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The Top Quark
• The heaviest known fundamental particle  

•  
 

• Strong Yukawa coupling   

• Plays a key role in assessing the vacuum stability

mt ≃ 172.5 GeV

yt(mt) ∼ 1

1

<latexit sha1_base64="1ePF097Wty+6OQbJ+EkddOdRTJQ="></latexit>
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Degrassi et al. [1205.6497]

Too heavy to hadronise before decaying

Stable Vacuum excluded at  level for  2σ MH < 126 GeV

Degrassi et al. [1205.6497]

https://arxiv.org/pdf/1205.6497
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Degrassi et al. [1205.6497]

Hiller et al. [2401.08811]

Vacuum stability can be excluded at   level 
with  uncertainty of 

5σ
mt ∼ 200 MeV

Target for HL-LHC!

Too heavy to hadronise before decaying

https://arxiv.org/pdf/2401.08811
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Top Quark production at the LHC

3

• 4-5 orders of magnitude are spanned for top production cross section 

•  production essential for top quark properties and to reduce the backgroundtt̄
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Entanglement in  pairtt̄

•  pair mostly produced in the threshold region  

• The spin information of  is entirely transferred to its charged 
leptonic decay product   

• Large fraction of  produced in a spin-singlet state and maximally 
entangled  
[Kiyo, Kühn, Moch, Steinhauser, Uwer ’08, Afik, de Nova ’20] 

• Entanglement only survives close to the threshold because of 
rotational invariance 

tt̄ Mtt̄ ≃ 2mt

tt̄
l+l−

tt̄

4

Existence of an entangled state if D = − 3⟨ ̂l− ⋅ ̂l+⟩ < − 1/3
[Peres ’96, Horodecki ’97, …]

ATLAS Collaboration, [2311.07288]

Dobserved = − 0.537 ± 0.002 [stat] ± 0.019 [syst]
Dexpected = − 0.470 ± 0.002 [stat] ± 0.017 [syst]

https://arxiv.org/pdf/2311.07288
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 excess at the thresholdtt̄

5

• Significant excess of events from ATLAS and CMS for  w.r.t. 
FO pQCD

Mtt̄ ≃ 2mt

σCMS = 8.8+1.2
−1.4 pb

[CMS, 2503.22382]

[CMS, 2503.22382]
σATLAS = 9.3+1.4

−1.3 pb [ATLAS, 2601.11780]
Are we observing 

quasi-bound-state effects?

https://arxiv.org/pdf/2503.22382
https://arxiv.org/pdf/2601.11780
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 production at the thresholdtt̄

• In the threshold region the top quark velocity 
 in the  CM frame 

• Significant QCD Coulomb corrections scaling as  due to 
quasi-bound state interactions at all orders 

• Quasi-bound state effects can be modelled as multiple soft 
gluon exchanges between top quarks 
 
 

• The whole  spectrum smeared by the finite value of 

βt = 1 − 4m2
t /M2

tt̄ ∼ αs ∼ 0.1 tt̄

(αs/βt)k

Mtt̄ Γt

6

EFT Non-Relativistic QCD 
to factorise  at all orders (αs/βt)k

First hypotheses before top quark discovery
[Fadin, Khoze ’87 + Sjostrand ’90] 
[Sumino, Fujii, Hagiwara, Murayama, Ng ’93]

[Caswell, Lepage ’86] 
[Bodwin, Braaten, Lepage '94]
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• Well studied in  collisions 

• Large corrections to  from NNLO results 
 
 

•  uncertainty on the cross section normalisation from 
N3LO results 

e+e−

σ

𝒪(±3%)

 production at the thresholdtt̄
<latexit sha1_base64="ptL+HdBv6+JXGW1My1qQvoGmulU="></latexit>
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{1(LO);↵s,�(NLO);↵2
s,↵s�,�

