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Introduction
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Polarized transverse-momentum-dependent
fragmentation functions (Polarized TMD FFs)

. . . . 1 Hadron Spin Quark Spin
> For unpolarized reactions, without consider Leading Quark TMDFFs ()= rewensm () s

Quark Polarization

W/Z-exchange, quarks are unpolarized
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Belle data and parametrizations S\

» Belle collaboration PRL 122 (2019) 042001 / >
1. Inclusive process in thrust frame N h N\ A
ete” - A(M)X \ﬁgl _ q R
2.  Semi-inclusive process = q
ete” - A(A)RX, h=nt Kt

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

e+€_ N A(U,dS)T[-I-(U,C_l)X, e+e— N A(udS)ﬂ_(dﬁ)X N 0.2 < zp <IJ.3_ 0.3<zA<IJ.4_ 0.4 < zp <IJ.5_ 0.5.: z:irli.g

+ A

(%)

PAOCE ezDity = Dify ~ —Dirag 777 = 5 -
q A N

> Parametrizations with D17, # D17 4 5 ¥ :&Z
U.D'Alesio, F.Murgia, M.Zaccheddu (DMZ), PRD 102 (2020) 05400 | N_ l’*_

D.Callos, Z.B.Kang, J.Terry (CKT), PRD 102 (2020) 096007 —10]

T 02040608 040608 040608 040608
Zh

CKT
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Transverse A polarization in et e -annihilations (D T)

» However, all g’s carry same color charges, and
(1) m, ~ my ~ several MeV (2) Ais aisospin singlet with I = 0
Isospin symmetry should apply to D2, i.e, D23 = D}
» 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 different parametrizations

» Comparison of three parametrizations
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A A

How to decipher the flavor structure (Isospin symmetry) of the polarized FFs Dﬁ‘,q?
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Transverse polarization of A in ep/eA collisions (DfT)

0.4 rrrr1rrrrryrrrrTryT T T T T T T T T T T T T T T T 7T
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production plane i-“ c+pset A+ X ---i:(].B :
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: e :
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2z Ygeqxfig(x)Diy(24) 01 02 03 04 05 06 0.7 0.8

ZA
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 u/d ratio— { N N
different Py,  (D{, # Di4), CKT, DMZ

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

»> A wealth of data from hadronic collisions, e.g., pp, pp, A, 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
A@yp,Jr>S)
(2) Measure the py distribution of hadrons with respect to jet axis. . . Mz

To explore the potential for flavor separation for DllT’}q,

we perform a detailed phenomenological analysis on

various hadronic collisions
Y.Gao, K.B.Chen, YKS, S.Y.Wei, ArXiv: 2403.06133 Figure from STAR
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A inside jets in hadronic collisions

(1) p +p — j + X, with jet reconstructed yﬁ
do,,_,ix 1dé b ?
ppz - 2fdYZx1fa(x1»Mf)xsz(xz,llf) o
dyd?k;
abc
do,,_ix
Ri(y, ky) = o222
T Zido-pp—n'X g
(2)j » A+ X', described by TMD jet FFs Figure from STAR
do : Aoy, i S
pp—j(=A)X pp=iX [ KA e}’ PrpSare LA
= ) ZZPPoiX| A, DA (2,
dydZk;dzd?pyy L ddekT< 1j (& Par) + = Dir (2 pAT))
J

_ Vb X, Ry, kr)Dig; (2)
AT 2zM Z,- R;(y, kr)DP(2)

» We have quite different quark/gluon production R; (y, k) in different reaction/kinematic regions, which

provide the potential for deciphering the flavor structure.
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pp collisions
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pp — jet( — A)X S pp — jet( = A)X P pp = jet( = A)X i
Lo | ——u——d ——s | 0a | e by =15 GeV || | e iy =15 GeV |
(5 =200GeV, by =10GeV |4 . ¢ L5 =200GeV, y=0 ek, —95Gev ||t V5 =200GeV, y=0 e — k= 25GeV
e

N

cLpsyy, Dy 0

-0.1

0.1 02 03 04 05 06 07 08 0¢01 02 03 04 05 06 07 08 09
Z Z

Ceontral rapidity & small k; region, gluon dominate!

