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Introduction

Big interest in the theory community in the past 3-4 years

Measurement of entanglement in top pair production: 
Thursday afternoon session! 

Why is this interesting?

Quantum mechanics at the TeV scale!


What can we learn in particle physics using QM/QI? 

New insights and information about new physics


2



Top2024, 23/9/24Eleni Vryonidou

Spin density matrix

3 

 

Spin correlations in tt were observed in 2012:

ATLAS, Phys.Rev.Lett. 108 

(2012) 212001 

2

Azimuthal separation of leptons in the lab 

frame, a surprisingly powerful observable!

  

The tt spin density matrix contains a complete description of 
the quantum state: 
 

3

CMS, Phys.Rev.D 100 (2019) 7, 072002 

- 3 dof for the top spin,
- 3 dof for the antitop spin,
- 9 dof for the tt correlations.

All spin observables are functions 
of these parameters. 
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The exceptional performance of the collider and of the 
detectors opens new possibilities.
One is the observation of entanglement between tops, 
accessed experimentally through spin correlations.

Entanglement?

The spin quantum state of the tt pair 
is transferred to its decay products:  

1

15 parameters describe the quantum state of the top pair 

Tops produced in pairs have their spins  correlated: a two-qubit system Si, Sj

Spin density matrix:

Extracted by measuring angular distributions of decay products
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The spin state of a tt̄ pair is described by the density matrix:

ρ = 1
4

(
⊗ +

3∑

i=1
Bi σi ⊗ +

3∑

i=j

B̄j ⊗ σj +
3∑

i=1

3∑

j=1
Cij σi ⊗ σj

)
, (3.1)

where the first term in each tensor product refers to the top and the second term to
the anti-top. The parameters entering (3.1) have the physical interpretation of being the
expectation values of individual spins and spin correlations,

〈Si〉 = Bi, 〈S̄i〉 = B̄j , 〈SiS̄j〉 = Cij . (3.2)

The parameters entering (3.1) have well defined C, P, and CP transformation proper-
ties [27], listed in table 1. In particular, the linear combinations Bi − B̄i and Cij −Cji are
CP violating, and will not be considered further in this work.

Spin analyzing power. The measurement of the t t̄ spin state may be considered to be
very challenging, as measuring a particle’s spin traditionally requires careful measurements
of its trajectory in a rapidly changing magnetic field. However, provided that the particle
one is interested in decays electroweakly, and that its decay products are fully recovered,
the reconstruction of the spin state becomes experimentally possible even in the difficult
environment of a hadron collider. In fact, thanks to the fully chiral nature of weak inter-
actions, the momenta of daughters X = b,W, #, q, ν emerging from the decay of tops are
correlated with the spin of the initial top, with the decay width given at LO by:

1
Γ

dΓ
d cos θX

= 1 + αX cos θX
2 , (3.3)

where αX is a parameter known as spin analyzing power of particle X, and θX is the angle
between the original top spin and the direction of the emitted X in the top rest frame.

Assuming for concreteness that αX > 0, the direction of flight of particle X then
follows a cosine distribution around the initial top’s spin, with the most likely trajectory
being aligned to the spin itself, and the least likely being opposite to it. As a result
of this effect, individual decay products can be considered as proxies for the spin of the
corresponding top quarks, and correlations between different decay products as proxies for
those between the top quark spins.

At leading order in the SM, the spin analyzing power of prompt W bosons and charged
leptons emerging from the W decay is given by:

αW = m2
t − 2m2

W − m2
b

(m2
b − m2

t )2 + (m2
b +m2

t )m2
W − 2m4

W

×

×
√
(mb − mt − mW )(mb +mt − mW )(mb − mt +mW )(mb +mt +mW ) ≈ 0.394,

(3.4)
α! = 1. (3.5)

It is curious that the charged lepton has a larger spin-analyzing power than its mother,
the W boson. This is due to the constructive and destructive interference between am-
plitudes with intermediate W bosons of different helicities; this information is lost when
considering the direction of flight of the prompt Wb pair.

