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Introduction

• The LHC has provided astonishing results in testing the Standard Model


• No clear signal of Beyond the Standard Model effects (yet!)


• The upcoming High-Luminosity regime at the LHC is expected to improve both the statistical 
accuracy and the coverage of phase space


• This poses a significant challenge to the theory community


• Emphasis on high multiplicity processes and/or massive particles production
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The Top Quark
• The heaviest known fundamental particle 


• Large Yukawa coupling to the Higgs Boson


•       plays a key role in the stability of the Universe


•
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mt = 172.9± 0.4 GeV
[PDG 2018]

Top quark properties can be studied directly!



Giovanni Limatola                                                                 Workshop on Top Quark Measurement                                                                                             /23                                       

Results from CMS and ATLAS 
• The spin information of the top quark is entirely transferred to its leptonic decay product


• Spin correlation measurements performed introducing two angular observables , 


• Observation of a significant excess of events in the threshold region  w.r.t. to pQCD predictions  

̂chel ̂chan

Mtt̄ ≃ 2mt

•  [CMS, 2503.22382] 
 [ATLAS-CONF-2025-008]


• BSM pseudoscalar effects? 
Quasi-bound state effects? 

σCMS = 8.8+1.2
−1.4 pb

σATLAS = 9.0 ± 1.3 pb

Threshold enhanced effects require dedicated studies!
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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


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

βt = 1 − 4m2
t /M2

tt̄ ∼ αs ∼ 0.1 tt̄

(αs/βt)k

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

Beneke et al. [1506.06864]
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•  pairs predominantly produced at the threshold


• Threshold scan of the invariant mass distribution  for top mass extraction


• NRQCD predictions for colour singlet/octet state  formation 


• Radiative corrections from initial state region need to be considered 
[Hagiwara, Sumino, Yokoya  ’08],[Kiyo, Kühn, Moch, Steinhauser ’08], [Sumino, Yokoya '10] 
[Garzelli, GL, Moch, Steinhauser, Zenaiev '24] 

tt̄

Mtt̄

tt̄

 production at the threshold @ LHCtt̄
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•   in the quasi-bound state in terms of the Spin , the orbital , the total  angular 
momentum and the colour state  of the  pair 
 
                                                                   

• Zero orbital angular momentum in the threshold region 


• 0,1 states are possible


•  for the colour state

tt̄ S L J
c tt̄

J = S

S =

c = 1, 8

 production at the threshold @ LHCtt̄
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• Invariant mass distribution for  
 
 
 
 

h1(P1) h2(P2) → T

 production at the threshold @ LHCtt̄

<latexit sha1_base64="Tbw3b7Ox1KYkiQZvSLf8QDaZJfk="></latexit>
dLij

d⌧

�
=

Z 1

0
dx1

Z 1

0
dx2fi/P1

(x1, µ
2
f )fj/P2

(x2, µ
2
f )�(⌧ � x1x2) Parton Luminosity

<latexit sha1_base64="gX4lFTKGJ+oSBj+jhrJ+zuNEKVI="></latexit>

Mtt̄
d�P1P2!T

dMtt̄
(S,M2

tt̄) =
X

ij

Z 1

⇢
d⌧


dLij

d⌧

�
Mtt̄

d�̂ij!T

dMtt̄
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Quasi-bound state in NRQCD

• Multiscale problem


• Hard production at the scale 


• Quasi-bound state formation at the scale 


• NRQCD allows the factorisation 

∼ mt

∼ mtβt < mt

Separately independent from μr
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 contributionFij

• Hard production cross section for a state  with invariant mass 


• Evaluated at NLO within pQCD

T Mtt̄
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Hard Correction

Real Correction from (non) collinear emission
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 contributionG(M + iΓt)

• Quasi-bound state due to long-distance effects at the scale 


• Multiple soft gluon exchange modelled with the introduction of a zero-distance Green Function

mtβt
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 contributionG(M + iΓt)
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: soft gluon resummationFij

• 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 
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• Run2@LHC 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S = 13 TeV

