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The plan for my three lectures

I'The Goal:

To understand the hadron structure in terms of QCD and its
hadronic matrix elements of quark-gluon field operators,

to connect these matrix elements to physical observables, and
to calculate them from QCD (lattice QCD, inspired models, E)

I'The outline: See also
lectures by Shepard on
Hadrons, partons (quarks and gluons), OHadron SPGZWOSCOPYQ
an
and probes of hadron structure lectures by Deshpande on
One lecture OElectron-lon ColliderO
and
< g . . lectures by Gandolfi on
Parton Distribution Functions (PDFs) and ONuclear Structurel
Transverse Momentum Dependent PDFs (TMDs) and
lectures by Aschenauer on
One lecture OAccelerators & detectorsO

Generalized PDFs (GPDs) and multi- parton correlation functions
One lecture



New particles, new ideas, and new theories

| IEarly proliferation of new hadrons B Oparticle explosionO:
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Hadrons have internal structure!

I INucleons cannot be point-like spin-1/2 Dirac particles:

1933: ProtonOs magnetic moment

Form factors

Otto Stern

Nobel Prize 1943

Robert Hofstadter

Nobel Prize 1961
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New particles, new ideas, and new theories

| IEarly proliferation of new particles B Oparticle explosionO:
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The nasve Quark Model

I IFlavor SU(3) B assumption :

Physical states for u, d, sneglecting any mass difference, are
represented by 3-eigenstates of the  fundOlrepOnof flavor SU(3)

| 1Generators for the fundOlrepOnof SU(3) B 3x3 matrices:

J =2 with A2 =1,2,...,8 Gell-Mann matrices

I 1Good quantum numbers to label the states:

(1 0 0 . (100 Ul |
Ji==lo -1 0] s= 01 0 simultaneously
2\o 0 o 23\ o o o diagonalized
. - A 2
Isospin . I3=J; , Hypercharge: Y = 7§Jg

| IBasis vectors B Eigenstates : 113,Y)

1 0 0
Ul< ):Mé 3) v2<1):>d-§,é> v3<0):>s—0,-§>

0



The nasve Quark Model

I 1Quark states:
2

u=1]31 d=]L1Y s=10-2) \/ 7,
Spin: ! S

Baryon #: B =B" v
Strangeness: S =YD B Electriccharge: (Q=I3+

2
(Q=2/3e (Q=-1/3e (Q=-1/3¢
s=1/2 s=1/2 s=1/2
I3 — 1 [3 = —1 13 = O
Yy =1/3 Ny —1/3 VY = —2/3
B=1/3 B=1/3 B=1/3
| 5=0 L 5=0 | 5=-1
| IAntiquark states: v; = e, 0" y
. . . . . 1 _
]3’01 = 6123[(]3U2)’U3 + U2<I U3)] + 6132[([3’03)U2 —+ ’03(]31)2)] = —51)1 i
~ - ~ ~ 1 I
YU, = e123[(Y)0? + 02 (Y02)] + e152[(Y02)0? + 0*(Yo?)] = —3u - _;3
el ud g
u u ‘_27_3>




The nasve Quark Model

I IMesons = quark-antiquark

" 1Group theory says:

YA

d N A

7

S

There are three states with

" IPhysical meson states (L=0, S=0):

10 = %(ua" dy 1g=

| IBaryon states = 3 quark

Proton

¢ o
@

gqlavor states: B =0
r s, 1 s
\
I3 uuldd I3
Oy = B
Su sd -
Is=0,Y =0 wau,dd,ss K%——K"
—> @ /s @ 77’
— A\ %4 _I_
J.i_(uw+ d&" 2sg) " U
6 (le!D)! (1) g o
1, = L —(us+ d#+ sg)
3 YA
n( p(uud)
QQQStates: B =1
A Z°(uds) {3
2-(dds) V/\O(uds) Z*(uus)
Neutron @
="(dss) =O(uss)




The nasve Quark Model

I 1A complete example: Proton

p 1) = s [wud(TL1 + 11T =2 711) + udu(TTL + 111 =2 711)
I INormalization: +duu(TLT + 1T =2 [17)]

