Accessing 3-D and spin dependent fragmentation
functions in e” e~ annihilation

HFE LEBERALF

2024.06.21, P EHARZ KF, &/




Contents

> Introduction

» Collinear expansion and 3-D FFs
» Accessing tensor polarized 3-D FFsineTe™ - VnX
» Energy dependence of hadron polarizations

» Summary

Accessing 3-D and spin dependent fragmentation functions in e*e~ annihilation 202465218, FERIAK, SRE 2



Contents

Accessing 3-D and spin dependent fragmentation functions in e*e~ annihilation 202465218, FERIAK, SRE 3



Introduction

B Parton distribution functions and fragmentation functions

Parton distribution functions (PDFs):
Hadron

Parton momentum distribution inside a hadron structure

Fragmentation functions (FFs):

- * Hadronization
N®* mechanism

Hadron momentum distribution inside a parton jet

r
* Insights into the properties of strong interaction
Why PDFs and * Understanding hadron structure and hadronization mechanism
FFs important ? * Prerequisite and inputs for new physics researches
\ @  cee e

Accessing 3-D and spin dependent fragmentation functions in e*e~ annihilation 202465218, FERIAK, SRE 4



N Introduction

B Intuitive definition of FFs p, S

k. S, | z=p*/k*
One-dimensional (1-D)

Unpolarized: Df_)h(k; p) = Df_)h(z)

Number density of hadron h carrying momentum fraction z of the fragmenting quark g

Polarized: D(k, Sq D) S) = Di(z2) + A,AGy(2) + (§lq - §T)H1T(z) Spin-1/2
Longitudinal spin transfer Transverse spin transfer
Three-dimensional (3-D) Transverse momentum dependent (TMD)

- - 1 = o~ -
D(k, S0 S) =Di(z,pr) + AqAG1 (2, 1) + (SJ_q - St)Hir(z,p7) + MST - (kxpr)Dir(z,pr)

1 o = 1z N - 1 -
+=2q(S7 - Pr)Gir (2, pr) + - S1q - (kxPr)Hi (2, pT)\ Sivers-type FF
PPN Lo Collins function
+W(5¢q 'pT)(ST 'PT)HfT(Z; pr) + MA(SJ_Q ‘pT)HfL(Z, pr)
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Tllustration TMD FFs | Integrate over pr | Naming/interpretation
@ D:(z, 1) D;(z) Number density
(or = (o G1.(z,p7) G (2) Longitudinal spin transfer
d} - @ Hyr(z, pr)
Hir(2) Transverse spin transfer
@ - @ H%T(Zr pT)
N Longitudinal to transvers
é B é Gir(2,Pr) % spin transfer
_ 1 Transvers to longitudinal
@~ - @~ Hi1 (2, pr) % spin transfer
(t) - @ D (z,p7) X Sivers-type FF
® -0 Hi (z,p7) X Collins FF

N Introduction

What’s the quantum field
theoretical definition of
these FFs?

How to probe them?
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B Study PDFs: deeply inelastic scattering (DIS)

202 d31
do = oL, MW (@, P) -

LU A) = 2(lul1’, + LU — gl ') + 2i41&ypalP1°

1
Win(@,P) = 5= > (P (QX)XIJ, O)IPYRr)*6* (P + q = Py)
X

Naive parton model

|IM(eN - eX)|? = Z j dx f,1(x) | M (eq - eq)|2

q
flq(x): parton distribution functions (PDFs).
Parton number density of flavor q in the nucleon.

(momentum fraction: x = k/P)

Accessing 3-D and spin dependent fragmentation functions in e*e~ annihilation 202465218, FERIAK, SRE 8



B PDFs in terms of QFT operators

1 d*k
%V(q' P) = 2T (27-[)4

Tr | ) (k, 6@ &, P)|

A5 (k@) = v (k + )y, 2m)5* ((k + ¢)?)
P (k,P) = ] d*y e Y(P[(0)y(»)|P)
Collinear approximation: k = xP
A (e q) ~ HY (x)
W,, = ijd Tr [ﬁ(o)(x)¢3(0)(x P)]
w=on) Y '

~ 1
3O (6, P) = Z () Pay™ + -+

Operator definition of one dimensional PDF:
A = [ et (bl o por)|p)
1 = o ) y

However, not gauge invariant!
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B Final state interactions

&
“

+

0 1, 2,
%v=%(1;)+%(1/c)+%(vc)+”'

(1,L) 1 d*ky d'k ~(1,L)p ~(1,L)
VVMV (CI; P) - _f(ZT)Z(Z—TL')iTr lHuv (klr k2; q)¢p (klr er P)]

