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Introduction: QCD and hadron physics

hadron structure

polarizations, ... ......)

(FFs) ﬁ

the Standard Model

to provide an accurate description of high energy reaction
to study the properties of QCD

to test the standard model precisely

to provide “initial conditions” to search for new physics

Two important quantities: parton distribution function (PDF) < hadron structure
fragmentation function (FF) <« hadronization

(PDFs) " the measurable quantities ‘
(cross section, correlations,
hadronization azimuthal asymmetries,

HBAE 20244F 8 5-6H

B FoHhmBSHBHEL: prelude - before we really start

Parton distribution functions (PDFs)

_ dz” ixp*z” e - Y+ -0
L0 =[S P10 £0,) Ty 0,27,0,)1p)

£(0,2)= L (00,004 (~0,2), .
) gauge link
.g}d;".mn.v'.ﬁl)

L(—o,2)=Pe =

T _ = 1. .5t = -z
=1ig [ dy 470,70, + S Ge)’ [ dy [ dyA*(0,y7,0,)47 0,y 0,)+

Why? Where does it come from?

How does it look like in the three dimensional case ?

RAKE 20244819 5-6 5

Introduction: Intuitive definition of TMD PDFs

One-dimensional PDFs:

Parton model: A fast moving proton — A beam of partons —D—E

S number density of parton in proton, parton distribution function (PDF)
x=k/ p : fractional momentum carried by the parton

Including spin — spin dependent PDFs:

£6,5,39)= £+ 4,4 8, () 45,5, Iy (x)
helicity distribution  transversity

Including transverse momentum —— > three-dimensional (or TMD) PDFs:

1: . - 15 -
S Geskyys pS)=fy ook )+ on S (X ) fir (roky) + A Ay, (xokey) + A, 2 Sy -k )ga (voky )

1. . = L= | R, 1. -
g a0 DX o)+ 5,0 ook Gy RS R ) - Gy R A (k)

973-2016 2016495, X 6
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I. Introduction: Inclusive DIS and parton model without QCD interaction

Il. Gauge invariant parton distribution functions (PDFs) and
collinear expansion for inclusive DIS
> Leading order pQCD & leading twist (leading power)
> Leading order pQCD & higher twists (higher powers/power suppressed)

IIl. TMDs (transverse momentum dependent PDFs and FFs)
defined via quark-quark correlator

IV. Accessing TMDs via semi-inclusive high energy reactions
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> Leading order pQCD & leading twist (leading power)

> Collinear expansion & higher twists (higher powers/power suppressed)

V. Summary and outlook
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(")

he derivation of the differential cross section l

_lmp &
4s TV (2r)’(2E")

#=(f181i)=(e,X|S|e,N)

N 2
3=pelmo :1+ijd‘xﬂz,(xy%Tjd‘xd‘yﬂxl(xw,(yy ............

#()=e (A" (x)  J,®)=Fx)y YK

w :i(e X‘Tl[d‘)(d‘*}ﬁ W7,()e N):i(e X\Tjd"xd'yJﬂ(X)A“(x)JV(}’)Av(,V)|~’?, N)

_2 X1 [d*xd*ve s 74 (x)J N
J(Zﬂ)° 2<L \I xd* ye (x)J,(») e N) (0\TA“(.¥)A"(y)\O>:j ;Iz; D (@)
=i J(zny Sty e L@ XX 1, V) D) ="8"
— q
4 oil=I'=g)x. ’(Iﬂ{ Py)y
s it & O XX 0NN Oly©ID=u()

=?<8} [J4(0) | XX |J,(0) | N)(2m)' 8" (I+ p=1'=p,)

RAKE 20244819 5-6 5 "

Our knowledge of parton model started from inclusive DIS
HRAZEBHEHE

The differential cross section l

Q*=-¢q
& IS a7l xXp = &
do =S L2 AW, 0.9 G T
N~ y=1P
\ > “lp
\ leptonic tensor\ \ hadronictensor\

ETKE, GRNTERNER
The hadronic tensor: ’ Wu(q,p,8) = E(p,SIJ#(O)IX)(X 17,(0)1 p,SY2m)* 8*(p+q—-py)
— X

24 2 cutlline
W,w(q,P,S) = — =
1
|72 1 wxn’
HERE 202448 5-6H 10
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Inclusive deep inelastic scattering (DIS) ¢ +N —» e +X

