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We compute the leading corrections to the differential cross section for top-pair production via gluon
fusion due to third-generation dimension-six operators at leading order in QCD. The Standard Model fields
are assumed to couple only weakly to the hypothetical new sector. A systematic approach then suggests
treating single insertions of the operator class containing gluon field strength tensors on the same footing as
explicitly loop suppressed contributions from four-fermion operators. This is in particular the case for the
chromomagnetic operator Q) and the purely bosonic operators Q) and Q(,¢). All leading order

dimension-six contributions are consequently suppressed with a loop factor 1/1672.
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I. INTRODUCTION

After the discovery of the Higgs-boson in 2012, a lot of
attention has been paid to the unknown physics beyond the
Standard Model (SM). While at proton colliders like the
Large Hadron Collider (LHC) focus has mostly been put on
the direct detection of new resonances by virtue of high
center-of-mass energies, searching for indirect evidence of
new particles through their virtual effects on the inter-
actions between SM particles might represent a fruitful
alternative. The latter approach has the advantage of being
able to probe regimes that are beyond the kinematic energy
bounds of the LHC. As the physics beyond the SM is
a priori unknown, one has to employ a bottom-up effective
field theory in order to systematically parametrize the new
physics. A model independent approach with as few
assumptions about the new physics sector as possible is
provided by the Standard Model effective field theory
(SMEFT), which essentially enlarges the at most four-
dimensional operators of the SM with nonrenormalizable
higher dimensional ones. A complete basis of up to
operator dimension six has been given in [1,2] and is
commonly referred to as the “Warsaw basis.” Recent
developments have included complete sets of dimension
seven, eight and nine [3-6]. However, within the frame-
work of a bottom-up effective field theory further assump-
tions about the underlying nature of the new and modified
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interactions still have to be made. In this context several
questions should be addressed, in particular the question
whether higher loop orders have to be included for a given
fixed canonical order calculation. This crucially depends on
the coupling strengths of the SM fields to the new sector.
For top-quark decay it has already been noted that higher
loop order corrections might be important [7], in which
case the respective running of the SMEFT operators should
be taken into account. For instance, the renormalization
group equations for magnetic-moment-type operators [8]
suggest that a cancellation of the unphysical renormaliza-
tion scale can only be achieved upon adding the correct four
fermion-operators to the analysis.

This work about gluon fusion top-pair production serves
as an example of how to treat the operator class containing
gluon field strength tensors in general with the only
assumption about the new physics sector being its weak
coupling to the SM. Higher loop order corrections asso-
ciated with four-fermion operators are in fact necessary to
obtain consistent results. The analytic properties of the tree-
level operators for this specific process together with
comments on the assumptions about the underlying theory
have been investigated in [9]. A numerical Monte-Carlo
program for the one-loop-contributions is given in [10].
Our analysis provides the analytic one-loop formulas
including the full bottom-mass dependence, which comple-
ments the previous discussions. The explicit functional
form of the loop-contributions serves as a starting point to
study special kinematic cases, e.g., the large-s limit, etc.

As we intend to focus on the main calculational aspects,
we have made some phenomenological simplifications for
the sake of clarity. First, since cross sections in QCD
factorize into soft and hard parts of the interaction, we may
focus on the pure parton level reaction. In reality, parton
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distribution functions (PDFs) for the initial hadrons as well
as jets associated with the final quark pair play crucial roles
for experimental constraints that should be taken into
account for a full phenomenological analysis. Second,
we concentrate on the gluon fusion channels, since for
instance at the LHC quark fusion becomes less important
than gluon fusion with increasing energy. An in-depth
review for top-pair production is given in [11].

This paper is organized as follows: The general nota-
tional setup together with a summary of the SM calcu-
lations for gluon fusion top-pair production is done in
Sec. II. In Sec. III we identify the relevant SMEFT
operators and their respective contributions. We also
discuss how to treat the chiral projectors and comment
on the renormalization program. A brief phenomenological
study of some of the new contributions is given in Sec. IV.
All our analytical results for the cross sections are listed in
an Appendix.