21

~,L)p _ Yula+d)yP
H/,Lv p urr2

= s U+ Dy @St (e +@)%), G = [ dty dizetfay+ila ko 2(p|p(0) g A, (2)p ()|P)

I,LV

Xy—x1—i€’

ki = x;P, A, = A+ﬁp * Jlead to the same hard part Ppﬁﬁ’”p(xl,xz) =

= Gauge invariant quark-quark correlator: ®® (x, P) = f%e"x?’+3’_(P|l/7(0)L(0,y_)¢(y_)|P),

Gauge link: £(0,y™) = Pexplig foy_ dn~A*(n7)]

Higher twist contribution 7/ ) Collinear expansion O
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B Collinear expansion for inclusive DIS eN — eX

General ste ps: R.K. Ellis, W. Furmanski and R. Petronzio (1982,1983); J.W. Qiu and G. Sterman (1991)

A x)

Expand the hard parts at k; = x;P, such as: ﬁ,ﬁﬁ) (k) = I/-I\L(L?,)(x) + Twpp kyr 4o
’ wp =gp — 7’
Decompose the gluon field: A, = A+ﬁp + a)pp Ay wy kyr = (k= xp),

B B

xX,—x1—i€’ ok,

Apply Ward identities, such as: PpI’-I\L(l}/’L)p(xl, Xp) =

Add same hard parts together: W, = I’-I\&?,) (x) @ O (x) + I’-I\!%,’L)p(xl,xz)a)pp’ 0% @F()}’L) (xq,%x3) + -+
quark-quark correlator: ®® = f%eiprry_(Ph/?(O)L(O,y')?,b(y_)|P) = twist-2,3,4

i B} C AL _ P ixpty(pl ~ - ot
quark-gluon-quark correlator: ¢, = [ e (P|¢(0)Dp(0)1:(0,y W )|P)= twist-3,4,5
D, = —id, + g4,

@ Collinear expansion: to obtain gauge invariant definition of parton correlators and PDFs;
to calculate leading and higher twist contributions systematically.
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Collinear expansion and 3-D FFs

B Collinear expansion for semi-inclusive DIS eN — eq(jet)X

The only difference is the kinematical factor in hard parts, i.e.,

wges) = gD @ U AL (ky, k', q) = LD (ky, Q) xK (ke k', q)

Such as: (OSL)(k k',q) = (O)(k QOX2E, (2m)383 (k' — k — §) Collinear expansion

~ : S S rocedures are not affected!
Ho 9P (ky, by, k', q) = Hyy™? (ky, kg, @)X2E 1 (20)3 83 (k' — Ky — §) P

Z.T Liang and X.N. Wang (2007)
Collinear expansion can be naturally extended to eN — eq(jet)X

e A way to access 3-D hadron structure, the gauge invariant PDFs are transverse momentum
dependent, e.g.,

filky) = [ i eow "y LT (P[(0)y *L(0, Y ()] P)

* Novel observables involved: azimuthal asymmetries, transverse spin and momentum correlations.
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efe">h+qg+X

Collinear expansion

R

SY. Wei, Y.K. Song and Z.T. Liang, PRD (2014)
S.Y. Wei, K.B. Chen, Y.K. Song and Z.T. Liang, PRD (2015)

uv(q p,S) = W(O)(q p,S) + %Q’L)(Q,p,S) 4 ...

Wy @ p.8) = j i T (A9 (@)EO (k;p, )]

d*k, d*k
75 (1L) _ 1 @Ko o a(1L)p p'a(1L) .
VVLLV (CI» p: S) - J (27_[)4_ (27_[)4 Tr[H (ZLZZ) '-'pl (kll kZ) p) S)]

Accessing 3-D and spin dependent fragmentation functions in e*e™ annihilation 202468211, MERIK,

HHE 13



Collinear expansion and 3-D FFs

B Quark-quark correlator

Gauge link: L(&,0) = Pppetd Je= an™n-A(m~;€1 .6 1)

A td&d? b _
20 ki) = . [P R om0 /S 00| L1 (0; o) 0|, 55 00, 5 X L(E )0
X

~(0
4 X 4 matrix =1-&¢ )(Z,kl;p,S) —
in Dirac space. - 2(0)
Expand under +iysE (2, k15D, S) —

Dirac-I" matrices ~(0
+ya:‘£x )(Zr kJ_;pr S) —

+V5V“§§°) (z,k;;p,S) —

+icPysE)(z k;p,S) ——

Hermiticity: 210 (k;p,8) =y 2O (k;p, S) y°

Scalar

Pseudo-scalar
Vector

Pseudo-vector

Tensor

Lorentz decomposition
of the coefficients

>

3-D FFs

Parity: 2@ (k; p, ) = y° E(O)(k?; P?;S?) y°
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Collinear expansion and 3-D FFs

Unpolarized part -

Decomposition of the
correlation functions using J
kinematic variables:

par kJ_a: na

.

