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Introduction

Nature 607, 52-59 (2022)

* Top quark is very special. Heaviest I S —
quark in the SM. Has largest Yukawa ’ N
coupling to the Higgs field (y,~1) '
» Very short life time — decays before T - %HH |E
forming any real hadron — access to .
1 ) 10 c El
bare’ quark g B
t/bh e —————— H ZLL 1.0; ] } % i} ;
i < i < 1 < % 0'8:”{([)-‘ I 1|o° 1|01 ' .......1|02 |
ln:/ \I"t-/ A Q CD \A.f/ 8 Particle mass (GeV)
production life_t;rane hadron%iation Spirizlﬂip L
i e * Precision measurements of top
quark: important for testing the SM
30th anniversary of the top-quark and looking for new physics beyond
discovery SM

2026/3/28 Haifeng Li (Shandong University)


https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w

« With those huge amount of tt

LHC Is a top quark factory

» LHC is a tt factory Dominant ¢ Preduction (QCD)
i

— 047 = 834 pb at LHC Run 2

i \
— 0.83M tt events per fb-"
— Due to the short life time, can
measurement tt spin g o . t_

correlations

Slngle top productlon (EW)

data, ATLAS has carried out
precision measurements in top é}(
quark physics

Thanks to the advanced MC tchannel channel

generators and high-order " rq

QCD/EW -calculations Top decays (EW): almost 100% with . v, q
b
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Top quark and tt Threshold Region

QCD predicts a quasi-bound state close to the threshold for low momentum
top quarks (the prediction was made even before the top quark discovery)

Phys. Rev. D 47 (1993) 56

MBI E:

V.S. Fadin and V.A. Khoze, JETP Lett. 46 (1987) 525

Y. Sumino et al., Phys. Rev. D 47 (1993) 56

W.-L. Ju et al., JHEP 06 (2020) 158 (#i KZ=HRZIZHEIRA)

(1L=11)
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Top-antitop production near threshold

1GeV™l = 6.852%x10725¢ o, K From B. Fuks
N IR space (GeV™1)
\—
t ~ -

y

time (GeV™1)
Hadronization time scale: ~5 GeV-' /
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The toponium Green'’s function

From B. Fuks

KopedX,y,2) = <0‘ T{fc()’)fd(Z) L1, (X0)1,(%): } ‘0> Antitop-decay first Top-decay first

t N

1479, 1 =7°
_ S ! Jea ! )bdjd%[Kl(y;(zO, 1) K@ 7. 22050 + Ky (2 6°.7)) KOO 5, Fx, 2.3)

Non-relativistic spin projection operators | -particle-state and 2-particle-state propagators

The toponium Green’s function
« Solution to the Lippmann-Schwinger

. — — &g — - _ —
equation G(E5p) = Go(E;p) + J (2;; Vaen(P —q) G(E;g)
— Fourier transform of the QCD potential )
— S-wave contributions Free Green’s
function

* To be solved numerically

2026/3/28 Haifeng Li (Shandong University) 11



Quasi-bound State from NRQCD

« S-wave, color-singlet state with Green’s function of non-relativistic (NR) QCD by
Eur. Phys. J. C 85 (2025) 157 (B. Fuks, K. Hagiwara, 8], #BI48)

« Generate gg — tt - bfvbfv with MG5_aMC. Spin correlations included
« Reweight matrix element with QCD Green’s functions

IG(E, p)|? [GeV~2] |Go(E, p)|? [GeV~2]

i 103

L 102

30

G(E; p*) |

M2 = M=
Go(E; p*)

p [GeV]

G: Green’s function considering
QCD potential

G,: Free Green'’s function

4 % -4 -2 0 2
E [GeV] E [GeV]

This model includes NRQCD calculations. More complete w.r.t. previous simplified

models (using scalar/pseudoscalar as an effective model)
2026/3/28 Haifeng Li (Shandong University) 12