(t+u) + 41> — tu + 4u?

II. OVERVIEW AND STANDARD MODEL RESULT

We consider the parton level process gg — tf where two
initial gluons merge to produce a top- and an antitop quark
(see Fig. 1). The unpolarized differential cross section in
the center-of-mass frame in terms of the amplitude M is
then given by the formula

de _ M n
dQ ~ 647%s Ky

where in | M|? an average over initial and a sum over final
spins and colors is understood and |py| and |k;| denote the
spatial momenta of the outgoing top-quark and either
incoming gluon. It can generally be written as a function
of the relevant coupling constants, the Mandelstam vari-
ables s, t, and u and the masses of the involved particles.
The SM result is straightforwardly obtained by evaluating
three diagrams and is given by [12]

(tu(f® + u?)

do o /1 am? Tm} — Tm?
dQ )¢y 32s s 3s2(m? — 1)*(m? — u)?

—6m® + mf (3% + 14tu + 3u®) — m?(t + u) (> + 6tu + u?)) (2)

where a, = g2 /4n is the strong fine structure constant and
m; is the top-mass.

III. SMEFT CALCULATION

The first contributions to gg — 7 from operators of mass
(canonical) dimension greater than four appear at dimen-
sion six and are accordingly suppressed by 1/A2, where A
denotes a potentially large scale of new physics. In our
calculation we consider the interference terms of these new
operators with the SM amplitude

FIG. 1. Kinematic setup for gluon fusion top-pair production
with incoming momenta k; and k, and outgoing momenta p; and
P> The circle in the middle represents all possible interactions for
the theory under consideration. There are three Feynman dia-
grams within the SM at leading order. The SMEFT diagrams will
be discussed below.

2
IMP =M, +FRe{M§§M1} +O(1/A%) (3)

where the indices 0 and 1 refer to the SM and SMEFT
amplitudes, respectively. Within this notation the canonical
dimension of the various terms is manifest. However, it is
important to notice that for effective theories a more general
power counting prescription needs to be specified, even if it
is linearly realized [13—15]. Before we dive into the actual
calculation, we review some aspects of power counting
in SMEFT.

A. Remarks on power counting in SMEFT

Higher dimensional operators are naturally organized in
terms of their canonical dimension that indicates their
relative suppression with respect to the new physics scale A
(see Eq. (3) above). This corresponds to an expansion in the
dimensionless parameter E/A, where E is a typical energy
scale of the process, and from the point of view of a
renormalizable field theory, the canonical dimension
remains the strongest tool for a systematic approach.
However, canonical dimensions alone do not provide
enough information for a consistent treatment of the new
operators. In addition, one needs to specify the loop order
of a specific operator within the relevant process by
including the expansion parameter 1/167° to the analysis.
The necessity of keeping track of loop orders has been put
on solid grounds in [16] and can be discussed quantitatively
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in terms of chiral dimensions in a more general manner, see
[14,17]. For instance, in [16] it has been argued that on the
one hand, operators containing field strength tensors cannot
be generated at tree-level when the underlying theory is
assumed to be a weakly coupled gauge theory. In fact, the
matching procedure has to occur at the one-loop-level at
least. This has also been noted in [2]. On the other hand,
four-fermion operators can in fact be generated at tree-
level. The arguments presented in [16] remain true for any
underlying theory as long as it is renormalizable in the
traditional sense and couples only weakly to the SM fields,
which is the case for a wide class of possible high energy
scenarios. The respective Wilson coefficients of operators
containing field strength tensors should consequently be
suppressed by the loop factor 1/16z> when compared to
the ones of the four-fermion operators in this case. Likewise
it is easy to construct model theories that contradict the
naive assignment of an O(1)-number to every Wilson
coefficient. When a model independent parameterization
like SMEFT is chosen, it therefore seems natural to stick to
a weakly coupling new sector and to adopt the correspond-
ing rules for a superficial estimation of the Wilson
coefficients. Applying them to gluon fusion top-pair
production, we find that there does not exist a pure tree-
level contribution within the SMEFT at leading order in
QCD at all. On the contrary, the first nonvanishing
corrections are suppressed with respect to both 1/A?
and 1/16x?, i.e., they are all one-loop suppressed. An
explicit example featuring a new heavy scalar is provided in
[18] and demonstrates how the chromomagnetic operator
Q) comes hand in hand with a loop-suppressed four-
fermion operator. We will provide a complete list of the
relevant operators for a generic high energy model and their
particular contributions in the next section.

