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Top quark production at LHC
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Top quark production at LHC

Top quarks mainly produced in pairs _
St vk > tt > £ +jets
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Top quark production at LHC

tt > £ +jets :8

* ML based lepton identification
* Luminosity uncertainty <1%

Improved b-jet tagging performance Lepton identification

CMS Simulation Preliminary _136TeV CMS Simulation (13 TeV)
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Top quark pair-production
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e Detailed inclusive and differential measurements by both ATLAS and CMS
* All decay channels and at all /s
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* Most precise inclusive tt measurement from ATLAS with 1.3% uncertainty

* Results are used to extract m;,,,
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Observation of tt bound state ?

* Expect no stable tt bound-state is expected (Ez = [ = 2.8 GeV)

— But non-relativistic QCD predicts
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enhancements at the ttBar threshold
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* Mainly pseudoscalar
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Observation of tt bound state ?

* Expect no stable tt bound-state is expected (Ez = [ = 2.8 GeV)
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Observation of tt bound state ?

* Expect no stable tt bound-state is expected (Ez = [ = 2.8 GeV)

Fit in Bt",Chel, Chan, Snn and b tag

— But non-relativistic QCD predicts
enhancements at the ttBar threshold
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Observation of tt bound state ?

- The enhancement below the m(tt)
threshold is observed by both ATLAS

and CMS in different top decay modes.

- Measurements differ from each other
with different signal models

- Main limitation: modelling of both
threshold and continuum

- Great theory progress already - more
advanced MC available

ATLAS+CMS Preliminary
LHCtopWG

ttGFRW

CMS, 138 fb™, I+jets*
CMS-PAS-TOP-25-002 ou
ATLAS, 140 fo'", ep (m™)
arXiv:2605.02341

ATLAS, 140 fo" 11
ROPP 89 (2026) 057801

g

CMS, 138 b, I+jets*
CMS-PAS-TOP-25-002
CMS, 138 b, II
ROPP 88 (2025) 087801

ATLAS, 140 fb™", ep (m
arXiv:2605.02341

ATLAS, 140 fo", I
ROPP 89 (2026) 057801

* preliminary

@ CMS
ATLAS

Vs = 13 TeV, May 2026

c + (stat. @ syst.)

meas. —

2.8+ 0.5pb
7.8+24pb

9.3+14 pb

5.1+ 0.9 pb
8.8%'Zpb
8.9+2.6 pb
+1.9
13.1%'2 pb

Theoretical predictions are a(pp = 1;) ~3.35 — 6.43 pb
depending on the approach they use
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Top quark production in nuclear collisions
« pPb (PbPb) — tf

* Probes of nuclear PDF at high-x

* Observation of tt production in p-Pp collisions

ATLAS

112bincl p+jets
Post-Fit

Events / GeV
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MCFM nCTEQ15HQ

@S arXiv:2405.05078

e PRL.119.242001
PRL. 125.222001

arXiv:2604.27091

3
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Data total unc.

Data stat. unc.

Uncertainty
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CMS 8.16TeV p+Pb —O0— PRL 119 (2017) 242001

ATLAS+CMS 8TeV pp (extrap.) L4 JHEP 07 (2023) 213

Data / Pred.
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\

CMS  PbPb, 1.58 nb-'(v/Snn = 5.36 TeV) CMS __ PbPb, 1.58 nb™"(/Sn = 5.36 TeV)
Electron

i
Centrality: 10-90% " Centrality: 10-90%
:

i
Centrality: 0-10% : Centrality: 0-10%
H
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First observation, but 4 times more data available 7
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Single-top quark production

t-channel

tW channel

s-channel

o}
2
c
9
e
(@)
)
P
9]
(%)
@)
P -
o
o
=
%2
=
&)
£

—
o
\V)

Rare but very interesting...

| ATLAS+CMS Preliminary
- LHCtopWG

L Single top-quark production
May 2026

iii
§ii

t-channel

B ATLAS PrLB854(2024)138726, PRD 90(2014) 112006, EPJC77 (2017)531, JHEP 05(2024)305 _|

® (CMS JHEP12(2012)035, JHEP 06(2014) 090, PLB800 (2019)135042

¢ LHC comb. JHEP05(2019)088

tW

B ATLAS PLB716(2012)142, JHEP 01(2016)064, PRD 110 (2024)072010

® CMS PRL110(2013)022003, PRL 112(2014)231802, JHEP 07 (2023)046, JHEP 01(2025) 107

¢ LHC comb. JHEP05(2019)088

s-channel
B ATLAS PLB756(2016)228, JHEP 06(2023) 191

® CMS JHEPO9(2016)027
¢ LHC comb. sHepos(2019)088

NNLO MCFM, JHEP 02 (2021) 040

PDF4LHC21
scale ® PDF @ o, uncertainty, mtop:1 72.5 GeV

- = = aNNLO+aN°>LL JHEP05 (2021)278
PDF4LHC21

tW: tf contribution removed
scale ® PDF ® o, uncertainty, mt0p=1 72.5 GeV

= == NNLO Phys.Rev.D98(2018)071501
PDF4LHC21
“-Rz HF= Myop

scale @ PDF uncertainty, mt0p=172.5 GeV
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Single-top quark production

Rare but very interesting...
P _ao®
PDF sensitivity via R = e

ATLAS+CMS Preliminary May 2026
LHCtopWG PDF4LHC214.Phys.G 49 (2022) 080501

t-channel

CT18 PRD 103 (2021) 014013
NNLO QCD JHEP 02 (2021) 040

m, = 172.5 GeV

top ™~

ATLAS, 4.59 fb™', PRD 90 (2014) 112006
ATLAS, 20.2 fb™', EPJC 77 (2017) 531
e CMS**, 19.7 fb™!, JHEP 06 (2014) 090

Uncertainty O'tq — 137 i 8 p b ATLAS, 140 fb™', JHEP 05 (2024) 305

¢ data (07
Bw+iw, b [l
B W+bb W W+c(T)

Events /0.1

CMS, 35.9 fb™!, PLB 800 (2019) 135042

O-Eq - 84ig pb . ** Larger uncertainties are due to

relaxed assumptions on PDF correlations

Orq+iq = 221 £ 13 pb

°
o
a
8
©
a

(0}
R, = —L =1.636 +0.036

O'fq

Several uncertainties cancel in R,
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Single-top quark production (™

Rare but very interesting... Va0
Direct access to Vy,

vtd
0 W—ag 10

.

