) + 45%(27 01 +37 + 3i2)
+45(F —a)?2(F+a)+ 354+ (-}, (34)

DYDY {—(752 + 9(7 — 01)?)

and for the pair annihilation,

q(p1)+q(p2) = 1(p3) +1(ps),  gq=dus,c,b,  (35)

it is

32 72 a‘
9

[Agal*sm = {43m? + 8+ (i-2)°}. (36)

Here, m, is the mass of the top quark, the top-quark
propagators are given by

(1) 1 (u) 1
D = -x . D = s 37
C=mmer P T ammyy
and we have defined § = (p; + p»)?, (p P3) , and
= (p| — p4)?, which satisfy § +7+ &t = 2m

Next, we calculate the linear SMEFT corrections to the
squared amplitude. The gluon fusion receives corrections
characterized by C,; only:

_ 1 n.ZaSth (1) ~y(u)
Co 3234\ /GpA> T T
x {282(1—a)> +78* = 9(1—)*}.  (38)

[ Agyl?

All the pair annihilation channels receive the same linear
correction characterized by C,;:

256\/_71' m,a,’
G AZ\/_ ’

There are also corrections that can be classified as even and
odd in 7 — &:

|.Aqq|2 c, g=d,u,s,c,b. (39)

[AglPc; = A2A{4sm, +8+(1-0)*},  (40)
——s _ lbmay
|qu’1|2 A2 { } (41)

for ¢ = d, u, s, ¢, b, where we have defined

1
Cj=Cl =5(Cpy— Cgy+ Chg+ Cly + C). - (42)
— — 1 3,8
Ci=Ci =5(Chy = Cy= Cha+Chy=Chy). (43)
1
Cf=CH= E(C +Ch +CY+C, +Ch). (44)
C;=C: = —(c +Ch—C8 = C8 4+ C8). (45)
1 8 8 8
Cf =5 (Chy+ Cly+ Chy + Cho). (46)
1
Cp =5 (=Cha+Cly=Ch + Cho)- (47)

The gq channels are given by i — 7. We note that the SM
and C, linear contributions are even in 7 — i, and that with
the inclusive cross section computed with symmetrical
acceptance cuts, the terms odd in 7 — i drop. This leaves us
with only four Wilson coefficients of interest: C,, Cf, Cy,
and C}.

Finally, we restrict ourselves to the linear SMEFT
corrections, namely we keep only the O(A~2) interference
with the SM. The quadratic dimension-six terms are
O(A™*) and, in the present case, involve many additional
Wilson-coefficient structures that do not reorganize into
the compact Cfi‘E combinations. Including them would
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substantially enlarge the parameter space and the computa-
tional workload, so we omit O(A~*) effects in this study.

For the NLO QCD predictions, we use the SMEFT@NLO
model [68] with MadGraph5_aMC@NLO [67]. We simply
generate pp — t1 at NLO in QCD and we exclude
electroweak corrections.

III. SOFT-GLUON CORRECTIONS

In this section, we briefly review the soft-gluon resum-
mation formalism that we use for the calculation of
soft-gluon corrections through aNNLO for 7 production
[69—73]. In addition to the kinematical variables 3, 7, and &
that were defined for the partonic processes in Sec. II, we
introduce the variable s, = § + 7 + it — 2m? which van-
ishes at partonic threshold where there is no available
energy for extra radiation. The soft-gluon contributions in
the perturbative series take the form of plus distributions of
logarithms of s, i.e., [(In*(s4/m7?))/s,4) .. where in the nth-
order corrections the integer k takes values from 0
to 2n — 1.

The resummation of soft-gluon contributions is derived
via the factorization of the (in general, differential) cross
section into functions that describe soft and collinear
emission in the partonic process. Using one-particle-inclu-
sive kinematics, we take Laplace transforms of the partonic
cross section, 6(N) = [(ds,/s)e™**/*5(s,), with N the
transform variable, and we write a factorized expression,

m
6ij=i(N) = w;(N;)y;(N;)tr |:Hij—>trSij—>tt <N_/:>} . (48)

where y is the scale, y; and y; are functions which describe
soft and collinear emission from the incoming partons i and
J» Hij_z is the hard-scattering function, and S;;_; is the
soft-gluon function that encompasses noncollinear soft-
gluon emission. The hard and soft functions are matrices in
the space of color exchanges, and the trace of their product
is taken in the above equation. The soft function S;;_;
requires renormalization, and its N-dependence can be
resummed via renormalization group evolution (RGE). The
resummed partonic cross section follows from the solution
of the RGE. Details and explicit results can be found in
Refs. [69-73].

In this paper, we expand the N-space resummed cross
section to NNLO and, then, invert back to momentum
space. Thus, we derive results for the second-order soft-
gluon corrections without any need for a prescription. We
calculate aNNLO cross sections that are matched to NLO
as described in the next section.

IV. NUMERICAL ANALYSIS

In this section, we provide details of our calculations for
the numerical analysis. We carry out the calculations at LO
and for the soft-gluon corrections using inhouse codes. We

use LHAPDF [94] and Vegas [95,96] for Python, and at NLO we
use MadGraph5_aMC@NLO [67,97—100]. The aNNLO results
are calculated by adding the second-order soft-gluon
corrections to the exact NLO. We validate our SM
calculations at LO and NLO with MATRIX [100-109]
and obtain the NNLO distributions with it, as well.

The numerical values of the parameters are given by

Gr = 1.1663788 x 1075 GeV~2, (49)
m, = 91.1880 GeV, (50)

my = 803692 GeV, (51)

m, = 172.5 GeV. (52)

The renormalization and factorization scales are fixed at
Ur = iy = po = m, and we consider variations pr = frpo
and pp = fruo with fg, fr€{0.5,1,2} and choose the
7-point variations as the basis for scale variations in our
work. We use the MSHT20 NLO and NNLO PDFs [110].
We assume Ny = 5, and the running of the strong coupling
a, is provided from the PDF set. We set A =1 TeV. We
consider the 2025 CMS 13 TeV single differential p; and y
distributions with the bins [111],

pr(t) €]0,55.100, 165, 240,330,440, 600] GeV,  (53)

y(t) e [-2.6,-1.8,-1.35,-0.9,-0.45,0,0.45,0.9,
1.35,1.8,2.6], (54)

as well as the 2018 CMS 13 TeV double differential py x y
distribution with the bins [112],

pr(1) €]0,40,80, 120, 160, 200, 240, 280, 330, 380,
450, 800] GeV, (55)

ly(r)| €[0,0.5,1,1.5,2.5]. (56)

The double-differential data is first sorted by rapidity and
then transverse momentum. We denote the region 0 <
ly] <0.5by1,0.5 <|y| <1byll, 1 < |y| < 1.5byIll, and
1.5 < |y| <2.5 by IV.

We note that the 2018 CMS double-differential meas-
urement is defined at the parton level in the £ + jets decay
channel, where ¢ = e, u, and explicitly excludes 7 + jets
contributions. While no kinematic restriction is applied to
the parton-level top quarks, the observable is therefore not
fully inclusive in decay modes. As a result, the integrated
normalization of the double-differential distribution corre-
sponds to the semileptonic branching fraction of 7 pro-
duction rather than the total inclusive cross section. To
enable a consistent comparison with inclusive theoretical
predictions, we convert the measurement to an approximate
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pp-1t [LO] 13 TeV SM

pp—tE [NLO] 13 TeV SM

pp-1tt [NNLO] 13 TeV SM

5 5
— 3 — 4 —
4
2 3 2
9 S 3 <
= 2 = =
[=8 (=1 ="
_‘[‘ ‘_‘H 2 ‘_"\ 2
451 45 45
1 1
0 0 0 ]
0100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
pr [GeV] pr [GeV] pr [GeV]
7-point scale PDF 7-point scale PDF 7-point scale PDF
ppo>tF [LO] 13.6 TeV SM ppo>tE [NLO] 13.6 TeV SM pp~tt [NNLO] 13.6 TeV SM
6
4
5 5
z 3 z 4 Z 4
Q 9, Qo
22 z 20
. )
45, 45 357
1 1
0 0 0 ]
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
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7-point scale PDF

pr [GeV]

7-point scale

pr [GeV]

PDF 7-point scale PDF

FIG. 4. The top-quark single-differential p; distribution in ¢ production within the SM across the bins at LO (left), NLO (center), and

NNLO (right) at 13 TeV (top) and 13.6 TeV (bottom).

inclusive normalization by dividing out the corresponding
branching fraction,

B = Bﬂrjets,e/u,nor
= 2[B(W — ev) + B(W > uv)|B(W = qq')

= 0.2877, (57)
where the factor of 2 accounts for either the top or antitop
decaying leptonically. This procedure assumes factoriza-
tion between production and decay in the narrow-width
approximation. The same rescaling is applied to the
covariance matrix,

i

Sincl — SCMS
B? ’

(58)

while preserving the correlation structure. We emphasize
that this defines an approximate inclusive proxy of the
measurement, which we use for consistency with our
inclusive theoretical framework.