= a nice place to study the gluon polarized FF D#,g

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

1.0

0.8

I;i(J[,I(T;%5

0.4

0.2 |

| /5=

-0.1

01 02 03 04 05 06 07 08 0

z

1.0
—t ——(] —s
jet( = A)yX .
— —i— —] — =5
14 TeV, kp = 200 GeV  §—— ——¢ 0.8
0.6
)
=
0.4
0.2
""" = 0.0
-1 0 1 2
)
1T,d

pp
P

— 14 Te-. mr - 200 GeV

—U ——(] —3
— =i — =] — =35
—_— ——C — —(

» Quarks dominate over gluons
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A production in UPC

1.0

» Highly energetic nucleus < quarks and gluons inside the nucleus b jet( — A)X

0.8 | s=>5.02TeV. kr = 200 GeV

+ quasi-real photons surrounding the nucleus

0.6
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TMD handbook
2304.03302

Spn-(kXpyp)
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e (o)  feowniotme

Leading Quark TMDFFs O—» Hadron Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (M

Dy = () Hf =(D-O

Unpolarized Collins

(Sqr - PaT)(SA - PA)

Gr=(r -~ HiL =D~

SqT " SAT

Helicity
1= @ o é)
Transversity

P
Dy - d)

1

/

iT = @ @ N | (SqT'PAT)(SAT'PAT)
potarng FF )«; tHlT=®_®j

™
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ongitudinal and transverse A polarization in ep/eA collision (H7, Hy7, Hy;
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Weak decay contributions to TMD FFs D;, G

(D, = >(D} + Dy + D* + D)

1 - —
G]_L =E(D_|-I_- —D+ —Di- +D_)
~ 1 _ _
Dy, = (Df —Di + D — D)

L(71=§(DI+D;—D_+—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;, G

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

g2

3212
The 8-parameter induce parity-odd FFs D;;, G; with different signs in each event, hard to probe in exps.

L=L+

6 (x, t)Fawﬁucnl/ = E(z) ~ VMP“(D1 + AhﬁlL) + VHVSP“(AhGu + 51)

Hadrons detected in exps may contain weak decay contributions, thus violating parity invariance.
It is not an easy task to subtract all decay contributions, leaving room for P-odd FFs

We perform a detailed calculation of weak decay contributions to P-odd FFs, and estimate the
magnitudes of their observables in exps.

/ / dN(A‘h’ AH) / /
DM (Mg, An; 2, 07) = Zsz d*py ——Df (Aq, Au; 2", D7)
- dzd*pr
H

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;, G

h _ pnhdir h,H
D} =D} + Z D/
H

> Df’dir: directly produced part, free of parity violation

> Df’H: decay contribution from parent hadron H
H->h+X

Where X can be a single particle (2-body decay) or several particles (3-body decays etc.)

DY (Ag, Ans 2, p1) = z j dz'd?p;

dN (Ahl AH)

DI (Aq, A 2, P7)
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Weak decay contributions to TMD FFs D;, G

Aq
dN(Ap,Ag) N . . . . . . .
2 d%pr contain information of weak interactions. We calculate them via helicity amplitudes.
> 25240
2 2

AN, Ay) 1 2My

2%

dzd?pr  8mz|p;
+a(Ayw; - Py, + Aoy - Pr) + PAuAnD, - (0; X wf)]
> 25140
2 2

§[(oy — pr)? — MEI[ 1 + Y AuAnw; - @5 + (1 — VA dn(@; - B3 (@f - Bh)

AN(Ap, Ag) 1 2My

dzd?p;  8mgz pr
» Forstrongdecaysa = =0,y = +1

S[(py — Pr)* — ME1|1 + adywy - Dy
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Weak decay contributions to TMD FFs D;, G

dN(Ap,Ag)
Zdsz

» By inserting into the decay contributions to P-odd FFs, we finally obtain

MH dz'

(Z) = dzp D1q(Z pr)Kyo.

My
2|p

G (2) =

*

dz' )
J d“pr GlL q(Z pr)Kiou
. z'

where the kernel functions are given by

MyELE; — Eymé P MyE, — EyE;,
’ L-U —

Ky =
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Observables of D4, G4

1. Spontaneous A polarizationsinete™ - y*/Z% - AX
2. Modifications to the di-hadron cross sectionsine*e™ - h h,X

~

51L G4
(= & -«
ZQ[AqulL,CI(Z)+wq51L,q(Z)] ZqG (Zhl)G (th)

(Z 1’Z 2) -
2q wqD1,4(2) e Dhl( hl)D 2(2n,)

%107

PL(z) =

x107% 1.8

Q = 10GeV

01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08

¥:L.Pan, K.B.Chen, YKS, S.Y.Wei, PLB 850 (2024) 138509
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Conclusions and outlook

> DfT: Belle data, three group of parametrizations, Flavor structure (isospin symmetry)
> ep/eA
» Hadronic collisions

DllT/,\g in pp collisions, and in YA collisions (UPC)

Di, v.s. Dify inpp collision
D#)‘u V.S. D#’\d in pA collisions, and in y/Z%-associated process (Isospin symmetry)
> Hyr, Hip, Hy : rough estimates in ete™, ep/eA collisions

> Dy;, Gy: non-negligible magnitudes, probable to measure in exp.

A garden with a wealth of polarized TMD FFs unexplored, calling for experimental efforts from e*e™-

annihilation, EIC, hadron collider et al.

Thanks for you attention!
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