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Outline

> Motivation

» FFs in transverse momentum dependent (TMD) observables
* Definitions
* Electron-positron annihilation: ete™— hyhp X
« Semi-inclusive deep-inelastic scattering (SIDIS): e N— e’ h X
* Proton-proton collisions (hadron in a jet): pp — (h jet) X

» FFs in collinear observables
* Definitions (twist-3)
* Proton-proton collisions (4 ): pp — h X
* Definitions (di-hadron)
* Electron-positron/SIDIS/proton-proton:

ete™— (hat ha2) (hp1 he2) X /e N— € (haohy) X /pp — (he hy) X

» Summary and outlook
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Twist-2 collinear PDFs (x)

g pol.
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Inclusive DIS / . .
€(k Twist-2 collinear PDFs (x)

oK) W U ] T
- H pol.

U f1

unpolarized

L gi

helicity

T h1

transversity

~

allows us to calculate the
tensor charge of the nucleon

p(P)
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Inclusive DIS
€(k’ Twist-2 collinear PDFs (x)

ok W U 1 T
> H pol.

U f1

unpolarized

L gi

helicity

T h1

transversity

~

chiral-odd
CANNOT be accessed in inclusive DIS!

p(P)
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Semi-Inclusive DIS (SIDIS) €(k’ Twist-2 collinear PDFs (x)

e(k) g pol.

" m U L T

U f1
unpolarized
L g1
helicity
T h
p(P) transve::lrsity

~

chiral-odd
CANNOT be accessed in inclusive DIS!
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Semi-Inclusive DIS (SIDIS) €(k'

Twist-2 collinear PDFs (x)

e(k)
> U L T
J
unpolarized
gi
helicity
g h
p(P) transve::lrsity

strange quark
AZ helicity -> kaon FFs

See talk by Leader

~

chiral-odd

CANNOT be accessed in inclusive DIS!
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Semi-Inclusive DIS (SIDIS) e(k’ Twist-2 TMD PDFs (x, k.)
7 T

e(k
(k) - U L T
1
f1 h3
g1L | hy;
- 1 h
p(P) ir | 9T |

3-DIMENSIONAL
structure of the
nucleon
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A, in proton-proton collisions
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A, in proton-proton collisions

quark-gluon-quark
FFs could resolve
40 year-old puzzle
of what causes A,

N
it
o4f - K 0.4} §§+ 0.4l Q ; { 0.4}
0.2} o® 0.2} R 0.2} oo 0.2} o ?
[ s} % ® i. s
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- {s=4.9 GeV /s=6.6 GeV $ {s=19.4 GeV s=62.4 GeV
-0.6L
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I Twist-2 TMD FFs (z,p ) I I Twist-3 collinear FFs ((z) or (z, z,)) I
M U L T H pol. intrinsic | kinematical dynamical
1(1) SR,
G H* 1(1) AR,
n Hyr
1T DJ-(l)
17T 7 I ARS AR,S
(Unpolarized) Di-hadron FFs (DiFF) t

2 2
(2,(, Ry ,pL-Ry,p7)
)0 ) 4 fragmentation sector is

D 1 H<Z HJ_ rich in its own right -
1 Gl A functions & particles

o, i, KO KX, A, n, D°, D* ...
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FFs in TMD Observables
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> Definitions

|
’ | \ Aq Z pJ—
/ \
P, S | \ dQZ A i
L : N 2;/ sy O T 0la0)| Py X)
= /;+ - X (PpSh; X[q;(Am + z1) |0)
]
|
| Twist-2TMD FFs (z,p) |
, q pol.
1 i QJ
AR TT — D?/q(z,z%ﬁ) 4 % DiLTh/q(Z»ZQﬁi% H pol: U L T
Lz 1
R U B H;
h/qlict™ h/q 2 =2 efpi Lh/q 2 -2 G 1
Al/a V5] ShJ_ (z sz) M, H1 (z,z l) L 1L HlL
p' . PL-Sni in ,
]\jh Ay, Hf‘Lh/q(z,zzpi) + M, Hyp /q(2722 i)] n Hir
T Dip | Gir Hi.