ATLAS+CMS Pre”minary O meas May 2L_:mage credit: Jolanta Brodzicka
LHCtopWG Vool = | e
t-ChanneI Aoy .. scale @ PDF (tW)
Ao, ..: scale ® PDF @ a (t- and s-channel) i°tal theo

Myp = 172.5 GeV

[f. V! £ (Meas) + (theo)

t-channel: . ) .
ATLAS 5.02 TeV (255 pb ™) — 0.94 £ 0.11 (meas @ theo
Phys. Lett. B 854 (2024) 138726 : ( )
CMS 5.02 TeV “(302 pb™) ——e—i{ 0.92 + 0.09 (meas @ theo
arXiv:2603.13592 : ( )
LHC Comb 7+8 TeV"*(1.17-20.3 fb™ HH 1.02 +£ 0.04 + 0.02
JHEP 05 (2019) 088 :
CMS 13 TeV?*@35.91b™) —toi— 0.98 + 0.07 £ 0.02
PLB 800 (2019) 135042 :
CMS 13 TeV "(35.917) (e 0.988 + 0.024 (stat @ syst)

PLB 808 (2020) 135609

tw: :
tW channel ATLAS 13 TeV (1406 Eny 1.015+ 0.031 (meas ® theo)
JHEP 05 (2024) 305 :
LHC Comb 7+8 TeV'*’(2.0520.3fb™) iy | 1.02 £ 0.09 + 0.04
JHEP 05 (2019) 088 :

ATLAS 13 TeV(3.2 o) — , 1.14+0.24 + 0.04
JHEP 01 (2018) 63 :

s-channel:

CMS 13 TeV(@s.9 PN 0.94 + 0.07 + 0.04
JHEP 10(2018)(117 )

all channels: 120 :
LHC Comb 8 TeV " (5.1-203b™") |— et 0.97 £ 0.15 + 0.02
JHEP 05 (2019) 088 :
LHC Comb 7+8 TeV"(1.17-20.3 fb ™) HwH 1.02 + 0.04 + 0.02

JHEP 05 (2019) 088 : ! including top-quark mass uncertainty
B 2 5,..: NLO (CPC 191 (2015) 74) w. CT10nlo, MSTW2008nlo, NNPDF2.3nlo (arXiv:1101.0536)

theo

: including beam energy uncertainty
S-Ch a n n el p 4 [V, and |V | not fixed, unitarity enforced
: 6, :NNLO (JHEP 02 (2021) 040) w. PDF4LHC21 (J. Phys. G 49 (2022) 080501)

¢ G::ZZZ NLO+NNLL (PPN 45 (2(|)14) 71) w. MSTW2008 NNLO (EPJC 6|3 (2009) 189)
1 1 1 1 1 1 1 1 1 1

0.5 1 1.5 2
I.I:LVth|
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Generalized CKM interpretation

CMS uses t-channel production
* Exploit kinematic & topological differences in t-channel
* Assuming CKM unitarity:

’th‘ > (0.970

Vi |* + |Vis|* < 0.057.
Vg, | = 0.988 4 0.024, 2.4%

[Viq|> + |Vi|? = 0.06 % 0.06,

884 P B 808 (2020) 135609

* General interpretation allowing BSM:

Didar Dobur, Ghent university 11


http://dx.doi.org/10.1016/j.physletb.2020.135609

V., measurement events in tt events

Didar Dobur, Ghent university

* |Vcb| usually measured in

semileptonic B-hadron decays
|Vas| = (42.240.5) x 107 (inclusive)

[Ves| = (39.8 £ 0.6) x 1073 (exclusive)

* Long lasting 30 tention

12



V., measurement events in tt events

ATLAS ¢ Data Bl single top
Vs =13 TeV, 140 fb™ .- Bl W+ jets
Pre-fit, 3b1c Dﬁwm’ —o+b [:IOthers

1 ¢ NN score boundaries E]ﬁlePO 6 Uncertainty

[ ffvei-o+light == fhy,-1

* |Vcb| usually measured in
semileptonic B-hadron decays
|Vas| = (42.240.5) x 107 (inclusive)

[Ves| = (39.8 £ 0.6) x 1073 (exclusive)

* Long lasting 30 tention

g
= NN for jet assignment s &)
= In situ calibration for c-jets % it \HEP07(2026)078
. QO 0.75F ’ l . , - ( —
—> Conrol regions for tt+HF i _ . . " h V| = (5017 (stat.) 9 (syst.)) x 10 3

backgrounds NN output
CMS

|Vcb| extracted from the ratio of W — cq BFs: CMS-PAS-TOP-26-001

|Vep | = 4597045 (stat) T3 % (syst) x 1072

22 B(WH — cb) _N(tt — beb bt V) .
BW* —cq) N(tt — beg bl—v)
~ 3
=1.7x10 1

| VC b



https://link.springer.com/article/10.1007/JHEP07(2026)078

tt/t + friends

Light-quark jets
bb
cC
W, Z, v
H
tt




Candidate ttZ event with
o 2 muons + 1 electron
o 4 jets, of which 2 b-tagged
o 30 GeV missing transverse
energy

ATLAS

Run: 350751 = P,
Event: 2361796077 A m(uu) = 90.6 GeV

2018-05-20 13:04:35 CEST }

'b-tagged jet: p; =250 GeV

Didar Dobur, Ghent university i)



Associated top quark production (tt+V)

