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(run 2, 2015-2018, pp collisions at *s =13 TeV, 140 fb?)
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The top quark: Heaviest Elementary Particle

® Mwop=172.52+0.33 GeV ~weight of gold nucleus

79 196.9665
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=173.07 GeV/c?

t

top
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112

@ 79Protons € 118Neutrons @ 79Electrons

® large coupling to Higgs boson ~1
important role in EWK symmetry breaking?

o short lifetime: T~5-10-25 s « A-1qcp:

decays before it fragments
— observe “naked” quark

Is the top quark connected to new physics?

o spin1/2

® do they connect to new (pseudo-)scalars?
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Search for Extensions of the Higgs Sector

2 Higgs Doublet Model (2HDM) . t

o simplest extended Higgs model LEQQQQ t A/H L _
>- ------ .< + v smtt
(I)1 (I)z g t 7

h Yz R R

) l
DOOGH .
35} PRD 95 (2017) 095012 Scen_al‘lo 1\1; -
neutral  neutral — % sl & va=13Te
CP-even CP-odd 9 Q 15, scale uncertainty
— 0 Org s 2HDM + SM -------- =
= ' SM —— |
g
peak-dip
o if couplings are Yukawa-like: structure

strongest couplings to top quarks
® ma, my > 2mM¢e decay to top quark pairs

) - ) 4bO 560 660 7i()0 SbO 960 1600 lllOO IZlOO 1;300
— search for resonances in tt production M,; [GeV]
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Event Selection: Dilepton Channel

exactly two opposite-sign leptons (e/p) “ " cut away Z peak & require

ptmiss > 40 GeV In ee/up
split in 3 categories:

ee, ey and 4 |
1 HH W E/ jet 1 or more b-jets

t CMS Experiment at the LHC, CERN
Data recorded: 2018-May-01 03:56:48.141056 GMT
Run/ Event / LS: 315489 / 160946765 / 275

/

reject low me events

2 or more jets = —

Top quark production at the ttbar threshold at CMS - Christian Schwanenberger - EPS-HEP 2025, Marseille



Event Selection: Dilepton Channel

o exactly two opposite-sign leptons (e/u) e, |

o split in 3 categories:

ee, ey and pp

» reject low my, events

® 2 or more jets .
jet

Top quark production at the ttbar threshold at CMS

o

o cut away Z peak & require
ptmiss > 40 GeV In ee/up

+ | :
W :/ Jjel o 1 or more b-jets

e analytic reconstruction of tt system

- 6 unknowns (2 massless neutrinos)
~ 6 constraints: all ptmiss from vv, 2x
top mass on-shell, 2xW mass on-shell
— assign b-jets using likelihood, based

on Mg
\ - finite detector resolution: repeat

reconstruction 100 times with randomly
e, U smeared inputs, take weighted average

- Christian Schwanenberger - EPS-HEP 2025, Marseille 5



Event Selection: Dilepton Channel

o exactly two opposite-sign leptons (e/u) €, H » cut away Z peak & require

ptmiss > 40 GeV In ee/up
o split in 3 categories:

ee, ey and § |
: HH W i/é Jjel o 1 or more b-jets

b

© reject low my events e tt spin correlation

® 2 or more jets

Jet

Top quark production at the ttbar threshold at CMS - Christian Schwanenberger - EPS-HEP 2025, Marseille



Top-Antitop Quark Spin Correlation

JHEP 12 (2015) 026

CMS Simulation 13 TeV

—I— SM tf e’
—— A resonance .
w V
—— H resonance
g 9 t
()
L 00000
. b
‘ =
g v t
W- K

scalar product of charged
lepton directions in parent
1.0 top quark rest frames

Chel
— separates between pseudoscalar and SM

0.5
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Top-Antitop Quark Spin Correlation: Dilepton

CMS Simulation 13 TeV
—4— SM tt
—+— A resonance
—— H resonance e”
w* Vv
9
g t
“O3\ 00000 f
. \“ t °
W- U

scalar product of charged
lepton directions in parent

1.0 -0.5 0.0 0.0 1.0 top quark rest frames with
Chan a sign flip in top direction

— separates between pseudoscalar and scalar

Top quark production at the ttbar threshold at CMS - Christian Schwanenberger - EPS-HEP 2025, Marseille