<latexit sha1_base64="rTdm6hppJjv6o3bOUoUR3EsyvW0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUiKtm6EogtdVrAPaEOYTCft0JlJmJkINUR/xY0LRdz6H+78G6dtFtp64MLhnHu5954gpkQqx/k2CkvLK6trxfXSxubW9o65u9eSUSIQbqKIRqITQIkp4bipiKK4EwsMWUBxOxhdTfz2PRaSRPxOjWPsMTjgJCQIKi355gHz1YVbq9hnj2lPsPQat7LMN8uO7UxhLRI3J2WQo+GbX71+hBKGuUIUStl1nVh5KRSKIIqzUi+ROIZoBAe4qymHDEsvnV6fWcda6VthJHRxZU3V3xMpZFKOWaA7GVRDOe9NxP+8bqLCcy8lPE4U5mi2KEyopSJrEoXVJwIjRceaQCSIvtVCQyggUjqwkg7BnX95kbQqtlu1q7en5fplHkcRHIIjcAJcUAN1cAMaoAkQeADP4BW8GU/Gi/FufMxaC0Y+sw/+wPj8AX4slKM=</latexit>

mt = 172.5 GeV
<latexit sha1_base64="cRzCwZ+RPNJ1PD7B107yoYPYGGU=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcBUSKdWNUHRRlxXsA5oQJtNJO3RmEmYmQglx4a+4caGIWz/DnX/jtM1CWw9cOJxzL/feEyaUSOU430ZpZXVtfaO8Wdna3tndM/cPOjJOBcJtFNNY9EIoMSUctxVRFPcSgSELKe6G45up333AQpKY36tJgn0Gh5xEBEGlpcA88pqQMRioK9euPWaeYFkTd/I8MKuO7cxgLRO3IFVQoBWYX94gRinDXCEKpey7TqL8DApFEMV5xUslTiAawyHua8ohw9LPZg/k1qlWBlYUC11cWTP190QGmZQTFupOBtVILnpT8T+vn6ro0s8IT1KFOZovilJqqdiapmENiMBI0YkmEAmib7XQCAqIlM6sokNwF19eJp1z263b9btatXFdxFEGx+AEnAEXXIAGuAUt0AYI5OAZvII348l4Md6Nj3lryShmDsEfGJ8/KsuWKQ==</latexit>

�t = 1.4 GeV
<latexit sha1_base64="RF6WX/TrQYgYDgTdvYbfibDV+sI=">AAACDHicbVDLSsNAFJ3UV62vqks3wSK4ColK7bKoiAuJFewDmhAm02k7dPJg5kYsoR/gxl9x40IRt36AO//GaZuFth4YOJxzLnfu8WPOJJjmt5ZbWFxaXsmvFtbWNza3its7DRklgtA6iXgkWj6WlLOQ1oEBp61YUBz4nDb9wfnYb95TIVkU3sEwpm6AeyHrMoJBSV6x5AB9AIDUtmsXl453bFiOZ9vXN46HpeOZllUZqZRpmBPo88TKSAllqHnFL6cTkSSgIRCOpWxbZgxuigUwwumo4CSSxpgMcI+2FQ1xQKWbTo4Z6QdK6ejdSKgXgj5Rf0+kOJByGPgqGWDoy1lvLP7ntRPoVtyUhXECNCTTRd2E6xDp42b0DhOUAB8qgolg6q866WOBCaj+CqoEa/bkedI4MqyyUb49KVXPsjryaA/to0NkoVNURVeohuqIoEf0jF7Rm/akvWjv2sc0mtOymV30B9rnD0zzmd4=</latexit>

NNPDF 3.1 NNLO as 0118

<latexit sha1_base64="UtxHYlDfKWxbQpsOuv1XRiU02bg=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAYhXoYZkZiLEPTiRYhgFkyGoafTkzTpWejuEeIQ/BUvHhTx6n9482/sLAdNfFDweK+Kqnp+wplUtv1t5JaWV1bX8uuFjc2t7R1zd68h41QQWicxj0XLx5JyFtG6YorTViIoDn1Om/7gauw3H6iQLI7u1DChboh7EQsYwUpLnnnQwTzpY0+Wbrz7kwvbcpyK7ZlF27InQIvEmZEizFDzzK9ONyZpSCNFOJay7diJcjMsFCOcjgqdVNIEkwHu0bamEQ6pdLPJ9SN0rJUuCmKhK1Joov6eyHAo5TD0dWeIVV/Oe2PxP6+dqqDiZixKUkUjMl0UpBypGI2jQF0mKFF8qAkmgulbEeljgYnSgRV0CM78y4ukcWo5Zat8e1asXs7iyMMhHEEJHDiHKlxDDepA4BGe4RXejCfjxXg3PqatOWM2sw9/YHz+AKyjk24=</latexit>