<p I ‘p T> — %[(1 + 1+ <—2>2> + (1 + 1+ (—2>2> 4+ (1 114 (_2>2>] _1
I 1Charge: O = ZQ

D110 T) = L1242 - D14+ (-2 + -1+ 21+ 1+ (-2P)

o=

3
| ISpin: 9=i§
(p118Ip 1 >—18{[<% It

I IMagnetic rgoment:

L
=(p1| ;ﬂi<63)i p 1) = 544t — 1d) — { <'up>QM 3

1 b, 23 _
Mn = §[4|J~d! Uu] IJd! "1/3




Deep inelastic scattering (DIS)

I IModern Rutherford experiment B DIS ( SLAC 1968)

e(p)+ h(P)! e(p)+ X " I Localized probe:
o) ;
® o, - Q2 = | (pl p!)2 " 1 fm 2
°. ~ N\ Proton ‘ 1
L —— Q
Elektron . : " | Two variables:
->- -0~ ‘ 2  qin?
e Q° =4EE sin“(!/ 2)
~ q ~ < Q2
i —— XB =
o Nl 57 2my!
\A _ I
Elektron l'=E!E

— Discovery of spin ! quarks,
and partonic structure!

mmm) The birth of QCD (1973) Nobel Prize. 1990
D Quark Model + Yang-Mill gauge theory



Quantum Chromo-dynamics (QCD)

= A quantum field theory of quarks and gluons =

I 1Fields: ; Quark fields: spin-! Dirac  fermion (like electron)
¥i () color triplet: i1 =1,2,3= N,
Flavor: f=u,d,s, c,bt

A,,L,a(ZC) Gluon fields: spin-1 vector field (like photon)
Coloroctet : a=1,2,...8=N?-1
l 1QCD Lagrangian density:
Locp (i, A) Zw (10615 — g Aalta) i)™ — mypdi v
— [a Ava = 0 Aua = 9CaeAup Ayl
+ gauge fixing 4+ ghost terms
l 1QED b force to hold atoms together:

Loeo (1,A)= [(|#u' eA)SH ! me]" " —[#HA. L # AT
f

I 1QCD Color confinement:
Gluons are dark, No free quarks or gluons ever been detected!



QCD Asymptotic Freedom

I linteraction strength: (o) =

as(,ul) _ 4
By () In <“—%> o ( H
Ax s\ M1 ,u% 51 In A2

1\_ QCD

)

@Uand @Unot independent

0.5 L
[ oy
Da Theory | < ; 3
% (Q) = Z Z 3
Deep Inelastic Scattering | &2 A
L c*< Annihilation o ®»
0.4 Hadron Collisions -3 7
Heavy Quarkonia (] m
v
1"-. i AN (M)
275 MeV —- 0.123
03} QC'} 220 MeV — 0.119
O(ag)
175 MeV —=0.115
w
0.2 L 4
0.1} SRR
1 100

" Q[GeV]

== Discovery of QCD
Asymptotic Freedom

‘ Collider phenomenology

Asymptotic Freedom < antiscreening

QCD: agflfg;) ~ B(a.) <0

Compare

O £xs (Q 2)

QED:

:/3((1"5,11) > 0

olnQ*

D.Gross, F.Willczek, Phys.Rev.Lett 30, {(1973)
H.Politzer, Phys.Rev.Lett. 30, (1973)

Nobel Prize, 2004

D Controllable perturbative QCD calculations




New particles, new ideas, and new theories

| IProliferation of new particles ® ONovember RevolutionO:
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New particles, new ideas, and new theories

| IProliferation of new particles ® ONovember RevolutionO:
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QCD and hadron internal structure

I 10ur understanding of the proton evolves

1970s 1980s/2000s Now

Hadron is a strongly interacting, relativistic bound state
of quarks and gluons

I 1QCD bound states:

" I'Neither quarks nor gluons appear in isolation !
" IUnderstanding such systems completely is still beyond the
capability of the best minds in the world

I I'The great intellectual challenge:
Probe nucleon structure without OseeingO quarks and gluons?



What holds hadron together b the glue?

I IUnderstanding the glue that binds us all b the Next QCD Frontier!

elu T
Vv v

Leptons

I 1Gluons are weird particles!