2
(NNLO); . . . }

[Hoang, Teubner ’98, ’99]  
[Melnikov, Yelkhovsky ’98]  
[Penin, Pivovarov ’99]  
[Beneke et al. ’99, Nagano et al. ’99]

[Beneke et al., '15]

Colour-singlet state
[Beneke et al. ’15]

R =
18π
m2

t
Im{cv[cv −

E
mt (cv +

dv

3 )]G(E) + …}

Less developed predictions at hadron colliders

https://arxiv.org/pdf/1506.06864
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 production at the threshold @ LHCtt̄

•  produced in mixed singlet [1] and octet [8] colour configuration 

• Effects of ISR need to be considered  

• Resummation of soft and collinear gluons emission at the threshold 
 

• Final state  described as 

tt̄

Mtt̄ T ≡2S+1 L[c]
J

8

[Hagiwara, Sumino, Yokoya  ’08]  
[Sumino, Yokoya ’10]

[Kiyo, Kühn, Moch, Steinhauser ’08] 
[Garzelli, GL, Moch, Steinhauser, Zenaiev ’24]

<latexit sha1_base64="gX4lFTKGJ+oSBj+jhrJ+zuNEKVI="></latexit>
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 @ NLO NRQCD L = 0

S = 0, 1
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•   hard-production at   at NLO in pQCD 

• Multiple soft-gluons exchange at 

tt̄ μ ∼ mt

μ ∼ mtβt < mt

 production at the threshold @ LHCtt̄

Multi-scale problem

μ ∼ mt μ ∼ mtβt

<latexit sha1_base64="rL2MwwlFGSHJ13QTlgBdp2Bdxe0="></latexit>

V [1,8]
C = �4⇡↵s(µ)C [1,8]

~q2


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↵s(µ)

4⇡

✓
�0 ln
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+ a1

◆�

Zero-distance Green’s Function 
for a Coulomb QCD potential

<latexit sha1_base64="LTYs0DTN31pPGu8qKIHi4Oc6d8U="></latexit>

Mtt̄
dω̂ij→T

dMtt̄
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•          ,        ,    

• NLL soft-gluon threshold resummation for leading channels  

• Scale stability improved in the threshold region  

•  from NLL predictions at the central scale choice

μ =

Mtt̄ ≃ 2mt

+𝒪(10%)

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’24]<latexit sha1_base64="JLwZc3tWxpRprKYsQMZ+rFSeZUQ=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRKR6rLoxmUF+4A2hMlk0g6dmYSZSaGE/okbF4q49U/c+TdO0yy09cCFwzn3zp17wpRRpV3326psbG5t71R3a3v7B4dH9vFJVyWZxKSDE5bIfogUYVSQjqaakX4qCeIhI71wcr/we1MiFU3Ek56lxOdoJGhMMdJGCmx7WLyRSxLNcx7oeWDX3YZbwFknXknqUKId2F/DKMEZJ0JjhpQaeG6q/RxJTTEj89owUyRFeIJGZGCoQJwoPy+2zp0Lo0ROnEhTQjuF+nsiR1ypGQ9NJ0d6rFa9hfifN8h0fOvnVKSZJgIvF8UZc3TiLGJwIioJ1mxmCMKSmr86eIwkwtqEVTMheKsnr5PuVcNrNpqP1/XWXRlHFc7gHC7BgxtowQO0oQMYpvAMr/Bm5daL9W59LFsrVjlzCn9gff4AfdaUPA==</latexit>mt
<latexit sha1_base64="RgigTJRRt8ISYBOOhMeIXSG1BQQ=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKjfVW9OKxgmkLbSib7aZdutmE3Y1QQn+DFw+KePUHefPfuP0QquiDgcd7M8zMC1POlHacT6uwtr6xuVXcLu3s7u0flA+PWirJJKE+SXgiOyFWlDNBfc00p51UUhyHnLbD8c3Mbz9QqVgi7vUkpUGMh4JFjGBtJL+G4r7ulyuu7cyBHLvuVa+8qiEXC+XbqsASzX75ozdISBZToQnHSnVdJ9VBjqVmhNNpqZcpmmIyxkPaNVTgmKognx87RWdGGaAokaaERnN1dSLHsVKTODSdMdYj9dubiX953UxH9SBnIs00FWSxKMo40gmafY4GTFKi+cQQTCQztyIywhITbfIprYbwP2lVbdezvbtapXG9jKMIJ3AK5+DCJTTgFprgAwEGj/AML5awnqxX623RWrCWM8fwA9b7F2bXjnI=</latexit>

