Probing color confinement with
gquantum entanglement

Is entanglement deeply connected to the
fundamental structure of our visible universe...?

Kong Tu
BNL
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Quantum Chromodynamics

Confinement

Free quarks and gluons
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Mystery of Confinement

Theoretical problem

ABOUT PROGRAMS |V A PEOPLE PUBLICATIONS EVE]

Yang-Mills and Mass Gap

The laws of quantum physics stand to the world of
elementary particles in the way that Newton's laws of
classical mechanics stand to the macroscopic world.
Almost half a century ago, Yang and Mills introduced a
remarkable new framework to describe elementary
particles using structures that also occur in geometry.
Quantum Yang-Mills theory is now the foundation of most
of elementary particle theory, and its predictions have
been tested at many experimental laboratories, but its
mathematical foundation is still unclear. The successful use
of Yang-Mills theory to describe the strong interactions of
elementary particles depends on a subtle quantum
mechanical property called the "mass gap": the quantum particles have positive masses, even though the

classical waves travel at the speed of light. This property has been discovered by physicists from experiment
and confirmed by computer simulations, but it still has not been understood from a theoretical point of view.
Progress in establishing the existence of the Yang-Mills theory and a mass gap will require the introduction of
fundamental new ideas both in physics and in mathematics.

This problem is: Unsolved

Unsolved QFT problem.
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Mystery of Confinement

/ Theoretical problem \
I ABOUT PROGRAMS MILLENNIUM PROBLEMS PEOPLE PUBLICATIONS EVE]

Yang-Mills and Mass Gap

THIS NOTE IS
NON-NEGOTIABLE
IT'S SOLE PURPOSE IS TO
PROMOTE SPECIAL EVENTS

AND GOOD TINES.
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fundamental new ideas both in physics and in mathematics.

This problem is: Unsolved

Unsolved QFT problem.
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Mystery of Confinement

\ / Experimental problem \

/ Questions \

Nucleon structure
« Spin
Hadronization

\_ /

How does confinement manifest
itself in these questions?
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DIS and nucleon structure

Deep Inelastic Scattering
e'(k') ",

o(k) _ |
electron

P/A(P)

proton/
nucleus

1. Resolution ~ Q% = —q

QQ
2Pq

2. Momentum fraction ~ Tpj; =
“Exposure time”
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DIS and nucleon structure
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DIS and nucleon structure

Deep Inelastic Scattering
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1.

2. Momentum fraction ~ Tpj; =

DIS and nucleon structure

Deep Inelastic Scattering
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DIS and nucleon structure

Deep Inelastic Scattering
Parton Distribution Functions (PDFs)

6 = (1 HERA
e(k) ) Q< =10 GeV
| i
electron i
1 C
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pr oton/ é : > Y HERAPDF1.0
nu C/ eus ) 102 B experimental uncertainty
|| model uncertainty
1 . ReSOluthn ~ Q2 — —q2 QQ [ parametrization uncertainty
2. Momentum fraction ~ Tpj = ——— P04 1073 102 107 1
2Pq «

“Exposure time”
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3D nucleon structure

“Mother”
Wigner distributions

3D spatial & momentum
distributions

xp N

=9 <] .
L7 >
e \\’f
Q
3D structures:
* Generalized Parton Distributions (GPDs)
« Transverse Momentum Dependent (TMD) PDFs
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Parton Distribution Functions (PDFs)
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3D nucleon structure

“Mother”
Wigner distributions

ky

3D spatial & momentum
distributions

|
Xp : o ”/
by\.-<Q
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AZ/ Q \\75
Q
3D structures:
* Generalized Parton Distributions (GPDs)
« Transverse Momentum Dependent (TMD) PDFs

Parton Distribution Functions (PDFs)
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All known nucleon structure is derived from single particle distributions
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Structure beyond single parton

Let’s imagine
 If we measured all parton distributions
(1D 5 3D) with our best precisions.

 Consider it solved?

y i;,T G f »
9 0 g o COnflnement?
8 e ) (.~ 7 \‘ \}:‘);3
% >
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Structure beyond single parton

Confinement?

parton correlations?

2-partons

parton-parton correlations
@ensity, momentum, spins, etc..)

‘0 0@

/How does confinement manifest itself in \

multlpartons
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Structure beyond single parton

parton correlations?

2-partons

e Confinement?

\ @, ]

y 4 3 parton-parton correlations
”'o @ensity, momentum, spins, etc..)