Top-Antitop Quark Spin Correlation: Dilepton

o+

’ CMS Simulation 13 TeV
—4— SM tt
—+— A resonance
—— H resonance e”
w- Y
g
g t
“O)\ 00000 f
- \“ t P
W- U

scalar product of charged
lepton directions in parent

explore 3 variables -1.0 -0.5 0.0 0.5 1.0 top qu?lljk rest fradr_nes \{vith
simultaneously: Chan 2 3'9N flipin top direction
Mt ; Chel, Chan — separates between pseudoscalar and scalar

Top quark production at the ttbar threshold at CMS - Christian Schwanenberger - EPS-HEP 2025, Marseille



Results and Background Modeling

Bl Other Bl tX tt Prefit uncertainty +  Data
-1 < Chan < -5 1<Chan <=5 |-l <Chan<-5| = <Chan <35 | = < Chan < 5 -%<chan %1%<chan<1§l<chan<1_%<chan<1f
i 1 1| 3 1| 13 i | 1 | 11 11 ~
£103:_.-1<che|<--3- S <Chel €5 | 3<Chel <1 [-1<Chei<5| 5<Chei<35 | 3<Chel <1l |-1<Chei<5| 5<Chel<s .-§<che,<1_:
GJ % '0 . 0. N 0. ‘ ‘e
-~ 2 . « ~ *
V)] 10 ... .'. R .
+— . . .
C .o .. ..
G) B .U w: b
> ®e .' 8 ‘f
LLI 1 » i — Surtil o~ @
V ‘t’” " Lt

Top pair production

» Fixed-Order perturbative QCD
NLO MC (Powheg+Pythia 8)

» reweighting to NNLO QCD and
NLO EW in bins of mg vs. cos9*
EPJC 78 (2018) 537,

EPJC 51 (2007) 37

» hormalize to NNLO+NNLL

Cross section
CPC 185 (2014) 2930

Top quark production at the ttbar threshold at CMS EPS-HEP 2025, Marseille
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Results and Background Modeling

Bl Other Bl tX tt 0 Prefit uncertainty +  Data
———————— T T 7T I — — —— T T T
.'1<Chan<‘§ ‘1<Chan<"'§' '1<Chan<'§ '§<Chan<§ "§<Chan<§ '§<Chan<§-§'<Chan<1§<Chan<1'§<Chan<1
' 1 1 1 1 1 1 1 1 5 1 | 1 1 1 ]
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Sty ol ks
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2

528

v

>
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Vv

b .. g Y Single top production
' b w » Wt, t-channel, s-channel
p w o » from MC

g & Y » normalised to (N)NLO
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Results and Background Modeling

Bl Other Bl tX tt 0 Prefit uncertainty +  Data
— e —
1 "1 < Chan < ‘§ "1 < Chan < "'§' '1 < Chan < '§ "§ < Chan < § "§ < Chan < §' “§ < Chan < § : -§' < Chan < 1 § < Chan < 1 | '§ < Chan < 1 l
| ! 1 1T |1 11 1 i | 1 | 1 1 101 ~
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S R . g :
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> " .o '. ...' :

L 1 . oms . me 0 g
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Drell-Yan+jets production

» MINNLO simulations

» Data-driven normalisation
from Z peak

Z
q ‘g
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Results and Background Modeling

Bl Other Bl tX tt o Prefit uncertainty +  Data
- —_——————
l<Chan <5 -1<Chan<-3|-1<Chan<-3  3<Chan<3 | $<Chan<35  F<Chan<3 | 53<Chan<1l | 3<Chan<1 | 3<Chan<1 ]
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Results of the 2016-2018 Data

138 fb' of pp collisions at 13 TeV

: S iy AT e g g e y Bl 1 ok s , 1 1 T wen W § e g =R T
-'1<Chan<'§ ‘1<Chan<'§ '1<Chan<'§ '§<Chan<§ '§<Chan<'§ '§<Chan<'3' §<Chan<1 §<Chan<1 §<Chan<1 -
| 1 1 1 1 1 1 1 1 1 1 1 1 ‘
| "'1 < Che] < "'§' "§ < Che| < § '§ < Che| < 1 "'1 < Che' < “§ ""3- < Che| < § § < Che| < ]. "1 < Chel < "§ '§ < Che| < 3 .3 < Che| < 1 |