B FFs defined via quark-quark correlator

Scalar: p% or M Pseudo-scalar: none

Vector: p,, Kkiq, Ng Pseudo-vector: emﬁkf

Tensor: p[pemmkﬁ, ELpas n[pela]ﬁkf

zEUO(z,k;p) = ME(z,k,),

_ M
ZEZ(O) (z,ki;p) = p*NeDi (2, k) + koD (2, k)) + p_+naD3 (z, k),

2

Z?‘Z(O) (Z, kJ_, p) — glaﬂkJB_Gl(Zi kJ_);

~U(0)

P ApELaypkl

Mn[psla] k

ZEhq (z, kJ_;p) = M

Hf'(Z, ki) + MgJ_paH(Z; ki) + pt

FL 1z, k).

8 unpolarized TMD FFs

— g2
Operator definition: D;(z, k,) = Z j z dz: 51 e~ /zmtki L Tr[y (0] £ (0, 20)y (0)|p, X }p, X | (§) L(§, ) |0)]
X
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Collinear expansion and 3-D FFs

Spin dependence

1 >
§=1/2| 2x2 spindensity matrix p = 5(1 +5-3)

Polarization vector: S# = (0, §T, A1), §T = (87, 5735)

Three parameters for vector polarized part

S=1 | 3x3 spin density matrix P = §(1 +25-3+ 3T”ZU) U =2 (z'z) +2/5h) - 2501

Polarization vector: S# = (0, §T, A)

Five parameters for tensor polarized part

2 xx xy x SLL
— §5LL + 577 St SiT
. 1 2 —
Polarization tensor: T =~ S —ZSu =S¥ Sir | = (0,Si7, Sir, 0)
4
S S -S.1 = (0,5%%,52,0)
Bacchetta and Mulders, PRD 62, 114004 (2000) LT 3 179 TT'
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Collinear expansion and 3-D FFs

Vector polarized part

22O (2, k3, S) = (k- S2)EE(z k), 24 vector polarized 3-D FFs

k.. =¢e . Kk°
kJ_ST la lpat)

22V (2 k:p, S) =M l/lEL(Z ki) +=—Er (2, kl)]

280 (2, k1;p,S) = p*AgEESIDY (2, k1) — MS7oDr(z, k1) — ko [ADE (2, ky) + *&52DE (2, k)]

M ~
+ o+ a (kJ_ ' ST)Dé_T(Zr k,),

250 (2,k1;p,S) = p*ig[AG1. (2, k1) + 565G (2,k )] — MSraGr(z, k) — kio[AGE(z, k) + 54516 (2, k)

2
[ AGs, (7, k) + 542G (2, k)

HV(O) (z,ki;0,S)=p n[pSTa Hir(z, k) + M n[ka_a] [AHlL(Z ki) + ak STH1T(Z kJ_)] + kJ_[pSTa]HT (z, k)

+MA,ng|AH, (2, k1) + S5THI (2, k)| + +n[psm Hir(z, k) + +n[pkla] |AH31 (2, k) + S°THE (2, k) |
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Collinear expansion and 3-D FFs

Tensor polarized part

Sy, <> unpolarized, S/ < elﬁSTﬁ, STfle — Si%

22T (z,k,;p,S) = SLLELL(Z ko) + K SLTELT(Z ki) + STTETT(Z» kJ.)]r

O kysp,8) = M [ESE G, k) + SHE B (2 k),

ZE (O)(Z ki;p,S) =pTn, [SLLDlLL(Z ko) + 5L SLTDlLT(Z ki) + 2 D1TT(Z kJ.)] + MSproDir(z, k) )

+k g SLLDLL(Z ki) + L1 SLTDLT(Z ki) + —DTT(Z kJ.)] + STTaD (2, k)

2 _ Kk
+I;I_na SLLDSLL (z,ky) + kl}\iLTDé_LT(Z: ky)+ ﬁ—zTDslTT(Z» kJ.)]
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Collinear expansion and 3-D FFs

Tensor polarized part

Zu o )(Z ki;pS) = P Ny [kl SLTGlLT(Z ki) + G1TT(Z kl)] MSLTaGLT(Z ki) — STTaG (2, k,)

—kyq lSLLGLL(Z k) +5L SLTGLT(Z ki) + STTGTT(Z kl)] + 2 na [k CLTG3 (2, kL) + STTGsTT(Z k)|,

