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| Introduction

» QCD factorization formulae (Collins 2011)

— A h
Octe~5hx = Oete5jx ® Dj

> Djh: fragmentation functions(FFs) (Metz, Vossen, PPNP2016)

» Global analysis of exp data
» Quark model calculations
> Lattice QCD ?

> Djh(k, Sq; Ph,Sh): polarized FFs, various SS/LS-coupling

. Py, Sh
k, Sq D h > Transverse-momentum-dependent (TMD) FFs D(z, p?)
_f q. » Leading Twist vs Higher twist FFs
X » Unpolarized vs spin-dependent FFs
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Spin-dependent TMD FFs of A

Leading Quark TMDFUFs Q—» Hadron Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) ()

o it - ®-O

Unpolarized Collins

Helicity

6122 -G -G~

> Polarized TMD FF D (z, p%) of A D = (I) - @ Giy = @ _ @ Tfjerzty@_g
(o Loe (A
N

A

TMD handbook
2304.03302

DllT(Zi p%)
Sp-(kxpy)

Yu-Kun Song, UJN Polarized TMD FFs with QCD evolution 4/29



» Belle collaboration, PRL 122 (2019) 042001

1. Inclusive process in thrust frame
ete” - A(M)X
2. Semi-inclusive process

ete” - A(A)hX,

h=mnt K%

A Transverse polarization at Belle and D1T] parametrizations

> P, for Am™ and At~ are of opposite sign with 0.2 < z, < 0.4

ete™ > A(uds)n*(ud)X,

PAOCE eiDitq = Ditu~ —Dira 777
q

» Parametrizations with DlTu

D174

U.D'Alesio, F.Murgia, M.Zaccheddu (DMZ), PRD 102 (2020) 05400

D.Callos, Z.B.Kang, J.Terry (CKT), PRD 102 (2020) 096007
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Isospin symmetry violation?
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Isospin symmetry conserved D1T ¥ parametrizations

» However, all g’s carry same color charges, and
(1) m, ~ my ~ several MeV (2) Ais aisospin singlet with I = 0
Isospin symmetric FFs, DA = D4 | are more reliable assumptions to us

» Based on an isospin symmetric formalism, we fit the Belle data well using CLPSW parametrizations.
K.B.Chen, Z.T.Liang, Y.L.Pan, YKS, S.Y.Wei, PLB 816 (2021) 136217
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» Comparison of parametrizations
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How to decipher the flavor structure (Isospin symmetry) of the polarized FFs D

Yu-Kun Song, UJN
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Analyzing the flavor structure of D1T q

A global analysis of data from various experiments is in need

> Dl -sensitive data from various processes

Sensitive to specific flavored D1T ¢ Of transverse polarization in ep/pp/pA/YA process
K.B.Chen, Z.T.Liang, YKS, S.Y.Wei, PRD 105 (2022) 034027
Y.Gao, K.B.Chen, YKS, S.Y.Wei, PLB 858 (2024) 139026
» The theoretical formalism with
» QCD evolution effects
Df‘T(Z, p%; u,{) : dependences on renormalization scale u and C-S parameter ¢
X,Y.Qin, YKS, S.Y.Wei, 2504.00739
» NLO corrections
» Higher twist FFs
important to incorporate data from lower energy experiment
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Transverse polarization of A in ep/eA collisions (DfT)

0.4 ' T T | ' T T1 | ' T T | ' TTT | ' T T LT T T T T 7 I()I T T
| —_—r =01 H
pfpduction plane ;‘“ c+p—ose+r At X =z =03 ]
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( N(x’ZA)>_ 2 2 A I T T T N T T T T T I O
zZyn  2geqxfiqg(x)Dig(24) 0.1 0.2 03 04 05 06 07 0.8

<A
K.B.Chen, Z.T.Liang, YKS, S.Y.Wei, PRD 105 (2022) 034027
See also
Z.B.Kang, K.Lee, D.Y.Shao, F.Zhao, JHEP 11 (2021) 005
Z.B.Kang, J.Terry, A.Vossen, Q.H.Xu, J.L.Zhang, PRD 105 (2022) 094033
U.D'Alesio, L.Gamberg, F.Murgia, M.Zaccheddu, PRD 108 (2023) 094004
Z. Ji, X.Y.Zhao, A.Q.Guo, Q.H.Xu, J.L.Zhang, Nucl.Sci.Tech. 34 (2023) 155
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Test of Isospin symmetry at the EIC with Py for SIDIS

ep/eD/ePb — eAX

same Py, (D1, = Di4), CLPSW
different Py, (D1, # Dig), CKT, DMZ

EPPS16: Eskola, Paakkinen, Paukkunen, Salgado, Eur.Phys.J.C 77 (2017) 163

Different u/d ratio—
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Isospin symmetric Isospin symmetry violating
parametrization parametrizations