Postfit (BG + A/H) A(365, 2%), ga=0.75+0.03 H(365, 2%), g4 =0.0 £ 0.27 ' Uncertainty

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

(-
(-

Ratio to background
=
<

&
©

profile likelihood fit
to 20 bins mga
g X 3 bins Chel
5 X 3 bins Chan

— pseudoscalar excess at low ma
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Another Interpretation: tt Bound States

ol Universtat Hamburg Top quark production at the ttbar threshold at CMS - Christian Schwanenberger - EPS-HEP 2025, Marseille 15



Another Interpretation: tt Bound States

R el T IR Lk I g 99099 > ¢ g 90099 > t g 299909 e ¢
l attractive S EE
. N - g 99009 — / g 929909 > / g 209909 < /
IR ;
; R
< - seudoscalar toponium nsx: - -
S o8 | g [1] P P Nt ke ~
E‘ i . \L 1So!1l spin-0, CP-odd, P \\
o ’ . 1 color-singlet / \
~ 06 7 repulsive /
o) \
S ; : / \
! |
i \
0.2 LHC Vs = 14 TeV . ‘ !
repulsive 1 \ /
0 e o als e s o lrsuaBunmuill o s el asn millamanlesss \ /
335 340 345 350 355 360 365 370 375 380 V.S.Fadin, V.A.Khoze, and \ /
T.Sj@strand, “On the threshold N P /
behaviour of heavy top production”, ~
M [GeV S _-"
EPJC 60 (2009) 375 | ] Z. Phys. C 48 (1990) 613 - -

— threshold region is dominated by color-singlet pseudocalar toponium
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Another Interpretation: tt Bound States
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;& l . ; pseudoscalar toponium ng: _-T T~
S— i . /
~ 1Solll spin-0, CP-odd, p -
19 :
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5 i
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0.5 . attractive: color singlet N
: arXiv:2412.16685
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— threshold region is dominated by color-singlet pseudocalar toponium
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Another Interpretation: tt Bound States

40 CMS Simulation Supplementar 13 Tey) % > ¢ -awa—g— 9wt —t
3 m(n,) = 343 GeV 1 e+ EE Tt
o [(n) =2.8 GeV goml <«—F gumml <7 gomml et f
= o(nt) =6.43 pb
g t
g Nt
2 pseudoscalar toponiumn: oY _
1Soll spin-0, CP-odd, . ¥ :
color-singlet Approximating tt bound states
— Powheg NLO » simplified model
NRQCD NLO+NLL » generic particle with direct
arXiv:2412.16685 couplings to gluons and tops,

mass and width from fit to NRQCD

340 350 360 370 380
my; [GeV]

— threshold region is dominated by color-singlet pseudocalar toponium
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do/dmy; [pb/GeV]

Another Interpretation: tt Bound States

CMS Simulation Supplementar

m(n,) = 343 GeV
r(ﬂt) =2.8 GeV
O(T]t) =6.43 pb

— Powheg NLO
—— Powheg NLO + n;

NRQCD NLO+NLL
arXiv:2412.16685

350 360 370 380

Myt [Ge\/]

g 9990009 [ t g 9900008 > t g 999009 — t
1A + t4 + th & & + .
g 2900009 = t g 290909099 < t g 299999 ‘t'_i : t
g L

pseudoscalar toponium ng:

1Soltl spin-0, CP-odd, o ¥ _
color-singlet Approximating tt bound states

» simplified model

scalar toponium Xx: JHEP 03 (2024)

099
3Polll spin-0, CP-even,

» generic particle with direct
couplings to gluons and tops,
mass and width from fit to NRQCD

color-singlet
(not shown)