‘0 0@

/How does confinement manifest itself in \

multlpartons

Can correlation help understand nucleon structure ?

BNL Physics Seminar
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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.
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Proton

/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
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Entanglement Entropy (EE)

Pure state

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

N o
\ Do
ACH ’
6 ®_
. > ),
N P > f
. 4 i
| 7 B
/
S

irtual T 0 Oed
virtua v %,
photon A . ‘ A

r~1/Q i O
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Entanglement Entropy (EE)

Pure state

Proton rest frame _ o prot = V) (V]

@ .\;3‘ O°B .9 B PA = Tre(ptot)

Q. (reduced density matrix)

r

virtual T - f'o o™ T 0 | $ SA — _TI'/OA In PA

photon A : - 97 @ A (von Neumann entropy)
“ @ Von Neumann entropy
r~1/Q o

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
Proton rest frame o prot = |U) (T
©0 ¢ %
. - =)
¥ ' p 0.
virtual r & - ‘;':L;,v
photon A @ J ‘ A
~ 0 _
r~1/Q ‘\i PB — TTA(Ptot)
: . (reduced density matrix)
L ~ 1/(mx) p Sp=—Trpplnppg

(von Neumann entropy)
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Entanglement Entropy (EE)

Pure state
Proton rest frame o prot = |U) (T
. 0 A . =
P Z { 0
e - vt i |
g o
irtual T T et 0“ |
virtua r 2, -
photon A = J ‘ A
S0 -

r~1/Q o

L ~ 1/(mx)

Expectation —EE S,=Sg + 0

23



EE in DIS

electron
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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

\ electron
J
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pa = ITp (,Otot)
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\

hadron entropy

P, is charged multiplicities

BNL Physics Seminar
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EE in DIS

g (Kharzeev & Levin 2017)

~N
SA — In [:IZG(CB, QQ)]

gluon entropy for low x

/

\_

\

hadron entropy

P, is charged multiplicities

electron

BNL Physics Seminar
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EE in pp collisions

proton-proton collisions

gluon-gluon fusion dominates

BNL Physics Seminar

28



EE in pp collisions

proton-proton collisions Large Hadron Collider has a lot of proton-proton collisions!

gluon-gluon fusion dominates

BNL Physics Seminar 29



Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)
(ZT, Kharzeev, Ullrich)

Q2 (GeV?)
1.33 1.07 0.93
Sparton Shadron .
4 OMSTW mCMSIn<05
| ONNPDF
| % HERAPDF

SEE
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Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)
(ZT, Kharzeev, Ullrich) 2
(GeV?) Sa=1In{zG(z,Q7))

Q
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s ! ! ! . _ xG ~ (1/x)A HERA
4 S ) S LY (17x) Q2 =10 GeV?
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4| OmsTW B CMSIn<05 | 7
O NNPDF | 1.
| | %HERAPDF ’
T NG J -
LLI =
d)) - 107" g
2 B | B
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10'2 - experimental uncertainty
|:| model uncertainty
8 * |:| parametrization uncertainty
O 1l ] ] Lo o1l 1 1 10-3 Ll ! Ll ! L I
4 -3 107 1073 1072 10" 1
10 10 y

PDF
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Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)

(ZT, Kharzeev, Ullrich)
ZT, Kh Ulrich . o / Parton: \ S4=InlzG(x, QQ)]

2
1.33 07 0.93
| ! ! ! i _ xG ~ (1/x)A HERA
s h S * Only gluons are LY — (1) Q2 =10 GeV?
S parton hadron - used at low x —
4| OMsTW B CMSInl<05 | 7
ONNPDF » _ i\
I B HERAPDE T * Minimum-bias data ;
L "\ Y, y - no hard scale in o
0 the process, use o
oL - saturation scale Qg :
. > — HERAPDF1.0
° Lead|ng Order 10'2 - experimental uncertainty
PDFS Only |:| model uncertainty
B 8 * T |:| parametrization uncertainty
1l 1 1 Lo o1l 1 1 -3 Ll Ll Ll IR
0 K / 1010-4 1073 102 107 1

107 107° .
PDF
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Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)
(ZT, Kharzeev, Ullrich)

Q2 (GeV?)
1.33 1.07 0.93
Sparton Shadron .
4 OMSTW mCMS <05 | |
| ONNPDF
| % HERAPDF
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Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)
(ZT, Kharzeev, Ullrich)

