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Something I do not know

Unpolarized Initial State + QCD dominant = Unpolarized JET
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The ubiquitous Spin Correlation

AA-pair Production in e*e- Annihilation Experiment

do J ‘ A
—— = 0, [Df\q(zl)D{\q(Zz) - AAAAGII}Jq(Zl)Gi\LZ](Zﬁ]
dPS
M Helicity Conservation @ Entangled states
g and g are on the same fermion line. 2 ATB £ ALBT
They must have opposite helicities. V2 B
1
___|AtpT ipl
™ Helicity Correlation V2 AB £A'BY

A novel probe to the spin-dependent

fragmentation functions H.C. Zhang, SYW, PLB 839 (2023) 137821
see also Nucl. Phys. B 445 (1995) 380.
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The ubiquitous Spin Correlation

Helicity Correlation of AA-pair

same signs — opposite signs Z GOGqu(Zl)Gqu(Zz)
L= . = x (cos 0} cos O5)
total cross section Z UOD (Zl)qu(Zz)

"
..
"

ol ey J I S ™ The helicity correlation at the
I 4 =03 SASHE 21 =05 | R . .
I 222 L Q=1058GevV K elle oy gzz 11 Q = 10.58 GeV Belle has a 51m11ar mag ]flltllde
P See. III ete— — A+ A+ X Sce. III e*e — A + A + X 1 *
R ey ey |12y o Bt an with that at LEP.
29

0.0 T

™ It 1s indeed possible to study the

hadronization of polarized quark

in unpolarized experiments.

CLL

Q=912 GeV Q =91.2 GeV
! ete —>A+A+X rnerg },'1;"--"e+e —A+A+X
10205 04 05 06 07 GRS 02 05 04 05 06 07 08
= = H.C. Zbhang, SYW, PLB 839 (2023) 137821
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The ubiquitous Spin Correlation

Apply to the unpolarized pp collisions

a c(4)
N a+b—cl,)+dA,

M Are A, and A, correlated?

a (1) §+8>4qd+qp
N negative

9 T4, 414, / correlation
; dl)  q+g—-g+g ¥

H.C. Zbang, SYW, PLB 839 (2023) 137821
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The ubiquitous Spin Correlation

‘vVA i A ) N o R — - ] o - N = |
' “Unconnected channels”: prefer sa ‘ﬂ
> > T positive
a c(4.) T correlation *
S O r
+ [
Lo06)
S S
b d(4y) = |
> > & 04f
S
& 02¢ s = 400 GeV?
. -0 ¢i+q = a+q
To summarize 0.0 " 300 =200 <1000
t (GeV?)
“ )
™ “Connected”: 6,_=o0_,>0,,=0__=0
“ »
™ “Unconnected”: 6,,=06__>0,_=0_,>0

M Probe polarized FF in unpolarized pp collisions

M Explore the circularly polarized gluon FF

H.C. Zbhang, SYW; PLB 839 (2023) 137821
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The ubiquitous Spin Correlation

Polarization Correlation in unpolarized pp collisions
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N = | o 8

- VS =1.96 TeV

__ pri,2 > 20 GeV b :
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-1 0_2 A

- p+p—oA+A+X LI(

2} VS =5.02 Tev e
O Foreoo iz N— DSVon
j : 7’]1: "-.-...--...........--..:
N\ _9| pr1,2>20GeV /
_4:_ ¢¢¢““ 1

_6 i | I |

0 0.5 1 1.5 2

M Smaller, but none-zero
™ Distinguish different scenarios
M Avoid contamination of polarized PDF

M Probe gluon spin transfer
H.C. Zhang, SYW, PLB 839 (2023) 157821
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The ubiquitous Spin Correlation

Helicity Correlation in central and peripheral AA collisions

do do : :
A toy model: - — Energy LOSS ® - X. LL, Z.X. C/aen, S. CdO; S.Y. Wel}
dPS dPS Phys.Rev.D 109, 014035 (2024)
pp
0.20—————— ™M Much larger luminosity
L \/SNNZQOO GeV pp
0.18 —== AuAu 0-10% . o
0.16f~=~_ _ ——- AuAu 50-60% - M Jet Quenching + Polarization
0.14f Ry
~T~~. S~ 0.08
<0.12} —
SV B pp
R | _ . p.orp VW =002 1eV —== PbPb 0-10%
~~_] L —-= PbPb 50-60%
0.08F - 0.06F N\\\\
o.0cf AMm=0 § - -
> 5 GeV = U.0or
0.0af P12 S
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 0.04f —
Up: -~
e — e S A =0
. Clear Enhancement in 0.00ob Pri2>20GeV |
central A collisions 0.00 0.5 050 0.5 1.00 1.25 150 1.7 2.0

