Azimuthal and spin asymmetries in ete~ —» VmX at high

energies and 3D fragmentation functions




Contents

> Introduction

TMD FFs from quark-quark correlator

> Accessing TMD FFsinete™ —» VnX

General kinematic analysis
Parton model results
Energy dependence of hadron polarizations

» Summary




Introduction

tion

guark-quark correlator

> Accessing TMD FFsinete™ —» VnX

General kinematic analysis
Parton model results
Energy dependence of hadron polarizations

» Summary




Introduction

Important inputs for high energy reactions

PDFs: Parton distribution functions | “conjugate” to each other | FFs: Fragmentation functions
E—— . .
(hadron structure) (hadronization)

Intuitive definition of FFs 1 dimensional:

Df_)h(z): number density of hadron with fractional momentum z = p/k from parton.

Polarized: D(z,S;Sq) = Di(2) + A,4Gy(2) + (§J_q'§T)H1T(Z) ksj_)_Cg

Number density Longitudinal spin transfer Transvers spin transfer

p.S

3 dimensional:
D(z,pr,S;S,) = Dy(z,pr) + 442Gy, (z, 1) + (S.q - Sr)Hir (2, D) Transverse momentum dependent
1 = ~ - 1 = ~ N
+o, 51 (k X pT)Df'T(Z, pr) + wolq” (k X pT)HlJ-(Z: pr)

+% (§lq ﬁT)(gT 'ﬁT)HfT(Z' pr) + %A(iq 'ﬁT)HllL(Zr pr) + %Aq(S)T : ﬁT)GllT(Zr pr)



Introduction

TMD FFs from quark-quark correlator

&5 (erip,S) = —Z j d*g e e (0].LT(0; o)y (0)|p, S; X)(p, S X[ (O)L(E; oo>|0>

L(§,00) = Pe'9 i 41 AT 4 X 4 matrix
+d d2 .
85 (2. ki, S) = Z f u THPTE /2L D(0] £1(0; 00)h;(0) |, S5 X )P, S; X [1hi (§)L(E; 0)|0)

=E20(z,kpy;p,5) " Scalar
+iysEO(z, kp 5 p,S) — Pseudo-scalar
Ty ufx)(Z kri;p,S) — Vector ‘ TMD FFs
+y579E0 (2, kp; p, S) — Pseudo-vector
+icBy. 2Dz kp1p,S) —> T
Vs=ap (z,kp1;p,S) ensor
Hadron polarizations: spin density matrix
: ) Spin-1: i - .
iz V(3. o N [TEESE o S Sk
p=2(1+5-3). p =§<1+§S-Z+3T”Z”> =3 S?} _ESLLy— fr Sir
2 St Sir 151 |5




Introduction

Leading twist fragmentation functions from quark-quark correlator for spin-1 hadron

Quark pol. Hadron pol. TMD FFs integrate over kg, name
U Di(z kpy) D;(2) Number density
T Dir (2 k1) X
U LL D11z kp)) Dy, (2) Spin alignment
LT Dijr(z k1) x
IT Dirr (2 kr.1) X
L G,z kpy) G1.(2) Longitudinal spin transfer
Gir (2 kep1) X
L LT Giir (@ krL) X
T Girr (2 Kp 1) X
U Hi(z,kg)) X Collins function
L Hij (2 ke1) X
(D Hyr(z k) )
Hir(2) Transverse spin transfer
T T(1) Hir (2, kr.)
LL Hij; (Zkp)) X
LT Hyur@key), Hiir (@ ke Hypr(2)
T Hirr (zkry), Hitr (@ Kr.) X, X




Introduction

Quark | Hadron Chiral-odd
polarization

polarization T-even T-odd T-even T-odd

U D, D+ D, E

L Di-

u Diy Dr D Ds EF

LL Dy, D Dy EyL

LT Dy Dr Dir Diyp Eir

TT Dirr D+ Dip Dipp Egr

U G*

L Gy G Gy Ey

T Gt Gy G GL Ezt

LL Gii,

LT Giir Gr Gir Gir Ejr

TT Girr  Grr Grr Garr Err

U Hi H Hy

L Hi H, Hs

T(Il) Hip Hf H

T(L) Hyy Hf Hg

LL

LT Hyr Hir Hir Hpi Hayr Hig
TT Hirr Hir Hpp Hip Hypp Hipr
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Accessing TMD FFsinete™ —» VrtX

