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TOP QUARK PRODUCTIONS AT THE LHC
➤ Top quark is the most massive known fundamental particle. 
◦ ~36 times heavier than the bottom quark. Any reason? 

➤ Top quark is extremely short lived: 
 
 
 

◦ Decays before its hadronization & spin decorrelation 
⇒ Allow to probe bare quark properties! 

◦ The decay preserves the spin information in the angular  
distribution of the decay products. 

➤ Top pair productions at LHC are ideal for studying  
polarization and spin correlation!

2

and the LHC Top Physics Working Group (LHCTopWG) (16). 32

The paper is organized as follows. We start by identifying the current challenges of top 33

quark physics in Sec. 2. A more detailed overview of di↵erent production modes at the 34

LHC is given in Sec. 3 and a brief discussion on the status and prospects in using top quark 35

physics to find beyond the SM (BSM) at the LHC is made in Sec. 4. An outlook is given 36

in the final section. 37

2. Challenges in top quark physics 38

The successful exploration of the top quark sector in hadron colliders faces both theoretical 39

and experimental challenges. Three main fronts are summarized in the following. 40

2.1. What is a top quark? 41

A top quark can’t be observed directly as it is a QCD color triplet with a very short lifetime: 42

⌧t = ~/�t ⇡ 0.5 · 10�24 s. The top quark’s natural width (�t) is intrinsically related with 43

its mass (mt) and that of the W boson (mW) given t ! Wb is, by far, the dominant decay 44

channel: 45

�t =
GFm
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The final state products comprise therefore the decay products of a Wboson and a bjet, 46

given the dominance of the Vtb-element of the Cabbibo-Kobayashi-Maskawa (CKM) matrix. 47

The large value ofmt = 173.3 GeV (17) and dominance of a single channel to �t set a natural 48

time scale which provides a unique window to study experimentally a ”naked” quark (18). 49

Any spin e↵ect present at production is inherited by the decay products without being 50

a↵ected by hadronization, occurring at a scale ⇤QCD ⇠ 200MeV, or soft QCD depolarizing 51

e↵ects. In approximate terms one has: 52

1
mt|{z}

production

10�27s

<
1
�t|{z}

decay

10�25s

<
1

⇤QCD| {z }
hadronization

10�24s

<
mt

⇤QCD| {z }
spin�flip

10�21s

2.

From the observation of its decay products one can, therefore, infer the initial kine- 53

matics and properties, given that ⌧t is shorter than both the hadronization and the spin- 54

decorrelation time scales. 55

The reconstruction of the top quark from its decay products leads to an e↵ective particle- 56

level definition which Monte-Carlo (MC) simulations can mimic. Such experimentally- 57

driven definition is typically robust with respect to modeling e↵ects and uncertainties in 58

the extrapolation to the full phase space of production, i.e.beyond detector acceptance. The 59

particle-level definition su↵ers however from the dependency on the algorithm employed and 60

from being an entity which can’t be directly used to compare to fixed order calculations 61

that make use of the notion of a parton-level top quark. This is often a limiting factor for 62

the measurement of fundamental parameters of the SM. 63

Although state-of-the-art MC simulations take into account several important e↵ects 64

summarized in the next section, they have typically large uncertainties arising from being 65

fixed-order in perturbation theory and from the parton shower generator (PS) used to evolve 66
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TOP POLARIZATION & SPIN CORRELATION
➤ Measuring tt ̄polarization and spin correlation  

in the helicity basis: {k,̂ r,̂ n}̂ 
➤ Angular distribution for the decay daughters: 

 
 

➤ Spin information is fully described by the 
polarization vectors and correlation matrix elements. 

➤ These coefficients can be probed by 1D angular 
distributions individually:
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The top quark spin cannot be measured directly, but the
angular distribution of the decay products of a top quark is
correlated with its spin axis [2]:

1

Γ
dΓ

d cos χa
¼ 1

2
ð1þ κa cos χaÞ; ð5Þ

where Γ is the top quark decay width, χa is the angle
between the direction of decay product a and the top quark
spin axis in the top quark rest frame, and κa is the spin
analyzing power. The charged lepton has maximal spin
analyzing power, κlþ ≈ 1 [17]. For top antiquark decay, the
sign is reversed: κl− ¼ −κlþ .
Each of the 15 coefficient functions from Eq. (3) (six b%i

and nine cij=i0 ) is probed by a normalized differential cross
section at the parton level, using the charged lepton
directions measured in the rest frames of their parent top
quark and antiquark as proxies for the top quark and
antiquark spins. Since the measurements are made in pp
collisions, the basis is adjusted from that of Eq. (4) by
defining p̂ ¼ ð0; 0; 1Þ, the direction of the proton beam in
the positive z direction in the laboratory frame, in the
derivation of r̂ and n̂ [4]. This basis is illustrated in Fig. 1.
The fourfold angular distribution for the two leptons

follows from Eqs. (1) and (2), and is given by

1

σ
d4σ

dΩ1dΩ2

¼ 1

ð4πÞ2
ð1þB1 · l̂1þB2 · l̂2− l̂1 ·C · l̂2Þ; ð6Þ

where σ is the tt̄ production cross section, Ω1;2 are the solid
angles of the leptons in their parent top quark and antiquark
rest frames, and l̂1;2 are the corresponding unit vectors. The
negative sign in front of the matrix C is chosen to define
same-helicity top quarks as having positive spin correla-
tion. The elements of the vectors B1;2 and the matrix C are
the following coefficients [in whose definitions the factors
of κlþ and κl− from Eq. (5) are absorbed]:
(1) Bi

1 and Bi
2, the top quark and antiquark polarization

coefficients with respect to each reference axis i
(sensitive to bþi and b−i ).

(2) Cii, the “diagonal” spin correlation coefficient for
each reference axis i (sensitive to cii).

(3) Cij, the “cross” spin correlation coefficients for
each pair of axes i ≠ j, whose sums and differences
Cij % Cji are sensitive to cij and ci0 .

