Probing New Physics and Quantum Entanglement
through QCD Spin Effects at Colliders

Bin Yan
Institute of High Energy Physics

IAS Program on Fundamental Physics (FP 2026) (@ Hong Kong
January 12-16, 2026

Based on Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRL 131 (2023) 241801 , PRD 112 (2025) 053004, 2408.07255
Kun Cheng and Bin Yan, PRL 135 (2025) 011902
Qing-Hong Cao, Guanghui Li, Xin-Kai Wen, Bin Yan, 2509.18276
Qing-Hong Cao, Xin-Kai Wen, Bin Yan, Shu-Tao Zhang, 2512.16492



Parity and weak interactions

1956, T — 0 puzzle: the violation of the parity in weak interactions
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Spin effects and New Physics

left handed right handed

¢ Parity violation: left-handed # right-handed
¢ The particle would be polarized when involving the parity violation effects
¢ Polarization of particles: A tool to probe the interactions



Spin effects in Electroweak and QCD

» Spin is measured from its decay products: top quark, gauge bosons

» Spin from nonperturbative QCD: PDFs and FFs

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

Hadron =27~

Parton <7

Fragmentation functio;t N
describes the probability of
producing a specific hadron.

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

» Spin phenomena in QCD arise from the intrinsic correlations between parton
transverse momentum, spin, and hadronization dynamics



Chiral-odd FFs: Transverse spin of quark

Leading Quark TMDEFFs O—» Hadron Spin @ Quark Spin

Quark Polarization

Transverse spin of quark:
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Interference dihadron FFs

Belle, PRL 107 (2011) 072004
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The transverse spin effects have been observed in dihadron pair

production!



QCD Spin effects and New physics

» What type of new physics would exhibit sensitivity to the
effects of QCD spin (Chiral-odd transverse spin effects)?

— Chirality flip interactions: (Chiral-odd effects)
Linearly probing dipole and Yukawa couplings
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New physics and Dipole Operator

» Magnetic dipole moments: probing the internal structures of particles
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Example: electron weak dipole couplings

SCattepiy,
| Plane E

> The electroweak dipole couplings are poorly constrained: O(1/4%)

el e’
— vV = 1%
L L 6L0'M,/63A'u ,eLaw,eRZ“
=( for the cross section

» The interference effects: transverse spin of lepton | Observables must be chiral-even

» Transversely polarized effect of beams @ lepton collider
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» Our bounds are much stronger than other approaches by 2
orders of magnitude

X. K. Wen, B. Yan, Z. Yu, C.-P. Yuan, PRL 131 (2023) 241801
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Transverse spin effects of quark @ EIC

» The transverse spln of quarks can be generated by the quark dipole moments

q_LU;LVQRA ’ QLO-,UJ/qRZ

P

Py Interference effects

» The interference dihadron fragmentation function: chiral-odd

do 2
D My,; T _ 2 (a9 q q
dxdydszhd(bR qu x Q haha/q(% Mn; Q) Sq = c. (w Rel'? + w7 Rel )
2
— (87,4(2,Q) X RT) thhz/q(Z, Mh;Q)] Cola Q) 58 = ol (wg ImT? + w ImI‘%)

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255
» Nucleon energy correlator: related to Boer-Mulder quark TMD PDFs
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Yingsheng Huang, Xuan-Bo Tong, Hao-Lin Wang, 2508.08516

The flat direction in flavor space of dipole couplings?

See: Yingsheng Huang’s talk 10



Transverse spin effects of quark @ CEPC

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRD 112 (2025) 053004
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Dihadron FFs and Yukawa coupling

Yukawa interactions generate transverse quark polarization

Dihadron interference FFs provide a direct probe

Interference effects are linear in the Yukawa couplings

Single-hadron tagging lifts degeneracies among up- and down-quark Yukawa

couplings
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CP even Yukawa couplmgs @ CEPC
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Fragmentation functions encode the spin information
of quarks

—)

» Spin information as a tool for new physics searches
» Spin structure of quark systems: quark-quark spin correlations

» Emergence of entanglement in quark systems
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Quantum information at collider

»Quantum entanglement and non-locality are distinctive features of quantum systems
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» Collider physics: high energy and small size l

v
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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