" IMassless, yet, responsible for nearly all visible mass

OMass without mass!O
[ T [ T |

Rapid acquisition of mass is
_ ~=ffect of gluon cloud
- %

S
=
T T

Higgs mechanism

Dynamics of gluons

e
w

—— m=0 (Chiral limi]

0
U '
Quarks

Mass =1.78x1026 g

M(p) [GeV]
o
N

\ Proton
\ Mass ~168x102° g

e
o

~ 99% of proton mass

~ 1% of proton mass .

0

p [GeV]

Bhagwat & Tandy/Roberts et al



What holds it together D the glue?

I IUnderstanding the glue that binds us all b the Next QCD Frontier!

I 1Gluons are weird particles!

" IMassless, yet, responsible for nearly all visible mass
" 1Carry color charge, responsible for color confinement and strong force

Force between a heavy quark pair 3T =60 — - e

2 r —

Cornell

q a 1t
2
/—— \ ”:‘B 0_
. — — . =
=
=
< > ”

f _?f

Heavy quarks experience a force of ' , | | | |
~16 tons at ~1 Fermi (10-"5m) distance * o5 1 15 2 25 s




What holds it together D the glue?

I IUnderstanding the glue that binds us all b the Next QCD Frontier!

I 1Gluons are weird particles!

" IMassless, yet, responsible for nearly all visible mass

" 1Carry color charge, responsible for color confinement and strong force

but, also for asymptotic freedom o -t decaye aoro) e
Q) @ Lattice QCD (NNLO)
2 DIS jets (NLO)
03 | 1 Heavy Quarkonia (NLO) i
o e*e jets & shapes (res. NNLO)
g (,ul) _ 47T e Z poJle fit (N3L(§)
aS(IU’Q) — 8 N% — 2 v ppP—> jets (NLO)
1 — EO&S(ILL:[) In ('u_%) —61 In <AéZD> 02 -
. oal = : e O
- QCD perturbatlon theOry — QCD o (M,) —0.1]85;tO.OOO()ﬁ-Lb“

10 Q [GeV] 100 1000



What holds it together D the glue?

I IUnderstanding the glue that binds us all b the Next QCD Frontier!

Quarks

uc
d|s

Leptons

I 1Gluons are weird particles!

" IMassless, yet, responsible for nearly all visible mass

" 1Carry color charge, responsible for color confinement and strong force
4.0

CTEQ 6.5 parton
3.5} distribution functions
: Q? = 10 GeV?

but, also for asymptotic freedom,

as well as the abundance of glue

Momentum Fraction Times Parton Density
N
O

0 1 I
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton



What holds it together D the glue?

I IUnderstanding the glue that binds us all b the Next QCD Frontier!

S
"x"

I 1Gluons are wired particles!

" IMassless, yet, responsible for nearly all visible mass

" 1Carry color charge, responsible for color confinement and strong force
2 4.0

CTEQ 6.5 parton
3.5} distribution functions
: Q% =10 GeVv?

but, also for asymptotic freedom,

as well as the abundance of glue 3.0}

2.5}
Without gluons, there would be |
NO nucleons, NO atomic nucleiE
NO visible world!
See A. DeshpandeOs talk on EIC

Momentum Fraction Times Parton Dens
N
(@]

0 1 I
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton



Hadron properties in QCD

I IMass D intrinsic to a particle:

= Energy of the particle when it is at the rest

" 1QCD energy-momentum tensor in terms of quarks and gluons

THY = S §iD%"y"y + ; g*"F? — FreFY,

[ 1] ! P t : ¢
roton mass <[)| f d‘;.’I; T()() |p>| GeV X. Ji, PRL (1995)

m = ! ~

<p‘ p> 'Rest frame

I ISpin D intrinsic to a particle:
= Angular momentum of the particle when it is at the rest
" 1QCD angular momentum density in terms of energy-momentum tensor

MY = T gt — T Hg" Jt— %(A'ijk / d3 2 MOk

" 1Proton spin:

S(u) = (P, S|J;(n)|P,S) =

We do NOT know the state, |P,S\, in terms of quarks and gluons!

