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Introduction
• Significant excess in the invariant mass  

from a recent CMS and ATLAS analysis 

• New heavy Beyond Standard Model (BSM)  
Higgs boson decaying into      ?    

• Enhanced cross section                 
strictly related to bound states effects 
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Accurate SM theoretical predictions are crucial  
for reliable BSM searches
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Theory Framework

•         computable with perturbative QCD 

• Factorization scale       to separate the long distance effects from short 
distance dynamics 

• Non-Perturbative inputs coming from Parton distribution functions      ,  
quark masses,      (fit from experimental measurements, lattice 
computations… )
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• Most of the      pairs produced in the threshold region  
(non-relativistic effects play a crucial role) 

• Invariant mass distribution is the choice at Hadron Colliders 

• QCD factorization allows a simple expression 
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Theory Framework:   @LHCtt̄ + X
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• How to describe bound state effects? 

• Non-Relativistic QCD is the way 

Theory Framework:   @LHCtt̄ + X
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Kiyo, Kuhn, Moch, Steinhauser, Uwer (EPJC 60 (2009) 375-286)



• Hard function for production of a state 
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Theory Framework:   @LHCtt̄ + X
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T =2S+1 L[1,8]
J

Spin Orbital angular  
momentum

Singlet (1), Octet (8) 
Color State

• Non-Relativistic Green Function 
 Responsible for bound state formation 
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• Evaluated with pQCD at NLO accuracy 

• Threshold logarithms from soft regions                            dominating the             
contribution 

• Resummation up to NLL accuracy for                                                in the Mellin 
Space for          
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• Responsible for bound state formation due to 
multiple gluons exchange  

• Only dependent on        and 

• Evaluated at NLO in QCD 

• The nature of QCD potential strictly  
depends on the colour structure of 

Green Function Contribution
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<latexit sha1_base64="goEJA7Vc/KBbYTk5uoqajxbVulA=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16ECOYB2SXMTmaTIbMPZnqFsOxvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqtrW9sbpW3Kzu7e/sH1cOjjo5TxXibxTJWPZ9qLkXE2yhQ8l6iOA19ybv+5Hbmd5+40iKOHnGacC+ko0gEglE0kns/yND1qcowzwfVml235yCrxClIDQq0BtUvdxizNOQRMkm17jt2gl5GFQomeV5xU80TyiZ0xPuGRjTk2svmN+fkzChDEsTKVIRkrv6eyGio9TT0TWdIcayXvZn4n9dPMbj2MhElKfKILRYFqSQYk1kAZCgUZyinhlCmhLmVsDFVlKGJqWJCcJZfXiWdi7rTqDceLmvNmyKOMpzAKZyDA1fQhDtoQRsYJPAMr/BmpdaL9W59LFpLVjFzDH9gff4AmMuSEg==</latexit>

Mtt̄
<latexit sha1_base64="9XnrC2211RIBJBDFyh8j3+OYLrU=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFclUSkuirFCrpw0YJ9QBPCzXTaDp1JwsxEKCEbN/6KGxeKuPUf3Pk3Th8LbT0wcDjnHu7cE8SMSmXb38bS8srq2npuI7+5tb2za+7tN2WUCEwaOGKRaAcgCaMhaSiqGGnHggAPGGkFw+rYbz0QIWkU3qtRTDwO/ZD2KAalJd88cm+Ac/BVueze6VgX/NQVPK1Xr7PMNwt20Z7AWiTOjBTQDDXf/HK7EU44CRVmIGXHsWPlpSAUxYxkeTeRJAY8hD7paBoCJ9JLJ1dk1olWulYvEvqFypqovxMpcClHPNCTHNRAzntj8T+vk6jepZfSME4UCfF0US9hloqscSVWlwqCFRtpAlhQ/VcLD0AAVrq4vC7BmT95kTTPik6pWKqfFypXszpy6BAdo1PkoAtUQbeohhoIo0f0jF7Rm/FkvBjvxsd0dMmYZQ7QHxifPx3dmFs=</latexit>

