Measurement of Entanglement Entropy in
high energy particle collisions

Is entanglement deeply connected to the
fundamental structure of our visible universe...?
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A story of Alice and Bob

“Spooky action at a distance...”

Alice t i tl _________________ l Bob

£ Al h { (if Bob chooses to measure
(if Alice ¢ 100S€S 10 . its spin in z axis to0)
measure its spin in z axis)

100% correlated spin projection results,
no matter how far Alice and Bob is apart.

Known as the Einstein-Podolsky-Rosen paradox, the EPR paradox.
This quantum feature is the quantum entanglement.



/Proton - a quantum \
mechanical pure state.

All partons are
entangled quantum
mechanically.

- e.g., all the states of
partons cannot be
written as,

: \M = |U) ® |¥sy) ® |\113>j

Proton going from low - high energy



DIS and nucleon structure
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DIS and nucleon structure
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DIS and nucleon structure

Deep Inelastic Scattering
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DIS and nucleon structure
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DIS and nucleon structure

Deep Inelastic Scattering
Parton Distribution Functions (PDFs)
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Entanglement Entropy (EE)
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Entanglement Entropy (EE)

Pure state

Proton rest frame _ o prot = [U) (P

5 .\;3‘ O‘B .9 D pra =11 (Ptot)

@ (reduced density matrix)

virtual rT -  °‘ A qO / I$ SA — —TI',OA lIl PA
/

photon A : - 97 @ A (von Neumann entropy)
> S
8. 9N
1/ o il Von Neumann entropy
~1/Q
r e From Wikipedia, the free encyclopedia
| | In quantum statistical mechanics, the von Neumann entropy, named after John
L ~ 1 /( mx) von Neumann, is the extension of classical Gibbs entropy concepts to the field
of quantum mechanics. For a quantum-mechanical system described by a
density matrix p, the von Neumann entropy isl1]
S=- tr(plnp),
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Entanglement Entropy (EE)

Pure state
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Entanglement Entropy (EE)

Pure state
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EE in DIS

electron

13



S, in DIS

g (Kharzeev & Levin 2017)
Sa = In[zG(z,Q?)]

gluon entropy for low x

~

<&

g (Kharzeev & Levin 2021)

In DIS, sea quarks
contributions are very
important, recently realized.

~

arXiv:2102.09773
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Sg In DIS
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hadron entropy
P, is charged multiplicities

pp = 1ra (,Otot)
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EE in DIS

g (Kharzeev & Levin 2017)

~N
SA — In [.CIZG(CB, QQ)]

gluon entropy for low x

/

\_
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hadron entropy

P, is charged multiplicities

electron
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H1 data

Event display
ep F 319 GeV

| Low Q2 Spacal event
10 H1 0. 03752<y<0 0752
5<Q°<10 GeV o

< Electron Proton->

N 1



H1 data
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New results from sea quarks
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Summary

n experiment hints at quantum
entanglement inside protons

EMILY CONOVER

TIED UP Protons contain smaller particles called quarks and gluons (illustrated). Experimental data suggest that quantum
entanglement links those particles with one another.

https://www.sciencenews.org/article/experiment-hints-quantum-entanglement-inside-protons

Science News Article

\_

* First experimental hint of entanglement
using EE in high energy collisions
(both in pp and ep DIS)



https://www.sciencenews.org/article/experiment-hints-quantum-entanglement-inside-protons

Summary

EE timeline

4 )
(Kharzeev & Levin 2017)

SA = In [:EG(QZ‘, QQ)]

* Promising theory in EE. But still with
many questions and works ahead.

\_

gluon entropy for low-x in pp y
= [

(" (Kharzeev & Levin 2021) )
Sa=1In[Yseq]

quark entropy for low-x in DIS

\ /
=

25



DIS

What's next?

-

» Large acceptance with target region.
Correlation in rapidity?

° How about nucleus? eA at the EIC? y

(A dedicated prediction is on the way)

Stay tuned!
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Measurement - DIS data

DESY, Hamburg, Germany
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