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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

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

✦Bound-state effects significant near threshold

✤Especially as top pair-production is gluon-fusion dominated

✤Could they be observed?

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
https://dx.doi.org/10.1007/JHEP02(2019)149
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Close to threshold
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✦ Incorporating bound state effects in theory predictions

✤Close to threshold, the non-relativistic approximation is 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)
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<latexit sha1_base64="BK+XawkZwNdYfUEf35ALowjMyWc=">AAAB/3icbVBNS8NAEN3Ur1q/qoIXL4tFqJeaSKUeC148VrAf0MQy2W7apZtN2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/P8mDOlbfvbyq2srq1v5DcLW9s7u3vF/YOWihJJaJNEPJIdHxTlTNCmZprTTiwphD6nbX90PfXbD1QqFok7PY6pF8JAsIAR0EbqFY9cnw3KLvB4CD117vpUw9m9MUp2xZ4BLxMnIyWUodErfrn9iCQhFZpwUKrr2LH2UpCaEU4nBTdRNAYyggHtGiogpMpLZ/dP8KlR+jiIpCmh8Uz9PZFCqNQ49E1nCHqoFr2p+J/XTXRw5aVMxImmgswXBQnHOsLTMHCfSUo0HxsCRDJzKyZDkEC0iaxgQnAWX14mrYuKU61c3lZL9VoWRx4doxNURg6qoTq6QQ3URAQ9omf0it6sJ+vFerc+5q05K5s5RH9gff4ALyyVig==</latexit>

✦Wb Wb production in the threshold regime

✤3 classes of contributions with 0, 1 or 2 (possibly off-shell) tops

t

t-

t

t t

✤Bound-state effects ↝ first class of diagrams in the colour-singlet channel
★Below or slightly above threshold

★One off-shell top quark

★Binding energy ⇔ Coulomb gluon exchanges

↝ to be added to the perturbative treatment

↝ better top pair-production modelling
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Top pair production with toponium effects
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✦The (tree-level) amplitude is enhanced close to threshold

✤ Involving non-relativistic Green’s functions t

t-

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

★Ratio of Green’s functions of the

Hamiltonians with/without VQCD

✦Threshold enhancement

✤Full WbWb differential distribution (green)

★Bound-state effects

★Finite top-width effects

★NLO effects: ISR, differential K-factors

iM(c) ! iM(c) ⇥ G(E; p⇤)

G0(E; p⇤)

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

★Different channels (gg/qq; 1/8)

✤NLO WbWb differential distribution (red)

★No bound-state effects

✤Pure toponium contribution: “green - red” 
[ Sumino & Yokoya (JHEP`10) ]

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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Towards a toponium simplified modelling (1)
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✦Breit-Wigner modelling: a resonance of 344 GeV with a 7 GeV width 

[ Sumino & Yokoya (JHEP`10) ]

⇒
green - red

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>

http://doi.org/10.1007/JHEP09(2010)034
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Towards a toponium simplified modelling (2)
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[ Sumino & Yokoya (JHEP`10) ]
✤The colour-singlet dominates at threshold 


↝the gg-singlet channel dominates

✤The J=0 state dominates

↝ L = S = 0

✦Colour-singlet versus colour-octet; partonic process

The toponium 𝜼t couples to 
top quarks and gluons

http://doi.org/10.1007/JHEP09(2010)034
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A toponium toy model - ingredients
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✦A simplified toponium toy model

✤Standard Model + gauge-singlet pseudo-scalar

✤Dominant production via gluon-fusion ↝ coupling to gluons

✤Connection with the top quark ↝ coupling to top quarks

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>

3 fixed parameters

[m/𝛤/𝝈 known]

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>

✦Quantum numbers for the toponium state 𝜼t

✤Bound state of a top and anti-top system

★Parity:


★Charge conjugation:

✤Ground state (S = L = 0) ⇒ ⌘t ⌘ JPC = 0�+

<latexit sha1_base64="NNcd8w8itcMG/fnP4JFZQf22Su8="></latexit>

★The J=0 state is the only one that can be produced in the colour-singlet gg channel
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A comprehensive approach to new physics simulations
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Matrix 
Elements

Observables

Toponium 
simplified model

Phenomenology

FEYNRULES / UFO ✦Hard scattering
✤LO Feynman diagrams, matrix elements

✤MADGRAPH5_aMC ↝ collider signals

✤Comparison: model and analytical calculations

[  Alwall et al. (JHEP’14) ]

[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC`11) ]

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

[ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ] 

✦Model building: from Lagrangian to tools
✤FEYNRULES ↝ UFO

✦Toponium phenomenology @ colliders
✤Reconstruction (anti-kT) with FASTJET
✤Analysis (cuts & plots) with MADANALYSIS 5