These measurable coefficients are closely related to the
production spin density matrix coefficient functions from
Eq. (3), but are not identical, owing to the different
basis used for the spin measurement. We do not measure
the coefficients differentially or attempt to separate the
contributions from different initial states. The association

TABLE I. Observables and their corresponding measured coefficients, production spin density matrix coefficient functions, and P and
CP symmetry properties. For the laboratory-frame asymmetries shown in the last two rows, there is no direct correspondence with the
coefficient functions.

Observable Measured coefficient Coefficient function Symmetries

cos θk1 Bk
1 bþk P-odd, CP-even

cos θk2 Bk
2

b−k P-odd, CP-even
cos θr1 Br

1 bþr P-odd, CP-even
cos θr2 Br

2 b−r P-odd, CP-even
cos θn1 Bn

1 bþn P-even, CP-even
cos θn2 Bn

2 b−n P-even, CP-even
cos θk&1 Bk&

1 bþk P-odd, CP-even
cos θk&2 Bk&

2
b−k P-odd, CP-even

cos θr&1 Br&
1 bþr P-odd, CP-even

cos θr&2 Br&
2 b−r P-odd, CP-even

cos θk1 cos θ
k
2

Ckk ckk P-even, CP-even
cos θr1 cos θ

r
2 Crr crr P-even, CP-even

cos θn1 cos θ
n
2 Cnn cnn P-even, CP-even

cos θr1 cos θ
k
2 þ cos θk1 cos θ

r
2

Crk þ Ckr crk P-even, CP-even
cos θr1 cos θ

k
2 − cos θk1 cos θ

r
2

Crk − Ckr cn P-even, CP-odd
cos θn1 cos θ

r
2 þ cos θr1 cos θ

n
2 Cnr þ Crn cnr P-odd, CP-even

cos θn1 cos θ
r
2 − cos θr1 cos θ

n
2 Cnr − Crn ck P-odd, CP-odd

cos θn1 cos θ
k
2 þ cos θk1 cos θ

n
2

Cnk þ Ckn ckn P-odd, CP-even
cos θn1 cos θ

k
2 − cos θk1 cos θ

n
2

Cnk − Ckn −cr P-odd, CP-odd

cosφ D −ðckk þ crr þ cnnÞ=3 P-even, CP-even
cosφlab Alab

cosφ ' ' ' ' ' '
jΔϕllj AjΔϕllj ' ' ' ' ' '
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defining p̂ ¼ ð0; 0; 1Þ, the direction of the proton beam in
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rest frames, and l̂1;2 are the corresponding unit vectors. The
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the following coefficients [in whose definitions the factors
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correlated with its spin axis [2]:
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Observable (X) Coefficient Coeff. func

1
σ

dσ
dX

=
1
2

(1 + [Coefficient] ⋅ X)f(X)

e.g. dilepton tt̄ events



MEASURING TOP QUARK SPINS
➤ In the SM tt ̄production is ~unpolarized:  

 

➤ However top/anti-top spins are strongly correlated: 
◦ Rich spin correlation structure! 
◦ Spin correlation coefficient D is related to the C matrix 

diagonal terms.  
◦ Sensitivity to the alignment of top/anti-top quark spins  
⇒ access to entanglement measurement!
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A. M. SIRUNYAN et al. PHYS. REV. D 100, 072002 (2019)

072002-14

~Null polarization vectors; 
flat angular distributions.

Non-zero spin correlation variables; 
most precise observable!

cos ϕ = ̂ℓ1 ⋅ ̂ℓ2 D = −
Tr[C]

3
= − ( Ckk + Crr + Cnn

3 )

  Ref. CMS PRD 100 (2019) 072002

@ tt̄ CM frame

https://doi.org/10.1103/PhysRevD.100.072002


TOP QUARKS ARE ENTANGLED OR NOT?
➤ Entanglement = inseparability of quantum states 
➤ Can be studied with spin correlations observables. 
➤ The SM predicts entangled of top/anti-top: 
◦ near the production threshold in g-g fusion production; 
◦ boosted region for central production of tt.̄ 

5

Relatively higher velocity  
top quarks → space-like 

separated events

Relatively lower velocity 
top quarks → time-like 

separated events

The strength depends on 
production modes, M(tt̄), 
and top scattering angle Θ

gg → tt qq → tt

  Ref. Afik, De Nova, EPJ Plus 136 (2021) 907

beam

top

anti-top

k ̂
r ̂Θ

@ tt̄ CM frame

https://doi.org/10.1140/epjp/s13360-021-01902-1


➤ The Peres-Horodecki criterion: 
◦ For tt ̄system, states are separable if eigenvalues of the spin density matrix are all positive; 
◦ Top quarks are entangled in a certain phase space if at least one negative eigenvalue! 

➤ A sufficient condition to observe entanglement in top quarks is: 

➤ Consider a dilepton tt ̄analysis focused in low m(tt)̄ region:
◦ Top spin information 100% goes to charged leptons! 
◦ Spin-singlet state ⇒ positive Crr and Ckk: 

◦ The sufficient condition is then translated as: 

6

gg → tt

ΔE = Cnn + |Crr + Ckk | > 1   Ref. Afik, De Nova, EPJ Plus 136 (2021) 907

  Ref. Peres PRL 77 (1996) 1413 
 Horodecki PLA 232 (1997) 5

ΔE = Cnn + Crr + Ckk = Tr[C] = − 3D > 1

D = −
Tr[C]

3
< −

1
3

Measure the proxy D to  
verify top entanglement!

DILEPTON ANALYSIS FOR LOW M(tt)̄

https://doi.org/10.1140/epjp/s13360-021-01902-1
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1016/S0375-9601(97)00416-7


➤ ATLAS performed a analysis using very clean eμ+jets events with 140 fb–1 data. 
➤ A measurement of proxy D at particle level in the region of 340 < m(tt)̄ < 380 GeV 

clearly away from the threshold. 
➤ Observation of entanglement in tt!̄

7
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Particle-level Invariant Mass Range [GeV] 

380 < mtt- < 500 mtt > 500340 < mtt < 380

Dparticle
obs = − 0.547 ± 0.002(stat.) ± 0.021(syst.)

D=–1/3 folded to –0.27

folded to –0.322±0.009

Ref. ATLAS  
Nature 633 (2024) 542

cosφ dist.