B. Relevant operators

As the new physics is expected to mainly affect the third
particle generation, we restrict our calculation to this sector
and neglect effects of the CKM-matrix. We also ignore CP-
odd operators and impose baryon number conservation. In
the Warsaw basis the following operators are relevant for
gluon fusion top-pair production at tree-level

Q(G) _ fABCGﬁquPG/?H
Q) = ¢ G, GM
Q(uG) = (qauvTAt)(;)GAMD (4)

where ¢ is the left-handed third generation quark-doublet,
t is the right-handed top-quark, ¢ is the Higgs-doublet
(§' = €Yp*) and G4, is the Ath component of the gluon
field strength tensor with respect to the SU(3) generators
TA = }4/2, where 4 are the Gell-Mann matrices. We
adopt the conventions found in [19]. These operators lead
to the diagrams displayed in Fig. 2. Although their
contributions are eventually loop suppressed by virtue of
their Wilson-coefficients, we will refer to the operators in
Eq. (4) as the “tree-level operators.” Note that the local
interaction between gluons and the Higgs-particle intro-
duces a new s-channel contribution associated with the
Higgs-mass m,. Also, the chromomagnetic operator Q,¢)
induces a new local interaction between two gluons and
two quarks. Its role for gluon fusion Higgs production to
higher loop orders has been investigated in [20,21]. For all
tree-level operators we find full agreement with the analytic
expressions for the differential cross sections of gluon
fusion top-pair production found in [9,22].

In view of the last section the tree-level operators have to
be supplemented by the following four-fermion operators

@ K (b) (© §§<

’ M

N

FIG. 2. Feynman diagrams for the tree contributions in SMEFT, where dimension-six insertions are denoted by black squares.
Crossings are not displayed. (a)—(c) Contributions from Q,). The local interaction (c) does not appear in the SM. (d) Contribution from
Q) which modifies the s-channel process of the SM. (e) New contribution from Q)
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el

Feynman diagrams for the one-loop contributions in SMEFT. Again, crossings are not displayed. These diagrams are needed

FIG. 3.

©

to cancel the implicit dependence on the renormalization scale u in the diagrams of Figs. 2(a)-2(c).

o = @r,a)(br'b) QL) = (@r,T"q)(by"T*b)
Oy = (r,0)(by'b) QL)) = (17, T*1)(by*T*b)
Oy = @n@) i) QF = (ar,T q) @ T)
QE;; @ra)@re) QL = (ar.q)(ar'eq)
Quuy = (1) (@) QL) = (@1)en(@D)
ng,i,qd (@/T1)e; (3" TAb) (5)

where b denotes the right-handed bottom-quark and 7/ are
the Pauli-matrices. This list represents a complete set of
four-fermion operators consistent with the assumptions
made above and leads to the loop-diagrams shown in

Fig. 3. The operators Q,g) QE;)M d) and QEZ)M d)
Hermitian. However, only the real parts of their Wilson
coefficients enter the final expression for the cross section
at O(1/A?). The subtleties regarding minus signs arising
from ordering ambiguities in the four-fermion operators are

discussed in [23].