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

Kinematic analysis:
y the general form of the hadronic tensor

The constraints: Gauge invariance ¢*W,,(¢,p,5)=0 Hermiticity W, (4.p,5) = W,,(4,p.S)
Parity invariance W,,(§,5,-5)=W"(q,p.S)
) q,.qv (q +2xp),,(q + 2xp)
The unpolarized set: 9w — =7 ) g+ 2axp),(q+ 2xp)y
Sq
The polarized (spin dependent) set: €wvpod’S%s  Euvpod’ (Sa “ra pa)
) Wu(g:p,8) =W (g,p)+iWs (4,p,5)
W (@,p) =2 (g — B55) F1 (%,0) + oo (q + 2xp), (a + 2xp), P, (x,0)
W (@,P.S) = Boe,p0757 01 (4,07 ) + Boey0q° (87— Hp%) 9.+, 0%)

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

BERTFEUNER

HEKH 202448 565 12
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“Original / Intuitive” Parton Model “Original / Intuitive” Parton Model

The model: l Feynman (1969);
B e Bjorken & Paschos (1969)
INTERACTIONS Virtual processes suchas ———»———~

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

A fast moving proton —— A beam of free partons

=

|7 (eN — eX) P= Z.[dqu(x)lﬁz(eq —eq)l

Our knowledge of one-dimensional imaging of the rned from DIS
experiments started with the “intuitive parton mode

q
scattering amplitude squared — >

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

Egi F(0=2xF,(0) = ) e f,()  g.(0) =) elaf,(0)

q q

ADVANCED BOOK ClClSSiCS

HERE 20244E 8 5-6H 14
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“Original / Intuitive” Parton Model

Contents

. . . -
Itis jUSt the |mpulse apprOX|mat|on. I. Introduction: Inclusive DIS and parton model without QCD interaction

W (4.p.S) = I % é |2 BEE I nx |2 Il. Gauge invariant parton distribution functions (PDFs) and
wiop2= =fx® Té,\ collinear expansion for inclusive DIS

> Leading order pQCD & leading twist (leading power)
> Leading order pQCD & higher twists (higher powers/power suppressed)

Impulse Approximation (412 /fk 4 3T {1 ):

(1) during the interaction of lepton with parton,

IIl. TMDs (transverse momentum dependent PDFs and FFs)
interaction between partons is neglected;

defined via quark-quark correlator

(2) lepton interacts only with one single parton; e 2 IV. Accessing TMDs via semi-inclusive high energy reactions
(3) interaction with different partons adds incoherently. q . > Kinematical analysis
> Leading order pQCD & leading twist (leading power)
Approximation: What is neglected? Controllable? > Collinear expansion & higher twists (higher powers/power suppressed)

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

———> A quantum field theoretical formulation ?

V. Summary and outlook

£ AKX 20244819 5-6 5 15 HEKE 202448 565 16
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Quantum field theoretical formulation of parton model

Parton model without QCD:

W, (4,p,5) = |—% |2 = |‘é§ |2

Wy (@058 = TS 1T, O L XXX 11,01 p,S)Cm)' (p+g=-py)
X

1X) = 1X")|k')
Ju(®) = p )y, (x)
PEOIX)IK') = ulk)e* x| x')

=3 [d'xp, 510,01 XXX 11,21 p,S)e™

2

'z (p, S 1F(0) | XYy (K VE(k'Yy,e" (X 1y (2) | p,S)
J(z = Tr[H (k9 e,p,9) |
the calculable hard part A, (k.9)=7,&+9)y,2m)5, ((k+9)*)

the quark-quark correlator @(k,p,s)=_[,1‘ze'“(p,s ¥ 0w (2) p,S)
4x4 matrix: ¢.z(k,p,S) =

Jd*ze™(p, S|y (09 (2)|p. )

—

RERRSDSFER? no local (color) gauge invariance!
HBAE 20244F8 A 56 H 17
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Quantum field theoretical formulation of parton model

Parton model without QCD (continued):

Collinear approximation(JtRITh): p=~p'n, k=xp

n=(0,1,0,)

H,,(k,q)=H,,(x)=H,,(k=xp,q)=7,1y,0(x—x) = (1,00,)

W (q,p)= -"(2 ) [l:lm(k,q)é(k.p)]ssI%Tr[ﬁw(x)lf)(k.p)]=deTr|:I:Im(x)l$(x,p):|

R k . 1
q*)(,\‘:p)zJ'(iT)Jﬁ(xfk' /p") @(k,p):;pﬁ/{(x}+...

