SPIN CORRELATION & ENTANGLEMENT

AT COLLIDERS <TPA
z{Q ﬁ\o
Tao Han o //m
Pitt PACC (&
University of Pittsburgh . % .

Sino-Thai International Summer School

SYSU, July 14, 2026

1y
[

arXiv: 2311.09166; 2407.01672; 2410.08303; 2507.12513
1

K. Cheng, TH, M. Low, A. Wu:



I. Introduction

INTERNATIONAL YEAR OF

Quantum Science
and Technology

unesco

2025

1925: Werner Heisenberg revolutionized the understanding
of the sub-atomic world.

On the quantum-theoretical reinterpretation
of kinematical and mechanical relationships

By W. Heisenberg in Gottingen

(Received on 29 July 1925)

1926: Ervin Schroedinger established the wave equation,

Quantisation as a Problem of

Proper Values (Part I)

coined “quantum entanglement”

(Annalen der Physik (4), vol. 79, 1926)

I believe, very deeply at the true nature of the quantum rules.

differential equation,

1) H<q, %g) =E.

§ 1. In this paper I wish to consider, first, the simple case of the
hydrogen atom (non-relativistic and unperturbed), and show that the
customary quantum conditions can be replaced by another postulate,
in which the notion of “whole numbers ”, merely as such, is not intro-
duced. Rather when integralness does appear, it arises in the same
natural way as it does in the case of the node-numbers of a vibrating
string. The new conception is capable of generalisation, and strikes,

The usual form of the latter is connected with the Hamilton-Jacobi



Quantum Entanglement

Prof. Bertlmann’s socks:
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sub-systems inseparable, even 1n a space-like separation.
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Alain Aspect John F. Clauser Anton Zeilinger

; Université Paris-Saclay & J.F. Clauser & Assoc., University of Vienna,
Ecole Polytechnique, France USA Austria

“fér experiment med sammanflatade fotoner som pavisat brott mot Bell-olikheter och
banat véag for kvantinformationsvetenskap”

“for experiments with entangled photons, establishing the violation of Bell inequalities and

. ioneering quantum information science”
#nobelprize R o

Finstein-Podolsky-Rosen
The 2022 Nobel Prize in Physics was awarded to Alain Paradox (EPR)
Aspect, John Clauser, and Anton Zeilinger for their - .
groundbreaking experiments in quantum mechanics,
specifically for their work with entangled quantum
states. These experiments established the violation of Bell

= Second Quantum Revolution: QIS
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Nobel Prize in Physics 2025

John Clarke Michel M. Deyorest John M. Martinis
Yale University, New Haven, CT and . . . .
Univer Sity of California, Berkeley: USA University of California, Santa Barbara, USA Unlver81ty of CallfOI'Hla, Santa Barbara,

“for the discovery of macroscopic quantum mechanical tunnelling and energy quantisation

in an electric circuit”

Silicon chip with
. P Power connector Microwave contact Copper tubing Josephson junction

= Quantum computer?



“Ouantum mechanics describes nature as
absurd from the point of view of common sendse
And yet it fully agrees with experiment. So 1
\ hope you can accept nature as She is - abourd.”

-- Richard Feynman

Macroscoplc Quantum Phenomena:
- Superconductnflty superfluidity

e Bose-einstein condensation

Quantum technology:
e MRI, NMR, Laser

* Semiconductors, fast electronics, computers

“Second Quantum Revolution”:

> Ouantum sensors, quantum communication
. Ouantum simulations, quantum computer

Quantum Mechanics / QFT continues to push the
boundary of human knowledge!



[1. Setting the Stage: Quantum Tomography

For a state vector |¢;)

Density matrix a state an observable

p=) mni|d:) (¢ (O) = Tr(Op)

[/

For a pure state: n; =1; for a mixed state: . n. =1.

For a single qubit (ie., a doublet of spin, 1s0-spin etc.):

[0}

: 1
in terms of Bloch vector B;: »=5(L+Y B

For a bipartite system (ze., 2 %)

1

p = Z(]Ll + Z (BZA (0;® 1) + B (I, ® 0i)) + Zcz‘j (0 ® Uj))

BA7P the polarizations, C;; the spin-correlation matrix.
The 15 coefficients for the bipartite 2 Quantum Tomography
which encodes the full quantum information.
Straightforward to generz&lize to qu-trits, qu-dits ...



