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ATLAS (A Toroidal LHC ApparatuS)
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Elementary particles acquire mass through interactions
with the Higgs field

The real implication of the Higgs boson discovery in 2012 by ATLAS and CMS
experiments: Higgs field is real
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Higgs boson in laboratory currently

« Understanding of the properties of
the Higgs boson is one of the
important physics goals for LHC
Run 3 and High Lumi LHC
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Current understanding of Higgs boson coupling
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ttH (2 categories)

« Target: both hadronic and leptonic decays
* Neural Networks (NN) trained with 30 variables to
separate signal from backgrounds

« 2 categories defined based on NN output
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« BDTs trained with 15 variables (ZH
4-lep) and 9 variables (ZH 2-lep)
« BDT trained with 12 variables for

WH

2026/5/14

Fraction of events

—_
o

g

107"

1072

1073

1074

-
S
o

VH (8 categories)

Z (—> ee/uu)H

(S AL L L Ty _,“E’ FrerrrrrTT I N N N s
& ATLAS 3 ) N ATLAS ]
h Data, sideband VH
- {5=13.6 TeV, 165 fb" + Data, sidebands VH 4 E L {s=13.6TeV, 165 fb" ¢ Data, sidebands |
E Ho Bkg. MC, SR E g 1:—H—>HM Bkg. MC, SR .
¢ Bkg. MC, sidebands 5 o ¢ BKg. MC, sidebands 3
. IS Ce, . N
E p bt 3 L . : i
TR S b 3 JLow ;o VHZ2L-Medium ¢ vH2L-H
:E . o o [ i o E: 10 E ’O o i E
= © ] L T ¥ : ]
L © ‘ ] ]
! vHaL| ‘ A LR ‘
° .
—2 |— s —
: : e Py
PP I BT A P AU SN PPN PPN I PP N - Oi .
O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 _I 11 | I 14 1 1 I 11 1 1 I 11 1 | I 11 1 | I 11 1 | I 11 1 | I IEI 11 I 11 1 | I IOI 1 I_
VH4L BDT output 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
VH3L BDT output
% [TTTTyTTTT I T T 11 I LI I T T 11 I LI I T T 11 I LI I T T 11 I LI l_
) C ATLAS ]
E, L {5=13.6 TeV, 165 fb" ¢ Data, sidebands VH ]
g 1 Ho up Bkg. MC, SR —other_:
= - ¢ Bkg. MC, sidebands E
i B : ]
ol 4 W(=ev/uv)H
i -
1072__ __\
g & :
N 7 VH3L'H|gh

VH3L-Medium

VH2L BDT output

15



Fraction of events
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Signhal Modeling

* Double-sided Crystal-Ball function
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Background Modeling
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Evidence of Higgs to dimuon decay from ATLAS

arXiv:2507.03595 Phys. Rev. Lett. 135, 231802 (2025)

2200 F 4l as "¢ Data

2000 £ = 13/13.6 Tev, 140/165 fb” — Total pdf

1800 —— Signal pdf
e gnal p

1600 _ : ---- Background pdf
- Inclusive, In(1+S/B) weighted g P

PHYSICAL REVIEW LETTERS 135, 231802 (2025)

Evidence for the Dimuon Decay of the Higgs Boson in
pp Collisions with the ATLAS Detector

G. Aad et al.”
(ATLAS Collaboration)

Significance: 3.40

Weighted events / 2 GeV
N
o
o

® (Received 8 July 2025; accepted 22 September 2025; published 3 December 2025)

A search for the dimuon decay of the Higgs boson is presented based on pp collision data recorded by
O et L L ] ATLAS during Run 3 of the Large Hadron Collider, corresponding to an integrated luminosity of 165 fb~!
at /s = 13.6 TeV. To enhance the sensitivity, the results are combined with those from Run 2. An excess
of events over the background is observed with a significance of 3.4¢ (2.5¢ expected). The best-fit signal
strength is 4 = 1.4 & 0.4. This result provides evidence for the H — uu decay with ATLAS data and offers

—~
g o] a direct probe of the Higgs-boson Yukawa coupling to second-generation fermions.
mn 2

