
Top quark measurements 
at the LHC

Andy Jung 
on behalf of the ATLAS and CMS collaborations

Xth QCD@LHC, Oxford, UK
Oxford University, 28th Sep to 2nd Oct

Sep 30, 2025

Today’s menu:
• Associated produc4on

• Vector bosons, fermions
• Top quark proper4es: 

• mt
• Top quarks as a Quantum Informa4on Science Lab

30+ years of top quark physics!



CMS-PAS-TOP-25-001

Exci%ng %mes…

• “toponium” – lots of updates recently 
• LHC as a quantum information lab
• More rare cross sections
• Rare processes

Nature 633, 542–547 (2024)

Rep. Prog. Phys. 87 (2024) 117801

Rep. Prog. Phys. 88 (2025) 087801

CERN-EP-2026-002 / TOPQ-2025-11

2Top Quark Measurements at the LHCA. Jung

Sept 17th 2026: Strong evidence for quantum 
entanglement between Z bosons found by ATLAS and CMS  

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/index.html
https://doi.org/10.1038/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://doi.org/10.1088/1361-6633/adf7d3
https://doi.org/10.48550/arXiv.2601.11780
https://home.cern/strong-evidence-for-quantum-entanglement-between-z-bosons-found-by-atlas-and-cms/


Top quark produc,on is dominated by QCD, decay is electroweak

Top quark is the heaviest fundamental par,cle
discovered so far
→ mt = 172.52 ± 0.33 GeV

Unique quark, not stable:

→ Observe bare quark proper9es
→ Spin informa9on preserved

Large Yukawa coupling to Higgs boson 
→ λt ~ 1  only mt is a “natural mass”

Standard Model – Top Quark Physics

Higgs mass at ~ 125 GeV!
→ New physics in loops ?
→ BSM oJen has top quark partners
→ No fine-tuning if top quark partner
à New probes, e.g. based on quantum 

informa9on science !?

[PRL 132 (2024) 261902]

Special role in EW symmetry breaking ?

dilepton

lepton+jets

3A. Jung Top Quark Measurements at the LHC

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.261902


Top quark physics – mt Highlights 
30+ years of top quark physics! Associated jet produc/on

● Different systema/c 
uncertain/es

PRL 132 (2024) 261902

15 measurements at 7 and 8 TeV
combined
• Best Linear Unbiased Es/mate method

• Correla/on strengths of different 

systema/c uncertain/es between 
measurements evaluated

• Combina/on stable against different 
assump/ons

• Jet energy scale, b-tagging and 

modelling largest uncertain/es
• Good compa/bility between the 

measurements
• Largest impact: CMS and ATLAS 8 TeV l+jets

Most precise mass determina7on 
to date! rela7ve precision < 0.2% !
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JHEP 2026, 99 (2026)

https://doi.org/10.1103/PhysRevLett.132.261902


Top quark physics: Current status…
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All results at: http://cern.ch/go/pNj7
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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 302 pb£5.02 TeV CMS measurement (L 
)-1 5.0 fb£7 TeV CMS measurement (L 
)-1 19.6 fb£8 TeV CMS measurement (L 
)-1 138 fb£13 TeV CMS measurement (L 
)-1 1 fb£13.6 TeV CMS measurement (L 

Theory prediction

Abundant production!
O(100M) events in Run 2
Precision down to 1.8%

Rare! Only ~120k 
events in Run 2, 
precision at 6.5%

Extremely 
challenging! 
Only ~3k events, 
precision ~25%

Abundant produc-on at the LHC, O(100M) ! ̅! pairs
→”Standard candle”

Top quark at QCD@LHC:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/


Associated ! produc.on (full Run 2)

Good agreement with SM
- Dominated by MC stats, Theore9cal predic9on

Inclusive and differen9al fiducial cross 
sec9ons for "!# and " ̅"! produc9on

- Differen9al measurements performed vs 
kinema9c observables at par$cle level, & vs 
ΔR(t,γ) and top-quark charge at parton level

- Larger Run-3 datasets will enable 
mul9differen9al studies and improved sensi9vity 
to possible devia9ons from the SM.