�t >> ⇤QCD

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T



• Run2@LHC 
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Impact of soft gluon resummation

<latexit sha1_base64="VIXiCZeTRIYFFPanNtqw7f3fW1Y=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZlepGKLpxWbEv6Awlk6ZtaJIZk4xQxhH8FTcuFHHrb7jzb0zbWWjrgQuHc+7l3nuCiFGlHefbyi0sLi2v5FcLa+sbm1v29k5DhbHEpI5DFspWgBRhVJC6ppqRViQJ4gEjzWB4Nfab90QqGoqaHkXE56gvaI9ipI3Usfc8dSd1cpteuCePiSd5UiONNO3YRafkTADniZuRIshQ7dhfXjfEMSdCY4aUartOpP0ESU0xI2nBixWJEB6iPmkbKhAnyk8m96fw0Chd2AulKaHhRP09kSCu1IgHppMjPVCz3lj8z2vHunfuJ1REsSYCTxf1YgZ1CMdhwC6VBGs2MgRhSc2tEA+QRFibyAomBHf25XnSOC655VL55rRYucziyIN9cACOgAvOQAVcgyqoAwwewDN4BW/Wk/VivVsf09aclc3sgj+wPn8AY26WXA==</latexit>p
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 (pole mass scheme)
<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 considered 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="W582Hhi2xUxVj1vZMdJLmuiFN/0=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURqS6LblxWtA9oQ5lMJ+3QyYN5CDXkS9y4UMStn+LOv3GaZqGtBy4czrl37tzjJ5xJ5TjfVmltfWNzq7xd2dnd26/aB4cdGWtBaJvEPBY9H0vKWUTbiilOe4mgOPQ57frTm7nffaRCsjh6ULOEeiEeRyxgBCsjDe3qIH8j9bmmWXqfDe2aU3dyoFXiFqQGBVpD+2swiokOaaQIx1L2XSdRXoqFYoTTrDLQkiaYTPGY9g2NcEill+ZLM3RqlBEKYmEqUihXf0+kOJRyFvqmM8RqIpe9ufif19cquPJSFiVa0YgsFgWaIxWjeQpoxAQlis8MwUQw81dEJlhgokxWFROCu3zyKumc191GvXF3UWteF3GU4RhO4AxcuIQm3EIL2kBAwzO8wpv1ZL1Y79bHorVkFTNH8AfW5w+QBJOy</latexit>

S



•                    shows a resonance peak 
for toponium formation   

•                                  shows the repulsive 
effect at the threshold  

• Strong impact on the shape coming from 
      below the threshold

Theoretical Predictions at S = 13 TeV
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<latexit sha1_base64="9pYeZadU/OoM9OIdNqCyY46n0/A="></latexit>

gg ! 1S[8]
0 + qq̄ ! 3S[8]

1
<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="Bh8fMiekFMpKrCisf01XhD+bU3o=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyURqS6LLnRZwT6gCWEymbRDZyZhZiKUEPBX3LhQxK3f4c6/cZpmoa0HLhzOuXfu3BMkjCpt299WZWV1bX2julnb2t7Z3avvH/RUnEpMujhmsRwESBFGBelqqhkZJJIgHjDSDyY3M7//SKSisXjQ04R4HI0EjShG2kh+/cgt3sgkCfPMvUWcI1/nfr1hN+0CcJk4JWmAEh2//uWGMU45ERozpNTQsRPtZUhqihnJa26qSILwBI3I0FCBOFFeVqzO4alRQhjF0pTQsFB/T2SIKzXlgenkSI/VojcT//OGqY6uvIyKJNVE4PmiKGVQx3CWBQypJFizqSEIS2r+CvEYSYS1SaxmQnAWT14mvfOm02q27i8a7esyjio4BifgDDjgErTBHeiALsAgA8/gFbxZT9aL9W59zFsrVjlzCP7A+vwBHqiWQA==</latexit>