DOI: 10.1103/gzdh-p159
1 gzdh-p

g5
©
a g

m,, [GeV]

« Paper accepted by PRL as Editor’s Suggestion
 Inclusion in the American Physical Society‘s outreach to the press, link
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https://physics.aps.org/articles/v18/190
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159

13 Years of H — uu

// model
RooWorkspace* w = new RooWorkspace("w
w->import(mll);

// Working version for [105, 160] /‘-’:‘I- /" A l‘—l’_ B l;
//w->factory("EXPR: :bkgPDF('exp( a2*pow((ml1-97), ©.2) )', mll, a2[-1] [ ) g — E =
£ 33F) I

Vo4

Zw—>factory("sxr’k: :bkgPDF(' Cal*mll + a2*(2*mll*mll -1 ) + a3*(4*ml1¥ P L B ) : 2— /i I],I£ : }A g*]—-, L ]j\j.ﬁ E’J ﬁﬁ ﬁ

//w->factory("EXPR: :bkgPDF('exp( al*pow((ml1-100), 0.2) + (a2)*(2*pow

/*

* @author Haifeng Li <Haifeng.Li@cern.ch>

* @date Sep 03, 2012

* @usage Fitting macro for H -> mu mu background.

TN " TR
Trree.h R LN AN IN4E O y
TH1D.h // H->gamma gamma l:l ’ , y ’ , \E < -L
"TRandom.h" //w->factory("EXPR: :bkgPDF('exp( al*(ml1-100)/100.+a2*(m11-100)*(ml1- ’ ’
"TCanvas.h" // Good : Chebychev Polynomials D ar
"TFile.h" //w->factory("EXPR: :bkgPDF("exp( al*(ml1-100)/100.+a2*(2*pow((ml1-100 \E '?'
"TText.h" .02,-100.,-5E-5] , a4[-0.25,-50.,50.1)" ); v
Ja i — N _ =% ~
/ s FLRNE (20175FPRL) : FHEIg
KY
//w->factory("EXPR: :bkgPDF("exp( al*(ml1-100)/100.+a2*(2*pow((ml1-100 [ m— FFH E = / $
//w->factory("RooPolynomial: :poly_bg(mll, {poly_cl[-7.44E-3, -1., i I |_|
"RooRealVvar.h" //w->factory("Chebychev: :poly_bg(mll, {poly_c1[-7.44E-3, -1., ]j ) i J\ J\ 5y E’ E
"RooDataSet.h //w->factory("Chebychev: :poly_bg(mll, {poly_cl[-7.44E-3, -2.,
"RooDataHist.h" Il —— e ~
. B=EXE (20204EPLB) : ZGiE

"RooPlot.h"
"RooGenericPdf.h"
"RooMinuit.h"

//w->factory("RooPolynomial: :poly_bg(mll, {poly_ci[1, @., 10], poly_c

//w->factory("EXPR: :exp_bg('exp( a2*pow((ml1-97), a3) )', mll, a2[-1, _I.\I_
//w->factory("PROD: :bkgPDF( exp_bg , poly_bg)"); ( / \1‘& E H E A ) / \*ﬁ z‘ I}A Z1IS k
Al o JJ b4

#include "util/plotFit.h"

//w->factory("Chebychev: :poly_bg(mll, {poly_cl[-7.44E-3, -1., 1], /‘-[‘- .
//w->factory("RooExponential::exp_bg( mll, a2_bg[-0.1,-0.5,-0. g ™Y g:l } L )£- I ( 2 02 5$ P R L ) . VB F1jE1 t
//w->factory("SUM: :bkgPDF( frac_bg[0.6, .01, 0.9]*exp_bg , E n

// Working version é / \

w->factory("Chebychev: :poly_bg(mll, {poly_cl[-0.7969, -1., 1], poly_c -L

w->factory("RooExponential::exp_bg( mll, a2_bg[-0.1584,-0.5,-0.001])"

w->factory("SUM: :bkgPDF( frac_bg[0.3 0.01, 0.9]*exp_bg , poly_bg

using namespace RooFit ;
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13 Years of H —» uu
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First paper in 2014
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Upper limits: 7xSM

