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Based on:
the plenary talk at the 21st International Symposium on Spin Physics (2014);
also a short review by K.B. Chen, S.Y. Wei and ZTL, Front. Phys. 10, 101204 (2015).
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EIRE % T REE—BENEIR

HHTHE  —AFEENNET _ —REAT ;
Parton model A fast moving proton A beam of partons y

H 25 M) 84T 434 B8 $i (parton distribution functions, PDFs)33#ik

H¥mla) sy ———> One-dimensional PDF f,(x)
AEARER BT WA TaRBEE, R RA B

%8 HJ€ ———) spin dependent one-dimensional PDFs (totally 3):

fi(xy5,38) = fi(x)+ A, A g, () +5, - S; By (x)
helicity distribution  transversity

S three-dimensional (or transverse momentum dependent
& royy)  — ’
HIERAE) TMD) PDFs (totally 8):

-~ = - A 1- . -
S x5k ,8,5,8) = f, (k) + A A Af, (xk ) +(S,, - Sp) 0, (x,k) +S; -(pXkl)ANf(x,kLHﬁSlq -(pX ki (x,k,)

1 = - - = 1 - - 1 - -
+W(S“ -k, )(S, -kl)th(x,kL)+M(Slq k) Ak (x,k)) +;tqﬁ(sT k) gl (x,k,)

BF =451 ST SR R ORI, 52 ERRME—R=BEXTHEALEIC
DA EECCEEYEBNRZ—, ARFEZE, “TLhA%” !
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Introduction

(1B
TH: “IRmAH,
ATAAImR”

“The Analects of Confucius”
Confucius said:

“One can be a master if he gets to
know new things by reviewing the
old knowledge”.

| therefore start with inclusive DIS and
one-dimensional imaging of the nucleon.
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S F 7o ERE: prelude - before we really start

Parton distribution functions (PDFs)

1) = [Ze ™ (p17(0).£0,2) L p(0,27,0,)1p)
T 2

L(0,7) = L' (~0,0).L (~,72),
gauge link

z
ig [ dy™A* (0,57 9))

L(—,7)=Pe ~

. | — A+ - 1 . © —y_ — A+ - A + - A
=1+ig [ dy"A*(0,y ,Ol)+5(lg)2"-dy [ dy A7 0,y7,0,)47(0,5",0,) + ...

Why? Where does it come from?
How does it look like in the three dimensional case ?
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Inclusive deep inelastic scattering (DIS) e+ N 5 e + X

Our knowledge of parton model started from inclusive DIS
SRR ERS R

By
SEELCCS
a1 '

The differential cross section ‘

2 B Q?
do =2 [ (1,4,.1', 4, )W, (4. p.S) r*(q) 5 =20 p
sQ 2E'
N(p) X _qp
leptonic tensor hadronic tensor

BTFHKE, SARFEHNER
The hadronic tensor: | W,,(q,p,8) =Y (p,S1J,(0) I XXX 1J,(0)] p,S)2m)'8*(p+q— py)

2 cutlllne
I
Wuv(q,p’s) - > % = @
P As 7/;>'<7//“
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Inclusive deep inelastic scattering (DIS) e + N —>e™ +X X

find the complete set of the “basic Lorentz tensors” and

Kinematic analysis: | the general form of the hadronic tensor

The constraints: Gauge invariance ¢"W,,(q,p,S)=0 Hermiticity W,,(¢,p,S) =W,,(¢,p,S)

Parity invariance Ww,,(,5,-S)=W"(q,p,S)

The unpolarized set: (guv — "g;’”), (q + 2xp),(q + 2xp),

S.
The polarized (spin dependent) set: €uvpaq°S’s  €pvpaq’ (50 — ﬁpo)
> W, (g,p,5) =W, (q,p)+iW, (q,p,S)

W(S)(q, p) =2 (gm, q”qv) Fi(x, Q%) + 1 (q +2xp),(q + 2xp), F»(x, Q%)

S.
W(A)(q; p,S) = uvpaqasag (x Q? ) + Mvpaq ( §7 - p__zpa) g2(x,Q%)

4 independent “basic Lorentz tensors” and correspondingly 4 structure functions
B rEHiER

= 202346 H2H 11




carned from DIS
ated e.g. in this book.

Our knowledge of one-dimensional imaging of the
experiments started with the “intuitive parton moc

e e s sIes
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“Original / Intuitive” Parton Model

The model: ‘ Feynman (1969);
! SRR Bjorken & Paschos (1969)

Virtual processes such as -’ .
Because of time dilatation, in the infinite momentum frame, they exist forever.

e

A fast moving proton —— A beam of free partons e —

N E

I%(eN—)eX)F:z‘“‘-dqu(x)lﬁz(eq—)eq)l2 -

scattering amplitude squared — >

x = k/p: momentum fraction carried by the parton
f q(x): parton number density, known as Parton Distribution Function (PDF)

Eg: F2(0=2xF1() = ) e2fy() 9100 =) e2Af,)

q q
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Parton Model and High Energy Reactions

Parton model: A fast moving proton = A beam of free partons

The high energy scattering process the elementary scattering process

_ e_

Deeply inelastic lepton- ¢

nucleon scattering

e+qg—e+
e+ N—oe+ X q q

X 1 1

D l
Drell-Yan process: 2 < o
p+p—o>l+X & | q+q— U +tH1
—@
high p jet production: o
p+p—jet+ X q+9—q+q
Jet

— __( parton distribution ) ( cross sections for A )
do = (functions f q (X) ® the elementary process do

—> data —> parameterization —— PDFLib

|3 20234526 4 2H 14



“Original / Intuitive” Parton Model

It is just the impulse approximation!

, BaE o ULET
W (a.p.9)= | _ %l =f(x)® ITéq\I

Impulse Approximation (7 &/k L R):

(1) during the interaction of lepton with parton, o E X
interaction between partons is neglected,; —

(2) lepton interacts only with one single parton; _ e

(3) interaction with different partons adds incoherently. q

Approximation: What is neglected? Controllable?
Parton distribution function (PDF): A proper (quantum field theoretical) definition?

———> A quantum field theoretical formulation ?

== 20235F6 H2H 15



Quantum field theoretical formulation of parton model

Parton model without QCD:

I
‘ (q) I Y@
2 0) qqc') I g Jc’)f
Wuv(q paS)— I — I I — (k) I q(k)
N(p

W,,(g,p,8) =Y (p,S1J, (0 XXX1],(0)] p,S)27)*5*(p+4q - py)

| X) = [X')|K')
=Y [d*z(p.S17,0) XXX 1J,(2)1 p,S)e™ Ju(X) = POy, P (x)
g Y@ XK' = u(k el *|X)

@m)8, (k™) [d'ze ™ (p,S 17 (0)1 X Yy uk Ya(k")y " (X "1y (2) | p,S)

d‘k'
=] @n)’

d'k
=] @m)’

Tr| A, (k,q)p(k,p,5) |

the calculable hard part A, (c,q)=7,k+q)y,2m)5, (k+q?) ———
the quark-quark correlator ¢(x, p,S) = j d*ze™{(p,SIyO)Ww(z)l p,SY ———
4x4 matrix: ¢op(k,p,S) = [ d*ze'**(p,S|Pp(0) Y, (2)|p. S)
no local (color) gauge invariance!

|3 20234526 4 2H 16



Quantum field theoretical formulation of parton model

Parton model without QCD (continued): x=k*/p*
| LI )
Collinear approximation(3££RiTfl): p= p'n, k=xp - ﬁ( 01 ks)
A A A n=(0,1,0,)
H, (k.q)~H,(x)=H,, (k=xp,q)=7,y,0(x—xp) n= (1,0,6L)
. d'k d*k A . A .
W (@,p) = [ 5T [ A, (k)b ko) |~ [ e[, (006 o) | = [asTe B, (09 )
o p)= | Ak SGx—k" 1 p*) d(k.p) =~ p T (x)+
P _.(271.)4 P » P _2p I

1
> Wuv(q,p)z[(—g,w q; )+

> (g +2xp),(q+2xp), ]fl (x)

operator expression of the number density : f,(x)= j‘;ine"x”+z'( pl 1/7(0)771//(@ | p)

no local (color) gauge invariance!

== 20235F6 H2H
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Inclusive DIS with “multiple gluon scattering”

To get the gauge invariance, we need to take the “multiple gluon scattering” into account

Y'(q) Y'(@) Y'(2) Y@ gi‘iq) v*(cg;
a(k) _q(k)
— k k k . k Vi
W,uv (q, P, S) =  q(k) q(k) + q(k,) g q(k,) + 5
N@ N(p NP Np. |

(a) %)

JRUAN

Wﬂv(qapas) = W;B)(qapas) + W,i‘l,)(qapas) + W,ij)(qapas) + ..

4
e RGO

d‘k, d'k,
Q2n)* 2n)’

Wi (@:p,8)= |

2 A =(1 =(1,L =(1,R
WY (g.p,8) = Tr[ AL (K, k)9, (koK1 ,S) | ) = AP BP

the calculable hard part: H()(k,q) = v,.(K + Dy, 2m)5.. ((k + 9)?)

p
u (kz(,;?);)g’y_l :;.m Yv(2m)é, ((k1 + Q)z)

the quark-quark correlator: @@ (k;p,s) = f d*z e**(p, S|P(0)P(2)|p, S)

the quark-gluon-quark correlator: ¢ (ki k2;p,$) = f d*y d*ze"1** 120" (p, S|$(0)4, (MY (2)|p, 5)
no (local) gauge invariance!