ATLAS Event Selections

Target for dilepton channel tt - bfvbfv  SR:Signal Region;  CR: Control Region

SRs | CR-Z | CR-Fakes

= 2¢ with pt(£) > 10 GeV
> 1 trigger-matched lepton with pt > 25/27/28 GeV

140 fb-1 LHC > 2 jets with pt > 25 GeV
Run 2 pp data > 1 b-tagged jet (70% efficiency WP) OSSF: opposite-
mee > 15 GeV for ee and uu events sign, same-flavor

m;; < 500 GeV
E%liss > 60 GeV for OSSF events —

£i£'¢ eie¢/uiu¢ gif'i
|mee —mz| 2 10GeV | |mep —mz| < 10GeV | |mee —mz| > 10 GeV

CRs are for correcting Z+jets and Fakes normalization in fit
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Background Modelling

Extremely challenging measurement: need precise modelling of the
tt threshold region

 tt: main background. Powheg v2 hvqg + Pythia8, using narrow-width
approximation (NWA), with approximate spin correlation
— 2D reweighting in (cosB*, M(tt)) to NNLO QCD (from MATRIX) and NLO EW
(HATHOR)

— B*: angle between the momentum of the top quark in the tt center-of-mass
frame and the momentum of the tt system in the lab. frame

« tt: alternative MC sample (for syst.), Powheg v2 bb4l + Pythia8

— Simulate pp — bfvbfv including off-shell, non-resonant contributions, and exact
spin correlations at NLO

Advanced MC generators and state-of-art high-order QCD/EW

calculations play crucial rules in this search
2026/3/28 Haifeng Li (Shandong University) 14



Event Categorization

SR events are categorized into 9 regions

based on two observables: c¢;.; and ¢ 1, _
tTNRQCD

Chet = t4 4,
where the ?J_r are the lepton directions in tt tt
center-of-mass frame, and then in turn ’
boosted into t and t frames. This
distribution has a maximum slope for a
spin-singlet state

chan: flip the 2 in t direction. This
distribution has a maximum slope for a
spin-triplet state

Chel

cher 1S Useful to separate pseudoscalar
from other contributions

2026/3/28 Haifeng Li (Shandong University) 15



Event Categorization and Fitting

-

= s < ——
han 3

i | 1

— SR4 SR5 SR6
3 3

CR-Fakes ee | CR-Fakes ey | CR-Fakes uu

Simultaneous fitting to m;z with 13 categories with profile likelihood method
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Background Estimations

 tt: with a free-floating scale factor (SF); tW: estimation from MC

« /Z+jets: get some contributions from Z—7t. Use the CR-Z to normalize the Z+b

process Pre-fit plots arXiv:2601.11780
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https://arxiv.org/abs/2601.11780

Results: baseline tt + quasi-bound state (NRQCD)

arXiv:2601.11780
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ATLAS

EXPERIMENT

Run: 338183
Event: 3295623881
2017-10-14 09:08:09 CEST

m.s = 342 GeV
Chel = 0.97
Chan = 0.94
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CMS Results

Haifeng Li (Shandong University)
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CMS Results: 2L

e arXiv:2503.22382, Rep. Prog. Phys. 88 (2025) 087801

« Use very similar analysis method compared with ATLAS
* Use toy model for signal

3/28/26
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CMS Simuiation (13 TeV)

Comparison of different models
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* First report about ATLAS results in EPS-HEP2025 in Marseille, France

« Celebration after toponium talks from ATLAS and CMS

« All the ATLAS&CMS management who attended EPS-HEP2025 listened the two talks
Was one of the highlights for EPS-HEP2025

2026/3/28 Haifeng Li (Shandong University)



CERN Press Release after the ATLAS talk in EPS-HEP2025

Elusive romance of top-quark pairs
observed at the LHC

The CMS and ATLAS experiments at CERN’s Large Hadron Collider have observed an
unforeseen feature in the behaviour of top quarks that suggests that these heaviest of
all elementary particles form a fleeting union

8 JULY, 2025

Artist’s impression of the short-lived union of a top quark and a top antiquark formed by the exchange of gluons. (Image: D. Dominguez/CERN)

An unforeseen feature in proton-proton collisions previously observed by the CMS experiment at CERN’s Large
Hadron Collider (LHC) has now been confirmed by its sister experiment ATLAS. The result, reported yesterday at
the European Physical Society’s High-Energy Physics conference in Marseille, suggests that top quarks - the
heaviest and shortest-lived of all the elementary particles - can momentarily pair up with

their antimatter counterparts to produce a “quasi-bound-state” called toponium. Further input based on

complex theoretical calculations of the strong nuclear force -- called quantum chromodynamics (QCD) -- will
enable physicists to understand the true nature of this elusive dance.