The best place to study tensor polarized TMD FFs:

Semi-inclusive et e~ annihilation with vector and pseudo-scalar meson production

. . . V(p1, S)
General kinematic analysis _
: (p2)

E{E,do a )(
Bpdp, | 2507

(1, LWHY(q,p1,S,p2)

Luv(ll, lz) = Cle [lfpz/ + ll/lg - (ll . lz)guv] + icgguvpo-llpl20-

WH(q,p1,S,p2) = Xx(01/V(0)|p1, S, D2, X){P1, S, D2, X|J#(0)]0) §*(q — p1 — P2 — Dx)

= WS (symmetric part) + iW4#Y (anti — symmetric part)

_ Suv A,uv S/,w T Auv
ZO‘l O'l 0'l +lza] a] a] +Zak h +lzal hal
parity even parity odd

(c =U,V,LL,LT, TT)
Construct the independent basic Lorentz tensors

Constraints: W**¥ = WY# (Hermiticity), q,W"" = q,W*’ =0 (current conservation)
9



Accessing TMD FFsinete™ —» VrtX

Unpolarized part 9 Vector polarized part 27
i =l - L g bt k) : -
Ui lqplq’ qupzq quzq S,uv hS;fv hU};
g v ylv 78y
hSl-‘V [/-lqpupz X : 'u hy); ) '
Z, { o (qu p2q) } hA#V = 4 [(q . S)’(pz . S)] ":lﬁfﬁzw ,SSCIPIP ¢ hgﬂ{V
mv v .
hU _pquZq’ X;w XL[W ’”g,uv
ht h .
hAIJV { gar guvqu}_ Vi v Uj
(pf =pt—BLgh, q-p,=0) Same structure for polarized case
q
9 independent basic tensors
Spv S:‘{V 7Suy
iy i iy
Tensor polarized part hy h;r. ok
P P 45 VT = (py - Spp) b eSmame L0 L
s iy e,
oy
S S iz hUj hy
h s N
i ~§Jw iyt ) i
: [} [}
4 Iﬁ; = SLL< }_{ . h ny %S;{V . h jv
flb ,,Xt QULTi% = L §p2p U eSrrapip2 U0 R
ARy jAuy h2HY /3 hot
LLi Ui TTi i
%A;.w ;l ny K g
TTi Uj J U 10




Accessing TMD FFsinete™ » VntX

Cross section in Helicity-Gottfried-Jackson frame

ElEQdO' (04 )(

Todp " 25 |(Fv+ Fu) + AT+ F1) + IS 7I(Fr + Fr)

+ 811 (Frr + Frr) + 1S 1r(For + Frr) + 1S 17|(Frr + 7::TT)]

hadron-hadron plane

p1 = (E, 0,0, py-),
P2 = (Ex, |par|cos ¢, |par| sin g, pa-),

Iy = g( 1.sin#, 0, cos 6),

- e 7 14 2
b2 z l = =(1,~5sin6,0,-cos 6),
.~ lepton-hadron plane o

gq=L +1L =(0,0,0,0).

X

Fu =1+ cos’ NHF .y + sin’ OF > + cosOF 3y

+ cos @[sin BFSY +sin 20F 50| + cos 2 sin? OF ;¢

{fﬁ, ?:L}@HT?U* fFU}
Fu = sing[sin OF"¢ + sin 20F50¢] + sin 2¢sin” 6F ;" | Fi, Fuf e {Fv. Fu|

Structure functions!