7y(1,L
H;(Lv )p(kll kZl q) =Y

= 202346 H2H 18



Inclusive DIS: LO pQCD, leading twist

Collinear approximation (23T fbL):
& Approximating the hard part as equal to that at « =xp:

I:I(O)(k q) =~ I—AI(O)(x) ﬁﬂ’v)(x)f flffv)(k = Xp,q)
pv \s uv

fl/(.tlv)(xl sX,) = ﬁ,(:v)(kl =x,p,k, =x,p,q)
H}\)? (k. .ky,q) = H,\) (x;,x,)

x=k"/p*
& Keep only the longitudinal component of the gluon field: k* = %(k0 +k,)
2
p LD -

Ap(y)zn-A(y)ﬁ=A (y)p—’i n=(0,1,0,)

& Using the Ward identities such as, n=(1,0,0,)
L H(x,)
p"H‘(‘V’ P ;) = x —ux — i€

to replace hard parts for diagrams with multiple gluon scatterings by £ o ()-

Vv

& Adding all terms together ———>

|3 20234526 4 2H 19



Inclusive DIS: LO pQCD, leading twist

:> Wm,(q,p,S) = W;S)(q9pas) =j ;l K Tr[cb(o)(k P;S)H(O)(x)]
@27)’ LO & leading twist
0" (ks p, ) = [ d*ze™(p,S 1§ (0)£(0,2)y/ (2) | p,S)

\
The gauge invariant un-integrated @k correlator: contain QCD interaction!
auge link
£(0,2) = L' (—0,0)L (~0,2), I

J dy—A+(0’y_ ’6J_)

L (—o0,z) = Pe -
_1+zgjdy A*(0,y7,0 )+ = (lg) jdy jdy "AT(0,y7,0 JAT(0,5",0, )+ v,

Gauge link comes from the multiple gluon scattering.

Graphically: collinear approximation
¥ ¥ ¥ ko ka ka ('
Y (q) Y (@) Y (q) Y (9), S%iq) Y (qﬁ.f \L !
9&) _qgk) ) . ! :
k) 9 4 akp{  2g  Yatky 4 etk 3u,Fk, faky F o0t = ! ® 5
NG Np. N Np. NG N(p) )

(a) (b) (c)
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Inclusive DIS: LO pQCD, leading & higher twists

Collinear expansion (3t B F): Ellis, Furmanski, Petronzio (1982,1983);
' B Ll Qiu, Sterman (1990,1991)

H,)(x)= H,)(k =xp,q)

& Expanding the hard part at &k =xp :

. . afl(O) , A N
Ak yq)= ) (x) + aﬂ#f’”w; P DAY () _ DAL kyg)
o ok’ ok’ )
A ~ H vp(xl ’xz) o =xp
HLIJP(kl,kz,Q)= HLIJP(xl,x2)+ ”ak{’ (IR S x=k*/p'
& Decomposition of the gluon field: o, =g, —n,n’
= . pp r '
A,(y)=n A(y)n.p+wp A,(y) o, 'k, =(k-xp),
@ Using the Ward identities such as, Kkt = L(k +k,)
\/E 0 3
OH(x) A A (LLp _ Hy(x) — 0
BMT = —Hsgp(X,x), ppHuv (xl’xz) = X, — X, _ie n= (0’1’?L)
to replace the derivatives etc. n=(100,)

& Adding all terms with the same hard part together ——>

= 202346 H2H 21



Inclusive DIS: LO pQCD, leading & higher twists

W, (4, p,8)=W(q,p,S)+ WP (q, p,S)+ WP (g, p,S)+...

twist-2, 3 and 4 contributions

~ dk A A
(0) — (0) (0)
W.'(g,p,8) = | (Zn)4Tr[<D (k, p, $)H) (x) |

SO (k;p,S) = [ d*z e (p, S|P(0)L(0,2)(z)|p,S) gauge invariant quark-quark correlator

e d' twist-3, 4 and 5 contributions
R Te[ &)k, Ky p, L (x,,3,)0," |
DV (ky, ky;p,S) = j d*y d*ze*17+ik2=2(p, S| (0)L(0,y)D,()L(y, 2)P(2)|p, S)

D, (y)=—-id,+gA,(y) gauge invariant quark-gluon-quark correlator

W,g)(q,p,S) = j

:> A consistent framework for inclusive DIS e N — e~ X including leading & higher twists

Graphically collinear expansion

-
Y'(a) Y@ Y (@) Y@ e /! \l/ ¢ ! —
q(k) _qk’) i ] e

= = = 1
o o o 1

A 4ol E e+ el B+ 2 < e L+ )T ‘@
: 332 . |

N N(p N(p, N(p. e

(@ ()

= 202346 H2H 22



Inclusive DIS: LO pQCD, leading & higher twists

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take the simple forms such as:

Hy) () =hy8(e=x,), Iy =y,n7, depends only on
ﬁ:ll"’L)p(xl ’xZ)wpp' = %ﬁ:}v)pwppva(xl - xB)’ ’;’(llv)p - 'yu}_{'yp}’t’}/v ONE variable!

W2 (g,p,8) = [ dxTe[ & p, 9) 10 |5 (x - x,) twist-2, 3 and 4 contributions

d'k
(2rm)’

" (x;p,8) = | 6(x—%)ci><°>(k;p,5) =| %e"xmp,sIW(O)J(O,z-)w(z-)Ip,&

one-dimensional gauge invariant quark-quark correlator

W (q,p,S) = > T _Re j dxTr[ 0 (x; p,S) ko, " |8(x - x,) twist-3, 4 and 5 contributions
q-p

d*k, d'k,
2n)* 2n)’
the involved one-dimensional gauge invariant quark-gluon-quark correlator

R k+ A +d - e _ ~ ~
¢, (x;p,8)= j O(x— p—1)<1>2)(k1,k2;p,5) = j %e”"’ “Up,SIFO)D,(0)£(0,z)y(z)1 p,S)

> Only ONE dimensional imaging of the nucleon is involved in inclusive DIS.

|3 20234526 4 2H 23



PDFs defined via quark-quark correlator

® Expand the quark-quark correlator in terms of the I'-matrices:

n 1 . .
d)“”(x;p,S)=5[¢(°)(x;p,S) +iy B (3p,5) + 7 @ (x3p,5) + 75y “BY (x3p, S) + iy “ 0% By (x3p,S) |

(scalar) (pseudo-scalar) (vector) (axial vector) (tensor)
o M2 p+ _ 2
® Make Lorentz decompositions ppiity T S=AL RS, —A
Y (x;p,S) = Me(x) 3+6+3
5O (xS AM blue: twist-2

(rip,5) = AMe, (x) 2 black: twist-3, M/Q suppressed

@, (x;p,S) = p*7, f,(x)+ Me ,SE f, (x) + %na fi(x) brown: twist-4, (M/Q)? suppressed
p

2

~ M _ 3
D, (x3p,S) = Ap' 1,8, (x)+ MS, g, (X)+ A—-n,g,, (%) A By = A, By — AgB,
p

— —=p_,0
2 slaﬁ - epo.aﬁn n

b _ M
(D;OO)‘ (x3p,S) = p R, S g by (X) — MEL by (x) + AMn, oMol (x) + ?n[ oSraiftar (X)

the scalar functions are the one-dimensional PDFs, e.g.,

1 dr .- ~ ;
@) =—n" @Y (x;p,5) = [ S (p,S 1F(0).£(0,2) Ly ()1 p.S)
4 27 2

|3 20234526 4 2H 24



Inclusive hadron production in e*e-annihilation e” +e" > h+X

The differential cross section ——— definition of the fragmentation function
h(p.S
e (1))
Co d’ /Z°
do = xs—e'gLu (ll,ll,lz,lz)ww(q,p,s)z_g Y_1Z(q) .
/ I e (1)

leptonic tensor hadronic tensor <L -
~_ ¥ /

2 2 Zq ‘D

—-q = Q Zip = Q2

2y
Wﬂv(qapas)= === = ———A---

== 20235F6 H2H 25




W’uy(q9p,s)= -

W'uv(qapas) = W;B)(qapas) + W,i‘l,,L)(qapas) + W;‘I,’R)(q,p,S) + ..

4
Wi (a.p.)= [ S Te A )1 k. p.S)]
d4k d4
en)' Gy

W (g,p,S) = | Tr| H3P* (ky ke T (K, ey, ,S) |

the quark-quark correlator: 1”(k;p,S)=Y j d*ze” (0 1y (z) |hXXhX 1y (0)10)

cf: ok pS) = Z j d*z e**(p, S| P(0)|X}(X| Y (2)Ip, S)
the quark-gluon-quark correlator: x

[0 (K, ky3p,S) = Y, g [ d*Ed*ne e (01 A, (m)y (0) KX XhX 1§7(0)10)
X

no (local) gauge invariance!

= 202346 H2H 26



Inclusive e*e: LO pQCD, leading & higher twists

Collinear expansion: S.Y. Wei, Y.K. Song and ZTL, PRD89, 014024 (2014).

& Expanding the hard part at k =p/z: HY(z)= A% (k=p/z,9)

240) 7y (0) aﬁfﬁ,)(z) | oH oH® (k
Huv(k’q)=H,uv(z)+aTwppkp'+ ...... /.LV(Z)E uv( ’q)‘
T
A A oH,,"(z,,z,) .. P
HY? (kykyyq) = H VP (20,2,) +—F akfl =0, K+ e 2=p' k'
& Decomposition of the gluon field:
p 4
A,(y)=n-A(y)—"—+0," 4,()
n-p
& Using the Ward identities such as,
(L) ___ 45 y(0) 7 (1LR) ___ A% 7(0)
ppHuv p(Zl,Zz) - 22 - Zl — i€ H#v (Zl) ppHuv p(21,22) N Zz - Zl + i€ Huv (Zz)

to replace the derivatives etc.