↵s(MZ) = 0.1180
<latexit sha1_base64="SlkvtwIhPq+2nkqQY2v1JsEqYGQ=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBhZSZUqoboejGZQX7gE4ZMmmmDU0yQ5IRytClG3/FjQtF3PoJ7vwbM+0stPVCDodz7uXmniBmVGnH+bYKK6tr6xvFzdLW9s7unr1/0FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnGN9kfueBSEUjca8nMelzNBQ0pBhpI/n2sccTX15lGHpUeCn39Xk1g5oBb+rbZafizAouEzcnZZBX07e/vEGEE06Exgwp1XOdWPdTJDXFjExLXqJIjPAYDUnPUIE4Uf10dsgUnhplAMNImic0nKm/J1LElZrwwHRypEdq0cvE/7xeosPLfkpFnGgi8HxRmDCoI5ilAgdUEqzZxBCEJTV/hXiEJMLaZFcyIbiLJy+TdrXi1iv1u1q5cZ3HUQRH4AScARdcgAa4BU3QAhg8gmfwCt6sJ+vFerc+5q0FK585BH/K+vwBbiKZnA==</latexit>

µr = µf 2 {mt, 2mt, 4mt} Up to         from soft gluon resummation 
for the leading channels 

<latexit sha1_base64="ANpnWLdYxVuxd6BORFTuZIhtfRs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LJaCp5KIVI9FLx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvhpl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf5vSeqNIvko5nH1Bd4IlnICDaZ5LnD+qhacxtuDrROvILUoEB7VP0ajiOSCCoN4VjrgefGxk+xMoxwuqgME01jTGZ4QgeWSiyo9tP81gWqW2WMwkjZkgbl6u+JFAut5yKwnQKbqV71MvE/b5CY8MZPmYwTQyVZLgoTjkyEssfRmClKDJ9bgoli9lZEplhhYmw8FRuCt/ryOuleNrxmo/lwVWvdFnGU4QzO4QI8uIYW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wf6g42P</latexit>

10%

No large threshold logarithms from the    -wave channels 
<latexit sha1_base64="rF2wqHeVe6jfy0ptI6FqsEZeikA="></latexit>

gg !
3S

[1,8]
1 + qq̄ !

1S
[1,8]
0 + gq !

1S
[1,8]
0 + gq !

3S
[8]
1 = O(5%)

<latexit sha1_base64="xNGU1AMd8GtEo3HDXLrIAg+oQ5s=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBbSib7aZdupuE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBQRb6JAyTuJ5lQFkreD8d3Mbz9xbUQcPeIk4b6iw0iEglG0Urun0hvVx3654lbdOcgq8XJSgRyNfvmrN4hZqniETFJjup6boJ9RjYJJPi31UsMTysZ0yLuWRlRx42fzc6fkzCoDEsbaVoRkrv6eyKgyZqIC26kojsyyNxP/87ophtd+JqIkRR6xxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJlWwI3vLLq6R1UfVq1drDZaV+m8dRhBM4hXPw4ArqcA8NaAKDMTzDK7w5ifPivDsfi9aCk88cwx84nz89JY+G</latexit>µ = mt
<latexit sha1_base64="9mr2jDvsTCyy4B5QlsXbupCf95c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKrRqJBjgoV9yquwBZJ15OKpCjOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPUkUjbvxsceyMXFhlSMJY21JIFurviYxGxkyjwHZGFMdm1ZuL/3m9FMMbPxMqSZErtlwUppJgTOafk6HQnKGcWkKZFvZWwsZUU4Y2n5INwVt9eZ20a1WvXq0/XFUat3kcRTiDc7gED66hAffQhBYwEPAMr/DmKOfFeXc+lq0FJ585hT9wPn8AK12OSQ==</latexit>