are not

C. Treatment of y5

The Dirac structure of the four-fermion operators include
chiral projectors which are accompanied by the strictly
four-dimensional object ys. There have been many dis-
cussions concerning the question of how to regularize
divergent amplitudes with a consistent treatment of ys, in
particular for triangle diagrams like the ones appearing in
this work, see e.g., [24] for a recent review. After all, a
naive application of dimensional regularization (NDR) is at
first sight incompatible with a straightforward continuation
of ys5 whose relation to the other Dirac matrices are
unambiguously defined in four dimensions only. In fact,
an anticommuting ys cannot be extrapolated to arbitrary
dimensions together with the trace formula

t(yyPyy0ys) = —4ie*re (6)

where we have chosen the default sign convention imple-
mented in FEYNCALC [25]. However, despite being

inconsistent in the first place, NDR is known to lead to
correct final results when the potential hard anomalies are
separately taken into account as has been reviewed in [26].
Irrespective of the particular regularization method, most
approaches usually rely on shifting the loop momenta at
some point of the calculation, so linearly divergent dia-
grams are expected to produce nonvanishing surface terms.
These in general spoil the underlying gauge invariance and
should consequently be adjusted by hand in order to keep
gauge invariance intact as was demonstrated in [27]. For
instance, in the textbook example of a three-point-function
of two vector- and one axial-vector current for massless
fermions, one can shuffle the anomaly around by virtue of
boundary terms in a way that the two vector (gauge)
currents are conserved, but the axial current—which in our
case corresponds to the four-fermion interaction—is not.
Having this example in mind, we fix the superficially
divergent boundary terms by requiring manifest gauge
invariance at each calculational step. Since in the case at
hand the SMEFT operators do not modify the SM gauge
couplings within the triangle diagrams (as is the case for
example in [28]), no induced gauge anomalies are expected
to play a role. Also, SMEFT alone does not make any
assumptions about the new physics sector, so anomalies in
the latter are beyond the scope of this paper and are
therefore neglected. See [29] for a recent discussion
concerning gauge anomalies in nonrenormalizable theories.
More comments about the four-fermion triangle diagrams
can be found in [10]. Further discussions about calcula-
tional aspects regarding y° can be found in [7,30-32].

D. Renormalization

The self-energy corrections of the quark lines induced by
the four-fermion operators do not depend on the momenta
and are therefore negligible when on-shell renormalization
is performed. In general, however, we also need to renorm-
alize the Wilson coefficients of the SMEFT operators,
which is done in the MS scheme.

Most of the contributions are already finite by themselves
and do not need any renormalization. Operator mixing only

appears between the operators Q) QE;L(] ) and Q quq )

the latter two produce UV-divergences in the form of the first
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one. The tree-level operator O, is therefore the only one
that needs special treatment. To the order under consideration
an implicit dependence of its Wilson coefficient on the
renormalization scale u is introduced, which has to cancel

1)

the explicit logarithmic dependence associated with QEquq 4

(8)
and Q(quq Q)
The relevant part of the renormalization group equation
is given by [8,33]

g m  _1.®
- 1671’2 o) (C(quqd) 6C(‘1”‘1d)> <7)

where v is the vacuum expectation value of the Higgs-field
and C; denotes the respective Wilson coefficient of the
operator ;. When this equation is applied to our total
differential cross section, we find that our expressions are
indeed independent of the renormalization scale u. Note
that all mixing disappears when the bottom-mass m,, is sent
to zero. On the other hand, it provides a useful consistency
check when the bottom-mass is fully taken into account.

dC )
dn(u?)

(a) do
dcos ©

cos ©

©

do

dcos ©

-0.00290

-0.00295

-0.00300

-0.00305

-0.00310
-0.2 -0.1 0.1 0.2

FIG. 4.

cos 6

(a) SM differential cross section (do/d cos 8)gy. (b)—(d) Selected SMEFT corrections to the SM result (b) (do/d cos 6)

TABLE I.  Values of the input parameters used for the analysis
taken from [12].