(Boer, Jakob, Mulders (1997))
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> Definitions

’ | \ Aq Z pJ_
/ \
Ph, S A | \ d221 A ip
: N 2;/ e 0l (0P8 X)
Pa/z + 71 X (PuShs X|q;(m + 21) [0)
|
| Twist-2TMD FFs (z,p) |
: q pol
1.0 QJ
AR TT — D?/q(z,z%ﬁ) 4 % DiLTh/q(Z»ZQﬁi% H pol: U L T
Collins
L& - L
_ . . [~

AP — Ny Gz, 2p?) + P GG, 20, U D11 function | ~H
h/qlic?™ h/q 2 =2 efpi Lh/q 2 52 G 1
AMalieTsl = Gy | HYp (2, 208) — M, Hy " (2, 27p7) L 1L HlL

P h S FL-Shi in ,
MLh Ay Hif [z, 22 57) + M, Hip [(z, 22 i)] n Hirp
T D].T GlT HJ—
(Boer, Jakob, Mulders (1997)) 1T
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» Electron-positron annihilation

(Boer, Jakob, Mulders (1997); Boer (1998);
DP, Metz, Schlegel (2014), ...)
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» Electron-positron annihilation

(Boer, Jakob, Mulders (1997); Boer (1998);
DP, Metz, Schlegel (2014), ...)

©
+
® |
l
>
)
>
S¥
>

I
I
Pa‘ | \
I

dO‘ ‘\ :’ do
dQ dz, dz, d2P, | vt dQ dz, dzp dpadd
| ¢b —

Figures from Seidl, et al. (2008)

0
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» Electron-positron annihilation

(Boer, Jakob, Mulders (1997); Boer (1998);
DP, Metz, Schlegel (2014), ...)

Sy eTeT— hohp X
Pa‘ | \
I

dO‘ ' ! do

dQ dz, dz, d2P, | v dQ dzg dzp ddadoy
| ¢b =

Figures from Seidl, et al. (2008)

-

Collins effect

2
.+ B(y) cos(2¢0) Fro33%0) o -+ B(y) cos(da + ¢p) Frg 7ot
peosen) _ | 2 Pal hﬁi&; Dol Dol pri i peostéaton) _ Ze By) HO (5) B0 ()
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Clear nonzero Collins

TMD

Collaboration

See talks by Anulli, Seidl

Belle (2008) VS = 10.52 GeV

o
< L
asymmetry for 7z pairs 02 L 05z<07 | 07z, |
BaBar (2015) also measured 0.15 - - T
KK and 7K = access to kaon 0.1 - S| 4
Collins FF 0.05 - ) A e :
. A. o g A. = u u
Measurements at different \S 1 J SR e B A S
gives information on TMD .0.05 - 1 1 I 1 1 |
evolution 02 04 06 0802 04 06 08
Z, z,
BaBar (2014) \/S =106 GeV_
BESIII (2016) VS = 3.65 GeV <o 0.04r : -
L & Ay k Ch AO UL :
F & Auc . 00+ Aguc :
[ ]Ay, prediction A E )
[ [JAyc prediction 7 0-02:_ :
5 . o + £ 0.01F :
- OFF ................................................................ =
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» Semi-inclusive DIS (SIDIS)

(Mulders, Tangerman (1996); Boer, Jakob,
Mulders (2000); Bacchetta, et al. (2007), ...)
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» Semi-inclusive DIS (SIDIS)

(Mulders, Tangerman (1996); Boer, Jakob,
Mulders (2000); Bacchetta, et al. (2007), ...)