Typical entanglement
experiment with photons LHC

d,
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v

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

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

Y. Afik, J. R. M. n. de Nova Eur. Phys. J. Plus 136, 907 (2021)

M. Fabbrichesi, R. Floreanini, G. Panizzo, PRL 127, 161801 (2021)

C. Severi. C. D. E. Boschi, F. Maltoni, and M. Sioli, EPJC 82, 285 (2022)
T. Han, M. Low, T. A. Wu, JHEP 07, 192 (2024)

T. Han, M. Low, N. McGinnis, and S. Su, 2412.21158

K. Cheng, T. Han and M. Low, 2410.08303,

M. M. Altakach et al, PRD 107, 093002 (2023)

K. Ehataht et al, PRD 109, 032005 (2024)

Y. Du, X.-G. He, C.-W. Liu and J.-P. Ma, 2409.15418
Y. Zhang et al, 2504.01496

T. Han, M. Low, Y. Su, 2501.04801

A. J.Barr et al, Quantum 7, 1070 (2023)
Q. Bi, Q.-H. Cao, K. Cheng, H. Zhang, PRD 109, 036022 (2024)
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)  How about the light quarks?
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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

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

X
Jet2 ¢2 4 - o K
J. C. Collins et al, NPB 420, 565 (1994) m \ 5
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= Ohard

+ % ; eng’q(zh Ml)Hf’q(zz,Mz) (B— cos(p1 + ¢2) — By cos(¢y — ¢2))]

Transverse polarized diFF

By =Coa £Cyy By =0, B- 2sin” © _ 2(cos(¢1 +¢2)) Az

T 1+cos2O B-= A, A
% B, =0 isaresult of the chiral symmetry of SM (massless quarks)
¢ New spin structure B, # 0 from chiral symmetry breaking interactions:
dipole couplings Bin Yan
<+ CHSH type Bell inequality |B| > v/2 s 15 H (21, My) H (29, M)

N _ L
MMz ™ 9 S~ €2D{(z1, M1) D} (22, M)

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

Purity : Tr(p?)[%]
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| syst: 0% cor Kun Cheng and Bin Yan, PRL 135 (2025) 011902
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¢ The optimal cuts on scattering angle will significantly improve 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 o for the uncorrelated case
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Summary

» The quark dipole moments is crucial for probing the internal structure of quarks

» The electroweak dipole operators are difficult to be probed at colliders since their
leading effects are from 1/A"

> They can be probed at 1/A" via transverse spin effects from non-perturbative

functions: transversity and interference dihadron fragmentation functions

» 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 m#m® dihadron pair could probe Bell
inequality for massless quarks, with > 50 significance when considering

uncorrelated systematic uncertainties

Thank you
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Transverse spin effects of quark @ CEPC

D

1 o
dz,dz;dcos0ddzdz dM, dpr  64(2m)° qz;q CeD3 ()

y q
x [DI"2 (2, My) — (87,9 X sz)zHgm (2, Mp,)].

Unpolarized FFs Polarized FFs
Energy fractions of quarks Xq, Xq ; hadrons Z, Z

T _ q _ ~ o~ » Z — oT o3 — Y
SqCq=2ReHi_ =wyyq+wqyq (87, X Rr)® = sysingr — sj cospr

s§Ce =2ImHL_ = Qqyq —wely  1"4SU$&H (#1)++'4,
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Transverse spin effects of quark @ CEPC

Isospin and charge conjugation symmetries for DiFFs

LO: the integration of the hard coefficients and FFs can be factorized

O) = | dz,dzsdcosbdd Onard(xg, Tg,co80,9), (O) = | dzdzdMy Opr(z,Zz, M4),
q0%g 9> Xq

o = Y (€ <D31h2><Dg'+Dg’>

q=u,d

— [y sin gr + Fq cos Pr| (wq) <H’“h2

Dh
) (D
[yqsm¢R chos¢R (Dq) <Hh1h2 < g—I-Dq

¢ The single hadron as flavor tags for up- and down-quarks
¢ CP properties are difficult to disentangle; we focus on the CP-

cven €ase
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Particle-level D

Quantum spin entanglement

Top quark pair:

D = min{

—-1-3D

Clpl = >

1 do 1
ocdcosg 5(1 ~Dcosg)
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? ?

3 3

Y. Afik, J. de Nova, EPJC 136 (2021) 907
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D<!1/3, separable: D> 1! 1/3