First observation
at the LHC

I
e
R
e

N

ATLAS+CMS Preliminary
LHC topWG

oy, = 0.75%0.05(scale) + 0.01(PDF) pb
PRL 131 (2023) 231901

o, =0.86"00i(scale) + 0.02(PDF) pb
EPJC 80 (2020) 428

GK'ZMWZ
MadGraph5_aMC@NLO

= 0.98 £ 0.10(tot.) pb

- O, prod. < 3= 0'30jg:g§(t°t~) pb x 3
MadGraph5 aMC@NLO

I NNLO(QCD)+NLO(EW) I NLO(QCD+EW)+NNLL I  NLOQCD I NLOQCD
Vs=13TeV G, % 30 = 0.038" 001 (tot.) pb x 30 Gy, X 8= 0.15+0.03(tot) pbx 8 oy, =1.35+0.02(tot) pb G, % 500 = 0.003" § %04(tot.) pb x 500
E JHEP 10 (2018) 158 E MadGraph5_aMC@NLO E MadGraph5_aMC@NLO E MadGraph5 _aMC@NLO
May 2026 :  NLOQcD : NLOQGCD : NLOQCD : NLOQCD
Oneas T (Stat.) + (syst.) o L - :
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Measuring the heaviest particle mass

« Significant improvements over the past years: Better calibrations, alternative techniques,
- More than 40 publications by CMS and ATLAS collaborations
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* Significant improvements over the past years: Better calibrations, alternative techniques, improved theoretical modelling

- More than 40 publications by CMS and ATLAS collaborations
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* Direct measurements from top quark decays
- better precision
- Mass from Boosted top-jet: Future prospects in precision & theoretical interpretability
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Significant improvements over the past years: Better calibrations, alternative techniques,

- More than 40 publications by CMS and ATLAS collaborations
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* Direct measurements from top quark decays
- better precision
- Mass from Boosted top-jet: Future prospects in precision & theoretical interpretability
- Alternative measurements: sensitive to different systematics i
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Top quark mass: Run | combination B3 PRL 132, 261902

ATLAS+CMS s=7.8TeV e Combination of 15 input measurements (6 ATLAS + 9 CMS)
............ ATLAS+CMS combined ol * Detailed study of correlations
—_—
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Top quark polarization and spin correlation

F * Top-pairs @LHC are mainly unpolarized (parity invariance of QCD)
* * Their spins are strongly correlated

ff( . - QCD Spin-flip
N2 lifetime < timescale KL timescale

107%%s < 107 %%s <« 107 2%s

- Spin information is passed onto = and d-quark 1o _1vacosy
cos @

- preferentially radiated in the top spin direction

* Many NP models modify spin polarization P t
and correlation of top quarks \ /

* New mediator ? p/ \{ p/ Ntxl

* New particles decaying to tops ?

...but also interesting for testing the foundations of Quantum physics
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Top quark polarization and spin correlation PRD 100 (2019) 072002

tt production cross section parametrized vs polarization & spin correlation coefficients

AT
anti-top
1 do 1 : ' _ | | |
———————— == (1 +{B% cos 0} +{BL cos 8. —(Cyiicos 0 cos 01)
. > - J + -
0dcosf: dcosf! 2 |
eam
____________________.._____>
X o : \Af'
é ), = - | X X
i_ ‘ C B Helicity basis
) re ij =,k

k: top-quark direction in tt CMF ("helicity")

7= normal to tt scattering plane ("transverse")

6 polarization and 9 spin correlation coefficients can be extracted

from differential measurements

# = normal to k in T scattering plane
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Top quark polarization and spin correlation PRD 100 (2019) 072002

tt production cross section parametrized vs polarization & spin correlation coefficients

AN
1 do

anti-top

1 ) : ) : : .
— _ - =— (1 +B% cos 0% +{B¥X cos 0] —|Cjiicos 0} cos 67)
0dcosf: dcosf! 2 ; ' ’ i

Helicity basis

ij =k, 7

6 polarization and 9 spin correlation coefficients can be extracted k: top-quark direction in tf CMF ("helicity")
from differential measurements

7= normal to tt scattering plane ("transverse")

7 = normal to k in tt scattering plane
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Observation of quantum entanglement in top-quark
pairs using the ATLAS detector

The ATLAS Collaboration

We report the highest-energy observation of entanglement, in top-antitop quark events
produced at the Large Hadron Collider, using a proton—proton collision data set with a
center-of-mass energy of v/s = 13 TeV and an integrated luminosity of 140 fb™! recorded
with the ATLAS experiment. Spin entanglement is detected from the measurement of a
single observable D, inferred from the angle between the charged leptons in their parent top-
and antitop-quark rest frames. The observable is measured in a narrow interval around the
top-antitop quark producti where the il ion is expected to be
significant. It is reported in a fiducial phase space defined with stable particles to minimize the
uncertainties that stem from limitations of the Monte Carlo event generators and the parton
shower model in modelling top-quark pair production. The entanglement marker is measured
to be D = -0.547 + 0.002 (stat.) + 0.021 (syst.) for 340 < m,; < 380 GeV. The observed
result is more than five standard deviations from a scenario without entanglement and hence
constitutes both the first observation of entanglement in a pair of quarks and the highest-energy
observation of entanglement to date.

Accepted by Rep. on Prog. in Phys.
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Observation of quantum entanglement in top quark pair
production in proton-proton collisions at /s = 13 TeV

The CMS Collaboration*

Abstract

Entanglement is an intrinsic property of quantum mechanics and is predicted tobe ex-
hibited in the particles produced at the Large Hadron Collider. A measurement of the
extent of entanglement in top quark-antiquark (tt) events produced in proton-proton
collisions at a center-of-mass energy of 13TeV is performed with the data recorded
by the CMS experiment at the CERN LHC in 2016, and corresponding to an inte-
grated luminosity of 36.3 fb~". The events are selected based on the presence of two
leptons with opposite charges and high transverse . An 1 -
sensitive observable D is derived from the top quark spin-dependent parts of the tt
production density matrix and measured in the region of the tt production threshold.
Values of D < —1/3 are evidence of entanglement and D is observed (expected) to
be —0.480*0035 (—0.467*)92) at the parton level. With an observed significance of
5.1 standard deviations with respect to the non-entangled hypothesis, this provides
observation of q mechanical 1 within tt pairs in this phase space.
This measurement provides a new probe of quantum mechanics at the highest ener-
gies ever produced.