For the 13 TeV analysis, the integrated luminosity is
given to be £ = 138 fb~! for the single-differential bins
and £ =358 fb~! for the double-differential case.
Experimental uncertainties are borrowed from the pub-
lished data. For the single-differential distributions, we
have five classes of uncertainties: statistical, jet energy
scale (JES), lepton efficiency, background, and other
experimental uncertainties. Since the unfolded correlation
matrix is not provided yet, we assume all uncertainties to be

bin-by-bin uncorrelated. For the double-differential data,
we use the provided covariance matrix as is, which we
generally refer to as the experimental uncertainties in what
follows.

For the 13.6 TeV projections, we assume £ = 300 fb~!.
Since the data is not available yet, we assume the same set
of pr, v, and py x y bins as the 13-TeV measurements. As
for the uncertainties, we introduce uncorrelated statistical
uncertainties calculated with the bin-by-bin event count,
5% uncorrelated global uncertainties motivated by the
typical size of experimental systematics at 13 TeV [113],
and 1.7% fully correlated luminosity uncertainties consis-
tent with ATLAS Run II calibration [114].

For both studies, we introduce fully correlated PDF
uncertainties and uncorrelated scale variations as theoreti-
cal uncertainties.

The top-quark single-differential p; and y distributions
and the double-differential py x y distribution across the
bins in top-pair production in the SM together with 7-point
scale variations, as well as PDF uncertainties, at LO, NLO,
and NNLO at 13 TeV and 13.6 TeV are given in Figs. 4-6.
In these figures, the black curves represent the central
predictions, the gray bands show the 7-point scale uncer-
tainty, and the red bands indicate the PDF uncertainty. For
the NNLO distribution, the PDF uncertainty is obtained by
carrying over the relative PDF variation evaluated at NLO.
We have checked that this procedure reproduces the NNLO
PDF sensitivity with excellent accuracy. In Fig. 6, the
rapidity region I is denoted by dot-dashed lines, the
combined I+II region by dotted lines, the combined

055019-7



NIKOLAOS KIDONAKIS and KAAN SIMSEK

PHYS. REV. D 114, 055019 (2026)

pp-1E [LO] 13 TeV SM

pp-1E [NLO] 13 TeV SM

pp~tt [NNLO] 13 TeV SM

250 250

150 200 200

2 100 2 B 150

83 515 100 55 100

50 50 50

0 0 0

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
Y Y Y
7-point scale PDF 7-point scale PDF 7-point scale PDF
pp-tt [LO] 13.6 TeV SM pp-tt [NLO] 13.6 TeV SM pp-tt [NNLO] 13.6 TeV SM

200 20 250

150 200 200
Q ) )
= 2 150 =

. 100 = = 150

kb A3 100 A3 100

50 50 50

0 0 0

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
y y y

7-point scale PDF

FIG. 5.

I+II+II region by dashed lines, and the full rapidity
spectrum [+II+III+IV by the solid lines.

At 13 TeV, the scale uncertainty decreases from 27-38%
at LO to 12-13% at NLO and 3.9-9.4% at NNLO for the
pr distribution. For the y distribution, it decreases from
29-31% to 11-12% and then to 4.9-6.2%. For the double-
differential p; x y distribution, the corresponding ranges

pp-1T [LO] 13 TeV SM

7-point scale

pp-1t [NLO] 13 TeV SM

PDF 7-point scale PDF

The same as Fig. 4 but for the top-quark single-differential y distribution.

are 26-43%, 11-13%, and 2.3-32%. The PDF uncertainty
is much smaller: at LO/NLO it is 1.3-2.3% / 1.9-3.3% for
prs 1.5-2.2% / 2.1-2.9% for y, and 1.2-4.7% / 2.0-6.5%
for py x y. At 13.6 TeV, the pattern is very similar. For p,
the scale uncertainty changes from 27-38% at LO to 11—
13% at NLO and 4.4-11% at NNLO. For y, it changes from
28-30% to 11-12% and then to 4.4-6.1%. For pr x y, the

pp—t [NNLO] 13 TeV SM
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FIG. 6. The same as Fig. 4 but for the top-quark double-differential p; x y distribution.
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FIG.7. The top-quark single-differential p; distribution in ¢7 production within the SM across the bins at LO, NLO, and NNLO (left)
and the corresponding k-factors (right) at 13 TeV (top) and 13.6 TeV (bottom).

corresponding ranges are 26-43%, 11-14%, and 3.7-28%.
The LO/NLO PDF uncertainty ranges are 1.2-2.3% / 1.8—
3.9% for py, 1.4-2.2% / 2.0-2.5% for y, and 1.2-4.5% /
1.9-5.8% for py x y.

In Figs. 7-9, we compare the LO, NLO, and NNLO SM
distributions and show the corresponding k-factors for the
chosen bins at 13 TeV and 13.6 TeV. For the single-
differential distributions, the dotted, dashed, and solid
black lines represent the LO, NLO, and NNLO predictions,
respectively. For the double-differential distributions, the
dot-dashed, dotted, dashed, and solid lines correspond, for
each pr bin, to the cumulative rapidity contributions
labeled I, I+I1, I+II+II1, and I+II+II+IV. The perturbative
orders LO, NLO, and NNLO are shown in black, red, and
blue, respectively. Where available, the measured distribu-
tion is shown in orange, with the shaded band representing
the total experimental uncertainty. For the single-differ-
ential distributions this is obtained by combining the
statistical, background, jet energy scale, lepton efficiency,
and other experimental uncertainties in quadrature, while

for the double-differential distribution the total experimen-
tal uncertainty provided in the data file is used directly. The
detailed breakdown of individual uncertainty contributions
is shown in the error budget plots in Fig. 12. In the k-factor
panels for the single-differential distributions, the dotted,
dashed, and solid lines denote the ratios NLO/LO, NNLO/
NLO, and NNLO/LO, respectively. For the double-differ-
ential distributions, the same line styles are used for the
cumulative rapidity contributions, while the colors black,
red, and blue denote the ratios NLO/LO, NNLO/NLO, and
NNLO/LO, respectively.

For the p7 distribution, the NLO/LO k-factor is typically
in the range 1.3-1.6 and decreases with increasing pr,
while the NNLO/NLO k-factor is nearly flat at about 1.1.
Overall, the perturbative-order dependence is more pro-
nounced in the p; distributions. By contrast, the k-factors
for the rapidity distribution are essentially flat across
the bins.

In Fig. 10, we present the linear SMEFT contributions to
the single-differential top-quark p; and y distributions as
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FIG. 8.

percent deviations from the SM at LO, NLO, and aNNLO
for 13 TeV and 13.6 TeV. The corresponding linear SMEFT
corrections to the double-differential p; x y distribution
are shown in the left, middle, and right panels of Fig. 11 for
LO, NLO, and aNNLO, respectively, for 13 TeV and
13.6 TeV. In these figures, black, red, blue, and green
denote the contributions proportional to C,s, Cif, C;, and
C,, respectively. For the single-differential distributions,
the dotted, dashed, and solid lines represent the LO, NLO,
and aNNLO results, respectively. For the double-differ-
ential distributions, the same line styles as in the previous
figures are used to indicate the cumulative rapidity
contributions.