— threshold region is dominated by color-singlet pseudocalar toponium

Top quark production at the ttbar threshold at CMS

- Christian Schwanenberger -
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Another Interpretation: tt Bound States

e CMS Simulation Supplementar 3 TeNy fewr—s—: Jame—p—: TRt
% | it - 343 Gov i T B S § 1 B
o) - I'(r]t) =2.8 GeV g 999990 — t g 999999 < t g aasm e F
% 3-0 O(T]t) - 643 pb
-CEJ 25 d r]t Xt -
g | pseudoscalar toponiumn: 000 & )
2.0 1Soltl spin-0, CP-odd, . ¥ _ | | :
color-singlet Approximating tt bound states
- — Powheg NLO | | » simplified model
o . — Powheg NLO + n, scalar t?ponlum Xt: JHEP 03 (2024) 099
~ NRQCD NLO+NLL 3Pol1] SP'”‘O, CP-even, . genel_ric partic:e with dijrect
- arXiv:2412.16685 § color-singlet couplings to giuons and tops,
mass and width from fit to NRQCD
0.0 (not shown)
340 350 360 370 380
¢ to keep in mind: m [GeV]
details of lineshape well below experimental resolution (15% - 25%) ArXiv:2412.15138

— looks similar to elementary A resonance, but without interference —+ minimal separation
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Results and Pseudoscalar Toponium Interpretation
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— exciting excess: >5 standard deviations
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arXiv:2503.22382

profile likelihood fit *
to 20 bins m«

X 3 bins Chel
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¢ to keep in mind:

modeling of the tt
threshold region
is challenging

and requires
further theoretical
Investigation!

JHEP 09 (2010) 034
PRD 104 (2021) 034023

arXiv:2412.16685

NRQCD: o(ny) = 6.4 pb

Top quark production at the ttbar threshold at CMS
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EPS-HEP 2025, Marseille
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Spin Correlation
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Spin Correlation
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Spin Correlation

CMS 138 fb~1 (13 TeV)
¢ Data EEE tX Unc.
tt B Other
2104 '
O
S~
hd
S 103
>
LL]

102 R
(D :
m j ' '
+ 1.1 + Nt)

a

@)

et +

o 1.0 ——
L

O

e

@

-5 0.9 T
n(cc 1300

— pseudoscalar bahaviour

- Christian Schwanenberger -

Ratio to FO pQCD + BG

Events X

10*

[

e
= O

=
©

(-
o - - -

CMS 138 fb~1 (13 TeV)
¢ Data W tX Unc.
tt B Other

* - g o T v T - ad T v v v T v
4
' A e A A A A A A A A A A A A A

- Postfit (FO pQCD + BG + n;)

EPS-HEP 2025, Marseille



Scalar or Pseudoscalar?

CMS 138 fb~1 (13 TeV)
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— data prefers pseudoscalar over scalar

Top quark production at the ttbar threshold at CMS
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Scalar or Pseudoscalar?

CMS 138 fb~1 (13 TeV)
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Scalar or Pseudoscalar?
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Systematic Uncertainties

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o0 impact (obs.) . _
CMS Fit constraint (exp.) B +10 impact (exp) = -1oimeact exoy  © PD41 generator instead of Powheg:
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Systematic Uncertainties

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o0 impact (obs.) . _
CMS Fit constraint (exp.) B +10 impact (exp) = -1oimeact exoy  © PD41 generator instead of Powheg:
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Systematic Uncertainties

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o0 impact (obs.) . _
CMS Fit constraint (exp.) B +10 impact (exp) = -1oimeact exoy  © PD41 generator instead of Powheg:
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Supplementary
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— unertainty dominated by tt modeling
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Systematic Uncertainties

—e— Fit constraint (obs.) —— +1o0 impact (obs.) —— -1o impact (obs.) . _
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PSFSR()| | [mme— | — off-shell effects included
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Top quar Yukawacoupling | | e || omER e — interference between tt and tW

Pythia vs Herwig (tt)
PS FSR:

ight/charm ratio
— O variation in final state

PS FSR ("t)
Color reconnection (QCD-inspired)
radlathn g —" jet

/W* T =

Supplementary

0 tagging

EW correction scheme
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— unertainty dominated by tt modeling
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Systematic Uncertainties

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.) _ |
g,'),’f,f;men,a,y Fit constraint (exp) B +1o impact (exp) 1 -loimpact exp)  © DD4| generator instead of Powheg:
o(n,) = 8.8'1% pb — pp — bb I"'I_V\_/

bb4l (it + tW)

PS FSR (tt)

Top quark mass (QCD MC)
Top quark Yukawa coupling
Pythia vs Herwig (tt)

0 tagging (light/charm ratio
PS FSR ("t)

Color reconnection (QCD-inspired)

EW correction scheme
Luminosity (all years, corr.)

b tagging (gluon splitting)
Luminosity (2016, uncorr.)