2mt
<latexit sha1_base64="NBWpPnSm9VcTQkYVgBRBXsq+AFg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKrRqJBjgoV9yquwBZJ15OKpCjOSh/9YcxSyOukElqTM9zE/QzqlEwyWelfmp4QtmEjnjPUkUjbvxsceyMXFhlSMJY21JIFurviYxGxkyjwHZGFMdm1ZuL/3m9FMMbPxMqSZErtlwUppJgTOafk6HQnKGcWkKZFvZWwsZUU4Y2n5INwVt9eZ20r6pevVp/qFUat3kcRTiDc7gED66hAffQhBYwEPAMr/DmKOfFeXc+lq0FJ585hT9wPn8ALm2OSw==</latexit>

4mt

: soft gluon resummationFij

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

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

14

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

Mtt̄ = 2mt
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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

<latexit sha1_base64="j/Nyh07teB1WUxJ/PRvXk0QV0Xk=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBFchaSU6rLoxmVF+4A0DZPpJB06mYSZiRBC/RU3LhRx64e482+ctBVU9MAwh3Pu5d57gpRRqWz7w1hZXVvf2KxsVbd3dvf2zYPDnkwygUkXJywRgwBJwignXUUVI4NUEBQHjPSD6WXp9++IkDThtypPiRejiNOQYqS05Ju1KBqqBI4KZ3bj26PCdbyZb9Ztq2VrONC2muXf0KSxUBzLnqMOluj45vtwnOAsJlxhhqR0HTtVXoGEopiRWXWYSZIiPEURcTXlKCbSK+bLz+CJVsYwTIR+XMG5+r2jQLGUeRzoyhipifztleJfnpup8NwrKE8zRTheDAozBvW5ZRJwTAXBiuWaICyo3hXiCRIIK51XVYfwdSn8n/QaltOyWtfNevtiGUcFHIFjcAoccAba4Ap0QBdgkIMH8ASejXvj0XgxXhelK8aypwZ+wHj7BPf0lFo=</latexit>

gg !1 S[1]
0

<latexit sha1_base64="Urq/j6S+QfsCKwK5+OIEUnxDxn8=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSFKkei168CBXsBzQlbLbbduluEncnQgm5+Fe8eFDEqz/Dm//GbZuDtj4YeLw3w8y8IBZcg+N8W4WV1bX1jeJmaWt7Z3fP3j9o6ShRlDVpJCLVCYhmgoesCRwE68SKERkI1g7G11O//ciU5lF4D5OY9SQZhnzAKQEj+fbRrZ+CFxCVQpZ5mkv2gKvSB98uOxVnBrxM3JyUUY6Gb395/YgmkoVABdG66zox9FKigFPBspKXaBYTOiZD1jU0JJLpXjp7IMOnRunjQaRMhYBn6u+JlEitJzIwnZLASC96U/E/r5vA4LKX8jBOgIV0vmiQCAwRnqaB+1wxCmJiCKGKm1sxHRFFKJjMSiYEd/HlZdKqVtxapXZ3Xq5f5XEU0TE6QWfIRReojm5QAzURRRl6Rq/ozXqyXqx362PeWrDymUP0B9bnDxmOlr4=</latexit>

Mtt̄ ' 2mt

<latexit sha1_base64="9pYeZadU/OoM9OIdNqCyY46n0/A="></latexit>

gg ! 1S[8]
0 + qq̄ ! 3S[8]

1

<latexit sha1_base64="CzCV8G/7qKRH2Wo2KDP61lICbgE=">AAAB73icbVBNS8NAEN34WetX1aOXYBE8lUSkeix60GMF+wFtKJPtpl26u4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTAQ36Hnfzsrq2vrGZmGruL2zu7dfOjhsmjjVlDVoLGLdDsEwwRVrIEfB2olmIEPBWuHoZuq3npg2PFYPOE5YIGGgeMQpoJXa3VuQEnrYK5W9ijeDu0z8nJRJjnqv9NXtxzSVTCEVYEzH9xIMMtDIqWCTYjc1LAE6ggHrWKpAMhNks3sn7qlV+m4Ua1sK3Zn6eyIDacxYhrZTAg7NojcV//M6KUZXQcZVkiJTdL4oSoWLsTt93u1zzSiKsSVANbe3unQIGijaiIo2BH/x5WXSPK/41Ur1/qJcu87jKJBjckLOiE8uSY3ckTppEEoEeSav5M15dF6cd+dj3rri5DNH5A+czx/oE4/n</latexit>