11



Accessing TMD FFsinete™ » VntX

Structure functions for transverse polarization dependent parts

Fr =sings[sin 0F 77 + sin20F Fr =cos ps[sinOF 7% + sin 20F57°%
+ sin(gs + ¢) sin” OF ;m(% *) + cos(ps + @) sin? OF ;OS(“"S +)
+ sin(gs — @)[(1 + cos? H)Ffi}‘(‘” ) + cos(ps — @)[(1 + cos? H)Ff;sws )
+sin’ F ;i}](@s ) 4 cos OF ;2‘3“"5 )] +sin” OF ;?S(‘”S =) 4 cos OF ;;S(*’;S =]
+ sin(ps — 2¢)[sin OF Sl’i;(“"s ~29) | §in20F ;i}l(”_z"p)] + cos(ps — 2¢)[sinOF fc}s("’s =2 L sin20F g‘}s(‘“ 2]
+ sin(@s — 3¢) sin® GF ) +cos(ygs — 3¢) sin® OF ;7%
{Fir. Fur | e |{Fr. 71
. 2 - o
Frr =cos 2prr sin® OF 1 417 Frr =sin 277 sin® OF 737"
. 27— : Yerr— . s _ i _
+cosQQerr — ¢)[sin OF T;S; e11=¢) 4 gin 260F SC}S} )] + sin2err — @)(sin OF ‘1;1;;? =) 4 sin 20F 21;;2 1)
+ cosQerr — 2¢)[(1 + cos® Q)FTC}S](FZWT_Z‘P) + sin(2gy7 — 20)[(1 + cos? Q)F?i}l;ﬂzwrzw
+sin” 6F ;;5}2"5”72"5) + cosOF ;‘;57(«2(‘0”72(‘0)] +sin” OF ;?;?WT_ZL‘D) + cosOF ;??WT_ZW]
+ cos(err — 3¢)[sin F f;sf“’o"*m + sin 26F ;;stcrri%sa)] + sin(2¢77 — 3¢)(sin OF E{i}]?w”_‘q‘p) +sin260F ;i;;z(m—w))
+ cos(2err — 4¢) sin 6F CTOTSQWT*M + sin(2err — 4¢) sin® OF STi;(z"DTTW’D)

12



Accessing TMD FFsinete™ » VntX

Azimuthal asymmetries

[ (cosg)y = (sin@F|)% +sin20F5,%)/2F (unpolarized hadron)

P-even -
| (cos2p)y = sin’ OF " *1Fy,

M (sing)y = (sinOF 17 + sin 20F5%)/2F .

- . d ~
P-odd 7 (o), = sin2 67" 2F, Fuu(s,&1,69. par. 6) = f Ly + F)

Hadron polarizations (average over azimuthal angle)

2 . . - -
Longitudinal pol {(A) = I ({l +cos?@)F . + sin® 8F +cosE?F3;_],
: T
1
(Ste) = 55 —((1 +cos’ O)F iz + sin® OF 2. + cos OF31.),
Ur
n 2 2 sin(gs —¢) + 2 o psin(gs —g) sin(gs —¢)
Transvers pol. w.r.t. () =37 | (1 + cos® OF ™ 4 sin® 67727+ cos 0Py 277,
QLU
hadron-hadron plane b 3 . .
P (S5 =57 |(1+ cos? O)F 77 + sin? 0F 377 + cos 0F 577,
DU
p) o L o
. 513D . - (ST “3F. [( I +cos® )F e ¥ 4 sin’ HF,S_,E‘F” 9+ cosOF 3 7 2|,
en [D1xp2l ’ U™ D7 2 ) cos(@rr—0) 2 cos(orr—0) cos(orr—o)
(ST :F[(l +cos” O)F | 7T 4 sin” OF 5T 4 cos OF T
SO U
) B ‘ . )
(ST =57 |1+ cos” O)F 357777+ sin® 0F 572772 4 cos 0F 57777 7|,
QLU
2 s - . 9 s - I
(S4y = [(1 + cos? G)F?';g"c” %) 4 sin? QF;];.}Z‘P” %) 4 cos QF;;]?"D” 2"”]. 13
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Accessing TMD FFsinete™ » VntX

Parton model results

(B)

Leading order in QCD and up to twist-3

50 7 (1 5,0
Wi = Wi + W) — AW

WO — 1 f dk, &K, =52 (ky + k', — g OT[EV (1, ko, pr, STED (20, K, p)T ]
2m)?2 22 T P AR T '

w1 d*k, d°K,
Hv \/EQpl p2 (2ﬂ)2 (27T)2

L 6%(ky + K, — g )TTE" (20, KL, p2)y, iDL 2P (21, ko, pr, )]

14
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Structure functions at twist-2

