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Top pair production at the LHC
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Copious top quark production at the LHC [ 𝝈(13 TeV) ∼ 810 pb ]
• Detailed analysis of the top properties possible (mass, width, etc.)

• Many differential distributions precisely measurable (and measured)

[ ATLAS (EPJC`20) ] [ CMS (JHEP`19) ]

Potential issues at low 
invariant masses

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
https://dx.doi.org/10.1007/JHEP02(2019)149


Benjamin Fuks - 09.10.2023 - Signatures of toponium formation in LHC run 2 data

Top pair production at the LHC

2

Copious top quark production at the LHC [ 𝝈(13 TeV) ∼ 810 pb ]
• Detailed analysis of the top properties possible (mass, width, etc.)

• Many differential distributions precisely measurable (and measured)

[ ATLAS (EPJC`20) ] [ CMS (JHEP`19) ]

Potential issues at low 
invariant masses

Top-antitop bound-state effects
• Significant near threshold

• Spin-0 bound state 
➙  @LHC: gg-dominated

• Considered negligible (< 1%)

• Could they be observed?

tt̄

A top-antitop
bound state?

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
https://dx.doi.org/10.1007/JHEP02(2019)149
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Fermion-antifermion bound states 
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Positronium bound states predicted in 1934
• Experimental discovery in 1951 (Deutsch @ MIT)

• Two spin configurations 
   ➙ Para-positronium: 1S0, decays into 2 photons, C-even 
   ➙ Ortho-positronium: 3S1, decays into 3 photons, C-odd

[ Mohorovičić (Astron.Nachtrichten`34) ]
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Effects impacting 
QED precision tests 
(𝜶 measurements)

https://doi.org/10.1002/asna.19342530402
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Effects impacting 
QED precision tests 
(𝜶 measurements)

Colour-singlet  bound states (colour-octet contributions ⇔ higher-order effects)

• C-odd, spin singlets

• C-even, spin triplets

qq̄
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Also for  systems (virtual bound states)
• Gluon exchanges between top quarks before decay (a0~20 GeV)

• Decay before hadronisation ( )

• Two classes of bound state 
➙ 𝜼t: C-odd, spin-0 (a case for the LHC through gg production) 
➙ 𝞱t: C-odd, spin-1 

tt̄

ΛQCD ≪ Γt

1
αsmt

≪
1
Γt

≪ 1 fm

(20 GeV)-1 (0.2 GeV)-1(1.5 GeV)-1

https://doi.org/10.1002/asna.19342530402
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Outline
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1.    Towards a simplified model for toponium production

2.    Toponium phenomenology at the LHC

3.    Summary
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Toponium bound state effects
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Incorporating bound state effects in theory predictions
• Close to threshold: non-relativistic approximation valid (𝜷 ≪ 1)

• Resummation of the Coulomb singularities  
➙ gluon exchanges between slowly-moving top quarks ≡ bound-state effects

• Predictions in the pNRQCD framework (Potential Non-Relativistic QCD) 
➙ replacement of free NR Green’s functions in the matrix elements

(αs/β)n
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• Choice of the QCD potential inspired by charmonia/bottomonia 
➙ Richardson’s at low energies ⊕ Coulomb-like at high energies 
➙ Two-loop corrections included in the Coulomb potential 
➙ Running top-width effects studied 

<latexit sha1_base64="Aq/3kSzgXHFqe41zMU3+0JXDjxc="></latexit>

VR(q
2) = �4

3

16⇡2

b0

1

q2ln(1 + q2

⇤2
R
)
,

[ Richardson (PLB`79) ]

<latexit sha1_base64="K/w8XVm5f3tk795p1vR/OuDl93g=">AAACBnicbVC7TsMwFL3hWcorlJHFokIqS5VUvMYKBhiLRB9SUyrHcVqrTmLZDqJqu/MVrDCxIVZ+g4F/wX0sbbmSpaNzjnXPPb7gTGnH+bFWVtfWNzYzW9ntnd29ffsgV1NJKgmtkoQnsuFjRTmLaVUzzWlDSIojn9O637sZ6/UnKhVL4gfdF7QV4U7MQkawNlTbzg2FhzzNeEDRbUGcDh9LbTvvFJ3JoGXgzkAeZlNp279ekJA0orEmHCvVdB2hWwMsNSOcjrJeqqjApIc7dDBJPEInhgpQmEjzYo0m7JwPR0r1I984I6y7alEbk/9qygTo0mBuaTPV4VVrwGKRahqT6fYw5UgnaNwJCpikRPO+AZhIZmIj0sUSE22ay5o+3MXrl0GtVHQviuf3Z/ny9ayZDBzBMRTAhUsowx1UoAoEnuEV3uDderE+rE/ra2pdsWZ/DmFurO8/Q7yX9w==</latexit> |p
G̃
(p
)|2