The SMEFT sensitivity plots show that the contributions
from C,; are typically of order 30-40% in both the p; and
y distributions, but they exhibit substantially stronger shape
variation in p; than in y. The rapidity distributions are
instead nearly flat, with only weak bin-to-bin dependence.
The contributions from the four-quark operators grow with
pr, as expected, because these contact interactions are
enhanced at larger partonic energies and thus become more

pp—tt 13 TeV SM

T -
1.5 e ST UIRPPPTOTOT e
o T
0.5}

007577 0 1 2
y
........ NLO/LO ..... NNLO/NLO — NNLO/LO
pp—tt 13.6 TeV SM
-_ .
1.5 e ORISR g .
Lo T
0.5}
007577 0 1 2
y

........ NLO/LO ..... NNLO/NLO — NNLO/LO

The same as Fig. 7 but for the top-quark single-differential y distribution.

important in the tails of the distributions. Their effects are
ordered as Cf > CJ > C;/. We also observe that the
relative size of each SMEFT contribution decreases at
higher perturbative orders, indicating negative higher-order
corrections to the normalized SMEFT shifts.

Now, we describe our statistical treatment. We perform
linear SMEFT fits at dimension six on the four Wilson
coefficients of interest C,, Cf, C,, and C; . Our observ-
ables are the single-differential p; and y distributions, as
well as the double-differential p; x y distribution. For our
fitting, we perform standard y* test statistics. We define

7 =(0-0THO-0), (59)
where O is the data for the 13-TeV fits and the pseudodata
for the 13.6-TeV projections, ® is the model function,
namely the SMEFT observable linear in Wilson coeffi-
cients, and H = £~! is the inverse of the covariance matrix,

E. The covariance matrix has two parts, namely exper-
imental and theoretical:

055019-10



1t PRODUCTION AS A PROBE OF DIMENSION-SIX ...

PHYS. REV. D 114, 055019 (2026)

pp-tt 13 TeV

N I
S T I+11
sab 1 e T+IT+111
) — [+II+III+IV
Q 3t ]
o)
=
&~ 2 b
S|§ :
1 -1
ok e . .
0 200 400 600 800
pr [GeV]
—SM LO —— SM NLO —— SM NNLO data
pp—-tt 13.6 TeV
...... I
........ I+11
= 4 by e T+1I+I11
) — I4+II+II1+IV
Q ]
o)
2
55
0 200 400 600 800
pr [GeV]

—SM LO — SM NLO — SM NNLO

pp—tt 13 TeV SM

— 1.5[
>
a 1.0
A=
s v . I
<lb|§f 05 IIIIIIII T+11
----- T+IT+I11
0.0F . . —_— .I+H+IH+IV.'
0 200 400 600 800
pr [GeV]

— NLO/LO — NNLO/NLO — NNLO/LO

pp-tt 13.6 TeV SM

505 e T4IT
..... T+T1+111
0.0k | | — LIV
0 200 400 600 800
pr [GeV]

— NLO/LO — NNLO/NLO — NNLO/LO

FIG. 9. The same as Fig. 7 but for the top-quark double-differential p; x y distribution.

g — gexp + gtheo‘ (60)
For the 13-TeV fits, the experimental part is directly given
by the data:

gexp — 5stat + EJES + glepton eff + 5bkg + 5other exp (61)
for the single-differential distributions, where each com-

ponent is built as a diagonal matrix in the absence of an
official covariance matrix, and

1
Eexp — — ECMS (62)

for the double-differential distribution, where the factor B
has been explained above. For the 13.6-TeV projections,
we build the experimental covariance matrix as

5‘;’;[[’ — Ibb’( 5ztat o) 5zncorr)2 + Py 5zorr 5;;(/)rr, (63)

— 1,.

where b, b’ .., Ny, 1s the bin index, Ny, = 7, 10, 44

05501

is the number of bins for the py, y, and py X y distribu-
tions, respectively, / is the identity matrix, 5Ztat/ uncorr/corr ;o
the absolute statistical, uncorrelated, and correlated uncer-

tainties at the bth bin, respectively, given by

1

Op = ——= X Osm.p»
b osmuL ’
511;ncorr = 5% x CsMbs 5201‘r =1.7% x osmp, (64)

and @ indicates sum in quadrature. We assume p,;; = 1 for
all bins. For the central SM value og); ;, for the projections,
we use the NNLO predictions.

In order to build the theoretical covariance matrix, we
use the fully correlated PDF uncertainties and the bin-by-
bin 7-point scale variations,

gtheo — EPDF + gscale. (65)

The PDF covariance matrix for Hessian sets is calculated as
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FIG. 10. The SMEFT corrections to the top-quark single-differential p; (left) and y distribution (right) characterized by C, Cf, C),
and CZ relative to the SM in percent at LO, NLO, and aNNLO at 13 TeV (top) and 13.6 TeV (bottom).

11\’P1)F/2
gng/F = Z Z (OZm - O2m—l)b(OZm - O2m—l)b” (66)
m=1

where Npp is the number of PDF members in a given set,
and the scale variations are provided by MATRIX at each bin
asymmetrically in the form m'}', which we symmetrize

simply as &4 = \/(u? + [?)/2, and using these values,

Ele = Ly (554°)%. (67)
We emphasize that the theoretical uncertainties are not built
directly into the model function itself. Instead, the PDF and
scale variations are evaluated at the SM reference point and
propagated consistently throughout the analysis. Treating

these uncertainties separately for the SMEFT contributions

would effectively amount to double counting and would
also induce an artificial dependence of the covariance
matrix on the Wilson coefficient C. We checked the impact
of this assumption by assigning to the bin-by-bin SMEFT
corrections the same relative PDF and scale uncertainties as
in the SM prediction, thereby introducing a controlled
C-dependence in the theory covariance. The resulting
Fisher matrices differ by less than 1%, which translates
into negligible changes in the extracted limits and corre-
lation patterns. For this reason, we adopt the covariance
matrix fixed at the SM point as our baseline choice.

For the data inputs, we use the measured central values
reported in the official 13-TeV data tables. For the
13.6-TeV study, instead, we construct pseudodata by
fluctuating the NNLO SM prediction according to the
assumed experimental uncertainties:
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FIG. 11. The SMEFT corrections to the top-quark double-differential p; x y characterized by C,s, C;, Cj, and C;f relative to the SM
in percent at LO (left), NLO (middle), and aNNLO (right) at 13 TeV (top) and 13.6 TeV (bottom).

Op = Osmp + 1p(8" @ 63") + r'op, (68)
with r,, 7 € N(0,1) denoting standard normal random
variables. The correlated component is multiplied by the
same random factor across all bins, so that it induces a
coherent shift over the full distribution. Since a statistically
meaningful projection requires an ensemble of pseudodata
sets, we label each pseudoexperiment by an index e and
write the corresponding chi-squared function as y2. The
associated best-fit point, denoted by C,, is obtained by
requiring the gradient in parameter space to vanish,

Vre(C,) =0, (69)

while the Fisher matrix is given by the Hessian evaluated at
that point,
Fe=VVz(C,). (70)

The SMEFT best-fit parameters averaged over the full
ensemble of pseudoexperiments are then defined as

Nexp -1 Nexp
o (Zﬂ) S F.C.. (71)
e=1 e=1
and the corresponding averaged Fisher matrix is
1 NEXP
F=——> F., (72)
Nexp ¢

where N, denotes the total number of pseudoexperiments.
In the special case of a linear model function, which applies
to observables linear in the Wilson coefficients, this pro-
cedure simplifies substantially. Because y2 is then quadratic
in the SMEFT parameters, the Fisher matrix is the same for
every pseudoexperiment, which we denote simply by F. In
that case, the average best-fit point reduces to

1 chp
c=—)» C,

and, in the limit of infinitely many pseudoexperiments, the
mean best-fit value approaches zero. This is exactly what one
expects, since the pseudodata are generated by applying
Gaussian fluctuations centered on the SM prediction, so the
fitted SMEFT coefficients should average out to zero, while
the main quantity of interest is their spread rather than any
individual central value. As a result, for a given 13.6-TeV
projection it is sufficient to perform only a single pseudoex-
periment in order to extract the Fisher matrix. We emphasize
that for the 13-TeV fit, we perform the y?-minimization only
once without running any pseudoexperiments.