—> W,,v(q,p)w[(—g,uv q"q* )+ p(q+2xp),,(q+2xp)v]f.(x)

operaWofthe number density : f,(x)= J'%e“"*" (p Iu7(0)77w(z)lp)
T

1
K =ﬁ(koik3)

RN TSR no local (color) gauge invariance!
EH R H

£ AKX 20244£81 5-6H 19
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0=xX0k), X ZJ

k' d'k
j (2n)°2E, J(z;:)

(z;:) 2E,

W,,(4.p)= 2P|, (0| XXX |J,(0)| p)2m)'8* (p+q-p,)
A Ny st
—gjmmwow,,w(ownk XXk [ (0)y,w(0)| p)(2r)' 8 (p+q—py.— k")

=fa'= by [t )y, | R |7, w(0) )

(2”) ZE ’ J, ()= (x)y p(x),
V()| Xk =u(k)e ™™ |
u(k"ia(k" =k

d*k
- ] d*z (Zn)4p”"’\p‘x/n[)‘\yl‘(/q + By ()|p)@ms. ((k + g)?)

d'k - . :
=J’(2n)4 e[ B,k )d k. .5)]
A, (k) =7,k+9)y,2m8,((k+97)  us(kp,S) :J d*z e (p, S|;(0).(2)|p, S)

BES

HER%

X

2024481 565
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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 (@) Y@, Y@ 7@,
q(k’) llki
W,,(4,p,8)= * 4 + . " + . o
N N

W, (4.p,S) = W“”(q,p,S) + W“(q,p,S) + W"’(q,p.S) + o
(0) 70 2(0) %
W g.p,) = 4 ax ),Tr[H;w(k,qw )

:
W (a,p,8)=| (‘;':)4 é:}ﬂ Te[ AP (e, @)y (ks ,5) | AP = gPes g

the calculable hard part: A (k,q) = v, (K + Dy, 2m8, ((k + 9)?)
~(1L) Uty D) ;

A" e, @) = Vi ==y 23, (U + @)?)
the quark-quark correlator:  ¢© (k;p,s) ’ d*ze™**(p, S|Pp(0)y(2)|p,S)
the quark-gluon-quark correlator: ¢ (k1 k2 p,$) = I dty dtzetfsm 00 (p, S| (0)Ap ()Y (2)|p, S)

no (local) gauge invariance!

HEKH
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Inclusive DIS with QCD interaction

Consider QCD interaction: first order
# 0 =#"N+#2(y)
#27(y) = G ()Y W ()AL ()

#2P )= gFO YDA+ e

10> T[d'y 2P W0y, (),

- L'k’ . VX k2P (T .
Wi q.p)=T[d'y mewomux(onx,k XX KNP T,y (0) p)2m)' 8" (p+q-py—K)
x A
=gfd'y Zﬁwwomw)lxuw(x WKITF@Y YA, T Oy (0)| p)2m)' 8 (p+q - py —K')
v A
. k! . - - ‘
=gfd'y Z(z;l)ﬁwlu/wmv(o)lXxk'><X‘J¢‘|v/(y)y"v/(.V)Ap(.v)u/(O)}'VV/(O)\p>(2m 8'(pt+q=py—Kk)
X 'k
Ak Ak g ik o .
=gfa'yd': m(;mw’ T IO, kY S (KA, (v + 2y W () p)
RAES
HBAE 20244F8 A 56 H 21
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Inclusive DIS: LO pQCD, leading twist

Collinear approximation: AR x)=AY (K =xp.q)
© Approximating the hard part as that at k =xp: Ay (xyx) = By (ky = x,p b, = x,p,
(7 (0) O _ o+ +
H, (k.,q)=H, (x) x=k 1/p
A A + _ R
H Pk, kyq) = HEP (x,,%,) b =pktk)
n=(0,10,)
& Keep only the longitudinal component of the gluon field: -
n=(1,0,0,)

p P
A, =n A=A ()2
n-p P
& Using the Ward identities such as,
. 1:1(0)(): )
0P =7
Pty (x7) X, — X, — i€

to replace hard parts for diagrams with multiple gluon scatterings by I-AIL?,’(x).