<latexit sha1_base64="sJ1JfPY/7jeDZ0fOMCFdtPQXwSs=">AAACBXicbVC7SgNBFL3rM8ZXoqXNYBCswq74KoMWWkYwD0iWMDt7Nxky+2BmVglLar/CVis7sfU7LPwXZ5M0SbwwcDjnDPfc4yWCK23bP9bK6tr6xmZhq7i9s7u3XyofNFWcSoYNFotYtj2qUPAIG5prge1EIg09gS1veJvrrSeUisfRox4l6Ia0H/GAM6oN1SuVky7pdEOqBzLM7rA5dnulil21J0OWgTMDFZhNvVf67foxS0OMNBNUqY5jJ9rNqNScCRwXu6nChLIh7WM2CTwmJ4bySRBL8yJNJuycj4ZKjULPOPNoalHLyX81ZQIM0J9b2kl1cO1mPEpSjRGbbg9SQXRM8kqIzyUyLUYGUCa5iU3YgErKtCmuaPpwFq9fBs2zqnNZvXg4r9RuZs0U4AiO4RQcuIIa3EMdGsDgGV7hDd6tF+vD+rS+ptYVa/bnEObG+v4D1saYZg==</latexit>

p [GeV]

<latexit sha1_base64="K/w8XVm5f3tk795p1vR/OuDl93g=">AAACBnicbVC7TsMwFL3hWcorlJHFokIqS5VUvMYKBhiLRB9SUyrHcVqrTmLZDqJqu/MVrDCxIVZ+g4F/wX0sbbmSpaNzjnXPPb7gTGnH+bFWVtfWNzYzW9ntnd29ffsgV1NJKgmtkoQnsuFjRTmLaVUzzWlDSIojn9O637sZ6/UnKhVL4gfdF7QV4U7MQkawNlTbzg2FhzzNeEDRbUGcDh9LbTvvFJ3JoGXgzkAeZlNp279ekJA0orEmHCvVdB2hWwMsNSOcjrJeqqjApIc7dDBJPEInhgpQmEjzYo0m7JwPR0r1I984I6y7alEbk/9qygTo0mBuaTPV4VVrwGKRahqT6fYw5UgnaNwJCpikRPO+AZhIZmIj0sUSE22ay5o+3MXrl0GtVHQviuf3Z/ny9ayZDBzBMRTAhUsowx1UoAoEnuEV3uDderE+rE/ra2pdsWZ/DmFurO8/Q7yX9w==</latexit> |p
G̃
(p
)|2

https://doi.org/https://doi.org/10.1016/0370-2693(79)90753-6


Benjamin Fuks - 09.10.2023 - Signatures of toponium formation in LHC run 2 data

t

t-

t

t t

Top-antitop production near threshold
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Wb Wb production in the threshold regime
• 3 classes of contributions with 0, 1 or 2 (possibly off-shell) resonant tops

• Bound-state effects ➙ first class of diagrams
★ Below or slightly above threshold
★ One off-shell top quark
★ Binding energy ⇔ Coulomb gluon exchanges

➙ To add to the perturbative treatment
➙ Better  modelling
➙ SM explanation to excesses?

tt̄
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The (tree-level) amplitude is enhanced close to threshold
• Involving ratios of non-relativistic Green’s functions

★ Ratio of Green’s functions of the 
Hamiltonians with/without VQCD

★ Different channels (gg/qq; 1/8)

iM(c) ! iM(c) ⇥ G(E; p⇤)

G0(E; p⇤)
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Amplitude re-weighting close to threshold
• Below and above threshold
• All contributions (singlet/octet, gg/ )
• Explanation for CMS/ATLAS excesses?

qq̄
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iM(c) ! iM(c) ⇥ G(E; p⇤)

G0(E; p⇤)
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Amplitude re-weighting close to threshold
• Below and above threshold
• All contributions (singlet/octet, gg/ )
• Explanation for CMS/ATLAS excesses?

qq̄

t

t-

iM(c) ! iM(c) ⇥ G(E; p⇤)

G0(E; p⇤)

<latexit sha1_base64="Lsax/YkPtgiweHWQhv61o1OdiQU="></latexit>

[ Sumino, Fujii, Hagiwara, Murayama & Ng (PRD`93) ] 
[ Jezabek, Kuhn & Teubner (Z.Phys.C`92) ]