For combined analyses, such as those including the pr,
y, and py X y distributions simultaneously, we treat the
corresponding measurements as independent for simplicity
and construct the total Fisher matrix by summing the
individual ones.

Before presenting the fit results in the next section, we
summarize the error budget in our fits and projections,
namely the contributions of different kinds of uncertainties

(73)
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FIG. 12. Relative uncertainty budget for the 13-TeV analysis: experimental uncertainties for the measured pz (top), y (middle), and
pr Xy (bottom) distributions, shown as percentages with respect to the data baseline (left), theoretical scale and PDF uncertainties,
shown as percentages with respect to the LO, NLO, and NNLO SM predictions (right).

to the diagonal entries of the total covariance matrix. In
Figs. 12 and 13, we show for each bin the percent
uncertainty with respect to the assumed baseline at

13 TeV and 13.6 TeV, respectively. In Fig. 12, we display
the relative uncertainty budget bin by bin for the 13-TeV
analysis, quoted as percentages with respect to the
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Relative uncertainty budget for the 13.6-TeV projections with £ = 300 fb~': statistical, assumed uncorrelated and correlated

experimental uncertainties, together with the scale and PDF uncertainties, shown as percentages with respect to the LO, NLO, and
NNLO SM baselines for the py (left), y (middle), and py X y (right) distributions.

corresponding baseline. In the left panels, we show the
experimental uncertainties for the measured p; and y
distributions relative to the data central values, while for
the py X y distribution we show only the total experimental
uncertainty per bin. In the right panels, we show the
theoretical uncertainties relative to the LO, NLO, and
NNLO SM predictions. For the experimental components
in the py and y panels, the red curves denote statistical
uncertainties, the blue curves JES effects, the magenta
curves lepton-efficiency uncertainties, the orange curves
background-related uncertainties, and the green curves the
remaining experimental systematics. For the py X y case,
only the total experimental uncertainty is shown, indicated
by the red curve. On the theory side, red denotes scale
uncertainty and blue denotes PDF uncertainty, while
dotted, dashed, and solid lines correspond to LO, NLO,
and NNLO, respectively. In the p; distribution, the
statistical component is least important in the region where
the signal is largest, and in that same region the other
experimental systematics provide the dominant contribu-
tion; this pattern is even more visible in the y distribution.
For the theoretical uncertainties, the scale variation clearly
dominates over the PDF contribution, and overall it
provides the largest uncertainty in the fit. For the py x y
distribution, the bins are ordered first in rapidity and then in
transverse momentum, which gives rise to the oscillatory
pattern seen in the plots. Whenever the largest p; bin is
reached within a given rapidity interval, both experimental
and theoretical uncertainties increase. Around the region of
maximal sensitivity, the experimental uncertainties are
typically of order 6-8%. The scale uncertainty changes

|

substantially when going from LO to NLO and then to
NNLO. At NNLO, the PDF uncertainty is typically around
2-4%, while the scale uncertainty is roughly 4-6% near the
peak region. In Fig. 13, we show the corresponding
uncertainty budget for the 13.6-TeV projections assuming
an integrated luminosity of 300 fb~!. Here the red curves
represent statistical uncertainties, the blue curves the
assumed 5% fully uncorrelated experimental uncertainty,
the magenta curves the assumed 1.7% fully correlated
luminosity uncertainty, the orange curves the scale varia-
tion, and the green curves the PDF uncertainty. As before,
dotted, dashed, and solid lines correspond to LO, NLO, and
NNLO predictions. We find that the statistical uncertainty
is generally the smallest contribution, followed by the
correlated luminosity term. The PDF uncertainty is also
subleading, while the dominant contributions come from
the scale variation and the assumed 5% uncorrelated
experimental component, which are comparable in size
over much of the kinematic range.

V. SMEFT FIT RESULTS

In this section, we present the SMEFT fit results. As a
first step, we report the y?/d.o.f. values obtained from the
pr,v,and pr x yfits at 13 TeV for LO, NLO, and a/NNLO
predictions. The number of degrees of freedom, d.o.f., is
defined as the difference between the number of bins
included in the fit and the number of fitted parameters.
Here, a/NNLO denotes the setup in which the SM pre-
diction is taken at NNLO, while the SM-SMEFT interfer-
ence is evaluated at aNNLO.

220 /d.o.f. = 2.17C%; + 0.00435C; Cy6 + 0.326C; C, + 0.486C; C,; — 8.03C,¢
+2.66 x 1075(C; )2 + 0.0259(C)? 4 0.0618(C; )2 — 0.00662C;
+0.000485C; C; — 0.378C}; + 0.000738C; C:f + 0.0800C}; C; — 0.544C; + 8.59, (74)
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A0 /d.o.f. = 9.91C%; +0.0983C; C,i; + 0.763CHC,i + 1.22C C,s — 5.09C,g
+0.000842(C})? + 0.0299(C5)2 + 0.0876(C:)? — 0.0180C;

+0.00326C; C; + 0.00956C; + 0.00669C; C;f + 0.101C; C,; + 0.0521C;} + 1.62, (75)
2a/NNLO o 0 + + +
e /d.o.f. =233C;; +0.225C, C,c +1.42C;C\ +2.21C;; C, — 0.999C ¢
+0.00200(C;)? + 0.0463(C)* + 0.133(CJ)? + 0.0125C;
+0.00660C; C; + 0.143C;} + 0.0140C; Cf + 0.154C;C;} + 0.284C; + 0.605, (76)
20/d.of. = 1.72C%; + 0.00259C; C, + 0.135C,;C, + 0.193C; C, — 7.65C
+1.01 x 107°(C})? + 0.00267(C})?* 4 0.00579(C;; )* — 0.00570C;
+0.000101C;} C; — 0.303C} 4 0.000139C; C;f + 0.00773C5 C;f — 0.439C;; + 8.58, (77)
N0 /d.o.f. = 7.94C%; — 0.0302C, C, + 0.449C ) C, + 0.453C,; C, — 7.11C g
+0.000623(C;)* + 0.00659(C/)* + 0.00814(C,))* + 0.0127C;;
—0.00119C; C; —0.202C; — 0.00118C}/ C;f + 0.0128C; C;; —0.219C} + 1.66, (78)
2a/NNLO o ) + + +
Xy /d.o.f. = 18.9C;; —0.0486C, C,; +0.957C;C, + 0.927C,; C,c — 3.27C,¢
+0.00130(C;)? + 0.0127(C)? + 0.0149(C;))* — 0.000699C;
- 0.00197C; C; —0.0807C; — 0.00193C; Cf + 0.0235C; C} — 0.0978C, + 0.215,  (79)
20, /d.of. = 0.241C%; 4 0.000625C; C, + 0.0615C C, 4 0.0972C, C,
—0.669C, + 5.86 x 1077(C;)? 4 0.0104(C;)? + 0.0328(C;)? — 0.000404C; + 0.000136C; C;
+0.00622C; + 0.000207C;; C + 0.0356C;; C;f + 0.0252C; + 0.927, (80)
20 /d.o.f. = 0.580C%; 4 0.00893C; C, + 0.0957C;; C,; + 0.144C,; C,c — 0.0763C ¢
+ 0.000878(C;)? 4 0.0145(C)? + 0.0473(C;;)? + 0.0105C;
+0.00301C; C; + 0.0847C;; + 0.00468C; C,\ + 0.0474C;C,f + 0.136C; + 0.388, (81)
2a/NNLO _ > n " N
Xpixy Jd.of.=0.875C;; +0.0173C; C, + 0.116C, C, 4+ 0.172C;; C,5 — 0.169C
+0.00296(C})? + 0.0212(C})? + 0.0707(CS )? + 0.0277C;
+0.00498C; C; + 0.0815C;; 4 0.00581C} Cf + 0.0655C C;; + 0.108C; + 0.803. (82)
We then present the Fisher matrices for the 13.6-TeV 14.1 1.65 L11 0.0149
projections for the pz, y, and py x y distributions at Lo 1.65 0.444 0.288  0.00272
LO, NLO, and a/NNLO. In analogy with the 13-TeV ‘7:177 = (83)
S 1.11  0.288 0.187  0.00179
case, the LO and NLO results correspond to predictions
evaluated at the respective fixed orders, while at a/NNLO 0.0149 0.00272 0.00179 0.0000197
the SM contribution is taken at NNLO and the SM-
SMEFT interference at aNNLO. Since the 13.6-TeV 65.1 5.14 306 0.616
study is based on pseudodata rather than measured 514 0841 0575 0.109
data, the Fisher matrices provide the most direct char- FRLO — (84)
acterization of the projected sensitivity and parameter 306 0575 0405 0.076l