& Adding all terms with the same hard part together ——>
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Inclusive e*e: LO pQCD, leading & higher twists

W, (q.p.8) =W, (q,p.9)+ W, (q,p,9)+ W, (q,p,S)+ ..

twist-2, 3 and 4 contributions

W0 q,p,S) = [-LK 1 [2 ke p, L ()]

2m)’

5V (ks p,S) =Y, [d*Ee™ (hX 1(0)£(0,0)10X01 £'(£,00)y (€)1 hX)
) gauge invariant quark-quark correlator

twist-3, 4 and 5 contributions
d‘k, d'k

1,L) 2 =(1,L) pEy1.L)p'
W/.tv (q,p,S) = I(Z ) (271') Tr [ (kkzap;s)wp' Hpv (zvzz)]

B0V (K, kysp,S) = Y, [d*Ed*ne ™5 e (01 4 (n,00)D, ()£ (0,m)y (0) KX XRX 1§7(E) £ (€,02)10)

D,(m)=-id,+gA,(n) gauge invariant quark-gluon-quark correlator

:> A consistent framework for e*e~ — hX including leading & higher twists
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Description of polarization of particles with different spins

|
N o
4 Z
IS
'74/0‘0 m' )
N

Q.
TS

Pir Po
P+ P

Spin 1/2 hadrons: ‘ The spin density matrix is 2x2: » =[ ]= %(1+§-6)

Vector polarization: S* =(0,S,,1)

Spin 1 hadrons: ‘

: . o P P1o P11 1 3. . o
The spin density matrix is 3x3: p=| py  Pw Po =§(1+ES-Z+3T”Z”)
Pn P P-ia
Vector polarization: s* = (0,5, ,1) o o 3 independent
Tensor polarization: s,,, S“ =(0,S%,,5,,0), S&- 3? _Ssxx 3 5} components.
0 0 0 0

o
o
~

I

U = [Q- 0] - O -
x ’..'. ‘ ' '
, _-transverse plane |
- 0-0 = 0-0

See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000).
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One dimensional FFs defined via quark-quark correlator

® Expand the quark-quark correlator in terms of the I'-matrices:

-2 1 p— . p— Of r== a:' o o op r=
=9z p,9)==| 2V @:p,9) +iy E”(z;p,8) + Y EV (z3p,9) + Yy “EL (z3p,S) + iy ¥ EV) (z;p,S)
) B

(scalar) (pseudo-scalar) (vector) (tensor)
® Make Lorentz decompositions blue® twist-2 5+10+5
22V (z;p,S) = ME(z) + MS,,E,, (2) black: twist-3, M/Q suppressed

20029, ) = AME. (2 brown: twist-4, (M/Q)? suppressed
72 (z;p,S) = AME, (z

2 2

_ _ _ ~ M M
zngl)(z;p,S) = p+”aD1 (2)+ p+naSLLD1LL (z)—-MS, D, (z)+MS,,, D, (z)+ FnaD3(z) + FnaSLLDML(z)

— +— O M2
zc.ff)(z;p,S) = )“p naGlL(z) - MSTaGT (Z) - MSLTaGLT (Z) + l?”aG.’aL(Z)
2B 2p,S) = Py, Spo Hyp (2) = P10 S, o Ho o (2) — My H (2) + AM iy, H, (2) + MS,, €10, H,, (2)
M? M> -
+ —+n[pSTa]H3T (z) - —+n[pSLTa]H3LT (2)
p p A[aBﬂ] EAaBﬁ —ABBa

= 2P n° 1T _
SJ_aﬂ = gpoaﬁn n ATa = 8J_aﬁA7l-3
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Inclusive DIS: Higher order pQCD

Factorization theorem and QCD evolution of PDFs

“Loop diagram contributions”

e Higher order pQCD contributions;
o Evolution of PDFs (DGLAP equation)

factorization & resummation>
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Inclusive DIS and parton model: brief summary

List of to do’s --- the recipe

kinematics

Y'(q) Y'(q) .
Ei parton model without
R —, QCD interaction

(a)

collinear approximation

N

parton model +

_ _ collinear expansion
“multiple gluon scattering”

parton model +

L] . H n +
“multiple gluon scattering” + collinear expansion

“loop diagram contributions”

experiments global QCD fit

calculations: model, LQCD, etc

BiAQCDIHLA

general form of
the cross section

leading order pQCD,
leading twist,
no evolution, no gauge invariance

leading order pQCD,
leading & higher twist,
no evolution, but gauge invariance

leading & higher order pQCD,

factorization & resummation '€2ding & higher twist,

evolution & gauge invariance

parameterizations (PDFLib)
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Global QCD analysis and PDFLIB

Very successful!

§ emn e,
- x=0.
3 70000258 JEUS NLO QCD i e T 1
&2 o B acof : LB A S K, De07 CMS preliminary, 60 nb \s=7TeV
Qs 0, — H1PDF 2000t o el i (a) S +F —e— CDF dafa(L«1.0%") ;10”;’ e RS N] IR
- H1 9400 i STAR g o 10F \.\ Systematic uncartainties ) h v lyl<0.5 (x1024) ‘
¢ . [ pip = jet+ - ~&— NLO: JETRAD CTEQ6.1M . ” 1
= N ;10‘! * \E=200 GeV 0 F - correctad to hadron level (D v b ; O.S_kato (X256) 1
A H1 (prel.) 99/00 3 L <) ) ectad to hadron leve ~ 10 p
, f L midpoint-cone 210F 'o... "’..._.- o =1 = max pe 122 0 . 1.05|y|<1.5(x54) ]
ZEUS 9697 1 ;JZ =0 ‘106 .E, F . oy Y0 PDF uncertainties 5 o 1.55|y|<2.0 (:(1 6) L
4 BCDMS .2<n)¢ F . E 1
P I G 10F %‘.. T a0’ ¢ 20<lyl<25 (x4) 4
. d F e " o f o 25lyl<B.0 (x1)
=0005 o NIC RHIC . oy TSP 2 Sslyl<d0 (1)
= o =¥ Wiont e, . Iyt (10" g 1
- 10 - Sy A0 O, .5t 1
e w s... T —— B 10 i
! 1= Combined MB ’% 5 .'Q *"" —'_' % L H C y
¥ _ * 10 \ e o) 0.1y "1, 7 (x 10') i ' ]
’ 0013 “’E o~ Combined HT : \C 2 -.. *m* - 10° ] 7
; x=0.021 1 NLO QCD (Vogelsang) T 10°F . Ny 0.7y et 1 r \ 1
a ¢ i = Y e AN :
) : MFU-W nF o ey 6 (107) 10" — NLO pQCD+NP R L
) 5 > 1 Systemate Uncertainty o o _ ALY \ E
¢ WM ¥=0.05 § 11: The:r',‘i?t:a\.iu . lallnlv (b) i - *_._ Tevatron !' d EXP. uncem'my b L
A - . — wF 147 (109 10| Anti-k_R=0.5 PF 4
T Lt A R $0s "!r’.\lf;‘;,;“""‘*“'"“ﬂ'u“*——w? ““““ 107 F e, L SR AL ] IR
, an® " i - LR'A Ll Ll Ll Ll L Ll Ll L 1 Ll Ll
AT 1 T S0z S0 100 200 300 400 500 600 700 2030 100 200 1000
1 ettt 0L 1018 0 10 2 30 40 50 JET
Wfﬁﬁ py [GeVie] pr [GeVic] pT (GGV)
e Sge b s g gy k=04
—_— ¥=065
0 | | A ol il
1 10 o 0 w0t 1
Q%(GeV)

parameterize at 0.3 TeV e-p (HERA), predict p-p and p-p-bar at 0.2, 1.96, and 7 TeV.
J.W. Qiu, lectures at Weihai High Energy Physics Summer School(WHEPS2015), 2015, Weihai, China.
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Inclusive DIS and parton model: brief summary

7*(3)’

szq)

(a) ' (b) ' (c)

i.e., it always contains “intrinsic motion” and “multiple gluon scattering”.

“Multiple gluon scattering” gives rise to the gauge link.

Collinear expansion is the necessary procedure to obtain the correct formulism
in terms of gauge invariant parton distribution functions (PDFs).

: : M\ :
Collinear expansion {———> power (5) expansion
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Fragmentation Function v.s. Parton Distribution Function

Parton distribution functions (PDFs): Fragmentation functions (FFs):
h
q
h—q+X 7 e q—>h+X
h X q X
a hadron ——— a beam of partons a quark —— a jet of hadrons
number density of parton in the beam number density of hadron in the jet
bl p,$) =Y, [d'ze™ E(kp3p,S) = Y, [ d'€e™
XCh1Y(0) I XXX 1.£(0,2)y(2) 1 h) X{01.2(0,5)y (&) |hXXhX 1y (0)10)

“conjugate” to each other

Deeply inelastic scattering (DIS) Hadron production in e*e -annihilation

> FFs and PDFS should be studied simultaneously!
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The need for three-dimensional imaging of the nucleon

Single-spin left-right asymmetry |

where study of TMD PDFs started.

pM+pon+X
NL — NR p E704, PL 264B, 462 (91)
— I cos LI I IR BN I |
NEN N azimuthal asymmetry A, = A <& 0.0 [ POPO X
L K 2 7 L 0% 507GeVc)
E L xno(pi>0.5GeV/It::]) I.J,] ]
n : 4 normal of the production plane g 02 g x -
">-, L | N * -
P . up < 0.0 L
polarization / left - ° ]
/" produced o2 | o
_.lncidﬂ/ﬁroton ;argé?"_mmm_ ward _ 04 N c{> %L
The’,f)roduction plane : L.
right 0 0.2 04 06 08

7/

Theory: Kane, Pumplin, Repko (1978), pQCD leads to a,[¢(T)g = gq1=0
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The need for three-dimensional imaging of the nucleon

Single-spin left-right asymmetry studies | a brief history for Sivers function

1991, Sivers: asymmetric quark distribution in polarized nucleon (Sivers function)
S,k 38,) = f(x .k )+ (k, X p)-S, AN f(x,k,)

rest frame of P

1993, Boros, Liang & Meng:

an intuitive picture: quark orbital angular momentum
+ “surface effect”

Incident P
Outward polarized

s ( target T
| *\unpolarized
a left

pion

-

forward
right

1993, Collins: P&T invariance =—> A" f(x,k,)=0 (proof of non-existence of Sivers effect).

2002, Brodsky, Hwang, Schmidt: take “final state interaction” + orbital angular momentum into account,

q q

consider —— AV f(x,k,)#0

- = ———seee——l . = e P = = -

+ diquark - - dial-.lal"k

2002, Collins: “final state interaction” = “gauge link”.

[ > Lesson: do not forget the gauge link!
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The need for three-dimensional imaging of the nucleon

Azimuthal asymmetry studies: ‘ e +N-oe +q(jet)+X

1977, Georgi & Politzer: gluon radiation —) azimuthal asymmetry —"Clean test to pQCD"

1978, Cahn: generalize parton model to include an intrinsic k . “Cahn effect’

|k, |22~ y)\/ - 1k P 21-y) .
0 1ri- (twist 3)  (cos2¢) = 0 1rdoyy (twist 4)

(cos @) =

higher twist, nevertheless S|gnificant | 1k, 1~0.3-0.7GeV 1k, 1/0~0.1

. > Lesson: do not forget higher twists!
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The need for three-dimensional imaging of the nucleon

A short summary:
Study of |
single-spin asymmetry > gauge link
— collinear
Study of expansion!

azimuthal asymmetry ————> higher twists

> We need to use the field theoretical formulation rather than
the intuitive parton model
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TMD PDFs: Intuitive definitions

Parton model: A fast moving proton == A beam of partons /,

One-dimensional PDF f1(x): the number density of partons in the proton.