Fiy1 = 2¢{c{CID D], Fipy = =2¢¢5CIG1.Dy]. Firpr = 2¢{¢{CID11.Dy ],
F3u1 = 4¢5¢5CID Dy, Fapy = =4¢5¢{CIG LDy . Fipri = 4¢5¢5CID Dy ],
305295 . 1Lyl in?2 — cos 2 5
FU] 8C1C C[WhhHl H] ] le? Y = —867CgC[W;Ith'LH]J']. FLL] Y= —8¢ CQC[W%H#LLH]L]-
F?;g%_w 2c"ch[w1D D1l FT%?M ¥ = = —2cjc qC[‘”"lDlLTDl] F;:;S}ngm_zso} QC?C?C[WZdDITTDl],
Fi ™ = 4¢5eiClm Dy D, Fy 3679 = —4ccdClwi Dy Dyl Fypafr =) = 4es el Dig Dy .
FT(}S]{"DS 9 — 2cech[w1G D], F?g’;‘ﬁ” 9 - —2¢{c5CIw1 G D1 F??g{pw_z@ 2cech[w$deTTD]]
FSN9 ™9 = 4escICIw G Dy, Frern=e = _4csICIw Gy Dy, FS2emr =240 = 4esICIw® Gl Dy 1,
Fes 9 = _8c¢ et Hiy i, Feoueer?) = 8¢t ACTn Hiy - Hi, FSRerm=49) — _qce AW, Hispy AV,
FMe™9 = _gesclelw!, Hiy AL ). FSoar=39) = gee A wi, Hiy -], FSRTT = 88 ACwa Hiy  HT .

1 (dP, d*k,

CwbDl= "= | GaR ny

6% (ky + K, — g wlky K )D(z1.k,)D(z2,K,)

15



Accessing TMD FFsinete™ —» VrtX

Azimuthal asymmetries

e 4q 1L .
twist-2 (cos 290)(3) _ _C(y) Zq C](.‘zC[Wth_'I] H1 ] . CO”|nS effect
Yy ToCID D]
8D - _
twist-3  (cos 99)3) == (y)(o) X Z{TE(Y)(Mlc[WlDLZ:le] + M:zC[lelDlDl'])
21220F, 7

—>  Cahn effect in DIS
# T{O)MICIT Hos 1]+ MaClwi 21 HE V1)

. 8D ) o
(sing)) = —o D x S TN MCIn G 22D1] - Ml DiG)
ZIZZQFUt q

 ———

P-odd counterpart
+ 265 M\ Cl E Y] - MZC[wllejE])}

Hadron polarizations

twist-2 DO gzqmlrg(y)c:[c;_ml] §0 = L > ngy)C[DlLLfDI]
2 ToCID, D] 2 3, T,("CID D]
. %/2 5, POITY0)CIn G D] (501~ 2 2 TH0XCIn Dy Dy
pola:::;lt(ion ' 3 Z" Tg(y)C[DlDl] ! 3 Zq Tg(J’)C[DlDl]
(§1 )0 = ng Pq(y)Tg(Y)C[ch_;lLLTDl] (53O0 — 2 P Tg(y)C[wlDlLL_TDl]
3 >, TJ"CID D] Lr 3%, TI)CID D]
(53 = 2 Za PaOITo0ICG Gy D] o _ 2Ly T00ICIwG, Dy D1}

37 3, T0CID Dy ST 37 5, T70)CIDi D] 16



Accessing TMD FFsinete™ » VntX

Azimuthal asymmetries

e q Ll .
twist-2 (cos 290)(3) _ _C(y) Zq C](.‘zC[Wth_'I] H1 ] . CO”|nS effect
Yy ToCID D]
8D _ _
twist-3  (cos 99)(1}) == Q(i’)(o) X Z{TEO’)(Mlc[WlDLZ:le] + M:zC[lelDlDl'])
212 ) .
T —>  Cahn effect in DIS

+ TI)(M Gl Ho B + Mg(}[wllellH”])},

. 8D ) o
(sing)) = —o D x S TN MCIn G 22D1] - Ml DiG)
ZIZZQFUt q

—  P-odd counterpart
+ 265 M\ Cl E Y] - MZC[wllejE])}
Hadron polarizations
ete” - VX

twist-3 q
_8MD(y) 2q T30)Gr

(S = _3jQM1 qufggy(i’fc[[gigj; — (SEND = 350 3, T000D; P-odd, T-even
(S0 = 3Z?QM1 Zﬁjﬁ?&%ﬁ%};m (ST = Sf;fg} L ;‘: ?;f(l))g}; P-even, T-odd
(ST = _SSQ M ngzz%zyc)[cz[)ggi 1 . (Siryy = —Sﬂig}!) ZZZ?S(;)’%:F’ P-even, T-even
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Energy dependence of hadron polarizations

Data on hadron polarizations at LEP give us the chance to do some simple phenomenological
analysis and make some rough predictions.