— — === = e =

T2
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Emerging Transverse Spin Polarization

Hadron in Jet: TMD factorization

RS Ehadron ~ Ejet

” .
v Unpolarized |
=
g L Gip Gll T
Q
1 H, Hy; H;, Hi;

™ Dj,, Producing Transversely polarized hadron from unpolarized quark
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Emerging Transverse Spin Polarization

Transverse Polarization of A

production plane
0.2 y
- @ sA+x
O 0.1 - - - - «— [ e
= | 0.2<2,<0.3 | 0.3<2,<0.4 0.4<z,<0.5 0.5<z,<0.9 h(P,) \ [ >
N ——— X
' % ii‘"*‘ """""" ﬁi_d}_—%— {H """"""""" SOl 78 et (I2)
s e B A
1 | 1 | 1 | 1 1 | 1 | 1 | 1 1 | 1 | 1 | 1
04 06 0.8 0.4 0.6 0.8 04 0.6 0.8
Zn*(n') Zn*(ﬂ') Zn*(rc')
. (20, 1))
SA+K?
- () 4A+K
O °T 02z <03| 03<z,<04 | 04<z,<05 | 05<,<0.9
-ES' - +'_+—' |
— [
g 031-':'”*; """""" Fag g :*F'{,'",I""J """"" P %
© T L g -
Dcz ~0.1 - T S S S S— | ‘
'in TMD PDFs |
_ 2 P IR T 1 | 1 | 1 | 1 1 | 1 | 1 | 1 1 | 1 | 1 | 1 l A — _:‘;.\‘4;,,*’."
0.4 0.6 0.8 0.4 0.6 0.8 04 06 0.8 0.4 06 0.8
ZK+(K') ZK+(K') ZK+(K') ZK+(K')

[Belle], PRL122, 2019
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https://doi.org/10.1103/PhysRevLett.122.042001

Emerging Transverse Spin Polarization

1
. . ' *
Transverse Polarization of A Y
1
0.2 q q
- @ IALT
0.1 I : : =
%  02<2,<0.3 | 0.3<z,<0.4 0.4<2,<0.5 0.5<2,<0.9 7t iud;,  d— A
N PN oo s SENRNRY R N -
C_U '_’_'.—§—. _._|++ w#:: ’
S ) T
1 | 1 | 1 | 1 1 | 1 | 1 | 1 1 | 1 | 1 | 1
04 06 08 04 06 08 04 06 0.8
Zn*(n') Zn*(ﬂ') Zn*(rc')
0.2
“A+K'
- () 4A+K
O °T 02z <03| 03<z,<04 | 04<z,<05 | 05<,<0.9 4
= S | K™ :us;
o Ozﬁf """"" e +1—}—~+ o e K= - Ts:
S Sigy sl HET . US;
S of U U
_ 2 ] | I Il ] | ] | ] | ] ] | ] | ] | ] ] | ] | ] | ]
040608 04 06 08 04 06 08 04 06 0.8
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[Belle], PRL122, 2019
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https://doi.org/10.1103/PhysRevLett.122.042001

Emerging Transverse Spin Polarization

Transverse Polarization of A

D%T(U) # D%T(d) # D%T(S) # D%T(Sea)

15
02<2p0<03[]03<2A<04]104<2p<05]05<2z,<09
10 1 4 At
4 A
5 . .
2 ,ﬁ
~ 0 J
<
A, + "
_5 - . . .
_10 - . ]
—15 T T T T T T T T T T T T
0.2 04 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8
Zh
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L (1)
1TA/q

Q

~
N

D’Alesio, Murgia, Zaccheddu, PRD 102 (2020)

differentiate valance quarks from sea quarks

0.015 1
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»w Q. <

sea

0.000
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—0.015
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Callos, Kang, Terry, PRD 102 (2020)
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https://doi.org/10.1103/PhysRevD.102.096007
https://doi.org/10.1103/PhysRevD.102.054001
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Emerging Transverse Spin Polarization

Isospin Symmetry Robust symmetry in QCD
Example: proton (uud) <> neutron (udd)
groton (.T) — Iileutron (iB)
groton (CI?) — r?eutron (ZE)