Accepted by Phys. Rev. D
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Measurements of polarization, spin correlations, and
entanglement in top quark pairs using lepton+jets events
from pp collisions at /s = 13 TeV

The CMS Collaboration

Abstract

of the polarization and spin correlations in top quark pairs (f) are pre-
sented using events with a single electron or muon and jets in the final state. The mea-
surements are based on proton-proton collision data from the LHC at /s = 13 TeV
collected by the CMS experi corresponding to an i d1 of
138 fb . All coefficients of the polarization vectors and the spin correlation matrix
are extracted si y by pe g a binned fit to the data. The
measurement is performed in bins of additional observables such as the mass of the
tf system and the top quark scattering angle. Inclusive coefficients are obtained by
combining the results of all fitted bins. From the measured spin correlations, conclu-
sions on the tf spin entanglement are drawn. The standard model predicts entangled
spin tt states at the production threshold and at high masses of the tt system. Entan-
glement is observed for the first time in events with high tf mass, with an observed
(expected) significance of 6.7 (5.6) standard deviations. The observed level of entan-
glement cannot be explained by classical exchange of information between the two
particles alone. The observed (expected) signifi for

space-like separated t pairs is 5.4 (4.1) standard deviations.

Physicists confirm quantum entanglement
persists between top quarks, the heaviest
known fundamental particles

Scientists measure
entanglement at

News Features Newsletters Podcasts Video Comment Culture Crosswords | Thisweek's magazine

Physics
> Large Hadron Collider turned into
. world's biggest quantum experiment

Physicists have used the famous particle smasher to investigate the strange phenomena of|
quantum entanglement at far higher energies than ever before
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Physics» = Technology~ = Community~ Infocus Magazine

STRONG INTERACTIONS

Highest-energy observation of quantum
entanglement

29 September 2023

A report from the ATLAS experiment.
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Entanglement in tt

 Spin correlation is and dependent

- Entanglement in some phase-space regions

ntangled

>
)
O,
<
N
S

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos 0O

* tt in mixed states (eg. |¥) =%(|u> — [41)) =2 two qubit system

* Peres—Horodecki criterion for entanglement

X
Ap = Cop + Gy + Cgel > 1 C—_- X
X
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Entanglement in tt

 Spin correlation is and dependent

N

S
)
S,
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s
S

- Entanglement in some phase-space regions

X

—_

o
w

ntangled

-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00
cos 0O

* tt in mixed states (eg. |¥) = = (|1l) — |41))) = two qubit system

1
7 (
* Peres—Horodecki criterion for entanglement

AE - Cnn + |C7‘7‘ + Ckkl > 1

7 Ap 1 High m(tt): A 1
. — = 4 D= >
Low m(tt ): e, 3 < 3 (tt) 3 73

Extract D and D from single differential measurement

1 do —11+D
adcosgo_Z( cos ¢) /

? : unit vector in top rest frame k
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Entanglement in tt (dilepton channel)

1 do
o d cos @

1
§(1+Dcos<p)

50000 CMS 36.3fb 1 (13Tev) CMS 36.3fb~' (13 TeV)
4] I L L L [ L R L L
i - OtV EE 1, dileptonic  EE tf dileptonic I/l POWHEGV2 + HERWIG+++1, / o,
< 50000[. [ Diboson I tw 7, Stat® Syst Wi/l MG5_aMC@NLO(FxFx) + PYTHIAS + 17, / s,
%’ [ @@ ttother Bl Zi+jets ¢ Data /il POWHEGv2 + PYTHIAS + 1, / s,
o) i // MC Stat.
11 40000 post-fit /N/ MC Stat. @ Syst.
= — Entanglement boundary -
- 345 < mltt) <400 o Data extr. with PHsP8 m(tt) < 400 GeV

300001 ﬁz(tf) <0.9 t@4 Data extr. with PH+P8+1, B.(tt) <0.9

20000 |][|

10000

-0.491:3928  —H—oe—+
3
6.30
| 3 ! v I N wn

8 Y 1_025'_ PH+P8+nt "é
ale // // // =

0975 ................... PR [ SN S ST WA TN SN ST SN NSNS SN SANNT SN NN TN TR ST W NN N

-1 0.33 0.0 0.33 0. 66 1 .0 -0. 60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
cos @ Parton level D

Entanglement in tt is observed with >5¢ at low m;
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Entanglement in tt (dilepton channel)

Include tt bound-state: toponium (n,)
* Pseudoscalar & maximally entangled
* m(n,) = 343 GeV
« o(pp - ny) = 643+ 090 pb

10000 W/O toponium
-0.491:3928  —H—oe—+
3
6.30

| F T r I = ‘ w
8= 1.025) PH+P8+n, b [l W/ g
n‘: (] 4’// ///// 777777777 // //// p toponium o
1000 ‘/ /// Z /// / ///%/ % 0.026 %—_’
/////// //////////////// ////////////// —0.480t0:029 —t——+ 5 10- ®

0.975 ‘ T ] A R R R R i P

-1 -0.66 -0.33 0.0 0.33 0 66 1.0 -0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
cos @ Parton level D

CMS 36.3 b~ (13 TeV)
" T e
[ [tV I 7, dileptonic W tt dileptonic
[ Diboson [ tW 777 Stat @ Syst
| @ ttother Bl Z+jets ¢ Data

- post-fit

- 345 < m(tt) <400

- 5,(tt) < 0.9

S

I/ POIVVHEGV2 + HERWIG+++7, / g,

Wi/l MG5_aMC@NLO(FxFx) + PYTHIAS + 17, / s,
/il POWHEGv2 + PYTHIAS + 1, / s,

/'] MC Stat.

/11/'! MC Stat. @ Syst.