>>5σRead more about this!  
https://atlas.cern/
Updates/Briefing/
Top-Entanglement

How about  
CMS analysis?

https://doi.org/10.1038/s41586-024-07824-z
https://doi.org/10.1038/s41586-024-07824-z
https://atlas.cern/Updates/Briefing/Top-Entanglement
https://atlas.cern/Updates/Briefing/Top-Entanglement
https://atlas.cern/Updates/Briefing/Top-Entanglement


➤ Based on 36.3 fb–1 data collected in 2016. 
➤ Strength of entanglement depends on the phase-space: 
◦ Scan over m(tt)̄ vs cosΘ vs βz(tt)̄ to determine most 

sensitive region + minimizing total uncertainty. 
◦ Focus on low-mass region: 345 < m(tt)̄ < 400 GeV. 
◦ Increase gg/qq̄ fraction  

with cut on the velocity  
along the beam: 

➤ The tt ̄four-momentum are calculated using a kinematic 
reconstruction algorithm. 

➤ The distribution of helicity angle  is measured 
and perform a profiled maximum likelihood fit to extract the D 
value of the events in the signal region.

cos ϕ = ̂ℓ1 ⋅ ̂ℓ2

8

βz(tt ) =
pt

z − pt
z

Et − Et
< 0.9

Ref.   
Aguilar-Saavedra,  
Casas,  
EPJC 82 (2022) 666

  Ref.  CMS JHEP 02 (2019) 149 D < −
1
3signal 

region

Entanglement  vs phase-space
CMS ANALYSIS STRATEGY: DILEPTON

https://doi.org/10.1140/epjc/s10052-022-10630-4
https://doi.org/10.1140/epjc/s10052-022-10630-4
https://doi.org/10.1140/epjc/s10052-022-10630-4
https://doi.org/10.1007/JHEP02(2019)149


NEAR THRESHOLD tt ̄MODELING
➤ The tt ̄simulated samples are described by PowhegBox+Pythia8(NLO): 
◦ EWK corrections at NLO with HATHOR included. 
◦ Reweighed to NNLO QCD calculations. 
➤ However mis-modeling of the events near the threshold has been observed in 

several CMS/ATLAS differential cross section analyses already:

9
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Fig. 12 Normalised differential cross-sections as a function of a pℓ
T,

b |ηℓ|, c peµT and d meµ. The measured values are shown by the black
points with error bars corresponding to the data statistical uncertainties
and cyan bands corresponding to the total uncertainties in each bin, and
include the contributions via W → τ → e/µ decays. The data points
are placed at the centre of each bin. The results are compared with the

predictions from the baseline Powheg + Pythia8 t t̄ sample, Powheg
+ Pythia8 samples with more or less parton-shower radiation (RadUp
and RadDn), and an aMC@NLO + Pythia8 sample. The lower plots
show the ratios of predictions to data, with the error bars indicating
the data statistical uncertainties and the cyan bands indicating the total
uncertainties in the measurements
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  Ref.  CMS arXiv:2402.08486   Ref.  CMS PRD 97 (2018) 112003   Ref.  ATLAS EPJC 80 (2020) 528

O(10%) discrepancy, 
consistent between 

dilepton and lepton+jets 
analyses from  

both CMS and ATLAS

  Ref.  HATHOR Comput. Phys. Commun. 182 (2011) 1034

  Ref.  Mazzitelli at el PRL 127 (2021) 062001

http://arxiv.org/abs/2402.08486
https://doi.org/10.1103/PhysRevD.97.112003
https://doi.org/10.1140/epjc/s10052-020-7907-9
https://doi.org/10.1016/j.cpc.2010.12.040
https://doi.org/10.1103/PhysRevLett.127.062001


NEAR THRESHOLD tt ̄MODELING (CONT.)
➤ Consider a potential “toponium” contribution: 
◦ NRQCD predicts a quasi-bound state at 343 GeV and a width of 7 GeV. 
◦ Modifies both the invariant mass and spin correlations. 

➤ Toponium model generated with MG5 aMC@NLO(LO)+Pythia8: 
◦ Consider a pseudoscalar colour singlet spin-0 state ηt. 
◦ Improves the modeling near the threshold!
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Figure 4. Differential cross section as a function of the invariant mass of the final state mbb̄4ℓ for the
process pp → b b̄ ℓ+ ℓ− ν ν̄. Orange: SM prediction, including non-resonant effects. Blue: pseudoscalar
φ with Mφ = 343.5GeV. Solid line: Γφ = 1GeV, dashed line: Γφ = 2.5GeV. The coupling cy is as
described in the legend.

Finally, note that the φ contribution is meant to represent the resummation of the terms at
β = 0 (and in fact slightly below threshold), so there is no double counting with the open
quark singlet production in the LO QCD computation at β > 0, which we include separately.

Without attempting a fit, which would be inappropriate given the current scarcity of
experimental data and the large modelling uncertainty, we simply note that the tension
between the recent ATLAS measurement of D(1) [1] and the reference SM prediction seems
to follow the pattern seen in figure 5. The overall size of the toponium contribution is
given by the t t̄φ coupling cy, while the proportion between on-shell and off-shell effects
is driven by the toponium width Γ.

4.2 SUSY in the top-quark corridor

Another interesting scenario is provided by pair production of supersymmetric top squarks
decaying into top quarks and (stable) neutralinos, see figure 6.

It is important to note that in this scenario the top squark decay chains,

t̃1 t̃1 → t t̄ χ̃0
1 χ̃

0
1 → b b̄W+W− χ̃0

1 χ̃
0
1, (4.13)

always contain a top quark pair, so that the interpretation of a measurement on final-state
leptons in terms of SM top spin polarization/correlation/entanglement is still valid for top
squark pair production events.

– 13 –
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Figure 5. Same as figure 4, but considering the effect on D(1).

The region of parameter space we will consider is::

|mt̃1 − mχ̃0
1

− mt| ≈ Γt, (4.14)

a region usually named the “top mass corridor”. In this scenario the decay channel t̃1 → t χ̃0
1

(with the top quark possibly slightly off-shell) is expected to be dominant under most SUSY
scenarios and results in a top-quark pair with basically no additional missing momentum,
in a configuration that is very similar of those produced by SM tt̄ processes. This scenario
is therefore very challenging and stop mass limits are typically weaker than outside the
corridor. This challenge has been picked up by several groups in the last years suggesting
new observables and techniques, see e.g. [48] for a recent proposal.