PDF
Jet P, scale (PU rem. central, corr.)

Jet P, scale (rel. sample, 2018)

tW norm.

Electron ID eff.
Luminosity (2017, uncorr.)
Jet P scale (abs. scale, corr.)

Jet P scale (b flavor response)

— off-shell effects included
— interference between tt and tW

PS FSR:

— O variation in final state
radiation

top quark mass

iy [po] — unertainty dominated by tt modeling
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Systematic Uncertainties

CMS
Supplementary

bb4l (it + tW)

PS FSR (it)

Top quark mass (QCD MC)
Top quark Yukawa coupling
Pythia vs Herwig (tt)

0 tagging (light/charm ratio
PS FSR (“t)

Color reconnection (QCD-inspired)

EW correction scheme
Luminosity (all years, corr.)

b tagging (gluon splitting)
Luminosity (2016, uncorr.)

PDF
Jet P, scale (PU rem. central, corr.)

Jet P, scale (rel. sample, 2018)

tW norm.

Electron ID eff.
Luminosity (2017, uncorr.)
Jet P scale (abs. scale, corr.)

Jet P scale (b flavor response)

Fit constraint (exp.) |

- +1o impact (exp.)

—e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.)
-1o0 impact (exp.)

o(n,) = 8.8 pb

bb4| generator instead of Powheg:
— pp = bb I+l-vv

— off-shell effects included

— interference between tt and tW

PS FSR:

— O variation in final state
radiation

top quark mass
top quark Yukawa coupling

— unertainty dominated by tt modeling

Top quark production at the ttbar threshold at CMS
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Systematic Uncertainties

CMS
Supplementary

bb4l (it + tW)

PS FSR (it)

Top quark mass (QCD MC)
Top quark Yukawa coupling
Pythia vs Herwig (tt)

0 tagging (light/charm ratio
PS FSR ("t)

Color reconnection (QCD-inspired)

EW correction scheme
Luminosity (all years, corr.)

b tagging (gluon splitting)
Luminosity (2016, uncorr.)

PDF
Jet P, scale (PU rem. central, corr.)

Jet P, scale (rel. sample, 2018)

tW norm.

Electron ID eff.
Luminosity (2017, uncorr.)
Jet P scale (abs. scale, corr.)

Jet P scale (b flavor response)

—e— Fit constraint (obs.) —— +1o0 impact (obs.) —— -1o impact (obs.)
Fit constraint (exp.)

- +1o impact (exp.)

bb4| generator instead of Powheg:
— pp = bb I+l-vv

— off-shell effects included

— interference between tt and tW

-1o0 impact (exp.)

o(n,) = 8.8 pb

Herwig7 parton shower simulation
instead of Pythia8

— unertainty dominated by tt modeling
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Fit without tt Bound State

CMS 138 fbo~1 (13 TeV) CMS 138 fb~1 (13 TeV)
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Fit without tt Bound State

CM S ° Fit constraint (FO pQCD + BG + 1) S Fit constraint (FO pQCD + BG only) yt
+o impact (FO pQCD + BG + 1) ~16 impact (FO pQCD + BG + 1) g 888> 1
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~ 1.2
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Top quark mass (QCD MC) .= g 29090900 <+ O ¢

Top quark Yukawa coupling P — : b : i Yt
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Color reconnection (QCD-inspired = ' .—.—. / the SM pred|ct|on
EW correction scheme ? —t—t
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Alternative fixed order pQCD predictions

L__I_ tt+tW Powheg+Pythia
— tt+tW Powheg+Pythia + n;
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Alternative fixed order pQCD predictions

CMS Simulation (13 TeV) CMS Simulation (13 TeV)
© a1 G e L A
r= 1.1 mi < 360 GeV "= 1.1 - ti+tw Powheg+Pythia -
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" == tt+tW Powheg+Pythia _ O
C(CU —— tt+tW Powheg+Pythia + n: _8
" ... tt+tW Powheg+Herwig '
0.9} bb4l Powheg+Pythia - 9
-1 0 1 ©
ad
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Nominal result 8.8 14 — excess remains
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Alternative Fixed Order pQCD Predictions