— Entanglement boundary
4  Data extr. with PH+P8
t@1 Data extr. with PH+P8+n,

m(tt) <400 GeV
B,(tt) < 0.9

36.3 b~ (13 TeV)
L I

Entanglement in tt is observed with >5¢ at low m;

Didar Dobur, Ghent university

Main uncertainties(CMS):
* 71 normalization

* Jet energy calibrations

* Top pr, PS modeling
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Entanglement in tt (dilepton channel)

D = -3 -(cos p) CMS 3633 TeV)

- T T | T U T T l T T T |
I/ll  POWHEGV2 + HERWIG+++7, / jf,
01l ATLAS é ol ] Wi/l MG5_aMC@NLO(FxFx) + PYTHIAS + 17, / s,
) /! POWHEGV2 + PYTHIAS + 7, /
/s = 1 e ! Yo
s=13TeV, 140 fb M/l MG Stat.
/11/' MC Stat. @ Syst.
-0.2r 1 —— Entanglement boundary -
Q + | > Data extr. with PH+P8 m(tt_) <400 GeV
< [T - ® t@ Data extr. with PH+P8+n; B (tt) <0.9
> 03}
< oo oo e oo e
) o i
S i
Y . | W/O toponium
© —-— Limit (Powheg + Herwig7) +0.026
o -0. : —H—e—+
---- Limit (Powheg + Pythia8) 0.491 0025 | |
o mmm Theory Uncertainty 6.30
-0.5 @ Data 1 ‘ w
é @ Powheg + Pythia8 (hvq) Il . §
+ : B Powheg + Herwig7 (hvq) W/ toponium =
Include tt bound-state: toponium (7;) 0026 &
- 0.6 340 < my < 380 380 < myg < 500 mg > 500 ~0.480%0029 510 ®
* Pseudoscalar & maximally entangled < <M< >

ey o e
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30

* m(n,) = 343 GeV Particle-level Invariant Mass Range [GeV]
‘ Parton level D

* o(pp - ns) = 6.43 +£0.90 pb

Entanglement in tt is observed with >5¢ at low m;

Main uncertainties(CMS):
* 714 normalization

e Jet energy calibrations

* Top pr, PS modeling

Main uncertainties (ATLAS):
* Modeling of tt production and decay
* Background modeling

* Experimental (b-jet tagging, JES...)
Didar Dobur, Ghent university 79



Entanglement in tt (£ + jets channel)

" * Better sensitivity at high m; Profile likelihood fits to COS ¢ in bins of m(tt) and|cos8] -
. . S f 25 Sign = T V, 0.4 < [cos(6)] < 0.7 mmm—m—en :I en: 800 < m(tf) < 900 GeV, 0.4 < [cos(6)| < 0.7
£ * Spin information via £/d-quark §7Y B m— <UD <5000l <07 s <0G 04«
cosp=72-d e [ .S O
107 : A ] " "'"". "

d * NN for correct assignment of top decay
products (up to 65% correct assignment) &
CMS Preliminary 138 fb™ (13 TeV) Low m(tt) High m(tt)
inclusive
| Ap=0.664 +0.028 ' Batah s

4 | -0.089+0.048 — Powneg+ B
B [ ocsezoues Hﬁﬁ e CMS  Preliminary 138 b (13 TeV)
P, [ 0.0054+0.0048 W ... MINNLO+P8 2 1 - $ Data

P, | 0001400065 " =~ - — Powheg+P8

P | -0.0034+0.0061 O -

pr ™ 0.0095+0.0047 .L _ | 0.9 - I'?A(éaV\/shnggH7

P | 0.0044+0.0062 R - 0.8F - M +

B Eowmnon #QH Entanglement at high m(tt) 3 085  ANNLOLPS
Cry | 0326620009 iy —> space-like separated region 0.7 TETY PR AT AEIE T
Cec 0.302+0.019 bt | - { 1

w | O00ox0016 b > prospects for Bell inequality SR N} = . 5

:k -0.251+0.030 [ E 9 E o
Cri : -0.011£0.022 ol tests » 055 3 g
C;" -0.010+£0.015 E H
C, | 0015002 ,:L Q 04f ©
Cl::k _IO.(I]14|iO 21| 1 1 | 1 1 1 '}.-'I 1 1 I 1 1 1 I 1 O 3 B V :

04 02 o 02 o4 : ! Separable states |

A new window to look for new physics effects

Didar Dobur, Ghent university

m(tt) > 800 GeV
|cos(0)| < 0.4

m(tt) > 1000 GeV
|cos(0)| < 0.4
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https://arxiv.org/abs/2210.09330
https://arxiv.org/pdf/2407.15223

Summary

* Top quark physics is living its golden age

* Excellent precision in many areas

* Combined ATLAS-CMS results prove to be powerful

* Observed quantum entanglement in top quark pairs
- Multiple analyses in different phase-space regions!

— Led to observation of a quasi-bound tt state

* More exciting results to come with Run3 data

Didar Dobur, Ghent university 31



Entanglement in tt (£ + jets channel)

* e/u+4jets, =1 bjets => better sensitivity at high m,;
 Spin information via £/d-quark
* NN for assignment of top decay products (up to 65% correct assignment)