[eolon O/7/7E

Figure from
Boer, et al. (2011)



': °; ,:, g:EnState D. Pitonyak OT M D
Collaboration

» Semi-inclusive DIS (SIDIS)

(Mulders, Tangerman (1996); Boer, Jakob,
Mulders (2000); Bacchetta, et al. (2007), ...)

do
dx dy dos dz dep, dP? | Collins effect

x {+ 15| [sin(th + g ) Fomlontos) +] +}

[eolon O/7/7E

in }Al ‘D
Figure from F(S]T(¢h+¢s) =C|— ]ij' thf‘
Boer, et al. (2011) h
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COMPASS (2015)

omw
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JLab Hall A (2011 also 2014 for kaons)

L Neutron + ot AT
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w—e Phenomenological Fit
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----- Light-Cone Quark
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D. Pitonyak

02
01|

041 F

HERMES (preliminary)
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02F
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Collaboration
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See talks by Puckett, Schnell
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COMPASS (2015) HERMES (preliminary)
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- === Simultaneously extract Collins & transversity

2 0% Ly 4 from SIDIS and e‘e

> O i IMPORTANT: Collins function is universal

g0z - (Metz (2002); Collins, Metz (2004), ...)

N o4 ——




@ é’e(’;‘gnState D. Pitonyak OT m D

Collaboration

0 Anselmino, et al. (2013) Kang, et al. (2016)
) P ~
. 0.2 | q2.241Gev? A\ NQ 0.3 |-
o = | 25 02| A
0 g 5 77/_}:77_’________" —E —\\ ...0~.
% ik e 0.1 i
j Sy
: : 0 el
= ol ; 0.05
5 0 p————mggiiip 0
. -
= o — -0.05
-0.2 o
-0.3 .
0.001  0.01 0.1 1 uses full TMD 015 : : ; . .
X evolution 0 0.2 0.4 0.6 0.8 1
0.2 . . . . X
Q*=2.41 GeV? \ _________ Q=24 GeV’
— 0.04- Q*= 10 GeV?

N
z A" Dp+y(2)
o

0 S
\.Ns N.\
= s
a -01¢F ’ 2
z, =
< o
-0.2 0‘ . ] 1 See talks by Kang,

Echevarria, Prokudin
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» Proton-proton collisions (hadron in a jet)
(Yuan (2008); D’Alesio, Murgia, Pisano (2011, 2014))

pp — (hjet) X

e e

Figure fro
Murgia, Pisano

kir=Puyr

do - H 72 72 L., 122 A
- —— x sin(¢s — @, ) h1(xa, k1 ,) @ f1(xp, k1) @ Hi (2,k7 ) Q@ Opor
B3P, dz d2 By ( ) ha( Ta) 1 ( 1b) i (2, k1) P
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» Proton-proton collisions (hadron in a jet)
(Yuan (2008); D’Alesio, Murgia, Pisano (2011, 2014))

pp — ( h ] et) X D’Alesio, Murgia, Pisano (2014)
N SIDIS 1 SIDIS 2
| X T T T T T T T 0-2 T T T T
| cm ! y H T ; ]
I : — o Asin(Gg—or ) +
: 004 + Alsvm(q’s Or) 71'.; 2 015 | E AN ¢s ¢1|: no e
| 5 7| A et 2
| D"o 01} : U e i
N 002 | :
i D/ene 0.05 B f T
¢5A/' \ i "\ 27 U o e e !
{ ¢k: d)':t \\ L E i 005 b e .
ANEEEA G ' 002 | 1 :
& m;j=3.3 01} ¢ e, M=33 4
004 } é(—x’;-z 03 i 0.15 g(—sz 03 i T
; L 1 L 1 1 1 1 -0-2 ; 1 | 1 L 1 1 1
2 25 3 35 4 45 5 55 6 65 2 25 3 35 4 45 5 55 6 65
pir (GeV) Pjr (GeV)

