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“The Analects of Confucius”
Confucius said:

“One can be a master if he gets to
know new things by reviewing the 7R\
old knowledge”. o _—
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| therefore start with inclusive DIS and
one dimensional imaging of the nucleon.
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|. Introduction

> Inclusive DIS and ONE dimensional imaging of the nucleon
> The need for a THREE dimensional imaging of the nucleon

. TMDs (transverse momentum dependent parton distribution & fragmentation
functions) defined via quark-quark correlators

lll. Accessing TMDs via semi-inclusive high energy reactions

> Kinematics and general forms of differential cross sections
> The theoretical framework:

& Leading order pQCD & leading twist

@ Leading order pQCD & higher twists

@ Leading twist & higher order pQCD (factorization)
> Parameterizations & evolution

IV. Summary and outlook
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Inclusive deep inelastic scattering (DIS) e + N = e +X

The differential cross section ‘

e (I
.7 N {

aem Vv ! ' d3l'
do = @;L (l,ll,l 92"1 )Wuv(Q9p9S) 2E!
i
leptonic tensor hadronic tensor
0 q-p
- = 2 X, = ’ y -
=0 * 2q-p l-p

The hadronic tensor: | W, (q,p,S)= Z(p,S 1J,(0)I XXX 1J,(0)] p,SY(27)*6*(p+q— py)

2 l
W (4,p,8) =| — % ) E“i

|
| 7 | v A A
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N =] e
Inclusive deep inelastic scattering (DIS) e + N > e + X i LT R

LA

Kinematics (Lorentz invariance, symmetries, conservation laws....): ‘

Gauge invariance: ¢*W,,(q,p,S)=0

Parity invariance: W, (@,5,—S) = W""(g,p,S)

Hermiticity: W, (q,p,S)=W,(q,p,S)
———> W,(qg,p,5)= W,ﬁf)(q,P)HWﬁf)(q,P,S) ’

uqv

), (x

+2xp,)(q, +2xp,)F,(x,0°)

2Me,, .q" | .. s S'q 4
W, (a,p,S)= e {S £ (x,0")+(S —p—_‘;p )gz(x,Qz)}

unp 2 2
do _ 471:05 S X 2Fl(x Xy 2 x,Qz)
dxdy 0
dAc _ 4za’s 2xyM* x’yM’*
xy(2—y-— ) )g1 ,Q )+8 gz(x9Q )
dxdy o* )
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“Original / Intuitive” Parton Model i TR

CIRY VLR
’H 7-H
|NTE] 1
RicHarD P FEYNMAN
Our knowledge of one dimensional imaging of the irned from DIS

experiments starts with the “intuitive parton mode | e.g. in this book.

e Cllassies
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“Original / Intuitive® Parton Model o ,,
Y CIRYWSIIIES
_ Feynman (1969);
The model: ‘ Bjorken & Paschos (1969)
Virtual processes such as . -

Because of time dilatation, in the infinite momentum frame, they exist forever.

:> A fast moving proton p— A beam of free partons

———> |7(eN - eX) = Zjdxf (x) | 7% (eq = eq) P
T M scattering amplitude squared

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

> F=Yef(x) g =Y eA(x) g@)+gx)=) edf,(x)
F,(x) = 2xF,(x) j !
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“Original / Intuitive” Parton Model

It is just the impulse approximation!

S

Impulse Approximation: >

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

(2) lepton interacts only with one single parton; = — —

(3) interaction with different partons adds incoherently.

Approximation:  What is neglected? Controllable?

Parton distribution functions: A proper (quantum field theoretical) definition?

——> Aquantum field theoretical formulation ?
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Quantum field theoretical formulation of parton model %ﬂ E}jﬁgfﬂ?g”

Parton model without QCD: ‘ .

(q) I ()
2 q(k) 1 g(k)
W (a.p.S _I I —I —_ q(k))t i
w\dsD> )= > — |

q(k)
N(p
(f)

Wi 0.8 = [ ST, )i hp.5)]

the calculable hard part  H,,(k.q)=7,&+q)y,2m)8, (k+q]) ———
the quark-quark correlator  $(k, p,S) = [d*ze™(p.S G (O ()1 p,S) ——

Collinear approximation: p=p'n, k=xp

4,4, 1
> W,(g.p)= [(—gw Ho )t @+ 23p), (g 2xp)v] f,(x)

operator expression of the number density : f, (x) = j‘%e*ﬁ (pl y7(0)77+w(z)| p)

no local (color) gauge invariance!
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To get the gauge invariance, we need to take the "multiple gluon scattering” into account

Y'(q) Y'() Y'(2) Y@ g%"iq) v“(cg;
a(k) _q(k)
— k k k 3 k s S
W,uv (q, p’ S) -  qk) q(k) + q(ky) g q(k,) + 7 LK, 5
N@ N(p NP Np. |

(a) ) (c)

Inclusive DIS with “multiple gluon scattering”

JRUAN

-~

Wﬂv(qapas) = W;B)(qu,s) + W,i‘l,)(qapas) + W,ij)(qapas) + ..
d'k
2m)’

d‘k, d'k A A
(271.)14 (271,)24 Tr[H[(,tlv)p (kl ’k2 ’q)¢,()1)(k1 9k2 ’p’S)]

W (q,p.8)= [ Te[ A9 (k,0)6 (k,p.5) | no gauge invariance!