�t

<latexit sha1_base64="1XIvAF2efRzdvAH0lrf0qfOFkqA=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqgShwljBwlgEfUhpGjmuk1p1HrIdpMrKzsKvsDCAECs/wMbf4KYZoOVIVzo651773uOnjAppWd/Gyura+sZmZau6vbO7t28eHHZFknFMOjhhCe/7SBBGY9KRVDLSTzlBkc9Iz59cz/zeA+GCJvG9nKbEjVAY04BiJLXkmTU1KB5RPstIrsJwIBM1tPM7zxoqx3bzPPfMutWwCsBlYpekDkq0PfNrMEpwFpFYYoaEcGwrla5CXFLMSF4dZIKkCE9QSBxNYxQR4apijRyeaGUEg4TriiUs1N8TCkVCTCNfd0ZIjsWiNxP/85xMBpeuonGaSRLj+UdBxqBM4CwYOKKcYMmmmiDMqd4V4jHiCEsdX1WHYC+evEy6Zw272WjentdbV2UcFXAMauAU2OACtMANaIMOwOARPINX8GY8GS/Gu/Exb10xypkj8AfG5w80kZvK</latexit>

gg ! 1S[1]
0



• Approximately +        from soft  
gluon resummation in the whole 
        range 

• Reduction of scale dependence,   
in particular in the peak region 

• Scale stability improved  

Theoretical Predictions at S = 13 TeV
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<latexit sha1_base64="goEJA7Vc/KBbYTk5uoqajxbVulA=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16ECOYB2SXMTmaTIbMPZnqFsOxvePGgiFd/xpt/4yTZgyYWNBRV3XR3+YkUGm372yqtrW9sbpW3Kzu7e/sH1cOjjo5TxXibxTJWPZ9qLkXE2yhQ8l6iOA19ybv+5Hbmd5+40iKOHnGacC+ko0gEglE0kns/yND1qcowzwfVml235yCrxClIDQq0BtUvdxizNOQRMkm17jt2gl5GFQomeV5xU80TyiZ0xPuGRjTk2svmN+fkzChDEsTKVIRkrv6eyGio9TT0TWdIcayXvZn4n9dPMbj2MhElKfKILRYFqSQYk1kAZCgUZyinhlCmhLmVsDFVlKGJqWJCcJZfXiWdi7rTqDceLmvNmyKOMpzAKZyDA1fQhDtoQRsYJPAMr/BmpdaL9W59LFpLVjFzDH9gff4AmMuSEg==</latexit>

Mtt̄

<latexit sha1_base64="pchmHI3wezHhINwBArnm41T22/Y=">AAAB+nicbVDLSsNAFL3xWesr1aWbYCm4KolIdVl047KCfUATymQyaYdOJmFmopSYT3HjQhG3fok7/8ZpmoW2HrhwOOfeuXOPnzAqlW1/G2vrG5tb25Wd6u7e/sGhWTvqyTgVmHRxzGIx8JEkjHLSVVQxMkgEQZHPSN+f3sz9/gMRksb8Xs0S4kVozGlIMVJaGpk1t3gjEyTIM8d2G/nIrNtNu4C1SpyS1KFEZ2R+uUGM04hwhRmScujYifIyJBTFjORVN5UkQXiKxmSoKUcRkV5WrM2thlYCK4yFLq6sQv09kaFIylnk684IqYlc9ubif94wVeGVl1GepIpwvFgUpsxSsTXPwQqoIFixmSYIC6r/auEJEggrnVZVh+Asn7xKeudNp9Vs3V3U29dlHBU4gVM4AwcuoQ230IEuYHiEZ3iFN+PJeDHejY9F65pRzhzDHxifPxlgk+g=</latexit>

10%



• NLO+NLL with NRQCD 

• Fixed-Order terms at LO, NLO and 
NNLO 
(Garzelli, Mazzitelli, Moch, Zenaiev [2311.05509]) 