The scalar nature of top squarks yields significantly different spin correlations with
respect to the SM background. Since the fermion lines of the SM top and anti-top quarks
are disconnected and their spins uncorrelated,

C[SUSY] =

⎛

⎜⎜⎜⎝

0 0 0
0 0 0
0 0 0

⎞

⎟⎟⎟⎠ . (4.15)

As a result,

C = A[SM]

A[TOT]C
[SM] + A[SUSY]

A[TOT] C
[SUSY] = A[SM]

A[TOT]C
[SM], (4.16)

and clearly, since in the presence of a signal one has A[TOT] > A[SM], the SUSY signature
is a dilution of the SM spin correlations.

– 14 –

  Ref.  Ju et al JHEP 06 (2020) 158

  Ref.  Maltoni et al JHEP 03 (2024) 099

  Ref.  Fuks et al, PRD 104 (2021) 034023

Perform the full 
entanglement 

measurement w/ 
and w/o toponium  
model included.

See also th
e CMS 

H/A→tt̄ analysis
! 

(HIG-22-013)

Strong exc
ess above t

he 

background
 if no ηt 

considered.
  

σ(ηt) = 7.14±0.77 pb 

See L.Jeppe's talk
 @ 

TOP2024 for detail
s. 

ηt itself increase 
entanglement

Not considered in ATLAS analysis, although 
the conclusion should not be affected.

https://doi.org/10.1007/JHEP06(2020)158
https://doi.org/10.1007/JHEP03(2024)099
https://doi.org/10.1103/PhysRevD.104.034023
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://cds.cern.ch/record/2911775
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf
https://indico.cern.ch/event/1368706/contributions/6012506/attachments/2935624/5156184/TOP2024_LauridsJeppe_v7.pdf


EXTRACTION OF ENTANGLEMENT
➤ Binned profiled likelihood fit to the distribution with ~48k signal candidates: 
◦ Signal templates with different proxy D value are derived from mixed samples 

generated w/ and w/o spin correlations ⇒ any possible value of D between ±1 
is accessible.  

◦ All systematic effects  
included as nuisance  
parameters.

11

Signal templates vs D Post-fit cosφ

Excellent description of the 
events; good agreement with 

the SM predictions.



SYSTEMATIC UNCERTAINTIES 
➤ As the analysis heavily rely on the 

knowledge for the near-threshold tt ̄events, 
the uncertainties associated with signal  
tt ̄modeling are unavoidable.   

➤ Uncertainties related to Toponium:  
◦ Toponium cross section varied by ±50% 

due to missing the octet contributions. 
◦ Binding energy uncertainty varied by 

±0.5 GeV. 
➤ Other leading uncertainties: 
◦ Jet energy scale 
◦ NNLO QCD reweighing 
◦ Parton Shower

12



w/o toponium

w/ toponium

➤ Scan of the likelihood value 
versus D at parton level, with 
all detector effects accounted. 

➤ If toponium contribution is 
not included: 
◦ Pushes to a more negative 

D value / stronger 
entanglement. 

◦ ~1.5σ tension with 
respect to the 
expectation.

13

OBSERVATION OF tt ̄ENTANGLEMENT AT THRESHOLD

Observation of top quarks being 
entangled at tt̄ threshold!

Dobs = − 0.480+0.016
−0.017(stat.)+0.020

−0.023(syst.)

Dexp = − 0.467+0.016
−0.017(stat.)+0.021

−0.024(syst.)
Significance: 
5.1σ Obs (4.7σ Expt.)

  Ref.  CMS arXiv:2406.03976,  
Accepted by Rep. on Progress in Physics

https://arxiv.org/abs/2406.03976
https://arxiv.org/abs/2406.03976
https://arxiv.org/abs/2406.03976


➤ Consider the differential cross section  
for decay products ( ) of t(t)̄ along the  
direction ( ): 

➤ The charged lepton and down-type quark decaying from W bosons are used, which has a 
large spin analyzing power κ (~unity at LO). 

➤ Entangled or not via the Peres-Horodecki criterion:  
➤ Two analysis approaches:  
◦ Use the full angular information of decay  

products to measure spin matrix and then  
derive ΔE.  

◦ Measure proxies D and D̃ via simpler  
1D  and  angular distributions.

p p
Ω Ω

χ χ̃
14

1
σ

d4σ
dΩdΩ

∝ (1 + κP ⋅ Ω + κP ⋅ Ω − κκΩ ⋅ C ⋅ Ω)

= (
x
x
x)P(P) = (

x x x
x x x
x x x)C

Polarization Spin correlation

ΔE = Cnn + |Crr + Ckk | > 1

top

ℓ

k ̂ r ̂

n ̂

χ

@ tt̄ CM frameqd–n ̂

 =  with an inverted 
sign of n-component of 
one decay product

χ̃ χ

LEPTON+JETS ANALYSIS Ω = (sin θp cos ϕp, sin θp sin ϕp, cos θp)



➤ Study the angular distribution of  for at low m(tt)̄ region for gg fusion events: 

➤ The entanglement in a spin-triplet state at high m(tt)̄ and central region, via 
both qq̄ & gg productions, can be probed with the  distribution: 
 

➤ With negative Crr and Ckk, the sufficient  
condition is then translated as: 

χ

χ̃

15

gg → tt qq → tt

1
σ

dσ
d cos χ

∝ 1 + D κκ ⋅ cos χ

1
σ

dσ
d cos χ̃

∝ 1 + D̃ κκ ⋅ cos χ̃

Basically the same 
as the dilepton analysis

ΔE = Cnn − Crr − Ckk = 3D̃ > 1 D̃ >
1
3

or
  Ref. Baumgart, Tweedie, JHEP 03 (2013) 117 
 Aguilar-Saavedra, Casas, EPJC 82 (2022) 666Measure the proxies D & D̃ to prob entanglement!

