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Outline

» Single particle polarization

U Perturbative decay approach
U Non-perturbative approach: QCD spin effects

» Spin correlation effects of particles

U Perturbative decay approach
U Non-perturbative approach: QCD spin effects

Topics are selected from a personal perspective and apologize if certain important works
or results are not covered.



Parity and weak interactions
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¢ Mid-1950s T — 0 puzzle: two identical kaon
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¢ One particle or two particles?
¢ Parity conservation never be confirmed in weak interaction
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» Gamma rays: determine the spin of cobalt-60
» Parity transformation:
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¢ Rate of emission of electrons along the
magnetic field and in the opposite direction
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Spin effects and New Physics
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Single particle polarization in SM and
beyond



Example 1: Top quark polarization

kg
» Top quark polarization is reconstructed from decay distribution: >
1 d 1
——— = —(1+ p"¢ cosly)
I I
' dcosly 2 Daughter g,
p: polarization of the ensemble ~ 64*+12+2158"+,14/9 (0 Mother A
SRR ()& %R (- . 10)*& 1% ( - ./2) Rest frame of A

» Charged lepton and down-type quark tend to fly along top quark spin

» Polarization of the top quark: interaction information of the scattering
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Top quark polarization
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Top quark polarization
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[1+£cos2¢| Infrared safe

Azimuthal correlation

s Boosted top polarization
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Top quark polarization
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Example2: gauge boson polarization
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Lam-Tung relation and polarization

NNLOJET pp—> Z+X, 'y, inclusive Vs =8TeV

[ T
[ e ATLAS data (reg.) ] I

< 02 —F ATLAS daa
- LO

Ratio to NLO

v 035 TMD effects: Boer-
o3t Mulders functio

0.2

0.15+

0.1

0.05+

0

0 05 1 15 2 25 3

9;%<)&-0T&Q6&524447&62R623  Qr(GeV]

Ap—As

"H#S%&' G #%0' +##,- . [#0123+#4567

"#$#%&AS' ()$%0* &H#Yo+,-./&0#1%23%456%*-1% 7€

30-'1$:5#-4"+5&'6$%0'%0-'<="4#-1$5%%$
SI'-. 5% JH#'+)+ [ A-HYTHE " %$(-'-..-5%:'?

S(&1Y&&'/&IO&*++&'(./)&-0T&222&5363K7&6L.I66L
U(/>"(#&1#)&S(8HHR./ )&3K6I+2L.QQJ
M+&U<; @ @#)&S+&1#)&1+&ONE/ ) §&+-LMMH=EIR2<;><% @ (

0.25
- pp—* X, y, inclusive, Vs =8 TeV
0.2 == ATLAS data (reg.)
[t SM O(ad)+ 0uzO0(as/A")
R SMO®@3) -
0.15F et CULT S pupey TRLEELIE ]
- gl A
i LT e
0.1f - --- . O EEE 0
oot . Weak dipole effects
0._ | ! 1 Loy l l [
20 50 100 200 300 400 500
‘f
p7lGeV]

12



Example3: Spin effects in QCD
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PDFs and FFs

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

-

Hadron =z’
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describes the probability of
finding a quark or gluon

~ -

~~
~ <
-~

Crossing
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Symmetry (_ _) ------------------------------------ i
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Parton =<z’

Fragmentation function Tt
describes the probability of
producing a specific hadron.
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Transverse spin effects of electron

3 scattering'

» Transversely polarized effect of beams @ lepton collider | Plane

The interference between the different helicity states
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Electroweak dipole moments of quarks

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

0.35 . . : .
[ tdecay (N3LO) i ]
[ low Q2 cont. (N3LO) . ,
0.3 Heavy Quarkonia (NNLO) ~+— 7] Asymptotic freedom of
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» How to probe the spin information of quarks?

The non-perturbative functions, 1.e., the parton distirbuion functions and the

fragmentation functions
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Transverse spin effects of quark @ EIC
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The flat direction in flavor space of dipole couplings?
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Transverse spin effects of quark @ CEPC

do
Cyl
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O The flat direction can be closed by

combing more processes
O Z-boson dipole: O(0.001)
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Linear polarization (@ UPCs
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Ultra-relativistic charged nuclei produce highly
Lorentz contracted electromagnetic field
Weizsacker-Williams equivalent photon
approximation

Photons are linearly polarized

Large quasi-real photon flux 8 9%

The impact parameter : ( ; <5
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Linear polarization (@ UPCs
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Linear polarization (@ UPCs
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Linear polarization (@ lepton colliders
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Spin correlation in SM and beyond
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Example 1: Top quark pair production

» The spin correlation of top quarks can be described by the general density matrix:

| o1 I+ Bi";! I+ @Hz! "i+Cij"i! "j
' 4
> Bi, B, : the polarization of each particle 6##%)* ((D$%.&, 09K H@04*,E%
. . . . K/*-@%7/%*-1%%!/*-%M'-%7/
> Cjj . the spin correlation of fermion pair

» Spin correlations are central to exploring quantum entanglement and Bell nonlocality

» Spin correlations, entanglement and SMEFT effects

[ / Cnn
0.05 - —

beaml beam?2

Difference from SM

—-0.50 -0.25 0.00 0.25 0.50
cc [AN=1TeV]

I"H#WOX0 @Yo PREHEHFEH NH-#9:#7898S#:;:ZR
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Example 2: gauge boson pair production

» Gauge boson pair spin correlations provide a probe of CP symmetry

1 do 1

——— = — + Acos(A¢) + A sin(A¢) + (higher partial wave terms).
cdA¢p 2r

(0,¢,§,q_§) =k (7r—0_,7r+q5,7r—6’,7r+¢)
Ap L —Ag,

Owww = T [Wwwupwf ] ; O = (D,®@)" W (D,®)