Profile likelihood fits to cOs ¢ in bins of m(tt) and |cos 6|

59.7 fb' (13 TeV)
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i pos Single t s Multijet/ EW
Uncertainty
10* : :
DU SRS SO T B o o | Tte, i Tt -.,
10?
e Extract the coefficients for geal o | Y
, ] PR — srennemsetstasenenet S SPVF UMW PRI TPRSNE SR OIS reToer PRI SN 1701 SPRUNLDUN AT SIS LIS ST
pOIa rlsatl On Ve Cto rs (B—l— )’ Sp In 06 T[LS 0.6’70.8 D.S.~O.6 0.6 -0.6 O.SZOAB 0.6--05 0.6 -0.6 D.S.~0.6 OAS.AO.G 0.6 -0.6 0.6‘-0.8 0.6.~0.S 0.6 -0.6 OASIAD.G O.SIVDAS 0.6 -0.6 D.S.~0.6 OASIAO.G 0.6 -0.6 0.6--05 O.G.AO.S 0.6 -0.6 OAS.AD.G O.S‘ cos(%)
— 0 0.4 0.7 o 0.4 0.7 o 0.4 0.7 o 0.4 0.7 o 0.4 0.7 o 0.4 0.7 o 0.4 0.7 o 0.4 0.7 |cos(8)|
CO rrel ati o n m at riX (C ) a S We I I 300-400 400-500 500-600 600-700 700-800 800-900 900-1000 >1000.0 m(l) [GeV]
ij L High m(tt
~ ow m(tt Ignm
as D and D o 138 1o (13 TeV)
| 600 < m(tf) < 800 GeV, |cos(8)| < 0.4 Data | L
_ stat, total unc.|
| I . d . . k _ L Ag=1.030+0.097 = Powhegs P8
L] c-1 [ -0.119+0.051 s ==+ Powheg+H7 [ Ll
nclusive and in various kinematic o | Spreroos 30 T | |
P, [ 0.030+0.018 b =M PO T Bt
phase-space P [ 003040023 ol i ol
P, [ -0.000+0.020 H L W
B, [ 0047+0.019 frot i ™
P, [ -0.004+0.023 H L H
= C, | -0.568+0.054 & I )
Con | 0.326+0.038 ] L i
-4 Cy [ -0.136+0.074 HE— i H—
C, [ -0.033+0.062 4 L =i
C, | -0.274+0.100 ——H L —H
Ch [ 0.149+0.093 I —— i b r——
Cy [ -0.013+0.063 — i i
C, [ -0.040+0.099 — i —
. C, [_ 0.080+0.090 E—— i e
IIIlIIIIIIIlllII IIIIII Illllllllllllllllllllll 39
Dida -15 -1 -05 0 0.5 02 0 02 04 06 21

Coefficient value A(data, Powheg+P8)



Entanglement in tt (£ + jets channel)

., ,cms Extraction from C; 138 b (13 TeV)
< N Data
_ L+) 2 stat, total unc.
* Entanglement is established at high m(tt ) 5 oish Egmggiﬁgm
for the first time with >50 e 65 ----- Powheg H7 SRREEEEUERECR T
e Complementarity wrt. dilepton channel £ 1'4; - MINNLOLPS 6.7(5.6)0
" ' "_" i i i e e e e
= I .
x 2.2(34)0
= l Separable states | ‘

m(tt) > 800 GeV
|cos(0)| < 0.4

m(tf) < 400 GeV

N
x

m(tt) [GeV]
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2403.02133

Lepton Flavor Universality in top decays

* Large and pure tt sample to measure B(W — £v) and test LFU

A ) _ o
v v Simultaneous tt cross-section in ee, uu, ey B(W — uv)
esVus Vp ; . .
* ML fit to event categories with 10 parameters Rile _ B(W —ev) pl/ee
e .. w Z
. R“/‘V/ : many uncertainties cancel \/73(2 - Up) N From
. . « o . N s
T In situ lepton/bjet efficiency calibrations B(Z - ee) LEP2/SLD
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Associated top quark production (tt+V)
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CMS Simulation
LR KA B

Interpretation of 4 top quark measurements

ATLAS+CMS Preliminary
LHCtopWG Vs =13TeV
*Preliminary

Higgs Combination

ATLAS 36.1-139 fb~?!
ATLAS-CONF-2025-006*

CMS 138 b1
arXiv:2602.18611
pp - tttt

ATLAS 139 fb~1
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T 1
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L —
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ATLAS 139 fb~1
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ATLAS { + jets, 140 fb~?!
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CMS dilepton, 137 fb~1
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Results shown as |k¢| = 10

0.99%3:39

0.91%3%¢

1.88+333, (0w # flKy))
1.51%322 (o = f(Ky))

1.08f8j%g, (Ot = f(Kt))
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1.16133%, (k¢ > 0)
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EPIC 83 (2023) 560

Mass from boosted TOp'jEt ATL-PHYS-PUB-2021-034

ATLAS

CMS Unfolded x-section to particle level

« ¢ +jets channel, . 138 fb' (13 TeV)
‘ * Dedicated jet clustering( XCone) 3 ~4 Data
: _ _ . jet m, = 169.5 GeV
—_ & calibrations using my,, 5 0. e m=1725Gev
- m, =175.5 GeV
* Drjer > 400 GeV
— * Extract mrg, from my,;

9 GeV
> . . Stat. uncertainty Statistical . Experimental
% ATLAS Simuation Proliminasy Myop Measurements in the boosted roaturcotany | Bl weas o
3 pp — tf, XCone A=1.0 jets regime compared to well-defined =
% Soft-drop (z,,=0.01, 8=2) . o 2 8 TeV (19.7 fb)
8 097} 1000 Gev < p, < 1500 GeV Lagrangian mass CC |
B — ounog + Pythias * Simulation study by ATLAS gives: o >
% NLL prediction, MSR mass - t e 13 TeV (35.9 fb')
E ~—— NLL prediction, pole mass OCD Q m, =172.6:% 2.5 GeV
§ Theory Unc. - MC MSR + 3 5 0 '(/_) E Phys. Rev. Lett. 124 (2020) 202001
- mTOp — mTop - 80—410 MeV 13 TeV (138 fb)
_ Sca|e Variation v Eur. Phys. J. C 83 (2023) 560
- Fit range, UE 0.84 GeV

165 170 175 0 2 4 6
m, [GeV] m;, uncertainty [GeV]

180 185 190
Large-R jet mass [GeV]
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Associated top quark production (tty)

[fo x GeV|

do
d P,

Data

Prediction

pr(y), pT(Z): sensitive to anomalous dipole couplings of the top quark

_
o

Vs=13TeV, 140 fb™
| Single lepton + Dilepton

T IlH[w

e Data .
—MG5_aMC+P8
,,,,ReC =+1.3 7
ReCW_-1.3 -
e
-~ReCy=+15
»»»»»»» PeC:B -1.5 -
- ImC;=+15
- ImC®=15

Stat. t?Jncertaunty
m Total uncertainty

1 IIHld

Lix =ef [7’” (Cffv + VSCEA)

* tty at production/ tty at decay
* NN to separate two processes

—Increased sensitivity to t-y coupling

iocH qv (

CXy+¥5C5a)

~ 0 in SM
# 0> BSM

H
et

+
R

50 100 150 200 250 300 350 400 450 500

o Q0T T I
g B AS e Data B

S i \@ =13 TeV, 140 fb™"  ---MG5_aMC@NLO+Pythia 8_|

5e" 0.008 - -Sherpa 2.2.1 (incl.) ]
,_R;o [ -~ Sherpa 2.2.11 (multi-leg)
B Stat. uncertainty B

0.006; — [l Total uncertainty ]

- .... _

B ’Io ]

0.004 — ~| |

0.002 1:1 th
'.‘lj,:I

vl by b e b b v e by
5|  13f i — E
g Tk | b ]
6 @ e —- . e e e L e T e
o0 g7- — ]
o 0 100 200 300 400 500 600 700 800 900 1000

p,(1) [GeV]

Particle-level p? [GeV]
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tX,.