¢

DO | =



Hadron properties in QCD

I 'Hadron mass from Lattice QCD calculation:
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A major success of QCD b is the right theory for the Strong Force!
How does QCD generate this? The role of quarks vs that of gluons?



Hadron properties in QCD

I IRole of quarks and gluons B sum rules:

" llnvariant hadron mass (in any frame):
Pl T [p"# PP wp m21t p|T, |pt

T = I(g)F“ AR+ | Mq(1 + " m)##
. 2g ! q m qmq
] g=u,d,s
QCD trace anomaly ! (@)= ! (11! 2n;/3)g* (4")* +
' (9) ;
‘ 2—9 !plelp Kharzeev @ Temple workshop

mm) At the chiral limit, the entire proton mass is from gluons!

" IHadron mass in the rest frame B decomposition (sum rule):

- (P|Hqcp|P)
M = <P‘P> |rest frame — Hq + Hm + Hg + Ha,
where Hg = LMD a")! q D quark energy
q
Hm = !_qmq! g D quark mass H, = ?g;(EZ! B?)

1
= Q(EZ + B?) B gluon energy b trace anomaly



Hadron properties in QCD

I IRole of quarks and gluons B sum rules:

" IPartonic angular momenta, the contributions to hadron spin:

Sy = (PSIFWIP,S) = = = Jo(w) + Jo(i)

2
f
where J, = /d3:1: [wﬁ%wq + 91 (7 x (—iD)) wq] b quark angular mom.
Jy = /d?’ﬂ? [?f x (E x 5)] P gluon angular mom.

" 1Spin decomposition (sum rule) B an incomplete story:

! 1 1 Jaffe-Manohar, 90
Proton Spin

Different from QM!
Quark helicity %/dw (Au+Aa+Ad+AJ+ As-I-A§) I 30% D Best known

Quark helicity : AG= / deAg(z) | 20%(with RHIC data) P Start to know

Orbital Angular Momentum (OAM): Not uniquely defined b Little known
Gauge field is tied together with the motion of fermion D D@y



Hadron properties in QCD

I IRole of quarks and gluons B sum rules:
" 1Jaffe- ManoharQOs qua_rk OAM density:

- 3
3 _ 1 n oY
La="1q XD ("1#) g
" 13i0s quark OAM dens_ity: 3 Hatta, Yoshida, Burkardt ,
3 _ . Mei , Metz, Schlegel,
Lq — | . XI ( |D) | q Eelssner elZ, oschiege
" IDifference D generated by a OtorqueO of color Lorentz force
L3| L3 " . dyl dzyT #:)"T O o d ! I O !
L PRI L@ )T IPYy <
ij =1,2

\ )
I

GChromodynamic  torqueO

Sum rules are NOT unique B None of these matrix elements are physical!!!
I 1Value of the decomposition b a good sum rule:

Every term of the sum rule is  Oindependently measurableO B can be
related to a physical observable with controllable approximation!



Hadron structure in QCD

I IWhat do we need to know for the structure?
" IIntheory: !'P,S|O(!,!,A")|P,S" BHadronic matrix elements

with all possible operators: ~ O(! ,! , A¥)

" lln fact: None of these matrix elements is a direct physical
observable in QCD b color confinement!

" lln practice:  Accessible hadron structure
= hadron matrix elements of quarks and gluons, which

1)! can be related to physical cross sections of hadrons
and leptons with controllable approximation; and/or
2)! can be calculated in lattice QCD

| 1Single- parton structure OseenO by a short-distance probe:

" foDstructure: 1) ®br gy f (X, k7, W) D TMDs: 2D confined motion!
2) d&’kr wmh F(X,by,p) D GPDs: 2D spatial imaging!

3)- d’krd’by mmmp f (X,1) D PDFs: Number density!




Hadron structure in QCD

I 'What do we need to know for the structure?
" IIntheory: !'P,S|O(!,!,A")|P,S" BHadronic matrix elements

with all possible operators: ~ O(! ,! , A¥)

" lln fact: None of these matrix elements is a direct physical
observable in QCD b color confinement!