4mt
<latexit sha1_base64="nHlb7QZ0qQIMZUp8j2FS2f6LzW4=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GjK1re2u6MZlBfuAdiiZNNOGJpkhyQhl6C+4caGIW3/InX9jpq2gogcuHM65l3vvCWLOtEHow8mtrW9sbuW3Czu7e/sHxcOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Drzu/dUaRbJOzOLqS/wWLKQEWwyqSyGZlgsIbfRQBWvAZFbRahcr1mCLsr1ahV6LlqgBFZoDYvvg1FEEkGlIRxr3fdQbPwUK8MIp/PCINE0xmSKx7RvqcSCaj9d3DqHZ1YZwTBStqSBC/X7RIqF1jMR2E6BzUT/9jLxL6+fmLDup0zGiaGSLBeFCYcmgtnjcMQUJYbPLMFEMXsrJBOsMDE2noIN4etT+D/plF2v5tZuK6Xm1SqOPDgBp+AceOASNMENaIE2IGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQJDmI5r</latexit>

2mt

<latexit sha1_base64="Zh1FQ+VUl/WTY05ld0AY/fco/Zo=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIi1YtQ9OJFqGA/oA1hs920SzebsDtRSuxP8eJBEa/+Em/+G7dtDtr6YODx3gwz84JEcA2O822trK6tb2wWtorbO7t7+3bpoKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GF1P/fYDU5rH8h7GCfMiMpA85JSAkXy7dOtn0AuIymAyuaxGPvh22ak4M+Bl4uakjHI0fPur149pGjEJVBCtu66TgJcRBZwKNin2Us0SQkdkwLqGShIx7WWz0yf4xCh9HMbKlAQ8U39PZCTSehwFpjMiMNSL3lT8z+umEF54GZdJCkzS+aIwFRhiPM0B97liFMTYEEIVN7diOiSKUDBpFU0I7uLLy6RVrbi1Su3urFy/yuMooCN0jE6Ri85RHd2gBmoiih7RM3pFb9aT9WK9Wx/z1hUrnzlEf2B9/gBzWJQk</latexit>

Mtt̄ = 2mt

 production at the threshold @ LHCtt̄

[pb] [pb]

https://arxiv.org/pdf/2412.16685
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• ATLAS and CMS observed excess for  

• NRQCD predictions cease to be valid in the continuum  
 

Mtt̄ ≤ 400 GeV

From threshold to continuum

<latexit sha1_base64="Ke8UmJWAd4vh7icX1TM2epPtyIA=">AAACDnicbVA9SwNBFNyL3/Hr1NJmMQRsDHdBo2XQQhtBwcRALhx7m02yZPfu2H0nhMv5B2z8KzYWitha2/lv3MQUmjiwMMy84e2bIBZcg+N8Wbm5+YXFpeWV/Ora+samvbVd11GiKKvRSESqERDNBA9ZDTgI1ogVIzIQ7Dbon4382zumNI/CGxjErCVJN+QdTgkYybeLw0s/BS8gKoUsOyhLH4ZeF0xA4qN7T8n0nNUz3y44JWcMPEvcCSmgCa58+9NrRzSRLAQqiNZN14mhlRIFnAqW5b1Es5jQPumypqEhkUy30vE5GS4apY07kTIvBDxWfydSIrUeyMBMSgI9Pe2NxP+8ZgKdk1bKwzgBFtKfRZ1EYIjwqBvc5opREANDCFXc/BXTHlGEgmkwb0pwp0+eJfVyya2UKteHherppI5ltIv20D5y0TGqogt0hWqIogf0hF7Qq/VoPVtv1vvPaM6aZHbQH1gf3yORnM4=</latexit>