Hyperon longitudinal polarization Vector meson spin alignment
06 TTTTT7 L o O.B:\IIIIII\\lllll\\\Illl\\\IIIIII[HIIIIIII‘WIIIII\\|:
o5k ete = Z — AX E ; e*e” > Z > KX, poo =5 (1—2Sy,) ]

e ALEPH 3 E E
0.4 OPAL = 06 OPAL =

o
~
-

—Ppra
T
—
Lo

PGy
+
?

o
[N

L1 I III\ |
T
4
B
Illlllli

0.2 0.4 06 08 1
“ z

o
o
N
o
~
o
[e2]
o T

ete”™ - y*/Z° - hX : Leading twist and Leading order DGLAP evolution

5 -A SK*0
p o ZafgWy Gy (2,0 I O 7 DLK? (2,02)
LA = SA 00 =373 — 0
Yq Wy - D{™"(2,Q%) 3 BZqu'Df (@07
Longitudinal spin transf(?r . Induced polarization
depends on quark polarization independent of quark polarization
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77777 Q =20GeV
—— Q=012GeV ]
_____ Q = 200GeV
———— Q= 500GeV

02 04 06 0802 04 06 08 ® 702 04 06 0802 04 06 08
Z 2

08 7“|“||‘|“‘|“|“| T T T T T T 71T \I\\I\\\I7 08 7\I\\ \\II\I\\I‘\\I\I\\I\ TTTTTTTTT I\I\\\I\\7

1o ; 07- 2L A
0.6 || === Q = 5GeV ] b == Q=5GeV E
TE |=— Q =50GeV b | =— @ =091.2GeV :
[ |—— Q=01.2GeV g 06 | oo g=s500Gev 7
~F|--- @=200Gev LT . C .
S04 Q = 500GeV L B Very different + 205 -
Q“ - ¢‘// - <Qc>- 3 .
0zf ] energy dependence 04l -
- - . o3*fE " -
0 7 1
_\\I\\II\I‘\\I\\I\\I‘\II\I\\\\‘\I\\I\\\I_ 0_27 t
D 02 04 06 08 \I\\l\\ll\l\\l‘\\I\I\\I\‘\I\I\\II\‘I\I\\\I\\

0.2 04 0.6 0.8
, z
Strong energy dependence Weak energy dependence 4

—_
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Summary

® We give a complete decomposition of TMD FFs from quark-quark correlator
for spin-1 hadron and define 72 TMD FFs.

® General kinematic analysis for ete™ — VX leads to 81 structure functions.
® Parton model calculation for ete™ — VrX is carried out up to twist-3 level.
Relationships between structure functions and FFs are given. Azimuthal

asymmetries and hadron polarizations are expressed using FFs.

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

Thank you for your attention!
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Back up
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Twist-3 TMD FFs from quark-gluon-quark correlator

A(1)

QCD equation of motion y-D(x)Y(x) =0

!

1
Défs(z, kry) + Ggs(Z, kpi) = Z [Déf(z, kpy) + iG:f*{(Z; kri)l

1 . _
B0 (kpi 1, S) = %EX: | v emtkeE 0]t (0; )0y OpiCO |, 5: X) 1, 5: X1 OLE =)

k2 , 1 i
His(z, kpy) + ﬁHé{s (z,kpy) = 5 [Hg(z, kpy) + EESK (z, kFJ.)]

All the twist-3 FFs defined from quark-gluon-quark correlator

K S
null T LT
1 null L T LL LT TT
"1 TT
K K' S
null 1 null L LL
L L’ T LT TT
"1 " T LT TT

are replaced by those from quark-quark correlator in calculations!
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