Quantum SMEFT tomography: top quark pair
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In recent years, an interest in the study of quantum information has grown within the high-energy
particle physics community. The possibility to establish the presence of entanglement at particle
colliders, such as the Large Hadron Collider (LHC) at CERN, is a novel and thrilling research
direction, offering the opportunity to push quantum mechanics to its limits by using the heaviest
fundamental particle: the top quark. With this in mind, we propose to use measurements of
quantum entanglement to probe the behaviour of fundamental interactions and to search for New
Physics at high energy within the Standard Model Effective Field Theory paradigm. Inspired by
recent proposals to measure entanglement of top quark pairs produced at the LHC, we examine
how the existence of new interactions between fundamental particles modify the Standard Model
expectations. By performing analytical calculations, we unveil a non-trivial pattern of effects
depending on the kinematical phase space configurations.
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1. Introduction

2. Spin density matrix
The fundamental theoretical object to describe a quantum system is its density matrix. In
particular, in the case of study, the spin density matrix of the top quark pair. The latter can be
computed from the definition of the 𝑅-matrix, through the partonic scattering amplitude, i.e.
𝑅 𝐼𝜂1 𝜂2 ,𝜁1 𝜁2 ≡

Õ
1
M ∗ M 𝜂1 𝜁1 ,
𝑁 𝑎 𝑁 𝑏 colors 𝜂2 𝜁2

(1)

a,b spins

with M 𝜂𝜁 ≡ h𝑡 (𝑘 1 , 𝜂) 𝑡¯(𝑘 2 , 𝜁)|T |𝑎( 𝑝 1 )𝑏( 𝑝 2 )i, where T is the transition matrix element, 𝐼 = 𝑎𝑏
denotes the initial state, 𝑁 𝑎,𝑏 is the number of degrees of freedom of the respective initial state
particles 𝑎 and 𝑏, 𝑘 𝑖 (𝑝 𝑖 ) are the momenta of the final (initial) state particles, and 𝜂 (𝜁) are the
(anti-)top spin indices. Note that this matrix is similar to the cross-section, but with uncontracted
final-state spin-indices.
The 𝑅-matrix can be decomposed in terms of the spin operators [11] in the following manner
𝑅 = 𝐴˜ 12 ⊗ 12 + 𝐵˜ 𝑖+ 𝜎 𝑖 ⊗ 12 + 𝐵˜ 𝑖− 12 ⊗ 𝜎 𝑖 + 𝐶˜𝑖 𝑗 𝜎 𝑖 ⊗ 𝜎 𝑗 ,

(2)

where the 𝐶˜𝑖 𝑗 describe the spin correlations, the 𝐵˜ 𝑖± the net polarisation of the top quarks and 𝐴˜
encodes information on the differential cross section
d𝜎
𝛽 ˜
=
𝐴( 𝑠ˆ, 𝒌) ,
dΩ 16𝜋 2 𝑠ˆ

(3)

q
where 𝒌 is the top quark direction, 𝑠ˆ the invariant mass of the top quark pair and 𝛽 = 1 − 4𝑚 2𝑡 /𝑠ˆ
the velocity of the top quark in the center-of-mass frame.
The generalisation of the 𝑅-matrix to the case of proton collisions is straightforward. The full
matrix is given by the weighted sum of the various partonic channels, weighted by the luminosity
2
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The phenomenon of quantum entanglement has always been considered one of the most
intriguing aspect of quantum mechanics. In particular, over the last decades, several studies have
been performed proving the existence of entanglement and the violation of Bell’s inequalities [1],
ultimately helping us unveil and understand the complex world of quantum phenomena.
In this direction, in recent years, a renovated interest in measuring entanglement at high energy
has appeared. Specifically, top quark pairs look like ideal probes: they are vastly produced at the
LHC and their spin information is retained by the decay products, allowing us to fully reconstruct
the spin density matrix of the system [2–10].
In this work [2], we turn our attention to the study of the effects of heavy New Physics
(NP) on entanglement patterns of top quark pair produced at the LHC. Specifically, with the aim
of establishing how NP might induce a modification of the quantum correlations, we study the
production of a top quark pair system within the Standard Model Effective Field Theory (SMEFT)
framework, which provides a model independent formulation of new interactions when the energy
scale associated to NP is well separated from the scale of the process.
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functions. In the case of 𝑡¯𝑡 at Leading Order (LO) in QCD, in a proton collider, we have
Õ
𝑅( 𝑠ˆ, 𝒌) =
𝐿 𝐼 ( 𝑠ˆ)𝑅 𝐼 ( 𝑠ˆ, 𝒌) ,