correlations: 0.616 0.109 0.0761 0.0155
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144. 870 485 0.925
870 1.60 1.08 0.198
FpO = . (89)
485 1.08 0764 0.138
0.925 0.198 0.138 0.0272
20.5 1.12 0.788 0.0158
Fi0 _ 1.12 0.0654 0.0438  0.000818
Y | 0788  0.0438 0.0304  0.000597 |’
0.0158 0.000818 0.000597 0.0000125
(86)
90.8  3.19 2.19  0.0471
3.19  0.142  0.0908 0.00719
FNLO = . (87)
2.19  0.0908 0.0633 0.00418
0.0471 0.00719 0.00418 0.0101
216.  7.04 478  0.290
7.04 0313 0.193 0.0215
f;/NNLO: ’ (88)
478 0.193 0.133  0.0143
0.290 0.0215 0.0143 0.0231
67.8 8.54 5.56 0.0718
Flo 8.54 3.50 1.95 0.0142
Pyl 556 1.95 1.16 0.00931 |’
0.0718 0.0142 0.00931 0.0000986
(89)
214. 168 11.7 0.955
168 6.56 3.46 0.483
FRLO = . (90)
7 117 346 211 0.238
0.955 0.483 0.238 0.101
351, 165 12.6 0.641
165 7.88 432 0593
Fyiare = . (91)
126 432 285 0293
0.641 0.593 0.293 0.171

We summarize the main fit results at 13 TeV in
Tables II-V. Table II reports the fit quality in terms of
x%/d.o.f. together with the corresponding best-fit values
of the Wilson coefficients for each distribution and
perturbative order. Table III gives the resulting
95% CL intervals in both the nonmarginalized and
marginalized cases, while Table IV presents the corre-
sponding effective scales, expressed as A/+/AC; in TeV,
where AC} indicates the 95% CL variation of Wilson
coefficient C,. Here, nonmarginalized bounds are ob-
tained by varying one Wilson coefficient at a time with

all others fixed to zero, whereas marginalized bounds are
derived by allowing all fitted coefficients to vary simul-
taneously and integrating out the remaining parameter
directions. Finally, Table V collects the correlation
coefficients among the fitted Wilson coefficients, which
provide a compact measure of the parameter degener-
acies induced by the different observables.

Table II makes clear that perturbative accuracy is crucial
for the interpretation of the SMEFT fit. For the p; and y
distributions, the LO SM predictions are far from the data,
with y4,,/d.o.f. ~ 8.6, and even the NLO description is still
substantially poorer than at a/NNLO. In such cases, the fit
naturally drives the Wilson coefficients to large values in
order to bridge the gap between the low-order SM
prediction and the data. These large best-fit values should
therefore not be interpreted as evidence for large SMEFT
effects, but rather as the fit attempting to absorb missing
higher-order QCD corrections. This is especially true for
the four-quark directions, which in our analysis represent
particular linear combinations of operators in the SMEFT-
at-NLO top basis and are included mainly to monitor their
interplay with the extraction of C,;. At a/NNLO, the SM
already provides a much better description of the data, and
correspondingly the preferred Wilson coefficients become
much smaller, with C,; close to zero for all three observ-
ables. The py x y distribution is less dramatic in this
respect, since its SM y?/d.o.f. is already acceptable at
lower orders, so the fitted shifts are more stable across
perturbative orders. The main lesson of this table is there-
fore that the physically meaningful information on C,g
comes from the highest-order analysis, whereas the LO and
NLO fits are included mainly for completeness and to
illustrate the extent to which low-order fits can mimic
SMEFT effects.

Table III shows that the strongest and most stable
sensitivity is obtained for C,;, whereas the bounds on
the four-quark directions remain comparatively weak,
especially after marginalization and particularly at lower
perturbative orders. This pattern is expected in our setup,
since the main purpose of including the four-quark combi-
nations is to monitor their interplay with the extraction of
C,c rather than to derive competitive standalone limits on
them. For all observables, the bounds improve substantially
when going from LO to NLO and then to a/NNLO,
reflecting the increased constraining power of the
higher-order predictions once the SM baseline is brought
under better control. At LO, the difference between non-
marginalized and marginalized limits can be very large,
especially for the pr and y distributions, indicating strong
parameter degeneracies and an unstable fit structure. This
effect is progressively reduced at NLO and becomes much
milder at a/NNLO, where the marginalized bounds remain
reasonably close to the nonmarginalized ones, most notably
for C,;. The same trend is seen in the combined fit,
which yields the strongest limits overall and shows that
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TABLE II.  The y? per degree of freedom and the best-fit values of the Wilson coefficients C,;, C;, C;, and CZ at 13 TeV.
Distribution Order x2n/d.o.f. 22 /dof. Cy cr Cy cl
Pr LO 8.6 0.029 5.6 —2.1 x 10? 3.8 x 107 -83x 103
NLO 1.6 0.11 0.76 13 =30 -26
a/NNLO 0.60 0.23 0.16 —0.40 -29 -5.8
y LO 8.6 0.011 —-16 23 3.0 x 102 7.6 x 10°
NLO 1.7 0.020 0.20 5.1 3.7 32
a/NNLO 0.22 0.043 0.022 2.7 0.020 2.7
pr Xy LO 0.93 0.099 32 -4.9 =17 -1.4x10°
NLO 0.39 0.19 0.43 0.45 -5.0 —0.82
a/NNLO 0.80 0.63 0.28 0.32 -2.8 =35

TABLE III. Nonmarginalized and marginalized 95% CL bounds AC; on Wilson coefficients C,, Cyy, CJf, and C; at 13 TeV.

Nonmarginalized Marginalized
Distribution Order ACy ACH ACY AC) AC, ACH ACH AC)
pr LO 0.54 3.2 5.0 4.9 x 10? 18 2.9 x 10° 5.0 x 10° 7.1 x 10*
NLO 0.25 2.7 4.6 28 0.61 31 56 53
a/NNLO 0.17 2.2 3.7 18 0.38 22 40 36
y LO 0.43 7.4 11 5.6 x 10? 1.2 x 10° 4.9 x 10? 2.0 x 10* 4.8 x 10
NLO 0.20 6.3 7.0 23 1.3 14 41 26
a/NNLO 0.13 4.6 5.0 16 0.76 9.7 27 18
prxy LO 0.45 1.2 2.1 2.9 x 10? 1.1 7.5 19 1.5x 103
NLO 0.29 1.0 1.8 7.4 0.34 2.4 4.7 8.2
a/NNLO 0.23 0.82 1.5 4.0 0.26 1.6 3.0 43
Combined LO 0.27 1.1 1.9 2.3 x 10? 0.84 7.2 18 1.4 x10°
NLO 0.14 0.93 1.6 6.8 0.17 23 44 7.3
a/NNLO 0.094 0.76 1.3 3.8 0.11 1.5 2.9 4.0

the higher-order analysis leads not only to tighter bounds
but also to a more stable determination of the Wilson
coefficients against correlations among the fitted directions.