& Adding all terms together ——>

Inclusive DIS with QCD interaction

Consider QCD interaction: first order

d'k, d'k,
Q@ny* 2n)*

> W.g.p.9=] Tk ky: p YA GNP (K, ey )]
&y +y" ki +q)

[flu,’mu k,q)=
w k)=, (k,+q)* +ie

7,2m8, ((k, +9)’)

B0y ki p.S) = [d'zd'y ¢ b S |F(0)gA, (W (2) | p,S)

d*k, d*k,
Qry* 2n)

Similarly: W (q.p.9) = [ TG (ky Ky p SHH P (ky ey )]

&+ )y’ ki +q)

1"}“:"”7 k.q)=
w k@)=7, (o +qr—ic

7,2m3, ((k+9)°)

HERE 20244E 8 5-6H 22
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Inclusive DIS: LO pQCD, leading twist

: ak e . S
= W,,(q,p,8) =Wy (q,p,S) =J(2”)4Tr|:<l>‘ (k;r/,S)H,(,ﬁ?(x)]( LO & leading twist

@ (k; p,5) = [ d'2¢™(p,S 1T (0)£(0,209 (2) | p,S)

A
The gauge invariant un-integrated quar%u\ark correlator: contain QCD interaction!

i ___— gauge link
L0,5)=L (=0,0)L(=0,7),

1;:!4}"4"'1().}",51)

L(—o,7)=Pe_~ ) B
e T - .
=1+ig [ dy A" (0,y ,Ol)+5(tg)2jdy [ dy=a* 0,70 )4 0,570 )+ v

Gauge link comes from the multiple gluon scattering.

RAKE 20244819 5-6 5 23

Graphically: collinear approximation
Yo A, R W@ Vs l ;
3 o + i o + B+ H@M
- . -
HEKFE 20244E8 )1 565 24
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Inclusive DIS: LO pQCD, leading & higher twists

Ellis, Furmanski, Petronzio (1982,1983);

Collinear expansion: !
Qiu, Sterman (1990,1991)

& Expanding the hard partat & =xp : A= B % = xpg)
v = o UE T AP

a [y(0) ) n n
AY(k,q)= HY) (x) + —2= ( ) 0, Kyt e OH,)(x) _3H,,)(k,q)
N A 9HY? (x,,x,) ok ok? k=xp
AP, ey = AP (x, ”‘2”'7"3/(6 K e
1 x=k*/p*
& Decomposition of the gluon field: 0F=af—7inf
P ~op P

P, .
A,()=n-Ay)F—+0," 4, ‘
n-p (Dp"kp‘=(k—xp)p

© Using the Ward identities such as, K= L(k“ k)
aH“” Hyp(x,) 2
(x) [ C n=(0,1,0,)

— e =
Y H (x,x), p” 0% X, —x, —i€g

7=(1,0,0,)

to replace the derivatives etc.

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

HBKE 20244284 5-6H 25
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Inclusive DIS: LO pQCD, leading & higher twists

Simplified expressions for hadronic tensors

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

B @) =hps(x—x,), 0% =y,ny, depends only on
A2 (2, )0 = zﬁpﬁSJPw’p 8(x,~x,), hr =y iy*ny, ONE variable!

WO(g,p,) =J'der|:<i'>‘“’(x;p,S) h"”]a(x ) twist-2, 3 and 4 contributions

B x;p,5)= j(w 8(x——)<p\0v(k p.5) Jp % (S 10020, (&)1 p,S)
one-dlmensnonal gauge invariant quark-quark correlator
WO (g,p,5) = Zl;'.pReJ’der[qA,;v(x;p)S) o, |8(c—x,) twist-3, 4 and 5 contributions

d'k, d'k,
@n)* 2m)*
the mvolved one-dimensional gauge invariant quark-gluon-quark correlator

n (AT SN
a(x_quf (ky k3, ) = ‘e”m" {p,SIFO)D,(0)£0,27 )y (z)1 p,S)

7, (x;p,

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

Inclusive DIS: LO pQCD, leading & higher twists

W, (4,0, 8) =W (g, p,S)+ W) (g, p,S)+ W2 (g, P S) + ..

