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Disclaimer: this talk is not a review of the QIS/NP/HEP interface,
but just a personal view.

Recent reviews:

arXiv:2303.00113



A lot of exciting ongoing work!
(just a tiny sample of very recent papers)
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Deep-inelastic scattering 
from the QIS perspective

Rapid transition from the pure initial product state 

 
with zero (von Neumann) entropy to a final multi-hadron
state with a large  (Gibbs) entropy, and entanglement.

Can QIS tools and ideas help us understand better DIS?



QIS 4 DIS:

1. The puzzle of the parton model

2.  Quantum entanglement and decoherence
    in high energy interactions

3. Maximally entangled state at small x

4. Experimental tests

5. Entanglement from quantum simulations

6. Outlook
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The parton model: 50 years of success

In fifty years that have ensued after the birth of 
the parton model, it has become an indispensable building block
of high energy physics – so we have to understand it

J. Bjorken
R. Feynman

V. Gribov
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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:

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

Expand the proton’s w.f.
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
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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
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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
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Linear dependence on rapidity is a consequence of 
(approximate) conformal invariance:
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Another evidence for linear growth of EE: 
Lipatov’s effective theory of high energy QCD
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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)



Maximally entangled states

Consider the entanglement entropy

for the case of N states with equal probabilities

Then

This looks like the Boltzmann formula! 
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Experimental tests

What is the relation between the parton and 

hadron multiplicity distributions? 

Let us assume they are the same 

(“EbyE parton-hadron duality”); then the hadron

multiplicity distribution should be given by

Consider moments 
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Fluctuations in hadron multiplicity

The moments can be easily computed by

using the generating function

We get



27

Fluctuations in hadron multiplicity

Numerically, for                            at |η|<0.5, Ecm=7 TeV 

we get:

     theory         exp (CMS)        theory, high energy limit

C2 = 1.83

C3  =  5.0

C4 = 18.2

C5 = 83

C2 = 2.0+-0.05

C3  =  5.9+-0.6

C4 = 21+-2

C5 = 90+-19

C2 = 2.0

C3  =  6.0

C4 = 24.0

C5 = 120

It appears that the multiplicity distributions of final state hadrons

are very similar to the parton multiplicity distributions –

this suggests that the entropy is close to the entanglement entropy
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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)
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Test of the entanglement in DIS
H1 Coll., 

arXiv:2011.01812;

EPJC81(2021)3, 212
H1 Coll. test of 

using DIS data (current fragmentation region)

Poor agreement is found!

Failure of the entanglement-

based picture?



It appears that in H1 kinematics 
(current fragmentation region), 
the assumptions used to derive the formula 

do not apply: 

1. The quark structure function is not proportional to the gluon one,
      so need to use the quark distribution explicitly

2. Multiplicity N is not large, so need to take into account
      1/N corrections

31

Test of the entanglement in DIS

DK, E. Levin, 

arXiv:2102.09773, PRD
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Test of the entanglement in DIS

DK, E. Levin, 

arXiv:2102.09773; PRD
The result: good agreement with H1 data 







Main idea: requirement of rapidity gap Δy “delays” the evolution

inside the proton by Δy, 

so we can study the onset of maximal entanglement!

See e.g. A.D.Le, A.H.Mueller, S. Munier,

PRD 104 (2021) 034026
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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
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arXiv:2410.22331

Evidence for maximal entanglement from jet fragmentation



Entanglement from
quantum simulations

arXiv:2404.00087 (submitted to PRX Quantum)

DOE Office of Science Highlight 2024



David Frenklakh Adrien Florio Kazuki Ikeda Shuzhe Shi

The team:

Vladimir Korepin Kwangmin Yu

NVIDIA Logo (16x9)

https://nvidianews.nvidia.com/file?fid=64e3dc1a3d6332319b2dfd35


The setup



Massless Schwinger model coupled to external sources: 



In the massless case, can be solved exactly:

DK, F. Loshaj
Phys Rev D 87 (2013)

String breaking due to production of quark-antiquark pairs;

the produced mesons form a rapidity plateau 



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



The entanglement spectrum

At late times, a huge 

number of entanglement 

eigenstates start to 

contribute, with 

comparable eigenvalues –

approach to the maximal 

entanglement and  

thermalization?



Tests of maximal entanglement

Renyi entropy “Entangleness”

Approach to 
maximal entanglement!



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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Summary

1. Entanglement entropy (EE) provides a viable solution 
to the apparent contradiction between the parton 
model and quantum mechanics.

2. Indications from experiment that the link between EE 
and parton distributions is real, and proton at small x 
is a maximally entangled state. 

     Further tests at RHIC and EIC, requirements for   
     detector design (target fragmentation region, …)

3.   Entanglement may provide a mechanism for  
      thermalization in high-energy collisions. Need for   
      further study of real-time dynamics!
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