Including spin ——— spin dependent one-dimensional PDFs (totally 3 independent):
[i(x,s5,38)= i)+ A A g, (x)+5;,-S; by (x)

helicity distribution transversity
Including transverse momentum —— three-dimensional (or TMD) PDFs (totally 8):
£ x5k, 1S3 9,S) = f, (k) + A A A, (ke )+ (S, - Sp) 8, (xky)
£, (PX KA fk )+ 228, (X I ook,
e By KOG, Rk )+ (S, R Ay (eok)

1 - -
+2, 28k, g ook, )
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TMD PDFs defined via quark-quark correlator

The quark-quark correlator & (k; p, S) = Id“ze""z( p,S1W(0)£(0,2)y(z)1 p,S)

integrate over &~ O (x,k,;p,S) = jdz_dzzLei(x”+z__El'zl)(p,S|l/7(0).4(0,z)l//(z)| p,S)

Expansion in terms of the -matrices

O (x,k,;p,S) = [ @ (x,k,;p,S) scalar
+iy, @ (x,k,;p,S) pseudo-scalar
+ A% ® (x,k 3 p,S) vector
+YA% @Y (x,k ;3 p,S) axial vector
+iy,0% @) (x,k,; p,S)] tensor

9. ®V(x,k ;p,S)= lTrI:}'a(i)(o)(x,kl;p,S)]

= [@'2e*(p.S 17 (0)£00.) "y ()1 p.S)
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TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components
p QO
@V (x,k, ;p,S) = M{e(x,kl)+ 8“";"; L5 e;(x,kl)} twist-3
p GO ,
@ (x,k,3p,5) = p'R, [fl(x,kg p 210 (x,kl)} 7 twist-2
M
+ kmfl(x,kl) +Me .S} fr(x,k )+ Elapkf |:/lle(x,kl) + klA-lST le(x,kl):|
M2 EJ_pO'kaTO‘- 1 .
+—n, fi(x,k, )+ Sir(x,k,) twist-4
p M
o M? ~ p_+_ B M?
PPty N, S=AL T+, = A o

See e.g., K. Goeke, A. Metz, M. Schlegel, PLB 618, 90 (2005);
P. J. Mulders, lectures in 17" Taiwan nuclear physics summer school, August, 2014.
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Twist-2 TMD PDFs defined via quark-quark correlator

Leading twist (twist 2) f» &, h: quark un-, longitudinally, transversely polarized
polarization if no integrated
quark nucleon pictorially ~ TMDPDFs(8)  gaugelink over k, name
U ©) fi(x,k)) g(x) number density
U
T é - @ fir(x,k)) 0 X Sivers function
L ==~ g..(x,k,) Ag(x) helicity distribution
L
r é = é g (x,k)) X worm gear/trans-helicity
U ®=® hit(x,k,) 0 X Boer-Mulders function
(/) <b - é h,, (x,k,) transversity distribution
T ’ 5q(x) .
T Qg _ é ht (xk,) pretzelocity
s worm gear/
L =@ by (x,k) X longi-transversity
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Twist-3 TMD PDFs defined via quark-quark correlator

they are NOT probability distributions but
contribute in different polarization.

polarization ifno integrated .
quark nucleon pictorially TMD PDFs (16)  gauge link over k,

Next to the leading twist (twist-3)

U ® e(x,k,), f (x,k,) 0 e(x), x number density
U L @’ fL (x,k,) 0 X _ ;
Sivers fiinctio
é eT (x’kj_)’ 0 X olVers tunction
T @ fT (x9kj_)’ fTJ_(x9kJ_) 0 0 fT(x)
U @-@ gl(xakl) 0 Sy X
1 81 (x,k, e, (x), x helicity distribution
L L @—b-@-b eL(x k )9 gL(x9kJ_) 0 X L ¥
T é é (oK), 0 iy (xX,k,) X' (x)  worm gear/trans-helicity
- gT(x k ), grx,k) 0 . &1 e
U @=®  h(x,k,) 0 h(x) Boer-Mulders function
T()) Cb - é hy(x,k,) hi; (x5k,) X transversity distribution
T p |
! k h ,k Arot= ity 7
T é _ é B (x,k,) % y pretzelocity
K2h (x,k,) worm gear/
L Q=@ (k) M’x hy () longi-transversity
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TMD PDFs defined via quark-quark correlator

quark polarization —

Twist-2 TMD PDFs U L T

i u| @Ak @=® n(x.k,)

S number density Boer-Mulders function

©

El L @»-@» 8 (x,k,) @-@ hl-LI.(x’kJ.)

‘_(g helicity distribution Worm-gear/longi-transversity

‘oL

S (b-(b by, (x,k,)

3 T é-@ fir(x,ky) é_é & (x,ky) transversity distribution

(&)

— Sivers function Worm-gear/trans-helicity (b-tz(% .ti;llr(x,kl)

pretzeiosl
Twist-3 TMD PDFs U L T
' U @ e(x’kl),fl'(x,kl) @-@ gl(x9kl) ®-® hex.k,) .
S number density Boer-Mulders function
g S==-0- B> = hy (x,k
.% L ®-©fl‘l(x’kl) el.(x’kl)’gt(x’kl) W @: ,'-(x’ l) '
© T AeL orm gear/ longi-transversity
S helicity distribution d) Cb
c et (x,k,), e (x,k,), - hy (x,k,)
% é-@ff(x,kl),fru(x,kl) é-é 8r(xk,).gr(x,ky) | transversity distribution
= T Sivers function Worm gear/ trans-helicity - by (x,k;)
pretzelosity
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Twist-2 TMD FFs defined via quark-quark correlator

Leading twist (twist 2) D, G, H: quark un-, longitudinally, transversely polarized
polarization integrated over k name
quark hadron pictorially TMD FFs (8) J FL
U ® D, (z,k;,) D, (z) number density
U
T é B @ D;; (z,k;,) >, Sivers-type function
L ©===> G, (zk;) G,,(z) spin transfer (longitudinal)
L
T é - é G (x,k,) X
U ®=® Hy (z,k;,) X Collins function
T (/1) (b - (B H, ., (z,k,) spin transfer (transverse)
T N H,, (z)
T(Ll) Qg - é H; (z,kp,)
L (=@ Hj, (z,ky,) X
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Twist-2 TMD FFs defined via quark-quark correlator (spin-1)

Quark pol  Hadron pol TMD FFs (2+6+10=18) integrated over k;, name
U © D, (z,ky, ) D, (z) number density
T é-@ Dy, (z,ky,) X Sivers-type function
v LL D, (z)ky, ) D, (2) spin alignment
LT DIJ}‘T(z’kFJ_) X
1T DlJ_TT(ZakFJ_) X
L Spu»> G, (z,k;,) G, (2) spin transfer (longitudinal)
L g S8  Gizky) x
LT GIJ}‘T(Z’kFJ_) X
T G1lTT (z,k, ) X
U ®=® H} (z,ky,) X Collins function
T &b H,, (z,k;,) 0@ spin transfer (transverse)
TL)  S=®  Hizk) e
T L @»=@>  Hj (z,k,)) X
LL HlLLL(z’kFL) X
LT H,, ,(z,kg, ), H1lLT(Z kg, ) H,,,(2)
IT HllTT(z ki), H'lTT(z k) Xy X

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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Access TMDs via semi-inclusive high energy reactions

Semi-inclusive reactions

TMD PDFs:
. 1 Lopl gl
' 8 Q’(gé}/\ﬁaﬂj‘; ,,,[I\}» Jis Lo & 8o sy s Iy s ..

TMD FFs: D,,H; ...

DIS: e+ N —>e+h+X

2

p

TMD PDF
# @ﬁmg@sﬁ% fl’flT’glL’Sng9h hl h, hl .

1L°

Drell-Yan: p+p—>1+1 +X

/11
6_(11) ha

/2°

TMD FFs; Dy, H,',...

et (l2)

e +e" >h +h,+X
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Semi-inclusive high energy reactions: Kinematics

DIS: e+ N —2e+h+ X

p

I
£

Drell-Yan: p+p—>1+1 +X
h.l

e~ (1) ha

v/2Z°

et (l2)
e +e" >h +h,+X

Gourdin, NPB 49, 501 (1972);
Kotzinian, NPB 441, 234 (1995);

Diehl, Sapeta, EPJ C41, 515 (2005);

18 independent
“structure functions”

Bacchetta, Diehl, Goeke, Metz, Mulders,

Schlegel, JHEP 02, 093 (2007);

Arnold, Metz, Schlegel,

for spinless hadron h

48 independent

Phys. Rev. D79 ,034005 (2009).

Pitonyak, Schlegel, Metz,
PRD89, 054032 (2014).

“structure functions”

36 independent “structure
functions” for spin-1/2 hadrons

K.B. Chen, W.H. Yang, S.Y. Wei,
& ZTL, PRD94, 034003 (2016).