(4)

𝐼

where 𝐼 = 𝑔𝑔, 𝑞𝑞,
¯ the two possible partonic channels. The spin density matrix is then defined
simply as the normalised 𝑅-matrix, i.e.
12 ⊗12 + 𝐵𝑖+ 𝜎 𝑖 ⊗12 + 𝐵𝑖− 12 ⊗𝜎 𝑖 + 𝐶𝑖 𝑗 𝜎 𝑖 ⊗𝜎 𝑗
𝑅
=
.
(5)
𝑡𝑟 (𝑅)
4
Quantum tomography has the objective of determining the various 𝐵 and 𝐶 coefficients in order to
fully characterise the spin state of the system. In order to obtain explicit values for the entanglement,
we calculate the coefficients in the so-called helicity basis, which consists of an orthonormal basis
in the center-of-mass frame
( 𝒑 − 𝑧𝒌)
{𝒌, 𝒏, 𝒓} : 𝒓 = √
, 𝒏 = 𝒌 × 𝒓,
(6)
1 − 𝑧2
where 𝒑 and 𝒌 are the unit vectors along the beam axis and top quark direction, and we define
𝑧 ≡ 𝒌 · 𝒑 = cos 𝜃.
𝜌=

Whenever the quantum state of the system cannot be written as a convex combination of product
states, i.e.
Õ
𝜌ab =
𝑝 𝑘 𝜌a𝑘 ⊗ 𝜌b𝑘 ,
(7)
𝑘

the system is said to be entangled. This formal definition is more transparent when a quantitative
measure of entanglement is given. In the following, we quantify the degree of entanglement by
defining a physical quantity called concurrence [12]
Δ ≡ −𝐶𝑛𝑛 + |𝐶 𝑘 𝑘 + 𝐶𝑟𝑟 | − 1 > 0 ,
(8)
Δ
𝐶 [𝜌] = 𝑚𝑎𝑥(0, ) .
(9)
2
When 𝐶 [𝜌] > 0, the system is said to be entangled and the case of 𝐶 [𝜌] = 1 corresponds to
quantum configurations of maximal entanglement.
In Fig. 1 we show the concurrence for top quark pair production in the SM as a function of 𝛽2
and 𝑧 = | cos 𝜃| and we identify the maximal entanglement regions. In particular, for the 𝑔𝑔 channel
we have that at threshold and at high energy, the quantum state is given by
SM
𝜌𝑔𝑔
(0, 𝑧) = |Ψ− i𝒏 hΨ− | 𝒏 ,

SM
𝜌𝑔𝑔
(1, 0) = |Ψ+ i𝒏 hΨ+ | 𝒏 ,

(10)

where
| ↑↑i𝒏 ± | ↓↓i𝒏
| ↑↓i𝒏 ± | ↓↑i𝒏
, |Ψ± i𝒏 =
.
(11)
√
√
2
2
We therefore see that at threshold the top quark pair is in a spin-0 singlet state, while at high energy
in a triplet state, both maximally entangled. In the case of 𝑞𝑞
¯ channel, we instead see that at
threshold no entanglement is present, while at high energy the same maximally entangled triplet
state is found.
|Φ± i𝒏 =

3
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3. Entanglement
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Figure 1: Standard Model contribution for the concurrence in the gluon- (bottom left) and quarkinitiated (bottom right) channels, as well as in the full 𝑝 𝑝 collision (top). The black lines indicate the
boundaries of the entangled regions based on Eq. (8).