X =

R[Cizl/N? [TeV2]

=] 2403.09452

ATLAS

— O T[T T[T T[T T[T T T[T T T[T T
S 2000 ATLAS =
£ r (s=13TeV, 140 fb" & Data [ tty production-
Ij>j 1800;Dilepton Mtty decay [h-fakey

1600-SR [le-fakey [JOthery i

F Post-Fit 72 Uncertainty--- Pre-Fit 7
1400— —
1200 =

124 3 :
8 s E
o s
s =
© . =
a E E

0'70 0.1 02 03 04 05 06 0.7 08 09 1

NN output

T ] T T T T | T T T T T T T T | T T T T I ™
125~ ATLAS 68% Cl (comb.) ]
- Vs=13TeV, 140fb" B 95% Cl (comb.) |
10.0~ SMEFT A=1TeV ¢ Globalmode
N +  Standard Model -

N 68% Cl (tt2) N
7.5 mm 95%Cl(2)
- B 68% Cl (tty) ]
5.0~ B 95% Cl (tty) —
2.5 —
0.0 =
-251 —
:l I 1 1 | Il | | | 1 Il I 1 1 Il 1 I Il 1 Il l :

-10 -5 0 5 1 0
R[Cry]/N2 [TeV-2]
48

16


https://arxiv.org/abs/2403.09452

Measurements of tt + bb

&)
TLAS

2407.13473 2407.10904

b
b * Sensitive to EFT operators
* Irreducible background for ttH, H — bb/cc, multi-top
.  Difficult to simulate accurately
7 Extensive differential measurements:

— various kinematic regions & modelling effects
— Comparisons to state-of-the-art simulations
— Additional b-quarks via ME(4FS) or via PS (5FS)

£ + jets channel

CMS 138 fb~' (13 TeV)
il T T T L T | T ] i T T T
-+ Powheg+OL+P8 tibb 4FS (ur=2[Im{*, pe=1Emr) | [ - Data ]
-+ Powheg+P8 tt 5FS (urr =mr) 11 Syst. + stat. unc. |
- Powheg+H7 tt 5FS (ugr = m1) Stat. unc. ]
<+ Sherpa+OL tibb 4FS (ug =[]}, pr=1Lmr) !
+ MG5_aMC+P8 tibb 4FS (pgr=Lmr) !
+ MG5_aMC+P8 tt+jets FxFx 5FS (ugr = Lm7) i
>5 jets: > 3b|- L X e 02367214310 | |, AT 4
v | v
L x * | * *
>3b, >3 light|- g Oia=1037+91fb | - = .4
v | v
i w0 I * *
> 6 jets: >4b} - Ofig =291+ 37fb 11 oy T
L v i ¥
i * i
>4b, >3 Iightj‘y,:u— Org=147+25fb | . .t
I L L ] L L P | L | L A N i
10° 10° 104 0.5 1.0
o [f pred; -obs
Tiig [fb] Ofig /Ofd

eu+ =3bt

eu+ =3b=1l/ct

eu+ =4bt

eu+ =4b=1l/ct
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)
o F ATLAS ]
W goof V5=13TeV, 140"  [if+>20 MiT+1b E
F Single-lepton Wi+ 18 @t +21c 9

700F- STXS 18R [t +light [tTZ 3

F Post-it, p = 0.81 mw WW +jets 3

[T Other Uncertainty

600

QOO T I T T I I T T T T TTTTTTTT IRARRERERRRRERN T

T T T
¢ Data WH

ttH -

Data / Pred.

.8

0 01 02 03 04 05 06 07 08 09 1

TH Discriminant

eu channel
<+ Data m  Powheg+Pythia8 ttbb
*  Powheg+Pythia8 Powheg+Herwig7 ttbb
Powheg+Herwig7 Sherpa ttbb Stat. unc.
#  MG5_aMC@NLO+Pythia8 Sherpa Total unc.
MG5_aMC@NLO+Herwig7 o 40126.NLO (off-shell)
* * 1
1
E 3 E :
| | | I
L ] [ ]
* *
o E
w g e
™ | |
* *
* *
* E 3
a ——
" | ]
* B
™ |
* *
pA ®
) | — am
" ATLAS N i
V5=13TeV, 140 fo~1 i
20 40 60 80 100 120 140 160 06 08 1.0 1.2

Trig [fb]
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http://dx.doi.org/10.1007/JHEP05(2024)042
https://arxiv.org/abs/2407.10904
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CMS-TOP-23-008