m; myp My v a,(Myz) A
173 GeV  4.18 GeV 125 GeV 246 GeV  0.1181 1 TeV

IV. NUMERICAL RESULTS

This section contains an exploratory analysis of the
SMEFT corrections to the SM cross section. The input
parameters are given in Table I. In addition we assume a
cutoff scale of A =1 TeV, which is well beyond the
parameters of the SM and set 4 = m,. As QCD corrections
at next-to-leading order within the SM (see [34,35] for the
computation) do not change the shape of the total cross
section as a function of the center-of-mass energy [11], the
overall normalization of our results can possibly be
adjusted to fit the more realistic curves. Within the SM
the K-factor from next-to-leading order QCD corrections is
about 1.5 [20], so it seems plausible to apply the same

(b) do

dcos 6

cos 6
1.0

(d)

do
dcos 6

cos 6
-1.0 -05 0.5 1.0

Qya)’

(¢) (do/dcos H)Q(,,ow and (d) (do/d cos H)QW). The differential cross sections do/d cos 6 are given in units of pb. The center-of-mass

energy was chosen to be /s = 1 TeV.
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(2) ‘ (b)

cos 6
-1.0 -05 0.5 1.0 -1.0 -05

cos 6

cos ©
0.5 1.0 -1.0 -05 0.5 1.0

FIG. 5. Selected relative corrections to the SM differential cross section at /s =1 TeV with (a) f = (do/dcos6) ch)/
(do/dcosO)gy, (b) f = (do/dcos G)Q(“G)/(da/dcos 0)sm and (c) f = (do/dcos Q)Q(,m)/(da/dcos 0)sm-

number to the SMEFT process we have in mind. Of course,
only a detailed analysis of the relevant QCD corrections
could ultimately justify this step. Explicit example calcu-
lations for QCD corrections in SMEFT can be found in
[36,37]. Furthermore, starting from its value at the Z-mass
a,(Mz) =0.1181, we used Version 3 of RunDec [38] to
determine the MS-value a,(1 TeV) = 0.08916. The running
of the strong coupling constant is also a next-to-leading order
QCD effect, so a certain amount of arbitrariness, especially
for the total cross section as a function of the center-of-mass
energy +/s is unavoidable in this context. However, as we
intend to only present indicative estimations of the new effects
when compared to the SM predictions, this should not impact
the overall message.

(@

10

2000 ‘/;

500 1000 1500

(©)

-0.005
-0.010
-0.015
-0.020

-0.025

In accordance with our discussion about loop counting
above we choose the values of the Wilson coefficients of
the operators displayed in Eq. (4) to be 1/167%, whereas
the ones of the four-fermion operators in Eq. (5) are set to 1.
Although the positive sign for all coefficients is a mere
convention, it does not affect the qualitative outcome of our
analysis as we focus only on the magnitudes of the new
effects. Of course, despite being well motivated these
assumptions may only serve as preliminary estimations
for a more complete analysis and should not be taken at
face value. Note that within the chosen framework experi-
ments are actually only sensitive to the ratio C;/A?. Fixing
the cutoff-scale A and the Wilson coefficients C; separately
therefore corresponds to an artificial split of the actual
experimental coefficients.

(b)

-0.001
-0.002
-0.003
-0.004

-0.005

(d

0.015

0.010

0.005
200 400 600 800 1000 \/;

-0.005

-0.010

FIG. 6. (a) SM total cross section ogy. (b)—(d) Selected SMEFT corrections to the SM result (b) o i)’ (©) og ) and (d) 00 The
center-of-mass energies /s are given in units of GeV, whereas the total cross sections ¢ are again given in units of pb.
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We plot the expected corrections to the SM differential
cross section do/d cos 6 of the operators Q(,¢), Q(.c) and
Q(uu) for /s = 1 TeV in Figs. 4 and 5. Integrating over the
residual angular dependence gives the total cross section ¢
that is plotted against the center-of-mass energy /s in
Fig. 6. The plots for the remaining operators have similar
shapes and are not displayed. In comparison to the SM all
SMEFT corrections are suppressed by both 1/A? and
1/1672, so the overall effects are rather small. For the
relevant energy regimes, i.e., /s~ 1 TeV, the SMEFT
operators give rise to corrections with a relative strength of
at best 1073 to the SM differential cross section. However,
there are some interesting quahtatlve observatlons

(i) Only the operators Q ) and Q have

their largest relative 1mpact %or high scatterlng
angles. In contrast, all other operators, in particular
the ones in Figs. 4-6 appear to be more significant
for low scattering angles.