Figure fro
Murgia, Pisano

kir=Puyr

do ‘ H 1.2 7.2 L/, 122 A
— — o sin(¢s — @, ) hi(zg, k7 ,) @ f1(mp, k1) @ Hi (2,k] ;) @ Opo
d3P; dz d2Pyr (¢ ¢ ) 1( J_) fl( b _J_b) 1( 1 ) pol
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See talk by Drachenberg
Kang, et al., Data from STAR (preliminary)
Lot 500 7+ = ft> — 310 GeV | * C(lear nonzero Collins asymmetry for
L R charged pions
0.04p 20T * (pF) =12.9 GeV &
L « Similar magnitude for VS = 200 GeV and
0.02 VS = 500 GeV (cf. Belle and BaBar much
v% smaller asymmetry than BESIII)
7] 0 -
%g * No evolution? or Cancellation of
B -0.02 | evolution effects in the asymmetry? or
Simply a kinematical effect?
Qa0 Theory: Kang et al. | « Data not yet included in a global fit (test
- Data: STAR Preliminary i the universality of the Collins function)

0.1 0.2 0.3 0.4 0.5 0.6

Z
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FFs in Collinear Observables
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» Definitions (twist-3)

intrinsic dynamical

q,p
25/ “120] ¢i(0) [PuSh; X) AFw 2 2)
< (PuSn; X|q;(Am) |0) - z:/ / d_u it =L

(0] igmy F"° (pm)qi (Am) | Py Sh 5 X)
x (PS5 X|q;(0) |0)

and
kinematical

AL () = [ oo p Alyp)
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» Definitions (twist-3)
I

I Twist-3 collinear FFs ((z) or (z, z,)) I

intrinsic | kinematical dynamical
H pol
1(1) o~ RS
ul £, H | H H .(;
1(1) SR,
L | He, EL| Hyp Hpy
DJ_ng) - o - o
1 = IS AR,S
T | D1, GT L) Dy, Gy
GlT

TMD

Collaboration
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» Proton-proton collisions (4,

(Kang, Yuan, Zhou (2010); Metz, DP (2013); Kanazawa, Koike, Metz,
DP (2014); Gamberg, Kang, Metz, DP, Prokudin (2014); Koike, DP,
Takagi, Yoshida (2016), Kanazawa, Koike, Metz, DP, Schlegel (2016))

/

—— i >

O 15

pp — hX
- -

)

TMD

Collaboration

kT B e =

y T

Endo*r9(Sp)

d3 Ph

§(—z't — xi)

Metz, DP (2013)

2
- _4asMh 6‘,,’1"’”‘5" Z Z
S

i a,b,c

— h§(z) f2(z') { [H;“”*”(z) -

|
1 1 1
/ d—f/dx'/dxa(.§+£+a)
o %" Jo 0

A

+g/wa
2.k z?(_
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Plot from Aidala, Bass, Hasch, Mallot (2013)

N
0.4f f;‘; s | oa4f 2t 0.4} ; + 0.4f
AN ’ Q
0.2} o® 0.2} ¢ 0.2} int 0.2} o?
o Py N .
Of o mirm il P | - YU Of---B o R
~0.2} % ~0.2} AA ~0.2} b a ) ~0.2} A
_0.4f ANL _0.4f BNL 4 _0.4| Fermilab 4 % _04fRHIC A
s=4.9 GeV 15=6.6 GeV $ 5=19.4 GeV ¥5=62.4 GeV
-0.6L. -06L. -0.6L. -0.6L.

P ol S0 VT Y T G0 T O iV el Y Y Yo PO e B TR Ul MR Tk el Ry oyt P Y i S (07 WU | [ i Nl I Yo O il 7 WP YT Wl o S 0V S o I ST il B Yy Y
0O 02 04 06 08 Xg 0 02 04 06 O.BXF 0 02 04 06 0.8)(F 0 02 04 06 O.BXF