K.B.Chen, Z.T.Liang, YKS, S.Y.Wei, PRD 105 (2022) 034027
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Transverse A production in hadronic collisions (D17)

» A wealth of data from hadronic collisions, e.g., pp, pp, pA, AA,yA(UPC), ...
» Direct extension with pp — AhX suffer from violation of QCD factorization theorem
J. Collins, J. W. Qiu, PRD 75 (2007) 114014
» “Hadron inside jets” proposed to study TMD JFFs in hadronic collisions
F.Yuan, PRL 100 (2008) 032003
Z. B. Kang, X. Liu, F. Ringer and H. Xing, JHEP 11 (2017), 068
Z. B. Kang, K. Lee and F. Zhao, PLB 809 (2020), 135756

(1) Reconstruct jets from pp collisions y
Ayp,dr>S)
(2) Measure the py distribution of hadrons with respect to jet axis. . . M»z

To explore the potential for flavor separation for D#,\q,

we perform a detailed phenomenological analysis on

various hadronic collisions
Y.Gao, K.B.Chen, YKS, S.Y.Wei, PLB 858 (2024) 139026 Figure from STAR

Yu-Kun Song, UJN Polarized TMD FFs with QCD evolution 12 /29



pp collisions

Y.Gao, K.B.Chen, YKS, S.Y.Wei, PLB 858 (2024) 139026
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Central rapidity & small k; region, gluon dominate!

= a nice place to study the gluon polarized FF Di7,

CT18 PDF, DSV FF D{\, CLPSW DllT
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v/ Z°-associated A production
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A production in UPC

1.0

» Highly energetic nucleus < quarks and gluons inside the nucleus TP el - AX

0.8 [ s=5.02TeV, ky =200 GeV

+ quasi-real photons surrounding the nucleus

0.6

» Equivalent Photon approximation (EPA) R].(y’ kT) o )
222“ ’ 2 2 02 |
X, () = = SR (DK () — 2 (K2 () ~ K3 (D)) |
-2 -1 Z 1 2
0.4 4Pb — jet( — A)X | | | - y_ :f 1 0.4 4Pb — jet( —» A)X | | | o y_ :f '
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A PA
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QCD evolution of D r(z,p;u )

L.Gamberg, Z.B.Kang, D.Y.Shao, J.Terry, F.Zhao, PLB 818 (2021) 136371
bS

P > de > —~ - 1 MS
D(Z, pl) = fwelb'r PJ_/ZD(Z, bT), D(Z bT) = [Dl(z bT) — Z— J_(l)( bT)
» D4(z, by; u, Q) follow RG and CS evolution equations

dlnDl(Z,bT;u,()= ( ( )i) dInD,(z, by; u, ()
dinp p\ I dIn ./

> Taking { = u? = Q?, the solution to above evolution equations

— K(bTr .u)

1
Dy(z,br,Q) = Z—2D1 (2, up) exp{—Spere (tp, Q) — Syp (b1, 2, Qo, Q)}

AME)

DIT(Z b,Q) = 2,2 ]2 DlT(Z Hp) exp{ Spert(#b»Q) SNP(b Z, Qo, Q)}

Where the perturbative and non-perturbative parts are given by

Q J 2dy’ Q (pi) bt (p%) b7
= —K (b7 In—— ' = L =t
Spert (b1, tp) n,ub i Yo |9 )'.U'Z ) SNp = 4 72’ Sip 4 72
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QGP medium modification: Toy model

» QGP medium modify the QCD evolution, causing energy loss and pr-broadening effects
» As a toy model, we consider only the pr-broadening effect by

]r.n/\e/dq (Z bT’ Q) - ;.,?\C/q (Z, bT} Q)B(bT)
Ditig @ br, Q) = Dig (2, br, QB (by)

Dir A/q Dir N/q
» The pr-broadening functions is given by two forms
Gaussian : B:(br) = exp -—i(c?L)b%]

Non-Gaussian: B,;(br) = exp -—i@”b% In (e T %)]
i T

L. Chen, G. Y. Qin, S. Y. Wei, B. W. Xiao and H. Z. Zhang, PLB 773 (2017) 672
J. Barata, Y. Mehtar-Tani, A. Soto-Ontoso and K. Tywoniuk, PRD 104 (2021) 054047

X,Y.Qin, YKS, S.Y.Wei, 2504.00739
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QGP medium modification: Toy model
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X,Y.Qin, YKS, S.Y.Wei, 2504.00739
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QGP medium modification: the model with energy loss

» The refined model with 2-step process
(1) multiple scatterings and parton branchings inside the QGP

(2) Hadronization of energetic parton outside the medium

le gQ)

E{H’ied(zi br,Q, Tmax) = Z f i (€, Tmax)B (bT)DvaC (?;
J

~ Z
f_jgt)med( bTr Q Tmax) - Z f 'i(f: Tmax)Bj (bT)Df-qgli')vac (E; bT; fQ)

» The energy loss effect is accounted for through the cascade spectrum function Cj;. We obtain Cj; by solving
the evolution equations developed in literature.