CMS Simulation (13 TeV)
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Consistency with other Results: Invariant Mass

arXiv:2402.08486 JHEP 07 (2023) 141 PRD 97 (2018) 11200
CMS 138 fb' (13 TeV) 35.8 fb' (13 TeV)
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— good description by theory except for enhancement in data in threshold region
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Consistency with Other Results: Spin Correlation

: Phys. Lett. B 725 (2013) 115
® quantum entanglement analysis D = —3<Che|> | (e ibia. 788 @os) 4131 Clal=COSO

CMS 36.3 fb~! (13 TeV)
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D
— data requests stronger slope in chel at threshold: ,,our” pseudoscalar excess would fit
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Summary

o observed excess of CMS data (v/s = 13 TeV, 138 fb-1) at top pair
production threshold with > 50 significance

» consistent with a CP-odd color-singlet tt (quasi-)bound state: n,
» extracted cross section

- (0.5 (stat) ﬂé (syst) pb = 8.8 ﬂ:ﬁ pb

in agreement with NRQCD prediction of 6.4 pb

— caution 1: tt threshold region is difficult to model! We rely on current knowledgel
— caution 2: the other hand we also cannot exclude BSM contributions, e.g. by a new
elementary pseudoscalar particle

— caution 3: ATLAS needs to confirm... See next talk!
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Summary

o observed excess of CMS data (v/s = 13 TeV, 138 fb-1) at top pair
production threshold with > 50 significance

» consistent with a CP-odd color-singlet tt (quasi-)bound state: n,
» extracted cross section

- (0.5 (stat) ﬂé (syst) pb = 8.8 ﬂ:ﬁ pb

in agreement with NRQCD prediction of 6.4 pb

— caution 1: tt threshold region is difficult to model! We rely on current knowledgel
— caution 2: the other hand we also cannot exclude BSM contributions, e.g. by a new
elementary pseudoscalar particle

— caution 3: ATLAS needs to confirm... See next talk!

by Heifeng Li
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Observation of a cross-section enhancement

near the tt production threshold with the
ATLAS detector
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Top Quark Pair Production at LHC

LHC is a tt factory Dominant
— 047 = 834 pb at LHC Run 2 A
— 0.83M tt events per fb-" ! P b
— Due to the short life time, can
measurement tt spin correlations

« With those huge amount of tt data, ,
ATLAS has carried out precision
measurements in top quark
physics

« Thanks to the advanced MC generators and high-order QCD/EW
calculations

* |n this talk, focus on tt production threshold region with 140 fb-' LHC Run 2
pp data

717125 Haifeng Li (Shandong University) 2




Threshold Region Measurement is Challenging

Experimentally very challenging: modelling of tt close to threshold region; tiny effect
of quasi-bound state

do / dm™ [pb/GeV)

Prediction

Prediction

Prediction

77125

T T T
- ATLAS ® Data — PWG+PYS
Vs = 13 TeV, 140 fb’ PWG+PY8 (DS) - - PWG+PYS (bhdl)
~ WbWhb dilepton Stat. unc Syst. + Stat. unc
'E-en, Nb’m?-: 2

b el arXiv:2506.14700
!

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

500 1000 500 2000

First Quantum Entanglement (QE) measurement
using tt at LHC

Particle-level D

-0.1

-0.2f

-0.3r

—0.4}

-0.5¢

-0.6

| ATLAS Oon
/s=13TeV, 140 b
Nature 633 (2024) 542
[ |
_______________________ é.
| === —cooooooooooo—]
—.— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8)
I Theory Uncertainty
@ Data
@ Pownheg + Pythia8 (hvq)
B Powheg + Herwig7 (hvq)
340 <my; < 380 380 < 500 mg > 500

Particle-level Invariant Mass Ral GeV]

Threshold region has
received a lot of
attention recently in
the context of quantum
entanglement

Stronger QE in data than MC.
Missing toponium contributions?