T(O)(Z ki;p,S)=-p n[pSLTa]HlLT(Z ki) — _n[pS’IISTa Hitr(z, k)

_n[ka_a] lSLLHlLL(Z ky) + 5L SLTHlLT(Z ky) 43 H1TT(Z kl)]

Kk -
+Me, pq [SLLHLL(Z; ki) + kl}\iLTHLlT(Z; ki) + %H%T(Zr kl)] + NpNg) [(kJ_ 'SLT) 7(z, k) + —H r(z, k)

- _ ki
—pﬁﬂl[pkla] lSLLH:%lLL (z,ky) + kl}\jLTHs’lLT(Z» ki) + f\;_’erSJ’_TT (2, kl)]

— s MnpSirayHair (2, k1) + nypStra Hatr (2, k). 40 tensor polarized TMD FFs
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Quark pol. | Hadron pol.
U

L
T
LL
LT
TT
U
L
T

U

Collinear expansion and 3-D FFs

T-even T-odd T-even
D, Dt D, E
Dy
D& Dr Df D
Dy Dlj,l D3y EnL
Diir Dir Diy Diir Eg
Dizr Dy Dip Dipp Err
GJ_
Gy G Gy
Gir Gr Gr Gy
Gii
Gir Ggr Gy Gir Ejr
Girr Grr G Gipr Efy

Hi, H,
H1T H%
Hiy  Hi'

72 TMD FFs from quark-quark correlator

T-odd

Er

A%
Er

H- H H:

L 1
H1LL HLL H3LL
L 1 1L
HlLT H1LT HLT HLT H3LT

1 11 1 11 1
H1TT HlTT HTT HTT HSTT

1
H3LT

1L
H3TT
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Collinear expansion and 3-D FFs

B FFs defined via quark-gluon-quark correlator

A complete results up to twist-3 need the contribution from quark-gluon-quark correlator

A 1 : _
25" (s p,S) = EZ [ e =45 0]t (0; ), (O (O |p, 5:) (0,5 XL )] 0)

e.g., unpolarized part:

2EpiP (2, k3 p) = —p* gk, pDE (2 k) + -+,
HU(l) (z,ky;p) =ip naglpak Gd (z, k) + -,

1 .
",’j;};)(z ki;p) = —p* MeppaiipiHa(2 k) + - €1pokThrialig Ha (2, k )] +

Accessing 3-D and spin dependent fragmentation functions in e*e~ annihilation 202468211, HERIK, &E 21



T LT
1 null L T LL LT TT
"1 TT

K 1

Chiral odd: 7A@ F0 s Ve His(z, k) = Z[H:ﬁ{(z, ki) —ES (2, ky)] L null L LL
L T LT TT
L8 T LT TT

Twist-3 FFs defined from quark-gluon-quark correlator can be
replaced by those from quark-quark correlator.
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ete”™ - VrX: The best process for accessing tensor polarized 3-D FFs.

B General kinematics

E,E>do a )(
d3p,d3p, 25Q4 L

(11, ))WHY(q,p1, S, 02)

L1y, 1) = £ |IF1S + 1715 — (I - ) gH | + ic§e*Plly 1z

W (q,p1,S,p2) = 2n )4z<0|]”(0)lp1,5 P2, XXp1, S, p2, X|J#(0)|0) (2m)*6*(q — p1 — P2 — Px)

General kinematic analysis: to construct the general form of the hadronic tensor.

. . . . v
Available kinematic variables: g*, pf, pé‘, SH, Si1, SfT, S#T, gy, ekvPo
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Accessing tensor polarized 3-D FFsinete™ - VX

W™ (q,pq,S,pp) = W3H (symmetric part) + iW4# (anti — symmetric part)
S . |
= Yo Wai(s,61,62,612) hop ' + 126 ;Wi (5,61, €2, 612) hyj" Parity even

~S : ~ ~ A :
+Zak k(S $1,62,612) h W"‘ 120,1 W&%(S, $1,¢2,€12) ho-lw Parity odd

Scalar coefficients )<

Basic Lorentz tensors (BLTs)

(6 =U,V,LL, LT, TT)

s = q?
HermItICIty W*ﬂv(q' pl) S: pZ) — WVM(qJ pl; S; pZ) 51 = Zq . pl/qz
Current conservation: q,W*'(q,p1,S,02) = ¢ WH*"(q,p1,5,p2) =0 §2= 24 p2/q°

12 = (p1 + p2)?/q?
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Accessing tensor polarized 3-D FFsinete™ - VX

B Unpolarized part

v

U

Suv q-q U {u. v}
hUl {glﬂ/_ g%’ plqpl/CI’ P1qP2g’
=S
AW = {g{qulpzpl’;, g{qulpzp;’c}l}