twist-2, 3 and 4 contributions

- d*k . N
(0) —_ (0) (0)
W'(g,p,9)= | (Zn)ﬂr[cb (e, p, A )]

®O(k;p,S) = fd‘ze“"(p,shp(o)L(O,z)np(z)|p.s) gauge invariant quark-quark correlator

& d'k twist-3, 4 and 5 contributions
W (@..8)= [ G T 85 ko oup I (5,500, ]
D (ky, ky;p, S) =fd‘yd“ze”‘l”“‘z(y"’(p.SIW(O)L(OJ)DP(y)L(y,Z)lIJ(Z)Ip.S)

Dy (y)==i0,+gA,(y) gauge invariant quark-gluon-quark correlator

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

RAKE 20244819 5-6 5 27
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Graphically collinear expansion

o 1,

o A ) ® [ f "'

—Q— - H S

FEAE 2024428 5-6H) 26
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PDFs defined via quar

® Expand the quark-quark correlator in terms of the M-matrices:

& (x;p,S)=%[<I>‘°‘(x;p,S) +iy @O (6p,8) + 7 DY (x;p, ) + 7 1 *BY (x3p, ) + iy 6% By (x3p,S) |

(scalar) (pseudo-scalar) (vector) (axial vector) (tensor)
M?* P M
® Make Lorentz decompositions p=p+_— Y3 n, S$= }'ﬁ” +S, —,1?"
@ (x;p,S) = Me(x) 34643
B0 (xp.S) = AM. blue: twist-2
A black: twist-3, M/Q suppressed
O (xp,S) = p*ﬁaf.(x>+Msl@S"f1(x)+ — n,, fi(x) brown: twist-4, (M/Q)2 suppressed
11

AuBy=A.By—AB,

&f)(x;p,s) =Ap* g, (X)+ MS,ag,(x)+}.—+na;’x, (x) e
€105 = Epoog* 1’

_ M’
(D;:,‘ (x;p,S) = p*n[pSTn]h" (x)— METpahT (x)+ }.Mn[pna]hL (x)+ F"[PSTE]II i (%)

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

f.<x)—— 0L (x3p,5) = Iﬂ““ (P,S1F(0)£0,2 >" v@)1p,S)

HEKH 202448 565 28
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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)

Com yuv '1Z°(q)

do=y—= 0 (AL, AW, (g, p, S) —————

e (1)
leptonic tensor hadronic tensor Ca—
P
o 2¢1~p
-4 =0 2= 0

The hadronic tensor: | w,, (g,p.S) = Z(p.S;X 17,1001 7,0)1 p,S;X)2m)*8" (g p— py)

W (¢5p,8) = ————é‘

1% I*

HBKE 20244284 5-6H 29
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Inclusive e*e-annihilation with “multiple gluon scattering”

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

W, (4> p:8) = "é-+ -- = +--®_ +

W, @p,S) = W(q,p.S) + Wi @p,S) + Wy @p,S) + ..

Wea,p,)=[ 2 = )Tr[ﬁ‘,t‘<k,q)n“"tk,p.m]

d'k, d'k,

W\I.L\ b 754
w (@:p @)’ @n)’

Te[ A (ke )Ty K, |

the quark-quark correlator: ﬁ‘“’(k:p,S):Z jd’;e"“(o Iy (2) | hXXhX 1%(0)10)
X

the quark-gluon-quark correlator:
1'[ Y (k, ko3 P, 5)_2gjd‘§d'nr" Egmith Y01 A, My (0) | RX XX 1y(0)10)

no (local) gauge invariance!

RAKE 20244E81 565 31

Quantum field theoretical formulation ¢ +e¢* >+ X

Parton model without QCD: ’

Wolarp$)= |-

W, (4,0,8) = X, S:X 17, (0)10X01J,(0) | p,S; X)(2m)*8* (g = p= py)
N 1,0 =@,y (),
1X)=1 X)),
T XYY =T(k)e* X"

= [d'2(p,S;X 11,01 XX01 1,1 p,S; X)e™™
I(z )4(211')5 (k")Zle (S X 1T (0) 1 0YT w(k ) (kYT {0 1y (2) | p,S; X "Ye ™

%k s ao o r= "
= ey e[, ta)fite.p.9)] Tale—ciry)

the calculable hard part ~ A,,(c,q)=T,(¢- BT, 2n)8, ((g—k?) ————
the quark-quark correlator f[(k;p,S):Z J‘d’ze""'(oly/u)Ip‘S;X)(p,S:XIV’/u))Io) —

X
no local (color) gauge invariance!