• NLO POWHEG rescaled to 
NNLO+NNLL 
(Thanks to Anuar, Grohsjean, Jeppe, Schwanenberger) 

• NRQCD only valid for 
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Comparison with CMS analysis

<latexit sha1_base64="yaKKTct0Yo1DtK8VhzLP/4HfwWw=">AAACD3icbVA9SwNBEN3z2/gVtbRZDIqN4U78KkULbQQF8wG5cOxtJnHJ7t2xOyeE8/wFNv4VGwtFbG3t/DduYgo1Phh4vDfDzLwwkcKg6346Y+MTk1PTM7OFufmFxaXi8krVxKnmUOGxjHU9ZAakiKCCAiXUEw1MhRJqYfek79duQBsRR1fYS6CpWCcSbcEZWikobt6eBxn6IdMZ5vn2jgrw1pdgjBGK7t35WmWnUM2DYsktuwPQUeINSYkMcREUP/xWzFMFEXLJjGl4boLNjGkUXEJe8FMDCeNd1oGGpRFTYJrZ4J+cblilRduxthUhHag/JzKmjOmp0HYqhtfmr9cX//MaKbYPm5mIkhQh4t+L2qmkGNN+OLQlNHCUPUsY18LeSvk104yjjbBgQ/D+vjxKqjtlb7+8f7lbOjoexjFD1sg62SIeOSBH5IxckArh5J48kmfy4jw4T86r8/bdOuYMZ1bJLzjvX/iXnUI=</latexit>

|Mtt̄ � 2mt| . 5 GeV

A matching is required!
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From NRQCD to NNLO

<latexit sha1_base64="adDkqctpULbD9iQtCvO9GiJUDIk=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrs+omXQQhshgnlAdgmzk0kyZGZ3mbkrhGUtbfwVGwtFbP0DO//GyaPQxAMDh3PO5c49QSy4Bsf5tnILi0vLK/nVwtr6xuaWvb1T11GiKKvRSESqGRDNBA9ZDTgI1owVIzIQrBEMLkd+454pzaPwDoYx8yXphbzLKQEjtW18007BC4hKIcu8HpikxMenzoOnZHrF6lnbLjolZww8T9wpKaIpqm37y+tENJEsBCqI1i3XicFPiQJOBcsKXqJZTOiA9FjL0JBIpv10fEmGD4zSwd1ImRcCHqu/J1IitR7KwCQlgb6e9Ubif14rge65n/IwToCFdLKomwgMER7VgjtcMQpiaAihipu/YtonilAw5RVMCe7syfOkflRyy6Xy7UmxcjGtI4/20D46RC46QxV0jaqohih6RM/oFb1ZT9aL9W59TKI5azqzi/7A+vwBzIuaaA==</latexit>

Mtt̄ & 350 GeV
Additive matching for 

 
 where NRQCD stops to be valid

POWHEG predictions only applicable for 
<latexit sha1_base64="l61J7Dap9rQ5hW4Ktu4ZNqauxMw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5IUqS6LbtwIFewDmhAm00k7dPJg5kaoIfgrblwo4tb/cOffOG2z0NYDFw7n3Mu99/iJ4Aos69sorayurW+UNytb2zu7e+b+QUfFqaSsTWMRy55PFBM8Ym3gIFgvkYyEvmBdf3w99bsPTCoeR/cwSZgbkmHEA04JaMkzj269DByfyAzy3BkOcT30wDOrVs2aAS8TuyBVVKDlmV/OIKZpyCKggijVt60E3IxI4FSwvOKkiiWEjsmQ9TWNSMiUm82uz/GpVgY4iKWuCPBM/T2RkVCpSejrzpDASC16U/E/r59CcOlmPEpSYBGdLwpSgSHG0yjwgEtGQUw0IVRyfSumIyIJBR1YRYdgL768TDr1mt2oNe7Oq82rIo4yOkYn6AzZ6AI10Q1qoTai6BE9o1f0ZjwZL8a78TFvLRnFzCH6A+PzB5BVlU8=</latexit>