Impact on  modelling
• Full WbWb differential distribution (green) 
➙ with bound-state effects 
➙ finite top-width effects 
➙ with NLO effects (ISR, differential K-factors)

• WbWb production at NLO (red) 
➙ NLO + top offshell effects (from MG5_aMC)

• Toponium = “green - red”

tt̄
[ Sumino & Yokoya (JHEP`10) ]

<latexit sha1_base64="naca+BzJn7yhIA3GWROtGpjzxR0=">AAACB3icbVDLSsNAFJ3UV62vaMGNm8EiuLEkBR/LUhe6bME+oC1hMpm0Q2eSMDMRQqh7v8KtLsSduBX8CRf6LU7abtp6YeBwzhnuuceNGJXKsr6N3Mrq2vpGfrOwtb2zu2fuH7RkGAtMmjhkoei4SBJGA9JUVDHSiQRB3GWk7Y6uM719T4SkYXCnkoj0ORoE1KcYKU05ZrHCHXVWeehxpIaCpzekNXbMklW2JgOXgT0Dpeph45e+1r7qjvnT80IccxIozJCUXduKVD9FQlHMyLjQiyWJEB6hAUknkcfwRFMe9EOhX6DghJ3zIS5lwl3tzJLJRS0j/9WkDjAk3tzSbqz8q35KgyhWJMDT7X7MoAphVgr0qCBYsUQDhAXVsSEeIoGw0tUVdB/24vXLoFUp2xfl84YupgamkwdH4BicAhtcgiq4BXXQBBgk4Ak8gxfj0Xgz3o2PqTVnzP4UwdwYn389HZzC</latexit>

2mt � 2 GeV

https://doi.org/10.1103/PhysRevD.47.56
https://inspirehep.net/literature/336708
http://doi.org/10.1007/JHEP09(2010)034
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qq̄

t

t-

iM(c) ! iM(c) ⇥ G(E; p⇤)

G0(E; p⇤)

<latexit sha1_base64="Lsax/YkPtgiweHWQhv61o1OdiQU="></latexit>

[ Sumino, Fujii, Hagiwara, Murayama & Ng (PRD`93) ] 
[ Jezabek, Kuhn & Teubner (Z.Phys.C`92) ]

Sumino & Yokoya

Fit

Impact on  modelling
• Full WbWb differential distribution (green) 
➙ with bound-state effects 
➙ finite top-width effects 
➙ with NLO effects (ISR, differential K-factors)

• WbWb production at NLO (red) 
➙ NLO + top offshell effects (from MG5_aMC)

• Toponium = “green - red”

tt̄
[ Sumino & Yokoya (JHEP`10) ]

<latexit sha1_base64="naca+BzJn7yhIA3GWROtGpjzxR0=">AAACB3icbVDLSsNAFJ3UV62vaMGNm8EiuLEkBR/LUhe6bME+oC1hMpm0Q2eSMDMRQqh7v8KtLsSduBX8CRf6LU7abtp6YeBwzhnuuceNGJXKsr6N3Mrq2vpGfrOwtb2zu2fuH7RkGAtMmjhkoei4SBJGA9JUVDHSiQRB3GWk7Y6uM719T4SkYXCnkoj0ORoE1KcYKU05ZrHCHXVWeehxpIaCpzekNXbMklW2JgOXgT0Dpeph45e+1r7qjvnT80IccxIozJCUXduKVD9FQlHMyLjQiyWJEB6hAUknkcfwRFMe9EOhX6DghJ3zIS5lwl3tzJLJRS0j/9WkDjAk3tzSbqz8q35KgyhWJMDT7X7MoAphVgr0qCBYsUQDhAXVsSEeIoGw0tUVdB/24vXLoFUp2xfl84YupgamkwdH4BicAhtcgiq4BXXQBBgk4Ak8gxfj0Xgz3o2PqTVnzP4UwdwYn389HZzC</latexit>

2mt � 2 GeV

https://doi.org/10.1103/PhysRevD.47.56
https://inspirehep.net/literature/336708
http://doi.org/10.1007/JHEP09(2010)034
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Toponium signal: pp ! ⌘t ! t(⇤)t̄(⇤) ! W+bW�b̄