Central medium pf“r
x2/ndof = 36.7/48

" : ;
++++++++++++++++++++++++++++++++++++++++++

10 115 120 125 130 135 140 145 150 155 160

M. [GeV]

Phys. Lett. B 738 (2014) 68-86
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A 2020
add VH and ttH

Fourth paper in 2025

= atias | Wbam
= {s=13/13.6 TeV, 140/165 fb* — Total paf

E H-up — Signal pdf

= Inclusive, In(1+S/B) weighted ---- Background paf

Significance: 3.40

| | | |
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m,, [GeV]
Phys. Rev. Lett. 135, 231802 (2025)
21


https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
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https://doi.org/10.1016/j.physletb.2014.09.008
https://doi.org/10.1016/j.physletb.2014.09.008
https://doi.org/10.1016/j.physletb.2014.09.008
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EEEFSIET (IIE) ZE L “Deciphering the CHPBITFILIRIRY EZmRobert Garisto:  “)RIAIR = IEFARY”
Origin of Quark and Lepton Mass” ARR{E AR ==

“_5 I‘-]:,Hiié o @ Robert Garisto - 2nd 2. Connect

Chief Editor for PRL at American Physical Society

18h - ®

PhyéTcs ABOUT BROWSE PRESS COLLECTIONS The ATLAS experiment at CERN has found evidence (3.40) of Higgs bosons
decaying into pairs of muons. This agrees with the Standard Model mechanism

for mass generation for leptons (such as muons) laid out in 1967 in a famous PRL
by Steven Weinberg, "A model of leptons", which used the symmetry breaking
mechanism laid out by Higgs and by Englert and Brout in PRL in 1964. The figure
shows that the observed signal strength 1.4+0.4 is above the null value of 0, and

VIEWPOINT

Deciphering the Origin of Quark and

Lepton Mass consistent with the SM value of 1.
Chris Quigg
Fermi National Accelerator Laboratory, Batavia, IL, US A gllb Way Of puttlng |t iS, "Weinberg was right."

December 3,2025 « Physics 18,190

Measurements of the decay of the Higgs boson into muon-antimuon pairs provide evidence for the mechanism
by which quarks and leptons acquire their mass.

Gavin Salam (ZFE[E4$EKXFHIT)

o HouwlgERERREE — X EKFaY
mERET2)MEE

. bﬁ '?ﬂi‘/rﬁ%ﬁ‘ fﬁ_‘ﬁ‘éj]\—iﬁ

ATLAS Collaboration

Figure 1: Display of a proton-proton collision event recorded at the ATLAS detector in 2022. ATLAS has
now characterized the decay of Higgs bosons into muon-antimuon pairs, confirming previous

measurements by the CMS Collaboration.
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Threshold Region Measurement is Challenging

Previous hints Quantum Entanglement (QE) measurement using tt

E 1 ',‘IA; TLAS e Dpaa  —PWGiPYE
2 s=13TeV, 140 fb PWG+PY8 (DS)  -'-: PWG+PY8 (bb4l)
ﬁ,- WbWb dilepton Stat. unc. Syst. + Stat. unc. 01} A TLAS é. .
= 10zen, N >2 '
8 -jets 1
IS 0.&.. nye =
Sof JM e, ALXIV2206.14700 fe=13TeV, 1400 Nature 633 (2024) 542
©
e 1073 E *L.Wm
n.ei e -0.21
104 e, O
107 . . e = % ______________________ — §.
_5 - — PWG+PY8I PIWG+PY8 (DS) I n 5 -0.3F
B|F 1.5/ == PWG+PYs (bbdl) — A [===c==o==osssossosssas
e = g ., |
i} - : : ] ' —.— Limit (Powheg + Herwig7) |
— - =/PWG+H7 ==+ PWG+PY8 (recoil) — - . |
% % 1_SSJPWG+PY8 () PWG+PY8 (p?:g__ -=-=-- Limit (POWheg + PythlaB) |
g ¢ D e e e ) B Theory Uncertainty
o H
= H . -0.5¢ @ Data ]
. eeemmmmsrmeedii o, aaracziarad —] ]
1::___;-.;: r—— : @ Powheg + Pythia8 (hvg) |
kS © IR PWG+PY8 l(NNLO rew.) PIWG+PY8 MiNNLO g 7 . Powheg + Herwig7 (hva)
Blg 1.5 — _
§ e . e 7] 06 340 < my < 380 mg > 500
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Stronger QE in data than MC.
Missing toponium contributions?
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https://www.nature.com/articles/s41586-024-07824-z
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1.10 Intermediate Vector Bosons (1983) |47