Mtt̄ � 2mt



• CMS analysis based on NLO POWHEG predictions rescaled at NNLO+NNLL 

• Bound states simulated by introducing a new particle         with mass and  
decay fitted for                              (Fuks, Hagiwara, Ma, Zheng [2102.11281]) 

• Matrix element re-weigthing with NRQCD Green Function  
(Fuks, Hagiwara, Ma, Zheng [2411.18962]) not yet implemented  
for analysis
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Modelling  resonancestt̄

<latexit sha1_base64="+MbIaXq6KVdrE+nFXU/9KYKRrWs=">AAACCnicbVDLSsNAFJ34rPUVdekmWgQXUhJbWt0VXehGqGAf0IQymU7boZNJmLkRSohbN/6KGxeKuPUL3Pk3Th8LbT1w4XDOvdx7jx9xpsC2v42FxaXlldXMWnZ9Y3Nr29zZraswloTWSMhD2fSxopwJWgMGnDYjSXHgc9rwB5cjv3FPpWKhuINhRL0A9wTrMoJBS23z4KadgOtjmUCauky0CoXySaF47j24MkiuaD1tmzk7b49hzRNnSnJoimrb/HI7IYkDKoBwrFTLsSPwEiyBEU7TrBsrGmEywD3a0lTggCovGb+SWkda6VjdUOoSYI3V3xMJDpQaBr7uDDD01aw3Ev/zWjF0z7yEiSgGKshkUTfmFoTWKBerwyQlwIeaYCKZvtUifSwxAZ1eVofgzL48T+qneaeUL90Wc5WLaRwZtI8O0TFyUBlV0DWqohoi6BE9o1f0ZjwZL8a78TFpXTCmM3voD4zPH3B4mhw=</latexit>

Mtt̄ 2 [337, 349] GeV

<latexit sha1_base64="NSM8aL4ZNUhwsS5EaZVZWoAgAeE=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUlEqsuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GaZqFth64cDjn3rlzT5BwpsC2v43Kyura+kZ1s7a1vbO7Z+4fdFWcSkI7JOax7AdYUc4E7QADTvuJpDgKOO0Fk5uZ33ugUrFY3MM0oV6ER4KFjGDQkm8eucUbGZlikWcuBexD7pt1u2EXsJaJU5I6KtH2zS93GJM0ogIIx0oNHDsBL8MSGOE0r7mpogkmEzyiA00FjqjysmJzbp1qZWiFsdQlwCrU3xMZjpSaRoHujDCM1aI3E//zBimEV17GRJICFWS+KEy5BbE1i8IaMkkJ8KkmmEim/2qRMZaYgA6spkNwFk9eJt3zhtNsNO8u6q3rMo4qOkYn6Aw56BK10C1qow4i6BE9o1f0ZjwZL8a78TFvrRjlzCH6A+PzB5vYlf0=</latexit>⌘t



• No accounting for QCD higher orders effects 

• Repulsive interaction for color octet states, other   
   - and     - wave singlet states are not considered 

• NRQCD with Coulomb and threshold 
resummation to fill this gap in
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Modelling  resonancestt̄

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

S
<latexit sha1_base64="Yn4FUbA9ZpYWpTp7727OaUkUyeQ=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdK+qHq1aq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOtK4zf</latexit>