SEE

Q2 (GeV?)
1.33 1.07 0.93
| | I

Sparton Shadron .
| O MSTW B CMSInl<05 | |
| ONNPDF
| YHERAPDF

. Sk
107 107

Sp=—) PylogPy

102 T T T | T T T | T T T
PYTHIAep ml <0.5:  CMS pp Inl <0.5:

L ep 27x460 GeV o s=7TeV i

1 L xQ%)=(107, 2 GeV?) ®(s=236TeV |

e ® \s=0.9TeV 7

SN

) ™~ yproton o yhadron
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Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)
(ZT, Kharzeev, Ullrich)

4 Hadron: )

« Kinematics are
determined by
energy and rapidity

e Caveat - “Local
Parton-Hadron
Duality”

« Diff. between n
and y is small.

Q2 (GeV?)
1.33 1.07 0.93
| | I
Spar’[on Shadron .
| O MSTW B CMSInl<05 | |
| ONNPDF
| YHERAPDF
L
L
0p)
. Lk
107 107

/
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102

Sp=—) PylogPy

" PYTHIA ep Inl <0.5:

- O ep 27x460 GeV
| (x,0%)=(10°, 2 GeV?)

| T
CMS pp Inl <0.5:

e (s=7TeV
e s =2.36TeV
® \s=09TeV
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Measurement - pp data

Phys. Rev. Lett. 124, 062001 (2020)

(ZT, Kharzeev, Ullrich)

Q2 (GeV?) Q2 (GeV?) Q2 (GeV?)
1 .CI%S 1 .97 0.|93 1 .|27 1 .|03 0|.89 1 i1 0 O.?O Oi78
Sparton Shadron Shadron Shadron
4l O MSTW mCMSIn<05 B CMSn<1.0 4 B CMS Inl<2.0
| ONNPDF
| YHERAPDF
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i

N .

S o X
* 0
I 8 & o O
O||| Lol p | 1 1 Lol 1 1 1| ool 1
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X

X

X

Entanglement hints at pp collisions — agreement towards low x




Measurement - DIS data

s —

— — —
———
——
_—

—
—
4 o

. ——
Ry —

——
——

CJC (main detector, like the STAR TPC)
Stefan Schmitt, H1 spokesperson

N L A

(HERA - 6.3 km in circumference)
HERA experiments were shut down in 2007
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Measurement - DIS data

H1 experiment in Museum

CJC (main detector, like the STAR TPC)
Stefan Schmitt, H1 spokesperson

/

\_

2018\

| proposed to H1
Collaboration to
measure EE

Reanalyzed the
HERA top energy
e+p data

Published in EPJC

2021 )
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(biking in the tunnel of HERA)
38



H1 data

Event display

< Electron Proton—>
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H1 data

Event display
ep F 319 GeV

| Low Q2 Spacal event
10 H1 0. 037E;<y<0 0752
5<Q°<10 GeV o

< Electron Proton->
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H1 data
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Eur. Phys. J. C (2021) 81: 212 - 57 pages
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https://doi.org/10.1140/epjc/s10052-021-08896-1
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https://doi.org/10.1140/epjc/s10052-021-08896-1
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New results from sea quarks
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Current status

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

Current status

EE timeline

4 )
(Kharzeev & Levin 2017)

SA = In [QTG(QZ‘, Qz)]

* 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

\ )
=
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What’s next?

DIS
e,
N ‘ :/5
Xn
ktn B
Xn—1
ktn—l C

-

r

~

» Large acceptance with target region.
Correlation in rapidity?

 How about nucleus? eA? y

(A dedicated prediction is on the way)
SULI Summer Intern 2021 - Calla Hinderks

Stay tuned! 4



Near future — spin entanglement

EPR paradox

t-._.. tl e l

“Spooky action at a distance...”

BNL Physics Seminar
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Near future — spin entanglement

EPR paradox

t-._.. tl ’ —— o

Bob

\’6\4
- :
) ) a 56 \
SO° : .
o >
S !
. J@ s
\~\' 2, QCD string
* S 1D quark-gluon spin chain

“Spooky action at a distance...” ”fj% %f
strange quarks ~. /./'/
ge q A ‘\-\.}L _____ Y 2
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Near future — spin entanglement

EPR paradox

t_._.. 'l e l

How to know correlations are CHSH inequality test:
nonlocal or quantum mechanical? S = E(A,B)- E(A,b) + E(a,B) + E(a,b)
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Near future — spin entanglement

DIS

QCD string
- 1D quark-gluon spin chain

A: Bell-pair of
strange quarks

\
\ B: Bell-pair of
| strange quarks

e
§
g ’ "

5560 !
6666 /

X :%%h |
u L?@ Aﬁéb L%QQO 099999) /'/
&£ 4

%@ 666@66 5 B X

How to know correlations are
nonlocal or quantum mechanical?