carries no net charm, for if the ¢ is assigned a charm of +1, then ¢ will have a charm
of —1; the charm of the ¥/ is, if you will, ‘hidden’. To confirm the charm hypothesis,
it was important to produce a particle with ‘naked’ (or ‘bare’) charm [39]. The first
evidence for charmed baryons (A} = udc and B+ = sc) appeared already in
1975 (Figure 1.13) [40], followed later by &, = usc and 2, = ssc. (In 2002 there were
hints of the first doubly charmed baryon at Fermilab.) The first charmed mesons
(D° = cii and D* = cd) were discovered in 1976 [41], followed by the charmed
strange meson (D} = ¢5) in 1977 [42]. With these discoveries, the interpretation of
the v as c¢ was established beyond reasonable doubt. More important, the quark
model itself was put back on its feet.

However, the story does not end there, for in 1975 a new lepton was discovered
[43], spoiling Glashow’s symmetry. This new particle (the tau) has its own neutrino,
so we are up to six leptons, and only four quarks. But don’t despair, because 2 years
later a new heavy meson (the upsilon) was discovered [44], and quickly recognized
as the carrier of a fifth quark, b (for beauty, or bottom, depending on your taste):
Y = bb. Immediately the search began for hadrons exhibiting ‘naked beauty’, or
‘bare bottom.” (I'm sorry. I didn’t invent this terminology. In a way, its silliness is
a reminder of how wary people were of taking the quark model seriously, in the
early days.) The first bottom baryon, A9 = udb, was observed in the 1980’s, and the
second (Z; = uub) in 2006; in 2007 the first baryon with a quark from all three
generations was discovered (&, = dsb). The first bottom mesons (B® = bd and
B~ = bu) were found in 1983 [45]. The BY/B° system has proven to be especially
rich, and so-called ‘B factories’ are now operating at SLAC (‘BaBar’) and KEK
(‘Belle’). The Particle Physics Booklet also lists B] = shand B = cb.

At this point, it didn’t take a genius to predict that a sixth quark (t, for'tmt%;,
of course, or top) would soon be found, restoring Glashow's symmAeh'yA\mth six
quarks and six leptons. But the top quark turned out to be extraordm.arlly heavy
and frustratingly elusive (at 174 GeV/c?, it is over 40 times the weight of the
bottom quark). Early searches for ‘toponium’ (a ¢t meson anal(?gous to the ¥ and
) were unsuccessful, both because the electron—positron colliders (-hd pot reach
high enough energy and because, as we now realize, the top quark is simply too
short-lived to form bound states — apparently there are 10 top baryons and mesons.
The top quark’s existence was not definitively estz'iblished unhl 19.95, when ie
Tevatron finally accumulated enough data to sustain strong mdlca’Exons from (el
previous year [46]. (The basic reaction is w+¥ (ord+d) = t+5 tht; top an
anti-top immediately decay, and it is by analyzing the dec.ay produc.ts atrﬁ; 1:)
able to infer their fleeting appearance.) Until the LHC be;?nns operation, Fermila
will be the only accelerator in the world capable of producing top quarks.

“as we now realize, the top quark is simply
too short-lived to form bound states -
apparently there are no top baryons and
mesons.” -- Section 1.9, David Giriffiths,

Introduction to Elementary Particle Physics,
Second Edition

“The top quark is too short-lived to form
observable hadron states and its mass is again
inferred indirectly, from observations on the
decay products of tt pairs, as we shall see.” --
Section 3.1, B.R. Martin and G. Shaw, Particle
Physics, Fourth Edition
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Standard Model of Elementary Particles

Why Top Quark is Special

three generations of matter
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Has largest Yukawa coupling with the Higgs field
\/Emtop

Masses determined by interactions with vacuum:

photon

clectron

up quark

Y=

Why Top Quark is Special

\%

]

