Studying Bell nonlocality of light quarks and new physics
effects in fragmentation hadrons at lepton colliders

Bin Yan
Institute of High Energy Physics

CEPC 2025
Nov. 5-10, 2025

Based on Kun Cheng and Bin Yan, PRL 135 (2025) 011902,
Kun Cheng, Tao Han, Guanghui L1 and Bin Yan, working in progress
Qing-Hong Cao, Guanghui Li, Xin-Kai Wen and Bin Yan, 2509.18276



Quantum information at collider

»Quantum entanglement and non-locality are distinctive features of quantum systems
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Quantum information at collider

»High energy: the scattering involves both the QCD and electroweak interactions

The results open up a new perspective on the
complex world of quantum physics
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ATLAS and CMS has observed the spin entanglement of top quark pair

»New features:

U Particle spin can not be measured directly

L New degree of freedom for spin-1 particle (Longitudinal mode)

U New features from interactions: parity violation, QCD confinement
U Entanglement beyond the spin space: flavor

U Quantum information and QCD confinement

Quantum information in high-energy physics is an emerging and rapidly growing
field at the intersection of particle physics and quantum theory



Quantum information in collider

ATLAS and CMS has observed the spin entanglement of top quark pair
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Quantum spin entanglement

The spin correlation of fermion pair can be described by the general density matrix

L ®Ix+ Bijo; @ I, + Bil, ® 0, + Cj50; @ 0
B 4

0

» B,;, B; :the polarization of each particle

> Cij . the spin correlation of top quark pair
_ A B :
A separable state can: paB = Z PwPyw @ Py, , Entangled is non-separable

Entanglement can be measured by the concurrence observable

cg(p) = max(O,)\l — )\2 — )\3 — )\4)

A;: eigenvalues of matrix: NG, p= (02 ® 02)p* (02 ® 07)
W. K. Wootters, PRL 80 (1998) 2245



Entanglement and Bell inequality

A

Bell (CHSH) inequality: A, ==+ 1, B, = + 1

l

A=d-6, B=ada-6, (ABy=a-C-b

Bell inequality is violated iff we can find four directions 51’1,2, 51,2 so that

al-c.(Bl—62)+52-0-(61+32)‘ > 2

Fix some direction a ,, 51,2 Scan d, ,, b; , to maximize
=2/ +c}>2
e.g. \/§|Cm + Cyy| > 2 Blp] ci +c5 >

c12, 022 are the largest two eigenvalue of CC.



Particle-level D

Quantum spin entanglement

Top quark pair:
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Quantum entanglement and nonlocality

Bell inequalities §
violation |

Bell singlet

Testing Bell inequalities violation is much difficult than entanglement



Quantum entanglement of top quark

Solid: Entanglement

. L Y. Afik, J. fum 6 (2022) 82
Dashed: Belle inequality violation 1k, J. de Nova, Quantum 6 (2022) 820
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Quantum entanglement at colliders

» Top quark pair

» Tau lepton pair

» Gauge boson pair

> Flavor

» Entanglement & NP

The spin correlation between
particles can be measured from

its decay products
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Quantum entanglement of light quarks

L The quark can not be a free particle due to the QCD confinement:

J Hard process in high energy

O Transition from high energy to low energy
—parton shower

Oftard Interaciin J Low energy soft regime
® Resonance Decays .
B MECs, Matching & Merging —fl’ag mentatlon
W FSR
W |SR*

QED
W Weak Showers e hal"d Scale
W Hard Onium
(O Multiparton Interactions
O Beam Remnants*
[ Strings
[ Ministrings / Clusters Parton Shower

Colour Reconnections

String Interactions

E(J-S&Ein::e;n & Fermi-Dirac v
M Primary Hadrons . .
B Secondary Hadrons ————— hadronization scale
M Hadronic Reinteractions .
(*:incoming lines are crossed) Fragmentatlon

\ 4

From PYTHIA 8.3

stable particles

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

L How to probe the spin information of light quarks?

The non-perturbative functions: the fragmentation functions
11



PDF and FF

-
-

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 =77~

~ -
-~

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

Low Momentum
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Spin information of light quarks

Leading Quark TMDFFs

Un-Polarized

(V)

Unpolarized

Quark Polarization
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The spin information of light quarks can transfer to the hadrons: e.g.