STAR (2012) PHENIX (2014)
X e =z0.12
0. STAR p' +p— = n+Xat Vs = 200 GeV > ST p+p — 10 + X, V5=62.4GeV
F 0.1
- . o i L @ PHENIX %, 3.5<ini<3.8
L o =’ no center cut, <T>=3.7 PRL 101 (2008) 0.08 [
0.6 | O PHENIX %, 3.1<hi<3.5
i o = center cut, <n>=3.68 0.06 :_
<Z 04 ;- u 1 center cut, <n==3.68 + + 0'043_ % +
- 0402 __ é
0.2 + ' -
: o i 0 __ """"""""""""""""""""""""""""""""""""
L o} & 1 C
o o o o © P 3 i 0021~ + + ¥ +
i I 0.04—1 Jisns o gl ug I s 5 geaflims |
1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 -0-6 -0-4 _0-2 0 0-2 0-4 0-6
0.3 0.4 05 06 0.7 Xg
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0 Kanazawa, Koike, Metz, DP (2014)
| STARO4 T STAR 12 0 e STAR 08 =37 S
33<n<41 T n=3.68 01 <n>=33
02} £l }
= L
<
= - -I- -y il
4‘%"”' Fre=)
04 02 0 0° 04 D6040° 0 02 04 06
XF XF
4° TE_ —e—
01l 6=23° Lt
< o b i R FI R il
041} :
02 0.25 03 015 02 025 03
XE Xg

-Used Sivers function from SIDIS as input for Qiu-Sterman function flLT(l) () x Tp(z,x)

-Used Collins and transversity extracted from SIDIS/e"e-
-Used EOM relation for

oY
-Extracted H 7 (2, 21)

See talks by Koike, Gamberg



'« 3 PennState
Y Berks

D. Pitonyak

 STAR 08
N>=3.1

SV1 |

0.5
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zH" z" HEy
d
u
0 02 04 06 08 0 02 04 06 08 1

O

TMD

Collaboration



'« 3 PennState )
';; ,5, Bali D. Pitonyak OII@ P
ollaporarton

EOM relation + Lorentz invariance relation (LIR) =

z Z1

Kanazawa, Koike, Metz, DP, Schlegel (2016)

quark-gluon-quark FF H =7 (2, 21) could be the main cause of 4,
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» Definitions (di-hadron)

, ,: . AY( ZPL,Pa,Pb
VYA v\ d2 ] )
Pd AB1 NN - % / e e 0l 0)| Pay P X)

(Pa,Pb; Xl (jj()\m + Z_L) |0>

TS
Ph/Z‘l_pJ_ |

>
| (Unpglarized) DiFFs2
(Za C? Rj__va_ ) RJJPLL

Dy, Gi, HY HE

AQ['7 ](z pJ_,Pa,,Pb) Dh hb/q(z C)R_2L7p’-]- 'éLaﬁi)7

B JR - —
AW (2 5 P Py) = M—?\ZLGM M e, ¢ B L B i),

o ) i R Lo o
A1) (2, 515 Po, Py) = — mﬂfh“hb/q(z,é, R},pL-Ri,p1)
JPJJ_ HJ-h hb/Q(

=0 ' — )
—M —|—Mb 7C7R_Lap_l_ RJ_ap_L)
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» Definitions (di-hadron)

, ,: . AY( ZPL,Pa,Pb
VYA v\ d2 ] )
Pd AB1 NN - % / e e 0l 0)| Pay P X)

X (Pa, Py; X|gj(Am + 21)[0)

>

TS

| Integrated (Unpolarized) DiFFs
(2, ¢, M5)

Dy, HY

AQ['7 ](z pJ_,Pa,,Pb) Dh hb/q(z C)R_2L7p’-]- 'éLaﬁi)7

B JR - —
AW (2 5 P Py) = M—?\ZLGM M e, ¢ B L B i),

o ) i R Lo o
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» Electron-positron/SIDIS

(Artru, Collins (1996); Bianconi, Boffi, Jakob, Radici (1999); Boer, Jakob,
Radici (2003); de Florian, Vanni (2004); Bacchetta, Courtoy, Radici (2013);
Radici, Courtoy, Bacchetta, Guagnelli (2015); Pisano, Radici (2016))

Jety
< ¢R
Ry LS
Figure from Figure from

Metz, Vossen (2016) Pisano, Radici (201€

do
dQdz, dzy dpre dD R

do
I B oS
o -+ B(y) cos(¢ra + Pro) dzdy dz dom T2

X H{ (24, Mha) Hy (25, Mhp) X hy(z) Hy (2, Mp)