Table IV recasts the bounds of Table III in terms of the
effective scale A/4/AC; and therefore makes the same

pattern especially transparent. The strongest reach is again
obtained for C,;, whose effective scale is pushed into the
multi-TeV regime and improves systematically with per-
turbative order, reaching about 3 TeV in the combined
marginalized a/NNLO fit. By contrast, the four-quark

TABLE 1V. Effective scales A//AC; in TeV corresponding to the bounds presented in Table III at 13 TeV.

Nonmarginalized Marginalized
A A A A A A A A
Distribution Order V/ACyq VACH VAC) NI V/ACq N V/ACT N/
Pr LO 14 0.56 0.45 0.045 0.23 0.019 0.014 0.0038
NLO 2.0 0.61 0.46 0.19 1.3 0.18 0.13 0.14
a/NNLO 2.5 0.67 0.52 0.24 1.6 0.21 0.16 0.17
y LO 1.5 0.37 0.30 0.042 0.029 0.045 0.0071 0.0014
NLO 2.2 0.40 0.38 0.21 0.89 0.27 0.16 0.19
a/NNLO 2.8 0.46 0.45 0.25 1.1 0.32 0.19 0.23
pr Xy LO L5 0.91 0.68 0.059 0.94 0.36 0.23 0.026
NLO 1.9 1.0 0.74 0.37 1.7 0.65 0.46 0.35
a/NNLO 2.1 1.1 0.82 0.50 2.0 0.80 0.57 0.48
Combined LO 1.9 0.95 0.72 0.066 1.1 0.37 0.24 0.027
NLO 2.7 1.0 0.78 0.38 2.5 0.66 0.48 0.37
a/NNLO 33 1.1 0.86 0.51 3.0 0.82 0.59 0.50
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TABLE V. Correlations p(Cy, Cy) among Wilson coefficients C,, C,f, C,f, and C; at 13 TeV.

Distribution Order p(Cig. CH) p(Ci6. Ch) p(Cis. CF) p(Cy.Ch) p(Cr.Ch) p(Cy.Ch)
Pr LO —-0.98 0.98 —-0.99 -1.0 1.0 -1.0
NLO 0.75 -0.80 —0.78 —-0.99 —0.78 0.79
a/NNLO 0.75 —0.80 -0.77 -0.99 —0.81 0.80
y LO —0.89 -1.0 -1.0 0.88 0.90 1.0
NLO —0.40 —-0.94 —-0.44 0.092 0.18 0.45
a/NNLO —0.41 —-0.94 —-0.45 0.11 0.20 0.46
pPr Xy LO —0.64 0.70 —0.86 -0.97 0.81 —-0.90
NLO 0.11 —-0.34 0.035 —0.87 0.052 -0.23
a/NNLO 0.024 —0.25 —0.038 —0.82 0.13 -0.26
Combined LO —0.12 0.17 0.84 0.20 -0.59 0.11
NLO 0.44 0.73 0.25 0.67 0.095 —0.0056
a/NNLO 0.41 0.69 0.29 0.65 0.087 —0.0059

directions correspond to much lower effective scales,
reflecting the comparatively weak sensitivity of the present
observables to these operator combinations. The large drop
from nonmarginalized to marginalized scales at L.O, and to
a lesser extent at NLO, is another manifestation of the
strong parameter degeneracies induced by low-order fits.
At a/NNLO this gap becomes noticeably smaller, showing
that the higher-order analysis not only strengthens the
limits but also stabilizes their interpretation in terms of
effective scales.

Table V confirms that the lower-order fits are strongly
affected by parameter degeneracies, especially for the
single-differential p; and y observables, where several
correlations are close to =1 at LO. This is fully consistent
with the large separation between nonmarginalized and
marginalized bounds seen earlier. Once higher-order cor-
rections are included, the correlation pattern becomes
noticeably more stable and less extreme, although some
sizable correlations remain, in particular among the four-
quark directions and between C,; and the light-quark
combinations. The py xy distribution is again better

behaved, with a clear reduction in the magnitude of most
correlations already at NLO and a similar pattern persisting
at a/NNLO. In the combined fit, the correlation structure is
substantially moderated relative to the individual distribu-
tions, showing that the different observables lift part of the
degeneracy present in each channel separately. Overall, the
table shows that higher perturbative accuracy does not
merely tighten the bounds, but also leads to a more robust
fit geometry, which is particularly important here since the
four-quark combinations are included mainly to assess their
interplay with the extraction of C,; rather than as primary
targets of the analysis.

The corresponding projection results at 13.6 TeV are
summarized in Tables VI-VIII. Since this analysis is based
on pseudodata, we focus directly on the projected bounds,
the associated effective scales, and the correlation structure.
In analogy with the 13-TeV case, Table VI lists the
nonmarginalized and marginalized 95% CL intervals,
Table VII converts these bounds into effective scales,
and Table VIII gives the corresponding correlation coef-
ficients among the SMEFT parameters.

TABLE VI. Nonmarginalized and marginalized 95% CL bounds AC; on Wilson coefficients C,;, C;f, C3, and C; at 13.6 TeV.

Nonmarginalized Marginalized
Distribution Order ACy ACT ACH ACS AC ACT ACH ACS
pr LO 0.53 29 4.5 4.4 %102 17 2.8 x 103 49 x 103 6.6 x 10*
NLO 0.25 2.1 3.1 16 0.49 20 28 58
a/NNLO 0.17 1.6 23 12 0.26 12 16 42
y LO 0.44 7.7 11 5.6 x 10? 1.1 x 103 4.0 x 10? 1.8 x 10* 43 x 10°
NLO 0.21 53 7.9 19 0.53 18 31 21
a/NNLO 0.14 3.6 55 13 0.31 11 19 14
pr Xy LO 0.24 1.1 1.8 2.0 x 10? 0.85 7.5 19 1.4 x 103
NLO 0.14 0.77 1.4 6.2 0.17 2.3 4.1 7.7
a/NNLO 0.11 0.70 1.2 4.7 0.12 1.8 3.0 5.6
Combined LO 0.20 0.98 1.7 1.7 x 10? 0.74 7.2 18 1.2 % 10°
NLO 0.10 0.72 1.2 5.5 0.13 22 3.7 7.0
a/NNLO 0.076 0.63 1.0 4.2 0.084 1.7 2.7 5.0
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TABLE VII. Effective scales A/\/AC} in TeV corresponding to the bounds presented in Table III at 13.6 TeV.
Nonmarginalized Marginalized
A A A A A A A A
Distribution Order V/AC NN N N V/ACq Vac VAC V/ACT
pr LO 1.4 0.58 0.47 0.047 0.24 0.019 0.014 0.0039
NLO 2.0 0.68 0.57 0.25 1.4 0.22 0.19 0.13
a/NNLO 24 0.80 0.67 0.29 2.0 0.29 0.25 0.15
y LO 1.5 0.36 0.30 0.042 0.031 0.050 0.0074 0.0015
NLO 2.2 0.44 0.36 0.23 1.4 0.23 0.18 0.22
a/NNLO 2.7 0.53 0.43 0.28 1.8 0.30 0.23 0.27
pr XYy LO 2.0 0.97 0.74 0.071 1.1 0.37 0.23 0.027
NLO 2.7 1.1 0.86 0.40 24 0.66 0.50 0.36
a/NNLO 3.0 1.2 0.93 0.46 29 0.74 0.58 0.42
Combined LO 2.3 1.0 0.77 0.076 1.2 0.37 0.23 0.028
NLO 3.1 1.2 0.90 0.43 2.8 0.68 0.52 0.38
a/NNLO 3.6 1.3 0.99 0.49 34 0.76 0.61 0.45

Table VI shows that the 13.6-TeV projections largely
preserve the hierarchy already seen at 13 TeV; that is, the
strongest sensitivity is obtained for C,;, while the four-
quark directions remain significantly less constrained
and are more affected by marginalization. Relative to the
13-TeV results, the projected bounds improve in a mod-
erate but fairly systematic way, with the clearest gains
appearing in the a/NNLO analysis and in the combined fit.
In particular, the marginalized a/NNLO bound on C,;
improves from 0.11 to 0.084 in the combined fit, with
similar improvements visible in the individual pz, y, and
pr X y channels. By contrast, the projected changes in the
four-quark bounds are less uniform, which is consistent
with their weaker intrinsic sensitivity and stronger interplay
with correlations. Overall, the main message is that the
13.6-TeV setup sharpens the reach on C,; without quali-
tatively changing the fit structure already established
at 13 TeV.