>

> >
XN &5 X X
top quark X > N K X
I ¢ 4 X
[x = —@gy/1 ms —
W.. 23 |
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Nature 607, 52-59 (2022)

E Kc = Kt
K is a free parameter
— SM prediction
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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

LHC Is a top quark factory

D Domlinant tt production (QCD)
I, = 1.326 GeV , o \
7, = 1/T, = 5.17 X107 2°s
« LHC is a tt factory
— 047 = 834 pb at LHC Run 2 g C C
— 0.83M tt events per b’ ~90% ~10%

— LHC KR F XIXEU o 'RUE1E

"alljets™ 46%

 Decay (EW) almost 100% with tt decay -
+ <+ .\o/g %
W+ l ’ q_’ 14::'6 22/3/0 4 :
t Vv, q \),(\}ic’\‘ \ u+ets 15%
"dilept:)ns" e "lepton+jets”
b
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b-jet

2

Haifeng Li (Shandong University)
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S AT AC Run 152166

Event 817271 b-tagged jet in 7 TeV collisions

pT=19 GeV (measured at electromagnetic scale)

4 b-tagging quality tracks in the jet

5/14/26



Top quark and tt Threshold Region

* Toponium: 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

b Phys. Rev. D 47 (1993) 56

ol

MBI E: ITHA &
V.S. Fadin and V.A. Khoze, JETP Lett. 46 (1987) 525 * Fu, Li, Yang, Li, Zhang, Shen, arXiv:2412.11254, Phys. Reuv.
Y. Sumino et al., Phys. Rev. D 47 (1993) 56 D 111, 114020 (2025) (dtfinskEi&. EBILRFESH)
W.-L. Ju et al., JHEP 06 (2020) 158 G AHZEHE) * Luo, Huang, Liu, arXiv:2508.17646 (= AXI#Z)
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https://arxiv.org/abs/2412.11254
https://arxiv.org/abs/2508.17646

Non-Relativistic QCD

Time-independent Schrodinger equation

2m

hZ
(——VZ + V)¢ = Ey

ag
V(r) = _CFT-I_ Fyr

N\

Confinement term

Coulomb term

Cr: Color factor;  r: Bohr radius; F,: Constant
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Toponium from NRQCD

Cr = 3 for color singlet; ag = aq(1/7)

Binding energy of toponium:

Eo = — 2t (Cras)? ~ —2 GeV
Width of topinium: 2I; = 2.56 GeV. :
Lifetime of toponium: 7 = 2.59% Mass of toponium:
10-25¢ my, = 2my — Eg = 345 — 2 GeV = 343 GeV
Bohr radius of toponium: r = The Bohr radii of the ground
2 states of charmonium and
S — ~ 0.01fm bottomonium are about 0.3 fm

and 0.2 fm
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NRQCD Predictions

3sl8l - 100% OCTET V2 \
14}

e sl 409 SINGLET

g ~vovort——— 1558] 90% OCTET

2026/5/14

Color-singlet - attractive
CP-odd / pseudoscalar
spin state!

(TL=L1)

do / dM {pb/GeV]

EPJC 60 (2009) 375-386

1.2

:

08

06

04 | 93— 3s,® ]

02 | LHC Vs = 14 TeV ]
W rrywiii FITTIP PRI TRUTT IVPINPTNIT INT TR TTTY
335 340 345 350 35 360 365 370 375 380

Zth M [GeV]
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Toponium Decays

1GeV™1 = 6.852x107 255 . K From B. Fuks
* ¢ space (GeV™1)

~|

toponium formation

ap ~ 0.0SGeV_l ..................................... "‘ FO PP P PP PP PP PP PP A £ O R R L AP P
‘0
’0
0‘ .
R toponium
*
1 *
—— ~ 0.3GEV L e A
21 Re
*
’0
’0
*
bandt
! + ! 0.9GeV.:.!
21} Ft . L e e
b and b

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+ =7 . tq . é\ e oo -
= Jd3 F[Kl (3@ 7)) K0 7,520, %, %) + K (23 00 ) K00, 5, 75 40, X, X)

~ S — = —

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
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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 (solutions to the Lippmann-
Schwinger equation)