D < −
1
3

ΔE = − 3D > 1

LEPTON+JETS ANALYSIS (CONT.)

https://doi.org/10.1007/JHEP03(2013)117
https://doi.org/10.1140/epjc/s10052-022-10630-4


➤ Based on full Run-2 138 fb–1 data at 13 TeV. 
➤ Target: determine the full correlation matrix & polarization 

vectors + measure D & D̃.  
◦ Differential measurements in bins of m(tt)̄, pT(t),  

and/or the top scattering angle |cosΘ| 
◦ Inclusive measurement by combining differential bins. 

➤ Nominal tt ̄sample is prepared with the same prescription:  
PowhegBox+Pythia8 + EWK corrections/NNLO weights. 

➤ Reconstruction of the tt ̄system is performed using  
an artificial NN: 
◦ For identifying detector-level physics objects and in 

particular up/down jet assignments. 
◦ Inputs include lepton kinematics, missing energy, jet 

kinematics, b-tagging scores (up to 8 jets).

NNS
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CMS ANALYSIS STRATEGY & EVENT RECONSTRUCTION

NN Score for 
2b events



➤ ANN is trained with “correct permutation” vs. “wrong 
permutations” ⇒ the permutation with the highest score  
is used in the final analysis. 

➤ Events divided into categories based on lepton flavor  
(e/μ), number of b-tagged jets, and the SNN score.  
◦ Drop the events with low SNN score (<0.1) to avoid 

the events with low fraction of correctly assigned 
permutation & larger background contribution. 
 
 

➤ Reaches ~50% correct jet assignment rate (including 
the down-type quark assignment too!).

17

EVENT CATEGORIZATION
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EXTRACTION OF POLARIZATION & SPIN CORRELATION

Σtot = Σ0 +
15

∑
m=1

QmΣm

Σm ∝ σnorm{sin θp cos ϕp, sin θp sin ϕp, . . . , cos θp cos θp}
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  LΣm: gen-level template 
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400 < m(tt̄) < 600 GeV, |cosΘ|<0.4

➤ Differential cross section Σtot as a linear combination of 
template functions Σm × P & C coefficients Qm: 
 

➤ Coefficients Qm are extracted by fitting Σtot in bins of  
m(tt)̄ vs |cosΘ| or pT(t) vs |cosΘ|.  

➤ Reweighting technique (Σm/Σtot) to evaluate the detector-
level template Tm for each Qm. 

➤ The gen-level template Σm should be independent from top 
kinematics, but not the case of Tm.  

➤ The binning should be narrow enough to minimize the bias 
due to top kinematics dependence of Tm within a bin.



➤ A maximum likelihood fit combining the information of the 4 event classes × 4 data-taking 
periods = 16 categories in total. 

➤ Post-fit distributions for full matrix analysis in m(tt)̄ vs |cosΘ| bins:

FULL POLARIZATION & SPIN MATRIX FITS
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➤ Inclusive & Differential measurements in bins of m(tt)̄ vs |cosΘ| and pT(t) vs |cosΘ|. 
◦ Evaluation of full correlation matrix and polarization vectors. 
◦ Good agreement with SM prediction!

RESULTS: FULL POLARIZATION & SPIN MATRIX

200.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3

c-1  ± -0.062 0.053
rP  ± -0.0037 0.0077
nP  ± 0.0080 0.0063
kP  ± 0.0135 0.0068
rP  ± -0.0168 0.0078
nP  ± 0.0036 0.0062
kP  ± 0.0143 0.0067
rrC  ± 0.028 0.017

nnC  ± 0.330 0.010
kkC  ± 0.305 0.020
+
nrC  ± 0.014 0.019
+
rkC  ± -0.208 0.035
+
nkC  ± 0.009 0.026
-
nrC  ± -0.016 0.017
-
rkC  ± -0.009 0.030
-
nkC  ± 0.022 0.026

)| binsθ) vs. |cos(tInclusive from m(t
 0.029± = 0.663 E∆

Coefficient value

Data
stat, total unc.
Powheg+P8
Powheg+H7
MG5+P8
MiNNLO+P8

CMS

0.05− 0 0.05 0.1
(data, Powheg+P8)∆

 (13 TeV)-1138 fb

Inclusive measurement 
by combining  

m(tt̄) vs |cosΘ| bins

= (
x
x
x)P(P)

= (
x x x
x x x
x x x)C

Polarization

Spin correlation

  Ref.  CMS arXiv:2409.11067 
Accepted by PRD

Difference w.r.t. 
SM predictions

https://arxiv.org/abs/2409.11067
https://arxiv.org/abs/2409.11067


➤ Inclusive & Differential measurements in bins of m(tt)̄ vs |cosΘ| and pT(t) vs |cosΘ|. 
◦ Good agreement with SM prediction still! 
◦ First time in high m(tt)̄ region!

RESULTS: FULL POLARIZATION & SPIN MATRIX (CONT.)
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Differential measurement 
in m(tt̄)<400 GeV

Differential measurement 
in m(tt̄)>800 GeV

Spin correlations do depend on the kinematics, ie. m(tt̄) / pT(t) / |cosΘ|
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➤ Likelihood fits to  &  distributions with the detector-level templates  
to determine the value of D & D̃ proxies for the entanglement analysis. 

➤ Post-fit distributions in m(tt)̄ vs |cosΘ| bins:

cos χ cos χ̃

ENTANGLEMENT FITS

cos(χ)̃: 
300-400 GeV

cos(χ)̃: 
400-600 GeV

cos(χ)̃: 
600-800 GeV

cos(χ)̃: 
>800 GeV
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➤ Inclusive & differential measurements of D & D̃ proxies in bins of m(tt)̄ vs |cosΘ| and pT(t) vs |cosΘ|. 
◦ Good agreement with SM prediction as well!