- — |SL||R.L|B(y)sin(¢g + ¢s)
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» Electron-positron/SIDIS

(Artru, Collins (1996); Bianconi, Boffi, Jakob, Radici (1999); Boer, Jakob,
Radici (2003); de Florian, Vanni (2004); Bacchetta, Courtoy, Radici (2013);
Radici, Courtoy, Bacchetta, Guagnelli (2015); Pisano, Radici (2016))

8+6_—> (hal hag) (hbl hbg) X e N— € (ha hb) X
Jety
< ¢R
o i
Figure from Figure from

Metz, Vossen (2016) Pisano, Radici (201€

do
dQdz, dzy dpre dD R

do
x---+ B COS
+ B(y) cos(Pra + o) dy dz dgr AM?

X H{ (24, Mha) Hy (25, Mhp) X hy(z) Hy (2, Mp)

Extract transversity in a collinear framework*

- — |SL||R.L|B(y)sin(¢g + ¢s)

*evolution of DiFFs different than single-hadron FFs
(Konishi, Ukawa, Veneziano (1979); Sukhatme, Lassila (1980); de Florian, Vanni (2004))
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» Electron-positron/SIDIS

(Artru, Collins (1996); Bianconi, Boffi, Jakob, Radici (1999); Boer, Jakob,
Radici (2003); de Florian, Vanni (2004); Bacchetta, Courtoy, Radici (2013);
Radici, Courtoy, Bacchetta, Guagnelli (2015); Pisano, Radici (2016))

ete™— (ha1 ha2) (hp1 he2) X

o 0.04F
0.02f

-0.02
-0.04
-0.06
-0.08

-0.1
-0.12

-0.14

Belle (2011)
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D. Pitonyak

eN— € (hghpy) X

HERMES (2008)
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sing

(Ayr, sinb)

O

TMD

Collaboration

COMPASS (2014)
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Radici, et al. (2015)
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D. Pitonyak

0.2
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OTMD

Collaboration

See talk by Radici
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» Proton-proton collisions

(Bacchetta, Radici (2004); Radici, Ricci,
Bacchetta, Mukherjee (2016)) pp — (h a h b) X

dUUT X Sin(¢R — ¢Sa) hl(xa) ) fl(xb) X Hf{(za M}%) & a-pol
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» Proton-proton collisions

(Bacchetta, Radici (2004); Radici, Ricci,
Bacchetta, Mukherjee (2016)) pp — (h a h b) X

dUUT X Sin(¢R — ¢Sa) hl(xa) ) fl(xb) X Hf{(za M}%) & a-pol

STAR (preliminary)
.5<5 0.08— P4p > AT+ +X e \s=500 GeV
B STAR preliminary
0.06 :_ = \s=200 GeV
0.04|—
- ',
0.02/— % % 0
- ; f .
°F t
—0.02|—
B I | | | | 1 | ]
o uf
3 12 E— 2 . . ™ ™ o
O =
~ 10—
g =
e 8
6 ;— B n ] [ ] |
0 02 04 06 08 7 1.2 14 6

M_ (GeV/c) See talks by Drachenberg, Skoby
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» Proton-proton collisions

(Bacchetta, Radici (2004); Radici, Ricci,
Bacchetta, Mukherjee (2016)) pp — (h a h b) X

dUUT X Sin(¢R — ¢Sa) hl(xa) ) fl(xb) X Hf{(za M}%) & a-pol

Radici, et al. (2016), Data from STAR (2015, blue is preliminary)
n<0, Vs =200 GeV

L I« Another probe of transversity

0.08r run 2006 ]
run 2012 |+ Possible issues in describing
0.06 i Ayrvs. nand Ay vs. Prin the
e ﬁ § i ) forward region
< 0.04] ¢ |