" lln practice:  Accessible hadron structure
= hadron matrix elements of quarks and gluons, which

1)! can be related to physical cross sections of hadrons
and leptons with controllable approximation; and/or
2)! can be calculated in lattice QCD

I IMulti- parton correlations:
2

1 (Q,%) ! P NK o+ + + ae <<%>> b Expansion

\ J

Quantum interference mm) 3-parton matrix element P not a probability!



Hadron structure in QCD

We need the probe!

How to connect QCD quarks and gluons
to observed hadrons and leptons?

Fundamentals of QCD factorization
and evolution (probing scale)



QCD factorization B approximation

| ICreation of an identified hadron b a factorizable example:

OLong-livedOparton states

Non- perturbative |,
but, universal

+ O 5 Perturbative !

Factorization: factorized into a product of OprobabilitiesO !



Effective quark mass

I IRunning quark mass:

i) = m)exp |~ [ 142,000

Quark mass depend on the renormalization scale!

I 1QCD running quark mass:
m(uz) =0  as gy — o< since Y, (g(A)) > 0

I IChoice of renormalization scale:

[~ Q) for small logarithms in the perturbative coefficients

I ILight quark mass: me(p) < Agep for f=wu,d, even s

QCD perturbation theory (Q>> @pcp)
Is effectively a massless theory



Infrared and collinear divergences

| IConsider a general diagram  with a Ounobserved gluonO:

k
2 2 /
p° =0, k“ =0 fora massless theory
p) p:k
k=0 = (p—k)—p°=0 \

Singularity

— Infrared (IR) divergence

"LER | pH = kP =X\ with 0< A< 1
= (p— k) = (1-=X)?*p*=0

—— Collinear (CO) divergence

IR and CO divergences are generic problems
of a massless perturbation theory



Pinch singularity and pinch surface

I 10SquareO of the diagram with a Ounobserved gluonO:

OCut-lineO b final-state P in a Ocut-diagramO notation
' 1 1
! T(p" Kk, _ — d*k " (k?
' 1 1 ) Im A 5
e LE
. Complex conjugate >
Amplitude of tho Amp/it{/dge -le e

k Pinch singularities
pP —> )4 : . : .
Pinch surfaces Cperturbatively O
k

= OsurfacesO in k, kO, E
determined by (p-k) 2=0, (p-k-kO®=0, E
perturbatively O




Hard collisions with identified hadron(s)

I ICreation of an identified hadron:

I lldentified initial hadron:

Pinch in k 2

Pinch in k 2

I lInitial + created identified hadron(s):

Cross section with identified hadron(s)
Is NOT perturbatively calculable

Non-perturbative !

P e—o Non- perturbative !

Pinch in both k 2and k&

Perturbative ! \ Perturbative |




Hard collisions with identified hadron(s)

I ICreation of an identified hadron:

I lldentified initial hadron:

Pinch in k 2

Pinch in k 2

I lInitial + created identified hadron(s):

Dynamics at a HARD scale is linked
by partons almost on Mass-Shell

Non-perturbative !

P e—o Non- perturbative !

Pinch in both k 2and k&

Perturbative ! \ Perturbative |




Hard collisions with identified hadron(s)

I ICreation of an identified hadron:

I lldentified initial hadron:

Pinch in k 2

Pinch in k 2

I lInitial + created identified hadron(s):

at the HARD and hadronic scales

Non-perturbative !

P e—o Non- perturbative !

Pinch in both k 2and k&

Perturbative ! \ Perturbative |

Is powerly suppressed!




Example: Inclusive lepton-hadron DIS

| IScattering amplitude:

(/7"

I 1Cross section:
181 °

,$
d"*™=—= 11 ‘( (e ,CI)‘ g

2872 X i

d’l, o dk'

= (2#) 2E4(2#) 2E'

S

ldllDlS _ 1 #11
d’k' 28"

$ -

(k.k )W, (ap)

| ILeptonic tensor:

2

(2)

4, 4#9;(

G

b known from QED ¥ (k,k'):%(K’ K +k k # Kk'g )

| +k '%p %S
)



DIS structure functions

I IHadronic tensor:

1 |
W, (4 pS)=7 $d' ze™ ( pg J (2,30} p9
l ISymmetries:
" IParity invariance (EM current) W, =V, sysmetric for spin av
" ITime-reversal invariance W, =V, real
" ICurrent conservation q“W, = q/VM -0
% q N
,u/_()og// ,uq é( ’ Fé) /q F(%XB QZ

14 R .q)S. S - 2 = | ’
+M F7 q#/—gl(xB ,Q2)+(pq) ((2 q) P gz(XB,Qz)O N 32
4P (p.a) R T

I 1Structure functions D infrared sensitive:

Fl(XB’QZ)’ |:2()%, QZ) g( X, (5) | g( X, @) No QC_,‘Dparton d){namics

used in above derivation!