RESULTS: ENTANGLEMENT FITS

0 1 2 3 4

0.4−

0.3−

0.2−

0.1−

0

0.1

D

0.030 ± -0.382 0.012 ± -0.191 0.020 ± -0.102 0.036 ± -0.010

 (13 TeV)-1138 fbCMS

) < 400 GeV
t

300 < m(t ) < 600 GeV
t

400 < m(t ) < 800 GeV
t

600 < m(t
) > 800 GeV

tm(t
0.06−
0.04−
0.02−

0
0.02
0.04
0.06

(d
at

a,
 P

ow
he

g+
P8

)
∆

Data
stat, total unc.
Powheg+P8
Powheg+H7
MG5+P8
MiNNLO+P8

0 1 2 3 4

0.2−

0.1−

0

0.1

0.2

0.3

D~

0.026 ± -0.091 0.010 ± -0.020 0.022 ± 0.057 0.040 ± 0.110

 (13 TeV)-1138 fbCMS

) < 400 GeV
t

300 < m(t ) < 600 GeV
t

400 < m(t ) < 800 GeV
t

600 < m(t
) > 800 GeV

tm(t
0.06−
0.04−
0.02−

0
0.02
0.04
0.06

(d
at

a,
 P

ow
he

g+
P8

)
∆

Data
stat, total unc.
Powheg+P8
Powheg+H7
MG5+P8
MiNNLO+P8

D vs m(tt̄) D̃ vs m(tt̄)

23

In order to “see” 
the entanglement 
we have to go to 
specific phase-
space regions!



➤ Test of entanglement with D & D̃ proxies or with full correlation 
matrix in specific phase-space regions. 
◦ Observation of tt ̄entanglement at high m(tt)̄ for the first time! 
◦ Modest sensitivity for low m(tt)̄.  

ENTANGLED OR NOT?

24
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Best sensitivity here!
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➤ Fraction of space-like separation events increases with m(tt)̄: 
◦ For m(tt)̄ > 800GeV the fraction of space-like 

separated decays is ~90%. 
➤ A more stringent criterion for entanglement that  

cannot be explained exchange of information at  
v≤c alone (“critical entanglement”) is defined:

SPACE-LIKE EVENTS: ENTANGLED OR NOT? 

25

ΔEcrit = fΔEsep + (1 − f )ΔEmax ≈ 1.2
Maximized contribution  
from time-like events: 
ΔEmax = 3

Regular criterion for  
from space-like events: 
ΔEsep = 1
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the casual independence of the decays only at the statisti-
cal level. In Fig. 9 we plot a Monte Carlo evaluation of the
probability of space-like separated decays as a function of
the pair invariant mass mtt̄ . Close to threshold, most of the
top pairs decay within each other’s light-cone, while more
than 90% of t t̄ pairs decay when they are space–like sepa-
rated for mtt̄ > 800 GeV. Third, even assuming b–tagging
and lepton identification were perfect, one can only observe
pp → ℓ− ℓ+ b b̄ + Emiss. In fact, top quarks might even
not be present in a given event. However, within our simu-
lations, we have verified that after reconstruction the large
majority of the events selected can be attributed to t t̄ pair
production. Fourth, only a small fraction of events is usable
for the analysis, and one has to assume the events that are
recorded provide an unbiased representation of the bulk.

Fig. 7 Representation of results of Table 2 in the Crr − Cnn plane.
Shaded band: region where CHSH inequality is violated. Ellipses: 1σ
contour estimations for the value ofCrr andCnn after the HL-LHC Run
for the three selections. Stronger cuts move the central value further into
the non–classical region, yet widen the uncertainties. It is expected [20]
that different entries of the C matrix have different statistical uncertain-
ties at the unfolded level, up to a relative factor of ∼ 2

Fig. 8 Distribution of λ+ λ′ following from reconstructed events and
of (λ + λ′)classical used in the hypothesis test for λ + λ′ > 1, using the
weak selection cuts described in the text

Fig. 9 Fraction of t and t̄ decays that are space-like separated as a
function of mtt̄

9 Conclusions

We have presented new detailed studies for the detection
of entanglement and the violation of Bell inequalities using
spin-correlation observables in top quark pairs at the LHC.
The main motivation for such a measurement is the possibil-
ity of performing a first TeV–scale Bell experiment, opening
new prospects for high–energy precision tests of QM and
of the SM. We have identified a unique set of observables
that are sensitive to either the presence of entanglement or
to a violation of a CHSH inequality. Our results indicate
that the detection of entanglement will be straightforward,
in agreement with Ref. [2], and barring unexpected effects
from systematic uncertainties, the LHC Run 2 dataset should
be enough to reach a 5σ statistical significance.

On the other hand, assessing the violation of Bell inequal-
ities is much more challenging: sufficiently strong correla-
tions are found only for top quarks at very high-pT , thereby
drastically reducing the available statistics. By considering
only dileptonic final states and ignoring possibly relevant
systematic uncertainties, whose evaluation goes beyond the
scope of this study, we find the statistical significance for a
violation to be of order 2σ at the end of the High–Luminosity
Run. The need to compare with theoretical expectations at
unfolded level introduces a significant degradation of the
naively estimated sensitivity just based on the share statistics,
consistently with the current sensitivity of spin-correlations
measurements at the LHC.

The analysis strategy presented here is robust and can be
directly implemented by the experimental collaborations. As
a cross-check, we also directly employed the test statistics
proposed in Ref. [3] and obtained results which are consistent
with our own method.

Barring the obvious benefits of an increased collider
energy/luminosity, further studies to improve the prospects
could be envisaged. For example, one could consider whether

123

    Criterion for entangled  
    space-like events

ΔE > ΔEcrit

space-like fraction vs m(tt̄)

  Ref.  Severi et al  
EPJC 82 (2022) 285

m(tt̄)>800 GeV
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➤ Observation of tt ̄entanglement is just 
the beginning of the journey! 

➤ Analysis of high m(tt)̄ region has the 
potential to find the violation of Bell’s 
Inequality! 
◦ Phrased in terms of Clauser, Horne, 

Shimony, and Holt (CHSH) 
inequality. 

◦ For tt ̄the criterion can be expressed 
as:  

◦ To be examined in the near future 
with a much larger data set!

2 | − Crr + Cnn | ≤ 2

WHAT’S THE NEXT?
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Spin correlation  
measurement Entanglement Test of  

Bell’s Inequality
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Fig. 5 Selections in mtt̄ − θ space for the detection of entanglement

times. There is a twofold ambiguity in assigning b quarks
to jets, so reconstruction is performed twice for each event.
The assignment yielding the largest weight is chosen, and the
final pν and pν̄ are calculated as a weighted average. Further
details on the performance of our event reconstruction algo-
rithm can be found in [21]. The reconstructed distributions
of cos θi cos θ̄ j appearing in Eq. (7) are unfolded using the
iterative Bayesian method [22] implemented in the RooUn-
fold framework [23], and the final statistical uncertainty on
the Ci j matrix is computed taking into account the bin-to-bin
correlations introduced by the unfolding process.

