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1. Introduction

The production of top–antitop pairs at the LHC is an important probe of QCD and a sensitive
channel for searches of new heavy states decaying into top–antitop pairs. Recently, the CMS
collaboration has reported a pronounced excess of events in the invariant-mass distribution of the
top–antitop system around twice the top-quark mass, based on the full Run 2 dataset at 13 TeV and
spin-sensitive observables [1]. ATLAS has carried out similar searches [2]. These results have
raised the question of whether the excess can be explained within the Standard Model or points to
new heavy resonances.

Even within the Standard Model, QCD predicts an enhanced top–antitop cross section near
threshold due to Coulomb-like interactions mediated by gluons exchanged between the top and
antitop quarks. In the non-relativistic regime, an attractive color-singlet Coulomb-like potential
can form toponium-like quasi-bound states, whose phenomenology has been explored in electron–
positron and hadron collisions [3–10]. In Ref. [11] we revisited toponium production at the LHC
and provided an updated prediction for the invariant-mass distribution near threshold, with the
goal of supplying a robust baseline, using the NRQCD effective theory for the interpretation of
experimental results.

2. Non-relativistic framework and resummation

Our calculation is performed in the standard collinear factorisation framework, where the
hadronic cross section for top–antitop production is written as a convolution, L ⊗ 𝐹, of the
luminosity function, L, encoding the parton distribution functions (PDFs), with the partonic hard-
scattering cross section, 𝐹. Near threshold, where the relative velocity of the top and antitop in their
rest frame is small, the partonic cross section factorises in non-relativistic QCD (NRQCD) into the
short-distance hard function and non-relativistic Green’s function. The hard function encodes the
short-distance production of a heavy quark–antiquark pair in a given color and spin configuration,
while the Green’s function describes the dynamics of the slowly moving pair in the QCD potential,
and its imaginary part determines the size of the threshold enhancement.

The Green’s function is obtained by solving a Schrödinger equation with a QCD potential that
includes the Coulomb-like interaction of potential gluons between the heavy quark and antiquark.
We use the potential at next-to-leading order (NLO). The color-singlet potential is attractive and
leads to a pronounced enhancement near threshold, whereas the color-octet potential is repulsive
and suppresses the cross section. This state is colloquially referred to as ‘toponium’, although it
should be noted that the top quark decays much faster than it can hadronize, i.e. Γ𝑡 ≫ ΛQCD, and
thus a proper bound state cannot form, unlike the more common charmonia and bottomonia.

Soft and collinear real gluon radiation generates large logarithms which are resummed in Mellin
space at next-to-leading logarithmic (NLL) accuracy. For larger invariant masses, this approach
is not valid and predictions in fixed-order perturbation theory, available at next-to-next-to-leading
order (NNLO), can be directly applied. To that end, we rely on our recent work [12], interfacing
MATRIX [13, 14] to PineAPPL [15]. The transition between the regions where either NRQCD or
fixed-order perturbation theory is applicable requires a matching prescription.
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NLO resummed

𝑔𝑔 → 1𝑆
[1]
0 18.2 18.7 18.3 19.4 20.5 21.1

𝑔𝑔 → 1𝑆
[8]
0 55.8 55.2 52.8 60.0 61.5 62.0

𝑞𝑞 → 3𝑆
[8]
1 21.7 22.3 22.0 22.4 22.4 22.0

Table 1: Comparison of the NLO and NLO+NLL resummed result of the convolution L ⊗ 𝐹 (in units
10−6 GeV−2) for the LHC configuration

√
𝑆 = 13 TeV with NNPDF3.1 PDFs at the reference point 𝑀𝑡𝑡 = 2𝑚𝑡 .

