
1

  When Physics meets Quantum Information 
                                 

Dmitri Kharzeev

     

65th Cracow School of Theoretical Physics,  June 14-21, 2025 

              

Image:
“Maximal entanglement
inside the proton” 



ChatGPT on QIS@Zakopane:

2



3

Outline

• Classical and quantum states

• Quantum entanglement: from paradox to technology

• Entanglement, thermalization and quantum AI

• Real-time quantum simulations of a QFT: thermalization
      through a maximal entanglement

• Evidence for maximal entanglement in 
      nuclear/high energy physics



Statistics of classical states
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“It is clear that in thermal equilibrium all possible states 
of the system … are equally probable”



In classical statistical mechanics,
the system is driven to the most probable state with 
the largest entropy – equilibrium.

What if the system is quantum? Do quantum
subsystems evolve to the state with the largest
entanglement entropy (maximally entangled states)?



Quantum entanglement

Measurement
of momentum
of one particle

Consider two separated quantum particles that had previously interacted:

prevents the 
knowledge of
another particle’s
coordinate! 



``I cannot seriously believe in 
it because the theory cannot 
be reconciled with the idea 

that physics should represent 
a reality in time and space, 

free from spooky action at a 
distance”

          A. Einstein, letter to 

M. Born, 1947



Quantum entanglement





Describing entanglement:
the density matrix

EPR state (2 qubits):

The corresponding density matrix:

If the state of B is unknown, A is described by the reduced density matrix:

Mixed state!





Quantifying entanglement:
von Neumann entropy

Entanglement entropy:

Pure states:

e.g. 

Mixed states:

e.g. for EPR 



Maximally entangled states

Consider the entanglement entropy

for the case of N states with equal probabilities

Then

This looks like the Boltzmann formula! 



Maximal entanglement and thermalization
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Maximal entanglement and thermalization



In nuclear and high energy physics,
there is a long-standing puzzle of “early thermalization” 

There is an ample evidence from experiments at RHIC, LHC and 
elsewhere that high energy heavy ion  (and even pp and e+e- 
collisions) lead to some kind of fast thermalization:

• Hadron abundances look thermal

• Hydrodynamics describes remarkably well the momentum 
spectra and azimuthal correlations of produced hadrons, 
assuming that the initial conditions are provided at a very 
early time τ ~ 0.5 fm



A.Andronic, P.Braun-Munzinger, K.Redlich, J. Stachel, Nature 561 (2018) 321



What is the mechanism of this thermalization?

How can it happen so fast in a rapidly expanding system?  

Is the mechanism of rapid thermalization, with its possible 
link to entanglement,  a “million-dollar question”?
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Quantum AI/ML
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Entanglement at work:
quantum computing

IBM five qubit processor      credit: IBM-Q



Quantum vs classical computation

Image: SINTEF



Why quantum computing? 

Quantum computing allows manipulation of entire vectors
in Hilbert space, offering exponential speed-up:    

N bits – 2N possible states;
probability vector

Quantum state vector in
2N dimensional Hilbert space

Circuit from:
DK, Y. Kikuchi,
Phys.Rev.Res.2(2020)

Promise of Quantum advantage 
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Also: Quantum-inspired classical computing 
(quantum simulations on classical hardware,
hybrid quantum-classical computing, …)

A recent example:
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An obstacle to quantum deep neural networks:



Neural networks
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Review: arXiv:2412.18030

McCulloch (right) and Pitts (left) in 1949
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Weights (synapses):



Neural networks
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Review: W. Bialek, arXiv:2412.18030

The network is sliding down on 
a landscape, which is an effective
energy function.

“Coming to a rest at the minimum
of the energy is a computation, 
analogous to recalling a memory.”

Hopfield 1982:

Nobel prize in Physics, 2024, 
with G. Hinton (“Boltzmann machines”)
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An obstacle to quantum deep neural networks:

Visible layer

Entangled pure state; 
entanglement entropy 
scales with the volume

A small sub-system 
(the visible layer) is 
maximally entangled -
completely random output!



What is the real-time dynamics of thermalization?
Is it accompanied by entanglement entropy (EE) production?
Can it be slowed down?

To answer these questions, we need a real-time quantum
simulation in a field theory that is simple enough to solve numerically 
and still describes physical systems of interest.