Apv _ _[p, V]
hU _pquZq
ﬁgl%“’ = {ghvap1 = ¢Hhvapz)

9 basic Lorentz tensors

5(P-even) + 4(P-odd)

(pg =p" =234 q-pg=0)

pé‘qp}/CI}

B Vector polarized part

ot ={[(q-S), (0 - S)IXhy}", e5PaPzxht}
ot ={[(q-S), (0 - S)Ixhyf", eSPapzxh}
byt = {1 ), (o - IXRGE, 8PPy
Ryt ={[(q -9, (p2 - Xk, 5 PPaxhyt?)

l Rules

Polarized BLTs = Polarization dependent (pseudo-)scalars
X Unpolarized BLTs

3 X 9=27BLTs

Accessing 3-D and spin dependent fragmentation functions in e*e™ annihilation
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Accessing tensor polarized 3-D FFsinete™ - VX

B Tensor polarized part

RSHY _ Suv S TADP1D2 < FSHY RSV — [ oPabay p SHY sb2 = Suv
hyri {(pZ Spr)Xhy; -, eI Xy } horg Spp Xhyg, et IPPzX R
(R7H (RZHYY
hLLL hUl S,uv {( .S )thuv gSLqu1P2th”V} S,uv szpthSpr gsg%qplpthsﬂv
;Suv jSuv hyri P2 oLt ) Uj hrri Ui Uj
i \ _ Ui
) RAHY o hARY > pARY _ ARV S rqpypa s ARV ARy = fgpavey pany, SP2qp1py o ARV
,uv uv
\hLLL \h
A,uv . 7 Apv S Auv A#V — (D202 T AUV sP2 Auv
ot {( Dy Spr)XRHY,  eStrapipzxpd } hor {5 xhoHY,  eStiavivaxpl }
1 X9 2 X9 2 X9

In total: 9 X 9 =81 BLTs for unpolarized + vector polarized + tensor polarized

K.B. Chen, W.H. Yang, S.Y. Wei and Z.T. Liang, PRD 94, 034003 (2016)
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B Cross section in terms of structure functions

E.E.d a“y ~ 7 F
Be Y (5,45 450 55 47
1 2

+ S (Fup + Frp) + Surl(Fur + Fir) + 1Se0l (Frr + Frr)] _

Fy =1+ cos?@)F,y +sin? 0 F,; + cos O Fyy

+cosq[sin0F, ® +sin20F,;°? ) {jf'L Fii}

+ cos 2¢ sin? 6 F;°° %¢

Fy = sing [sin 0 ES"? +sin260 B (p] &) {F,, F,.}

+ sin 2¢ sin? 6 F‘;in ¢

hadron-hadron plane

p s
.~ lepton-hadron plane

p1 = (El' 0,0, plz)

p2 = (Ez, |P2rl cos @, [par| sing, pyy)

I = %(1,sin9 ,0,cos 8)

L, = % (1,—sin@,0,—cos 0)

q = ll + lz = (Q, 0,0,0)

Accessing 3-D and spin dependent fragmentation functions in e*e™ annihilation
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Accessing tensor polarized 3-D FFsinete™ - VX

Fr = sin g [sin 0 F3" S + sin 26 F;," #5]
+ sin(¢@g + ¢) sin? @ F;m(fpsﬂp)
+sin(gs — ) [(1 + cos? O)Fy" @™ |
+sin% @ FZSTm(‘pS ) 4 cos@ F;Tm(‘ps —9)
+sin(gs — 2¢) [sin 6 Fp" P57 + sin 26 Fpp (5729
+ sin(@s — 3¢) sin? @ F;m(‘ps_g"p)

Fr = cos g5 [sin @ E52° P + sin 20 Fyp® 5]
+ cos(@s + @) sin? § Fir0#s+)
+cos(ps — @) [(1 + cos? O)EF@s =)
+ sin’ FZCT?S((pS_‘p) + cos @ ﬁ3c7?5(¢s—</))]
+ cos(ps — 2¢) [sin F.lc;s(fps—Z(P) + sin 20 FZC’I?S((pS_Z(p)]
+ cos(ps — 3¢) sin? @ F‘;OS("’S_3"’)

l(‘PS - @1, Fir = F'iLT)

:FLT

l((PLT - 2077 — @, ﬁiLT_’ FiTT)

jf'TT = sin 2(pTT Sinz (2] F;}n 2¢TT
+5in(2@ 7 — @) [sin 6 FomCPTT™) | 5in 26 FomnPPTT™9)]

+sin(2¢pr — 2¢) [(1 + cos? @) FSn(Zerr=2¢)