Phys. Rev. D 110 (2024) 096023
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.096023


! ̅!+! ̅! cross sec(on & VLL searches
§Measured ! ̅!+! ̅! produc-on 

and search for vector-like 
lepton (VLL)

§ Consistent with the SM predic-on.
§ No significant excess observed in the VLL 

search.
§ First VLL-pair search in the 4321 model with 

light leptons, complemen-ng previous all-
hadronic searches.

§ Consistent with the SM and does not 
confirm the earlier 2.8σ excess seen in the 
CMS all-hadronic channel result.

First explora-on of #-enriched final 
states

$(! ̅!! ̅!) = 16*+,-+. /b
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Rare processes (FCNC, !!!)
§First dedicated search for 

Standard Model three-top-
quark (8t) produc:on at the 
LHC.

§ ML-based bg es:ma:on & op:mized 
mul:variate classifiers for sig/bg

§ 95% CL upper limit of 25 K on the 8t
produc:on cross sec:on.

Considers single-lepton, 
same-sign dilepton, and 
mul:lepton categories.

§ FCNC targets same-sign 
dilepton and trilepton final 
states with exactly one b-
tagged jet.

§ Uses boosted decision trees 
(BDTs) to improve sig/bg & fit w 
max likelihood 

§ First simultaneous constraints on 
the complete set of relevant top-
quark FCNC SMEFT operators, 
and on FCNC two-quark–two-
lepton operators.
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Rare processes (FCNC, !!!)
§ CMS: First dedicated search for 

Standard Model three-top-quark 
(:t) produc<on at the LHC.

§ ML-based bg es<ma<on & op<mized 
mul<variate classifiers for sig/bg

§ 95% CL upper limit of 25 L on the :t
produc<on cross sec<on.

See talk by Oliver Rieger

Considers single-lepton, 
same-sign dilepton, and 
mul<lepton categories.

§ ATLAS: Probes cLFV through both rare top 
decays, ! → #$%, and anomalous single-
top produc<on, %& → !#$ in a common 
trilepton final state.

§ Uses separately op<mized MV classifiers 
for the decay and produc<on topologies

§ Sensi<vity driven mainly by the single-top 
produc<on channel.

10A. Jung Top Quark Measurements at the LHC

New!



Energy & Incline asymmetry
§ 1st at CMS of the !" in /̄ + jet produc8on, 

and the 1st at LHC of !#
§ Sensi8vity to asymmetries enhanced by using events where the 

extra jet is produced perpendicular to the top-quark
§ Measurements are unfolded to the par8cle level using a 

likelihood-based procedure.

See talk by Marckx on 
/W+/Z measurements

Resolved, semi-resolved, and boosted 
hadronic top-quark decay topologies

§ !" consistent with the SM within ~ 2σ
§ Deviates from the zero-asymmetry 

hypothesis by 2.7σ
§ !# is consistent with SM

11A. Jung Top Quark Measurements at the LHC



U"lize ! − #$ to extract |Vcb|
§ CMS measurement of the CKM matrix 

element |Vcb| using 9̄ lepton+jets
events.

§ Extracts |Vcb| from the hadronic W → cb
decay in 9̄ events.
%#$ = 4.59+,.-./,.-- (1232)+,.56/,.6- (1712) × 10⁻²

§ Run 3 and future boosted-topologies: improve the 
precision & provide a complementary test of the 
“inclusive-exclusive” |Vcb| discrepancy

See talk by X

§ ATLAS measurement of the CKM matrix 
element |Vcb| at the weak/electroweak 
scale using single-lepton 9̄ events with 
exactly four jets.