[ | In general, no knowledge of D,
0.02} { {{ Il | for DiFFs

1§ TE | |

- i 1+ Need global fit with SIDIS/e"e"
0.00¥i

0.4 0.6 0.8 1.0 1.2
M See talks by Drachenberg, Radici, Skoby



g‘o 3 PennState : I
¥ Berks D. Pitonyak Oc I@ P
ollapordarion

» Other topics of importance

Extraction of unpolarized FF D (z), D1(z, 22]5]2_) See talks by Gonzalez, Leader, Nocera, Seidl
Other SIDIS azimuthal modulations involve Collins - access to Boer-Mulders, pretzelocity
ee”— hohpX with lepton and/or hadron (Lambda) polarization and EW effects

See talk by Kaibao for V'zX final state See talk by Guan

Model calculations of FFs (CANNOT compute FFs on lattice) see talks by Kerbizi, Schweitzer
Sum rules (or lack there-of) providing constraints on FFs

Twist-3 TMD FFs

A, for Lambda production  See talk by Yabe

Measurement of TMD DiFFs

See recent review by Metz and Vossen - arXiv:1607.02521
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» Other topics of importance
* Extraction of unpolarized FF D, (z), D1(z, 22]5]2_) See talks by Gonzalez, Leader, Nocera, Seidl
* Other SIDIS azimuthal modulations involve Collins - access to Boer-Mulders, pretzelocity
. eTe™ — hg hy X with lepton and/or hadron (Lambda) polarization and EW effects
See talk by Kaibao for V'zX final state See talk by Guan
* Model calculations of FFs (CANNOT compute FFs on lattice) See talks by Kerbizi, Schweitzer
* Sum rules (or lack there-of) providing constraints on FFs
* Twist-3 TMD FFs

* A, for Lambda production See talk by Yabe

e Measurement of TMD DiFFs

See recent review by Metz and Vossen - arXiv:1607.02521
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6 AT + X See talk by Guan
" Belle (preliminary)
Belle Preliminary = A + T[f
HA+T
0.1 0.2<z <0.3 0.3<z,<0.4 0.4<z <0.5 0.5<z <0.9
«»ﬁ"‘*‘w; -
(8] LT g & BEE DAL ELL LDy prencnnn -"‘""""’""""‘}- - ; ----------------
>, . > re :ﬁvi‘:‘ %u{ +,;~:;.<§-;:;:;::.::::
S — o — D qamme
-0.1t
_02 M M | | " 1 | 1 | 1 | 1 ] | 1 ! i | | " | 1
04 06 08 04 06 08 04 06 0.8 04 06 0.8
Zn‘(x ) Zrt’(rt’] Zrt‘(n'] Zn‘(n']
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ete” S AT X

" Belle (preliminary)

TMD

Collaboration

Belle Preliminary = A + th
= ’ HA+T
O %7 02<2,<03 | 0.3<z,<0.4 0.4<z,<0.5 0.5<z,<0.9
@ |
- § O'n:-—" ----------- g v o habaede oo dod e ko - R -"’"""m- Sessssessssasssssse
a g’ & :’ - "'",*‘ - :{;- “: }% : jﬁt,‘.’.‘;“(;;:;;:.;::::;.‘.
— S I — . ) amane ]

O _o.1
Q.
_02 M M | 1 1 | 1 | 1 | 1 | 1 i | | ) i
04 06 0.8 04 06 08 04 06 08 04 06 038
Zn‘(rt ) Zrt‘(.*t'] zrc‘(rt’] *()

ete” = ATATX +

/

H,(z,) xH,(z,)

epl = ATX /plp - AT X

/

h,(x) x H,(z)

extract transversity in “true”
collinear factorization

See talk by Mei
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» Summary and outlook

* Knowledge of fragmentation functions are crucial to understand nucleon structure, and,

moreover, provide their own rich source of measurements and phenomenology

* Much progress has been made in understanding FFs in spin-dependent observables

(Collins effect, 4, 1n pp, A di-hadron, ...), yet many open questions remain

* More precise measurements (Belle II, COMPASS, EIC, JLab12, RHIC, SuperKEKB, ...)
and phenomenological extractions (NLO, NNLO, proper TMD evolution, ...) will be
needed in order to fully grasp the 3D structure of hadrons