(i) The relative correction to the total SM cross section

(not plotted) increases most rapidly for the operator

QE;L), reaching the percent level at around /s =
4 TeV. Of course, possible resonances above 1 TeV
could spoil the validity of the effective theory in this
energy regime.

(iii) There is a change of sign in the correction of the total

cross section just after the threshold energy /s =
2m, for the operators QE;Lq 4 Q(W), QEZ», QEZ)q)’
Qg and Q)

The last aspect might in particular be useful for new
constraints of the purely right-handed operator Q,,) (see
Fig. 6(d) for the curve). This operator has recently been
investigated in [39] where an emphasis was put on four-top
production at hadron colliders. The combined upper limit
from the ATLAS experiment for four-top production is
given by |C(,,)| < 1.9 for A =1 TeV [40]. This does not
represent a significant enhancement for the strength of the
overall impact. In fact, hypothetical strong couplings ~47x
to the new physics in the top-sector would lead us to
superficially expect a numerical value around |C(,,)|~

162% if—naively trusting perturbation theory—the four-
fermion operator were generated by new exchange proc-
esses. The smallness of the actual value, however, indicates
significant limitations for such strong coupling scenarios
and thus also for the values of C(g), C,) and C,g)
(see below).

Apart from the top-sector, the Higgs-sector is predes-
tined for strong couplings in the new physics domain that
could enhance certain Wilson coefficients involving the
Higgs-field. Scenarios with strong dynamics of electro-
weak symmetry breaking can be described in full generality
by the Higgs-electroweak chiral Lagrangian [13,15]. In
particular, it was pointed out that matching the latter to
SMEFT generates the operator class of Q(,) without the

extra loop factor 1/16x%, in which case its Wilson
coefficients should be treated as O(1)-numbers. Indeed,
keeping track of all possible weak coupling constants for a
given operator generated in a strongly coupled Higgs
scenario reveals that the chiral dimensions, i.e., the loop
order is effectively reduced by the Higgs-field. The
operator Q,;) then represents the dominant SMEFT
correction to gluon fusion top-pair production with relative
impact to the SM differential cross section in the low
percent range. In contrast, the operator Q¢ can still only
be generated at next-to-leading order, so here our discus-
sion above remains valid even for strong couplings in the
Higgs-sector. See also [41] and the comments in
Chapter 2.1 in [42] for gluon fusion Higgs-pair production.
Within the Higgs-Electroweak Chiral Lagrangian, the
gluon-gluon-Higgs coupling is parameterized by a coef-
ficient ¢, that can directly be translated to C(,g) via the
formula

Aa

C((p(;) = Vq); Cg ~ 0.0809 (8)
where the parameters are defined in Table 1. Keep in mind,
that in a strongly coupled scenario, there is no decoupling
of the effective theory from its cutoff scale A, as it is
related to the low energy scale » by A;,. = 4zv. A loop
factor 1/16z? can therefore be traded against the expansion
parameter v>/AZ. and vice versa. The experimental value
for ¢, can be found in [43] and is approximately given by
¢y = —0.01 +0.08, indicating that the overall effects are
still rather small.

