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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.)

✦Could bound-state effects significant near threshold be observed?

✦ 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 NRPQCD framework (Non-Relativistic Potential QCD)

✦Wb Wb in the threshold regime (with 0, 1 or 2 possibly off-shell tops)

✤First class of diagrams in the colour-singlet channel
★Below or slightly above threshold (one off-shell top quark)
★Binding energy ⇔ Coulomb gluon exchanges
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↝ to be added to the perturbative treatment
↝ better top pair-production modelling
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Towards a toponium simplified modelling
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✦The (tree-level) amplitude is enhanced close to threshold

[ Sumino & Yokoya (JHEP`10) ]

⇒
green - red

Sumino & Yokoya

Fit

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>

�(13 TeV) ⇠ 6.5 pb

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

✤Full WbWb differential distribution (green)
★Bound-state effects
★Finite top-width effects
★NLO effects: ISR, differential K-factors

✤NLO WbWb differential distribution (red)
★No bound-state effects

✤Pure toponium contribution: “green - red” 
✤The J=0 state dominates ↝ L = S = 0 ↝ JPC = 0-+

http://doi.org/10.1007/JHEP09(2010)034
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A toponium toy model - ingredients
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<latexit sha1_base64="FSjCDeMsjMd1z0RCfzybRyqM2YE="></latexit>

✦A simplified toponium toy model: SM + gauge-singlet pseudo-scalar
✤Dominant production via gluon-fusion ↝ coupling to gluons
✤Connection with the top quark ↝ coupling to top quarks

3 fixed parameters
[m/𝛤/𝝈 known]

✦MG5_aMC would generate events for all m(WbWb) values
✤Mandatory cut: signal in [338, 350] GeV
✤Top momentum in the toponium rest frame off ↝ re-weighting (NRPQCD)

✦Does it work? Tests in the di-lepton channel

Great modelling

width
effects

Toponium in ATLAS data?
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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)

✦Constraining the transverse mass of the                  system (<320 GeV)

✦Kinematical reconstruction of the toponium system (tL/tH):
✤Leptons:  l1 is the leading lepton,  l2 the sub-leading one
✤b-jets: 
✤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="5LJZWVkEslBn3Y6uc75Ml+yCbQI=">AAACG3icbVDLSgMxFM3UV62vUZciBIvQgpSZItqVFNy4rGAf0A5DJnPbhmYeJBmhDF35HX6AW/0Ed+LWhV/gb5i2s6itBwLnnnMvN/d4MWdSWda3kVtb39jcym8Xdnb39g/Mw6OWjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y1up377EYRkUfigxjE4ARmErM8oUVpyzdOg1APOXfvCc+0yvsELdbXsmkWrYs2AV4mdkSLK0HDNn54f0SSAUFFOpOzaVqyclAjFKIdJoZdIiAkdkQF0NQ1JANJJZ2dM8LlWfNyPhH6hwjN1cSIlgZTjwNOdAVFDuexNxX89qb8yBH9pverXnJSFcaIgpPPt/YRjFeFpUNhnAqjiY00IFUwfgOmQCEKVjrOgk7GXc1glrWrFvqrY95fFei3LKI9O0BkqIRtdozq6Qw3URBQ9oRf0it6MZ+Pd+DA+5605I5s5Rn9gfP0Ct8qfKw==</latexit>

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

<latexit sha1_base64="6TrELp4nmoAqFIGedHWVjUWhgXg=">AAACHHicdVDbSkJBFJ1jN7Ob1WMQQxLoi5wTZfYQCL30aOANVGTOuNXBORdm9hFEfOs7+oBe6xN6i16DvqDfaLwUJrVgYO219mbPXm4ohUbb/rBiK6tr6xvxzcTW9s7uXnL/oKKDSHEo80AGquYyDVL4UEaBEmqhAua5Eqpu/2biVwegtAj8Eg5DaHqs64uO4AyN1EoeNwbAadgqpTFDr+lP1XCZophpJVN21p6CLpAL27nKOdSZKykyR7GV/Gy0Ax554COXTOu6Y4fYHDGFgksYJxqRhpDxPutC3VCfeaCbo+kdY3pqlDbtBMo8H+lUXZwYMU/roeeaTo9hTy97E/FPT5uv9KC9tB47+eZI+GGE4PPZ9k4kKQZ0khRtCwUc5dAQxpUwB1DeY4pxNHkmTDLf59P/SeUs6+Syzt15qpCfZxQnR+SEpIlDLkmB3JIiKRNO7skjeSLP1oP1Yr1ab7PWmDWfOSS/YL1/AYHEoDQ=</latexit>

~pT (t) = ~pT (t̄)

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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Summary
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✦Close to threshold, bound state effects impact top pair-production
✤Resummation of the Coulomb singularities              in the NRPQCD framework 
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✦ 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