�t
<latexit sha1_base64="YgtvBUTvjWsanCmIW0R/visWB2Y=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCyCIpRERD0WPehFULC10MYw2W7bpbtJ2J0IJeToxb/ixYMiXv0J3vw3bmsPan0w8Hhvhpl5YSK4Rtf9tApT0zOzc8X50sLi0vKKvbpW13GqKKvRWMSqEYJmgkeshhwFaySKgQwFuwn7p0P/5o4pzePoGgcJ8yV0I97hFNBIgb15dps1j/185yLIsBWCyjDP93jrDKSEAHcDu+xW3BGcSeKNSZmMcRnYH612TFPJIqQCtG56boJ+Bgo5FSwvtVLNEqB96LKmoRFIpv1s9EjubBul7XRiZSpCZ6T+nMhAaj2QoemUgD391xuK/3nNFDvHfsajJEUW0e9FnVQ4GDvDVJw2V4yiGBgCVHFzq0N7oICiya5kQvD+vjxJ6vsV77ByeHVQrp6M4yiSDbJFdohHjkiVnJNLUiOU3JNH8kxerAfryXq13r5bC9Z4Zp38gvX+BUXXmYU=</latexit>

G[8](Mtt̄ + i�t)

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

15

<latexit sha1_base64="Sz7A7JPVwv9I2GpCQoi3UKGD8UY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrsitcdiLx4r2A/ZriWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4reNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044bsz8zhNVmsXy3kwSGgg8lCxiBBsrPbT7jcfMrwXTfqnsVtw50CrxclKGHM1+6as3iEkqqDSEY619z01MkGFlGOF0WuylmiaYjPGQ+pZKLKgOsvnBU3RulQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//z/NREtSBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2hC85ZdXSfuy4lUr1burcv0mj6MAp3AGF+DBNdThFprQAgICnuEV3hzlvDjvzseidc3JZ07gD5zPH1IQkB0=</latexit>

V [8]
C
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•                   ,          ,  


• Scale stability improved in the threshold 
region 


•                 from resummation at the central 
scale choice

NRQCD Predictions
[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="tzAdIcHn3vaOMErfYgVUg6FHZo0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBdMW2lA22027dHcTdjdCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXphwpo3rfjultfWNza3ydmVnd2//oHp41NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3e533miSrNYPpppQgOBR5JFjGCTS32R3gyqNbfuzoFWiVeQGhRoDapf/WFMUkGlIRxr3fPcxAQZVoYRTmeVfqppgskEj2jPUokF1UE2v3WGzqwyRFGsbEmD5urviQwLracitJ0Cm7Fe9nLxP6+Xmug6yJhMUkMlWSyKUo5MjPLH0ZApSgyfWoKJYvZWRMZYYWJsPBUbgrf88ippX9S9Rr3xcFlr3hZxlOEETuEcPLiCJtxDC3wgMIZneIU3RzgvzrvzsWgtOcXMMfyB8/kD44qOKA==</latexit>µ =

<latexit sha1_base64="Urq/j6S+QfsCKwK5+OIEUnxDxn8=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSFKkei168CBXsBzQlbLbbduluEncnQgm5+Fe8eFDEqz/Dm//GbZuDtj4YeLw3w8y8IBZcg+N8W4WV1bX1jeJmaWt7Z3fP3j9o6ShRlDVpJCLVCYhmgoesCRwE68SKERkI1g7G11O//ciU5lF4D5OY9SQZhnzAKQEj+fbRrZ+CFxCVQpZ5mkv2gKvSB98uOxVnBrxM3JyUUY6Gb395/YgmkoVABdG66zox9FKigFPBspKXaBYTOiZD1jU0JJLpXjp7IMOnRunjQaRMhYBn6u+JlEitJzIwnZLASC96U/E/r5vA4LKX8jBOgIV0vmiQCAwRnqaB+1wxCmJiCKGKm1sxHRFFKJjMSiYEd/HlZdKqVtxapXZ3Xq5f5XEU0TE6QWfIRReojm5QAzURRRl6Rq/ozXqyXqx362PeWrDymUP0B9bnDxmOlr4=</latexit>