1
V2

Isospin g LLambda < Lambda (UTCH — UidT)ST

;‘ singlet |

L u—A 1.d—A
DlTu% (ZapT) — D1T ~ (ZapT)

0.2

(@) wA+n
0T 0.2<2,<0.3 | 0.3<z,<0.4 | 0.4<z,<05 | 0.5<z,<0.9
'-#—"'%_' —_— h d . o
okt BN o e s R . @ QED hard interaction
[* e~ e —4— .:*%:1 . . .
ol 1 T T ™M QCD hadronization
0oLt 1 1 | TR TR NN AT NI R Y ST I S
0.4 0.6 0.8 04 06 0.8 04 06 0.8 04 0.6 0.8
2w (x) 2+ () 2 () 2w ()
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Emerging Transverse Spin Polarization

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

ﬁ A+nt % A+7T —DHESS—— -Pythia
P A+7 § A+ 7" —DHESS - - ‘Pythia/|

ditferentiate valance quarks
from sea quarks 0.05

DLT(U) # Df_T(d) # DfT(S) # DllT(Sea)

-0.05

AAAAAAAA

xxxxxxxxx

‘‘‘‘‘‘‘‘‘

=
Q
S 015k
- = A+ K" 3 A+ K —DHESS - - -Pythia
aradigm = ; y
p . g = 0.05 F A+K A+ K+ —DHESS - - -Pythia|
shift '
.0.05
enforce 1sospin symmetry 0.15
02 04 0602 04 0602 04 0602 04 06
Zh Zh

Df_T(u) = Df_T(d) . .
Dip () = Dip(d)

e
\
v

i

Chen, Liang, Pan, Song, Wei, PLB816 (2021)
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Emerging Transverse Spin Polarization

Testing Isospin Symmetry at EIC

0.4““HHHHHHHH\HHHH
[ o 4 L A T[]
---eD
0.3 r=05 L ePb, EPPS16 || T
. - e (l2) Lot olare
S |
£ 02y CLPSW, 42 = 100 GeV? |
% CT14+DSV 0.4““HHHHHHHH\HHHH 04‘ \
= - B —ep i — €p
a 0.1 — 05 -==ceD i —05 -==ccD i
I 0.3 TETY e ePb, EPPS16 | 0.3} r=00 L ePb, EPPS16 [
T ol 1 7oz |
G DMZ, p? =100 GeV2{ & CKT, p? =100 GeV? |
= CT14 + AKKOS 2 01 OT14 + AKKOS -
m= 0.1F 0=z,
S§ &
0.0}
0.1
o3l 0 F L
=
z\zﬁ L i
& 02p- CLPSW, 13 = 100 GeV? | e
n |
A T4 + D | . . . . |
== - CHidw DY .; 1sosp1n-symmetry-vmlated parameterizations |
o o0.1f I N - e ——————E—
0.0
Chen, Liang, Song, Wei, 2021

01 02 03 04 05 06 07 08
ZA

Spin Polarization

Shu-yi Wei


https://arxiv.org/abs/2108.07740

Emerging Transverse Spin Polarization

Hadron in Jet

p+p—jet+ X
p+p—jet+ X
p+A—-jet+ X
p+p—jet+y+X

p+p—jet+Z°+X

p+p—jet+Wr+X

1.

—U ——d ——S

pp — jet( — A)X

LO s UTev, kp=300CeV |,
0.8 | A
x 06 | <
gluon
04 f )

- v

0.0
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1.0

0.8

0.6

0.4

pp — jet( = A)yX

L Vs =14 TeV, k; = 200 GeV

02 |
0.0 E=—m e
-2 -1 0 1

Spin Polarization

measure the polarization of A along e, = €ict X €hadron

arXiv:2403.06133

1.2
— _d —_—
pPb — jet( - A)X )
1.0t T T
/s =5.02 TeV, kr = 300 GeV g —¢ ——
0.8} ]
U
0.6 g ]