Schwinger model is similar to QCD in a number of ways:
confinement, chiral condensate, anomaly, …

 

Perform a real-time quantum simulation of e+e- annihilation in massive 
Schwinger model, with the goal of understanding 
the possible link between entanglement and thermalization 
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To appear this week



Related work
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The setup



Schwinger model: QED in (1+1) dimensions

J. Schwinger
1965 Nobel prize
with R. Feynman
and S. Tomonaga
for QED



Massless Schwinger model coupled to external sources: 



In the massless case, can be solved exactly:

DK, F. Loshaj
Phys Rev D87 (2013) 7,
077501

String breaking due to production of quark-antiquark pairs;
the produced mesons form a rapidity plateau 



To address thermalization, one needs to consider 
interacting mesons – this leads to the massive 
Schwinger model. 

Non-integrable, no analytical solutions can be found 
– use digital quantum simulations!



Schwinger model: QED in (1+1) dimensions

The Hamiltonian:

Gauge fixing, temporal gauge:

Generalized momentum:
(θ angle as background 
electric field)

The staggered lattice Hamiltonian:



Schwinger model: QED in (1+1) dimensions
Jordan-Wigner transformation:

From:
DK and Y. Kikuchi,
Phys.Rev.Res. 2 (2020) 
2, 023342



The form of Hamiltonian used in simulations:

all-to-all qubit connectivity!



Warm-up: zero coupling, 
topological quench θ=θ(t)
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Chiral magnetic current observed:



Very recent news:
STAR result on CME 
in beam energy scan

45

arXiv:2506.00275
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arXiv:2506.00275



Why CME at BES?
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One reason is the longer-living magnetic field.

But there may also be another, revealed through 
the real-time simulations: enhancement of topological fluctuations
near the critical point:



Screening of electric field, modification of the vacuum, growth of entanglement entropy!



What can we do to understand a possible 
approach to thermalization in our system?

Let us start by examining the entanglement spectrum:

Entanglement
among the quark and
antiquark jet

Entanglement
among the central
region and the rest
of the system



At late times, a huge number 
of entanglement eigenstates 
start to contribute, with 
comparable eigenvalues –
approach to the maximal 
entanglement and  
thermalization?

The entanglement spectrum



Tests of maximal entanglement
Renyi entropy “Entangleness”

Approach to 
maximal entanglement!
(in a subspace of 
the full Hilbert space)



Transition from area to volume 
law scaling of entanglement
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Area law
(L independent)

Volume law  ( ~ L)

2nd Renyi entropy:



Transition from area to volume 
law scaling of entanglement
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Area law
(L independent)

Volume law  ( ~ L)

von Neumann entropy:

arXiv:2506.14983



Expectation values of local operators
approach the thermal ones

54arXiv:2506.14983



Overlap with thermal density matrix
approach the thermal ones
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Overlap:

Hilbert-Schmidt distance:

arXiv:2506.14983



The onset of hydrodynamics

56

Negative pressure at early times:
Hydro works once the pressure
is positive and before “freeze-out”:

arXiv:2506.14983



Related work
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The physical meaning of Schmidt states

Transition from 
“quark-antiquark” states
at early times to 
“mesons” at late times –

Hadronization seen in 
real time!  
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arXiv:2410.22331, Phys. Rev. Lett.(2025)

Evidence for maximal entanglement from jet fragmentation
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The puzzle of the parton model

In parton model, the proton is pictured as a collection of 
point-like quasi-free partons that are frozen in
the infinite momentum frame due to Lorentz dilation.

The DIS cross section is given by the incoherent sum of 
cross sections of scattering off individual partons.

How to reconcile this with quantum mechanics?
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The puzzle of the parton model
In quantum mechanics, the proton is a pure state with
zero entropy. Yet, a collection of free partons does
possess entropy… Boosting to the infinite momentum
frame does not help, as a Lorentz boost cannot
transform a pure state into a mixed one.

The crucial importance of entropy in (2+1)D systems:
BKT phase transition (Nobel prize 2016)
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Our proposal: the key to solving this apparent paradox
is entanglement.