Quantum Entanglement

Peres-Horodecki Criterion: the concurrence,
that can be written in (;, the eigenvalues of C;;:
Clp) = %(Cn + C33 — C22 — 1)
0<C(p) <1

I \
Maximumly

No entanglement
entangled

John Bell’s Inequality

Alice & Bob’s two correlated measurements can be cast to
Clauser-Horne-Shimony-Holt form, that classical/LHVT satisties:

pure |w> mixed ()
(A1B1) — (A1B2) + (AsB1) + (A2B3) < 2

OI'Z 510(51—62)+520(31+52)

B =V2(Cs3 — Ca3)

<2

Bell non-local: 2 < B(p) < 2v2



Quantum Information Observables
With the quantum tomography C; :
= much more quantum information.

* Entropy = “randomness”
Classicaﬂy: Shannon entropy H(X)=- > p()logy(p(x))

QIS: Von Neumann entropy  S(p) = —tx(

* “Discord”: the difference between the
total mutual information /(p) and the
classical mutual information J(p,)

0<D(p)=1(p) - J(ps) <]

* “Magic”’: non-stabilizerness for quantum computing

(a stabilizer state can be effectively simulated classically)
The second stabilizer Renyi entropy:
L pep, Tr(pP)’ L+ 35 (B + X, (B))' + X4 (Cy)'

Y pen, Tr(pP? = B2 T (BIE , (B )+ 3, (Cog)?

My = —log,




Disclaimer:
We Do Not Set up to Exclude LHVT

John Bell's setting: Alice & Bob free will experiments

e Low energy photon experiment

) B

Alice < source _ Bob

HEP experiments: intrinsically QM!
* Probabilistic distribution in space-time (not by Alice & Bob)
* Classical observables: E, p, tracks, angles ...

e At LHC, treat the spin of each particle as a qubit

t t

< collision >
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ITI. QIS in Collider Experiments

Our goals:
In the framework of QFT,
unprecedented relativistic regime at colliders:
* We lay out the QM predictions
* Perform quantum tomography
* Construct quantum information obsrvables:
Entanglement, Bell variables, Discord, Magic ...
* Understand deep quantum nature
at this unprecedented regime & seek for BSM effects.

HIGH ENERGY
~ PHYSICS

QUANTUM
INFORMATION

scence. | Afik and Munoz de Nova, arXiv:2003.02280;
‘ ’ M. Fabbrichesi et al., arXiv:2102.11883;
Ae) Bareét als arXavi2 1060157745

Much recent enthusiasm & interests!
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Quantum Tomography @ Colliders

* All “classical observables”: energy, angles ...

 Random events in space-time.

* Follow OM production/decay prediction. .. j -
thus statistically: “fictitious states”! | /

Y. Afik, J. de Nova, arXiv:2003.02280; K. Cheng, TH, M. Low, arXiv:2407.01672.

Two paths to proceed to quantum tomography;

Kinematics:

®

— e wem wen e e s el

Quantum state p

®

1
4

p=—(l4+Z(BZ4 (0; ®Iz) + BY (

Decay:

- e e mes s s s

I,® 1) + Y Cij (01 © 7))

0,3

Both inherit the SAME quantum information!

32



(1). Top-pair & spin correlation
decaying to A1,2,5 ; B1,2,3

muon

o(XY — tt = (A14245)(B1B;Bs)) = e 1)y m
dF df‘_" % neutrino
A10B ab =
[ 491407 (G R (53)
dF / { 2 proton beam
abO(dab-l-K)O'ébQi 7 &

ds?2
Spin analyzing power

l do
o dQAdOB  (47)2
I \

Direction of A, B

z C.. — 4 ]\7((3059{100549;-B > O) — N(cos@fcosOJB < O)
Y gAgB N(COSHZ-ACOSOJ-B > 0) + N(cos@fcos@f < O)
performing top-pair tomography!