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

G(E; p*) |

Go(E; p*)

IMP* - M

p [GeV]
p [GeV]

G: Green’s function considering
QCD potential
G,: Free Green'’s function

-2 0 2 4 -6 -4 -2 0
E [GeV] E [GeV]

This model includes NRQCD calculations
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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
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Event Categorization

_ _ _ W. Bernreuther, D. Heisler, Z.-G. Si, JHEP 12, 026 (2015)
SR events are categorized into 9 regions

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

5 -2 top rest frame antitop rest frame
Chet = t+ 4,
- . . L P
where the £, are the lepton directions in tt o -
center-of-mass frame, and then in turn \p
boosted into t and t frames. This
distribution has a maximum slope for a 1 do _ 1 B —t.C. -
P s A, d0_  (an)? (1+B* 2 4B —2t.Co 1)

spin-singlet state

Crhan- flip the £ in t direction. This distribution has a maximum slope for a spin-triplet
state
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1 do

O dCpel
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Chel and Chan
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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

2026/5/14
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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

« fake / non-prompt leptons:
Fakes represent 1.5% of
SR yields. Data-driven
estimation with 3 CR-
Fakes

GFRW:
Green’s Function Reweighted

2026/5/14

Events / 50 GeV

Data - Bkg.

Data / Pred.

1.4

1.2

1.0

0.8

5 Rep. Prog. Phys. 89 (2026) 057801  arXiv:2601.11780
x10
E ATLAS . t?GFRW VV+jet
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r - . . Z+jets ¢ Data
r th + tteprw Model, dllepton, pre-flt X 7772 Total uncertainty
— Fak
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https://arxiv.org/abs/2601.11780
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0

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

Rep. Prog. Phys. 89 (2026) 057801 arXiv:2601.11780

- 14p0 ‘ ‘ ‘ ‘

(CB - ATLAS L t?GFRW VV+jets i
- B i - tw §

§ 12—Vs= 13_TeV, 140 fb . Ziets ¢+ Data -

o B th + ttorrw Model, dilepton, pOSt-ﬁt X 7272 Total uncertainty ]

& 10 mm Fakes ]

kT B -1<Chan< - -3 <Chan<3 3 <Chan<1 4

Observed (expected) 0.8 —-1<chai<-} | -3<Chei<y i 3 <Chei<1 i-1<che.<—§i -1 <Cha<} i 3 <Chei<1 i-1<che.<—%i -1 <Char<} i 3 <Chei<1
significance: 8o (60) | | | | | | | |

T T T T T T T
I —— o(fterrw) =9.3"14pb [

Data - Bkg.
L 4

Link to my EPS-HEP 2025 talk 00l

Link to my CLHCP2025 plenary talk 8 10s- =2 =2 * * =3 4 e -+ =
E D R A o e e T
S o095t -+ -+ -+ -+ -+ -+ -+ -+ :

350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450 350 450
myg [GeV]

o(tigrrw) = 9.3 pb = 9.3*]} (stat.) + 0.8 (syst.) pb
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https://arxiv.org/abs/2601.11780
https://indico.in2p3.fr/event/33627/contributions/155095/
https://indico.in2p3.fr/event/33627/contributions/155095/
https://indico.in2p3.fr/event/33627/contributions/155095/
https://indico.ihep.ac.cn/event/26351/contributions/203430/
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0

Post-fit

2026/5/14

Data - Bkg.

Data / Pred.

All SRs

X

—_

o
3]

ATLAS
Vs=13TeV, 140 b’

th + ﬁGFRW model
Dilepton, post-fit

Events / 50 GeV
I

B figrrw P VVijets

. tw

I Z+jets 77277, Total Uncertainty
X ¢ Data

I Fakes

0
- —— Ofttaraw) =9.3*1% pb |
5000 | E
2500 f— —f
oF —— ) ¢
1.025[- ' ' ' —— pre-fit]
CTTTTTTTTS -
1,000 |-seoeeoe e o T T e ]
0.975 , . . -
300 350 400 450 500
myg [GeV]

47



Impacts of Systematics

Rep. Prog. Phys. 89 (2026) 057801 arXiv:2601.11780

« 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
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https://arxiv.org/abs/2601.11780
https://iopscience.iop.org/article/10.1088/1361-6633/ae60a0

* 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

,,,,,,

uuuuuu
..........