Long-lived parton states

I IFeynman diagram representation of the hadronic tensor:

q q vq
VRN /7 N /7 u
W/J/ " Egk +£ k
k] kI
P P P P

| IPerturbative pinched poIeS'

1 Im(k?)

X +1€ X

4d*k H(Q, k)O/%II( &i?ﬂ T@g ) $ ) perturbatiely ’I‘_Z-ERe(kz)

| IPerturbative factorization:

Nonperturbative matrix element

K* + K
K =xp" +——— ' +
P 2Xp'n ¥

: g 1 #1
) dkTHgk =0) )dk’ £k2+./°/§gv(./ k)

Short-distance




Collinear factorization D further approximation

| ICollinear approximation, if |Q ! xp!n ! 19,\/?

b Lowest order:

q q 5’3
VRN /K

k kl[

()

k- n) d4k

r2pn ‘N

7T

+O#—3 ! éi} +U7C

Scheme dependence

Same as an elastic x-section

PartonOs transverse momentum is integrated into parton distributions,
and provides a scale of power corrections

| IDIS limit: /7 ,Q°"# , while x, fixed

j> FeynmanOs parton model and Bjorken scaling

Fy(xp,Q%) = xp) e} ¢s(rp) = 2vpF1(25,Q%)  Spin-! parton!

I 1Corrections: O(a) :L O (<k2>/Q2)



Parton distribution functions (PDFs)

I IPDFs as matrix elements of two  parton fields: ) )
b combine the amplitude & its complex-conjugate
_|_

(o) = [ e I 0) ) ) 20 (12

|h(p )) can be a hadron, or a nucleus, or a parton state!
But, itis NOT gauge invariant!  )(z) — eiaa(w)taw(x) 15(:1:) N Z;(ZU)B—M(:c)lta

b need a gauge link:
dy~

o T () [ Pe A0 L )h)Zo ()

2\ _
qsq/h(xnu ) _ 27_‘_

b corresponding diagram in momentum space
d*k k/ \ &

@y & k+/p_i_é:---s': E=.-~-"=.;_)_+UVCT( 1)
5 I — 5 @\dependence

Universality D process independence b predictive power




Gauge link B 1st order in coupling OgO

I 1Longitudinal gluon:

| ILeft diagram:
| dx, Copidy; X P 01 Y ) gag(y! ) M (! |gta) ap|((xl X1! Xg)" &+ (Q%/ 2xgp")" an)

2! (xI X1! Xg)Q2%/xg + i#
= g. %naA""(yl)ta | dxlI x11+| grip ity ) M =1ig y dy, na&A(y; )M
! Inght dlagram
O iy ) (O )
= g. Cgl n aA2(y; )t? | dx, X1!1 7 YL\ = |g/ dy; n&A(y;) M

| ITotal contribution:

R L, O(g)-term of
g , Ay naAlyL )M Lo the gauge link!



QCD high order corrections

I INLO partonic diagram to structure functions:

Q% 12 21 0

d k; !

tOH kzl Dominated { .
o K by tAB

Diagram has both long- and short-distance physics

| IFactorization, separation of short- from long-distance:

’( dﬁl:@: e :@: dﬁ(&:@:
C_nD} i1 — H (:’E{::' :@
LO + evolution

ki== 0
C1:1: gol:ﬂ:- ra ': y — n‘_ - .
NLO i L x’ ‘a * “j dkg




QCD high order corrections

) ) ) .. ) 4
| IQCD corrections: pinch singularities in 1d7K
q q q q
VI redl Y /-
k k + kk, + +
P P P P E