13



(2). Kinematic Approach for 2 2 2 Production

QCD production S |M|?
qq — tt Kq (2 - ﬂ2sg)
gLgr — tt ngﬁ2s§(2 — ﬂzsg)
—>
@p-0 @
q _ _ q
—> -@- —>
LY

spin correlation matrix C;; £
2—32)s2 2cps9+/1—32
(2—62129 0 —C";fng tané = %tane
_ﬁ2s2
2cgs94/1—32 0 2c5+B°s; tané = Ltané
o 2—B233 2—,8233 7
All C;; encoded in the

production kinematics:

et O & B=(1-4m,%/m %) 12

£=0

K. Cheng, TH, M. Low, 2410.08303.
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Theory & Observation:

(Many theory papers; ATLAS & CMS publications.)

1
C=§(011+C33—C22—1), C >0, B> 2,
B = v/3(Css — Cap). for entanglement
Concurrence Bell

1000f;

0.5

0.5
900

0.4 0.4

0.3 0.3

mz; (GeV)

mg(GeV)

0.2 0.2

0.1 0.1

400

0.0

0.0

. Threshold: oosted:
singlet dominance ;v  triplet dominance
 Threshold: * Highly boosted:
high rate, low sensitivity Low rate, high sensitivity

J 369



CERN press release on Sept. 19, 2024

CMS 36.3fb~" (13 TeV)
COLLABORATION I/ PO|WHEGv2 +|HERWIG+I++77t ! A | |
I/ MG5_aMC@NLO(FxFx) + PYTHIAS + 17, / ,
/! POWHEGV2 + PYTHIAS + 7, / s
[/ MC Stat.
1/ MC Stat. @ Syst.
Entanglement boundary

CERN Accelerating science

m(tt) < 400 GeV

"SPOOKY AGTION AT A o Dot it ey B0 <09
DISTANCE® BETWEEN THE
HEAVIEST PARTACLES I

-0.491+3928  +—o—t
o4l ATLAS é ol
/s=13TeV, 140 b’ | ®
l 3
L
0.2 )
O ' -0.48073%8  ——e—— )
) é.
= [T eoamapraida - L L 1 Il | | L Il 1 | L L Il L | 1 1 | Il I Il 1 L 1 | | 1 1 L
2 sl separable | 060 -055 -0.50 -045 -040 -0.35 -0.30
& | sosemseesse e me s =] D
IS}
= entangled , , CMS 138 b (13 TeV)
o ] — 221
e = —— Limit (Powheg + Herwig?) Oﬁ C Data
---- Limit (Powheg + Pythia8) T 2F stat, total unc.
@ M Theory Uncertainty - - Powheg+P8
_O 5 . Data O 1'8 __ - POWheg+P8+ e e — ——" a— — — —
§ @® Powheg + Pythia8 (hva) + - Powheg+H7 ~  ~ oo
. 1.6~ MG5+P8
I Powheg + Herwig7 (hvq) = u )
'S . N -----MiNNLO+P8
0.6 1.4 .
340 < my < 380 380 < my < 500 mg > 500 I -
> [ S ")
1+ C  ATLAS 2311.07288 L e S ——
D — N 2.2(2.4)c 6.7(5.6)c
T 3 CMS 2406.03976 - | Separable states |

m(tf) > 800 GeV

m(tt) <400 GeV Icos(6)l < 0.4

Rep. Prog. Physics 87 (2024) 117801 16



Quantum Discord in top pairs
(beyond the classical mutual information)

O< DPI=I(P) - IP,) <1

DA[pnrk | L
0.9 boosted ——
0.8 575 - 0.8
R ZZ separable ::
é: 0.5 399 2“'
«Q 0.4 377

361

threshold e

Crr (0, Myz) Cr(6, My) 0
0 0 Cn (0, My)

- ( v(0, M) Cir(6, M) 0
C elcnty

\—/
©c ©°
N w

0.1 e — I 347
0.2 0.4 0.6 0.8 1.0
20/n
Threshold Region Separable Region Boosted Region
(€rec) D 4(ps) (€rec) D 4(ps) (€rec) D a(ps)
Parton 0.200 £ 0.003 0.255 £ 0.008 0.197 4+ 0.003

Reconstructed | 0.10 0.23 £ 0.04 0.28 0.18 £0.05 0.08 0.20 + 0.05

5.70 3.60 4.20

17 TH, M. Low, S. Su, arXiv:2407.01672.



“Magic” in top pairs

Computational advantage a quantum
computer over a classical computer:

Fast top quarks

o e 2

2000 [

1500+

m (GeV)

1000}

500 -

————
0.0 0.2 0.4 0.6 0.8 10
(2/m)8

Slow top quarks

White, White, arXiv:2406.07321
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Tr(pP)*
My = —log, 2_pep, Tx(p )2
ZPePn Tr(PP )
138 fb' (13 TeV)
N [
S 1.4: CMS I Data
1 9F Preliminary stat, total unc.
- Powheg+P8
= e Powheg+H7
0.8 - MG5+P8
L e MINNLO+P8
0.6 |
0.4F
0.2- i
'0; | LT e
300400 400-600 600-800 >800
m(tt) [GeV]

Entanglement doesn’t
dictate Magic!



BSM Contributions: SMEFT

I RI,SM 4+ RI,EFT
P~ Ty(RISM) 1 Tr(RLEFT)

C. Severi, E. Vryonidou

A 1 R. Aoude et al.
— A A )
arXiv:2210.09330 O = g5 (Qo*'T"t) $ G, + hoc.

arXivi2505.12522
Quantum tomography  #M,(SMEFT c,) — M,(SM)
Ot |

0.8

0.6

- 0.4
’ - 0.015

0.2

0.010

Difference from SM

0.005

—-0.50 -0.25 0.00 0.25 0.50
CtG [A=1TeV]

Percentage
Modifications feasible

—-0.005
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IV. Quantum Tomography of a Fermion

Pair in Polarized e¢"e¢” — ff
Y.—C. Guo, TH, M. Low, Y. Su, arXiv:2602.02719.

; : L_ 95.(9% + 9k) s
Effective couplings W=0Qr+ e a ™ st ritymy’

for polarized beam RL, LR: ;¢ _ (o~ s

2c2,s2, s—mZ+il'zmz’

R _ 95(91 + 9%) s
= Quy+ BIAI) o
: ot s r_ _95(9L — gh) s
Spin correlation: fhm I
. s (f(2— B) — f45%) 0 ~2(fico £ fvfaB)ser/1— B
Ci=5 0 (3 - 5} 0
Afet frfaB)s /T 0 [R2G+ 6% + A+ &) £ 4f faf

2(fv £ faco)(fa £ fveo)
fo+ f2)(1+c5) £ 4fv face’

Concurrence c¢-= 5233(f2‘2;_fi). & Bell: B=2v1+c2
reaching the maximum C — 1, B — 2v/2 at cosf = Ffa/fv.

. . 1+ Zz (Bz'+)4 + Zj (Bj_)4 + Eij (Cij)4
Magic: Mo = =108 T BT Y, (B )P 4 5, (O

tf polarizations: Bf = (

20



(1). ete™ — tt the threshold and well above

efeg—>ti efep— t 1
— 1000 ®B

900

2.45

800 W 2.40

LD

\; 700 2.30

225

00 220

500 215

2.10

400 203

02 04 06 08 1 0 02 04 06 08 1
o/n o/n

* No entanglement near threshold,

nor in backward/forward scattering
e Maximum at

with f%/ff ~ 0.6 and f5/f ~ —0.5.
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Full tomography in e"e™ — ¢t

1.0 LOf——— 1.0 —
+ - 7y
e e -t - N o p A
e e it ete -t P N\
0.5 = 0.5 B (enel)” [ /A \
\/; L Iey \/;:1 TeV i /' 03 \/Ezl TeV /// T :
B;(e*e)
. 0‘0(/—\ we ool -
~0.5} e ' —0.5} : ol = erek
O er) T W | B [ e el_iez
-1.0 . A A . Y e— . . . . —1.0f unpolarized
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 : - - - -
o o 0 0.2 0.4 0.6 0.8 1
lus o/
RL € - LR flip f-polarization B; Cy insensitive to RL
unpolarized 1.0
—— unpolarized
0.8} s < e
_____ eL eR / \\ .‘. ,/ AN

0.6f

M,

0.4f

0.2}

\Vs=1TeV
0.0L—=—"" - - - KN
0 0.2 0.4 0.6 0.8 1

O/ | 0/n
* Entanglement local max = Magic local min!