uld




Emerging Transverse Spin Polarization

p,: the relative transverse momentum of A momentum

Hadron in Jet

w.r.t. the jet momentum < E 40, ~ Ei

P the transverse polarization

Proalz,pl) = Dq—)AT(zapJ_) _Dq—>A¢(zapJ_) _ Lzlj\j_iDiLTA/q( ,P1)
- Dyt (2,p1) + Dypi(2,p1) Diajq(z,p1)
vac 1
PP: 1,A/q(Z7 bT7 Q) — Z_2d1 A/q(z :ub) exXp [_Sp o Snp] )
1 . ~1(1),vac 1 <M2>
CSS evolution Dlig,/i/q (z,b7,Q) = 2 902 le A/q(z [Lp) €XP [ Sp — Squ] :
AA: Dinzed<z bT QaTmaX Z/ ﬂ gaTmax E (b )Dvac(é-?bTng)?
energy lOSS; N z
prbroadening Df_fl(ﬂ,lz),med( bT Qmiax Z/ ]l €7Tmax B’(bT)Df_zg}j>,Vac(g,bT,gQ),
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Emerging Transverse Spin Polarization

p,: the relative transverse momentum of A momentum

Hadron in Jet

w.r.t. the jet momentum < E 40, ~ Ei

P the transverse polarization

0.2} /% ) =0GeV? | 021 ) =0GeV2 ||
& toy model |--- (4L) =2GeV? |] i toy model [--- (L) =2GeV? ]
. | <QL> =6CevVE N /T v e <QL> = 6GeV?2
— 015 == (L) =13GeV? | 3 0.15 ==+ (GL) = 13GeV? |

non-Gaussian broadening |

Q =100GeV |

i Sh
Gaussian broadening | \‘3: i
4 < 0.1
Q@ =100GeV ] < T
] B‘ =
2=0.3 &

-
- .
-

0.05[f /" NS T 1 005 i een 7 .
[ S T i The peak position
() S S S obstz? ] 1s altered due to
0 1 2 3 4 0 1 2 3 4 .
pi (GeV) pL (GeV) p, broadening
0.2 — (GL) =0GeV? | 0.2} — (L) =0GeV? |
w/ energy loss [--- (L) =2GeV? |] I w/ energy loss |- - - (GL) = 2 GeV?
T R (GL) = 6 GeV? 3 R B (GL) = 6 GeV?
E 015 -+ (GL) = 13GeV? H E 015 -+ (4L) = 13GeV? |
Q_; Gaussian broadening E g non-Gaussian broadening E
2 01 Q=100Gev | & 01} 0 =100GeV |
2 ] 2 ! z=0.3 :
~ ~
& 0.05f /e & 0.05
Oé" - R R B Oi'-;-%"-"'\"f'—\'—“‘ T T B .
0 1 2 3 4 0 1 2 3 4 arXiv:2504.00739
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Z./W-associated Jet Production

Parity is violated in weak interaction See Wen-Hao Yao’s poster (Al)

P Vi),
\ D~
o(p) a(pa

9(p») q(pa) M \

\q(‘m///

Polarized!

9(pa)

q(pv) q(py)
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Z./W-associated Jet Production

Different Energy Loss Mechanisms

Single Hard Branching:

dg kr Zd
med _ ) . vac [ ~d
med S . kr 5[1 B 5(1 _ g) + (1 B 5)2] vac ﬁ
G”’Q(Zd)‘s ) e (5 kr + AET) 1ea-oF  Ce\T)
l
I g
£ 0.98} .
2. 0.96 -
Multiple Soft Branchings: S
w0 0.94 | .
20 i
k= 1
e d¢ vac [ Zd 2 i — AE=03E |
G1Lclz( — / —20dd(§a7'max) 1L.d (—> 2 092: AFE = 04E |]
MSB £ 3 = E AE = 05E |]
09 S S—
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number of parton branchings
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Z./W-associated Jet Production

Numerical Results

O I I I I ] I I I I I I I I ] I I I I
! — PP ] ——pp
a1l 0 L il Ay | PbPb (SHB) |1 I T PbPb (SHB)
0.1 _ 7 +jet(= A) | S | W=+jet(= A) | 5o (MSB)
_ool Vs=502TeV 1 s5=5.02TeV
I yv =0 yy =0
o 03[ oo

—0.4

ﬁT,V > 30 GeV

.
-~

ﬁT,V > 30 GeV

-~

.
~'-,

-~

—05F  prn> 10 GeV .ﬁ—_— orn > 10 GeV
i b ’ DSV Sce.3 P : DSV Sce.3
i B R T 2 3
Yn Yn
Preliminary

Shu-yi Wei

Spin Polarization




[} £s
by o)
umimar y A ZE),
'74,00NG UN\“d?

™ Spin polarization can be studied in unpolarized collisions

™ It 1s a novel probe of jet quenching.

Shu-yi Wei Spin Polarization



The End