WS (q:p,S) = |

Collinear approximation:;

& Approximating the hard part at k =xp:  Hy)(k,q) =~ Hy) (x)  HUP (k, ky,q) = HY (x,,x,)

& Keeping only the longitudinal component of the gluon field: A,(y) = r- A(y) np- Pp
ry(LL f[“?(xl) A -
& Using Ward identities, e.g., 7,H,"(xx,)=—"—— all ;)(x)’s reduce to H,l(l(:/) (x)

& Adding all the terms together ——>

SPIN2014 20144£10H, Jbat 12
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W, (4,0,5) = W, (4,0:8) = [-2X 2[4 p, )AL ()]
H (27) # . .
= o) . - LO & leading twist
O (kip,S) = [ d*ze™ (p,S 1% (0) 20,2y (2) | p,S)
Un-integrated quark-quark correlator:
contain QCD interactions, gauge invariant ! .

ig _[ dy"AY(0,y",Z,)
L0,2)= L (—s

Inclusive DIS: LO pQCD, leading twist

gauge link

4(_°°aZ) =Pe —
Graphically:

¥'(q) Y (@) ¥'(q) g
a(k) qK’)
q(k) atk) - akp{ g
N N(p. N(p

(a) (b)

collinear approximation

'““£>%{@*E£1_

v*(cé)jf
3,3

A A v
: HY(x)=h"6(x-x,) . .
Since “x u D Wag,p,S)= J' dxTr| ® (x;p,8) b)) |8(x—x,)

WY =y ny,

4
D (x;p,S) = J(;l ”1;4

(only) one dimensional imaging of the nucleon via inclusive DIS.

S(x=k" 1 p" )0 ks p,S) = [ de" e (p.SIF0)£0.2 )y (0,27,0,)1p.S)
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Collinear expansion: Ellis, Furmanski, Petronzio, (1982,1983)
Qiu, Sterman (1990,1991)

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

Inclusive DIS: LO pQCD, leading & higher twists

@ Expanding the hard part at k =xp:

n A OH" (x) 7y (0) ()
A3 (kvg) = ()4 =220, e+ oH,,)(x) _H,)(k\q)
AP (e 1) ok’ ok? |
(1 (1l v (XX, o' =P
H/Etv)p(kl ’k2 ,q) = H;(W)p(xl ,x2)+ uaklo- wo- klo" """ x = k+ /p+
& Decomposition ofl;[he gluon field: o, =g —nn’
A,(y)=n-A(y) . -I;; +to,"4,(y) o, 'k, =(k-xp),
@ Using the Ward identities such as, kE = L(k +k.)
\/E 0 3
OH " (x . A, H,)(x,) B -
R n=0.10,)
to replace the derivatives etc. n=(10,0,)

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

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

twist-2, twist-3 and twist-4 contributions

~ dk A A
(0) — (0) (0)
W.'(g,p,8) = | o Tr[ &k, p,$)H) (x)]

o (k, p,S)= j d*ze™{p,S\y(0).£(0,2)w(z)| p,S) gauge invariant quark-quark correlator

twist-3, twist-4 and even higher twist contributions

. &'k, d'k, . s . ,
W (g,p,5)= | TRty Tr[ Ok, Ky, AL (x,,3,)0,” |

Ok, ky,p,S) = [ d*zd* ye " (p,S 1 (0).£(0,5)D () £(y, )9 (2)| p,S)
D, (y)=—id,+gA,(y) gauge invariant quark-gluon-quark correlator

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

;
Y@ Y(@) Y'(@) Y@, gj‘iq) v"(g; l ¢ | 5
ak) _q(k) . !
= = 1 LN ]

ak) at) == qtk) q(kz) 4 k) FZk, ek F oeee = }—‘—< ® [ 3 i i 3 S + ® [i i g i ix +

— ) e
N N N, Nep. N J
(@) (b)

N(p)
(c)

(S
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Inclusive DIS: Higher order pQCD %Lf jﬁlgfmz

Factorization theorem and QCD evolution of PDFs

“Loop diagram contributions”

Higher order pQCD contributions;
Evolution of PDFs.

factorization & resummation >

SPIN2014 20144£10H, bt 16



Inclusive DIS and parton model: brief summary

List of to do’s --- the recipe

kinematics

v

(symmetries, ... ... )

q(k) q(k) S

collinear approximation ~

N N(p

par(ia:)on model +
“multiple gluon scattering”

S

collinear expansion

parton model +
“multiple gluon scattering” +
“loop diagram contributions”

collinear expansion + R
factorization & resummation

experiments >

AT T,
Ty LA R i 227

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,
leading & higher twist,

evolution & gauge invariance

parameterizations

SPIN2014

20144104, Jbxt 17
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Global QCD analysis and PDFLIB %Lf jﬁlgfﬂﬁg

Very successful!

X | x632108
% X=0=.0(X]102 HERA F.
3 oy : N
e 3 ZEUSNLO QCD it e STAR PRS0, 5201 (3) 5 K, Ds0.7 CMS preliminary, 60 nb” \Vs=7TeV
Qo — H1PDF 20001t - 0 R s —a— COFdata(La108') ;1011 T T T T T
10 9 STAR () 107 Systematic uncartainties () . |yl<0.5 (x1024)
o H1 9400 £ 1 \ pép 4 jet+X @ ‘\ —o— NLO.JETRADCTEQG M | ery o 0.5<lyl<1.0 (x256) 3
. » ! * 5200 GeV artactad to hadron leve q ) ' i
.:; L(J;;rzl 6)/::/00 8 s: i midpoint-cone 5104 ."..,_.’* Ifl;”:?ﬁ:"z !‘:a':apf,n;:: 8 10 v 1.0<lyl<1.5 (x64) 1
=10 ! LY :Jmfa-llos ,E, ""‘_._! ‘ PDF uncertainties e 0 1.55|Y|<2.0 (X16) ]
4 BCDMS \ 2<n<0) E 10 ":._-..’ —--_._ Q’-1 07 o 2.0<lyl<2.5 (x4) 1
0 E665 e k
: - &'y \..‘ " T, ] ¢ 254IyI3.0 (1)
s NMC - RHIC T, 2 ™ ey, Iyt (¢ 10" > E
- 10 -, eIy 101 T, 1
R N 310 LHC
€= Combined MB 5‘ .ﬂ' - TN % |
o — 10° \ = oyl (10) : ]
- WE o Combined HT : 0, "‘,..., *ﬂ_ 1 03 1
[ L] d v y o 1
- 1) NLO QCD (Vagelsang) 0"0 10.‘ ...‘y *"F 074y let L
= . F - Ve R
, M X=0032 ' T " B a6 (107 10 — NLO pQCD+NP , 1
r? ik >1.8 Systematic Uncertainty | L2 1
b0 & 1 x=0.05 g e Theary Scale Uncerainty % l:]EXp. uncenalnty - 7
o1 onett 3 : ¥=0.08 .‘?11: W ' I' —~ 14 i«l;‘.‘.'.tau-w‘; Tevatron 10| Anti-k, R=0.5 PF 1
oM ' EI L e e e e i B LI A N R N RV T Y Dl ol 3
eyt i | <0 100 200 300 400 500 600 700 2030 100 200 1000
L 0 10 20 30 40 50
! By [GeVi] p#“ [GeV/e] P, (GeV)
0 | | | | |