– 6 –

Quantum tomography is measurement of 15 parameters: 6 polarisations and 9 correlations
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Kinematics

Helicity basis

Spin correlation coefficients are averages of angles
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From spin correlations to entanglement

5

for a proof see arXiv:2003.02280 

Entanglement markers, from the Peres-Horodecki criterion

Necessary and sufficient condition for entanglement

> 0

https://arxiv.org/abs/2003.02280
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When are tops entangled?

6

reachable entangled states

Consider top pair production in pp collisions

Which spin states can be reached?


Threshold: 

• entangled singlet state 

• from same helicity gluons

Boosted: 

• entangled triplet state 

• for qqbar pairs and opposite helicity gluons

C. Severi, F.Maltoni, S. Tentori, EV: 2404.08049

gLgL, gRgR gLgR, qq̄



Top2024, 23/9/24Eleni Vryonidou 7

White regions: no entanglement (C<0)

Maximal entanglement regions

�2 ! 1, cos ✓ = 0

�2 = 0, 8✓At threshold:

High-Energy:

Entanglement in the SM

Concurrence:

C. Severi, C. Boschi, F. Maltoni, M. Sioli : 2110.10112
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Tops in lepton colliders

8

Threshold High-energySpin-1 exchange

Spin triplet state

reachable entangled states
C. Severi, F.Maltoni, S. Tentori, EV: 2404.08049
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Lepton vs pp collisions

9

• Spin Triplet state 

• Entanglement through  for lepton 

colliders

• Entanglement through  for LHC at 

threshold

• Entanglement through  for LHC at high 

transverse momentum


D(1) = + 1/3
D(n)

D(1)

D(n)

C. Severi, F.Maltoni, S. Tentori, EV: 2404.08049
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Using QI for new physics

First quantum observable measurements are here 
Can they tell us anything interesting/new? 

SMEFT

Resonances

10
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Effective Field Theory 

11

Standard Model

Effective Field Theory

UV physics (heavy particles)Energy

Λ

Effective Field Theory reveals high energy physics through precise measurements at 
low energy.

LSM (�) + Ldim6(�) + . . .

LSM (�)

LNP (�,Z
0, X,Q, S . . . ){new
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SMEFT basics
BSM?


59(3045) operators at dim-6:                                

12

New Interactions of SM particles 

Buchmuller, Wyler Nucl.Phys. B268 (1986) 621-653  

Grzadkowski et al arXiv:1008.4884

LEFT = LSM +
X

i

C
(6)
i O

(6)
i

⇤2
+O(⇤�4)

dim-6: 59 operators
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EFT in top pair production

13

Octets Singlets
Different chiralities and colour structures

4-fermion operators

Degrande, Durieux, Maltoni, Mimasu, EV, Zhang arXiv:2008.11743

SM EFT

Chromomagnetic dipole operator
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SMEFT in top pair production

14

Aoude, Madge, Maltoni, Mantani arXiv:2203.05619 Linear Quadratic

�0 SM

�1 ⌘ ���0

�2 ⌘ ���1 ��0

<latexit sha1_base64="5JbZ72Ec9tZMhxuaOeqXFyzr5a4="></latexit>

� = �Cnn + |Ckk + Crr|� 1 > 0

O(⇤�2)

O(⇤�4)

Chromomagnetic dipole operator
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SMEFT impact on entanglement markers

15
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Figure 1. Change from the SM value for spin observables for the operators OtG (1a), O(8,3)
Qq (1b),

O(1,3)
Qq (1c), O(8,1)

Qq (1d), O(1,1)
Qq (1e), inclusive in tt̄ phase space. Dashed lines indicate results at LO,

continuous lines indicate NLO. The shaded region around each curve represents the combination of
scale and MC uncertainty. The MC uncertainty is always sub-leading compared to scale variation.
Only curves that deviate appreciably from zero are shown.
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Quantum entanglement markers modified by SMEFT operators

Results available also with QCD corrections


C. Severi, EV: 2210.09330 [hep-ph]

Solid: NLO

Dashed: LO

https://arxiv.org/abs/2210.09330
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Differential results