Mtt̄ ' 2mt

<latexit sha1_base64="hvKA0y4qaAUT1ja8hp+SwOnJY90=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDJZCRSiJSHVZdOPOCvYBTSiT6bQdOnkwMxFLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vmeBFnUlnWt1FYW9/Y3Cpul3Z29/YPzMNyR4axILRNQh6Knocl5SygbcUUp71IUOx7nHa96U3mdx+pkCwMHtQsoq6PxwEbMYKVlgZm+czxsZoQzJO7tGZbTvV0YFasujUHWiV2TiqQozUwv5xhSGKfBopwLGXftiLlJlgoRjhNS04saYTJFI9pX9MA+1S6yTx7iqpaGaJRKPQLFJqrvzcS7Es58z09mQWVy14m/uf1YzW6chMWRLGiAVkcGsUcqRBlRaAhE5QoPtMEE8F0VkQmWGCidF0lXYK9/OVV0jmv24164/6i0rzO6yjCMZxADWy4hCbcQgvaQOAJnuEV3ozUeDHejY/FaMHId47gD4zPHzegk0U=</latexit>

+O(10%)
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<latexit sha1_base64="Zh1FQ+VUl/WTY05ld0AY/fco/Zo=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIi1YtQ9OJFqGA/oA1hs920SzebsDtRSuxP8eJBEa/+Em/+G7dtDtr6YODx3gwz84JEcA2O822trK6tb2wWtorbO7t7+3bpoKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GF1P/fYDU5rH8h7GCfMiMpA85JSAkXy7dOtn0AuIymAyuaxGPvh22ak4M+Bl4uakjHI0fPur149pGjEJVBCtu66TgJcRBZwKNin2Us0SQkdkwLqGShIx7WWz0yf4xCh9HMbKlAQ8U39PZCTSehwFpjMiMNSL3lT8z+umEF54GZdJCkzS+aIwFRhiPM0B97liFMTYEEIVN7diOiSKUDBpFU0I7uLLy6RVrbi1Su3urFy/yuMooCN0jE6Ri85RHd2gBmoiih7RM3pFb9aT9WK9Wx/z1hUrnzlEf2B9/gBzWJQk</latexit>

Mtt̄ = 2mt
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• CMS-PAS-HIG-22-013 based on NLO pQCD  
POWHEG predictions rescaled to NNLO+NNLL 
also accounting for NLO EW effects


• NRQCD predictions valid in the region  
 

• Fixed-order pQCD at LO, NLO, NNLO


• The transition from the threshold to the 
continuum needs accurate study

Threshold and continuum

<latexit sha1_base64="2cgA8EJO2M/3cwqFbbXnw4Kkkn4=">AAACEXicbVC7SgNBFJ31GeMramkzGAQbw674KkULbYQI5gHZEGYnN3FwZneZuSuEzfoJNv6KjYUitnZ2/o2TR6HGAxfOnHMvc+8JYikMuu6XMzU9Mzs3n1vILy4tr6wW1tarJko0hwqPZKTrATMgRQgVFCihHmtgKpBQC27PBn7tDrQRUXiNvRiainVD0RGcoZVahZ3+ZStFP2A6xSzb3VP2lfV9CcYYoejBva9Veg7VrFUouiV3CDpJvDEpkjHKrcKn3454oiBELpkxDc+NsZkyjYJLyPJ+YiBm/JZ1oWFpyBSYZjq8KKPbVmnTTqRthUiH6s+JlCljeiqwnYrhjfnrDcT/vEaCneNmKsI4QQj56KNOIilGdBAPbQsNHGXPEsa1sLtSfsM042hDzNsQvL8nT5LqXsk7LB1e7RdPTsdx5Mgm2SI7xCNH5IRckDKpEE4eyBN5Ia/Oo/PsvDnvo9YpZzyzQX7B+fgG3XOeTg==</latexit>

|Mtt̄ � 2mt| . 5 GeV

[Garzelli, GL, Moch, Steinhauser, Zenaiev ’24]
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• NRQCD predictions cease to be valid for  
 