§ Determines |Vcb| from the raTo of W → 
cb to W → cq decays, where q is any 
down-type quark.

|%#$| = 50+>-/>> × 10⁻³

à Dominant uncertainTes come from 9̄ + heavy-flavor modeling and flavor-tagging. But neither 
depend on nonperturbaTve B-hadron theory inputs. Higher precision needed to resolve…

12A. Jung Top Quark Measurements at the LHC



ATLAS: !"# and spin asymmetry A
§ Using the trilepton final state, and 

also including both resonant Z 
production and non-resonant dilepton 
contributions.

§ Events with 3 electrons or muons and 
2–4 jets, including 1–2 b-tagged jets.

§ Agrees with SM

§ Extract spin asymmetry:
$ = 0.34 ± 0.14 (stat.) ± 0.06 (syst.)

$&'( = 0.54 ± 0.16 (stat.) ± 0.06 (syst.)

) ** → !ℓ-ℓ.# =
95.2.4.5-6.7(9!:!. ).7.<-7.7 (9=9!. ) /

13A. Jung Top Quark Measurements at the LHC



How to probe Entanglement
• Qubit = two-level quantum system 0⟩, 1⟩→ most simple quantum system
• Two qubits → most simple example of quantum correlations
• Entire hierarchy of quantum correlations

à Non-separability of a bipartite
quantum state = entanglement

~0 ~0

Afik, De Nova, Eur. Phys. J. Plus 136, 907

Experimental goal ➜ measure D (entanglement proxy)

• Remarkably the tr[C] can be probed from 
single differential distribution  

• Depends on produc5on mode, "($ ̅$), and sca7ering angle (Θ)
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SM predicts entangled states:
à at the produc5on threshold 

region in ((-fusion produc5on
à at the boosted region for central 

produc5on of the system
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Observa(on of Entanglement
1st measurement of entanglement of 

top quarks by ATLAS

• A stronger entanglement is observed in data 

compared to nominal predic;ons at threshold 

• Entering new realm: Quantum Informa;on 

Science meets top’s

CMS confirmed observa7on of top quarks 

being entangled at C threshold

• 5 standard devia;ons, improved modeling at the 

threshold

• ~1.5 tension with the expecta;on if toponium is 

not included

• Good agreement with SM

significantly improved by including ηt

Observa;on of top quark entanglement in 

boosted region

• Reasonable agreement with SM

Nature 633 (2024) 542 

RPP 87 (2024) 117801 

PRD 110 (2025) 112016

15A. Jung Top Quark Measurements at the LHC

https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
http://dx.doi.org/10.1103/PhysRevD.110.112016


Characteriza*on of top quantum state

Top quarks as a Quantum 
Informa1on Science Lab
• Exci1ng probes to SM
• On the heels of first 

measurements of entanglement 
in threshold by ATLAS, CMS and 
boosted by CMS

• Use l+jets full Run 2 data to 
measure quantum informa1on 
science / QIS-observables in top 
quark pair produc1on

First measurements by CMS of:
• Decompose density matrix into Bell and spin 

states in helicity and beam basis
• Measurements of purity, von-Neumann entropy
• Entanglement in both basis
• In agreement with the SM
• Sizeable sta1s1cal uncertainty

See talk by X for more 
details

PRD 113 (2026) L051101

16A. Jung Top Quark Measurements at the LHC

https://doi.org/10.1103/hkgw-dztk


§ Entanglement of top quark events established at LHC
§ Level of observed entanglement cannot be explained by 

classical exchange of informa=on between the two par=cles !

Intermediate summary

Can we say more on 
top quark bound state 
effects at threshold ?