<latexit sha1_base64="/qhy2jO/L0FBS/Gv/7M0bTrux+0=">AAACJXicbVDLSgMxFM3UV62vUZdugkWoimVGKnXhouDGZQX7gM50yKRpG5p5kNwRytCfceOvuHFhEcGVv2L6ALX1QMLJOfdyc48fC67Asj6NzMrq2vpGdjO3tb2zu2fuH9RVlEjKajQSkWz6RDHBQ1YDDoI1Y8lI4AvW8Ae3E7/xyKTiUfgAw5i5AemFvMspAS155k2MY+xAhB0GxIMphXZaODsdYccn8uehjUb7HPv6vphZvmfmraI1BV4m9pzk0RxVzxw7nYgmAQuBCqJUy7ZicFMigVPBRjknUSwmdEB6rKVpSAKm3HS65QifaKWDu5HUJwQ8VX93pCRQahj4ujIg0FeL3kT8z2sl0L12Ux7GCbCQzgZ1E4EnUejIcIdLRkEMNSFUcv1XTPtEEgo62JwOwV5ceZnUL4t2qXh1X8pXyvM4sugIHaMCslEZVdAdqqIaougJvaA3NDaejVfj3fiYlWaMec8h+gPj6xsKyaHY</latexit>

m⌘t = 344 GeV; �⌘t ⇡ 7 GeV

<latexit sha1_base64="yPOFCVJye8cx2kA9CUetgtDQ3Sc="></latexit>

Sumino & Yokoya

Fit

�(13 TeV) ⇠ 6.5 pb

<latexit sha1_base64="+CXWGLvkH3nV9Pd6IEMuz1tyXQQ="></latexit>

Could toponium effects explain ATLAS/CMS observations in the low  regime?
• Toy scenario: simplified modelling at tree-level 
➙ Breit Wigner resonance

mtt̄

[ ATLAS (EPJC`20) ]

m⌘t = 344 GeV; �⌘t ⇡ 7 GeV

<latexit sha1_base64="yPOFCVJye8cx2kA9CUetgtDQ3Sc="></latexit>

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
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[ Sumino & Yokoya (JHEP`10) ]

Different contributions to top-antitop production close and far from threshold
• Colour-singlet domination close to threshold 
➙ domination of the gg-singlet channel 
➙ toponium coupling to gluon pairs and  pairs

• Colour-octet significant far from threshold
tt̄

Octet effects 
ignored

http://doi.org/10.1007/JHEP09(2010)034
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[ Sumino & Yokoya (JHEP`10) ]

Different contributions to top-antitop production close and far from threshold
• Colour-singlet domination close to threshold 
➙ domination of the gg-singlet channel 
➙ toponium coupling to gluon pairs and  pairs

• Colour-octet significant far from threshold
tt̄

Octet effects 
ignored

Towards a simplified modelling
• Large domination of the J=0 state 
➙ L = S = 0

• Resonance in the JPC = 0-+ state

• Definition of our BSM simplified setup 
➙ a colourless pseudoscalar state

<latexit sha1_base64="ZowJ+OUJ+X8TOuSRXNZx3z2ZRGg=">AAACEXicbVDJSgNBFOxxjXEb9ShCYxA8hRmNy0UIetBjBLNAEoaezkvSpGeh+40QhnjxE/wKr3ryJl79Ag/+i53lksQHDUVVNa9e+bEUGh3nx1pYXFpeWc2sZdc3Nre27Z3dio4SxaHMIxmpms80SBFCGQVKqMUKWOBLqPq9m6FefQSlRRQ+YD+GZsA6oWgLztBQnn0QeGkDkHk4oFf0tFB4agQMuypIb6Ey8Oyck3dGQ+eBOwE5MpmSZ/82WhFPAgiRS6Z13XVibKZMoeASBtlGoiFmvMc6kI7CD+iRoVq0HSnzQqQjdsrHAq37gW+cw2R6VhuS/2raBOhCa2ppPcH2ZTMVYZwghHy8vZ1IihEd1kNbQgFH2TeAcSVMbMq7TDGOpsSs6cOdvX4eVE7y7nn+7L6QK15PmsmQfXJIjolLLkiR3JESKRNOnskreSPv1ov1YX1aX2PrgjX5s0emxvr+A2MdnP0=</latexit>

m⌘t = 344 GeV

➙ two couplings: gluons (production) and tops (decay)

P (⌘t) = P (t) P (t̄) (�1)L

<latexit sha1_base64="t5Y7UP5mtL64iJ+nk4ROZ4Vie38=">AAACDHicbVDLSgMxFM3UV62vqks3wSJMF5aZUtGNUHDjwkUF+4DOWDJp2oZmMkNyRyilH+DGX3HjQhG3foA7/8ZM24W2Hkg4nHMuyT1BLLgGx/m2Miura+sb2c3c1vbO7l5+/6Cho0RRVqeRiFQrIJoJLlkdOAjWihUjYSBYMxhepX7zgSnNI3kHo5j5IelL3uOUgJE6+ULN9hiQDhTxJa7ZUPTM7QVE4ZTap27x/saknJIzBV4m7pwU0By1Tv7L60Y0CZkEKojWbdeJwR8TBZwKNsl5iWYxoUPSZ21DJQmZ9sfTZSb4xChd3IuUORLwVP09MSah1qMwMMmQwEAveqn4n9dOoHfhj7mME2CSzh7qJQJDhNNmcJcrRkGMDCFUcfNXTAdEEQqmv5wpwV1ceZk0yiW3Ujq7rRSq5XkdWXSEjpGNXHSOquga1VAdUfSIntErerOerBfr3fqYRTPWfOYQ/YH1+QP0RJe0</latexit>