July 7th, 2025, Marseille, France
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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.

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.
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John Ellis

“Discovering toponium 50 years after the
November Revolution would be an
unanticipated and welcome golden
anniversary present for its charmonium
cousin that was discovered in 1974”"

ZIINT BRI EIh IR T/ & 50
BENEEAB T EBTL
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LR AETNZ 52 IR RV I HAF #5

LUK Bl = E %

(world leading LUy A3 R S BT
expert in tt spin (ATLAS tt spin
correlation) correlation

measurements in

2014)

Z=81l%F: Observation of
toponium in ATLAS experiment in
2025
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Conclusions and Outlook |
Higgs to dimuon from ATLAS

« Evidence to Higgs to dimuon decay. Observed (expected) significance is 3.40 (2.50).
Phys. Rev. Lett. 135, 231802 (2025) PRLZm45#E7F

« Important for probing Higgs boson coupling to the second-generation fermions

Toponium from ATLAS

* An excess of events is observed over the NNLO perturbative QCD prediction, with
8o observed (60 expected) near the tt production threshold by ATLAS with LHC Run 2
data. [arXiv:2601.11780, Rep. Prog. Phys. 89 (2026) 057801 (IF 20.9)], [ATLAS Physics
Briefing], [CERN Press Release]

« This excess is consistent with color-singlet, S-wave, quasi-bound tt states predicted
by NRQCD with cross-section of 9.3 + 1.3 pb

« 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
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Conclusions and Outlook ||

345.0

Bai, Chen, Yang, arXiv:2506.14552

ngg ggg; AP ye@P)  yu@P)  _xp@P)
: z /e B (t4S) - RGP eGP TiaGP eGP
Possible to do "hadron .
) - L
— CnGS) _GS)
spectroscopy” with top quarks = o , W en P P
3 344,
S 343512 44(25) mAP)  _x(P)  _xu(P)  _xo(P)
=
=
2 3430
F
3425
e $:(S) m; = 1724 GeV
3415 ‘ ‘ ‘ ‘ ‘
o+ 1 1+ o+t 1++ o+
JPC

Fu, Li, Yang, Li, Zhang, Shen, arXiv:2412.11254, Phys. Rev. D 111, 114020 (2025)

Luo, Huang, Liu, arXiv:2508.17646
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tt Spin Correlation

________________________________________________________________________________________________________

______________________________________________________

______________________________________________________

» Transfer of spin information to leptons due to parity violation of weak interaction +
conservation of angular momentum

» Antilepton emitted preferably parallel to parent top quark spin
» Lepton emitted preferably antiparallel to parent antitop quark spin

2026/5/14
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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

2026/5/14
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Toponium: EEEATLASFICMSHIsignal model

LHC Top WG meeting 4-6 June 2025, CERN

NRQCD
| = toy-7
[ toy-2.8

100+

do [fb/bin]

102 MK
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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

EZEEKXT50
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« 138 fb-! of pp collisions at 13 TeV
« Lepton + jets final state. e/y and >=4 jets
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From P. Nason

Threshold enhancement: Bound States

The tt pair near threshold can form a (potentially bound) Coulombic
system, with coupling a; = as G (singlet) or —as/(2N¢) (octet).

Bound Coulombic systems have the following characteristics:
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The velocity of the quark in the CM system is of order as: v ~ as.
(as/v)¥ terms are all of the same order, and must be resummed.

The quark momentum is ~ a;m; the size of the state is ~ 1/(ma,).

The relevant scale for the coupling constant is mas; so we must have
mas(p) ~ p that leads to as(p) ~ 0.16.

The time to sweep an orbit is size/v ~ 1/(ma?).

2

The typical bound state energy is of order ma;

The wave function at the origin is of order 1/size® ~ m3a3

Time to sweep an orbit (or the inverse of the binding energy)
dangerously close to the top lifetime. No narrow bound state! But
“lucky” top pairs that live much longer than their average lifetime
will be able to make a few orbits, so, given enough resolution, a little
“bump” should be visible in the cross section.
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