DIS probes only a part of the proton’s wave function
(region A). We sum over unobserved region B;
in quantum mechanics, this corresponds to accessing 
the density matrix of a mixed state

with a non-zero entanglement entropy

A

B
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The quantum mechanics of partons 
and entanglement

What is “region B” in DIS? It may be the phase!

DIS takes an instant snapshot of the proton’s wave 
function. This snapshot cannot measure the phase 
of the wave function.

Classical analogy:

Instant snapshot can 
measure the amplitude ρ,
but not the angular 
velocity ω !

DK, Phil. Trans. Royal Soc (2022); arXiv:2108.08792

ρ
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The quantum mechanics of partons 
and entanglement

A simple quantum mechanical model (proton rest frame):
DK, Phil. Trans. Royal Soc (2022); arXiv:2108.08792

Expand the proton wave 
function in oscillator 
Fock states:

The density matrix:

depends on time:

But this time dependence cannot be measured by a light front –
it crosses the hadron too fast, at time
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Decoherence in high energy interactions

DK, Phil. Trans. Royal Soc (2022)

Therefore, the observed density matrix is a trace over an unobserved phase:

U(1) Haar measure

“Haar scrambling” = decoherence
Y.Sekino, L.Susskind ‘08

After “Haar scrambling”,
the density matrix 
becomes diagonal
in parton basis
(Schmidt basis) – 

Probabilistic parton
model!This is a density matrix of a mixed state,

with non-zero entanglement entropy!
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The quantum mechanics of partons 
and entanglement

The parton model density matrix:

is mixed, with purity

entanglement entropy

Parton model expressions
for expectation values
of operators:
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The quantum mechanics of partons and 
entanglement on the light cone

The density matrix on the light cone:

Haar scrambling: on the light cone,
but t, z and x+ = z + t   cannot be independently
determined: 



Phase-occupation number 
uncertainty relation and parton model

68

High energies – phase cannot be measured, number is fixed:

                             parton model applies

Low energies - phase shifts can be measured, number is uncertain:

                            parton model does not apply
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The entanglement entropy
from QCD evolution

Space-time picture 
in the proton’s rest frame:

The evolution equation:
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The entanglement entropy
from QCD evolution

Solve by using the generating function method
(A.H. Mueller ‘94; E. Levin, M. Lublinsky ‘04):

Solution:

The resulting von Neumann entropy is

DK, E. Levin, arXiv:1702.03489; PRD



The entanglement entropy
from QCD evolution

At large           , the entropy becomes

This “asymptotic”
regime starts rather
early, at 

DK, E. Levin, arXiv:1702.03489; PRD
Also: K. Kutak, arXiv:1103.3654
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Linear dependence on rapidity is a consequence of 
(approximate) conformal invariance:
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The entanglement entropy
from QCD evolution

At large           (x ~ 10-3) the relation between 
the entanglement entropy and the structure function

becomes very simple:

DK, E. Levin, arXiv:1702.03489; PRD 95 (2017)
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The entanglement entropy
from QCD evolution

What is the physics behind this relation?

It signals that all               partonic states have about 
equal probabilities                     – in this case 
the entanglement entropy is maximal, and 
the proton is a maximally entangled state
(a new look at the parton saturation and CGC?)  

DK, E. Levin, arXiv:1702.03489; PRD 95 (2017)
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Test of the entanglement at the LHC

MC generator PYTHIA:

is not satisfied at small x (no entanglement)
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Test of the entanglement at the LHC
arXiv:1904.11974LHC data:

is satisfied at small x (entanglement?!)

K. Tu, DK, T. Ullrich,
arXiv:1904.11974;
PRL (2020)







Maximal entanglement:
experimental tests at HERA and EIC

arXiv:2408.01259, Rep.Prog.Phys.(2025)
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arXiv: 2408.01259; Reports on Progress in Physics, 2024, in press 

Maximal entanglement agrees with H1 measurements in 
different rapidity windows



Summary:

• Fundamental research in physics has been, and will
      continue to drive the quantum technology

• Deep connection emerges between entanglement
      and thermalization in statistical physics –
      fundamentally interesting, crucially important 
      for technology (decoherence, quantum AI/ML)

• Studies of real-time behavior of quantum field theories
      relevant for nuclear/high energy/condensed matter 
      physics are key to understanding thermalization,
      and ways to control it