•  

•

Threshold and continuum

<latexit sha1_base64="kROFqt3oYn8HEIBpR4bPvODpHNY="></latexit>

�NRQCD(340 GeV . Mtt̄ . 350 GeV) = 12 pb
<latexit sha1_base64="5pz8/Am6SLUowvVBKZMjyvkeVas="></latexit>

�POWHEG(340 GeV . Mtt̄ . 350 GeV) = 8.4 pb

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

<latexit sha1_base64="JuCaO+VKdbxr7XMnnjIn/9LqsiQ=">AAACFHicbVDLSsNAFJ34rPVVdekmWAShGJJSajdCsRs3QkX7gDaGyXTaDp1JwsxEKEP8Bzf+ihsXirh14c6/cdpmoa0HLhzOuZd77/EjSoS07W9jaXlldW09s5Hd3Nre2c3t7TdFGHOEGyikIW/7UGBKAtyQRFLcjjiGzKe45Y9qE791j7kgYXArxxF2GRwEpE8QlFrycoWuIAMGPdXlTNWubpLkvGJV7lTBsYqJp04dq5Q8TLzIT7xc3rbsKcxF4qQkD1LUvdxXtxeimOFAIgqF6Dh2JF0FuSSI4iTbjQWOIBrBAe5oGkCGhaumTyXmsVZ6Zj/kugJpTtXfEwoyIcbM150MyqGY9ybif14nlv2Kq0gQxRIHaLaoH1NThuYkIbNHOEaSjjWBiBN9q4mGkEMkdY5ZHYIz//IiaRYtp2yVr0v56kUaRwYcgiNwAhxwBqrgEtRBAyDwCJ7BK3gznowX4934mLUuGenMAfgD4/MHWfadxQ==</latexit>

�CMS = 8.8+1.2
�1.4 pb

<latexit sha1_base64="gAgdO+eJ2gHU44NpLJ+2j7F91So=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKAFUYEBqYWFgKKIvqakix3Vbq3YS2Q5SFYUvYOFXWBhAiJWVjb/BbTNAy5GudHTOvbr3Hj9iVCrb/jbm5hcWl5ZzK/nVtfWNTXNruy7DWGBSwyELRdNHkjAakJqiipFmJAjiPiMNf3A18hv3REgaBlU1jEibo15AuxQjpSXPPHAl7XHkJa7gSbl6U75L04tzy3YjDh3r+GEkR37qmQXbsseAs8TJSAFkqHjml9sJccxJoDBDUrYcO1LtBAlFMSNp3o0liRAeoB5paRogTmQ7Gf+Twn2tdGA3FLoCBcfq74kEcSmH3NedHKm+nPZG4n9eK1bds3ZCgyhWJMCTRd2YQRXCUTiwQwXBig01QVhQfSvEfSQQVjrCvA7BmX55ltSPLKdoFW9PCqXLLI4c2AV74BA44BSUwDWogBrA4BE8g1fwZjwZL8a78TFpnTOymR3wB8bnD8cnm+A=</latexit>

�ATLAS = 9.0± 1.3 pb

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

|Mtt̄ � 2mt| & 5 GeV

18

Improvements in NRQCD estimate are needed
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Modelling  resonancestt̄

• Quasi-bound state due to a pseudoscalar particle   
Fuks, Hagiwara, Ma, Zheng [2102.11281],Maltoni et al. [2401.08751]


• LO MEs reweighted with the LO zero-distance Green 
Function 
Fuks, Hagiwara, Ma, Zheng [2411.18962]


• Resonance effect added on the FO pQCD predictions 
[CMS-TOP-24-007]


• The model only accounts for colour-singlet final states


• Colour repulsive interactions not included

ηt

19

Thanks to Anuar, Garzelli, Grohsjean, Jeppe, Schwanenberger
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NRQCD Predictions:PDF variations
[Garzelli, GL, Moch, Steinhauser, Zenaiev  to appear soon]