JHEP 02 (2025) 064 EPJ C 80, 6 Phys. Rev. D 97, 112003
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http://dx.doi.org/10.1007/JHEP02(2025)064
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_7907/10052_2020_Article_7907.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112003


§ Interpreta(on in terms of ηt

§ Extract cross sec(on using the !" color-singlet model
§ “cross section” = difference to perturbative prediction

§ Theory:

Quan%fy the excess at threshold
RPP 88 (2025) 087801

(PRD 104 (2021) 034023)

(JHEP 09 (2010) 034)
# !" = 6.43 ± 0.90 pb

à See Talk by X

§ Words of caution:
§ Cannot distinguish between !" & pseudo-scalar Higgs
§ Missing e.g. color-octet states - these are expected to be small

§ Differen(ate between !" (CP-odd) and ," (CP-even)

§ Dominant systema(c uncertain(es: 
§ bb4l: NLO, off-shell effects, interference T and tW
§ PS FSR: αS in final state radia(on 
§ top quark mass and Yukawa coupling 
§ Herwig7 as alterna(ve parton shower model 

18A. Jung Top Quark Measurements at the LHC

https://doi.org/10.1088/1361-6633/adf7d3
https://inspirehep.net/literature/1848052
https://inspirehep.net/literature/860040


§ Confirmed by ATLAS
§ Using dilepton events and spin-

sensi:ve angular observables

§ Baseline pQCD model without quasi-
bound-state effects is disfavored at 
>8! (6!) observed (exp.)

§ Excess is compa:ble with color-
singlet, spin-singlet S-wave % ̅% quasi-
bound state

§ Threshold component: 

!threshold = 9.334.564.7 pb

§ Improved NRQCD/off-shell 
modeling and pQCD–NRQCD 
matching are needed to fully 
characterize the excess.

§ Dominated by GFRW & pQCD
modeling (~7 and 5%, resp.)

ATLAS result in dilepton threshold

19A. Jung

CERN Press-statement: "Elusive romance ..."

Rep. Prog. Phys. 89 (2026) 057801

Top Quark Measurements at the LHC

GFRW = Green’s 
Func.on 
ReWeigh.ng:
NRQCD-inspired 
modeling of % ̅%
quasi-bound-state 
effects near 
threshold

https://atlas.cern/Updates/Press-Statement/Quasi-Bound-Tops
https://doi.org/10.48550/arXiv.2601.11780


§ First CMS search for this 
effect in the e/μ + jets

§ Uses two spin- and parity-sensi<ve 
observables together with !"∗, which 
provides beBer sensi<vity & robustness

§ The background-only hypothesis is 
excluded with 6.1$ (obs) and 7.3$ (exp)

§ Using a simplified pseudo-
scalar color-singlet ηₜ model, 
the measured signal cross 
sec<on is: $ = 5.1 ± 0.9 pb

CMS Observa,on in l+jets

20A. Jung

!"∗= top-quark velocity variable in the B̄ system

§ Dominant uncertain<es arise from modeling of 
con<nuum B̄ and ηₜ produc<on.

§ For m(B̄) < 350 GeV, both the ηₜ model and a Green’s-
func<on-based threshold model indicate an 
enhancement of about 3 pb.

§ Interpreta<on is s<ll model-dependent, and improved 
theory is needed for a precise descrip<on of the B̄
threshold region.

Subm. to ROPP 
[arXiv:2608.19546]

Top Quark Measurements at the LHC

http://arxiv.org/abs/2608.19546


§ Including the threshold contribu1on 
describes data be3er 

§ Differen1al data shows 3! evidence for 
a quasi-bound-state contribu1on

§ Result is consistent with the dedicated 
ATLAS spin-angular threshold analysis

ATLAS reinterpreta-on of ℓ#ℓ data

21A. Jung

§ Use differen1al distribu1ons to test for $ ̅$ quasi-
bound-state effects

§ Compares baseline pQCD predic1ons with models including 
color-singlet threshold contribu1ons via NRQCD Green’s 
func1ons or a pseudo-scalar &'

Top Quark Measurements at the LHC



Shown at 
TOP25

à RMSE captures amount of bias and variance into singular 
value

• Transformer approximately 30% improvement vs !ℓ" – method
• Reconstructs events for which 5% of time !ℓ" - method fails
• Further studies to assess performance, e.g. angular distributions / QIS ob’s)
• Exciting region for SM (aka #$), EFT, and Quantum Correlations…

AJ Wildridge, …, A Jung, et al.
NeurIPS (2024) [arXiv:2412.07867] CMS-NOTE-2025-010

LLM “bumblebee”:

22A. Jung

ML-based top quark reconstruc3on 

Top Quark Measurements at the LHC

https://cds.cern.ch/record/2944724


Global SMEFT interpreta2on (t,H,EW)
§ The global fit 

simultaneously 
constrains 47 operators 
or linear combina7ons 
of operators.