|Mtt̄ � 2mt| & 5 GeV

Estimate of the transition region

Matching prescription from threshold to pQCD regime  

Higher orders in NRQCD expansion 

Estimate of uncertainties for σNRQCD

TODO

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’26]

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’24]

https://arxiv.org/pdf/2412.16685
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• Renormalisation and factorisation scales  

• Soft-scale  variations in  

•  

• PDFs 

• Top quark decay width  

• Top quark mass 

μR = μF

μs G[1,8]

αs(MZ)

Γt

mt

 production at the threshold @ LHCtt̄

  estimated through variations of input parametersΔσNRQCD

Correlation is accounted for

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’24]

}

<latexit sha1_base64="9UO+Yg2PhpxrRKWBYWaz4LXxKB4="></latexit>

ωNRQCD =

∫

Mtt̄→2mt

dMtt̄
dωP1P2↑T

dMtt̄
±!ωNRQCD

https://arxiv.org/pdf/2412.16685
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 and uncertaintiesσNRQCD

13

• Stable predictions for  with central scale  

• Reduction by  up to  from neglecting subleading 
channels at  

•  from NLL resummation at 

σNRQCD μR,0 = μF,0 = mt

𝒪(10%) 𝒪(30%)
μR = mt /2, mt /4

∼ + 5 % μR = mt

<latexit sha1_base64="M5yLTH4DW1QlM7cv5VgMYE4efuM="></latexit>

Fij→T (ŝ,M
2
tt̄, µ

2
f ) = Nij

ω2εs(µr)2

3ŝ

[(
1 +

εs(µr)

ω
Ch

)
ϑij→T (1→ z)

+
εs(µr)

ω

(
Ac(z) +Anc(z)

)]

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’26]

https://arxiv.org/pdf/2604.09485
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• Quasi-bound state dynamics at the scale  

•  with  effects for  

• Sensitivity to  only from colour-singlet terms 

1/rB = μs = mt CF αs(μs) ≃ 32 GeV

μs ∈ [20,40] GeV +3% − 9 % Mtt̄ ≃ 2mt − 2 GeV

μs

 and uncertaintiesσNRQCD

Trivial dependence from  variationsμR = μF

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’26]
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https://arxiv.org/pdf/2604.09485
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•  variations w.r.t. the central predictions , NNPDF3.1 PDF_set 

•  correlations is accounted for 

•Few percent effects in the region 

±0.002 αs(MZ) = 0.118

αs(MZ), PDFs

Mtt̄ ∈ [340,350] GeV

15

 and uncertaintiesσNRQCD

Differences stay within than scale uncertainties

Trivial dependence on 
  variationsμR,0 = μF,0
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 and uncertaintiesσNRQCD

•  variations for  

• Smaller  from larger  values 

• effects on  in the selected range

±1 GeV mt = 172.5 GeV

σNRQCD mt

±25 % σNRQCD

16

 determinations from   

with improved experimental accuracy from HL-LHC 

mt dσ/dMtt̄

Larger than scale uncertainties

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’26]
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https://arxiv.org/pdf/2604.09485
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Phenomenology at the threshold

• Sum in quadrature of , , , ,   

• NLO pQCD  results from POWHEG-hvq generator 

• NLO pQCD rescaled to NNLO+NNLL cross section  

• Excess extracted as  

Δμ Δμs
ΔΓt

ΔPDFs Δαs

σexcess = σNRQCD − σpQCD

17

[Frixione, Nason, Ridolfi, 0707.3088]