C(⌘t) = (�1)L+S

<latexit sha1_base64="OCIttiH7b6X+YYBx3QyTJc6FsUk=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBSBDDbojoRQjk4sFDRPOAZA2zk0kyZPbBTK8Q1hz8FS8eFPHqb3jzb5wke9DEgoaiqpvuLjcUXIFlfRuppeWV1bX0emZjc2t7x9zdq6sgkpTVaCAC2XSJYoL7rAYcBGuGkhHPFazhDisTv/HApOKBfwejkDke6fu8xykBLXXMg0quzYB0II8vce7Uzt/H1ye3446ZtQrWFHiR2AnJogTVjvnV7gY08pgPVBClWrYVghMTCZwKNs60I8VCQoekz1qa+sRjyomn94/xsVa6uBdIXT7gqfp7IiaeUiPP1Z0egYGa9ybif14rgt6FE3M/jID5dLaoFwkMAZ6EgbtcMgpipAmhkutbMR0QSSjoyDI6BHv+5UVSLxbsUuHsppQtF5M40ugQHaEcstE5KqMrVEU1RNEjekav6M14Ml6Md+Nj1poykpl99AfG5w94iJPI</latexit>

Higher-spin 
effects ignored

http://doi.org/10.1007/JHEP09(2010)034
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[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC`11) ]

Matrix 
Elements

Parton showers 
Hadronisation

Idea / Lagrangian

Simulated collisions

Analysis

Reconstruction

FEYNRULES / UFO

L⌘t =
1

2
@µ⌘t@

µ⌘t �
1

2
m⌘t⌘

2
t �

1

4
ggg⌘tG

a
µ⌫G̃

aµ⌫ � igtt⌘tt̄�5t

<latexit sha1_base64="FSjCDeMsjMd1z0RCfzybRyqM2YE="></latexit>

No free parameters [m/𝛤/𝝈 known]

• Model building FEYNRULES / UFO [ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]
[ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ] 

[ Darmé et al. (EPJC’23) ] 

https://doi.org/10.1140/epjc/s10052-011-1541-5
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1140/epjc/s10052-023-11780-9


Benjamin Fuks - 09.10.2023 - Signatures of toponium formation in LHC run 2 data

Connecting ideas to simulations…

10

[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC`11) ]
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Parton showers 
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Idea / Lagrangian

Simulated collisions

Analysis
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FEYNRULES / UFO

L⌘t =
1

2
@µ⌘t@

µ⌘t �
1

2
m⌘t⌘

2
t �

1

4
ggg⌘tG
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µ⌫G̃

aµ⌫ � igtt⌘tt̄�5t

<latexit sha1_base64="FSjCDeMsjMd1z0RCfzybRyqM2YE="></latexit>

No free parameters [m/𝛤/𝝈 known]

• Model building FEYNRULES / UFO [ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]
[ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ] 

[ Darmé et al. (EPJC’23) ] 

• Hard scattering
★ Feynman diagram and amplitude generation
★ Monte Carlo integration
★ Event generation

• QCD environment
★ Parton showering
★ Hadronisation

• Object reconstruction
★ Anti-kT algorithm
★ Perfect detector

• Event analysis
★ Signal/background analysis (cuts & plots)
★ Towards a toponium discovery at the LHC

MG5_AMC

PYTHIA 8

FASTJET & MADANALYSIS 5

[  Alwall et al. (JHEP’14) ]
[ Frederix et al. (JHEP`18) ]

[ Sjöstrand et al. (CPC’15) ]

[ Cacciari, Salam & Soyez (JHEP’08); Cacciari, Salam & Soyez (EPJC’12) ] 
[ Conte, BF & Serret (CPC`12); Conte & BF (IJMPA`19) ]

[ Araz, BF & Polykratis (EPJC`21) ]

https://doi.org/10.1140/epjc/s10052-011-1541-5
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1140/epjc/s10052-023-11780-9
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1016/j.cpc.2012.09.009
https://doi.org/10.1142/S0217751X18300272
https://arxiv.org/abs/2006.09387
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2018)185
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MG5_aMC: event generation for all m(WbWb) values
• The signal lies in [338, 350] GeV
➙ extra cut to be implemented after event generation
➙ 63% events lost (room for improvement)