1 10 o 10 w0t w0
Q%(GeVh)

parameterize at 0.3 TeV e-p (HERA), predict p-p and p-p-bar at 0.2, 1.96, and 7 TeV.
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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
N — N E704, PL 264B, 462 (91)
=+ =& azimuthal asymmetry A, = A*** z [T T T
N N. +N y ry N — <L 0.4 [ P(M)+P(0)—>m+X
L R S L S ?(p  >0.7GeV/c)
g L xnn(pl>0.SGerc) I.J,] ]
1 , normal of the production plane g 02 o *
% L | N % _
P . up < 0.0 e B
polarization / left - ° ]
, 0.2 r ©
 Incident/proton target ~ fofward i N
/ /,/'/ g -0.4 _ + %
The production plane : :
right 0 02 04 06 08

7

Theory: Kane, Pumplin, Repko (1978), pQCD leads to ay[q(T)g — gq1=0
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Single-spin left-right asymmetry studies a brief history for Sivers function

The need for three dimensional imaging of the nucleon

rest frame of P

1993, Boros, Liang & Meng: ncident

an intuitive picture: quark orbital angular momentum |~ Outward polarized

1991, Sivers: asymmetric quark distribution in polarized nucleon (Sivers function)
%target T
‘. unpolarized
e
+ “surface effect’

1 -~ 3 =
fyesky38,) = f,0e k) + 2k X B)-S, fir(x,k,)
pion

forward
right

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

2002, Brodsky, Hwang, Schmidt: take “final state interaction” into account,

q q

consider —— fi(x,k)#0

- = ———seee——l . = e P = = -

+ diquark - - diat-.lar‘k

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

l > Lesson: do not forget the gauge link!

SPIN2014 20144104, dbie
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The need for three dimensional imaging of the nucleon %ﬂ E@lg fﬂgg”

Azimuthal asymmetry studies: ‘ e +N—oe +q(je)+X

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

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

1k, |22 yw | 2py= Bl 20-9) iy
0 1o (twist 3)  (cos2¢) 0 1rdoyy ( )

(cos @) =

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

- > Lesson: do not forget higher twists!

SPIN2014 20144£10H, bt 21
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The need for three dimensional imaging of the nucleon AT DL A 22
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

SPIN2014 20144£10H, bt 22
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TMD PDFs defined via quark-quark correlator

The quark-quark correlator ~ ®©(k; p,S) = jd4zeikz( p,S1w(0)£(0,2)w ()| p,S)

integrate over k™ : DO (x,k,; p,S):jdz_dzzLei(xfz__’;l'zl)(p,SIl/7(0).4(0,z)![/(z)|p,S)

O (x,k ;p,S) = [ @ (x,k,;p,S) scalar
+y, @9 (x,k,;p,S) pseudo-scalar
+A% @ (x,k,;p,S) vector
+7:A% @Y (x,k, 3 p,S) axial vector
+iy,0% @) (x, kl,p,S):I tensor

e.9. @"(xk,;p,S)= %Tr[yaﬁ)(‘”(x,kl;p,S)]

= [a*z"(p,S| 1,7(0)4(0,z)77“t/f(z) | p.S)

SPIN2014 20144£10H, bt 24



TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components

p Qo

@ (x,k, ;p,S) = M|:e(x k )+ “";‘I; L7 ey (x,k )} < twist-3

e, __k°S? ,
@ (x,k ;p,5)=p, {fl(x,km 00 2 1 fl#(x,kl)} < twist-2
M / l/

+k, { frxk,)+ “’" kLSr fH(x,k )}+8mpk” /lf;(x,kl)+kl'ST T“(x,kl)}

2

+

k"S; .
{Jg(x k,)+ “1r ‘;‘; fir(x,k)) twist-4

e M2 p+_ M2 _a
p=p n+2 —n S=}{Mn+ST—12p n €1 ps = Eappolt n?

See e.g., Goeke, Metz, Schlegel, PLB 618, 90 (2005);
Mulders, talk yesterday, and lectures in 17% Taiwan nuclear physics summer school,
Aug. 25-28,2014; and ..............

