Q SORBONNE
b UNIVERSITE

Toponium phenomenology
a - \ =

Benjamin Fuks
LPTHE / Sorbonne Université

[ With K. Hagiwara, K. Ma & Y. Zheng — 2102.11281 [hep-ph] ]

Top LHC working Group Meeting
April 13, 2021

Toponium phenomenology at the LHC Benjamin Fuks - 13.04.2021 - |



---------------------------------------------------------------------------------------------------

Towards a simplified model for toponium production

Toponium phenomenology at the LHC

Summary
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~ 4 Copious top quark production at the LHC [ (13 TeV) ~ 810 pb ]
“* Detailed analysis of the top properties possible (mass, width, etc.)
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< Many differential distributions precisely measurable
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[ ATLAS (EPJC 20) ]

4 Bound-state effects significant near threshold
* Especially as top pair-production is gluon-fusion dominated
i < Could they be observed? '5
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https://dx.doi.org/10.1140/epjc/s10052-020-7907-9
https://dx.doi.org/10.1007/JHEP02(2019)149

% Close to threshold, the non-relativistic approximation is valid (f « |)

*Resummation of the Coulomb singularities (cs/3)"
~ gluon exchanges between slowly-moving top quarks = bound-state effects

* Predictions in the pNRQCD framework (Potential Non-Relativistic QCD)
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. 4 Wb Wb production in the threshold regime
: %3 classes of contributions with 0, | or 2 (possibly off-shell) tops

=

< 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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. 4 The (tree-level) amplitude is enhanced close to threshold ‘E
. “Involving non-relativistic Green’s functions C :
.. X Ratio of Green’s functions of the :
5 iM© i@ x G(E;p*) Hamiltonians with/withoutVacp ) :
: Go(E; p* t :
: o(E ") * Different channels (gg/qq; 1/8) :
: [ Sumino, Fujii, Hagiwara, Murayama & Ng (PRD93) ] i

[ Jezabek, Kuhn & Teubner (Z.Phys.C'92) ]
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4 Threshold enhancement
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L Full result 7
s 777 Bomlewel — " E * Bound-state effects

* Finite top-width effects
* NLO effects: ISR, differential K-factors
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[ Sumino & Yokoya (JHEP'10) ]
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http://doi.org/10.1007/JHEP09(2010)034

4 Breit-Wigner modelling: a resonance of 344 GeV with a 7 GeV width
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—

T

Toponium signal:
pp — np — tTH) 5 WHW b
my, =344 GeV; I, =7 GeV
(13 TeV) ~ 6.5 pb
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* Colour-singlet versus colour-octet; partonic process

[ Sumino & Yokoya (JHEP 10) ] . .
11— %" | he colour-singlet dominates at threshold

2017 — Oyeral /o ~the gg-singlet channel dominates

--J=0
------ Born-level

i % The /=0 state dominates
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< Bound state of a top and anti-top system
* Parity: P(n) = P(t) P(#) (-1)"

* Charge conjugation: C(n;) = (-1)*"°

T eeee—

I ———

* The J=0 state is the only one that can be produced in the colour-singlet gg channel

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

< Standard Model + gauge-singlet pseudo-scalar
<* Dominant production via gluon-fusion ~ coupling to gluons

< Connection with the top quark ~ coupling to top quarks

1 (O | i

'Cm — 9 wtf?“m - §mm77t — ZgggntGWéaW - igtmtf%t

3 fixed parameters
[m/I]o known]
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, 4 Model building: from Lagrangian to tools
Toponium
simplified model * FEYNRULES ~ UFQO [ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

[ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]
FEYNRULES / UFO I g ebTd Yo tas ot

% LO Feynman diagrams, matrix elements

<% MADGRAPH5_aMC ~ collider signals r awai et ai. gHeP19)]
Matrix

Elements % Comparison: model and analytical calculations
l 4 QCD environment with PYTHIA 8.2
Parton sh : : :
:r on e * Matching matrix elements with parton showers
adronisation o
l« “*Hadronisation [ Siéstrand et al. (CPC’15) ]
Observables 4 Toponium phenomenology @ colliders
l < Reconstruction (anti-kt) with FASTJET
< Analysis (cuts & plots) with MADANALYSIS 5
Phenomenology < Towards a toponium discovery at the LHC
[ Cacciari, Salam & Soyez (JHEP’08); Cacciari, Salam & Soyez (EPJC’12)]
— [ Conte, BF & Serret (CPC'12); Conte & BF (IJMPA'19); Araz, BF & Polykratis (EPJC 21) ]
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Towards a simplified model for toponium production