.2 n pSin(2err—2¢) Fsin(2orr—2¢)
+sin? 6 Fyor. + cos 6 Fypp ]

+sin(2¢,r — 3¢) [sin @ FlS;;(Z(pTT_S(p) + 5in 26 FZS;;(Z(PTT_?"P)

+ sin(2¢ 7 — 4¢) sin? 8 F';;MZWT_W)

]

l(q’s = PLT) FiT = Firr)

:FLT

l(‘PLT = 2@ — @, Fijyr— Firr)

_ ) Cos 2(pTT
Frr = cos 2@y sin“ 6 F

+cos(2@rr — @) [sin B En C9TT™?) 4 5in 20 Fpos G970

+ cos(2pr — 2¢) [(1 + cos? 0)1712?;(2(””_2@

+sinZ 6 F2<:T07§(2<prr—2<p) + cos @ FSC;;(ZWT—Z@]

+ cos(2@rr — 3¢) [sin @ I;vlc;;(2<PTT—3<P) + sin 20 cm;;(2<pTT—3<p)]

+ cos(2¢s — 4¢) sin? @ F;ﬁS(Z(pTT_w)
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(a)

_ 70 , pr(1a) | 5 (1b)
Vvuv_m/uv +VVuv +VVm/ + e

—© 1 [ d*k, d?*k}
W= pips ) (2m)? (2m)?
o d?k, d?k!
o V2Qpipy ) (2m)? (2m)?

62(I_€J_ + ]_éj_ - EI)J_)TF[‘?‘(O) (le kJ_, pllS)F E(O) (ZZI kj_r pZ)FV]

62 (l_()J_ + I_éi — C_iJ_)Tr[Egl) (er kJ_r P1, S)FI,LE(O) (22r ki; pZ)ypr_’/FV]
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Accessing tensor polarized 3-D FFsinete™ - VX

B Structure function results in terms of TMD FFs 27 nonzero at twist-2
Fiy1 = 2cfc{ C[D; D] Fip1 = —2cfcC[G1.Ds] Fipa = 2¢§ ¢ C[Dyy.D;]

Fyy1 = 4c§cle[D, D] F31 = —4c§c/C[Gy,Dy] Fy11 = 4c§cIC[Dyy.Dy]

Fucfs = = —8cfc] C[wpnHi Hi ] FLS1m = = —8cfc; C[wpnHiL HiL] Fi1 = = —8cfcj ClwppHip Hi]
FS@s=9) — pcecde[wy DDy ] FEOSWir=¢) — _pcecdeiw,DiirD; ] FEOSGOTT=20) — 2cecdC[wll DD ]
FSSTi"rll((pS_(p) = 4cs CBC[WlDlTDl] F3CLO7§1(¢LT ? = —4c3 CBC[WlDlLTDl] F3C7?7§§2¢TT_2¢) = 4c3 3 C[W D1lTT51]

F 1CTO1S (0570 2c1 g Cw; Giy D] F 1SLI¥§¢LT ? = —2ct Cg Clw1GiyrDs] E 15#524)”_2@ = 2¢1 Cg ClwggGirrDi]
ESo@s=9) — 4ccdCwy G D] ESeir=e) — _acecdCiw, G D] ESCeTT=29) — 4cecdelwlt G Dy]
Fpy"0S*9) = —8cgcdelwy My Firg P9 = —gcgcd [y Hiyr AL Fypy COTT40) = —actcdelwl Hipr Hi )
F;in((ps ) = —8¢ct CgC[WhhHlTHl ] FLCTO1S((pLT_3(p) = BCngC[WﬁthLTHf] F7(":7?1$ T = = 8cic, 2 Clw,HizrHi]

1 [ d%k, d?k!

ClwbD] = 712, ) (2m)? (2m)?

§2(ky + k. — G )w(ky, k)D(z1,k )D (2, k')
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Accessing tensor polarized 3-D FFsinete™ - VX