§ Reports:
§ linear SMEFT 

constraints including 
terms up to 1/Λ$ and 
also include quadra7c 
1/Λ% contribu7ons.

§ Finds that quadra7c 
EFT terms can 
significantly modify 
the inferred 
constraints for a 
reference scale of 
Λ = 1 TeV.

Warsaw basis

§ No significant devia7on from the Standard Model is 
observed.

§ Provides a broader framework in which top-quark 
measurements contribute to global constraints on 
possible BSM interac7ons.

§ No devia7on from the SM

23A. Jung Top Quark Measurements at the LHC



• Break flat directions by accessing quantum correlations
→ unlock sensitivity to operators “invisible” in traditional analyses

• AI-based nuisance morphing in physics-aware bases 
• Direct mapping: observables → EFT parameters
• Not just for top quark sector but also for Higgs sector!

JHEP 01 (2023) 148 [2210.09330]

à QIS observables an>-correlated / orthogonal to 
exis>ng spin density / polariza>on observables!

24A. Jung

A new approach…new observables ?!

Top Quark Measurements at the LHC

Sept 17th 2026: Strong evidence for 
quantum entanglement between Z 
bosons found by ATLAS and CMS  

https://home.cern/strong-evidence-for-quantum-entanglement-between-z-bosons-found-by-atlas-and-cms/


Restricted EFT: ! 50 Wilson coeff’s in top quark sector 

§ Large HL-LHC datasets, many differenAal measurements 

§ But: informaAon is not independent
→ strong correlaAons and flat direcAons

Why tradiAonal observables fall short
§ Mostly 1D distribuAons / asymmetries 
§ Limited sensiAvity to interference and correlaAons 
§ Different operators map onto degenerate combinaAons 
§ InformaAon-limited system, not staAsAcs-limited

Sufficient or looming limita0ons ?

à Opportunity: go beyond classical observables & 
exploit full quantum structure of the event

à Powerful for top quark sector & Higgs sector

25A. Jung Top Quark Measurements at the LHC

Center $ ~ Single parAcle polarizaAon
Shape & ~ Spin-correlaAon anisotropy
Semi-axis and angle ~ Principal correlaAon direcAon
Area and Volume ~ Accessible condiAonal state space

e.g. uAlize Quantum Steering Ellipsoid - reorganizes the 
spin-density matrix into an intuiAve geometry

JHEP 01 (2023) 148 [2210.09330]

Subm. to PRX Quantum [arXiv:2608.30037]
Alvarez et al. (Jung group)

Represents all possible quantum 
states of a spin-'( particle or qubit ). 

https://arxiv.org/abs/2608.30037


Key takeaways: 
• Colliders are complementary: 1st observa8ons, precision studies, high control ini8al states
• QIS as an arch connec8ng colliders and to break “flat direc8ons” in EFT space
• Powerful for top quark and Higgs sector at LHC! Rich and exci8ng at new colliders!

26A. Jung

Disclaimer
AI helped  here

Top Quark Measurements at the LHC



§ Top quark physics at center of big ques5ons…
§ Plethora of cross sec5on results

§ Higgs poten5al

§ Associated produc5on of vector bosons and 
fermions
§ Powerful tests of SM and allows to leverage data for EFT 

approach

§ Observa5on of top quark pair entanglement by 
ATLAS & CMS
§ Top quarks as Quantum Informa5on Science Lab, new 

approaches!