[CMS, 2503.22382]

<latexit sha1_base64="bJqk+fnUPU/pw5tj7UyL/w9UZ6I="></latexit>

ωexcess(340 GeV → Mtt̄ → 350 GeV) = 4.15+1.43
→1.47 pb

ΔσNRQCD/σNRQCD ∼ ± 12 %

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’26]

https://arxiv.org/pdf/2604.09485
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•  from  variations on  

• Further  from resummation for  

•  independent on  variations for  

𝒪(±10%) mt σexcess(340 GeV ≤ Mtt̄ ≤ 350 GeV)

𝒪(10%) mt = 172.5 GeV

σexcess mt Mtt̄ ∈ [337,348] GeV

Phenomenology at the threshold

NRQCD matching to rigorously identify  
the integration range
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• Theoretical baseline for ATLAS and CMS  based on NLO+PS 
within POWHEG-hvq+PYTHIA8 

• Two-dimensional reweighting to NNLO QCD+NLO EW 

• Quasi-bound state with colour-singlet Green’s Function 
reweighting 
 

• Pseudoscalar-resonance particle    ηt

19

Modelling  resonances tt̄

[Fuks ’24 + Hagiwara, Ma, Zheng '25]

Maltoni et al. [2401.08751]

[G
arzelli, G

L, M
och, Steinhauser, Zenaiev ’26]

iℳ → iℳ ×
G(E; p*)

Gfree(E; p*)

Fuks, Hagiwara, Ma, Zheng [2102.11281]
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Quasi-bound state or h.o. QCD?

20

• Cross section enhancement observed for  

• With large  binning quasi-bound state and continuum contributions merge 
into pQCD predictions 

• Threshold-enhanced effects encoded in NLO+PS POWHEG generators including 
finite-width effects 

• Finite width-effects also included in a recent PYTHIA version 

Mtt̄ < 400 GeV

Mtt̄

Fairly compatible results within the errors

[Nason, Re, Rottoli ’25+Pelliccioli ’26]

[Sjöstrand, Khoze, Preuss ’26]

[Nason, Re, Rottoli ’25+Pelliccioli ’26]

https://arxiv.org/pdf/2505.00096
https://arxiv.org/pdf/2607.09539
https://arxiv.org/pdf/2605.19546
https://arxiv.org/pdf/2505.00096
https://arxiv.org/pdf/2607.09539
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Conclusions 

• Top quark essential sector for precision SM and BSM physics 

• Many progresses in fixed-order computation for  pair production and off-shell effects 

• Efforts in multi-loop and multi-scale scattering amplitudes  

• Excess of events in  distribution from ATLAS and CMS 

• Many approaches to model threshold effects in  distribution 

• NRQCD corrections at the threshold to be matched to pQCD predictions in the continuum  

• Towards NNLO NRQCD

tt̄

Mtt̄

Mtt̄

21

• NRQCD 

• Green’s Function reweighting 

• New PYTHIA release 

• Fixed-order pQCD computations



BACKUP
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Top Quark production at the LHC
 production tt̄

• NNLO QCD at inclusive and differential level 

• aNNLO QCD production + NNLO QCD decay 

• NNLO QCD+NLO EW 

• NNLO QCD matched to PS in MiNNLO 

[Czakon et al. ’13, ’15, ’16, Catani et al. ’19]
[Czakon et al. ’18]

[Czakon et al. ’20, Huss et al. ’25]

[Mazzitelli et al. ’20, ’21]

 production and decaytt̄
• NLO QCD (full off-shell) [Denner et al. ’10, Bevilacqua et al. ’10, Denner et al. ’12] 

• NLO+PS in the NWA [Campbell ’14] and for  
full off-shell  state [Jezo et al. '16] 

• NNLO QCD (DPA)

bb4l

Les Houches 2023 — Physics at TeV Colliders:  

Report on the Standard Model Precision Wishlist [2504.06689v2]