Table VII shows the same qualitative picture in terms of
effective reach. The projected 13.6-TeV analysis improves
the sensitivity to C,; most clearly, pushing the

marginalized effective scale in the combined a/NNLO fit
from about 3.0 TeV at 13 TeV to about 3.4 TeV. More
moderate gains are also seen for the light-quark combina-
tions, while the reach on C; remains comparatively
limited. As at 13 TeV, the strongest scales are obtained
in the combined fit and at the highest perturbative order,
with the py X y distribution providing the most powerful
individual channel. Overall, the 13.6-TeV projections do
not change the hierarchy among operator directions, but
they extend the effective reach in a systematic way, most
notably for the chromomagnetic operator that is the primary
target of this analysis.

Table VIII shows that the projected 13.6-TeV fits
follow the same broad pattern as at 13 TeV, but with some
notable redistribution of the correlation structure across
observables and perturbative orders. At LO, the single-
differential fits again exhibit nearly maximal correlations,
confirming that low-order projections remain strongly
affected by parameter degeneracies. Once NLO and espe-
cially a/NNLO corrections are included, the individual pr,
v, and pr x y channels become visibly better behaved, with

TABLE VIIL.  Correlations p(C;, Cj) among Wilson coefficients C,;, C;, C}, and C,f at 13.6 TeV.

Distribution Order p(Cig: CY) p(Cig, Cj) p(Cig, Cy) p(CL.C) p(Ci. CY) p(C;.Cy)
pr LO ~0.98 0.98 ~0.99 ~1.0 1.0 -1.0
NLO ~0.77 0.70 -0.15 -0.92 0.042 —0.41
a/NNLO ~0.70 0.59 0.064 ~0.87 ~0.18 ~0.30
y LO ~0.80 ~1.0 -1.0 0.78 0.81 1.0
NLO ~0.14 ~0.48 0.27 -0.76 ~0.14 ~0.082
a/NNLO ~0.097 ~0.51 0.23 -0.75 ~0.051 ~0.17
Pr Xy LO ~0.69 0.77 —0.92 -0.97 0.81 -0.91
NLO 0.18 -0.39 0.036 -0.89 -0.35 0.10
a/NNLO 0.10 -0.27 0.061 ~0.88 ~0.34 0.11
Combined LO ~0.20 0.13 0.92 0.26 -0.52 0.079
NLO 0.64 0.61 0.35 0.93 0.59 0.59
a/NNLO 0.55 0.52 0.23 0.91 0.56 0.55
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TABLE IX. Nonmarginalized and marginalized 95% CL bounds AC; on Wilson coefficients C,g;, C;, Cd+, and C Z together with the
corresponding effective scales A/\/ACy in TeV, in the combined projection of the 13-TeV and 13.6-TeV analyses.

Nonmarginalized Marginalized

Order Cy Cy (o cl Cis Cy cy c/
LO 0.16 0.74 1.3 1.4 x 10? 0.55 5.0 13 9.1 x 10°
NLO 0.083 0.57 0.98 43 0.10 1.6 2.8 5.0
a/NNLO 0.059 0.48 0.81 2.8 0.066 1.1 1.9 3.1

A A A A _A A A A
LO 25 1.2 0.89 0.085 1.3 0.45 0.28 0.033
NLO 35 1.3 1.0 0.48 32 0.80 0.60 0.45
a/NNLO 4.1 14 1.1 0.60 39 0.95 0.72 0.57

TABLE X. Correlations p(Cy, C) among Wilson coefficients C,i, Cf, C;, and C; in the combined projection of the 13-TeV and

13.6-TeV analyses.

Order P(Ci6. Cf) p(Ci, Cy) P(Ci6. Cy) p(Cy.Cy) p(Cyr.Cy) p(Cy.CY)
LO ~0.68 0.77 -0.93 ~0.97 0.79 —0.90
NLO 0.14 ~0.36 0.067 ~0.88 -0.17 ~0.63
a/NNLO 0.070 —0.28 0.053 ~0.86 ~0.079 —0.12

several correlations involving C,; reduced in magnitude
relative to the 13-TeV case. At the same time, sizable
correlations persist among the four-quark directions,
particularly between C, and Cj, which is consistent
with their weaker individual sensitivity. In the combined
fit, however, the projected correlations at NLO and a/
NNLO remain substantial, indicating that the stronger
overall reach at 13.6 TeV does not eliminate the residual
interplay among operator directions. Overall, the table
confirms that the projected fit remains stable at higher
perturbative orders, while the dominant correlation
effects continue to arise from the auxiliary four-quark
combinations included to test the robustness of the
extraction of C,;.

Finally, we combine the information from the 13-TeV
analysis and the 13.6-TeV projections and summarize the
resulting sensitivity in Tables IX and X. Table IX reports
the corresponding nonmarginalized and marginalized
95% CL bounds together with the associated effective
scales A/\/AC;. Table X collects the resulting correlation
coefficients among the fitted Wilson coefficients, thereby
quantifying the residual parameter degeneracies in the
combined analysis.

Taken together, Tables IX and X show that combining
the 13-TeV results with the 13.6-TeV projections leads to
the strongest overall sensitivity, with the most significant
improvement again occurring for C,s. In the highest-order
analysis, the combined marginalized bound reaches
AC,; = 0.066, corresponding to an effective scale of
about 3.9 TeV, while the four-quark directions remain

less constrained, although they also improve relative to the
separate analyses. The gap between nonmarginalized and
marginalized limits is now relatively modest for C,s,
indicating that its extraction is fairly stable in the
combined fit. This is consistent with the correlation
matrix, where most correlations involving C,; are small
at NLO and a/NNLO, while the strongest residual degen-
eracy remains between C; and CJ. Overall, the combined
analysis strengthens the reach without changing the
qualitative picture established earlier.

We do not display two-parameter confidence ellipses,
since in the present setup only C,; is constrained with
meaningful precision, while the four-quark directions are
included primarily to monitor correlation effects and
remain comparatively weakly bounded. As a result, such
contours would be dominated by broad, weakly constrained
directions and would add little beyond the information
already contained in the marginalized bounds and corre-
lation matrices.

To assess the regime of validity of the EFT expansion, we
assign to each fitted p; bin the hardness proxy

Q(pT,max) = 2\/ mlz + pT,maxz’

where pr .. 1S the upper edge of the bin. This choice is
motivated by the fact that, for a given top transverse
momentum, the minimal hard scale of the underlying ¢7
system is set by twice the top transverse mass, while the
rapidity is not itself a hardness variable. We then define

(92)
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TABLE XI. Comparison of representative 95% CL constraints on the top chromomagnetic dipole operator C,; from this work and
selected recent analyses in the literature, together with the corresponding effective scales in the SMEFT@NLO convention.