§ Observa5on of a pseudo-scalar excess at threshold
§ Quasi-bound states ?

§ Full non-rela5vis5c QCD calcula5on is needed!

Big Ques)ons & Challenges
Precision era

à Top quark physics has a bright & exci5ng future –

new probes, Quantum Informa5on Science inspired

à Vast amounts of top quarks to come

27A. Jung Top Quark Measurements at the LHC



Backup

28A. Jung Top Quark Measurements at the LHC



§ Reinterpreta)on of published differen)al cross sec)on data
§ Evidence in the cross sec)ons alone, compa)ble with other results

Confirma(on by ATLAS…

29A. Jung

Rep. Prog. Phys. 89 (2026) 057801

Top Quark Measurements at the LHC

https://doi.org/10.48550/arXiv.2601.11780
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Top quark physics – mt Highlights 
30 years of top quark physics!

Most precise mass measurement from 

ATLAS to date

Profile likelihood fit setup fi<ng together with mtj

and mjj – improves total uncertainty

• SystemaCc uncertainCes significantly reduced in 3 

dimensional fit

o JES: from 1.4 GeV to 0.26 GeV

o ISR + FSR: from 0.82 GeV to 0.14 GeV

o Recoil: from 0.36 GeV to 0.08 GeV

arxiv:2502.18216

Top Quark Measurements at the LHC

https://arxiv.org/abs/2502.18216


|Vcb|extrac)on
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Quantum steering ellipsoids (QSE)

• The QSE reorganizes the spin-density matrix into an intuitive geometry
• Steering does not enable faster-than-light communication: without 

conditioning on the outcome measured for !, the local state of " remains 
unchanged.

32A. Jung

Subm. to PRX Quantum [arXiv:2608.30037]
Alvarez et al. (Jung group)

• Condi&onal states: For a correlated pair " + !, 
measuring ! and selecIng one outcome 
determines a “condiIonal” state of ". 

• Quantum steering: Varying the measurement 
direcIon and outcome on ! “steers” the 
condiIonal state of ". 

• Steering ellipsoid: All accessible condiIonal 
states of " form an ellipsoid $%|' inside its Bloch 
sphere. 

• Geometric informa&on: Center )⃗%|' describes 
the displacement or polarizaIon, while the 
semi-axes *+, *,, *- encode the strength and 
principal direcIons of the correlaIons. 

• Boundary and interior: projecIve outcomes 
generate states on the ellipsoid’s surface; more 
general measurements can access its interior. 

Represents all possible quantum 
states of a spin-./ particle or qubit ". 

Bloch sphere

Top Quark Measurements at the LHC

https://arxiv.org/abs/2608.30037


FCNC EFT limits
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Charge asymmetries

34A. Jung Top Quark Measurements at the LHC



Entanglement in lepton+jets events
PRD 110 (2025) 112016• Entanglement observed for first time

in events with high ! ""̅ !
• highest sensitivity using full C

• No sensitivity in low $ % ̅% region

Δ' = )** + ),, + )-- > 1

• Templates based on nominal 
generator

• Vary spin density matrix 
coefficients

• Fit templates to data based 
on a mulBdimensional 
distribuBon

35A. Jung Top Quark Measurements at the LHC

http://dx.doi.org/10.1103/PhysRevD.110.112016


! ̅!+Z + tZ produc+on

Good agreement with SM
- Pre-fit vs post-fit devia7ons: slight #$%& asymmetry

Not enough CP viola0on to explain baryon
asymmetry observed
- mo7vates searches for addi7onal CP viola7on sources 

from new physics, NP can be parameterized by EFT 
- CP-odd operators #$'& and #$%& modify ! − )(+,-)

vertex
- SM-BSM interference propor7onal to 1/Λ2 (linear), 

gives rise to CP-odd contribu7ons
CP-odd observables using 
physics-informed ML
-
- SM contribu7on CP-invariant
- pure BSM contribu7on CP-
invariant (quadra7c)
- SM-BSM interference CP-odd 
(linear)

CMS-PAS-TOP-24-012

Phys. Rev. D 110 (2024) 096023

36A. Jung Top Quark Measurements at the LHC

https://cds.cern.ch/record/2928204
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.096023


§Shape differences between data and
predic1on observed in low ! " ̅" bins!