As a validation of our unfolding procedure, we have
repeated the unfolding varying the number of iterations (from
3 to 6) and the number of bins (from 6 to 12) and results are
found to be stable. The unfolding performance worsens when
the number of iterations is increased above ∼ 10, as expected,
since the iterative Bayesian method [22] reproduces the sim-
ple inversion of the response matrix without regularisation
for niterations → ∞. As a further check, we have unfolded our
reconstructed distributions with the Singular Value Decom-
position technique proposed in [24], also implemented in

RooUnfold, for various number of bins (from 6 to 12) and
various choices of the regulating parameter k (from 3 to 5).
Results are consistent with the iterative method and stable
under change of parameters. When run over 35.9 fb−1 of
simulated luminosity with the same kinematical cuts in [20],
our analysis produces statistical uncertainties at the unfolded
level that are compatible with those found by the CMS Col-
laboration.

In order to verify the robustness of our observable defi-
nition and reconstruction method against higher-order QCD
effects, we have generated 250 fb−1 of pp → t t̄ events at√
s = 13 TeV at Next-to-Leading Order (NLO) in QCD with

MadGraph5_aMC@NLO. Since NLO QCD corrections to
the Ci j matrix are known to be small [10], top spin correla-
tions and finite width effects have been taken into account
using MadSpin [25]. The test statistics, Eqs. (11), (12), and
(18), are then re-evaluated using the event reconstruction
algorithm cited above. Deviations in our region of interest
are seen at the percent level, meaning the algorithm is well–
behaved under the introduction of NLO QCD corrections,
and missing higher-order terms in our LO analysis are sub-
leading with respect to statistical uncertainty in realistic LHC
scenarios.

7 Results

As a first step, we consider the observation of entangle-
ment. The two signal regions of interest are i) at thresh-
old and ii) at large pT . We consider three different selec-
tions, characterised by different trade-offs between keep-
ing the largest possible statistics and maximising the cor-
relations. The three selections are shown explicitly in Fig.
5, with the “strong” selection being completely contained
in the “intermediate” selection, that in turn is contained
in the “weak” selection. Results are collected in Table 1,
together with an estimate of the cross section included in
each selection. When considering the LHC Run 2 luminos-
ity of 139 fb−1, the expected statistical significance for the

Table 1 Results for the entanglement markers in Eqs. (12) and (11) in
the two signal regions, for the selections explained in the text. For each
selection an estimate of the cross section at 13 TeV is also reported.

The quoted results are the average of several (5) independent simulated
experiments using 139 fb−1 of simulated luminosity (LHC Run 2) each.
Uncertainty is statistical only

Region Selection Cross section |Ckk + Crr | − Cnn Significance for > 1
Reconstructed [139 fb−1]

Weak 14 pb 1.31 ± 0.02 > 5 σ

Threshold Intermediate 12 pb 1.34 ± 0.02 > 5 σ

Strong 10 pb 1.38 ± 0.02 > 5 σ

Weak 1.9 pb 1.32 ± 0.06 5 σ

High-pT Intermediate 1.6 pb 1.36 ± 0.07 5 σ

Strong 0.9 pb 1.42 ± 0.10 4 σ
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Fig. 6 Selections in mtt̄ − θ plane for the observation of a violation of
the CHSH inequality

detection of entanglement is of order 5σ or more in both
signal regions.

The strategy to observe a violation of BIs is the same
as the one employed for entanglement. In this case, how-
ever, we only consider one signal region, corresponding to
events with mtt̄ of order TeV and θ close to π

2 , and move
directly to simulating experiments using 350 fb−1 of lumi-
nosity. We consider three selections, shown explicitly in Fig.
6, with the same “strong”/“intermediate”/“weak” hierarchy
as before. Assuming an average detector efficiency of 12%
in successfully reconstructing parton–level t t̄ events, con-
sistent with the results of our simulations, our three dif-
ferent selections should yield approximately 104, 5 · 103,
and 3 · 103 events respectively at the end of Run 3 of the
LHC, and a factor of ∼ 10 more after the High–Luminosity
Run.

Table 2 collects results for the fixed choice of axes of
Eq. (17). We find that the improvement given by the opti-
mization is not enough to overcome the increase in sys-
tematic uncertainty noted in Sect. 5, and the overall per-
formance of this method is worse than just using fixed
axes. Finally, Table 3 shows results for the hypothesis test

Table 3 Replica of Table 2, showing results for the statistical signifi-
cance of rejecting the “classical” hypothesis λ + λ′ = 1 from 3 ab−1

of simulated luminosity (HL-LHC)

High-pT λ + λ′ Significance for > 1
Selection Parton–level [3 ab−1]

Weak 1.12 1.9 σ

Intermediate 1.20 2.1 σ

Strong 1.30 1.3 σ

using λ + λ′. Figure 8 shows the distribution of λ + λ′ and
(λ + λ′)classical used for the hypothesis test with the weak
selection cuts. We find that LHC Run 2 + Run 3 statis-
tics are not sufficient for a conclusive measure. In order
to provide an estimate for the upcoming High–Luminosity
Run (HL-LHC), we estimate statistical uncertainties run-
ning all our analyses on 3 ab−1 of simulated luminosity.
Results are shown in Fig. 7. The statistical significance for
a violation of the CHSH inequality in Eq. (18) becomes of
order ∼ 2 σ , regardless of the specific strategy or observable
used.