! !Logarithmic contributions into parton distributions:

#O/chDﬂ
F xB, +C 2’ s & O 2
> Fy(x,,0%) = f ) (& (xui)+ )—gQ

I IFactorization scale: ,uF

-—p TO separate the collinear from non-collinear contribution

Recall: renormalization scale to separate local from non-local
contribution



Dependence on factorization scale

I IPhysical cross sections should not depend on the

factorization scale , ,
12— F,(%, Q@) =0

=

Fa(xg,Q%) = Cr(xe/x,Q2ME, 1) "1 (X, HE)
f
Evolution (differential-integral) equation for PDFs

- )HF 2Cf o s&' !f(x,,ui)+- % /JF lez f XHF =0
F

I IPDFs and coefficient functions share the same logarithms

PDFs: Iog(,u,f/,uj) or Iog(,uFZ/! éCD)
Coefficient functions: Iog(QZ/,ué) or Iog(Qz/,uz)

DGLAP evolution equation:

> ) #X, % 2
F + /] 0 1 s / J ' F
H Y (X E) = % <& (X, F)



Calculation of evolution kernels

I IEvolution kernels are process independent

" I Parton distribution functions are universal
" 1Could be derived in many different ways

| IExtract from calculating  parton PDFsO scale dependence

p P 1P PlP K P
‘ P Pk +

I
d a 1 dxl x Collins, Qiu, 1989
2_% 2y~ _ 3% 1 2
Y szqi(x,Q) 27 I x; q;(x1,07)7 ¢ x| ---2——6_1,xQ2 f dz ¥ 4,(2)
Change OGainO OLossO

" 1Same is true for gluon evolution, and mixing flavor terms

I 10One can also extract the kernels from the CO divergence
of partonic cross sections
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Scaling and scaling violation
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PDFs of a spin-averaged proton

l IModern sets of PDFs @NNLO with uncertainties:

1 1 1 lllllll 1 1 Illllll 1 UL} 1 | llI 1 1 Illllll 1 LR
NNPDF2.3 (NNLO) ] g/10 ]
09 . 09 o
xf(xu2=10 GeV?) 1 xf(x u2=10* GeV?)]
= 0.8F s
] 0.7k E
: 0.6F &
- 0.5F , -

] - U
. 0.4F 1‘\ =
- 0.3F b \ d, —:
- 0.1 A v’ -

~-r"i_‘|‘-1-|n|| | | ll—l\l_fl"‘—-, s L3 ] 0 1 Ll Lo it e
107 107° 107 1 107 10° 107 1
X X

K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014)
Consistently fit almost all data with Q > 2GeV



| IBut, we still do not know much about

Summary of lecture one

I 1QCD has been extremely successful
In interpreting and predicting high < 1/10 fm
energy experimental data!

hadron structure B work just started!

I ICross sections with large momentum transfer(s) and
identified hadron(s) are the source of structure information

! I'TMDs and GPDs, accessible by high energy scattering,
encode important information on hadronOs 3D structure B
distributions as well as motions of quarks and gluons

| 1QCD factorization is necessary for any controllable OprobeO
for hadronOs quark-gluon structure!

Thank you!



Backup slides



How to calculate the perturbative parts?

I 1Use DIS structure function F , as an example:

#B z $ HoR o 3
- Qza s(k& f/h(x# )"'O) 2

" 1Apply the factorized formula to parton states: h—gq

FYZh(xBaQ) + C
q.f )x H

Feynman % #Xg Q2 . X > Feynman
diagrams Faq (Xe, Q) = ot Cy x P d & ”q(xu ) diagrams

" IExpress both SFs and PDFs in terms of powers of @D
ot order:  F) (%, Q@)= CY (%) % G/ 17)" - q/q( 2)
CPM=FIM|  "ae(x)=/o (1#x)
1% order: Fz(;) (x,,0°) = Cfll)(xB /x,0%/ u*) ®(p;(21 (x, uz)

+C 0y 15,07 1 1)) © ), (x, 107

j> COx @ 1p7)= B (x @) B2 (% Qe 7 8, (% ?)