Quasi-bound states at threshold ?

§ Profile-likelihood fit to 20 bins of ! " ̅" x 3 bins of chel x 3 bins of chan

[arXiv:2503.22382]à Excess at low ! " ̅" visible 
37A. Jung Top Quark Measurements at the LHC

http://arxiv.org/abs/2503.22382


§ Excess is located at low ! " ̅" , stronger for pseudo-scalar
→ could this be interpreted as " ̅" quasi-bound state effects?

§ Extract cross sec<on using the $% color-singlet model
§ “cross section” = difference to perturbative prediction

§ Agrees with NRQCD prediction:

§Words of caution:
§ This model is not a complete description of a " ̅" bound state!
§ Cannot distinguish between $% & pseudo-scalar Higgs

§ Missing e.g. color-octet states - these are expected to be small

Test pseudo-scalar singlet hypothesis

(PRD 104 (2021) 034023)

(JHEP 09 (2010) 034)& $% = 6.43 ± 0.90 pb

38A. Jung Top Quark Measurements at the LHC

https://inspirehep.net/literature/1848052
https://inspirehep.net/literature/860040


Nuisance parameters – impact plot
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§ Excess stable against changes of 
background model

Alterna(ve background models

40A. Jung Top Quark Measurements at the LHC



Top quark spin correla0ons

• Probed by angular distribution of decay products in helicity basis:

à Spin dependence of ! ̅! production is completely characterized by
15 coefficients (but we have lost information better “correlations”)

41A. Jung Top Quark Measurements at the LHC



42A. Jung

Analysis in a nutshell…

• Measure helicity
angle cosφ = ℓ ̂ 1 ⋅ ℓ ̂ 2
• fully encapsulates

spin correlations
information for

• Perform a profile maximum
likelihood fit of the cos
distribution in the mtt¯ - β 
signal region

• The degree of entanglement is highly phase space-dependent
à Scan of !(# ̅#) vs. cos(Θ) vs * to determine most sensi:ve phase space 
while minimizing expected total uncertain:es

• Focus on low-mass region (345 < ! # ̅# < 400 GeV) to increase entanglement

Cut on velocity along the beam line of the # ̅# system to increase 00 / 121 frac:on:
pt +
pt¯Et + Et¯β = | z z | < 0.9arXiv:2205.00542
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Observa(on of Entanglement

Without 
toponium

With 
toponium

1st measurement of entanglement 
of top quarks with CMS data

5 standard devia;ons 
observa;on of top quarks 
being entangled at = threshold
• ~1.5 tension with the expecta;on 

if toponium is not included    

Good agreement with SM 
significantly improved by 
including ηt

Rep. Prog. Phys. 87 (2024) 117801

• CERN press release:

• Also featured in ”Symmetry”
"The Quantum Chase" – Symmetry, Nov 2024

CERN Press release, Sept 2024: 
“LHC ... observe quantum entanglement...”
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https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d
https://www.symmetrymagazine.org/article/the-quantum-chase?language_content_entity=und


Prospects at the HL-LHC
Reminder: Solve the hierarchy problem

→ need a top quark partner

Significantly better sensitivity

Signal to bg separation at 185 GeV

Employ Machine 

learning to construct

a more powerful 

discriminant based on

top quark proper:es

CMS-PAS-FTR-18-034, 2022
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https://cds.cern.ch/record/2813262


Prospects at the HL-LHC

Contributed to Snowmass, CMS-PAS-FTR-18-034

Opening angle between
leptons in top parent
rest frame
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https://cds.cern.ch/record/2813262?ln=en