20
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NRQCD Predictions:  variationsmt
[Garzelli, GL, Moch, Steinhauser, Zenaiev  to appear soon]

21
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Other Approaches

• Large experimental resolution


• Excess observed in the first bin 


• Fixed-order pQCD can be applied


• Quasi-bound state at N3LO 

<latexit sha1_base64="/xcAqazg7rkrdCRx6UaUP6NZmcE=">AAACCXicbVA9SwNBEN2L3/ErammzGASrcKeilqKFNkIEE4XccextJnFx9+7YnRPCcZY2/hUbC0Vs/Qd2/hs3H4UmPhh4vDfDzLwolcKg6347panpmdm5+YXy4tLyymplbb1pkkxzaPBEJvomYgakiKGBAiXcpBqYiiRcR3enff/6HrQRSXyFvRQCxbqx6AjO0EphhV6EOfoR0zkWhS/BGCPU3pH74GuVn0GzCCtVt+YOQCeJNyJVMkI9rHz57YRnCmLkkhnT8twUg5xpFFxCUfYzAynjd6wLLUtjpsAE+eCTgm5bpU07ibYVIx2ovydypozpqch2Koa3Ztzri/95rQw7R0Eu4jRDiPlwUSeTFBPaj4W2hQaOsmcJ41rYWym/ZZpxtOGVbQje+MuTpLlb8w5qB5f71eOTURzzZJNskR3ikUNyTM5JnTQIJ4/kmbySN+fJeXHenY9ha8kZzWyQP3A+fwBEy5q1</latexit>

Mtt̄ . 380 GeV

<latexit sha1_base64="M/ubEE8iMbjPmdv4mCq6qPIM2/4=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqJuSqFSXRTfurGAf0MRwM520QycPZiZCCdn4K25cKOLWz3Dn3zhps9DWAxcO59zLvfd4MaNCmua3VlpaXlldK69XNja3tnf03b2OiBKOSRtHLOI9DwRhNCRtSSUjvZgTCDxGut74Ove7j4QLGoX3chITJ4BhSH2KQSrJ1Q/sAOQIA0tvs5oNLB6BKx7OTly9atbNKYxFYhWkigq0XP3LHkQ4CUgoMQMh+pYZSycFLilmJKvYiSAx4DEMSV/REAIinHT6QGYcK2Vg+BFXFUpjqv6eSCEQYhJ4qjM/V8x7ufif10+kf+mkNIwTSUI8W+QnzJCRkadhDCgnWLKJIoA5VbcaeAQcsFSZVVQI1vzLi6RzWrca9cbdebV5VcRRRofoCNWQhS5QE92gFmojjDL0jF7Rm/akvWjv2sestaQVM/voD7TPHzz0li8=</latexit>

O(↵3
s)

Is the excess of event only related to quasi-bound state interactions? 

[Nason, Re, Rottoli ’25]

22
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Conclusions and Outlooks

• Excess of events in  distribution from CMS and ATLAS


• NRQCD to study threshold effects in  pair production at the LHC


• Uncertainties due to missing higher orders effects in the NRQCD expansion


• Well formulated matching prescription is demanded


• NRQCD predictions for other observables than 

Mtt̄

tt̄

Mtt̄

23



BACKUP
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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

22

<latexit sha1_base64="AfVxJT2nSsM4d8ZZ74CmQwqoEsQ=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxWsB/QXUs2zbahSXZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wdDP1249UaRbLezNOaCDwQLKIEWys9OBrNhC44pMh65mzXqnsVt0Z0DLxclKGHI1e6cvvxyQVVBrCsdZdz01MkGFlGOF0UvRTTRNMRnhAu5ZKLKgOstnVE3RqlT6KYmVLGjRTf09kWGg9FqHtFNgM9aI3Ff/zuqmJroKMySQ1VJL5oijlyMRoGgHqM0WJ4WNLMFHM3orIECtMjA2qaEPwFl9eJq3zqler1u4uyvXrPI4CHMMJVMCDS6jDLTSgCQQUPMMrvDlPzovz7nzMW1ecfOYI/sD5/AH9WJIy</latexit>

�(�t)