Haifeng Li (Shandong University)


https://www.nature.com/articles/s41586-024-07824-z

Top quark and tt Threshold Region

« Top quark is very special. Heaviest
quark in the SM. Has largest

From B. Fuks

space (GeV™)

Yukawa coupling to the Higgs field

* Very short life time — decays before
forming any real hadron

« 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)

a0 — ‘S.,J‘B' <]

da / dM [pbiGeV]

EPJC 60 (2009) 375-386

717125 M[GeV] Haifeng Li (Shandong University)

Toponium creation time

Toponium/top decay time

Another top decays

»

One top decays

s

time (GeV™!)

y

Hadronization time scale: ~5 GeV-1



Quasi-bound State from NRQCD

« S-wave, color-singlet state with Green’s function of non-relativistic (NR)
QCD by B. Fuks et al., Eur. Phys. J. C 85 (2025) 157

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

" |G(E, p)|? [GeV~2] " |Go(E, p)|? [GeV~2]
- 102

2 25

G(E; p*)

M2 = M=
Go(E; p*)

G: Green’s function considering
QCD potential

G,o: Free Green'’s function

- 101

-6 i =2 0 Z - 4 g —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)
717125 Haifeng Li (Shandong University)



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). m; = 172.5 GeV

— 2D reweighting in (cos8*, 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 — bfvbtv including off-shell, non-resonant contributions, and exact spin
correlations at NLO

717125 Haifeng Li (Shandong University)



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
> 2 jets with pt > 25 GeV
> 1 b-tagged jet (70% efficiency WP) OSSF: opposite-
mep > 15 GeV
my; < 500 GeV

E%liss > 60 GeV for OSSF events —

=0+ eie“_L/,ui,u“_L VYA
\mee —mz| > 10 GeV | |mep —mz| < 10GeV | |mep —mz| > 10 GeV

sign, same-flavor

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

717125 Haifeng Li (Shandong University) 7



Event Categorization

SR events are categorized into 9 regions

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

Chet = t+ 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: Tlip 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

717125 Haifeng Li (Shandong University) 8



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

717125 Haifeng Li (Shandong University)



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 ATLAS-CONF-2025-008

o 14219 , , , , ,
[} [ .. z .
O] - ATLAS Prellmmary BN {nracD \/M\//ﬂets
o L - -1 . t
o 1.2 Vs =13TeV, 140.1 fb i . Zujets ¢ Data
f2) C POWHEG V2 th + PYTHIA 8 pre—flt X 777z Total uncertainty
c
o 1.0~ 1<c ; ; , Fakes , ;
f k / ] - han < -3 -3 < Chan < 3 3 < Chan <
: -prompt leptons: ~ *,,
a e non ro e OnS' 0.8—-1<cha<-§ | -3<Cha<d | 3<cha<l | -1<Cha<-§ | -3<Cha<d | 3<Cha<l | -1<Cha<-§ | -i<Cna<d | d<cpacd
| | | | | | |

Fakes represent 1.5% of
SR yields. Data-driven
estimation with 3 CR-
Fakes

8 105 == =+ = = = = + -+ =
£ I i ! T I 1 g T :
g C 0 0 0 0 0 (] 0 . 0 ::’ ]
o 1.00F¢=es .”+ O eeed e PSS DG £ SIS & . ’”+ e B L Ve e
[0 C 1 1 1 1 I I I

Q .95k = S B2 =2 = 3 Es =S =

350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450
myg [GeV]
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Results: baseline tt + quasi-bound state (NRQCD)

~ ATLAS-CONF-2025-008
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Run: 338183
Event: 3295623881
2017-10-14 09:08:09 CEST

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



Impacts of Systematics

« Quasi-bound state modelling: Parton
shower [Herwig7]

* tt decay and off-shell [comparison to
bb4l]

« NNLO QCD rew.: NNLO QCD scale
variations

* No strong pulls or constraints
« Largest effects from toponium
modelling and off-shell effect modelling

NP shifts
up up
BN Opo1 P ONp
down down
-Opol P ONP
with p the linear corr. coef.

ttnraco parton shower

ﬁ’NRQCD ISR

tt decay and off-shell (corr.)
tt NNLO QCD rew.

jet pileup p topology

tt decay and off-shell (SR1)
tt FSR

b-tagging (B) EV4
luminosity

y CR-Z bin1

tt decay and off-shell (SR7)
b-tagging (B) EV5

tt parton shower (SR1)

tt decay and off-shell (SR2)
b-tagging (B) EVO
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Impacts of Systematics