SPIN2014 2014410, Jbit 25



TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components
(0) [ k,-S; :
@) (x,k, 3p,S)=M| Le, (x,k, )+ e (x,k,) twist-3
D (x,k,3p,5) = p, | A8, (x,k,)+ MS g7 (x,k )} twist-2
J_OU kJ_ ST J_2
+STagT (xk)+M A‘gL(xk )+ (ka_) g (xk )
M?* S,
p |:/lg3L(x k )+ g3T(x k ) ‘Z fwist-4
cb(,?;(x,kl;p,S)=p[,,ST,,,]th(x,kg+%[zh;(x,kl)—"l O i (x, L) Pio® ey Profuanhl
ST[PkJ-Oﬂ] 1 T
+ W h; (x,k, )= €, . h(x,k, )+ ,n, | Ah (xk)— h(xk)
M2 [pkla] 1 k ST L [p La]li l 1
. { pSraltyr (e, )+ =12 222 [/lhu( e )+ T2 I (x ) L (e k, )
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At leading twist (twist 2)

f» &, h: quark un-, longitudinally, transversely polarized

© Si(x,ky) q(x) number density
é = @ fir(x,k,) 0 X Sivers function
E--- 81.(xk,) Aq(x) helicity distribution
é - é 8 (x,k,) X Worm gear: trans-helicity
©=® hy (x,k,) 0 X Boer-Mulders function
Cb - é h,(x,k,) transversity distribution
(5 - é By (x,k,) o4 pretzelocity
(L = (D)= h; (x,k,) X Worm gear: longi-transversity
if no gauge link ig\’;ggrgrgje

SPIN2014

2014410, Jbit 27



TMD PDFs defined via quark-quark correlator

o‘\-4\'\5 <
.
y

@/TY i

Q.
NG oS

S they are NOT the probability distributions but are related
At twist 3: (16) to different polarization cases as indicated in the table
@ e(x9kJ_)7 fl(xakj_) 0 @ e(x), X
é - @ er (x,k,), 0 X

lel(x,kJ_)’ lez(xakJ_) 0 0 )(, X

=== e, (x,k,), gr(x,k,)

0
é ) é e, (x,k,), 0 X
0

17 ’kJ_
gT(x’kJ_)9 gTJ‘_(x’kJ_) M

8. (x,k,) X, X

@=®  hx,k) 0 X
é hlJ_T(x,kJ_)
- Rt (xk,) e X
kb (x,k,)
d.d mek B x
kihlLL ok,
@ =@ hy(x:k,) B! b, (x)
O=>=O> k) 0 X
@ -@ gl(xakj_) 0 X
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TMD PDFs defined via quark-quark correlator

Twist-3 TMD PDFs defined via quark-gluon-quark correlator

OV (x,k,5p,8) = [dz d*z, €™ 2 (p,S1F(0)£(0,2)D(2)Y (2) | p,S)
However, they are NOT independent!

. = na o F
Y D(Z)V/(Z) 0 xd)f’)(x,kl;p,5)=——[Req’gg(%kﬁp;s)_glp Im(Dg;(x,kl;p,S)]

| > ’

+

"

|5

x®) (x,k 5 p,8) = - [Re @ (x,k 3 p,S)y+e,,° In D) (x,kl;p,S)]

+

=

involved in SIDIS defined via replaced by components defined via
quark-gluon-quark correlator ﬁ quark-quark correlator

all the twist-3 components > the corresponding twist-3

the relationships
obtained from equation of motion

See e.g., Y.K. Song, J.H. Gao, ZTL & X.N. Wang, PRD (2014); .......
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TMD PDFs & FFs defined via quark-quark correlators

quark polarization — quark polarization —
U L T U L T
f U @ fl(x,kl)' @-@ hll(x’k.l.) @Dl(zyklfl). @-@ Hll(z,k”)
5 number density Boer-Mulders function number density Collins function
g L (> (S & (x,ky) @"'@" hy, (x,k,) @"'@"G“_(Z,kﬂ) @-»-@»Hll,.(z,k“)
=2 helicity distribution Worm-gearflongi-transversit spin transfer
a
5 Cb (5 r(x,k)) d}-d} H,, (z,kg,)
3 T é-@ fir(x,ky) é.é & (x,ky) transversﬂy distribution é-g}Dﬁ(Z,ku) é-é Gy (2:k;,) spin transfelr1 "
&)
= Sivers function Worm-gear/trans-helicity é é hy; (x,k,) =@ H;(zk;)
pretzelosity
Twist-2 TMD PDF
f U @ C(X,k*),f*‘(x,k*) @-@ gl(x,kl) ®-® h(x,kL) St S
ol number density Boer-Mulders function Twist-2 TMD FF
= Wist- S
N . S==-O @ =@~ hy(x.k,)
£ L | ©>=O=filx:k) e, (x,k, ), g-(x,k,) ; e
g helicity distribution Worm gear/ longi-transversity Twist-3 TMD PDFs
§ é r(xskl)’ é é er(x k.L)! N é-é h#(x’kl)
ST '@ FH k)[R (k) =9 & (x,k,).g;(x,k)) | transversity distribution
= Sivers function Worm gear/ trans-helicity - hy (x.k,)
pretzelosity
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> Inclusive DIS and ONE dimensional imaging of the nucleon
> The need for a THREE dimensional imaging of the nucleon

. TMDs (transverse momentum dependent parton distribution & fragmentation
functions) defined via quark-quark correlators

lll. Accessing TMDs via semi-inclusive high energy reactions

> Kinematics and general forms of differential cross sections
> The theoretical framework:

& Leading order pQCD & leading twist

@ Leading order pQCD & higher twists

@ Leading twist & higher order pQCD (factorization)
> Parameterizations & evolution

IV. Summary and outlook
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TMD PDFs:
fi’flJ}’glL’gn’hlahllahllL,hllT---

TMD FFs: D,,H; ...