SMEFT order Accuracy Number of parameters ACyq A//AC,; [TeV]
This work Linear a/NNLO 4 0.066 39
Global fit with HEPfit [115] Linear NLO 22 0.32 1.8
Global fit with SMEFIT [116] Quadratic NLO 50 0.081 3.5
Global fit with SFitter [117] Quadratic NLO 22 0.34 1.7
tW pr x y distribution [82] Quadratic aNNLO 3 0.60 1.3
tf cross section [81] Quadratic aNNLO 1 0.25 2.0

0 OVACG provide orientation on the relative size of current con-

€= m - A (93) straints on C,g, rather than a strict like-for-like ranking of

with A = 1 TeV and Ay = A/+/ACy as above. Using the
combined marginalized effective scales, we find Ay ~
3.9 TeV for the best-constrained direction, namely C,, and
Ay =0.57 TeV for the weakest one, namely Cj. This
gives € ~0.091-0.42 for C,; across the fitted pr range,
indicating that the EFT expansion is parametrically under
good control for the operator that is the main target of this
analysis. By contrast, for C;/ we obtain e=~0.62-2.9,
showing that the weakest four-quark direction cannot be
interpreted as a robust stand-alone EFT reach up to the
highest bins. We emphasize that this is not a tension with
the main goal of the fit on the grounds that the combina-
tions Cf, Cf, and C; are included primarily to quantify
correlation effects in the extraction of C,;, rather than
because the present dataset is expected to determine each of
them sharply on its own. Since our analysis is performed at
linear order in the SMEFT expansion, this test should be
viewed as an a posteriori consistency check, and it supports
the use of the extracted bound on C,; as the physically
meaningful result of the fit.

Before closing this section, we place our result in the
context of several representative determinations in the
literature, collected in Table XI. These results are not
directly identical in setup or scope and should therefore be
compared with appropriate care. Our analysis is based on
differential #7 information and a four-parameter SMEFT fit,
with the additional four-quark directions included mainly to
assess their impact on the extraction of C,;. By contrast, the
HEPfit [115] and SMEFIT [116] results come from broad
global analyses with substantially larger operator spaces
and many complementary datasets, so part of their con-
straining power comes from the ability to lift degeneracies
across different sectors. The SFitter result [117] is a
dedicated global top-sector analysis at NLO in QCD
including quadratic SMEFT terms across 22 parameters.
The tW result [82] corresponds to projections using the top-
quark p; x y double-differential distribution, while the 7
cross section [81] represents a dedicated one-parameter
extraction from an inclusive top-pair cross-section meas-
urement [118,119]. The comparison is therefore meant to

analyses.

At the level of a direct comparison, Table XI shows that
our combined a/NNLO result yields the strongest quoted
constraint on C,; among the entries listed, with a margin-
alized bound of 0.066 corresponding to an effective scale of
about 3.9 TeV. This is substantially stronger than the
representative  HEPfit global result, the dedicated W
differential fit, and the inclusive #f cross-section extraction,
and is also somewhat stronger than the SMEFiT bound.
The SFitter bound is weaker, which is consistent with the
fact that their analysis relies on a broader operator space
and does not include the higher-order QCD corrections that
stabilize the extraction of C,; in our fit. As a simple
estimate of complementarity, one may combine indepen-
dent single-parameter sensitivities through the harmonic
average of the squared 1o marginalized bounds. Under this
approximation, our result would improve the HEPfit bound
by about 60% and the SMEFIiT bound by about 24%.
Although this estimate is only illustrative and does not
replace a genuine global combination, it nonetheless
indicates that the differential ¢ information considered
here provides nontrivial additional sensitivity to C,g;.

VI. CONCLUSION

In this work, we studied the hadronic process pp — ff
within the dimension-six SMEFT, focusing on the top
chromomagnetic operator together with the three four-
quark directions C}/, Cj, and C; that arise as the relevant
linear combinations in the SMEFT@NLO top-basis descrip-
tion of unpolarized ¢7 production. Our analysis was based
on the single-differential top-quark p; and y distributions,
as well as the double-differential p; x y distribution, at
13 TeV, together with a projection to 13.6 TeV using the
same binning. For the perturbative predictions, we com-
bined NNLO SM results with aNNLO SM-SMEFT
interference corrections, and we also presented the cor-
responding LO and NLO results in order to assess the
impact of perturbative accuracy on the extracted SMEFT
sensitivity.

On the experimental side, we used the published
13-TeV information as directly as possible. For the
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single-differential distributions, where no unfolded covari-
ance matrix is currently available, we constructed the
experimental covariance from the reported uncertainty
components under a bin-by-bin uncorrelated approxima-
tion. For the double-differential measurement, we used the
published covariance matrix and rescaled it consistently to
an approximate inclusive normalization within the nar-
row-width approximation. For the 13.6-TeV study, we
adopted the same observables and bin definitions and
completed the projection by constructing pseudodata from
the NNLO SM baseline together with a simple assumed
experimental covariance model. In all cases, PDF and
scale uncertainties were incorporated through a separate
theory covariance matrix, with the PDF contribution
treated as fully correlated and the scale contribution
estimated from 7-point variations.

Our results show clearly that perturbative accuracy is
essential for a meaningful SMEFT interpretation of #7
differential data. At low perturbative order, especially for
the single-differential p; and y observables, the fit tends to
absorb missing higher-order QCD effects into shifts of the
Wilson coefficients, leading to artificially large best-fit
values and strong parameter degeneracies. Once the SM
baseline is upgraded to NNLO and the linear SMEFT
contribution to aNNLO, the fit becomes substantially more
stable. The preferred values of the Wilson coefficients
move close to zero, the separation between nonmarginal-
ized and marginalized limits is reduced, and the correlation
pattern becomes significantly better behaved. In this sense,
the highest-order analysis is the only one that should be
regarded as quantitatively robust, while the LO and NLO
fits are mainly useful for illustrating how strongly low-
order predictions can mimic SMEFT effects.

The strongest and most stable sensitivity is obtained
for the chromomagnetic coefficient C,;, which is the
primary target of the analysis. In the combined 13-TeV
and 13.6-TeV study, our highest-order fit yields a margin-
alized 95% CL bound AC,; = 0.066 which corresponds to
an effective scale of 3.9 TeV. This is the main phenom-
enological result of the paper. By contrast, the three four-
quark directions remain much more weakly constrained and
should not be viewed as competitive standalone determi-
nations. Their main role here is to quantify the extent to
which such additional SMEFT directions can affect the
extraction of C,; through correlations, and to test the
robustness of the chromomagnetic bound in a multipara-
meter setting.

We also assessed the EFT-expansion regime a posteriori
through a simple hardness estimate based on the fitted py
range. This check indicates that the extracted sensitivity to
C,c lies in a parametrically controlled regime over the bins

relevant to the fit, whereas the weakest four-quark direction
extends into a much less reliable EFT domain in the
highest-energy bins. This again supports the interpretation
that the physically meaningful outcome of the present
analysis is the bound on C,s, while the auxiliary four-quark
combinations are primarily included as correlation direc-
tions rather than precision targets in their own right.

Finally, when compared with representative recent
determinations in the literature, our result is numerically
very competitive. In particular, our combined highest-order
bound on C,; is substantially stronger than the represen-
tative HEPfit result and also somewhat stronger than the
quoted SMEFIT sensitivity after translating to a common
convention. The sensitivity obtained here would naively
improve the representative HEPfit constraint by about 60%
and the representative SMEFiT constraint by about 24%.
While this estimate is only indicative and does not replace a
genuine global combination, it nonetheless shows that
differential ¢7 information at high perturbative accuracy
provides nontrivial additional leverage on the top chromo-
magnetic operator.

Overall, our study shows that differential 77 production,
treated at the level of NNLO SM predictions and aNNLO
SM-SMEFT interference, provides a powerful and theo-
retically controlled probe of the top chromomagnetic
interaction. The main lesson is that once perturbative
QCD effects are brought under sufficient control, the
available and projected LHC differential data can constrain
C,c very strongly, with sensitivity reaching the multi-TeV
regime. This makes high-precision 77 phenomenology an
important ingredient in the broader SMEFT program and a
useful source of complementary information for future
global analyses.
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