ATLAS-CONF-2025-008

. . C I
» Quasi-bound state modelling: Parton Hegory mpact
- . t modelli 3.5%
» tf decay and off-shell [comparison to modeme
Jet energy scale (pileup) 1.3%
bb4|] b-tagging 1.2%
« NNLO QCD rew.: NNLO QCD scale Instrumental (other) 0.9%
variations Limited MC statistics 0.7%
Jet energy scale (flavour) 0.5%
Background normalisations 0.4%
* No strong pulls or constraints tW modelling 0.4%
o Larg est effe cts from tOpOnium jet energy scaie En Lnte)r—cahbratlon) 3;1;70
. . et energy scale (other O%0
modelling and off-shell effect modelling e
et energy resolution 0.3%
Leptons 0.2%
Total syst. uncertainties 6.8%
Total stat. uncertainties 13%
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Conclusions

An excess of events is observed over the NNLO perturbative QCD prediction, with
7.70 observed (5.70 expected) near the tt production threshold by ATLAS with
LHC Run 2 data. [ATLAS-CONF-2025-008], [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 in this analysis.
Important advantage compared with recent CMS results (arXiv:2503.22382)

This results show the strength of the LHC as a precision machine

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

More work to characterize this excess and to better quantify the impact of off-shell
top-quark decays

Top quark and anti top quark “shake
their hands” before they decay
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Simplified model for tt quasi-bound states

* A pseudo-scalar spin-singlet resonance or as a combination of scalar and
pseudo-scalar resonances. Mostly pseudo-scalar *S!1! configuration

* The contributions from states with higher total angular momentum J and

color-octet states are expected to be sub-dominant and are neglected in
this model

 In contrast, the main tt quasi-bound-state model used in this study includes
the full set of S-wave color-singlet contributions, incorporating both bound
state and scattering-state effects
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More Information for Fitting

 Profile likelihood fitting to m;;

« Control regions: use the 3 CR-Fakes to extract scale factors (SF) for heavy-
flavor and photon-conversion electron fakes, and heavy-flavor muon fakes;
use the CR-Z to normalize the Z+b process

 Signal regions: use the 9 SRs to extract a SF for regular tt and signal
strength for quasi-bound state tt

* Nuisance parameters (NPs) correlation scheme for constraint ones: In the
case of NPs that are strongly constrained to less than 50% of their prior
uncertainty, the original systematic variation is treated as partially (50%)
correlated between SRs and CRs
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Alternative fit. Powheg hvg + simplified model of
toponium

ATLAS-CONF-2025-008
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Alternative fit.: Powheg bb4l + quasi-bound state
(NRQCD)

Observed
(expected)

significance of
4.30 (6.30)

Goodness-of-
Fit: 0.54
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Reconstruction of the tt System

* Ellipse Method [NIM A 736 (2014) 169]: geometric/analytic approach that
imposes W and top mass constraints

* The two b-tagged jets associated with the decays of the top and antitop
quark are chosen from all selected hadronic jets. If more than two of them
are b-tagged, the two leading b-tagged jets are selected. If there is only one
b-tagged jet, the highest-pT jet among the remaining untagged ones is

selected.
* The Ellipse Method provides a solution for about 95% of tt dilepton events
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Systematics

Experimental systematics: Electron, muon, jet, b-jet tagging, Missing Er,
pileup, and luminosity

tt modelling: Parton shower [Herwig7], decay and off-shell [comparison to
bb4l], matching [p£2™%, hgamp], recoil-to-top, underlying event [A14 Var1],
color reconnection [CRO vs CR1/CR2 models], top mass [£0.5 GeV],

ISR/FSR, PDF4LHC15, NNLO QCD scale variations, NLO EW scheme
tW modelling: Parton shower [Herwig7], matching [p?"%, Rgamp],
interference scheme [DR/DS], top mass [£0.5 GeV]

Background normalizations: 4% tW, 20% tt+b, 40% tt+c, 50% top+X,
50% Z+c/light, 50% diboson

Quasi-bound state modelling: p,/ur variations, PDF4LHC21, parton
shower [Herwig7], ISR/FSR
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