DIS: e+ N —2e+h+ X

2

p

# WA T 5> TMDPDFs:
. E 1 71 71
BN " ' ' fi’fiJT_"’glL’ng’hl’hl ’hlL’th'"

Drell-Yan: p+p—>1+1 +X

}11
6_(11) ha

v/2Z°

$'BABAR, T\pFFs: D, H; ..

vy

€+(12)

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

DIS: e+ N —>e+h+X

p

I
£

Drell-Yan: p+p—>1+T+X
}11

e (l) ha

v/2Z°

et (l2)

e +e" >h +h,+X

Gourdin, NPB 49, 501 (1972);
Kotzinian, NPB 441, 234 (1995); 18 independent

Diehl, Sapeta, EPJ C41,515 (2005); .« L,
Bacchetta Diehl. Goske, Metz, Mulders, > structure functions

Schlegel, JHEP 02, 093 (2007); for spinless hadron h
Amold, Metz, Schlegel, 48 independent
Phys. Rev. D79 034005 (2009)  ~  “structure functions”
Pitonyak, Schlegel, Metz, 72 independent
Phys.Rev. D89, 054032(2014) > “structure functions”

for spin-1/2 hadrons
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Semi-inclusive high energy reactions: Kinematics

Semi-inclusive reaction e+N —e+h+X

2
do 2 == 2 g 1+ 4 ) X
dxdydzd"p,  xyQ~ 2(1-¢€) 2x

o ® {FUU’T +&F,, , ++2&(1+¢)cos ¢, Fo% +gcos2g, Fooo

o % +A2e(1=e)sing, Fi* + 4] \2e(1+£)sing, Fi® +esin2g, Fr™* |

o> (O +A,1 —\/1 —€’F,, +4/2e(1—¢) cos(phFLcLosm]

° é +1S, 1| sin(9, = ¢;) (szir",(}”"_"’s) +eF, ) +esin(@, + ) Fyyp™® +esin(3¢, — @) F 2

+y2e(1+&)sing F,r* +4/2e(1+€) sin(29, — ) F;i;'(2¢h—¢s)]

o> é +A’l | §T | |:\/1 — g’ COS(¢h — ¢S)F:;S(¢h_¢s) + \/28(1 —£) (COS¢SF:;S¢S + COS(2¢h _ ¢S)F£;s(2¢h_¢s)):|}

1 1,1
e=(-y=27 V) A=y+2y +77°)) Y =2Mx/Q
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LO pQCD & leading twist parton model results for the structure functions

= — cos cos2¢, __ Lyl
() @ . FUU,T_é[f;DI] FUU,L_0 FUU¢" =0 Fy _é[wlhl H; ]
o> @ i sing, __ sing, sin2¢, _ 1L yrl
° @ i FLU =0 FUL = FUL _é[wlhlLHl ]
.9 i — ] cosp, __
@ i FLL_g[glLDl_ FLL —0
sin(¢, — B sin sin(¢,+¢g) — _ 1
° é Fre = 2w, fiD, | R =0 F} 22| w,h, H' |
sin(9,—6g) __ : sin(2¢,+¢¢) __ sin(3¢,—¢5) __ 1L rrl
FUT,L =0 : FUT =0 FUT - é[w4h1TH1 ]
o> | Fre=glwe,n]  EIt=0 Fy o

2w fD]|=x)e j A’k d’k, 8k, —k, —p, /D) w, [, (x,k)D, (z,k,)
q

w, = _I:Z(I’hl .kFJ_)(ﬁhJ_ k)—k, 'kFL:I/MMh’

A

w,=p, "k IM,

A —_

w,=p, k., IM

Fl h

w,= I:Z(i’hl .kJ_)(kJ_ .kFJ_)+ kf(i’hl .kFJ_) - 4(1_;hJ_ .kJ_)(I_th_ .kFJ_)zi|/2M2Mh
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Semi-inclusive high energy reactions: LO & Leading twist results

LO pQCD & leading twist parton model results for the cross section

do a’
2 = 2 X
dxdydzd”p,  xyQ

Boer-Mulders ® Collins
1,
o O {(1 —y+y [ £,D,]+(1 —y)cos2¢hg[wlthll]

1
o> (- +AAy(- > Vé (2., D] Worm-gear ® Collins

o (O- +A- J’)Si“whé[wlhllLHll] Sivers ® unpolarized FF

o & +I5, |[—2(1 —y+§y2)sin(¢,, -9)&|w,/;;D, ]
—2(1- y)sin(¢, + ¢S)g[w3thHlL:| +(1—y)sin(3¢, — ¢S)¢[w4hllTHlL]J

p 1 : _
o> é +),l | S, [ yA- Ey) cos(¢p, —9.)& [wzngDI ]} transversity ® Collins
pretzelosity ® Collins
Worm-gear ® unpolarized FF
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Semi-inclusive high energy reactions

Semi-inclusive reactions

Similarfor p+p—I+T+x and e +e" 5h+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 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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2

Collinear expansion in high energy reactions (4

)
A &
ONG IS

Ty

<

Inclusive DIS ¢ N —_Il'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 {’/ () p =

_]:’_@ X' e"'(lz) ()
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, 1410.4314 [hep-ph] (2014).