The three columns correspond to the scale choices 𝜇𝑟 = 𝜇
𝑓
∈ {𝑚𝑡 , 2𝑚𝑡 , 4𝑚𝑡 }.
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Figure 1: Invariant mass distribution 𝑑𝜎/𝑑𝑀𝑡𝑡 in NRQCD with Coulomb and threshold resummation for
the dominant individual production channels, also listed in Tab. 1: 𝑔𝑔 → 1𝑆

[1]
0 (brown), 𝑔𝑔 → 1𝑆

[8]
0 +

𝑞𝑞 → 3𝑆
[8]
1 (grey) and their sum (blue). The width of the band reflects the dependence on the scale choices

𝜇𝑟 = 𝜇
𝑓
∈ {𝑚𝑡 , 2𝑚𝑡 , 4𝑚𝑡 } for the convolution L ⊗ 𝐹.

3. Numerical results

Our updated QCD predictions are provided for Run 2 of the LHC, i.e. 𝑝𝑝 collisions at
√
𝑆 =

13 TeV, a top-quark pole mass of 𝑚𝑡 = 172.5 GeV and Γ𝑡 = 1.4 GeV. As in the CMS analysis [1],
we use the NNPDF3.1 PDF set [16] at NNLO with the default value of 𝛼𝑠 (𝑀𝑍 ) = 0.1180. The
central renormalization and factorization scales 𝜇𝑟 and 𝜇 𝑓 are set to 𝜇𝑟 = 𝜇 𝑓 = 2𝑚𝑡 . In Table 1
we present the relevant values for the convolution L ⊗ 𝐹 at NLO and at NLO+NLL accuracy for
𝑀𝑡𝑡 = 2𝑚𝑡 close to threshold. The resummed results are enhanced compared to NLO predictions
by up to 10%, and the scale stability of the resummed results is improved.
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In Fig. 1 the individual color configurations (singlet and octet), combining Coulomb resum-
mation through the Green’s functions and threshold resummation at NLL accuracy for the hard
function, are shown. The bands illustrate the variation of the convolution L ⊗ 𝐹 around the central
scale 𝜇𝑟 = 𝜇

𝑓
= 2𝑚𝑡 . While the 𝑔𝑔 → 1𝑆

[1]
0 channel exhibits the resonance associated with

the ‘toponium’ bound state, the sum of the octet channels 𝑔𝑔 → 1𝑆
[8]
0 and 𝑞𝑞 → 3𝑆

[8]
1 show the

repulsive effect at threshold for 𝑀𝑡𝑡 ≃ 2𝑚𝑡 and a steeply rising cross section 𝑑𝜎/𝑑𝑀𝑡𝑡 , which
becomes dominant at 𝑀𝑡𝑡 ≳ 350 GeV.
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Figure 2: Invariant mass distribution 𝑑𝜎/𝑑𝑀𝑡𝑡 with the matching region for NRQCD predictions (blue)
and POWHEG predictions (violet) indicated by vertical lines above 𝑀𝑡𝑡 ≳ 350 GeV.

Finally, in Fig. 2 we illustrate in an overlay of curves the possible matching between the NRQCD
predictions with Coulomb resummation, which are to be applied in range |𝑀𝑡𝑡 − 2𝑚𝑡 | ≲ 5 GeV,
and the POWHEG predictions, applicable at 𝑀𝑡𝑡 ≫ 2𝑚𝑡 . Fig. 2 indicates a natural transition region
in the range above 𝑀𝑡𝑡 ≳ 350 GeV, where NRQCD ceases to be valid.

4. Conclusions

We have summarised updated predictions for toponium production at the LHC, focusing on
the invariant-mass distribution of the top–antitop pair close to threshold. Our approach accounts
for Coulomb-like quasi-bound state effects, encoded in non-relativistic QCD Green’s function, with
soft-gluon threshold resummation at NLL accuracy. The resulting predictions show an enhanced
cross section and improved scale stability compared to pure NLO QCD. The impact of differ-
ent parameter settings (scales, values of 𝑚𝑡 , 𝛼𝑠 (𝑀𝑧), PDFs, etc.), as well as further theoretical
improvements to the approach, will be covered in a forthcoming study.
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