✤Towards a toponium discovery at the LHC

Parton showers

Hadronisation

✦QCD environment with PYTHIA 8.2
✤Matching matrix elements with parton showers

✤Hadronisation [ 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/10.1007/JHEP07(2014)079
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/10.1016/j.cpc.2015.01.024
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
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1.    Towards a simplified model for toponium production

2.    Toponium phenomenology at the LHC


3.    Summary
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Necessary cuts on the signal
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✦MG5_aMC generates events for all m(WbWb) values

✤The signal lies in [338, 350] GeV

↝ extra cut to implement right after event generation

↝ 63% events are lost


✤Spectrum of the top momentum in the toponium rest frame

↝ The distribution is off at a given binding energy

↝ Re-weighting

t

t-

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

|M |2 ! |M |2
����
G(E; p⇤)

G0(E; p⇤)

����
2

,
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Checks and main toponium characteristics
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✦Verification: we assume a di-leptonic toponium decay 

✤Check of a few observables

✤Expectation from spin density matrices

↝ 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

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

�,�̄,�0,�̄0

⇢⌘t

��̄;�0�̄0 ⇢
t!b¯̀⌫`
�,�0 ⇢t̄!b̄`0⌫̄`0

�̄,�̄0

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

https://doi.org/10.1007/JHEP02(2018)180
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Toponium decays in two leptons
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✦Modelling good enough

✤Reproduction of the 

toponium properties

★At large mll: widths & b-

mass effects

✤Toponium formation could 

be present in ATLAS data

★At small mll

★At small 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) ]

https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
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Towards toponium observation with di-leptons
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✦Final-state composition

✤Two isolated leptons + two isolated b-jets (pT > 25 GeV; |𝜼| < 2.5; 𝛥R < 0.4)

✦ATLAS excess location ≡ bulk of the toponium events

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

After the 𝛥𝞿 cut

13 TeV, 140/fb


↝ Further background 

rejection needed

<latexit sha1_base64="TLLZGZQ4eZrC1h963aGm0KzhNo0="></latexit>

Cut tt̄ Toponium Ratio

Initial 113,000,000 900,000 0.0079

Di-lepton 1,450,000 10,300 0.0071

�' ¯̀̀ 0 189,000 4,060 0.021

m ¯̀̀ 0 82,800 2,760 0.033

mT (¯̀̀ 0bb̄; ⌫`⌫̄`0) 43,800 2,460 0.057

tt̄ kinematical fit 21,700 1,420 0.066
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Cornering toponium formation at the LHC
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✦Constraining the transverse mass of the                  system (<320 GeV)

✦Kinematical reconstruction of the toponium system (tL/tH)


✤Assumption: 

✤Definition of the leptons:  l1 is the leading lepton,  l2 the sub-leading one

✤Definition of the b-jets: 

✤Definition of the neutrinos: W reconstruction, ‘top’ reconstruction

<latexit sha1_base64="Qo7eCJ+BLaQLtnbdE4SFY65N6pU=">AAACI3icdVDLSgMxFM34rPVVdekmWIqCUGZEa90VRHBZoS/oDEMmvW1DMw+SjFCGfoHf4Qe41U9wJ25cuPY3zLQj1KIHLpyce28u53gRZ1KZ5oextLyyurae28hvbm3v7Bb29lsyjAWFJg15KDoekcBZAE3FFIdOJID4Hoe2N7pO++17EJKFQUONI3B8MghYn1GitOQWSrZHhA2cp3WMvfSJPXyKbcmJHEIvuZm4DbdQNMvmFHiOXJjWVcXCVqYUUYa6W/iyeyGNfQgU1f/IrmVGykmIUIxymOTtWEJE6IgMoKtpQHyQTjK1M8ElrfRwPxS6AoWn6vxGQnwpx76nJ32ihnKxl4p/9jJLC+dVv+okLIhiBQGdXe/HHKsQp4HhHhNAFR9rQqhg2gCmQyIIVTrWvE7mxz7+n7TOylalbN2dF2vVLKMcOkRH6ARZ6BLV0C2qoyai6AE9oWf0Yjwar8ab8T4bXTKynQP0C8bnN7/MpCI=</latexit>