* Magic twin-peak around local min

e ZGI’O entanglement may have non-zero magic!
22



(2). ete” —»~,Z — pTp~ at the Z pole & beyond

erer U p ereR— "
300 - @ 300f g “ i g
. 250} 250} | |
E W chlral, 0.9 | | 2.8
5 200f { g0 200f 2.7
asymmetric 2 0.7 B 26
L& 150} 0.6 2 150t 1.,
100¢ 0.4 100} 2.
03 |- 23
1 50} 5 50} 2.2
QED symmetric 0: 22
- _ )
of i i
0 02 04 06 08 I 0 02 04 06 08 |1
o/n o/n

- 1 U B polarizations correlated w. entanglement
* Max entanglement = low magic

unpolarized e*e — utu~ unpolarized

400 -
P 300 Mz
250¢
300 | 33; 0.40
= 085 g 0.30
2 200 B 0.80 2 150F ] B 0.25
0.75 0.20
0.70 100t 0.15
0.65 0.10
100 '
0.60 50 0.05
0.55 0
O




V. Quantum Tomography in flavor space
K. Cheng, TH, M. Low, A. Wy, arXiv:2507.12513
For a neutral meson — anti-meson system:|Mm°) — |m°)
such as |5% - 5%, |D% — D%, |K?) — |KO)
we can treat them as 2-qubit systems:

|M1>:p|M>+Q|M>v with (mla I‘1)) H: (m—Zg H12 )
|M2>=p|M>—q’M>, with (mg, FQ), H21 m—lg
: . . 1> + R;o;
The density matrix tor a flavor-qubit: p, = =~

Flavor eigen-states |M°),|M°) by Bloch vectors R - (0,0,+1)
so that: 0.|M) = +|M) 0. | M) = —|M)

Mass eigen-states |M),|M,) by Bloch vectors Rt = (£1,0,0)

The density matrix for a 2-qubit system:

14 -i—R‘ZAO’z' Q1o + R,iBl].Q X o; + Cz'jO’i X 0oj
Puv = 4

Bloch vectors R;*" correlation C; specity quantum tomography.

24



—

* [M?),|M°) State evolution: ? - X xRt X=(Am,0,0)
R.(t) = R,

A 3 , Ry(t) = Ryct + R.sy,
(ike an LC circuit)  R.(t) = B.c; - Rys:,

Oscillatory Precession solution:

c; = cos(Amt), s; = sin(Amt)

Thus: Res(y o R 2 (0) 2 R (b), but not R_(1).

* Decaying to CP eigen-states (e.g., B = J/y Kg):

1 + R (t) 1'0:\ —_— IVV(t)+N ® ' ‘ -

FM(t)—)f+ = 21: FM1—>f+ - (1 -+ Rm(t))rM—)f+ 08 N:,) ! A

d(N; + Ny) RN “

+ f > “\ N/ N '
J i e N(t)FM._)f = 04/
dt T .. R.=1
02f o Ssel e
— NO C_Ft(Cht = RmSht)FM_)f “\\ \'\-:::'_‘_ _______

0.0 LTt e, P LS ST

(ike an RC circuit) .

FIG. 1. In percentage, the total number of mesons (dashed
lines) and decay products (solid lines) as a function of time,
with different Bloch vectors at ¢ = 0. Calculated in a toy
example with I'y =Ty

Thus R_(t) determined = full quantum tomography R;(1)!
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(a)

Age

(b)

Ag

Reconstruction of quantum tomography

L/t
0 1 2
15000¢ BOFO 1 Monte Carlo ]
10000 F — Fitted ]
5000 f /\ [\ /\
o AETANANPAN /\
: VR VAVA A
-5000f ]
-10000: 12
! 0<1‘2<——”
-15000 . ‘ . . . 6 Am
0.0 0.5 1.0 15 2.0 2.5 3.0 35
t1 [ps]
t/ts
0 1 3 4 5 6
0 —
—0 [ Monte Carlo
KK — Fitted
-50000}
-100000}
O<t< L 2m
- < — —
150000 " i i 1 " i 1 i " " 1 " " i 1 " " " ‘210A
0.0 0.1 0.2 0.3 0.4 05

t1 [ns]