B Structure function results in terms of TMD FFs 36 nonzero at twist-3
cos g 8C§C§ 1. N V5 N’
s = C[Myw1D*z9D1 + Maw1z1D1 D],
: 4c¢% 2 = " =
B = _21Q{c"{C[M1nv'1DL22D1 + Mawiz1 D1 D] + 4¢§C[MWw1HzpHy — M2W12-1H1LHU]}’
'R
e 8¢’ N _ _ o
F?IIJ]; = -1'23Q{C61]C[(M1W1GLZQD1 — Maw1z1D1G*)] + 2“30[(M1W’1E22Hf - MQWIZIHiLE)]}’
G146
e Actc? . _
F3n¢ — L3 0IMyw1G* 23Dy — Mawy21D1G),
W zigs
. 8¢t _ _ _ _
F{5f :Z1223 {c‘llC[leleZQD1 — Mywyz1G1 DY'] + 2¢3C[-Miw1EpzoHY + M2W151H1LLE]}»
5 4c¢cd _ _
FE¢ =L 3 OIMyw GE29Dy — Moy 21G1 DY),
T — [ 1G1 22D 12161 ]
sing chcg 1_ n — ~1
Fii5 :_1_2 C[—M1W1DL22D1+M2W121GlLG s
raRe
sing 4Ci q 1_ — ~1 q — 7L 1 ryls
Fin :@{clc[—lelanl + Mayww121Gy,G*] + 4cICIM oy Hy 2o — Mawyz H A ]}
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Accessing tensor polarized 3-D FFsinete™ - VX

B Azimuthal asymmetries

e .q Ll
Twist-2:  (cos2¢)) = — (O 2qc16 C[Whh_Hl Hy ] Collins effect
Yq Ty )C[D, D]
o _ MO cf c; Clwpp Hiy Hi' B

(Sin 2(P>L - Zq Toq (y)C[(Dl —AGlL)El]

> Polarization dependent
© _ C(Y) Xq ¢ c5 Clwpp (HY +S, Hiz ) Hi' ]

2 - L
(€08 20, S TICID; + SuDyy)Dy]

Twist-3:

W _ 2D(y) q _ _ _ .,
(cos @)y~ = 22,0 %, Toq (3)CID1D,] X Zq{Tz () [M;C(w1D*2z,D,) + MyC (W12, D:D*")] Cahn effect (DIS)

+T,! (y)[M,C(W,Hz,Hi") + M,C(wqz, Hf- HL)]}
N 2D(y) _— _ _

S0 = s B < RO E G 2,D) = MC@ADGD]  P-odd

+2C§Cg [Mlc’(v_lezzﬁll) — MzC(W1Z1H1lE)]}
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Accessing tensor polarized 3-D FFsinete™ - VX

B Hadron polarizations

hadron-hadron plane

- by

At twist-2 >
lepton-hadron plane
Longitudinal DO = ng F, (}’)Toq (y)C[G1,D1] (S} = 12q Toq (y)C[Dy..D]
polarization 3 X, T (y)C[D.Dy] L 2 ¥, T ()€[Dy D]
(SEYO) = _ ng Fy (}’)Toq () Cw1Giy D] (ST = zZq Toq (»)C[w1Di7D;]
12 — — = —
. 3 Ty »)eC[D;Dy] ' 3 YTy (C[DyD;]
ransverse . _
larizati ¢ (ST )(0) = 224 Pq(y)TOq(y)C[WlGllLTDl] (St ) = 22 Toq(J’)C[WlDfLTDﬂ
olarization W.r.t. I = — T 5 =
P onw T3y, TI()CIDs D] o 3 Y. To()e[DyDy]
hadron-hadron plane — =

3 Zq Toq(y)e[Dlﬁl]

3 Zq Toq(y)c[Dlﬁl]

Characteristic Quark polarization dependent, P-odd

Quark polarization independent, P-even
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B Energy dependence of hadron polarizations ine*e™ - y*/Z - hX

Longitudinal polarization of A hyperon

0.6_I T T T T T 1T I T T T T T 17T 171 ‘ T T T 1_T T I_
o5l €€ Z-oAX E
- | e ALEPH + ]
041 |= OPAL E
5 0.3;— —;
| 02 =
01 % g E -
- g ]
o 41 E
_0_1_||||||\|||\|||\|||\|||\||||_
0 0.2 0.4 0.
z
_ SA
p_ ZaFaWeGiy " (2,0%)
LA — SA
XqW,D{ 7" (2,Q%)

Quark polarization dependent

Strong energy dependence expected

Spin alignment of K*

0.8

T

||]I(II\I||]|||I[II‘I||][||I\|||I|||I|||\|||I[I|I

e+e_ -7 _)K*X, Poo =§(1 _ZSLL) J
OPAL |

IIMHIIIH

III|IHHIIII‘H LLILLd

o O
o
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IIWI\II\III\IIII\II‘IIIWIIII\|III|I|III|\IIII!I|I | |||\\||||||‘\’|
0 0.2 0.4 0.6 0.8 200 300 400 500
z V/$(GeV)
q—K* 2
ﬁK* _ l_ 2qWeDyy (2,0°)
3 3X%,W,D]"" (z,Q%)