[Buonocore et al. ’25]

• NLO QCD (full off-shell) 

+NNLL threshold resummation
[Gao, Papanastasiou ’17]

+NLO EW [Denner, Pellen '16]

• NLO QCD [Denner, Pellen ’17]+PS [Jezo et al. ’23] 

• NNLO+PS in MiNNLO [Mazzitelli et al. '21]

• Complete NLO QCD+full off-shell effects [Mans et al. ‘25]

Dilepton channel

 channell + j

https://arxiv.org/pdf/2504.06689
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• Logarithmic enhanced terms from         and 
due to soft gluon emissions 

• Impact over               as long as 

• Working in the Mellin space 
 

• NLL soft-gluons threshold resummation 

<latexit sha1_base64="HWcajSSbvYnQmyk77/G+LtvfpaE=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdVNy4r2Ae0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfju8xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6c2sT/rlilt150CrxMtJBXI0+uWv3kCSJKLCEI617npubPwUK8MIp7NSL9E0xmSMh7RrqcAR1X46Dz1DZ1YZoFAq+4RBc/X3RoojradRYCezkHrZy8T/vG5iwms/ZSJODBVkcShMODISZQ2gAVOUGD61BBPFbFZERlhhYmxPJVuCt/zlVdK6qHq1au3hslK/zesowgmcwjl4cAV1uIcGNIHAEzzDK7w5E+fFeXc+FqMFJ985hj9wPn8A7SaSOA==</latexit>

Ac
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Z 1
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dzzN�1Fij
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F res

ij =

Z
dN

2⇡i
x�N

✓
FN
ij � FN

ij |NLO

◆
+ FNLO

ij

[Kiyo, Kühn, Moch, Steinhauser ’08]

 production at the threshold @ LHCtt̄

Soft threshold logarithms only for 

gg →1 S[1,8]
0 , qq̄ →3 S[8]

1
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 contributionG(M + iΓt)

<latexit sha1_base64="rL2MwwlFGSHJ13QTlgBdp2Bdxe0="></latexit>

V [1,8]
C = �4⇡↵s(µ)C [1,8]

~q2


1 +

↵s(µ)

4⇡

✓
�0 ln

µ2

~q2
+ a1

◆�
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C [1] = CF = 4/3
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C [8] = CF � CA/2 = �1/6

Thanks to Matthias Steinhauser

<latexit sha1_base64="N/yuyIowKiKv7zogQR0wZh9Urbs="></latexit>⇢
2mt +


(�ir)2

mt
+ V [1,8]

C (~r)

�
� (M + i�t)

�
G[1,8](~r;M + i�t) = �(3)(~r)



Giovanni Limatola                                                           Threshold Top Quark pair production: Cross sections and key uncertainties                                                                                                     

NRQCD Predictions

•                       shows a resonance peak in the kinematic 
region   

• Depletion in the                                         due to the 
repulsive nature of   

• Impact of        in the region below the threshold due to                          
falling off slowly in this region
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[Garzelli, GL, Moch, Steinhauser, Zenaiev ’24]
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• Theoretical baseline for ATLAS and CMS  based on NLO+PS  
within POWHEG-hvq+PYTHIA8 

• Two-dimensional reweighting to NNLO QCD+NLO EW 

• Quasi-bound state with colour-singlet Green's Function reweighting 
 

• Pseudoscalar-resonance particle    ηt

Modelling  resonances tt̄

[Fuks ’24 + Hagiwara, Ma, Zheng '25]

iℳ → iℳ ×
G(E; p*)

Gfree(E; p*) Fuks, Hagiwara, Ma, Zheng [2102.11281]

Maltoni et al. [2401.08751]
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• Simultaneous fit including scalar     and  
pseudoscalar     contributions    

[CMS-TOP-24-007]

compatible with zero within one SD 

Conclusions and Outlooks

ηt
χt
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