8 Loopholes

When performing a Bell experiment the possible existence of
loopholes has to be assessed. First, Bell experiments require
outside intervention to choose freely, i.e. unknown to the
system itself, what to measure. This can be achieved, for
example, by mechanisms that randomly choose the orienta-
tions of the measurement axes. In the case of a t t̄ system,
no outside intervention is possible. However, one can argue
that a random choice of axes is realised by the direction
of the final state leptons in the top quark decays. Second,
the quantum measurements on the spin state of the t t̄ pair,
which take place when the top quarks decay leptonically,
happen at very short distances. This is in contrast with the
typical Bell experiment setup, which features macroscopic
distances, and relates events that are always casually dis-
connected. In the case of the t t̄ system, one can establish

Table 2 Results for the left-hand side of the CHSH inequality evaluated
on the fixed axes in Eq. (17) for different final state selections (details in
the text). For each selection an estimate of the cross section at 13 TeV is
reported. The quoted central values are the average of several (14) inde-

pendent simulated experiments using 350 fb−1 of simulated luminosity
each. Uncertainties are statistical only, coming from the unfolding of
350 fb−1 (LHC Run 2 + 3) and 3 ab−1 of simulated luminosity

High-pT CHSH on fixed axes,
√

2| − Crr + Cnn | Significance for > 2

Selection Cross section Parton–level Reconstructed [350 fb−1] Reconstructed [3 ab−1] [3 ab−1]

Weak 0.19 pb 2.10 2.12 ± 0.17 ±0.06 1.7 σ

Intermediate 0.10 pb 2.18 2.20 ± 0.30 ±0.10 1.8 σ

Strong 0.06 pb 2.25 2.30 ± 0.76 ±0.26 1.0 σ
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Level of Entanglement Test of Bell’s Inequality

Better to go to even higher mass region!
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➤ Top quark entanglement has been observed:
◦ A potential “toponium” bound state at the threshold 

improves the data modeling. 
◦ Using the lepton+jets events at high m(tt)̄ confirms 

the space-like separated events are entangled.  
➤ At future e+e– machines: 
◦ A much cleaner environment for better understanding  

of top quark properties & modeling (including the 
threshold effects)! 

◦ Similar formulation can be introduced for spin 
correlation studies; level of entanglement depends on 
m(tt)̄ as well –– higher  is preferred! s

SUMMARY & OUTLOOK
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Figure 6. Predicted values of the tt̄ top spin correlation and entanglement markers D and Cij + Cji

at parton-level, for various lepton collider energies and for the LHC. We plot the absolute values of the
markers: full circles identify a positive value, while empty ones indicate a negative value. Overlapping
markers are spread vertically for readability. We remind the reader that entanglement is reached when
empty points appear on the right of the vertical line at 1/3.

Figure 7. Value of the concurrence, left, and of the entanglement of formation, right, for the tt̄
quantum state reached by a lepton collision, as a function of the top kinematics β (or mtt̄) and θ.

and in a (calculable) optimal direction,

β = 1, θ = θmax . (4.6)

At the LHC the parity-conserving nature of strong interactions implies θmax = π/2, while in
a lepton collider the optimal angle is θmax > π/2, that is, a configuration where the positively
charged top quark is closer to the positively charged lepton.3

3In a pp collider the beam is symmetric, and there is no opportunity for such asymmetry.
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Figure 8. Left: expectation value of the Bell operator B(a, a′, b, b′) evaluated on the optimal directions
â, â′, b̂, b̂′ for the tt̄ quantum state reached by a lepton collision, as a function of the top kinematics
β/mtt̄ and θ. Right: experimental accuracy needed to establish ⟨B⟩ > 2 at 5σ using events at any
particular (β, θ).

Contrary to the LHC case, in a lepton collider a Bell violation is always present in the SM,
at least at parton level. The degree of violation ⟨B⟩ − 2 is however very small in all tt̄ phase
space, apart from a small region at large β and around θmax ! π/2, that we had already found
when considering the concurrence in figure 7. As already noted, larger √

s (or β) means more
entanglement and therefore a more significant Bell violation. In fact, a machine operating near
tt̄ threshold is unlikely to observe Bell violations at all. If the Bell operator is reconstructed
to a total accuracy of 2%, we find that a 750GeV ℓ+ℓ− collider could establish Bell violations.
If instead the final accuracy is closer to 5%, a TeV-scale collider would be needed.

We finally remark that, even if the precision on ⟨B⟩ will prove to be significantly better
than anticipated here, Bell tests at low β suffer from the locality loophole [65], so, from the
point of view of quantum information, a test at the TeV scale is preferable in any case.

4.3 Parametrisation of tt̄ threshold effects

Lepton colliders will offer a unique window of exploration for threshold effects in top pair
production. It is well known that top quark pairs produced near threshold feel each other’s
presence, and evolve subject to a QCD potential [78–80], which, applied to stable top quarks,
predicts pseudoscalar 2S+1L[col]

J = 1S[1]
0 (η), and vector 3S[1]

1 (ψ) states to be the most
bound, and almost degenerate in mass (δm " 100MeV). Top quarks generally decay before
such tt̄-mesons fully form, but the effect of the binding is still visible in the invariant mass
distribution and in other observables.

In [38] we introduced an effective model with a pseudo-scalar resonance η, with the
intent to parameterize the bulk of bound-state effects at the LHC. In the same spirit, bound
state effects in a ℓ+ℓ− collider can be mimicked by the inclusion of a vector resonance ψ,
with the approximate parameters:

mψ = mη ≃ 2mt − 2GeV, and Γψ = Γη ≃ 2Γt. (4.14)
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Precision required for 
establishing the violation of Bell’s 

Inequality at e+e– machines

Prediction of entanglement markers

Entangled!
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Also see the related talks yesterday!
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CMS SEARCH FOR H/A → tt ̄
➤ Heavy A/H to tt ̄dilepton and lepton+jets, 138 fb–1 at CMS. 
➤ Significant excess at tt ̄threshold, favors the pseudoscalar signal hypothesis. 
➤ Perform fits to the invariant masse and helicity angle distributions.
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CMSPreliminary 138 fb°1 (13 TeV) CMSPreliminary 138 fb°1 (13 TeV) CMSPreliminary 138 fb°1 (13 TeV) CMSPreliminary 138 fb°1 (13 TeV)

A, 1% width, w/o η(t) H, 1% width, w/o η(t) A, 1% width, w/ η(t) H, 1% width, w/ η(t)

If interpret the excess as a simplified ηt resonance: 
σ(ηt) = 7.14±0.77 pb

The excess is removed such an 
ηt resonance is included as background.

  Ref. CMS-PAS-HIG-22-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html