Successfully to all processes where only ONE hadron is explicitly involved.
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Semi-Inclusive DIS: e™ + N = e™ +q(jet) + X {

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

twist-2, twist-3 and twist-4 contributions

4
dk Tr[rb“”(k p.SHY (X)] 2E,)27)' 8 (k'K - §)

W (q,p,S,k") = j

Ok, p,S)= d“ze"“<p,s 17(0)£0.2y(2)1 p,S)

twist-3, twist-4 and even higher twist contributions

k' 4k d4k ) (1e)p o ve3 Ty T =
) I(ZE) Qr ) chTI‘[(D (kl,vkz,p;S)H (xl,xz) a)p ] (2’Ek')(2’”) Fo) (k kc q)

OV (K, k,,p,8) = [ d*zd* ye ™ p,S 1F(0).£(0,)D, (1) £(3, )Y (2) | p,S)

Wi (g5p5S,

:>A consistent framework for e” N — e~ + q(jet) + X at LO pQCD including higher twists

ZTL & X.N. Wang, PRD (2007):
YK. 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 "

_ 02
A complete twist-3 result for polarized e(4,)+ N(1,S,)—> e+q+X |~ = =Y
, B(y)=2(2-y)J1-y
90 _ 20w (v 4+ AWy + S, Wer + A Weo + A AW, + 4,5, W) C(y)=y2-y)
dxdyd k| Oy
R D(y)=2y\1-y
2x 1k, |
Wy (x,k, ,0) = A(D) £, (K, ) — = o B ok, )cosd
Ik, | | , 2xM KX o ,
Wor (x,k ,0,0,) = M A(y) fi7(x,k, )sin(¢p— ¢, )+ 7B(y){2M2 Jr (x,k,)sin(2¢ — ) + f; (x’kJ_)Sln¢s}
2x 1k, |
W, (x,k, ,9) = =L D(y)g* (x,k, )sing
2x 1k, |
Wy, (x,k, ,0) = =L B(y) ;" (x,k, )sing
2x 1k, | L
W, (x,k ,0)=C(y)g, (x,k, )— D(y)g; (x,k, )cos¢
el g XM _ K _
W (x,k, ,0,0,) = Y; C(y)gir(x,k, )cos(¢p—¢,) 0 D(y)[gT (x,k, )cos ST (x,k, )cos(2¢ ¢s)}

Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2014).
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%

Semi-Inclusive DIS;: e + N > e +q(jet) + X

A complete twist-4 result for un-polarized e+ N - e+qg+ X Cahn effects

twist 2

do 27L'O£em 2
dxdyd’k, Oy {[l A=y)°1f (e,k) +

twist 3

—4(2 - y)|/1- fol(x,kl)cosq) +

—4(1- y)”‘Q' APV (x K, ) - G (x,k, ) cos 20

ZxZM i twist 4

+8(1-y)

Ji(x,ky)

—»

IRt

2

—2[1+1- y)] Q x[(v(”)l(xk) (P(Z’L“(x,kl)]}

Y.K. Song, J.H. Gao, ZTL, X.N. Wang, PRD (2011).

. 1 1 i
(P:)I)(x’kl): -"'*'_(kkam __sz_dp )7 ¢§1)l(x’k¢)+57’s?’ (kJ.[pEJ.O']Y ) k) +
1
O (k) == p(K] ,,c,)<p§““(x,kl)+Zy5p(ku,,smyk7) G (k) + o

talk by Y.K. Song, Parallel-VIl: S3 (Friday).
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Semi-Inclusive e*e-annihilation: e™ + e~ — h+q(jet) + X

W (q,p,Sk") =W (q,p,S,k")+ Wi (q,p,S,k") + W (q,p,S,k') +...

twist-2, twist-3 and twist-4 contributions

&k - 20 : wis!
P x| Bk, p, AN (2) | 2B, )2m) 8 (k' k - §)
1

2Ok, p,S) = Ez [d*€e*(01.27(0,00)y (0) LRXXhX 197(E)£(£,0)10)

W[.ES’Si)(qap9S9k') = J‘

twist-3, twist-4 and even higher twist contributions

k)= Idk d'k, .

(2”) (271') [é(l’L)(kpkz;p) S)ﬁ;(llv,L)p(Q Y4 )wpp'](2Ek.)(27£)363(l_c"— i(; - 6)

Wit (q,p,S,
B0 Uy Ky, S) = 52 [a*ed*ne 401401 £(0,9)D, () 24" (3,2 (0) LhX XhX 1§7(£) £ (E =) 10)
X

D, (y)=-id,+gA,(y)

:> A consistent framework for e e” — h + g (jet) + X at LO pQCD including higher twists.

S.Y. Wei, K.B. Chen, Y.K Song, ZTL, 1410.4314 [hep-ph] (2014).
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Semi-Inclusive e*e annihilation: e™ + e~ — h+ g (jet) + X

A complete twist-3 result for spin-0, %2 and 1 hadronin e* + e~ — h(A,S,) + g(jet) + X

do.(si unp) ’>
drdedk, {T"(>)Dl(4,1¢)+ ,IT"())Q K, D*(z,K)) + T{0)e:“AD* (2, k,)]}.
Z
dosi-vVpoh) 02X VSL ) K-S, -
dydzd?k’ =2”Q9{Tq0) Di7(z.K,) + T{0)|AADw(z. K,) + ADy(z, k)|
k.

- 4
+ ?Qlezq(y)G_I:k*Dt(z’kl) + T;’(y)l k' ADL(‘ K )I + ’ ITq())[ l( DL(‘ k' )+ Tq())e $ADJ_(‘ ¥ )I
Z

€S- Dr(e k) + TIO)L. - S L ADr (. /OI}-

do.(si.LL) a,?.
dydzdzk' 2nQ?