D

A: Bell-pair of
strange quarks

+ —_
ete” orpp
s s -\'\\‘\
& u~
\g ; % {
X \
6O° \g
e \

N
B: Bell-pair of '~ pd
strange quarks \\l\ /./'/
‘\-\.}L _____ I—'I’

56606506006000, \
%% i)

|

|

I}

f?@
Qo
L0
@@

QCD string
- 1D quark-gluon spin chain

CHSH inequality test:

= E(A, B)-

BNL Physics Seminar
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1. AA, AA polarizations

ep or pp collisions
Theory development:

W. Gong’, G. Parida, ZT, R. Venugopalan
(Manuscript coming soon!)

Relative decay angle
reflects their relative spin

y (lab frame)

[
> 2

a-b

allb

* Barry M. Goldwater scholarship and featured on BNL Cover:
https://www.bnl.gov/newsroom/news.php?a=218869

0. = arccos(

)

A polarization w.r.t each other in their respective frames
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1. AA, AA polarizations

ep or pp collisions
Theory development:

W. Gong’, G. Parida, ZT, R. Venugopalan
(Manuscript coming soon!)

Relative decay angle
reflects their relative spin

y (lab frame)

L
> 2

a-b

allb

*Barry M. Goldwater scholarship and featured on BNL Cover:
https://www.bnl.gov/newsroom/news.php?a=218869

Experimental Search at RHIC:
Double A polarization in pp collisions. p
(Approved LDRD project 22-027 - FY22-23) b =z

0., = arccos(

)

A polarization w.r.t each other in their respective frames
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2. Quantum simulations

« 1D quark-gluon spin chain with strange
quarks with real-time unitary evolution.

« Simulations on a digital quantum
computer, where every parton is

mapped to a qubit.

State Prep.

Evolutions

Obs.

« N-qubits system — AA embedded in
a spin chain of light quarks

* Suzuki-trotter Unitary
U(t) = U(AL) ... U(AL)

* Measurements, e.g.,

CHSH inequalities

S S

Nuclear physics
problem

S

A

Nucleon
dynamical spin structure

Spin 2

Qubits Prep. Evolution Obs.

Io>j—|;-/—
O>—0.-
Spin Entanglement Suzuki-trotter
Unitary
|0)y—-+—
|0)—-/—
y—rti—

1w (1) = e 1)

Digital Quantum Computer
IBM Q-lab, 5,16,27,...,65 qubits




2. Quantum simulations

« 1D quark-gluon spin chain with strange

quarks with real-time unitary evolution.

mapped to a qubit.

State Prep.

Initial 5-qubit circuit setup for a Heisenberg
spin chain model with 1 Bell-pairs

[ ] L] | ] L ] Rz gl | || = 0 o - N | |
« Simulations on a digital quantum ~ S :
_ EHEE o E o EEHom I
computer, where every parton is o HE - —— = - e e
« f v ——* —R— SO —— O — —
o f— —v-m——h— —h——% e e e
5
C
« N-qubits system — AA embedded in ” i =S
a spin chain of light quarks «jfiHE <o H ¢ BE Bl ¢ Bl
qz H WS o WS e .. - - I NS WSS . -
-n2 -n2 2 w2 w2 -2 -nR2 w2
o Lol R . b — e
* Suzuki-trotter Unitary wl+—jl-o B - Erw - '},z-?
0 4
C

Evolutions 0 ~ 0(At) ... U(At)

Obs.

* Measurements, e.g.,
CHSH inequalities

BNL Physics Seminar

56



<sigma_z>

2. Quantum simulations

Proof-of-principle on a real quantum
computer — trotterized unitary evolution.

—e— spin chain j=1 Noiseless
1.0 H“\\ spin chain j=1 Lima

(IBM-Q 5 qubit chip)
0.5
0.0
-0.5
-1.0

0.0 0.5 1.0 1.5 2.0 2.5

Jt (time)

CHSH witness

Proof-of-principle on CHSH inequalities

—e— CHSH@t=0 Noiseless
CHSH@t=0.5 Noiseless

—e— CHSH@t=1.0 Noiseless

| —e— CHSH@t=1.5 Noiseless _. _. . o oo

0 1 2 3 4 5 6
Theta

Next step - submit a “large-scale” circuit to the IBM-Q with 27 or 50 qubit chip
(W. Li, ZT, R. Venugopalan)
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Summary

* Quantum features of QCD strings (May 2015 Scientific American)
are essential to our understanding of o
the fundamental structure, e.qg.,
confinement.