Experimental constraints for the remaining tree-level
operators can be found in [22,44-48] and are at best given
by [Cug)| £0.78 and |C)| <0.037 for A =1 TeV,
depending on the fitting procedure. While the latter value
seems more plausible in light of our assumptions, the
experimental bounds of the former are not as constraining.
As a matter of fact, both numbers are still well above their
natural value of around 1/1622 ~ 0.0063. In this work, we
have restricted ourselves to the gluon-gluon channel for
top-pair production, where the four-fermion operators
come into play at the one-loop order. However, this is
not true for the quark-quark channel. For instance, in the
five-flavor scheme it is possible to have a tree contribution
given by the plain bottom-bottom-top-top vertex. The
question arises whether the magnitude of the latter com-
pares to ones computed in this paper. For the LHC, this
means that the parton level differential cross section dé
must be folded with the respective PDFs denoted by f;(x),
where i = g, b, b refers to the individual parton and x to its
momentum fraction. Schematically, the observable cross
sections do are then given by [49]
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oy~ [ ddeaf (50 02) 5 )
dog, ~ / dx;dx, f5(x1) f5(x2)d6p,, (1, %2) )

where the indices gg and bb refer to the gluon-gluon
channel and the bottom-bottom channel, respectively.
Treating the strong coupling constant g, as an O(1)-
number, the fraction of the two parton level cross sections
contains a relative loop factor

dyy ~ S (10)

On the other hand, for high energy protons the gluon PDF
has a magnitude larger than the one for bottom and
antibottom PDFs by a factor of <100 over the entire
x-region [50]. Taking this into account, we end up with the
rough estimate

|dop,,|

|do |

~O(107) (11)

Exact values can ultimately be obtained by a detailed
analysis including all quark-quark channels together with a
complete implementation of the PDFs. However, this lies
beyond the scope of this article.

V. CONCLUSION AND OUTLOOK

In this paper we have computed the differential cross
section for gluon fusion top-pair production in SMEFT
including single insertions of third-generation operators of
canonical dimension six. Systematic power counting rules
relying on realistic assumptions about the new physics
sector lead us to consider the tree-level contributions on the
same footing as one-loop contributions arising from four-
fermion operators. Our calculation serves as an example of
how to treat operators featuring gluon field strength tensors
in a consistent manner within the perturbative expansion. In
particular, it illustrates how this class needs to be accom-
panied by four-fermion operators with explicit loop sup-
pression to ensure working with a complete set of operators
for a given loop order. As a result, the overall SMEFT
effects are rather small. Meanwhile, since next-to-leading
order QCD corrections are expected to be of great impor-
tance to the process under concern, a broader analysis
should include them as well. We postpone a general
phenomenological discussion together with a more com-
plete analysis concerning the parameter space of the Wilson
coefficients to future works.
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APPENDIX: CORRECTIONS TO THE SM
DIFFERENTIAL CROSS SECTION

This Appendix features a complete list of the analytic
expressions for the corrections to the SM differential cross
section due to the SMEFT operators. The differential
cross section including the SMEFT corrections can be

written as
( do ) ( da)
R _|_ R
dQ/ sm dQ ) svppr

where (do/dQ)ggrr denotes the sum of all contributions
of the dimension-six operators under concern.

Where possible, we have cross-checked our results with
the aforementioned implementation SMEFT@NLO [10] for
MadGraphS_amMc@NLO [51,52], which numerically evalu-
ates the color- and spin-averaged matrix element squared at
given phase-space points for vanishing bottom-mass based
on a Monte-Carlo program. At selected center-of-mass
energies and scattering angles (with m;, = 0, fixed a, and
the other parameters displayed in Table I), the pure SM
result given by Eq. (2) agrees up to four decimal digits, as
do the bottom-loops and the operator Q). Contributions

(A1)

from Q) together with the top-loops differ from the
program output by a few percent for lower energies (near
threshold), but eventually coincide in the large-s limit. For
the latter, we have manually added the different contribu-
tions coming from crossed spinor-contractions between
loop-particles and external states, as these were not added
automatically in a consistent manner within our adaptation
of SMEFT@NLO to our computational set-up. The discrep-
ancies between our results and the program might partly be
due to large numerical cancellations when the full m,-
dependence is taken into account.

The relevant real parts of the Feynman parameter
integrals are given by
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! - 1 —In%(a;) — 41n(2a;) In(2) + = 1
Si(a;) =Re / dz/ Zdy = n”(a;) n(2a;)In(2) + 7 Lot
o Jo 1 —4yza; —in 8a; a

1 1-z y —In(4a;) + 2 1
=R d d = o= A2
C{A ZA YT 4yza; - in} da; (fﬁ) (42)

where a; = 5/4m? for the top- and the bottom-mass and 7 is a small positive number and a center-of-mass energy above the
threshold for_top-pair production is assumed.