81 independent “structure
functions” for spin-1 hadrons

=3

202346 H2H 51



Kinematic analysis fore*e™ - Z - VX

e"et > Z - V(pq1, S)m(p,)X: the best place to study tensor polarization dependent FFs

The differential cross section: ) V(p..S)
2ELE, o ' 7(p,)
= L, «{,LYW" (q,p,,S,
d3pld3p2 SQ4 X ,uv( 1l (q,P:5S5P>) 2
e L] o
L, (L) =c[ Lb, + 1L, — (- 1)g,, |+icie,, 1 o ——
e ) X(py)
The hadronic tensor:
W,,(q,p;»S,p,) = W**" (the Symmetric part) +iW ™" (the Anti-symmetric part)
= ZWGSz hg:w + ZWGSJ' l;gi'w +i2 Wof: h;‘i’w + iE WGAJ. ﬁ;\;tv 0= U:V"?LL’SLT’STT
o oo ey e polarization

the basic Lorentz tensors: 1% = n%*, n™ =-h’" space reflection P-even: pp+ — h,

B =n", hi =—h"  space reflection P-odd:  2jm = — i,

Constraints: W#*" =w" (hermiticity), ¢,W"" =¢,W"" =0 (current conservation)

K.B. Chen, W.H. Yang, S.Y. Wei, & ZTL, PRD94, 034003 (2016) (spin-1).
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Kinematic analysis fore*e™ - Z - VX

The basic Lorentz tensor sets for the hadronic tensor

unpolarized: 5+4=9

u_v
hS* ={ g _%, pLpL, PLpi, pl{;‘pzvq}} symmetric (S), P-even

al*bP) = a®h? — af b S = { gl (pri, szj)} symmetric (S), P-odd
al®bP} = a*bP + afb”
A - -
emr =gy g = My h* = p*p.! anti-symmetric (A), P-even
P-q

= (p -q=0) ~ . .
p=p== 0 (P h;iuvz{guvqpl, Euvqu} anti-symmetric (A), P-odd

B

Y spin dependent __ ['spin dependent :
A regularity: [Lorentz tensor set} = LLorentz (pseudo)scalar | X | the unpolarized set

Unpolarized Vector polarization S-dependent: 13+14=27
oHI=S longitudinal polarization 1 ~ B, - S transverse polarization \
( e ) ( s Y ( o \ ( o ) ( jow \ ( o \
" ) =1 " s =4 (p,-S) it e " '
hl;uv hzliuv ,”l;:nv h;:uv 2 ,;l;uv ’ h{]‘luv
L ) L) Ul ) L) )
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Kinematic analysis fore*e™ - Z - VX

The basic Lorentz tensor sets for the hadronic tensor (continued)

B — o
4 hS/—lV A 4 hS/.LV \ STT - paSTT
S, -dependent part: 5+4=9 L i £ = £ b c d,
= hSHY hSHY Y
S Z =S LL hi:;:v - SLL h(juv
LLi U
e e
\ LLi j \ Ui j
( Suv ) r ( Suv ) ( 7 Suv A ‘
S,~dependent part: 9+9=18 bz h; L
- il'Syv il'Suv SHY
x LTi vi S, r4p,p, vi
SLT=(09SLT9S{T90) hA“V =9 (pz.SLT) hA“V 9 > P ];A”V e
LTi U Ui
pS;;=0, ¢-§,=0 SLPTu = SfT \ /’;I‘jlg" ) \ /’;[‘]41_“" ) L h[’;“" )
Srr-dependent part: 9+9=18 (e )| (s ) (s )
TTi Ui Ui
( ) ~ ~
0 0 0 v S; uv - S#; h;;,:v — 1272 h{j’.#v S;’%qplpz hgiﬂv
S = 0 S, S; 0 A =) STT A » € il'Auv (
P S;’f =S = TTi U Ui
= T o 7 Apv 7 Apv Apv
0 0 0 0 ) Slrlg =8, =0 \ hTTi ) \ \ hUi ) \ hU ) ,

K.B. Chen, W.H. Yang, S.Y. Wei, & ZTL, PRD94, 034003 (2016).
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Kinematic analysis fore*e™ - Z - VX

The cross section in Helicity-GJ-frame: unpolarized and longitudinally polarized parts

2E Edo" o ~
d31p c213p =g At 2)
1 2

The structure functions: Fa = Fu(5:6,:8,5Pyr)

F;Evci = ﬁ}}v:i(sa 656, P5r)

F, =(+cos’@)F, +sin’OF, +cosOF,, 1 £ =sin@[sin@F"® +sin20F:"? sin @
+cos@[sinOF*? +sin20F,"? cosg +sin2¢sin’ 0 ﬁUsianv sin2¢
+cos2¢@sin’ O F; ™ A T cos2p 7 R

2EEdc’ o . FL OFy, FL oK
= AMF + F xxx rxxx r XXX XXX
Ppdp, S (F +7) , o F* o Fr, F*oF3
L BV - . -
. . _ 2 . 2
F, =sin@[sin@F™ +sin20F:"° F, = (1+cos 0)~F1L + sin 0F2~L +cosOF,,
+sin2¢@sin’ OF ™ . 7 7 cos @[sin G F"" +sin20F;**
" + cos2¢@sin’ O F >
2EEdc" o - ‘ : :
dsl zds ) ZSLL('EL +’¢;L) . : j:-LL < f’-f i j:;f < ';t‘-L
he P, S v & R ﬂf?“’F,’;“a F}ﬁxﬁijgx

F  =(1+cos’0)F ,, +sin’0F,, +cosOF.
LL

1LL 2LL 3LL

+cos@[sinOF,? +sin20F,)°

s 2 cos2¢
+cos2@sin” OF)

~

F,, =sin@[sin0F"? +sin20F,"

1LL 2LL

. s 2 N gosin2e
+sin2@sin” OF ]
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The differential cross section:

2

o v '
do = Q4 Luv(la)l’eal')W# (4, P>S,p")

AA

d3p'

2E(27)3 2E, (27)3

W, (q,p,S,p") =Y W5 B3 + Y WS, b3 +i Y Wi byt +iy W b2t
o,

o =U,V: polarization

The basic Lorentz sets
unpolarized part; 5+4=9

v v q q ~u~yo~ v} =~
hgi” ={gﬂ q2 — oD P ap{#p' }9pmp

flgiuv _ {g{ﬂqpp ("V} ~ vv})}

B — sV
U

=P P ~ p:

~ , q
h;,-#v _ {gqup,gqup }

\

}

W

basic Lorentz tensors

spin dependent part; 13+5=18 )

it ={[-S)h(p"- )] &

&

&

]
i ={l@ -] e i}
]

i ={[a-$).(p"$) ] e

l;;:.”w _ {[(q ) S), (P" S)]h;uv,gsqpp'h;uv}/

=3
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Semi-inclusive DIS e~ (4;) + N(4,57) - e~ + h + X : Kinematics

The cross section in the y*p c.m. frame  (only parity conserved part)

do o’ * ~
= ZZ('EJU_*_AI'EU_*_A f +)‘IZ‘N'¢;L+|ST|'¢£JT+AI|ST|ET)

dxdyd d’p. . xyQ v

® © m"®M Fow =Fpyr tEF,  + cos @y 26(1 + £)F2* + cos 29 Fe

o0 K" } ® F, = Sin‘P\/MFLSZ“” .

o O I F,, =sing2e(1+€)F™ +sin2¢e Fn*
} “ Fo = \/JFLL + cos¢mFL°zS¢

o> 1" (2)

o & e F, = sing 2e(1+ ) F™ +sin(@ — 9 )(FL079) 4 g Fné—99))
(9) +sin(p+ 0 )EF ™) Lsin(2¢ — ¢.) \/m FEM0479) L Gin(3g — g, ) FIM090)
o> é h;:uv (3) ‘ET = COS ¢S 2e(1- S)FLC;S(PS + COS(¢ _ ¢s) 1- g2 FLc;s(¢—¢s)
T T totally 18 +c08(20 — 9 )y 2e(1 — ) F,707)
nucleon

electron The structure functions: F? = F” (x,¢, p,,,0)

1 1, 1
e=(=y= V' V) A=y+ V' +779)  z=(1+y* /20y I(1-¢), ¥=2Mx/Q
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Semi-inclusive DIS: LO & Leading twist parton model results

: y
for the structure functions (8 non-zero F’s) e(A)+N(A,S,)—>e+h+X
o © Foyr = é[le]] Fp =0 Fz;}s% =0 coswh é[w hLHll]
H @ i sing, sing, sin2¢, 1 1
® O FLU =0 FUL =0 FU _g[wlhlLH ]
. i _ ] cosp, __
G)-’i FLL_g[glLDI_ FLL =0
sin(6. — B sin(¢,—9) sin(¢, +¢g) _ _ 1
° é i FUT’(;)" ?s) = =27 R ILTD1 ] FUT L =0 Fy; zé[wsher ]
I sin sin(20,-¢5) __ sin(3¢,-¢5) _
FUT¢S =0 Fy; =0 Fyy _g[w4h1LTHL]
I i cos(¢,—os) __ cosdg cos(29,—¢¢
A T _g[wzngDl] F7% =0 F70%) =0

nucleon _ I o _
electron é[wth] - xz eqjd kJ-d kFJ-6 (kJ. - kFJ_ — P, /Z) W, f;l (xa kJ_)Dq (Z, kFJ_)

-

=25, -k, WPy, k)~ K, K, |/ MM,y w, = b, kK M, w =P, -k, /M

h

See e.g., Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP 0702, 093 (2007); ....
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Semi-inclusive DIS: LO & Leading twist parton model results

for the cross section e(A)+N@A,S,)>e+h+X

do a’
2 = 2 X
dxdydzd”p,  xyQ

1,
o ® {(l —yEy V[ f,D, ]+ (1- y)cos2¢,&| wh H} ]
1
o> (= +4Ap(1- EJ’)g [glLDI:I longi-transversity® Collins
® (O~ +A(-y)sin2¢,2|wh' H} ]

e & +|§T|[(1—y+§y2>sin(¢,,—¢s)é[w2f1#1)1]

+2(1- y)sin(g, + 9 )& | w,h H" |+2(1- y)sin(3¢, — 9 )& | w I H ]J

Boer-Mulders ® Collins

Sivers ® unpolarized FF

o é +A, | S’T | y(1 - %y)cos(d)h - ¢S)¢[w2ngD1 ]} transversity @ Collins

T nucleon trans-helicity ® unpolarized FF
electron

pretzelosity ® Collins

== 20235F6 H2H
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Semi-inclusive DIS: LO & Leading twist parton model results

for the azimuthal asymmetries (6 leading twist asymmetries)

cos29, _ (=) g[wlhlLHll]
o © AT =2, =T e[ 1]

Boer-Mulders ® Collins

iz /. 1-y) &| wh H;
o it

longi-transversity ® Collins

12w, 1D, |
=— =A_
) é[f; Dl] Sivers
f . _p | wh H']
‘ Alsfl;(¢h+¢S) = i (¢h + ¢S) = (1 y) o = ACollins
<Sln >UT A(y) g[fi D, ]

. - hl HJ_
Als]l;(3¢h—¢s) — <sin(3¢,, - ¢s)>UT - (il(yj;) gLPE}ITD j ]

A7) = (sin(¢, - ¢s)>m Sivers ® unpolarized FF

transversity @ Collins

pretzelosity ® Collins

[ é A7) = (cos(p, - ¢s)>u _ yz(i1 (— J)’) e [_[wzgll)rb]l ] trans-helicity ® unpolarized FF
1 T AR

) nucleon Ay)=1+(1-y)’
electron

== 20235F6 H2H
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Semi-inclusive high energy reactions

Other semi-inclusive reactions

Similarfor p+p—I1+7+X and e +e" >h +h,+X

We have: (1) General form of
the hadronic tensor and cross sections
in terms of “structure functions”;

(2) Leading order pQCD & leading twist (intuitive) parton model results
in terms of leading twist TMD PDFs and FFs.