HERE 2024481 565 30
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Inclusive e*e: LO pQCD, leading & higher twists
Collinear expansion: S.Y. Wei, Y. Song and ZTL, PRD89, 014024 (2014).
& Expanding the hard part at k =p/z: I?,‘,",‘(z)s ill‘,"v'(k=p/z,q)
10) A ~
A= AL 4 @ ( ) 0,7k + OH, (z) _ O, (k,q)
) p kP ) ok® k=pl:
HY?(z,,2,) o =ph
v L)P(kl,kz,q)—H‘lL)P(Z.yzz)+— uak,"l [0 S R =p' Ik
& Decomposition of the gluon field:
P 0
A,,(y)=n'A(y)ﬁ+w,,” A,(»)
& Using the Ward identities such as,
(1.Lp __ A5 77(0) (1LR)p __ 0
PHNP(z,,2,) = Z _Z‘_igHW(Z,) P, H M (z,,2,)= —Z — EH (z)
to replace the derivatives etc.
& Adding all terms with the same hard part together ——)
HEKE 20244E8 )1 565 32
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Inclusive e*e: LO pQCD, leading & higher twists

W, (q.p.5) =W\ (q.p.5)+ W (q.p.)+ W™ (q.p.S)+ ..

twist-2, 3 and 4 contributions

Wiwa,p,5)= [ 2y K e 80, i1 0]

E%;p,5)=Y, jd‘ée‘*é (hX 1§ (0).£(0,00) 10X0 1 £ (&,00)p(E) | X )
¥ gauge invariant quark-quark correlator

twist-3, 4 and 5 contributions

d‘kz &) . PELLIP
(2”) arr TT[E Kkip 10, 7 @12

B9k, kyipS) =Y, [d*Ed'ne™ e 001 £ (0.00)D, ()£ (0.1)y(O) X XRX 15(E)£ (£.2)10)

W”'L'(q P,

D, () =—id,+gA, (1) gauge invariant quark-gluon-quark correlator

|:> A consistent framework for e* e~ — hX including leading & higher twists

20244F8 A 5-6H
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Description of polarization of particles with different spins

‘9
o

5
@
IS5

1 s =
—(1+8§-
2( G)

Spin 1/2 hadrons: 1 The spin density matrix is 2x2: p=
Vector polarization: s*=(0,5,,4)

Spin 1 hadrons: 1
pll plﬂ pl—l 1 3 .
The spin density matrix is 3x3: p=| py, Pu P =§(1+E§-):+3T"f):"f)
o ~ Py Po Pon
Vector polarization: s# = (0,5, ,4) 3 } . independent
Tensor polarization: s,,, S =(0,5:,,52,,0), ; 5 components.
Str= =

— + N
Spp=—— " _ _{ P
- 2 S{T:
. >

transverse plane

v See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000)
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Inclusive e*e: LO pQCD, leading & higher twists

Simplified expressions for hadronic tensors

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

AR @) =23h%8(~2,), i =T aT, / p*

2h0P0 7 8(z,~2,), hiy? =T, nyPiT,

H,P?(z,2)0, = 347

W (g,p,5) = ljdﬂ.r [é"”(z;p,S) ,;’,:,]6(1 —z) twist-2, 3 and 4 contributions

E%p.S)= -[(2 )5(z— P\a0 ks p,5) = z [ "G (01 4 (0,00 np 0) X KRX 1(E) (7010
one-dlmensmnal gauge invariant quark-quark correlator

twist-3, 4 and 5 contributions

W;;""(q,p,S):— Rej‘dzrr EN@p,S) hyro,” |6z,

2 d k d'k, 2
20 (. = _ = .
B, @p,S)= 1(2”)4_(2”). (z kf)_" (kysky3p,S)

J' LA "E01.£(0,00)[D, (0w (0)] | EXXRX 1F(E) L(E )y (E7)10)

the involved one-dimensional gauge invariant quark-gluon-quark correlator

':>Only one-dimensional fragmentation functions are involved in inclusive e* e~ annihilations