• Spectrum of the top momentum in the 𝜂 rest frame

➙ The distribution is off at a given binding energy
➙ Re-weighting

<latexit sha1_base64="7u1cZp/HzGgqeqg7d++EkCmIHPo="></latexit>

|M |2 ! |M |2
����
G(E; p⇤)

G0(E; p⇤)

����
2

,
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MG5_aMC: event generation for all m(WbWb) values
• The signal lies in [338, 350] GeV
➙ extra cut to be implemented after event generation
➙ 63% events lost (room for improvement)

• Spectrum of the top momentum in the 𝜂 rest frame

➙ The distribution is off at a given binding energy
➙ Re-weighting

<latexit sha1_base64="7u1cZp/HzGgqeqg7d++EkCmIHPo="></latexit>

|M |2 ! |M |2
����
G(E; p⇤)

G0(E; p⇤)

����
2

,

Signal modelling close to threshold
•  (pink)

• Comparison with usual  (green)
• Parton shower effects negligible

(tt̄ )1 + toponium
(tt̄ )1



Benjamin Fuks - 09.10.2023 - Signatures of toponium formation in LHC run 2 data

Checks and main toponium characteristics

12

Verification: in the case of a di-leptonic toponium decay 
• Check of a few observables
• Expectation from spin density matrices

<latexit sha1_base64="ovWn7CslMM2Yga3/cRcQqQMVTbM="></latexit> X

�,�̄,�0,�̄0

⇢⌘t

��̄;�0�̄0 ⇢
t!b¯̀⌫`
�,�0 ⇢t̄!b̄`0⌫̄`0

�̄,�̄0
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Verification: in the case of a di-leptonic toponium decay 
• Check of a few observables
• Expectation from spin density matrices

<latexit sha1_base64="ovWn7CslMM2Yga3/cRcQqQMVTbM="></latexit> X

�,�̄,�0,�̄0

⇢⌘t

��̄;�0�̄0 ⇢
t!b¯̀⌫`
�,�0 ⇢t̄!b̄`0⌫̄`0

�̄,�̄0

➙ small azimuthal angle separation (survives the lab frame boost)
➙ small di-lepton invariant mass (ignoring the binding energy):

<latexit sha1_base64="BrMbkzxauGwhhpILVD6z5h2MgrY="></latexit>

(1 + cos ✓̄)(1 + cos ✓) + (1� cos ✓̄)(1� cos ✓) + 2 sin ✓̄ sin ✓ cos('̄� ')
[ Hagiwara, Yokoya & Zheng (JHEP’18) ]

<latexit sha1_base64="10qO1GyQBOP4lInbHvpLKveXYUk="></latexit>

m2
¯̀̀ 0 =2E¯̀E`0

⇣
1� sin ✓̄ sin ✓ cos('̄� ')� cos ✓̄ cos ✓

⌘

• Toponium characteristic: small mll  and small 𝛥𝞿ll

• Angular separation between the two leptons in the top/antitop rest frames

https://doi.org/10.1007/JHEP02(2018)180
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Verification: in the case of a di-leptonic toponium decay 
• Check of a few observables
• Expectation from spin density matrices

<latexit sha1_base64="ovWn7CslMM2Yga3/cRcQqQMVTbM="></latexit> X

�,�̄,�0,�̄0

⇢⌘t

��̄;�0�̄0 ⇢
t!b¯̀⌫`
�,�0 ⇢t̄!b̄`0⌫̄`0

�̄,�̄0

➙ small azimuthal angle separation (survives the lab frame boost)
➙ small di-lepton invariant mass (ignoring the binding energy):

<latexit sha1_base64="BrMbkzxauGwhhpILVD6z5h2MgrY="></latexit>

(1 + cos ✓̄)(1 + cos ✓) + (1� cos ✓̄)(1� cos ✓) + 2 sin ✓̄ sin ✓ cos('̄� ')
[ Hagiwara, Yokoya & Zheng (JHEP’18) ]

<latexit sha1_base64="10qO1GyQBOP4lInbHvpLKveXYUk="></latexit>

m2
¯̀̀ 0 =2E¯̀E`0

⇣
1� sin ✓̄ sin ✓ cos('̄� ')� cos ✓̄ cos ✓

⌘

• Toponium characteristic: small mll  and small 𝛥𝞿ll

• Angular separation between the two leptons in the top/antitop rest frames

Correlations (in principle) 
reproduced in the 

pseudoscalar model

https://doi.org/10.1007/JHEP02(2018)180
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Modelling good enough
• The 𝜂-model yields correct toponium properties 