P

<latexit sha1_base64="1wH2sBY+Bs+/Vd3DlwJjBp0hcwo=">AAACC3icbVBNS8NAEN34WetX1aOXpUXwICWxfh2LHvQiVLC10ISy2W7q0s0m7E6EEuLZi3/FiwdFvPoHvPlv3NYctPXBwOO9GWbm+bHgGmz7y5qZnZtfWCwsFZdXVtfWSxubLR0lirImjUSk2j7RTHDJmsBBsHasGAl9wW78wdnIv7ljSvNIXsMwZl5I+pIHnBIwUrdUvuym4PpEpZBlLpe4Uzuw92qHtnfvqjA9Z62sW6rYVXsMPE2cnFRQjka39On2IpqETAIVROuOY8fgpUQBp4JlRTfRLCZ0QPqsY6gkIdNeOv4lwztG6eEgUqYk4LH6eyIlodbD0DedIYFbPemNxP+8TgLBiZdyGSfAJP1ZFCQCQ4RHweAeV4yCGBpCqOLmVkxviSIUTHxFE4Iz+fI0ae1XnaPq0dVBpX6ax1FA26iMdpGDjlEdXaAGaiKKHtATekGv1qP1bL1Z7z+tM1Y+s4X+wPr4Brjpmjg=</latexit>

Mtt̄ 2 [340, 350] GeV

•  CMS Fuks model implementation (                    ) does not  
match with NRQCD  

• Improved agreement moving from                        to                 
                                (Maltoni et al. [JHEP 03, 2024, 099]) 

<latexit sha1_base64="hKPLRx/BA2I2boRS7IHwhJT4fB4=">AAACA3icbVDLSgNBEJz1bXxFvellMQiewq6IehFED/EYwSRCNiy9k44ZMrO7zPQKYYl48Ve8eFDEqz/hzb9x8jj4Kmgoqrrp7opSKQx53qczNT0zOze/sFhYWl5ZXSuub9RNkmmONZ7IRF9HYFCKGGskSOJ1qhFUJLER9c6HfuMWtRFJfEX9FFsKbmLRERzISmFxK6iAUhDmARKENDg5ugu0yitYH4TFklf2RnD/En9CSmyCalj8CNoJzxTGxCUY0/S9lFo5aBJc4qAQZAZT4D24waalMSg0rXz0w8DdtUrb7STaVkzuSP0+kYMypq8i26mAuua3NxT/85oZdY5buYjTjDDm40WdTLqUuMNA3LbQyEn2LQGuhb3V5V3QwMnGVrAh+L9f/kvq+2X/sHx4eVA6PZvEscC22Q7bYz47YqfsglVZjXF2zx7ZM3txHpwn59V5G7dOOZOZTfYDzvsXKeGX4A==</latexit>

�⌘t = 7 GeV

Thanks to Anuar, Garzelli, Grohsjean, Jeppe, Schwanenberger

<latexit sha1_base64="hKPLRx/BA2I2boRS7IHwhJT4fB4=">AAACA3icbVDLSgNBEJz1bXxFvellMQiewq6IehFED/EYwSRCNiy9k44ZMrO7zPQKYYl48Ve8eFDEqz/hzb9x8jj4Kmgoqrrp7opSKQx53qczNT0zOze/sFhYWl5ZXSuub9RNkmmONZ7IRF9HYFCKGGskSOJ1qhFUJLER9c6HfuMWtRFJfEX9FFsKbmLRERzISmFxK6iAUhDmARKENDg5ugu0yitYH4TFklf2RnD/En9CSmyCalj8CNoJzxTGxCUY0/S9lFo5aBJc4qAQZAZT4D24waalMSg0rXz0w8DdtUrb7STaVkzuSP0+kYMypq8i26mAuua3NxT/85oZdY5buYjTjDDm40WdTLqUuMNA3LbQyEn2LQGuhb3V5V3QwMnGVrAh+L9f/kvq+2X/sHx4eVA6PZvEscC22Q7bYz47YqfsglVZjXF2zx7ZM3txHpwn59V5G7dOOZOZTfYDzvsXKeGX4A==</latexit>