16

At differential level bigger impact of EFT for high energy tails
C. Severi, EV: 2210.09330 [hep-ph]

https://arxiv.org/abs/2210.09330
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SMEFT in lepton colliders

17

4-fermion operators

current operators

dipole operators

Degrees of freedom
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Structure of spin correlations within SMEFT
Degeneracy between possible structures arising from SM and EFT

18

New structures related to dipole operators, the rest gives linear combinations of 
pre-existing structures 

}SM

}BSM

C. Severi, F.Maltoni, S. Tentori, EV: 2404.08049
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Breaking degeneracies with Quantum Obs

19

Spin correlation observables probe different linear combinations of Wilson coefficients

         Breaking degeneracies

C. Severi, F.Maltoni, S. Tentori, EV: 2404.08049[hep-ph]
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SMEFT summary

New interactions modify both conventional and quantum observables

Dimension-6 operators can modify the degree of entanglement 
between top quarks

SMEFT introduce new structures, thus probing new linear combinations 
between coefficients

QI observables can break degeneracies between operators when 
combined with standard observables  

20

New sensitivity
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New particle searches

21

Diluted Spin Correlations

StopsScalar resonances Vector resonances

Scalar: Pure triplet

Pseudoscalar: Pure singlet

Also true for the interference with 
the SM (pure state         projector)

Spin-1 exchange: spin-
triplet state as in the SM

Similar to QCD background
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New scalars and their impact on QI observables

22

Scalar Pseudoscalar

Relative effect on Quantum observables is significantly larger:

100% vs 1%  

C. Severi, F.Maltoni, S. Tentori, EV: 2401.08751[hep-ph]

https://arxiv.org/abs/2401.08751
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Sensitivity analysis
How can we check if the Quantum observables help?

Simulate: 


Compare different observables:

• Event rate


• 


• 


• 

 

D(1), D(k), D(r), D(n)

Δη = |ηℓ+ − ηℓ− | , Δϕ = |ϕℓ+ − ϕℓ− |
cosφ = pℓ+ ⋅ pℓ−

23

Uncertainties motivated by existing measurements 
C. Severi, F.Maltoni, S. Tentori, EV: 2401.08751[hep-ph]

https://arxiv.org/abs/2401.08751
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Resonances:  Vector and SUSY

24

Less constraining than rate information Similar to rate information

C. Severi, F.Maltoni, S. Tentori, EV: 2401.08751[hep-ph]

https://arxiv.org/abs/2401.08751
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(Pseudo)Scalar resonances

25

More constraining than rate information
C. Severi, F.Maltoni, S. Tentori, EV: 2401.08751[hep-ph]

https://arxiv.org/abs/2401.08751
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Conclusions

• A new era of quantum observables at colliders is here

• Ideas and methods of QM adjusted to high energy physics

• First measurements, and lots of studies already here

• Top pairs an ideal testing ground, different degrees of correlations 

can be observed

• QI observables are not only fun but can also help to probe new 

physics: both EFT and new particles

26
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Thank you for your attention
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Backup
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First measurements

29

Entanglement observation by ATLAS

ATLAS-CONF-2023-069

Entanglement observation by CMS

TOP-23-001-pas
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Toponium

• Quasi-Bound State of top and antitop

• Energy states obtained by solving 

Schrödinger equation with QCD potential

• Described by NRQCD

• Ground state n=1 S-wave

• Spin-singlet vs spin-triplet depending on 

production mode

• spin singlet for pp and spin triplet for 

e+e−

30

vectorscalar

S. Tentori
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Toponium modelling

31

We can approximate the impact in the Monte Carlo 
by introducing a toy model with a resonance

• vector resonance for lepton collisions 

• psedoscalar resonance for proton collisions 


Peak of resonance fitted to match the results 
obtained by the resummed computation

CMS toponym simulation based on: Fuks et al. 
2102.11281

Significant impact on entanglement markers, hence improvement of measurement 
agreement with theory

Pseudoscalar resonance leads to different spin correlations compared to QCD

2404.08049

https://arxiv.org/abs/2102.11281
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