Going beyond > collinear expansion,
LO pQCD and/or leading twist factorization ... ...
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Collinear expansion in high energy reactions

Inclusive DISe N — e X Yes!

where collinear expansion was first formulated.

R. K. Ellis, W. Furmanski and R. Petronzio,
Nucl. Phys. B207,1 (1982); B212, 29 (1983).

Semi-Inclusive DIS Inclusive Semi-Inclusive
e+ N —etq(jet)+X e +e" >h+X e +e" >h+q(jet)+X
_ e h(p,S)
e / e_(ll) e (1)

T E— ot
N g X e (1)

Yes! Yes! Yes! _
ZTL & X.N. Wang, S.Y. Wei, Y.K. Song, ZTL, S.Y. Wei, K.B. Chen, Y.K. Song,
PRD (2007); PRD (2014); ZTL, PRD (2015).

Successfully to all processes where only ONE hadron is explicitly involved.
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Collinear expansion in semi-Inclusive DISe™ + N - e~ + q(jet) + X

Semi-Inclusive DIS e™ + N — e~ + q(jet) + X with QCD interaction:

W (q,:8:k") = 3 Ap.S 1T, (O 1K' X XK', X 1], (0)1 p,S)2m)* * (p+ g —k'= p,)
X

— 7 (0.s) ' (1,s1) ' (2,s7) '
_Wyv (qQP’SQk )+W/[V (q,p,S,k )+Wyv (qQPQSQk )+”'

gfiq) v*(z));

(a) ' (b)

W/E\Oiﬁi)(q’p,ssk') = I

d4k ry(0,si -
(27[)4 Tr[H:t(:’, )(k’k',q) ¢(0)(k9p3S):|
H(kk'\q) =7,k + @)y, (2n)' 5" (k'-k—q)

4
ST k) 6 .|

H{) (k,q) =7y ,(k+q)y,2m)5, ((k+q)’)

d*k, d*k,
(2m)* (2m)*

c.f: W (g.p.5)= |

WP (q,p,8,K) = | Tr AP (kg koo, K, @) (s, Ky, 2, S|

nv

(K2 + Dy? (K1+d)
o (ky + @)% —ie

alsibe (ki, ko, K',q) =Yy

uv YV(zn)464(k’ - kl - q)
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Collinear expansion in semi-Inclusive DISe™ + N - e~ + q(jet) + X

Anidentity:  (2m)*8*(k'—k—q)=(2m)3, ((k—q)*)(2n)’ 2E)8* k'~ k - )

We obtain: A" (k.k'.q)=H') (k.q)21)' 2E,)8’ (k'~k - )

HO (ke k' q) = B (k)27 QE)S (K=K, — )

Hence:
W,§8”“<q,p,s,k'>=J T T A (kg0 (kop.$) | 7Y 2E8 (k' i‘é—g)\
W (q,p,S) a c?ﬂ'non factor !
Lsi L d* k, d* k, Lo | N
Wi (g.p.S.k) = T ) ;RTr[fﬂ ? (kyoky @), (K Ky p.S) | 27) RS (K- k.- §)
— — _
WS (q.p.S)
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Semi-Inclusive DIS e+ N - e +q(jer) + X X

W (g, p,S,k")y =W """ (q, p,S, k") + W (q, p, S, k") + W (g, p, S k") + ..

twist-2, 3 and 4 contributions
W (q,p,S,k") = J Tr[<I>“”(k p,SH (0] QE,)2n) 8 (k'—k - §)

" (k,p,S) = jd4zei"z<p,5 1y (0)£(0,2)y (2)1 p,S) depends on x only!

/ twist-3, 4 and 5 contributions

d‘k, d'k, ) | o
(2 ) (2 ) 2 Tr[¢(1)(k1,k2,p,S) Hl(le’c}p(xl’xZ) wpp] (2Ek-)(2n')353(k'— kc . q)
c=L,R

DUk, ky,p, S) = [ d*zd*ye™ ™ (p,S 1§7(0)£(0,5)D, (») £(y,20¥ (2)| p,S)

W (g,p, 5,k = [2

A consistent framework for e" N — e™ +¢(jet) + X at LO pQCD including
higher twists

ZTL & X.N. Wang, PRD (2007); Y.K. Song, J.H. Gao, ZTL & X.N. Wang, PRD (2011) & PRD (2014).
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Semi-Inclusive DIS e + N = e +¢q(jet)+ X |

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take the simple forms such as:
HO) (x)=h08(x - x,), hY =y oy,

~ , T - , ~
H,PP (xx)0,f = mhﬁﬁ"w;’ 6(x,—x,), where hy” =y, iy’ ny,, depends only on x; !

< 0 . twist-2, 3 and 4
W (g,p,S3k,) =Tr| @ x, k) b)) | !

+

é(ﬂ)(x,kl )=j pznz_dzzleixfz‘—ikl.zl <N | W(O)‘Z(O,Z)V/(Z) | N>
T three-dimensional gauge invariant quark-quark correlator

twist-3,4 and 5

T . .
2q'pTr[(plf,l.)(x,g,kL) hi) o, ]

n d‘k, d'k k’ A
PUN ok, )= | n 2n) 6(x—p—1+)62(ku — kO (K, k;)

=jP2‘::_dzzleixp+z‘—iEl.Zl (N1 l/_/(o)Dp(O)L’(O,Z)II/(Z) IN)
the involved three-dimensional gauge invariant quark-gluon-quark correlator

THREE dimensional, depend only on ONE parton momentum!
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Complete results for structure functions up to twist-4

2.2 3_.2
—xf+4xK‘ f UU’L=8xK'Mf3

2_.2
—-2Xx°K klfw
L =Xg,, +4x2K2 uf
WSin(¢_¢s) —

- EL (xfi# + 4x2K12VIf+3ddT )’

Wsin(¢+¢s) _

sin(¢p—¢o) __ 3..2
W) = 8xic? k fi

sin(39—¢5) _ 2.2
W00 = e (L

cos(¢—dg) __ 1. 1
/4 s —kl(xng+4x

even number

cos 1. L
Wit =-2x°k, k f

uvu

sing _ 2 7 1
W, B =-2xx k f;
sing __ 2 . L

W, =2xx,k g
cosd __ 2 7, L
W, =-2xx,k g

singg 2
W, "»==-2xx,f,

ur

sin29—¢g) _ 2 72 ol
W S ==xKk k| f;

ur

cospy 2
W, ™ ==2xx, g,

LT

Wcos(2¢—¢s _

LT -x'K kJ_gT

twist-3 <—— odd number

(1) twist 2 and 4 <:>of¢ and dbe

of ¢ and g

(2) Wherever there is twist-2 contribution, there is a twist-4 addendum to it.

S.Y. Wei, Y.K. Song, K.B. Chen, & ZTL, PRD95, 074017 (2017).
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Semi-inclusive high energy reactions: TMD factorization

TMD factorization theorem at the leading twist has been proven both for

Semi-inclusive e* e~ -annihilation: ete™ - hy + h, + X and
semi-inclusive DIS:e" + N - e "+ h+ X

Collins, Soper, NPB (1981,1982); Collins, Sterman, Soper, NPB (1985);
Collins, Oxford Press 2011;
Ibildi, Ji, Ma, Yuan, PRD (2004); Ji, Ma, Yuan, PLB (2004), PRD (2005); ..........
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Measurements & Parameterizations

SIDIS experiments --- Summary

Measurements , , _
collaboration reaction asymmetries
G»Ef:; ~— < HERMES  ¢*N — e*n*X ASoR AR
o e+e- — e*N — e*n*X Asiv, Acoll
G gnis - 0
oo e*N — e*n*"(KH)X Asiv
@ Q2
| | | N e*N — e*n*%(KH)X Acon
3-10GeV? 25GeV? 100GeV? e*N = e*n*(K*)X A, Ao 2o
HERMES, PRL(2000) HERMES, PRL(2005) COMPASS  u °LiD — u h*X Asivs Acol
008 3’5 02 = p °LiD — 7 (K*")X  Agiys Acon
B W=sino rooar w by } u NH3 — p h*X Asiv. Acoll
0.06 - @ W=sin20 - VS bl P : S _ _ 14
s u NH3 — p h*X Acoll
0.04 + + Y — ; u NH; — p h*X Ag;,
—{:5} 0.02 l 019 y + -k + + /.I—NH3 — y-ﬂ'i(Ki‘o)X Asivs AColl
’ +]‘ + | -0.2_llll||||I|||*|||—||||||||I||||1||||I|||| ll_ 6LiD_)#_,ltX A:})th’AZ(ri"2¢h
| T ‘ L5045 F = CLAS ep— e X A;}';“'”
0.02 - /E\" oqlL T L + B —0 sin ¢y,
oo || iy | f epoenX i
R o JLabHall A e *He — e n*X Asivs Aco
-0.05 —...1-....l....|..—:..1....1....1....1.... B 3H _n-tX cos(@p—ds)
01 = - e e— € Arr
0.05 | - -3 - sin(3¢5—ds)
0 +*+ _____ + _______ + _____ - . + ________ + e_ 3]‘18 — e_zr*X AUT
-0'05_...1....1....|.._...1....|,...1....|.... ¢ "He - e K*X ASiwAColl
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TMD parameterizations: the first phase

(1) transverse momentum dependence
Gaussian ansatz:

£,k )= f(x)—=—e
( >

1 e_;;L/<El€l>
m(k;},
m the width is fitted
m the form is tested
m flavor dependence

D, (z,k;, )= D,(z)

See, e.g.,

Anselmino, Boglione, D'Alesio, Kotzinian, Murgia, Prokudin,

PRD 71, 074006 (2005);