2026/3/28

An unforeseen feature in proton-proton
collisions previously observed by the CMS
experiment at CERN’s Large Hadron Collider
(LHC) has now been confirmed by its sister
experiment ATLAS. The result, reported
yesterday at the European Physical Society’s
High-Energy Physics conference in Marseille,
suggests that top quarks — the heaviest and
shortest-lived of all the elementary particles —
can momentarily pair up with their antimatter
counterparts to produce a “quasi-bound-state
called toponium.

Haifeng Li (Shandong University) 24



CMS Results: 1L

« 138 fb-! of pp collisions at 13 TeV
« Lepton + jets final state. e/y and >=4 jets

W

CMS Preliminary | CMS EAS TOPf25'002 138 fb™' (13 TeV)
2 40’} 1 Data B Single t Postfit
LG>LJI 106} M MultjieVEW  —— Expected w/ 1, Uncertainty

Total n, cross section:
51X 09pb
Observed
significance: 6.1 0 O SR OOt OO SUOUUS. SUUHTS UUSIOS. USIOR. TSR VSO OVUS. VU ISUUS SOOI SO IRSOL SSSROL SO O

~

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
S Cra-1 A3 13 14 B 13 11 -1/3 1/3 -1 -1/3 1/3 -1 -1/3 1/3 11 -1/3 1/3 11 -1/3 1/3

1 1 | 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Chan -1 11 11 -1 T f-1 -1 £ =1 11 11 -1 11 11 11 41 -1 11 -1 -1 -1
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Conclusions

An excess of events is observed over the NNLO perturbative QCD prediction, with
80 observed (80 expected) near the tt production threshold by ATLAS with LHC
Run 2 data. [arXiv:2601.11780, submitted to Reports on Progress in Physics],
[ATLAS Physics Briefing]

This excess is consistent with color-singlet, S-wave, quasi-bound tt states
predicted by NRQCD with cross-section of 9.0 + 1.3 pb

A more complete model from NRQCD calculation is used by ATLAS. Important
advantage compared with recent CMS 2L results (Rep. Prog. Phys. 88 (2025)
087801) and also 1L CMS PAS TOP-25-002

Observation of toponium opens a new field to study NRQCD with top quarks

u(2P) X0(P) Xu(2P) Xe@P) -

Possible to do "hadron spectroscopy” with Bomsa 22 n i un
top quarks

 arXiv:2506.14552

3415 - - - . H "
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Top Decays at LHC

* Decay (EW)

Complicated decay final
states. AlImost use all parts of
the ATLAS detector

3/28/26

"dileptons”

Haifeng Li (Shandong University)

ttbar decay

e+jets 15%

"alljets" 46%

t+jets 15%

u+jets 15%

"lepton+jets”
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Top quark pair reconstruction

£ : NIM A 736 (2014) 169-178
* tt system reconstructed from the 2 leading b- (2014)

—Miss I I I

jets, charged leptons, and pt > using:
1. Invariant mass of #*v,b and ¢~ ;b =m, = 172.5 GeV
2. Invariantmass of £*v, and £V, = my = 80.4 GeV
3. pt'*% only from the two neutrinos: v, and v, i
* Ellipse method used to geometrically solve
constraint equations for neutrino momenta
* m; and myy smeared if no solution found

* Solution found for 95% of events in SR - ‘ L
remaining discarded u

| reco__. true

* Resolution ——=%— ~ 229% at threshold
m.z 100 GeV/c

 Alternative methods tested did not improve > | |
sensitivity

3/28/26 Haifeng Li (Shandong University)
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ATLAS Paper Results

What’s new (arXiv:2601.11780 vs ATLAS-CONF-2025-008)
« Updated treatment of 2 — 6 NLO MC (bb4l)
* Improved systematic uncertainty treatment on the signal

2026/3/28 Haifeng Li (Shandong University)
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