➙At large : widths and b-mass effects

• Toponium formation in ATLAS data ? 
➙ At small  and small :

mℓℓ′ 

mℓℓ′ 
Δφℓℓ′ 

[ ATLAS (EPJC`20) ]

<latexit sha1_base64="ZLAJMR9lQ5NDBBT65ZyrW8CIrB4=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjNi1YWLYjduhApWhc5QMpmMDc0kQ3JHKMP4I36CX+FWV+5UcOWPmNYiVL0QOJxzwj33hKngBlz3zSnNzM7NL5QXK0vLK6tr1fWNS6MyTVmHKqH0dUgME1yyDnAQ7DrVjCShYFfhoDXSr26ZNlzJCximLEjIjeQxpwQs1as2/FgTmvsJgb5O8rMW7mKp7kClSvIswUFR/IgRAVIU+Bh7vWrNrbvjwX+BNwE1NJl2r/rhR4pmCZNABTGm67kpBDnRwKlgRcXPDEsJHZAblo+PKvCOpSIcK22fBDxmp3wkMWaYhNY5ymd+ayPyX83YAH0WTS3tZhAfBTmXaQZM0u/tcSYwKDyqDUdcMwpiaAGhmtvYmPaJrQ5suRXbh/f7+r/gcq/uHdQb5/u15smkmTLaQttoF3noEDXRKWqjDqLoHj2iJ/TsPDgvzqvz/m0tOZM/m2hqnM8vqimnsg==</latexit>

MC[no toponium]

data
< 1

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
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Modelling good enough
• The 𝜂-model yields correct toponium properties 

➙At large : widths and b-mass effects

• Toponium formation in ATLAS data ? 
➙ At small  and small :

mℓℓ′ 

mℓℓ′ 
Δφℓℓ′ 

How to confirm it?
<latexit sha1_base64="0Bto/ubGw8qwAt7NKtjLzd9Cn2Q="></latexit>

�(⌘t) [pb] �(tt̄) [pb] Ratio

6.43 810 0.0079

➙ Proper analysis

[ ATLAS (EPJC`20) ]

<latexit sha1_base64="ZLAJMR9lQ5NDBBT65ZyrW8CIrB4=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjNi1YWLYjduhApWhc5QMpmMDc0kQ3JHKMP4I36CX+FWV+5UcOWPmNYiVL0QOJxzwj33hKngBlz3zSnNzM7NL5QXK0vLK6tr1fWNS6MyTVmHKqH0dUgME1yyDnAQ7DrVjCShYFfhoDXSr26ZNlzJCximLEjIjeQxpwQs1as2/FgTmvsJgb5O8rMW7mKp7kClSvIswUFR/IgRAVIU+Bh7vWrNrbvjwX+BNwE1NJl2r/rhR4pmCZNABTGm67kpBDnRwKlgRcXPDEsJHZAblo+PKvCOpSIcK22fBDxmp3wkMWaYhNY5ymd+ayPyX83YAH0WTS3tZhAfBTmXaQZM0u/tcSYwKDyqDUdcMwpiaAGhmtvYmPaJrQ5suRXbh/f7+r/gcq/uHdQb5/u15smkmTLaQttoF3noEDXRKWqjDqLoHj2iJ/TsPDgvzqvz/m0tOZM/m2hqnM8vqimnsg==</latexit>

MC[no toponium]

data
< 1

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
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Basic cuts: final-state composition
• Two isolated leptons + two isolated b-jets 

 (pT > 25 GeV; |𝜼| < 2.5; 𝛥R < 0.4)

Targeting LHC excesses / bulk of toponium events

• Small 𝛥𝞿ll (<𝝅/5), small mll (< 40 GeV)

After the 𝛥𝞿 cut
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Basic cuts: final-state composition
• Two isolated leptons + two isolated b-jets 

 (pT > 25 GeV; |𝜼| < 2.5; 𝛥R < 0.4)

Targeting LHC excesses / bulk of toponium events

• Small 𝛥𝞿ll (<𝝅/5), small mll (< 40 GeV)