HERE 20244E 8 5-6H 34
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One dimensional FFs defined via quark-quark correlator

® Expand the quark-quark correlator in terms of the M-matrices:

B0 p,S)== [:“"(z,p,S>+m—“"(z,p,S>+r“"“"(z,p,S>+rsy""“"(z,p,S)+trs 0¥ Ey@p,S) |

(scalar) (pseudo-scalar) (vector) (tensor)
©® Make Lorentz decompositions blue: twist-2 S*10+9
2B (p,S) = ME(2)+MS,, E,, (2) black: twist-3, M/Q suppressed
brown: twist-4, (M/Q)2 suppressed

2B (z;p,S) = AME, (z)
182 @3p,S) = p*7i,D,(2) + p'7,S,, D, (2) = MS;, Dy (2) + MS D, (z)+—n D, u)+—n SpD., (2)

zéﬁ,‘”(z;p,s)=lp+ﬁa0,,(z) MS,,G,(z)— MS,mG (z)+/'l—n G, (2)
zE;,“,;‘(Z;Pys)=l7+"[psrulle(z)—P nlpsLTulHlLT(z)_METWHT(Z)+A’Mnlp"alHL(z)-'-MSLLSTWHLL(Z)
2

m? M
+7+nlpSTaIHJT(Z) - T"lpsl_rm”ur(z’
P P AgBy =A,By—AB,

1op = g1 A =,,AF

20244E8 )1 565
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Inclusive DIS: Higher order pQCD

Factorization theorem and QCD evolution of PDFs

“Loop diagram contributions”

WW'\ [\
' e L e

\

®)

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

‘ factorization & resummation>

Not covered in these lectures.

HBKE 20244284 5-6H 37
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Global QCD analysis and PDFLIB

HERA F,
wmawa W JEApap A 5‘“’“’ - CuSpreliminary, 60"\ =7 TeV
(I 310 N >0 + Iyl<05 (x1024)
£ 8 b, Q. 05:lyict0 (:256)
" "
1 ez ‘: i \ g 'k @ 10
o i BeoEs, g
- 5, 3
/ o §TEN, 310
. S ©
o S F 10
7 et ot AN
a | ety
e o " sarary 1VAWON |0k pnii peospr
ey I I
Sty e 0 10 200 %0 400 500 600 700 2% 100 200 1000
" ""‘“"‘h:; P [GeVie] P, (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.
£ AKX 20244£81 5-6H 39
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Inclusive DIS and parton model: brief summary

List of to do’s - the recipe

E f kinematics general form of
(symmetries, ... ... ) the cross section

:1)' (5;  parton model without - :eag!ng ?v?."lir paco,

—g—w —=, QCD interaction collinear approximation eadiing twist,

no evolution, no gauge invariance

o 3 leading order pQCD,
p arton r;mo d:I . v ———— 5 leading & higher twist,

“multiple gluon scattering” collinear expansion o evolution, but gauge invariance

parton model +

“multiple gluon scattering” +  -collinear expansion+ ___ ieading & higner order paco,
“00p di butions” _ 1actorization & resummation leading & higher twist,
loop diagram contributions evolution & gauge invariance

experim.ents ﬁgmbal SCO parameterizations (PDFLib)
calculations: model, LQCD, etc BiAQCDIE
HER¥ 202448 5-6H 38
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Inclusive DIS and parton model: brief summary

® (Gauge invariant) PDF is not merely

v @ Y@) Y (@ Y@, Y@ Y@,
4(K) _q (k)
but (k) ) + atky *y + qm)qu;) I
—
o) N NG o Nr—— o)
.

(a) (b)

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 (3) expansion

HEKH 202448 565 40
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Fragmentation Function v.s. Parton Distribution Function

TMDs = TMD PDFs + TMD FFs '

Parton distribution functions (PDFs): Fragmentation functions (FFs):

h
q
h—>q+X SheX
X 1 x

ahadron —— a beam of partons aquark — ajet of hadrons

number density of parton in the beam

number density of hadron in the jet
d(k;p,5)=Y, [d'ze™
X

Blessp,5)= Y, [d'ge™
X

X (R 1y 0) | XXX 1.£(0,2)y(z) | h) {01400,y (&) | hXXhX 1(0)10)

“conjugate” to each other

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

:> FFs and PDFS should be studied simultaneously!

RBERE
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