X Su|T? (>)DlLL(¢,k')+ ,IT"O)(IL K )Df; (z.K,) + T{0)er “ADE (. k)],

S.Y. Wei, K.B. Chen, Y.K Song, ZTL, 1410.4314 [hep-ph] (2014).

talk by S.Y. Wei, in Parallel-ll: S5 (Monday)
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Semi-Inclusive e*e-annihilation: e™ + e~ — h+q(jet) + X

A complete twist-3 result for spin-0, %2and 1 hadron in e* + e~ — h(1,S,)+ q(jet) + X

- ~ 2 nylg—h . \

AP (yzip)=— 2P | B(y) 2,60 " @5py) twist-3 azimuthal asymmetry

e 20 A(Y) Y, ;D" (z,p;) for spin 0 hadrons

2 nLg—h
Ppoem __!p,] 2 4D @) twist-2 polarization transverse
hn (y9z’pT) 2 ng—h \
M quql) (z,P;) to the production plane.
Z e, D} (z,p;) twist-2 tensor polarizations

(0,em)
SLL (ya ’pT)_ 22 equ—>h( 9pT) (Spln a“gnment) for Spin 1 hadrOnS

215, 1 X, €D p;)

S(t,(),em)( yZs D ) — _
LL y T 3 M 22 2Dq—>h(z,pT)
2 yLg—h
nn0,.em 2| I 2 € DlTT (z9pT
S;T . )(y,Z,pT) == Py

3z°M* 2) e:D{”"(z,p;)
DELET much less explored!

S.Y. Wei, K.B. Chen, Y.K Song, ZTL, 1410.4314 [hep-ph] (2014).
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Semi-inclusive high energy reactions: Other higher twist calculations

v,
7, <
0
NG uﬂ\“e

LO pQCD & twist-3 calculations have been done for processes where two
hadrons are involved.

e +N—>e +h+X  Mulders, Tangerman, NPB461, 197 (1996);

Boer, Jakob, Mulders, NPB 504, 345, (1997);

Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP 02, 093 (2007);
h+h =1+ +X Lu, Schmidt, PRD 82, 114022 (2010);

e +e >h+h+X

before collinear expansion

(1) Draw Feynman diagrams with “multiple gluon scattering” to one gluon exchange;
(2) Insert gauge link in the correlators wherever needed to keep them gauge invariant;
(3) Do calculations to the order (1/Q).

e+ N—>oe+h+ X

e"+e" > h+h+X
no collinear expansion

e+N —>e+qg+X
> e"+e o h+qg+X

with collinear expansion
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Semi-inclusive high energy reactions: TMD factorization "Z

Y,
4, -
0,
Ong uﬂ\“e

Semi-inclusive DIS: e+N —se+h+X Leading twist

factorization theorem: verified to one loop order, argued to be valid to all orders

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

talk by D. Boer, Parallel-Il: S1
F(x,,2,p,,0) =Y, j &’k d*k, d*l 8*(zk, +k, +1 —p, )
q
X q(xgﬁklﬂ :u'29x3g’ p)é(z,kFl,ﬂz,é / zﬂp)s(le :u'z’p)H(Qz"'l’z’p)
WH (X020 P,,,0) = D Z,(Qo ) 1 [k, Ak, 8° (K, +K,, — )
q

xq(xB9kJ_QS;"LQQF)Dh/q(z9szJ_9"l‘z;gD)+Y(Q9phJ_)+0((A/Q)a)
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TMD parameterizations: QCD evolution

TMD evolution:
partial list of the dedicated publications recently

) n
~ Evolution of TMD distribution and fragmentation functions talk by D. Boer, Parallel-Il: 51

Henneman, Boer, Mulders, NPB 620, 331 (2002);

> QCD evolution of the TMD correlations
Zhou, Yuan, Liang, PRD 79, 114022 (2009);

> TMD parton distribution and fragmentation functions with QCD evolution
Aybat, Rogers, PRD 83, 114042 (2011);

> QCD evolution of the Sivers function
Aybat, Collins, Qiu, Rogers, PRD 85, 034043 (2012);

> Strategy towards the extraction of the Sivers function with TMD evolution
Anselmino, Boglione, Melis, PRD 86, 014028 (2012);

> TMD evolution: Matching SIDIS to Drell-Yan and W/Z boson production
Sun, Yuan, PRD 88, 114012 (2013);

> QCD evolution of the Sivers asymmetry
Echevarria, Idilbi, Kang, Vitev, PRD 89, 074013 (2014);

> Limits on TMD evolution from semi-inclusive deep inelastic scattering at moderate Q
Aidala, Field, Gamberg, Rogers, PRD 89, 094002 (2014);

> Unified treatment of the QCD evolution of all (un-)polarized TMDs: Collins function as a study case
Echevarria, Idilbi, Scimemi, PRD 90, 014003 (2014);

Developing very fast!
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Parameterizations & evolution

Measurements

3-10GeV? 25GeV? 100GeV?

talks by: STOLARSKI Marcin,  Plenary Session Il (Tuesday)
FATEMI Renee, Plenary Session Il (Tuesday)
ROSTOMYAN Armine, Plenary Session Il (Tuesday)
MARTIN Anna, PARSAMYAN Bakur, ZHAO, Yuxiang, MAKKE Nour, MAO
Weijuan, GIORDANO Francesca, GUAN Yinghui, and many many in the
parallel sessions.

SPIN2014 20144104, dbie
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TMD parameterizations: first phase

(1) transverse momentum dependence
Gaussian anzatz:

m the width is fitted

1 —K2 /(K2
Ji(xk )= fi(xX)—=e i ‘
mik;) =
1 R NR? > B
Dl(z,kFl)=D1(Z)” ) e rukrL) § ed — "X ¥ .ep%.R"LX .
FL = e e
=
—

m the form is tested i osmx
o<; ) o.sw

See, e.. m flavor dependence B e 10 B
Anselmino, Boglione, D'Alesio, Kotzinian, Murgia, Prokudin, | Py ), doutron arget
PRD 71, 074006 (2005); ol o
Anselmino, Boglione, D'Alesio, Kotzinian, Murgia, Prokudin, . @200 1
Tuerk, PRD 75, 054032 (2007); o e T i
Schweitzer, Teckentrup, Metz, PRD 81, 094019 (2010); , ]

