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Quantum Entanglement at Colliders

A “new” hot topic in particle physics.
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Quantum Entanglement at Colliders

* |epton collider is efficient machine for preparing energetic entangled
particles.

I'

v e | TP an—.

——— ﬂ"""!u

Sl A e A U B IR I T B B B e I . B R R . R e R B : vnn—v—v'wno—vw'n-'-'a- T W e R T R Y P R R W e W — e YW e — R Ty Ty

‘”"—*"— e —
- ‘

- - .




Quantum Entanglement at Colliders

 An example: top-pair production.
* The description of the degree of entanglement.
- For 2x2 and 2 x 3 system, it could be measured by concurrence:
Glp] = max{0, 1, — 4, — A — 4}, 0<G[p] <1

L Eo <\/\/,5(02 ® 6,)p* (0, @ 02)\/,5)

- A state is entangled iff €[p] > 0.

A. Peres, “Separability Criterion for Density Matrices”, Phys. Rev. Lett. 77 (1996) 1413;
Michat Horodecki, Pawet Horodecki, Ryszard Horodecki, “Separability of mixed states: necessary and sufficient conditions”, Phys. Lett. A 223 (1996) 1.



Quantum Entanglement at Colliders

 An example: top-pair production.

* At the Large Hadron Collider:
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Quantum Entanglement at Colliders

 An example: top-pair production.

* At the Large Hadron Collider:

q - s-channel:

|

highly suppressed at high energy region

- quark-antiquark initial state:

less in small-x region;

(
; t boosted c.m. frame at high energy region.



Quantum Entanglement at Colliders

 An example: top-pair production.
* At the Large Hadron Collider:

- Entanglement from quark-antiquark initial state

qr. qdr
— @»-— (+—) - "@'-_ (=+)

17) ~ (1 £cosO)| 1,1, ) + (1 FeosO)] Ly b )+ OG™)

un(longitudinal)polarized initial state fermions, both left- and right-
handed interactions
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 An example: top-pair production.

* At the Large Hadron Collider:

g t - s-channel;
highly suppressed at high energy region

- gluon-gluon initial state:

more in small-x region.
g t



Quantum Entanglement at Colliders

 An example: top-pair production.

* At the Large Hadron Collider:

9 Q909 4—1 - t-channel:
dominant at high energy region

- gluon-gluon initial state:

more in small-x region.



Quantum Entanglement at Colliders

 An example: top-pair production.
* At the Large Hadron Collider:

- Entanglement from gluon-gluon initial state

g g
—_p— mp— (+-)

|11y ~(1xcosO)| 1,1, )+ A FcosO)| 1,1, )+ OF)

with another p-wave suppression factor.



Quantum Entanglement at Colliders

 An example: top-pair production.
* At the Large Hadron Collider:

- Entanglement from gluon-gluon initial state

g 14 g g
—_—> (++) _— e — (——)

[1tt) ~(LEP) | 15 L) —AFPH 1 L 14)

Unfortunately, the direction 7 is different event by event.
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 An example: top-pair production.

* At the Large Hadron Collider: helicity basis, and ...
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 An example: top-pair production.

* At the Large Hadron Collider: helicity basis
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Y. Afik, J. R. M. de Nova, Eur. Phys. J. Plus, (2021) 136:907.



Quantum Entanglement at Colliders

 An example: top-pair production.

» At the Large Hadron Collider: helicity basis 4 A
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 An example: top-pair production.

» At the Large Hadron Collider: helicity basis " fromboth [ 1:1:)
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 An example: top-pair production.

» At the Large Hadron Collider: helicity basis " fromboth [ 1:1:)

and | |; |;)
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Quantum Entanglement at Colliders

 An example: top-pair production.

» At the Large Hadron Collider: helicity basis " fromboth [ 1:1:)
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Quantum Entanglement at Colliders

 An example: top-pair production.

* At the Large Hadron Collider: helicity basis

CMS Simulation (13 TeV) CMS Simulation (13 TeV)
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Quantum Entanglement at Colliders

* [he advantage at lepton colliders.

- Simpler and clear contribution:
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Quantum Entanglement at Colliders

 [he advantage at lepton colliders. 500
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- Simpler and clear contribution:
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For simplicity and clearly, we do not show the contribution from the Z-boson in this figure, which will shift the distribution to left a little.
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 [he advantage at lepton colliders. 500

- Simpler and clear contribution: %
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For simplicity and clearly, we do not show the contribution from the Z-boson in this figure, which will shift the distribution to left a little.



Quantum Entanglement at Colliders

* A (disordered) mixing of highly entangled states could miss the property of
entanglement:

- Bell states p,. = | P (WP, | =271(]01)(01| = |10){01| = |01){10]| + | 10){10])
are entangled (pure) states.

- But their mixing (p,. +p_)/2 =(|0)(0| @ | I){1 |+ [1){1]| &® ]0){0])/2 Is not!



Quantum Entanglement at Colliders

* |t is helpful to use the transverse polarized initial state to increase the degree
of the entanglement.

* |n this case, the initial state is a Bell state selected by the interaction:

1 1
5(\T>+H>)®(\T>+H>)=5(\TT>+\Tl>+\lT>+Hl>)
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Quantum Entanglement at Colliders

* |t is helpful to use the transverse polarized initial state to increase the degree
of the entanglement.

* |n this case, the initial state is a Bell state selected by the interaction:

1 |
SADHIN@UT)+IEN=2(111)+] ) +]



Quantum Entanglement at Colliders

* |t is helpful to use the transverse polarized initial state to increase the degree
of the entanglement.

* The final state is always the Bell state along the direction
é, = (cos @sin ¢, cos ¢, sin @ sin qb\/l — %) in the helicity basis, which is just

5 — (1—\/1—ﬁ2)12.
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Quantum Entanglement at Colliders

* |t is helpful to use the transverse polarized initial state to increase the degree
of the entanglement.
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Quantum Entanglement at Colliders

* |t is helpful to use the transverse polarized initial state to increase the degree

of the entanglement.
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Quantum Entanglement at Colliders

* |t is helpful to use the transverse polarized initial state to increase the degree
of the entanglement.
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Conclusion

 Quantum entanglement and quantum nonlocality are essential properties for
distinguishing quantum physics from classical physics and new physics
beyond quantum physics, which should be tested at higher and higher
energy scale.

* The first step of using quantum entanglement search for new physics is to
understand the SM prediction, and to enhance the entanglement effect.

* The lepton colliders, especially with the transverse polarized initial state, offer
a good chance to investigate the entanglement effect.

* Other topics: the influences from ISR and FSR, off-shell effects, ...
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