¯̀̀ 0bb̄+ /ET

<latexit sha1_base64="VBkDz4GmqPK0gYkDU9cBuVOHU8s=">AAACHHicbVDJSgNBEO2JW4xb1KMgjUFILmFGRHMRAl48RsgGmRB6OpWkSc9Cd00gDLn5HX6AV/0Eb+JV8Av8DTsLookPGl69V0V1PS+SQqNtf1qptfWNza30dmZnd2//IHt4VNdhrDjUeChD1fSYBikCqKFACc1IAfM9CQ1veDv1GyNQWoRBFccRtH3WD0RPcIZG6mRP3RFwGnWqeSzQG/pTuR5TFAudbM4u2jPQVeIsSI4sUOlkv9xuyGMfAuSSad1y7AjbCVMouIRJxo01RIwPWR9ahgbMB91OZndM6LlRurQXKvMCpDP190TCfK3Hvmc6fYYDvexNxX89bb4ygO7SeuyV2okIohgh4PPtvVhSDOk0KdoVCjjKsSGMK2EOoHzAFONo8syYZJzlHFZJ/aLoXBWd+8tcubTIKE1OyBnJE4dckzK5IxVSI5w8kCfyTF6sR+vVerPe560pazFzTP7A+vgGYOigHg==</latexit>

~pT (t) = ~pT (t̄)

<latexit sha1_base64="5LJZWVkEslBn3Y6uc75Ml+yCbQI=">AAACG3icbVDLSgMxFM3UV62vUZciBIvQgpSZItqVFNy4rGAf0A5DJnPbhmYeJBmhDF35HX6AW/0Ed+LWhV/gb5i2s6itBwLnnnMvN/d4MWdSWda3kVtb39jcym8Xdnb39g/Mw6OWjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y1up377EYRkUfigxjE4ARmErM8oUVpyzdOg1APOXfvCc+0yvsELdbXsmkWrYs2AV4mdkSLK0HDNn54f0SSAUFFOpOzaVqyclAjFKIdJoZdIiAkdkQF0NQ1JANJJZ2dM8LlWfNyPhH6hwjN1cSIlgZTjwNOdAVFDuexNxX89qb8yBH9pverXnJSFcaIgpPPt/YRjFeFpUNhnAqjiY00IFUwfgOmQCEKVjrOgk7GXc1glrWrFvqrY95fFei3LKI9O0BkqIRtdozq6Qw3URBQ9oRf0it6MZ+Pd+DA+5605I5s5Rn9gfP0Ct8qfKw==</latexit>

m(`1, b1) > m(`1, b2)

Very off-shell 
light top Heavy


top

13 TeV, 140/fb

<latexit sha1_base64="TLLZGZQ4eZrC1h963aGm0KzhNo0="></latexit>

Cut tt̄ Toponium Ratio

Initial 113,000,000 900,000 0.0079

Di-lepton 1,450,000 10,300 0.0071

�' ¯̀̀ 0 189,000 4,060 0.021

m ¯̀̀ 0 82,800 2,760 0.033

mT (¯̀̀ 0bb̄; ⌫`⌫̄`0) 43,800 2,460 0.057

tt̄ kinematical fit 21,700 1,420 0.066
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Key observable for a discovery
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✦The rapidity difference distribution

✤Peak at the origin


↝ smaller tL/tH momentum in the 

toponium rest frame


★ tL is the light reconstructed top

★ tH is the heavy reconstructed top

Potential for a S/B 
ratio of 10%
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1.    Towards a simplified model for toponium production

2.    Toponium phenomenology at the LHC
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Summary
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✦Close to threshold, bound state effects impact top pair-production

✤Resummation of the Coulomb singularities              in the pNRQCD framework 

�
↵s/�)

n

<latexit sha1_base64="BK+XawkZwNdYfUEf35ALowjMyWc=">AAAB/3icbVBNS8NAEN3Ur1q/qoIXL4tFqJeaSKUeC148VrAf0MQy2W7apZtN2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/P8mDOlbfvbyq2srq1v5DcLW9s7u3vF/YOWihJJaJNEPJIdHxTlTNCmZprTTiwphD6nbX90PfXbD1QqFok7PY6pF8JAsIAR0EbqFY9cnw3KLvB4CD117vpUw9m9MUp2xZ4BLxMnIyWUodErfrn9iCQhFZpwUKrr2LH2UpCaEU4nBTdRNAYyggHtGiogpMpLZ/dP8KlR+jiIpCmh8Uz9PZFCqNQ49E1nCHqoFr2p+J/XTXRw5aVMxImmgswXBQnHOsLTMHCfSUo0HxsCRDJzKyZDkEC0iaxgQnAWX14mrYuKU61c3lZL9VoWRx4doxNURg6qoTq6QQ3URAQ9omf0it6sJ+vFerc+5q05K5s5RH9gff4ALyyVig==</latexit>

✦ Investigation of the di-leptonic mode

✤Toponium formation yields small 𝛥𝞿ll and small mll events

✤Could tame excesses in ATLAS data


(that would be due to background mis-modelling)

✦Towards a discovery

✤The toponium system can be reconstructed (tL/tH)

✤The rapidity difference between the tops could be a representative observable

✦Outlook: investigation of the single-lepton channel

✤Easier reconstruction of the toponium system (tL/tH)

✤Access to the top momentum in the toponium rest frame