> The results are sensitive to the different rotational axis

V5 = 240 GeV:
Aetem s wrw

-3 -2 -1 0 1 2 3

<&#BA):H+#?®D:H#Z%:H+#[YK#-%:+#N%**A)\\H#OK\+#/!C#220#D010EF#12511E
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Example3: Spin effects in QCD

» Spin correlation effects are essential for accessing chiral-odd nonperturbative functions

in the nucleon SrUCtUre /0,05 24 @ WEHELH./>)EWH. ;8 LH) M (&Y o) SEH I8 8958

Leading Quark TMDPDFs O—> Nucleon Spin @ Quark Spin Leading Quark TMDFFs @ Hadron Spin @ Quark Spin

Quark Polarization

Quark Polarization
Longitudinally Polarized Transversely Polarized

Un-Polarized

Un-Polarized Longitudinally Polarized Transversely Polarized ) e
(V) (L) (T)
1 _ _ 1
fi= ht =(©-Q) Dy = (9 ONO
Unpolarized Boer-Mulders Unpolarized Collins
1
g =( =~ | i =D~ e
Helicity Worm-gear Gi1= @" - @" 1L = @" - @"
Helicity
NN WATONG NG
flT = é) @ ng = é_) _ é) ";:j‘_/erity DlJ'_T = é — @ GlJ’__T = @ _ é) Trani/ersny
Sivers Worm-gear Preée?osﬂy <: > Polarizing FF H 1T = @ - @

» Nonperturbative functions for transversely polarized quarks are chiral-odd.
» Physical observables must be chiral-even: require pairing of two chiral-odd functions

"4, ((-$%FN/0") "*(%F$300#) &/#$%/- %6 Ok (BE %)/, -% P& *-SQHES/NB+)/ -

" <[*1&,- W&, 1+H)),-%/-%(HA),-%+, (| THESEYIR, %4, ((/-$%.'-+)/,-$

" </*1& - W&, 1'+)],-%/-%B60<OBEY0-)HELHEIE IR @ 0H-)*)/,-% Y6 SQHESNB+)/,-
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Quark transverse spin in energy correlators

» Collins-type fragmentation energy correlator

WH0@-.*@ BXHY#BXCOE Z@#
8G?2(('0.)*#F)[B?*\)B'20=

N"#O"#G)?H# P "#DEBEIDH#, "#PR)0%HH#O"#
9K:6";LL69

6((A[<2\*+,])i'21=
» One-point energy correlator

WH0@-.*@'BX#Y#BX0@-.*@.(X#C?()*\./#
F*)%A.0B)B'?0#]. B#F&O[B'204#8WT5=

T"#,"#U)?H#P"#1"#V)0%H#>"#I'H#5"#Q'#, R
OK:6";:KL:6
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Quantum entanglement of light quarks

» Quantum entanglement of quark systems can be studied through transverse spin
correlations: dihadron interference FFs (collinear) and Collins functions (TMD)

<"HBA):H#% 1 20:+#/16#25E#DOL10EF#122W10 <"HBA):H+H['#-%: +#$"#69# %+ #0E21"]]]]]
I)HI"#,"H69: HN"H#, "HEI&+HC"#7 HIAVKHY: (#) #7'H#=) O+ #HERBHOECRBH# K P#
» Light quark pair are 100% correlated in the central scattering region

sin® | | sin® ! 1 6((IN<2+,-<i"21=
1+cos?! ' 1+cos?!’

Cij = diag

» The maximally entangled Bell state: Bell inequality violation effects

2 sir? !
1+cos?! ’

B: ! Cu« * Cyy B:. =0, B =
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| S

"d' — | C+F[B, cos("1+ "2)+ Bycos('1" "))
d',d"»

. . D 2
B.! Cy % C . sin”! __, _sin”!

XX yy C” - d|ag 1 + cos? | y - 1+ cos? | J
b2, ) 6((I\+7_2]i'2l=

020, 8 = 9 10) = (1) + )

» B, =0 isaresult of the chiral symmetry of SM (massless quarks)

» New spin structure B+ £ 0 from chiral symmetry breaking interactions: dipole couplings
v

La ! = :C!u o ! W Ur + CF(S?_' 3 dr AH" +h .c. b = 0 CP even
2! 2 m CP odd
1 |
> Entangled states for quark pair: spin triplet or singlet |v)) = 7 (1:42) + €|.1.)
2
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Summary

"HSY6& B(&")*$)+*, " Yo %o-HEBEB)H/"0-Yo 1 24+ (" #.¥1"%6*(-. (&) 3*45*&) (-%6$, (&") . *$) +
-$%,68&)3*1"%*)-0%/67.&,.

H-0/6(2968%(89-*+- $196"$,6-.1 ["HSY&'S(&")*$)+*./&)*,"Yo%o-H & Vo, &)-*(6-*

1%" 1-%(&-.*"1*2).($8H#-*I$% (&, #-*<("*=2$%>?*0-$>*8"."). @
A")/-%(2%8$(&9-*-(6"+08&(6*IBC.*$)+*CC.:*$, -. /"HS%0& $(&")*$)+*,"%6%6-HS(&"
“11-(. "1*H#&36(*=2$%>.
A-0%"1"%(2)&(&-.&)*DEB*./&)*/67.&,.I"#$%&'S(&")*$)+*, "Yo%b-HIBRO&)+"0.*("*
)-0%/67.&,.

Thank you
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