J. P. Blaizot, E. lancu and Y. Mehtar-Tani, PRL 111 (2013) 052001
J. P. Blaizot, F. Dominguez, E. lancu and Y. Mehtar-Tani, JHEP 06 (2014), 075
Y. Mehtar-Tani and S. Schlichting, JHEP 09 (2018), 144

X,Y.Qin, YKS, S.Y.Wei, 2504.00739
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Boltzmann-like evolution equations for C;; (z,T)

0 i J i k J i J
P @—— ) = O ‘é— - 40—05—41{
§ S g
0 B $
Ecji(fﬁl') = L[:}Cjk(z) Cri <E> - Kj(2) Cji(f)]

gain term loss term

» Kernel functions are given by Y. Mehtar-Tani and S. Schlichting, JHEP 09 (2018), 144

1,\ Nc(l— -+ 2) 1,\ NC _|_C(1_ )2
Hgg(2) =Eng(z)\/ Z(1iz)z ’ Kqq(2) -5 qq(Z)\/ : Z(1F— 2) ?

Cr—N.z(1 —2z) N.(1—2) + Crz?

1 . 1.
f}ng(Z) — qug(z)\/ Z(l . Z) ’ :;ng(z) = Epgq(z)\/ Z(l — Z)

with Pij the unregularized DGLAP splitting kernels.

Yu-Kun Song, UJN Polarized TMD FFs with QCD evolution
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QGP medium modification: the model with energy loss

Yu-Kun Song, UJN
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Evolution/Nuclear effects on A transverse polarization
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» Significant QCD evolution effects
X,Y.Qin, YKS, S.Y.Wei, 2504.00739
» Pt a/ can serve as a probe of QGP matter
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Conclusions and outlook

Transverse polarization of A from Belle provoke the study of D1T 'q» With current focus on the flavor

structure/isospin symmetry
Transverse polarization of A at different processes such as eA/pp/pp/pA... are sensitive to D q of
different flavors of u,d, g, u, d,..

QCD evolution have evident effects on D at different energy scales. The QGP modify the gluon radiation

in vacuum, leaving visible impact on the transverse polarization of A. This effect provide a new probe of
nuclear matter.

More experimental data and theoretical progress on the way, promising a nice prospect for the precise

flavor structure of A polarized fragmentation function D" 4

Thanks for you attention!
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Backup Slides
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Outline

Il.
IV. P-odd FFs
V.

Yu-Kun Song, UJN Polarized TMD FFs with QCD evolution 27 /29



Hadronic weak decay induced parivity-violation FFs D4;, G4

(D, =D} + Dy + D* +DO)
Ap 2

2 Gy, =5(Df —Di —D* +D2)
q @_ D}, D*, D=, Dy —

~ 1 _ _
D1L=E(D_|-I___D+ +D;I__D_)
1

LG"l=5(D;:+D;—Dif—D:)

D, G1r, Dy, G,
O, & - @ | (O - @@ & -«

D,;: Difference of absolute values of hadron polarizations

- _ in jets initiated by helicity + and — quarks
G, : Difference of number of hadrons

Y.L.Pan, K.B.Chen, YKS, S.Y.Wei, PLB 850 (2024) 138509
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Weak decay contributions to TMD FFs D;, G4

» QCD 6-vacuum breaks parity invariance = non-zero parity—odd FFs [Kang, Kharzeev 2011]

2

g
32m?
» Hadrons detected in exps may contain weak decay contributions, thus violating parity invariance.

L=L+

6 (x, t)FaWFM% = E(z) ~ VMP”(D1 + /1h51L) + VM)’SP”(AhGu + 51)

q-oH+X
I i
h+ X'

» We perform a detailed calculation of weak decay contributions to P-odd FFs, and estimate the

magnitudes of their observables in exps.
Dj: % > An%,E” - An~, Q7 - AKT, ...
D’f: >t > nmt ...

Dy X" »>nn ,A->pn ,E” > An, ..
Y.L.Pan, K.B.Chen, YKS, S.Y.Wei, PLB 850 (2024) 138509
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Observables of Dy;, G,

51L G~1

O - & & -«

Unpolarized ete™ » ttn™X
Suppression of back-to-back
dihadron production

Unpolarized ete™ » AX
Spontaneous A polarization

2 x10 2 T T T T T T T 2 . 1Ob T
1.51
e 1F
N.-.
‘jzlt—:
§ 051
0
1 1 1 1 1 1 1 _05 1 1 1 1 L L
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z Zy

Y.L.Pan, K.B.Chen, YKS, S.Y.Wei, PLB 850 (2024) 138509
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