�⌘t = 7 GeV
<latexit sha1_base64="dBUmTu3SyeGSY5R1pcxvzR7jIHk=">AAACD3icbVA9SwNBEN3zM8avqKXNYVCswl2QaCMELbRUMFHIhWNuM9HF3btjd04IR/wFNv4VGwtFbG3t/Ddu4hV+PRh4vDfDzLwolcKQ5304E5NT0zOzpbny/MLi0nJlZbVtkkxzbPFEJvoiAoNSxNgiQRIvUo2gIonn0fXhyD+/QW1EEp/RIMWugstY9AUHslJY2QqOQCkI8wAJQhru1wuB9uu1vdtAq/wI28OwUvVq3hjuX+IXpMoKnISV96CX8ExhTFyCMR3fS6mbgybBJQ7LQWYwBX4Nl9ixNAaFppuP/xm6m1bpuf1E24rJHavfJ3JQxgxUZDsV0JX57Y3E/7xORv29bi7iNCOM+deifiZdStxROG5PaOQkB5YA18Le6vIr0MDJRli2Ifi/X/5L2vWa36g1TneqzYMijhJbZxtsm/lslzXZMTthLcbZHXtgT+zZuXcenRfn9at1wilm1tgPOG+fU7ucOg==</latexit>

�⌘t = 2�t = 2.8 GeV



• Is the excess in the data related to a scalar or 
a pseudoscalar? 

• 2D fit with arbitrary signal strength 

• Scalar term compatible with zero

Giovanni Limatola                                                      Theory-Experimental Top Quark Mass Workshop - DESY                                                                             15/16

Modelling  resonancestt̄

Data point towards a pure pseudoscalar!

CMS-PAS-HIG-22-013

CMS
Preliminary

138 fb°1 (13 TeV)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html


• NRQCD methods highly useful to provide reliable theoretical inputs for the experimental 
analysis 

• Pseudoscalar particle to model “toponium" formation below the threshold 

• NNLO corrections to Green Function (              ) in the peak region 

• NNLO corrections to hard function        (              ) at the threshold  

• Lower bound estimate on                   for  

• Forthcoming refined study about the impact of parameters settings 
(                                 , PDFs sets) 

• More accurate matching prescription  

• Other observables to be considered, kinematic cuts…

Conclusions and Outlooks

<latexit sha1_base64="jFUgOBeCw2qMRV/C57qNcR8qeRo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBEuhbkoiUl0W3bizgn1AE8pkOmmHTiZhZqKU2E9x40IRt36JO//GSZuFth4YOJxzL/fM8WNGpbLtb6Owtr6xuVXcLu3s7u0fmOXDjowSgUkbRywSPR9JwignbUUVI71YEBT6jHT9yXXmdx+IkDTi92oaEy9EI04DipHS0sAsuyFSY4xYejurObZbPR2YFbtuz2GtEicnFcjRGphf7jDCSUi4wgxJ2XfsWHkpEopiRmYlN5EkRniCRqSvKUchkV46jz6zqloZWkEk9OPKmqu/N1IUSjkNfT2ZBZXLXib+5/UTFVx6KeVxogjHi0NBwiwVWVkP1pAKghWbaoKwoDqrhcdIIKx0WyVdgrP85VXSOas7jXrj7rzSvMrrKMIxnEANHLiAJtxAC9qA4RGe4RXejCfjxXg3PhajBSPfOYI/MD5/AM5nkxA=</latexit>

O(10%)

<latexit sha1_base64="3nZmRwNOk4HhgDHqAJk0Qtyf378=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMyIVJdFN26ECvaB7TBk0kwbmswMyR2hDHXpxl9x40IRt/6BO//G9LHQ1gMhJ+fcy809QSK4Bsf5thYWl5ZXVnNr+fWNza1te2e3ruNUUVajsYhVMyCaCR6xGnAQrJkoRmQgWCPoX478xj1TmsfRLQwS5knSjXjIKQEj+TaWPhw/tIlIesTXxWv/7sg8ZeqryRX6dsEpOWPgeeJOSQFNUfXtr3YnpqlkEVBBtG65TgJeRhRwKtgw3041Swjtky5rGRoRybSXjTcZ4kOjdHAYK3MiwGP1d0dGpNYDGZhKSaCnZ72R+J/XSiE89zIeJSmwiE4GhanAEONRLLjDFaMgBoYQqrj5K6Y9oggFE17ehODOrjxP6iclt1wq35wWKhfTOHJoHx2gInLRGaqgK1RFNUTRI3pGr+jNerJerHfrY1K6YE179tAfWJ8/2QyZ0Q==</latexit>