Anselmino, Boglione, D'Alesio, Kotzinian, Murgia, Prokudin,

Tuerk, PRD 75, 054032 (2007);
Schweitzer, Teckentrup, Metz, PRD 81, 094019 (2010);
Signori, Bacchetta, Radicic, Schnell, JHEP 11,194 (2013);

Anselmino, Boglione, Gonzalez, Melis, Prokudin, JHEP 04,
005 (2014);

HINA &3 T pTy W ]; USULSIUIT LAl Yol
T T

107"

(x)~0.15
(Q)~2.9 GeV?

e

e

o 0.27<2<0.30
0 0.38<z<0.48

< 0.60<z<0.80 |

o 0.10<z<0.20

e

1079
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TMD parameterizations: the first phase

(2) Sivers function

Efremov, Goeke, Menzel, Metz, Schweitzer, PLB 612, 233 (2005); Bochum fits
Collins, Efremov, Goeke, Menzel, Metz, Schweitzer, PRD 73, 014021 (2006);

Arnold, Efremov, Goeke, Schlegel, Schweitzer, 0805.2137[hep-ph] (2008); o
Anselmino, Boglione, D’Alesio, Kotzinian, Murgia, Prokudin, PRD 71, 074006 (2005); Torino fits

Anselmino, Boglione, D’Alesio, Kotzinian, Melis, Murgia, Prokudin, Tuerk, EPJA 39, 89 (2009);
Vogelsang, Yuan, PRD 72, 054028 (2005); Vogelsang-Yuan fits
Bacchetta, Radici, PRL 107, 212001 (2011);

0.06 Qz =24 Gev2

x=0.1

o
D
T

xAN f(x, k 1

AV, (k) =27, (XVh(k,) £, (x,k,)

=
()

o o
S

aq+ﬂq
(a,+B,)

< °R 7/q(x)=7qua"(1—x)ﬂ ‘ 7
X 0.2\ o qﬁ q
:_{" N q q
RN k| e
ﬂ ™ h(kl)= Zel 1 |e ki /M;
e T M,
107 1072 10™ 1 0 02 04 06 08 1
X k) (GeV)

Already different sets of parameterizations, though not very much different from each other.
Jbs 202346 4 2H 71




TMD parameterizations: the first phase

(3) Transversity & Collins function

Simultaneous extraction of transversity and Collins function

Anselmino, Boglione, D’Alesio, Kotzinian, Murgia, Prokudin, PRD 75, 054032 (2007);
Anselmino, Boglione, D’Alesio, Melis, Murgia, Prokudin, PRD 87, 094019 (2013);

kLKD), 03 I
Ak )= 2T (D] £, () + Ag() | : |
AR A " w(kl), o 02 gamce % | 02416V
kg Kk, \5 0.1 E- - ’h 0.1 .
N - C ~ [ ] s
WDy A= DO G Lz
AT ] N
a+p [ ] i
7qu(x)=7Z‘IT_,C"‘(1__,C)13(O"*'mﬁ)l3 - B e
o’p ; P
+ < ~
C( _ 2C s (Y +8)""° = N
Z’q (z)—zq 27(1-2) W Z' th 0.1 .
s X < 2018 — -
/_ k _72 2 N
h(kFJ_)= Zelj‘;l |e CrafM _02 PR 1.2%8. .. .1...
F 0 02 04 06 08 1
X z

= 202346 H2H 72



TMD parameterizations: the first phase

(4) Boer-Mulders, pretzelosity, ......

Zhang, Lu, Ma, Schmidt, PRD 77, 054011 (2008); D78, 034035 (2008);
Barone, Prokudin, Ma, PRD 78, 045022 (2008);

Barone, Melis, Prokudin, PRD 81, 114026 (2010);

Lu, Schmidt, PRD 81, 034023 (2010);

B (x, k)= A, [, (%, k)

S (esk ) =27 (X)h(k)) f, (x, k)
(a,+ )"
aqaqﬁqﬁq
h(k,) = \/;%e-ﬁmf x y

1

7,(x)=7Z,x" (1-x)"

nonzero Boer-Mulders function from SIDIS data on {cos2¢)
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TMD parameterizations: QCD evolution

TMD evolution:

x=0.1,Q=5GeV and 91.19 GeV

1
. > - 5
Evolved Bochum Gaussian Fits a 0.01 3 3
Up Quark Sivers Function, x =0.1 3: ) Bochem Fi N\ N ~ o -
1.5 T | T T T w \\Q=5G¢'V \\Q=91.IQG¢'V |
™ -
> 0.0001 Evolved Sivers Func;ion R ~ 7
g — Evolv /
. B — Q=v24GeV o — — Gaussian Fit N
> —— — Q=2GeV N
S 8— 3 GeV ‘e'O‘SE :
~ — - - C T T T T T T T T T .
s | e Q=4GeV s F E
= - é 1 - = —_— Q=9L19GeV ]
—h:- = 05 — | N— Q=5GeV -]
S o 00 l 2 ' 4 l 6 3 ' 10
b 2
N \ — _—
) / N . <
. / T SRR S 3 E 5
// Nl g 001F S~ 3
i T ~
0 Lz | R s RESSIES N \\\Q=9LIQGeV E
0 I 2 g N Q=5Gev ~ =
0.0001 ~ —
kT (GeV) B - Evolved Sivers Function N S <
al = = (Gaussian Fit N N
le-06E %
C T T T T T T ]
c — ]
. . p= 1 B - — . _-
Aybat, Collins, Qiu, Rogers, 2 iF S N =l
0 C 1 1 1 " N N ]
PRD 85, 034043 (2012) 0 2 s 6 g 10
k; (GeV)
b 20234E6 H2H 74



TMD parameterizations: TMDIib & TMDplotter

Published in Eur. Phys. J. C74 (2014) 3220  saxsinr so1s ons

YITP-SB-14-24
First version is there! August 2014

TMDIib and TMDplotter:
library and plotting tools for
transverse-momentum-de pendent parton distributions
Version 1.0.0

[

Aug 2014

FE Hautmann!-?, H. Jung®4, M. Kramer?,
P J. Mulders®*®, E. R. Nocera?, T. C. Rogers® A. Signori®®

’
J

' Rutherford Appleton Laboratcn') UK
t of Theoretical Physics, University of Oxford, UK

4 D Y Hamburg, FRG
? University of Antwerp, Belgium

& Department of Physics and Astronomy, VU University Amsterdam, the Nether-
lands
% Nikhef, the Netherlands
* Universita degli Studi di Milano and INFN Milano, Italy
® C.N. Yang Institute for Theoretical Physics, Stony Brook University, USA

Abstract

Transverse-momentum-dependent distributions (TMDs) am central in high-energy
physics fromm both theoretical and phenomenological points of view. In this manual we
introduce the Bbrary, TMDIib, of fits and parameternsations for transve rse-momentum-
dependent parton distribution functions (TMD PDFs) and fragme ntation functions (TMD
FFs) together with an online plotting tool, TMDplotter. We provide a description of the
program components and of the different physical framew orks the user can acoess via
the available parameterisatons

arXiv:1408.3015v1 [hep-ph| |
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Vector spin alignment (& i&HE%)

. P11 Pio  Pi1-1 1
Spin 1 hadrons: !ﬁ=<ﬂo1 Poo Po—1) Spin 1/2 hadrons:‘ p=[ Puv Pu ]=5(1+§.5)

P-11 P-10 P-1-1 P-+ P--
For V — 1 + 2 (pseudoscalar mesons): For H — N + m (weak decay):
aN dv__1 —(1+ aPcoso))
deosd — 4 [(1 Poo) + (3poo — 1) cos® 6] dcos aPcosb)
O8pTT™ T B T ] o [ anem mom
- e'eoK'+X J : i |
06 = A hypgron longitudinal pefarization
<~ & Vector me %angpin El'gnment 05 -
< 045 s 0.4 .
- ﬁ S |
0 2 Poo=1/3: unpolarized - D.2 :
= 3 0.1 .
cec b b b b A
0 0.2 0.4 0.6 0.8 1 oY L]
> . . . 0.8
OPAL, PLB412, 210 (1997). z

At the Z-pole, ete™ —» Z — qq — h + X, quark/anti-quark is longitudinally polarized.
Is the vector meson spin alignment induced by the polarization of the fragmenting quark?

= 202346 H2H 7



Vector spin alignment (& i&HE%)

Spin 1 hadrons: ‘

Pu P P 1 3
=| Pu Po-1 =§1+ES'Z+3T”ZU)
P-i P10 P-aa

Vector polarization: s* = (0, f) = (0,81, S;)
Tensor polarization: s,,, S =(0,S;,,5.,,0), S*=(0,57,55,0)

E RE k=
( X sy X ey XX * VXY \
1+5, , S, (S%, —iS2.)+ (S —iS)) S _is2
3 2 22 2
p= (Sir +iS7:)+(S; +1iS7) —(S;; —iS;;) +(S; —i87)
242 242
Spr +iS% —(S;; +iS7,)+(S; +iS;) 1+S, S,
\ 2 22 3 2 )
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One dimensional FFs defined via quark-quark correlator

The Lorentz decomposition vector meson spin alignment

—

zE,(z;p,S) =p™ny[D,(2) + S D4y (2)] + - . M
p=pn+ 20" n,

1
D(z) + Sy D41 (z) = Fn“ z2,(z;p, S)

1 st e—/Z —
2 Jr zd§~ e P (hX[P(E)n - v |0)0ly (0)|RX)

~ 8m

X
:%Z Jr zdg= e~ ¢ Z <hX|17Jaq(€)y+ |0> <0|‘/’Aq (°)|hx>
X

Ag=LR

1
YR = 2 1 xys)Y
space reflection invariance

— (hX | (On - v |00l (0)|hX) = (hX|pr(§)Y"|0)(0l1pg (0)|hX)

independent of the spin 4, of the fragmenting quark!
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One dimensional FFs defined via quark-quark correlator

The Lorentz decomposition wdinal spin transfer
z2,(z;p,S) = p™NySiGq1(2) + - S, is the longitudinal component of
S =(0,S7,51)

1 -
S1G11(2) = p—+n“ zE,(z;p,S)

1 . )z —
_ az j zd&~ e (X[ P(©)y syt |0)(0[p (0)|hX)
X

— %Z j zdE" e‘ip+f_/22 <hX‘17},1q(€)y+‘0> Aq <0‘¢,1q(0)|hx>
X

Aq

Z | zag e ® " (X B 0)OIL(0) I1X)
—(hX[Pr()y*|0)(0R(0)|hX)]

dependent of the spin 4, of the fragmenting quark!
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Quark polarizationin ¢'¢” — gg