4. SMEFT effects at threshold
To study the impact of higher-dimensional operators on the entanglement in top quark pair
production within the SMEFT, we use a slightly modified version of the Warsaw basis [13],
LSMEFT = LSM +

1 Õ
𝑐 𝑖 O𝑖 ,
Λ2 𝑖

(12)

where we restrict ourselves to 𝐶𝑃-even operators at dimension-six.
Here we show effects of the higher dimensional operators to the quantum state at threshold, see
Ref. [2] for a more in depth analysis. Regarding the 𝑔𝑔 partonic channel, we find that NP effects
induce a triplet state of spin 1, i.e.
EFT
𝜌𝑔𝑔
(0, 𝑧) = 𝑝 𝑔𝑔 |Ψ+ i 𝒑 hΨ+ | 𝒑 + (1 − 𝑝 𝑔𝑔 )|Ψ− i 𝒑 hΨ− | 𝒑 .

(13)

Note that here the spins are defined with respect to the beam direction 𝒑. The probability of being
√
in a triplet state is given by 𝑝 𝑔𝑔 = 72𝑚 2𝑡 (3 2𝑚 𝑡 𝑐 𝐺 + 𝑣 𝑐 𝑡𝐺 ) 2 /7Λ4 , which shows that no linear
effects are present and only the squares contribute. As a consequence, the system is not anymore in
a pure maximally entangled state, and the entanglement is therefore reduced. In the case of 𝑞𝑞
¯ we
instead find that the quantum state is given by
𝜌𝑞EFT
𝑞¯ (0, 𝑧) = 𝑝 𝑞 𝑞¯ |↑↑i 𝒑 h↑↑| 𝒑 + (1 − 𝑝 𝑞 𝑞¯ ) |↓↓i 𝒑 h↓↓| 𝒑 ,
(8) ,𝑢

(14)

(8,1)
(8,3)
(8)
(8)
(8)
where 𝑝 𝑞 𝑞¯ = 21 − 4 𝑉Λ𝐴2 , with 𝑐 𝑉(8),𝑢
𝐴 = (−𝑐 𝑄𝑞 − 𝑐 𝑄𝑞 + 𝑐 𝑡𝑢 − 𝑐 𝑡𝑞 + 𝑐 𝑄𝑢 )/4. The spoiling of the
symmetry is due to P-violating interactions induced by dimension-six operators but is also present
𝑐
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if electroweak corrections are taken into account. However, this state is still a separable one and
therefore, as in the case of the SM, no entanglement is present.
In Fig. 2 we show contour plots of the probabilities 𝑝 𝑔𝑔 and 𝑝 𝑞 𝑞¯ . In the case of the quark
(8,3)
(8)
as a pair of representative four-fermion operators. In
and O𝑄𝑞
initiated channel, we choose O𝑡𝑢
addition to the probabilities, we also plot contours of the relative EFT effects on the scattering
amplitude, in order to highlight the complementarity of the two observables, which are clearly
probing different directions in the parameter space.

5. Conclusions
In this work we have studied the effects of heavy NP to the entanglement patterns in top
quark pair production at the LHC. In particular, we focused on the maximally entangled regions
according to the SM, i.e. the production at threshold and at high energy. We found that, the
maximally entangled regions are indeed affected and in the presence of SMEFT operators the
degree of entanglement is in general reduced. With entanglement being at the core of quantum
mechanics, one might hope that it will provide fundamental information on the structure of the
effective field theory as much as unitarity, analyticity and positivity do on general properties of the
scattering amplitudes. On a more practical level, a natural question worth posing is how much these
new observables will help in better constraining top-quark SMEFT operators in global fits, also in
comparison with usual spin correlation measurements.
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Figure 2: Probability to produce a triplet (left) or both-spin-up (right) state at threshold (𝛽 = 0) in the 𝑔𝑔
or 𝑞 𝑞¯ channel, respectively. The contour lines indicate the relative corrections of the EFT to the scattering
amplitude.
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