mt, ↵s(MZ), µr, µf
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<latexit sha1_base64="jFUgOBeCw2qMRV/C57qNcR8qeRo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBEuhbkoiUl0W3bizgn1AE8pkOmmHTiZhZqKU2E9x40IRt36JO//GSZuFth4YOJxzL/fM8WNGpbLtb6Owtr6xuVXcLu3s7u0fmOXDjowSgUkbRywSPR9JwignbUUVI71YEBT6jHT9yXXmdx+IkDTi92oaEy9EI04DipHS0sAsuyFSY4xYejurObZbPR2YFbtuz2GtEicnFcjRGphf7jDCSUi4wgxJ2XfsWHkpEopiRmYlN5EkRniCRqSvKUchkV46jz6zqloZWkEk9OPKmqu/N1IUSjkNfT2ZBZXLXib+5/UTFVx6KeVxogjHi0NBwiwVWVkP1pAKghWbaoKwoDqrhcdIIKx0WyVdgrP85VXSOas7jXrj7rzSvMrrKMIxnEANHLiAJtxAC9qA4RGe4RXejCfjxXg3PhajBSPfOYI/MD5/AM5nkxA=</latexit>

O(10%)
<latexit sha1_base64="nxWoTF54mgJXeiaDUayFEcYKLss=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjMi1WXRjRuhgn1AZyiZNNOGJjNDckcow3yAG3/FjQtF3PoB7vwb03YEbT0QODnnXJJ7/FhwDbb9ZRWWlldW14rrpY3Nre2d8u5eS0eJoqxJIxGpjk80EzxkTeAgWCdWjEhfsLY/upr47XumNI/COxjHzJNkEPKAUwJG6pUrqatk2s8yV/OBJCc/15teCq5PVApZZlJ21Z4CLxInJxWUo9Erf7r9iCaShUAF0brr2DF4KVHAqWBZyU00iwkdkQHrGhoSybSXTpfJ8JFR+jiIlDkh4Kn6eyIlUuux9E1SEhjqeW8i/ud1EwguvJSHcQIspLOHgkRgiPCkGdznilEQY0MIVdz8FdMhUYSC6a9kSnDmV14krdOqU6vWbs8q9cu8jiI6QIfoGDnoHNXRNWqgJqLoAT2hF/RqPVrP1pv1PosWrHxmH/2B9fENBjac4w==</latexit>

d�/dMtt̄
<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="oFk1Ctl1+Aob9aIe8Y15W9jnjWE=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAiuSiJSXRYFcVnBPqANYTK5acdOJmFmIpQQf8WNC0Xc+iHu/BunaRbaeuDC4Zx75849fsKoVLb9baysrq1vbFa2qts7u3v75sFhV8apINAhMYtF38cSGOXQUVQx6CcCcOQz6PmT65nfewQhaczv1TQBN8IjTkNKsNKSZ9aGxRuZgCDPbryMPuS5Z9bthl3AWiZOSeqoRNszv4ZBTNIIuCIMSzlw7ES5GRaKEgZ5dZhKSDCZ4BEMNOU4AulmxeLcOtFKYIWx0MWVVai/JzIcSTmNfN0ZYTWWi95M/M8bpCq8dDPKk1QBJ/NFYcosFVuzJKyACiCKTTXBRFD9V4uMscBE6byqOgRn8eRl0j1rOM1G8+683roq46igI3SMTpGDLlAL3aI26iCCpugZvaI348l4Md6Nj3nrilHO1NAfGJ8/zxaVig==</latexit>

Fij



Thank you for the attention!!!