13 TeV, 140/fb

➙ Further background rejection needed

<latexit sha1_base64="wiln1j31M9hxbFhV+bUtJcXDCA4="></latexit>

Cut tt̄ Toponium Ratio

Initial 113,000,000 900,000 0.0079

Di-lepton 1,370,000 10,300 0.0076

�' ¯̀̀ 0 178,000 4,060 0.023

m ¯̀̀ 0 77,900 2,760 0.035

mT (¯̀̀ 0bb̄; ⌫`⌫̄`0) 40,800 2,460 0.060

tt̄ kinematical fit 20,400 1,420 0.070

After the 𝛥𝞿 cut



Benjamin Fuks - 09.10.2023 - Signatures of toponium formation in LHC run 2 data

Cornering toponium formation at the LHC
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Insights from the entire toponium system
• The  system produced at low transverse mass (mT < 320 GeV)ℓ+ℓ−bb̄ + Emiss

T
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Insights from the entire toponium system
• The  system produced at low transverse mass (mT < 320 GeV)ℓ+ℓ−bb̄ + Emiss

T

Kinematical reconstruction of the toponium system
• Toponium decaying into a light and a heavy (off-shell) top (𝜂 → tL tH)  

  ➙ Assumption: equal pT sharing 

• Identification of all final-state objects 
  ➙ l1 is the leading lepton,  l2 the sub-leading one 
  ➙ b-jet pairing: enforcing 

• Determination of the neutrino momenta 
  ➙ W mass ⊕ top mass ⊕ 𝜈 mass ⊕ pT assumptions

•  ‘top’ reconstruction (tL/tH)

pT(tH) = pT(tL)

m(ℓ1, b1) > m(ℓ2, b2)
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light top Heavy

top
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Insights from the entire toponium system
• The  system produced at low transverse mass (mT < 320 GeV)ℓ+ℓ−bb̄ + Emiss

T

13 TeV, 140/fb
<latexit sha1_base64="wiln1j31M9hxbFhV+bUtJcXDCA4="></latexit>
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Kinematical reconstruction of the toponium system
• Toponium decaying into a light and a heavy (off-shell) top (𝜂 → tL tH)  

  ➙ Assumption: equal pT sharing 

• Identification of all final-state objects 
  ➙ l1 is the leading lepton,  l2 the sub-leading one 
  ➙ b-jet pairing: enforcing 

• Determination of the neutrino momenta 
  ➙ W mass ⊕ top mass ⊕ 𝜈 mass ⊕ pT assumptions

•  ‘top’ reconstruction (tL/tH)

pT(tH) = pT(tL)
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light top Heavy
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The rapidity difference distribution
• Peak at the origin
➙ small and similar tL/tH momentum in the 𝜂 rest frame

• Toponium effects ≡ 10% enhancement near 𝚫y = 0

Impossible to miss?
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Key observable for toponium discovery

16

The rapidity difference distribution
• Peak at the origin
➙ small and similar tL/tH momentum in the 𝜂 rest frame

• Toponium effects ≡ 10% enhancement near 𝚫y = 0

Impossible to miss?

Remark
• Results obtained on the basis of a toy-model

• Strong motivation for a better calculation 
➙ all effects included in the modelling 
➙ on-going efforts…
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Summary
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Close to threshold, bound state effects impact top pair-production
• Resummation of Coulomb singularities  in the pNRQCD framework

• Replacement of top-propagators in  matrix elements 
➙ Free Green’s functions by counterparts including bound state effects

(αs/β)n

gg → WbWb

<latexit sha1_base64="lFtANWXVkAk2dEEtAWsr/l6CR5w="></latexit>
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Impact at the LHC: investigation of the di-leptonic mode (  )

• Toponium formation ➙ events at small 𝛥𝞿ll and small mll

• Explanation for excesses in ATLAS/CMS data? 
➙ fake excesses due to SM background mis-modelling

pp → tLtH → ℓ+ℓ−bb̄ + Emiss
T

[ A
T

LA
S (EP

JC
`20) ]

Path towards a toponium discovery 
[ our work: Hagiwara, BF, Ma & Zhang (PRD 104 (2021) 034023) ]

• A simple description for spin-0 toponium modelling

• Proof toponium systems can be reconstructed (tL/tH)

• The rapidity difference between the tops ≡ killer observable
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https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
https://doi.org/10.1103/PhysRevD.104.034023
https://doi.org/10.1103/PhysRevD.104.034023
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Path towards a toponium discovery 
[ our work: Hagiwara, BF, Ma & Zhang (PRD 104 (2021) 034023) ]

• A simple description for spin-0 toponium modelling

• Proof toponium systems can be reconstructed (tL/tH)

• The rapidity difference between the tops ≡ killer observable

H
agiw

ara, BF, M
a &

 Z
hang (PR

D
`21)

Outlook:
• Beyond the toy model

• Higher-spin contributions

• Tests again data 
(also:  spin correlations)tt̄

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
https://doi.org/10.1103/PhysRevD.104.034023
https://doi.org/10.1103/PhysRevD.104.034023