Toponium phenomenology at the LHC

Summary
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4 MG5_aMC generates events for all m(WbWhb) values

% The signal lies in [338, 350] GeV t
~ extra cut to implement right after event generation
~ 63% events are lost

1

“* Spectrum of the top momentum in the toponium rest frame —
~ The distribution is off at a given binding energy

~ Re-weighting

G(E;p) |°
M}* — |M|? ’
MI™ = |M] Go(E; p*)

---------------------------------------------------------------------------------------------------------------
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" 4 Verification: we assume a di- leptonic toponium decay

% Check of a few observables
< Expectation from spin density matrices

2 : ’00'0'0'0'/ paa 106,5’

O'O'O'O'

T— ——

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

[ Hagiwara, Yokoya & Zheng (JHEP’18) ]
R

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

mz, =2E;Ey (1 — sin @ sin 6 cos(@g — ) — cos O cos 9)

—------------------------------.

(1+ cosB)(1+ cosf) + (1 —cosf)(1 — cos) + 2sin O sin O cos(p — @) :

¢ Toponium characteristic: small my,and small Agy,

---------------------------------------------------------------------------------------------------------------
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4 Modelling sood enough
“*Reproduction of the
toponium properties
* At large my: widths & b-
mass effects

% Toponium formation could

be present in ATLAS data
* At small m,

* At small A¢,

How to confirm it?

o(m) [pb] _o(t) [pb] | Ratio
6.43 810 \0.0079

~ Proper analysis
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4 Final-state composition
% Two isolated leptons + two isolated b-jets (pr > 25 GeV; |n| < 2.5; AR < 0.4)

4 ATLAS excess location = bulk of the toponium events
“Small A, (<m/5), small m, (< 40 GeV)

.
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L] 1
: 1044 T Cut tt Toponium | Ratio :
1
: 103 N Tnitial 113,000,000 900,000 | 0.0079 :

willg, | fTog,
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1 ~ ~ 2/ "
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! g 103 4 o .I. L 1
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: 4> Constraining the transverse mass of the £/'bb + E1 system (<320 GeV)
. 4 Kinematical reconstruction of the toponium system (ti/tn) :
. < Assumption: pr(t) = pr(t) 5
5 » Definition of the leptons: ¢ is the leading lepton, ¢4 the sub-leading one :
: % Definition of the b-jets: m(¢1,b1) > m(¢1,b2) E
: * Definition of the neutrinos: W reconstruction, ‘top’ reconstruction :
5 13 TeV, 140/fb :
E g: - .. Very off-shell Cut tt Toponium | Ratio E
CG . c 10% light top Heavy Initial 113,000,000 900,000 | 0.0079 !
LS . - 2 e op Di-lepton 1,450,000 10,300 | 0.0071 s
E g . o § . i Apgy 189,000 4,060 | 0.021
I : " = My 82,800 2,760 | 0033
R " fa o (8'0b; vepe ) 43,300 2,460 | 0.057
' 10 4 IS T 1 kinematical fit 21,700 1,420 | 0.066
! = model o . = e model == :
: t background tt background :
: 200 250 ] 36_0 ‘ 350 400 160 170 180 190 ;
' mr{IL'bb; p7"**) m(t) [GeV] .

---------------------------------------------------------------------------------------------------------------
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pp = biv, bl'vy, Vs =13TeV, 140 fb~!

_2 _1 0 1 2
y(ty) — y(ty)

E { = + model A o« o . . . . E
: 2001 7 oackgroung & A 4 The rapidity difference distribution
el T AN ¢ Peak at the origin
: ~ smaller t;/tq momentum in the :
| : : toponium rest frame :
] 'S 1500+ ;
A g * t, is the light reconstructed top :
i 291000 ’ s * ty is the heavy reconstructed top 5
> o ‘ Potential for a S/B
: . vt ‘. ratio of 10% ;
E O—N‘=lll.... AT EEY E
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Towards a simplified model for toponium production

Toponium phenomenology at the LHC

Summary
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‘Close to threshold, bound state effects impact top pair-production
“*Resummation of the Coulomb singularities («s/3)" in the pNRQCD framework

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

. 4 Investigation of the di-leptonic mode

¢ Toponium formation yields small A¢, and small m, events

*» Could tame excesses in ATLAS data
(that would be due to background mis-modelling)

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

*Towards a discovery

* The toponium system can be reconstructed (t./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 (t./tw)
% Access to the top momentum in the toponium rest frame
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