BB fitted K°K° fitted Obs
pBen (pr) pBen (pr) '
040.02 (0£0.017) 040.0015 (0+£0.0018) New
0+0.02 (0£0.016) 0+0.0017 (0+0.0018)
040.001 (0+0.0010) 0+0.0019 (0+0.0021) Y
0+0.001 (040.0009) 0+0.0014 (0+0.0016)
0+0.001 (040.0008) 0+0.0020 (0+0.0023) AB
0+0.001 (040.0008) 0+0.0015 (0+0.0016) !
—140.3 (—0.840.29) |—1+0.0031 (—0.8+0.0032) | Ntot
0+0.02 (0£0.018) 0+0.0023 (0+0.0026) AA
0+0.02 (0£0.017) 0+0.0017 (0+0.0019) !
0+0.02 (0£0.015) 0+0.0025 (0+0.0029) AB
0+0.02 (0£0.016) 0+0.0018 (0+0.0020) !
ny +1+40.001 (—0.8+0.0010) |—140.0027 (—0.8+0.0023)
Cyz 0+0.001 (040.0008) 0+0.0022 (0+0.0020) Aff
Czy 0+0.001 (0+0.0008) 0+0.0021 (0+0.0017)
C- IF1£0.0011 (—0.840.0009) [—140.0010 (—0.84-0.0011)
T E I. The central values and statistical uncertainties of

the Fano coefficients in the B?B? system and in the K°K°
system, using the initial states pgen and px with K = 0.2.
Each system uses 107 events and 40 pseudo-experiments. The
statistical uncertainties scale as 1/v/N.

K. Cheng, TH, M. Low, A. Wu, arXiv:2507.12513
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Quantum Information in MM system
Quantum tomography C; 2 much more quantum information:

B°RB° K°KP°
Concurrence 0.69+0.14 0.702+0.002
Bell Variable 0.1854+0.0014 | 0.188+40.003

Quantum Discord 0.58+0.10 0.617+0.002

Steerability 94+1.3 9.52+0.03
Conditional Entropy| —0.154+0.29 |[—0.15740.005
SSRE 0.38+0.15 0.388+0.003

“Concurrence”: (entanglement CHSH): 0< C(p) <1

Bell inequality violation in QM: B=|c,, +C..| - V2.
—/2 < B < 0 indicates a Bell local state and 0 < B < 2 — /2 indicates a Bell nonlocal state.

“Discord”: the difference between the total mutual information
and the classical mutual information
(Shannon entropy vs Von Neumann entropy) 0< D(p,) <1

“Magic”>0: non-stabilizerness for quantum computing
(stabilizer Reny1 entropy) : 4 = -logy[{(p)]
27



A lot more to do
At the LHC:
* Higgs 2 T't, WW*, ZZ*%, ... (J=0)
* Drell-YanZ 2> u -, Tt T ... (J=1)
* Qutrits: WWZ, WWy, ... 4 tops ...
At lepton colliders:
secre-2 U I, T T tt, WW, ZZ, ...
* e"p2e " pande®q (EIC, LHeC)
* tau-charm factory
* Polarizations help =2 transverse unique!
Flavor oscillations: (CP violation)
* Kaon factory

* B-factories
And more QI variable to construct!

Explore the nature of decoherence / BSM.



VI. Conclusions
Collider experiments produce a large number of

quantum states at the unprecedented energy regime.
Perform the quantum tomography & Ol:
Entanglement, Bell varables, Discord, Magic ...
Two paths to quantum tomography @ colliders:

= Decay & without decay

Flavor oscillations/decays new avenue to QI.

Understand quantum & seek for BSM effects.

Quantum Information meets High-Energy Physics: Input to

the update of the European Strategy for Particle Physics
arXiv:2504.00086

Contact Persons: Yoav Afik *!, Federica Fabbri 123, Matthew Low **, Luca Marzola 359,

Juan Antonio Aguilar-Saavedra’, Mohammad Mahdi Altakach®, Rafael Aoude®, Nedaa Alexandra Asbah'®,
Alan J. Barr!!, Alexander Bernal”, Pawet Caban'?, Kun Cheng?*, Regina Demina'3, Antonio Di Domenico'#13,
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QIS @ colliders > New observables & rich physics!