Collins functions
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Example: Collins asymmetry
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The spin transfer effects have been observed! (TMD)
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Dihadron pair production at lepton colldiers

» 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

sin” © sin® © 1)

Cz:d. s I
! 98 (1 +cos?20’ 1+ cos?20

» The maximally entangled Bell state: Bell inequality violation effects
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Bell inequality of light quarks

do

/ —_
. - SS SS
amas, ~ Ot D e D Dn
SS8'SS
1
Eﬁ(pﬁ+w—/q) = D(lz (zla Ml) >
1
ETI‘(O-ZDW"'W_/q) = O,
Eszj
J. C. Colli 1 __frfir g
. C. Collins et al, NPB 420, 565 (1994) i’I&*(az-D,,+,,—/q) = — ol H % (2, M),
1,7
do 2 G V . .
— Ohar D¥(z1, My)D¥(zy, M.
G214, d M1 dMyddrds, e zq:eq 1(z1, M1)D{ (22, M) Unpolarized diFF
1 _
+3 > " e2H (21, My)Hy" (25, My) (B— cos(p1 + ¢2) — B cos(¢p1 — ¢2)>]
! Transverse polarized diFF
By =C,, =C
zx T Cyy g = 2cos($1+2)) _ Ar
2 MM, O i,
2sin” © _
B_|_ — ()7 B_ — 1 —l_ 2@. azlaz2 ]_Zqeng’q(Z]_,Ml)Hf’q(z27M2)
CoS = =
Mute 2 3 €2Di(21, My) D{ (22, M)
CHSH type Bell inequality |B| > \/5

16



—0.05 |-

—0.10

—0.15

2.5

2.0

1.5

1.0

Current data exhibiting no significant evidence of Bell inequality violation

The optimal cuts on scattering angle will significantly improve the results

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

B 2sin” ©
T 14 cos2O°

The light quark pair would be a highly pure spin Bell state

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

uncorrelated case
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TMD hadron pair production

» The transverse spin correlation between light quarks can also be described by the Collins
functions under the TMD framework

1 d0'(6+6_ — h1h2X)
00 p1,1P2,1dz1dzedp, 1 dp2 | dp1dead cos b

= (1 + cos®0) Z Q2D}(z1,p1,1)D](22,p2,1)
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Kun Cheng, Tao Han, Guanghui Li and Bin Yan, working in progress 18



New physics and entangled quarks

» The entangled triplet nature of the quark pair in SM:

do B 2 a .
dz1dzed M1dModpidgy Ohard ;qu1(zl,M1)D1(Z2,M2)
1 _

+ 2 Zegﬂf{’q(n, M) H; 2y, My) (B_ cos(¢1 + ¢9) — B, cos(¢p1 — ¢2))]

q
B:l: = CLE.CB :|: ny
2sin’ © sin2 O sin? ©
By =0, B_ = . Oy =di y — ;1
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» B, =0 is aresult of the chiral symmetry of SM (massless quarks)

» New spin structure from chiral symmetry breaking interactions: dipole couplings

Qing-Hong Cao, Guanghui Li, Xin-Kai Wen and Bin Yan, 2509.18276
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New physics and entangled quarks

» Chiral symmetry breaking effects:

L

fA (C urpoturp +C dLO'MVdR) A,UJ,/—Fh.C.

1 .
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Qing-Hong Cao, Guanghui Li, Xin-Kai Wen and Bin Yan, 2509.18276 20



New physics and fragmentation hadrons

» The chiral symmetry breaking effects:

Ay = 2(cos(¢1 £ ¢2))

zj Q2H:(z1, My)Hy' (29, M3) B
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The non-perturbaitve fragmenetaion
functions are cancelled!
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Summary

» Quantum information studies at colliders have only just begun

» Prior work limited to massive particles; massless quark unexplored

» We proposed studying entanglement and Bell inequalities in massless quark pair
via the hadron final states by the fragmentation mechanism

> The azimuthal correlations in Belle’s ¥~ dihadron pair could probe Bell
inequality, with > 50 significance (uncorrelated systematic uncertainties)

» The chiral symmetry breaking effects from dipole interactions can induce new

spin structures and can be measured in fragmentation hadrons
New opportunities in QCD spin physics!

Thank you! 22



"t~ Dihadron fragmentation functions
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