Atthe Z-pole: e'e” > Z —qq

d(’)‘_ZZ az
ion: = c!(1+cos” 0)+2cic! cosB -~
The cross section:  — ==X [Cl ¢ ( ) +2cc, ] e 7 q
0 L — — cl —
Longitudinal polarizationof ¢ or g : P* =--2 + q

Atany energy. e'e” > y*/Z—qq

do _do” N do”" N do"
dQ dQ  dQ = dQ

€ .9 9 € .49
xcl c3 + xintchA

P =-—
q

2 e .q q e .q°
eq +xcl ¢ +xintchV

_0'55...,|....|....|....|,...’
0 100 200 300 400 500

V5(GeV)
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Hadron polarization ine*e™ - hX

Hyperon polarization:

Zq Pq(Q)Wq(Q)Gqu (Z: Q)
2.qWq(Q)D14(2,Q)

PiA(z,Q) =

R

2
w,Q) = 3 (eZ + xcici + xi..cver)
x =s%/|(s — M2)" + 1ZM%]sin*20,
Xine = —2€45(s — M7)/ [(S - M)+ FZZM§] sin?20y,

Vector meson spin alignment:

_124Wq(Q) D1y14(2,Q)
S Q) = S W (@D, Q)

K.B. Chen, W.H. Yang, S.Y. Wei and ZTL, PRD94, 034003 (2016);
K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).
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Hyperon polarizationine*e™ - H + X

Parameterization at a initial scale: G572 (z, no) = z°D572 (z, puy)

u/d-A

d-A
G417 (z,u9) = Nz®D (2

Z, Mo)

QCD Evolution: 0 ihi Hh ,
(DGLAP equation)  dInQ2 Gii"(2 Q%) = 2 f 01 Q )AP ij (¥, &)

< [
T
%ﬁ T e
2 0.04¢ N 1
r /7 \ S £
0.03F im N\ ] e Q=5Gev
'—:Q}\ \ 1 —— Q=50GeV |
0.02 - N\ Y F T @=912Gev
e N\ LT ---- Q=200GeV ]
r WL F ——— Q@ =500GeV
0.01 / \\ T Q = 500GeV |

\~
1 1 . 1 P, = I 1 1

02 04 06 0.8 0.2 04 06 08
VA

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, PRD95, 034009 (2017).
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Spin alignment inpp - VX

Poo

Poo

0.7
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DHESS wmm Sce. I  mmn Sce, 11

1| AKKO8 = Sce. | === Sce. I1 8
| DHESS wmmm Sce. I wmimnSce, 11 ]

0.7H

0.6}
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e

imim .

ML 'L
- -

.

-

.....

T A Ol
RS L

"
......

e

.

-

Vs =200 GeV ] Vs =200 GeV
pp = K*OX 1 pp — p°X
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Spin alignment inpp - VX
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Isospin symmetry of Fragmentation Functions

Belle Collaboration, PRL 122, 042001 (2019). ete" > A+nt+X
Transverse polarization of A in the . T
. . c (a) #A+T
fragmentation of unpolarized quarks O 0T 02<2,<03 | 03<z,<0.4 | 04<z,<05 | 05<z,<0.9
. P . ﬁ L, % é — S
Significant differences have been observed 5§ o e e
D_? 0.1 ++'+M- +_+——. M _

.2 PR TR R L 1 L L 1 1 L 1 L 3 L L
0.4 0.6 0.8 04 06 08 04 06 0.8 04 06 0.8
Zn*(n‘) Zn*(ﬂ') Zn*(n') Zn*(n')

ete 5 A+ KT+ X

0.2 pe
A+ K’
c (C) *A+K
S °T 02<z,<03 | 03<z,<04 | 04<z,<05 | 05<z,<0.9
-.(-U' +_+— I
I |
+. 3 + g 0?:+ """""" ESaEe SR Enl S ;:}——%%
n:d-o-n"+X,d->A+X g [ e s T
B ot ., | Tt e
nmu-n +X, u—-A+X
. PR NP YR N T SN AT TN NN SN AT NSNS NN SO SN SN MUY AT SO T SR S’
027040608 04 06 08 04 06 08 04 06 08
ZK+(K‘) ZK+(K') ZK+(K‘) ZK+(K‘)

Pry o D17 (z,pr)
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Isospin symmetry of Fragmentation Functions

U. D’Alesio, F. Murgia, and M. Zaccheddu, D. Callos, Z.B. Kang, and J. Terry,
PRD 102, 054001 (2020) PRD 102, 096007 (2020)

. L — 0.015
@ —— full data I
Y up —— A-had (b) —
0.010 Voo T bound 0.010
~ \ -0.005 .
= 0=1058Gev | = zD 1A L
& & ZD 1Tdo 10.58 GeV @ 1Tu sea
N 0.005|\ N 7. 0.005
S0i0RE / —— full data =
§ 9OWN . A-had R
----- bound ~
—_
0.000(- T 52 0.000 ————
0.000 0.000—————— "= _l E
Q -0.005
(d)
—0.001 <
> =" ® 0010
%n;—o.ooz §z ’ D
a 0=10.58 GeV = e 1Td
N — full data ™ E:004 — full data
—0003 . A - had strange —— A-had _0-015
..... bound === beund
ez ey oa o5 s o Mo o3 s w5 o5 07 020 025 0.30 0.35 040 0.45 050 0.55 0.60
<A

DlTu Dle
Very strong isospin symmetry violation!
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Isospin symmetry of Fragmentation Functions

“Isospin symmetry violation” in parton distribution functions (PDFs)

d(x,Q/u(x,Q)

A — s
[ x(Au+AT 1 x(Ad+Ad) —
' ' ' 0ak X(Au+Au) i 0 il Q%= 2.4 GeV? x_| 0sl —_—
Q=2GeV,9%%c.l. i »
CT14NNLO “T 0.05 -
z
CTI0ONNLO b1 i
0
P ¥_|
X I =
= -002 X -
v“_'c ‘_“ W “;u
2<] -0.04- =z <] =
x W x
0.06- Y, -0.6
F 1 ] 10 1072 107 - . .
[ — Dssv 1 1, X k; (GeV)

However, this is NOT real isospin symmetry violation!

Isospin symmetry demands:
uP(x) =d*(x) AuP(x) =Ad"(x) AVfP(x) = AVfR(x)
It does NOT demands:

=3
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Isospin symmetry of Fragmentation Functions

For fragmentation functions (FFs), isospin symmetry demands,

DY.(z,pr) = D4 (z,pr) AD3,(z,pr) = ADY, (z,pr)
D1}, (z,pr) = D17y (z, 1)

If we assume fragmentation is determined by strong interaction and isospin
symmetry is hold in strong interaction, we have

Dﬁ? Y(z,p7) = DA dir (z,pr) AD%‘ Y(z,p7) = ADA dir (z,pr)

Jdi ,di
DJl_TI'\u " (z,pr) = Dﬂ'\d " (z,pr)

A dlr A, dec

For the final hadrons, D2, (z,py) =

(z,pr) + Dy;  (z,pr)

There could be isospin symmetry from the electroweak decay contributions!

> A systematical study of decay contributions to isospin violation in FFs.
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Isospin symmetry of Fragmentation Functions

Electroweak decay contributions to FFs of the A-hyperon:

0 o
D1¢(z) = D}y (2) + Dy, (2) + DY, (2)

D2E(2) = D} (2) + DIF (2)
D5, (2) = D} (2) + D§4(2)

We see clear that
0 0 .
DY (2) = DM (2) i D%(2) = DE(2)
D3, (2) = Dy;(2)  if D}, (2) = Di4(2)

D} (2) = DY (2) DY, (2) =Dy (2)

They lead to no isospin violation in A production!

+
Electroweak dgcgys of JP = (1) octet
and of J¥ = (E) decuplet baryons

hyperon decay mode branch ratio
AK~ 67.8 0.7
Q- =0, 23.6 0.7
=m0 8.6+04
A prT 63.9 0.5
n? 35.8+0.5
0 A~y 100
s+ pm0 51.57+0.30
nrt 48.31 +0.30
>~ nmw- 100
=0 An© 100
=" An— 100

Isospin symmetry should be hold for FFs of A hyperon!
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Isospin symmetry of Fragmentation Functions

Fit to Belle data if we demand isospin symmetry for D1Tq (z, pr),

z:\:().20 ZA = 030 z\ 0. 4o z\ 0()
| E A+71'+ § A+7r —DHESE’—— Pythn
O'OSM ¥ A4+7 & A+ 7t —DHESS - - Pythial
‘ =‘-g-/i‘"{~ e
005 T | S NE
: K.b. Chen, ZTL, Y.l Pan, Y.k. Song, S.y. Wei,
5 -0.15 i — : — l o : :
= § A+K° § A+ K —DHESS - - Pythia PLB 816, 136217 (2021).
Ry 0.05 ,i ' A+K § A+ K* —DHESS - - Pythia
‘/%;—/ ’/%, : ‘
005%\5§\\\;j<;§::f:-\ S &
\\\% \ﬁ\ ~.

0.15 s S e
02 04 0602 04 0602 04 0602 04 06

Zh Zh Zh Zh

Predictions for EIC/EicC, that can be used to test isospin symmetry of Dqu (z, pr), see,
K.b. Chen, ZTL, Y.k. Song, S.y. Wei, PRD 105, 034027 (2022).
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Summary

7*(3)’

szq)

(a) ' (b) ' (c)

i.e., it always contains “intrinsic motion” and “multiple gluon scattering”.

® “Multiple gluon scattering” gives rise to the gauge link.

® Collinear expansion is the necessary procedure to obtain the correct formulism
in terms of gauge invariant parton distribution functions (PDFs).

® Collinear expansion has been proven to be applicable to all processes where
one hadron is explicitly involved.
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Summary & Outlook

= Rapid developing AREFTET “BEF 5 “EAl”
= Much progress AR ANBRERNFE, 17,

= RKSEW(EIC, EicC) A ELE, 4RI RERE L
BB OUERR iR aRgRag, EEsE!
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Thank you for your attention!

== 20235F6 H2H 95