* Entanglement Entropy measured in
pp and ep DIS — a promising future
direction at the Electron-lon Collider.

Physicists have known for decades that particles
called gluons keep protons and neutrons intact—
and thereby hold the universe together. Yet the details

y mysterious

* Spin entanglement — a truly o oot s
interdisciplinary example between
the QIS and NP.
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Backup
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Most powerful microscope in the world

3D images of myelin
- the insulation coating our nerve fibres

~ 0.1-100 nanometer (10-° m)

BNL Physics Seminar

60



Most powerful microscope in the world

Electron Microscope ‘Femtoscope”
™ P ' IR s, R NGRS T L L L B L L 3
= 10;_ Rutherford (Atoms/Nucleus) _;
= - )~hcQ Hofstadter (Nucleus/Protons) -
% 1§— Q2 =~ s'X ° 3
5 f
£ i SLAC (Proton/Quarks)
e = Y =
5 10 5 FNAL E
2 ° _CERN ]
g 0'F :
- oC C ]
9 ol HERA (Quarks & Gluons)
: " ' 107 ¢ 3
3D images of myelin 1900 7920 - io40 7960 1980 2000
- the insulation coating our nerve fibres Year
~ 0.1-100 nanometer (10-° m) ~ 10-3- 1 femtometer (10-1°m)
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S, in DIS
~N pa = Tre(ptot)

g (Kharzeev & Levin 2017)

SA — In [CEG(ZC,QZ)] \

gluon entropy for low x

electron

DIS at low X

« Exponentially large number of
partons - equipartitioned states

(2G(z,Q%) ~ (N) >> 1 |
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S, in DIS

g (Kharzeev & Levin 2017)

SA — In [.CIZG(CB, Qz)]

gluon entropy for low x

~

EE in 1+1d CFT?

-

\_

C L A

€

c is central charge, L is the length of region
A, € is resolution scale of the measurement
(see Int.J.Quant.Inf. 4 (2006) 429) /

\ electron
J

BNL Physics Seminar
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S, in DIS

. )
(Kharzeev & LeVIn 201 7) [ I'm not sure that these shoes really 9 with thesi

trousers... what do you all think ?

Sa=1Inl[zG(x, Q°
A 2G(z, Q7)) U R \

gluon entropy for low x

-

Theory questions:
Generalized EE in DIS?
- Not equipartitioned?

- Sea quarks?

»

“D igression

\ - other models? / During an interview, it's important to be succinct

and ovoid too many diaressions or side issues.
y a9
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Next generation QCD machine - EIC

High energy & luminosity accelerator
machine with beam polarization.

¢ /s = 20-141 GeV
« L., 103 cm2s

Polarization (e & p) = 80%

Hadron Storage Ring A = p roto N to U ran | um
Electron Storage Ring

Electron Injector Synchrotron

Dossible on-energy Hadron EIC project milestones:

imneoemse. CD-0 (Jan.2020), CD-1 (Mar. 2021)

Sited at Brookhaven National Laboratory
Electron-lon Collider SNL Physics Serminar o



EIC physics

\ High energy & luminosity accelerator

Spin machine with beam polarization.
¢ /s > 20-141 GeV
Tomography * Lpax= 10% cm? s7

Polarization (e & p) = 80%
Hadronization A = proton to Uranium

EIC project milestones:

Saturation CD-0 (Jan.2020), CD-1 (Mar. 2021)

/
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Detector concepts

Far forward detections

Electron Central Detector
2 }to D/ipoles crab — Icrab
TR e-Tagger Low ang p I paa
— I;fl- e NN I / / \_rlﬂli_|__, ™ 0 7 or
é O ] 1 I } I | L~ LE
< solenoids = IR —~zDC ‘I
e el 0
{] = Liml . . 4
= Spin Rotator monitor cr‘ab Spéglg%tgggn
Hadron crab :
Backward -4/ Rear = Forward
EMC | x -100 -50 0 50 100

Z[m]

General-purpose detector concept
- wide rapidity range (-4,4)

Complex IR design

Large acceptance with target fragmentation — EE in ep and eA
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