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\ Nobel Prize 2022 \

Nobel Prize in Physics awarded to Aspect,
Clauser and Zeilinger for work in quantum
mechanics

The Royal Swedish Academy of Sciences has
decided to award the 2022 Nobel Prize in Physics
to Alain Aspect, John F Clauser and Anton
Zeilinger, according to an official tweet. They have

been awarded the Nobel Prize for experiments
|

with entangled photons, establishing the violation

of Bell inequalities and pioneering quantum

information.science.
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Particle-level D
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Nature 633, 542 (2024)
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Rept. Prog. Phys. 87 (2024) 117801
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O The quark can not be a free particle due to the QCD confinement:

[ Hard process in high energy

[ Transition from high energy to low energy
—parton shower

O Hard Interaction J Low energy soft regime

® Resonance Decays .
m MECs, Matching & Merging —frag mentatlon
H FSR
M |SR*
QED
M Weak Showers - hard Scale
® Hard Onium
(O Multiparton Interactions
O Beam Remnan ts*
[ Strings
2 Minsrings / Clusters Parton shower
Colour Reconnections
String Interactions

| A 4
e ~—————— hadronization scale

W Hadronic Reinteractions

(*:incoming lines are crossed) Frag mentation

A\ 4

From PYTHIA 8.3

stable particles

O The light quark does not decay but instead fragments into a jet of hadrons after
produced from hard scattering

O spin information of light quarks?

The non-perturbative functions: the fragmentation functions 1



PDF and FF

-
-

Hadron =z~

Parton distribution func;i;)ﬁ BT
describes the probability of
finding a quark or gluon

-~

Crossing C_ e+h—e+X

Symmetry (.e'_+.e_+. = }_1+:Y

Parton =77~

Fragmentation function ~
describes the probability of
producing a specific hadron.

Low Momentum
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Dihadron pair production at lepton colldiers

Kun Cheng and Bin Yan, PRL 135 (2025) 011902

» The transverse spin correlation between light quarks: chiral-odd interference
dihadron fragmentations (collinear factorization)

» Light quark pair are 100% correlated in the central scattering region

. 9 .9
Cii = diag( sin® © sin” © 1)

1+cos20®’ 14+ cos2®’

» The maximally entangled Bell state: Bell inequality violation effects

13



Bell inequality of light quarks

do —~ ss’ 55’
A0 dQ,  herd D Psst 55 Dne gD n g

ss’ss’
1
ETI‘(DW'*'w—/q) = D(lz (21, Ml) )
1
ETI‘(O-ZDW"'W_/q) = O,

J. C. Collins et al, NPB 420, 565 (1994) Lo _ eRir o,

. L. ’ ’ 5 (O'iD,,ﬁ-ﬂ-—/q) = — |R, Tl Hl (Zl,Ml) X

1?
do i o .
Q21 degd M, dMpddrdd, — Ohard > " e2D{(z1, M1) DY (22, My) Unpolarized diFF
1U<2 1 2 1 2 q
1 _
+ 3 Z eng’q(zl, M) H (2o, My) (B_ cos(¢y + ¢2) — By cos(¢py — ¢2)>]
! Transverse polarized diFF
By =C,, =C
+ e vy B — 2<COS(¢1 +¢2)> _ A12
e i
2sin” © ]
By =0, B-= 1+ 02O o2 13, ea " (21, M) H " (22, M)
COS = - -
Mola T2 3 e2D1(z1, M1) D (25, M)

CHSH type Bell inequality || > V2
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Dihadron pair production

Purity : Tr(p?)[%)

—0.10 -
- ® Ajy, current Belle

- () O3, ] 100 99.8 993 985 974 960 943 925 90.4
~0.05 : % % % % % i

_0.15 ™ Aia, |cosO] <0.2
’ | | | | | | | |

o BT = syst: 0% cor

2.0 ‘ I o)

i b -T- Algsyst

I (b) 1.6 F syst: 100% corr
2.0 B - AB,stat—l—syst

m' . Bell- b P S Eeﬁngn-bcil ______

1.5 [ honlocal ) S Bell local N

A R b dnlin intie nfiad mialie Al ‘il Sl N AR Lo Lo Lo

Bell-local L) 0. 0.1 0.2 0.3 0.4
LO - ol . 9

0.2 0.4 0.6 0.8 2sin“ © Cmax
B — o
2 1+ cos? ©

Current data exhibiting no significant evidence of Bell inequality violation

The optimal cuts on

The light quark pair

scattering angle will significantly improved the results

would be a highly pure spin Bell state

Combined results: 2.5 ¢ for 100% correlated systematic uncertainties and 6.7 ¢ for

the uncorrelated case 45
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Particle-level D

MH=ETA
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e 58 N H R
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7

J. Datta et al, PRL 134 (2025) 111902
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