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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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Typical entanglement
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Nature 633, 542 (2024)
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" 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

OHard Interaction J Low energy soft regime
® Resonance Decays .
B MECs, Matching & Merging —fragmentation
W FSR
H |SR*
QED
 Weak Showers ——— hard scale
® Hard Onium
(O Multiparton Interactions
O Beam Remnan ts*
[ Strings
2 Minsrings / Clusters Parton shower
Colour Reconnections
String Interactions
E : e—Em's-'te; & Fermi-Dirac v
W Primary Hadrons = =
B Secondary Hadrons ——————— hadronization scale
W Hadronic Reinteractions =
(*:incoming lines are crossed) Fragmentatlon

A\ 4

From PYTHIA 8.3

stable particles

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

" spin information of light quarks?

The non-perturbative functions: the fragmentation functions a1
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Hadron =z~

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

Crossing c_ Aol i _:) _________________________________________________
Symmetry p

e+et > ht+X

Parton =27~

~ -
-~

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

Low Momentum
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# 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

. . 2 - 2
. In“! In“!
Ci =diag > ! >
: 1+cos?! '~ 1+cos?! ’

# The maximally entangled Bell state: "#$$%0&#'()$%*+,-%.$)*%.& #//#0*1
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1. %" (/2+$."-3%4* "5#-*2+$&60

J. C. Collins et al, NPB 420, 565 (1994)

do
dz1 dz2dM1dM2 d¢1d¢2 — Ohard

q

Z eng(zl, Ml)Dg_(Zz, M2)

:!hard bSSB(BU' |+|" D|+|" | q
ss' g
1
Eﬁ(pﬁ+w—/q) = D(lz (zla Ml) >
1
ETI‘(O-ZDW"'W_/q) = O,
1 Y RI
STr(0 Dt n-jq) = =~ Hyo¥ (21, My)
2 |Ri7l

Unpolarized diFF

+ %Zq:eng’q(zh M1)H1<I"7(22,M2)(B_ cos(¢y + ¢2) — B,y cos(¢py — ¢2)>]

B: ! Cy * Cyy

2 Sir? !

B. =0, B = 1+ cos?!

CHSH type Bell inequality |B| > -

Transverse polarized diFF

2(cos(¢1 + ¢2)) _ Aqo

21,22
M ,M>

[ eng’q(zl, M) H Y (2, My)

"2 Y e2DY(z1, M1)Di(z2, M3)
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0 B — Purity : Tr(p?)[%)

- (a) O ] 100 99.8 99.3 985 974 96.0 94.3 925 90.4
—0.05 % %% %% ] SEABEREEEEEESs T
—0.10 - % % ] .

- ® Ajy, current Belle ] |

— :,l Ay, |cosB] < 0.2 1
0.15 7 “tz 172~ 22 L Ry - syst: 0% coT

95 | Foro S 1 «
L b T _ | | -T- Algsyst
i (b) ] 1.6 syst: 100% corr
2.0 L . b — AB,stat—l—syst
m' I Bell- T b ] P S Eeu HQH-E)CELI ______
1.5 [ nonlocal it ] Bell local 7
I e e e A i S I L Lo L
Bell-local L 0 0.1 0.2 0.3 0.4
LO R A R H R R .
0.2 0.4 0.6 0.8 B = 2 sin ! Crmax
I —
2 ' 1+ cos? !

Current data exhibiting no significant evidence of Bell inequality violation

The optimal cuts on scattering angle will significantly improved the results

The light quark pair 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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> TP ELAE BAE FH ] BE 2 302 OO R [A) 1 B e R BR AN,
R -2 AT SO B 7 2K 3 4 e b
LT ) BR8N
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Particle-level D

HI3456JKLMNOPQR

S(TUV

CMS 36.3 fo~! (13 TeV)
L
ATLAS é . I/l POWHEGv2 + HERWIG++-+7, / #,
01T P @ | /8 MG5_aMC@NLO(FxFx) + PYTHIAS + 1, / f;
/s=13TeV, 140 fb /!! POWHEGV2 + PYTHIAS + 1}, /
/'l MC Stat.
~0.2 /I/ MC Stat. @ Syst.
— Entanglement boundary .
& loi Data extr. with PH+P8 m(tt) <400 GeV
o B,(tf) < 0.9
----------------------- - /8 Data extr. with PH+P8+1, A(tt) <.
-0.3f
oo oo o
it = Limit (Powheg + Herwig7) |
!m! (Powheg enn'/lg ) -0.491+9.028 s
---- Limit (Powheg + Pythia8)
@ B Theory Uncertainty
-0.5 . Data T H” g)
§ @ Powheg + Pythia8 (hvq) B
B Powheg + Herwig7 (hvq) ag:
-0.480+3:938 ———+— @
-0.6
340 < my < 380 380 < mg < 500 mg > 500 R S RSN SRR RS R
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
Particle-level Invariant Mass Range [GeV] D

ATLASHIIZHYConcurrence STRERBIBISTIS A—ECMSE[E
FRERBAFTAITIES eXd R pseudoscalar (HEHEADS, &

RAMZEZS)
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nopgrst

> VI 1 B & 2 ZE AN DU RN SR R,

A TR AL TAAERSN H B, A R R 5 5B
it AR RIS 9625 FE CGLMP AN S5 2

llml

> RS AR [RI A i 2 18] F) & 2 0

—ByoDymt = By By Dort — Untageed 4 ey A SMCH@N
1 1

= et

7r+7r_> + 7y |7r07r0> + |7r_7r+>]

J$H+EEICI&'@CH'A$+BS$798K/89<K<
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nopgrst

> 2R 2Y JH 1"HE%& (%) H#B,%--./0&1 *#234#56 T#BTI7:;#5<5=97
(1) MR g, KHA—+F KGRI
Cij =Clpizl,  pij = Trr(|¥)(¥])

(2) Hp—Rr 5%~ KRG

Citk) = /20— Trpd,),  piy = Tri(|¥)(¥))

> Hvm 1 BN &2 HE L E T i B

Quantum discord ) Quantum magic

Quantum
A
Bell non-locality
n - 0.6
Quantum Steering s
n E 0.4
Quantum Entanglement

n
Quantum Discord

v

0.2 0.4 0.6
Classical 20/n o < @06
co
[Han, Low, McGinnis and Su, arXiv:2412.21158]
[White and White, arXiv:2406.07321]
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Shadrons

1

unpgrst

23,4)**),#*,)$5,678,9:;,<=>=?@,999A>=

8
7
6
5
4 \\\ NN
3
2
1
0

* yl<21, 100 <p < 2500 GeV F

ATLAS data (rescaled) Vs=13 TeV

JAM Hadron NLO 2 = 1300 GeV?

ATLAS data (rescaled) Ys=7 TeV

‘ lyl <1.9, 4 <p!" <40 GeV

JAM Hadron NLO u2 = 22 GeV?

0—2

()

107"

(2)

- BT IR R RN

> bR E

73,B.(C#,#*))$5,=2>:3>D>:>

> =R ILSTRRIE  E3 F)GHE) #*,)$5,=7>73>>HD:
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> (EXHROLIR B 1 B T R DR 2B R T

IDE TN A RN =2 Y

NESEEP

L

> LB TE SR A ST T2 e e A P Qs 3 Y

FLIT ]

> HATATIRAT AR 25 2 T 2R R ) et AR i KK 5% 7

Blan. TG R T M RN BE R PR ALRR B e SRR

KR PANINEEYSN
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