Single-top production in tW channel 2

2407.15594
o) I_"“I""I""I""I""""I""l""l"'?(,,)e
= 100~ CMS Preliminary CMS measurement @13.6 TeV in eu channel
o B 1 ..
'-S : Vee, ey, uu (7 TeV, 4.9 ™), PRL 110 (2013) 022003 _;/—} ~13% pI‘eClSlOIl
8 80— Aee, ey, up (8Tev, 12.2 fb"), PRL 112 (2014) 231802 _
n L eeu(13TeV, 138 fb), JHEP 07 (2023) 046 _
g : + |+jets (13 TeV, 36 fb"), JHEP 11 (2021) 111 :
; 60— ®eu (13.6 TeV, 34.7 o), CMS-PAS-TOP-23-008 ]
= L N _ g5x10° 34.7 o (13.6 TeV)
> - = S AN L B B IR R L
@ 40— — 2 - CMS +$atta| ]
© B ] Q - Preliminar otal unc. ]
2 [ ] = 30p Y s Stat unc. E
: e CWeibne
L. O E=== aNNLO+aN’LL, PDF4LHC21 (PP), JHEP 05 (2021) 278 7| 25:- o) + —
* Sensitivity to V,, and b-PDF | me-msoevam-omsoo ] B f s N OB N
. ' E——— 5 20f o tWaMC DR2 + P8
* Large tt background 25,F e 5 2°E C tWaMG DS+ P8
. . - 23 1 E 2 F < tWaMC DS dyn. + P8
* tW @NLO interferes with tt 88sp [ T T3 & 15w .
. - 5 6 7 8 9 10 11 12 13 14 Ak - ]
* ML algorithms to separate tW from tt s [TeV] 10F ]
| 5f —aes— ;
ATLAS measurement in ee, ey, uu channel ' oY
£ 17500 ATLAS Internal 2o T 2'J2wau¢wr_)'at; T o/ i okt | L ' L L
e o A Measured @13 TeV (40% improved ) s 3
tW dilepton, 1jib, Post-fit m tf W 75 6 +14.9 b ‘D" 1 oAV
= Minor Background = . ~
12500 Uncc;rtaictyg o o ( t ) *~—14.3 p 8
10000 ~19% precision & O 40 80 80 100 120 140
7500 Jet P, (GeV)
5000 Comparisons to different models of
2500

handling the interference with tt
— ' ' Measured Vyp:

|f,yVip| = 0.97 £ 0.10

It is complementary to other measurements

Data/MC
3
IIII|IIII

N\

BDT Response
50
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JHEP05(2024)305

Generalized CKM interpretation

« 9 W1q vertices in production and decay
are considered

* Top decays in tt treated consistently
(improves sensitivity to Vi, V4 by 20%)

ML fitin three scenarios for two of the /.,

o o»;

ATLAS 68% CL g : ATLAS 68% CL
Vs =13 TeV, 140 fo” — 95% CL s =13 TeV, 140 fb™ — 95% CL

ATLAS ’ 68% CL
{s =13 TeV, 140 fb — 95% CL

+ Best fit ; + Best fit + Best fit

= N N W W A NV
(6)} [(6)]
-Alog L

5

o -
(&
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https://link.springer.com/article/10.1007/JHEP05(2024)305

9] JHEP05(2024)305

t-channel single-top measurement by ATLAS
i S g * Use measured o(tq + tq) and theoretical
@i @ Bl S T EWs . W prediction to extract f/% - |V, |?

CJVV, Z+jets j e+ Pre-Fit vV, Z+jets  lmj e-

Doy D reeraiy * Theory prediction @NNLO:
214.2 £ 3.4(scale + PDF) + 0.6(Am;) pb

Events /0.1

* No assumpion on CKM unitarity nor number of
| quark flavour

. M Assume |V, > V.4, |V:c| and Wtb has LH
846 pb weak structure

orq =137 8pb  0fq =

Otq+iq = 22113 pb fiv - [Vis| = 1.015 4+ 0.031
0.

R, = —L =1.636 +0.036
O'fq

Main systematic uncertainties " Assuming SM, Viy =1

* tq signal modelling (Scale, PDF, FSR) _
* Jet energy resolution (JER) |%b| > 0.95 at the 95% CL

* b-tagging

* Background modelling 52
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https://arxiv.org/abs/2012.01574
https://link.springer.com/article/10.1007/JHEP05(2024)305

Entanglement in tt (ATLAS)

-0.1

'§ ATLAS 4 Data 3 © INAN AN AR AN AAE RARE AN ARSI RS . '
{i 60000 =l ] 2 2 o4t Total Uncertainty | £ [ ATLAS Simulation ] o1l ATLAS
Vs =13TeV, 1 @ Pow+Py (hvq) 0125 B | ATLAS st i = R — omina 7 0.1 ol
50000 ::ow;gpy (b§4l) —[ 10449 E o2l 340 <mg< 380 Gev [ sgwg;gghtmgy;t)r?glés i é 1.2 <mi< e -40/0 rewe.gmmg 7
ackgroun | L4 wheg + Iac r — -40% reweighting | —
40000 Total uncertaintyi I @ 016 L Entanglement limit 7 1; oo omeighing 7: 0.2 +..
. - = L — o
¢ » °l  Detector to particle-level 0.8 [ - SN
? i T i i i ] g = ¢  HESHSSECESESSEEEEEEEEE:
0 + o, calibrationcurve ] - ERE:
1 02 [ = L 1 &
20000 L e I : - ] & 04t - . Limit (Powheg + Herwig?)|
1-0.22 -0.4 | E — - ---- Limit (Powheg + Pythia8)
10000 = F ° r ] o mmm Theory Uncertainty
04 p 5127“““““““““‘ = -0.5¢ @ Data
06 F . 2 === § (] Powheg+Pythie'18 (hvq)
%127 }1.5% T T T 20_57 B Powheg + Herwig7 (hvq)
%o.a' = 0‘J1 £ -0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 £ -1 -08-06-04-02 0 02 04 06 08 1 06 340 <my <380 380 < my < 500 my > 500
§ 1 08°06-04-02 0 02 04 06 08 1 0'5§ Detector-level D cos® Particle-level Invariant Mass Range [GeV]
Detector-level cos ¢
Uncertainties via calibration EvenF':ytevebnt 5 . Entanglement is observed with
. reweighting based on
. curve:
Simple approach: . _ . Dis used t th more than 50
* Modeling of tt production and IS Used 1o vary tne .
Di icle | | Obs: -0.547 + 0.002 [stat.] £ 0.021 [syst.]
measure N partIC e leve d 3.2% d f
ecay (3.2%) egree o
. Exp: -0.470 + 0.002 [stat.] + 0.018 [syst.]
* Top decay modeling (Powheg entanglement L .
D =-3. (COS (p) vs.MadSpin) * SM prediction has PS modelling
«  PDF, ISR/FSR, Top pr dependence

modeling
* Background modeling (1.8%)
* Experimental (b-jet tagging,
JES...) (< 1%)
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