Signori, Bacchetta, Radicic, Schnelle, JHEP 11,194 (2013);
Anselmino, Boglione, Gonzalez, Melis, Prokudin, JHEP 04,
005 (2014);
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TMD parameterizations: first phase

(2) Sivers function first phase: without evolution
Efremov, Goeke, Menzel, Metz, Schweitzer, PLB 612, 233 (2005); Bochum fits
Collins, Efremov, Goeke, Menzel, Metz, Schweitzer, PRD 73, 014021 (2006); o
Arnold, Efremov, Goeke, Schlegel, Schweitzer, 0805.2137[hep-ph] (2008); Torino fits

Anselmino, Boglione, D’Alesio, Kotzinian, Murgia, Prokudin, PRD 71, 074006 (2005);

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);

__ oos| Q*=2.4 GeV ;:I 06l x =01
> -
& ool % oal N =
;'._z 004 z::_s 04 A f;/pT (x, kJ_) = qu(x)h(kl)f;l/p(X, kJ_)
< 002 < o2H/ ===
xX [ > / B
0 . . o S~ (a +ﬁ )aq+ 3
. ~ . 7,(x) =2, x" (1 - x) 11
- - o qﬁ q
a‘; -0.02 3—% -o2r / 1 1
z -0.04|- z  -oaf ]}> -
< < | | iz
< | ‘ x h(kl)=\/2e—]‘lL e
B ,(;4 ,(I,-- ' 1 o 02 04 06 08 1 !
X k| (GeV)

Already different sets of parameterizations, though not very much different from each other.
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TMD parameterizations: first phase

(3) Transversity & Collins function first phase: without evolution

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);

72,72
=k Kk )y

1
Aa(ok) =5 72] (] 1,0+ 80 |~ = N
nik;), - 02F ot o I | o4
FuE) 01 1 %
AYD . (z,k, )=2 D, (2)h(k, )——=—— A
vt @k ) =27 (2)D,, (D)h(k,)) i) { 0 b\ | 2
01F 1 N ,
a+p - — Y -
7Z (x)= 7ZTx“(1 x)P = @+P) : 0.
aﬁﬂ 01. ]
)
+6)'"? o
%qc(z):%qczy(l—z)‘s Y4 ”5)5 g 01F .
X
02F 2013 —
|k, | 03 : 0.2 Reiihe
—k /M2 sl ol gl N ) ] )
hk, )= \/Ze FL ™"t 0001 000 01 1 0 02 04 06 08 K
X z
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TMD parameterizations: first phase

(4) Boer-Mulders, pretzelosity, ...... first phase: without evolution

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);

................. 0.1 0.1

1q _ 1q 0.08
hl (xﬁkl)_z’q.fi (x’kJ_)

T

= 006}
fir (k) =27,(x)h(k,) f;, (%, k) £ ool
(e, + B 002

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

% B A 0
M aq ﬁq
h(k, )=~2e—Le ™
Ml

nonzero Boer-Mulders function from SIDIS data on {(cos2¢)

Attn.: twist-4 contribution of Cahn effect?
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TMD parameterizations: QCD evolution

TMD evolution:
partial list of the dedicated publications recently

) n
~ Evolution of TMD distribution and fragmentation functions talk by D. Boer, Parallel-Il: 51

Henneman, Boer, Mulders, NPB 620, 331 (2002);

> QCD evolution of the TMD correlations
Zhou, Yuan, Liang, PRD 79, 114022 (2009);

> TMD parton distribution and fragmentation functions with QCD evolution
Aybat, Rogers, PRD 83, 114042 (2011);

> QCD evolution of the Sivers function
Aybat, Collins, Qiu, Rogers, PRD 85, 034043 (2012);

> Strategy towards the extraction of the Sivers function with TMD evolution
Anselmino, Boglione, Melis. PRD 86, 014028 (2012);

> TMD evolution: Matching SIDIS to Drell-Yan and W/Z boson production
Sun, Yuan, PRD 88, 114012 (2013);

> QCD evolution of the Sivers asymmetry
Echevarria, Idilbi, Kang, Vitev, PRD 89, 074013 (2014);

> Limits on TMD evolution from semi-inclusive deep inelastic scattering at moderate Q
Aidala, Field, Gamberg, Rogers, PRD 89, 094002 (2014);

> Unified treatment of the QCD evolution of all (un-)polarized TMDs: Collins function as a study case
Echevarria, Idilbi, Scimemi, PRD 90, 014003 (2014);

Developing very fast!
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TMD parameterizations: QCD evolution

x=0.1,Q=5GeV and 91.19 GeV

TMD evolution:
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TMD parameterizations: QCD evolution

TMD evolution: SIVERS FUNCTION - TMD SIVERS FUNCTION - DGLAP
e
_0.08f :
= 0.04f
= of
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X
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Anselmino, Boglione, Melis, PRD 86, 014028 (2012).
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TMD parameterizations: TMDIib & TMDplotter

DESY 14-059

. . . NIKHEF 2014024
First version is there! YITP-SB-14-24

August 2014

TMDIib and TMDplotter:
library and plotting tools for
transverse-momentum-de pendent parton distributions
Version 1.0.0
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FE. Hautmann!-?, H. Jung®4, M. Kramer?,
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Abstract

Transverse-momentum-dependent distributions (TMDs) am central in high-energy
physics from both theoretical and phenomenological points of view. In this manual we
introduce the Bbrary, TMDAD, 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 frameworks the user can acoess via
the available parameterisatons
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Summary & Qutlook

= Rapid developing
= Much progress
= Bright future

Apologize for many aspects

not covered

e TMD and Wigner function;
e model studies;

e nuclear dependence;

e hyperon polarization;

e Drell-Yan:

e generalized PDFs

Thank you for your attention!

EIC@QUSA - White Paper
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Arxiv:1212.1701
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