Defining C; = C;/A* and = /1 —4m?/s, the single analytic expressions for the contributions of the SMEFT
operators are given by the following list (see also [9,10]):

do . aim? 9(t—u)?
©

Q) , 32g,s (m? —t)(m? — u)
dO') ~. avmtzﬁ3 S2
AT (A4)
(@ ()
da> _ a3/2vmtﬁ7m;‘ —Tm2(t + u) + 4£* — tu + 4u?
99) — Re{Clu) ()} (A35)
(dQ Ous: 24+/27s (m — 1) (m} — u)
~(1)
do Re{c(q qd)} az‘mtﬂ 1
ao _ _ u s 1 2 2 2 2022 2 -1
<d§2 QEI) d) o 192mys (= 1) (o — 1) ( 9s*(2m7 Sy (ayp) + myp* (28 (ap) — 1))
quq
2
+ 8m3 (Tm} — Tm?(t + u) + 41> — tu + 4u?) 1nﬂ_2) (A6)
n,
do _ _Re{CEZqu)} aimfp ! 4152 (2m?S, (ap) + mp2(28,(ap) — 1))
dQ)gn T 16w 1152mys (mF = 1) — ) R
2
—8m3(Tm} — Tm3 (1 + u) + 4% — tu + 4u?) ln%> (A7)
b
¢
(ﬁ) _ Sl misp28,(a) — 1 (A8)
dQ o, 162> 32 (mi—1)(m; —u)
e
do _ Yl a smisp o 28(a;) — 1 (A9)
dQ) g 16 32 (m} —1)(m} — u)
~(8)
do __ Clga agmip55°(28,(ap) = 1) + 3( u)*(6S, (ay) = 125;(a;) — 1) (A10)
dQ/ ,® 167> 384s (m7 —t)(m7 —u)
~(8)
do  _ Cluay@@m?B5s*(28)(ay) — 1) = 3(1 = w) (684 (a) = 128,(ap) — 1) (Al1)
Q) ,o 1677 384s (mi = 1)(m7 — u)
do ~ Cluw @2m?B1352(2S(a,) = 1) = 3(t — u)*(6S1(a,) — 1285(a,) — 1) (A12)
aQ), 1622 96s (m7 = 1)(m7 — u)
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(1)
C(qq) amip

(65*(28(a,) — 1)

@y
dQ o 162 965 (m? —1)(m? —u)

>(3)
_ C(qq) amip 1

N
5| §
N—
N

(99)

=3(t—u)*(6Si(a,) — 128,(a;) = 1))

~(1)
Clyu a2 1

o 167> 96s (m? —t)(m? — u)

do B
=

— 8m?s%(2S,(a,) — 1) — 56mi(t + u) + 14538, (a,))

1622 965 (m? — t)(m?

8
do __ng)u) ap
Q) oo 1622 11525 (m? — 1) (m?

—14m2s(28,(a,) = 1) = 112m¢ + 112m}(t + u)

4135228, (@) — 1) = 3( = u)(65) (a,) — 128(a;) — 1)) (A13)
(8s7(28y(ap) = 1)

+135%(28(a;) = 1) = 6(r — u)*(6S)(a,) — 128;5(a,) — 1)
(A14)

- (3m?s*(2S,(ap) — 1) + 56md

+4m?(14m?s(2S,(a,) — 1) — 7528, (a,) + 8> — 2tu + 8u?)
(A15)

) (15m?s*(2S,(a;,) — 1)
— 8m?(=22m?s(2S,(a,) — 1) + 11525, (a,) + 8> — 2tu + 8u?)

(A16)

+ 9mz (1 — u)*(6S)(ap) — 1285(a,) — 1) + 44s5°S(a,))
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