 Leading twist
Quark polarization independent

Weak energy dependence expected  Leading order evolution

Accessing 3-D and spin dependent fragmentation functions in e*e™ annihilation

20245F6H21H, HEMK, &IE 36



Energy dependence of hadron polarizations

Scale evolution of polarized FFs

0 1n Q2

DGLAP

L 0 ln Q2

G1.,(z,Q%)

AP,,(y) = Cp (fl“’y) +38(1- y)]
AR q(y) = Cr[1— (1 = ¥)?]/y
AP (y) = [y? — (1 —y)?1/2

B a1, 1 (1-y)3
AP 4 (y) = N¢ [(1 +%) (:7+(1—;v)+ y

+22 2 s(1 - y)

(0677202 1d ~
) “(Q)f y[GfL‘ (z/y,Q*)AP,(¥) + G h(Z/y,QZ)Aqu(y)]

g_)hz 2 a - -
0% _ s ]G @y, 0DAR 00 + 211 G 2y, 0P, )]

Dy1.(z, QZ)

qu(y) = q(Y) = Cr [(;i—y) +—5(1 Y)]
Pe) = Cr[1+ (1 —y)?]/y

Pg@) =[y* + (1 —y)?1/2

ng(y) = N¢ [(12’,)+——2(y2—y—31—,+1)]

+11NC6—2Nf6(1 N
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Energy dependence of hadron polarizations

Parametrization of polarized FFs

[ G 2) = 27D (2)

A

L a>0,[N[=1

D. de Florian, M. Stratmann, and W. Vogelsang, PRD (1998)

s quark contribution larger than u or d

.

’

\

DflL_l),K* (z) = ¢, DY oK (2)
d/s—>K* d/s—>K*
D7 (2) = (c1 + c22)D 7 (2)

—3/2 < (C, C1+Cyz <3

Valance quark dominant at large-z

Convergence of different flavors at small-z
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v Strong energy dependence v" Weak energy dependence
v" Polarization vanishes at low energy v’ Sizable spin alignment at low energy

Possibility to be checked at BES or BELLE.
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K.B. Chen, W.H. Yang, Y.J. Zhou and Z.T. Liang, PRD 95, 034009 (2017)
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B Spin alignment in SIDIS

<P(‘)/0>

1
3

(SYA(y) + §YC (W) CLf1 (2, kir) Do (zh. kpr)]

3(SYA(y) + S5 C(y))CLf (2, kir) D1 (zn, k)]

Take Gaussian form for TMDs:

fi(x, kir) = fiq(x)
D1 (zn, kyr) = Dﬁ*o(zh)

Dirr(zn, kfr) = DfKLLq(Zh)W

1 p_k?T/A?

2 - bl
7TAf
L 72,/
TAZ " ’
D
" :z e_k?"T/A
Al

pn . integrated

<

_K*O
Poo

)

1

T3

(Y A(y) + S5 C(y)] frg(x)D

K*O
1LLqg

(2n)

B[Sy A(y) + 55 C(y)] fig(2) DE™ (zn)

0.55

_1%0
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L
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- =:Q =100 GeV .’

x=0.2 y=0.5

0.4

13

0.2 0.4 0.6 0.8

A rough estimate of the spin
alignment for K*° production in SIDIS

X.S. Jiao and K.B. Chen, PRD 105, 054010 (2022)
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Summary

® We give a complete decomposition of 3-D FFs from quark-quark correlator for
spin-1 hadron.

® General kinematic analysis for ete™ — VmX leads to 81 structure functions.
® Parton model calculation for eTe™ - VrX is carried out up to twist-3 level.
Structure functions, azimuthal asymmetries and hadron polarizations are

expressed in terms of the convolution of the 3-D FFs.

® Energy dependences of Hyperon longitudinal polarization and vector meson spin
alignment are very much different.

Thank you!
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r 3210 3Ty (»)CID1D;] o 3210 XqTy ()C[D1D,]
(s2)® _ S 2q T, CIDFD,] + -+ (s2,)® = M 2q T CIGErDa] + -+
T 32,0 %, T(y)C[D1Dy] LT 3210 X4 T, (»)C[D,D;]
3
P
A
}_\2
8M; Y, T (y)G 8M; Y, T,)(y)D
(5795)&) _ _ 1 g 3q(J’) T P-odd, T-even (SZCT)&) _ 1 g zq()’) LT P-even, T-even
Sle Zq T() (y)Dl BZlQ Zq TO (J’)D1
7q 7q
(Sy>(1) _ 8My 2qT; (¥)Dr P-even. T-odd (Sy >(1) = BM; 2475 (7)Gur P-odd, T-odd
Tlin 3Z1Q Zq Toq(y)Dl , LTTin 3ZlQ Zq T()q(y)Dl ’
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