PDFs of a parton

I IChange the state without changing the operator:

bun(ep?) = [ A ), 0) 5 Uyl )

|h(p)) = |parton(p)) » 1/q(2, 1*) B given by Feynman diagrams

I ILowest order quark distribution: P\ /P
" IFrom the operator definition: k k
800 = [ ] (3n) ()] 5 (o ) s
= Oy 0(1 — )
| lLeading order in &, quark distribution: » »
" IExpand to (g .)? P logarithmic divergent: \kv ; +...

(1) Qs de 1+ 22 § B
qu/q() C'F2 /k2 [(1—x)++25(1 x)| +UVCT

UV and CO divergence



Partonic cross sections

| IProjection operators for  SFs:

U

(

I 10t order:

W, :%&91.

0%

pIg#”

q’ )F(Xd) p$qf"p A qz)&'

F(% Q2)=—§V$9”" +lz g b( ¥, (x Q)

o gl

of

1)

xp

12x° ,#
g p &(x0Q
Q’ (‘W
(0) vy (0) wi
) () =xg" Wy =xg" (= T
e’ 1
_ A TR Y
_(xg” )4ﬂ;Trl2
=e§x5(1—x)

(0)
C, (x)= eqzxé(l — X)

)

H Q)

V'pmy'(p+61)m}2fr(5((p+61)2)



How does dimensional regularization work?

| IComplex n-dimensional space: /dnk F(k,Q)
. Im(n)

(1)!Start from here: (2) Calculate
| | IRS quantities

UV renormalization here
[ Theory cannot be
. renormalized!

a renormalized theory

(3) Take @® 0

/ for IRS quantities only
>

4 6 Re(n)

UV-finite, IR divergent (;(ren)
G(un—ren) _, y(ren) UV-finite, IR-finite



NLO coefficient function B complete example

CO Q@1 1)= B (x @) BI(x Qe /8 (3 ?)

| IProjection operators in  n-dimension: gwg‘” =n=4-2¢

(1%")F, =x:§ o 3 %)‘%2 g é)$w,

I IFeynman diagrams:

Real

Virtual

I 1Calculation: —g”VW(l) and p’ ﬁvﬁq

“v.,q



Contribution from the trace of Waoeu

| ILowest order in n-dimension:

—g" WY =& (1-£)d(1-x)
l INLO virtual contribution:

—g" W = e2(1-£)d(1-x)

uv.q
a
%)
JT

l INLO real contribution:

4.7w
Q 2

T(+6)2(1-¢) RERO
[(1-2¢) Lz }

(s #)°4$u & (k1)

1* /

= &l )F/ 2601 Q° 5' (X 2)
%1*/%1 ( 2x )( 1)& 1 2%‘
> 7 7 71* X0/ I* 2/02 20 2 )@ X)*l 12 g



| 1The O+0O distribution:

$1 % _,1, 1 B (#x) % .
f‘l#x) _#/ (1#x)+(1#x)+ +/(& 14 x )++O(/ )
L) L, f(! Q)

?ﬂx(l! X). Z#X 1 X T

I 10ne loop contribution to the trace of W gua0

e R PN - Y R | o
g W;w,q eq(l ‘9)(2”){ EPCJCJ(X)_FPCICI(x)ln(ﬂ2(4”e—yE))

+C,. [(1+x2)(ln(l_x)) —E(L) _1+x2 1 n(x)

1—-x 2\ 1—-x 1—-x
0 /2 N3 73
+3(x( 1 3,&@( )

I ISplitting function:

"1+x° 3 #
qu(X) =C; m“‘a/ (1$X)(



| 10ne loop contribution to  p@BCIW g4

" 2
PW=0 prewli=do 2

2# 4Ax

I 10ne loop contribution to F , of a quark:

Fa (x, Q@) = efx f‘%+ P.(3(1 +1 14 &) #_ (x) nf‘%;

~Co y

A&NA(XY ' 381 ' ¥ X &9 5' P
+Ce 4(1+ )/ 10 x (2/1 xo( L v n(3r 3 2X 3‘ @ ><)2)3
) # asd O
I 10ne loop contribution to quark PDF of a quark:
: %Y 1 &
2 (%12 = 22l p (x + ++ UV-CT
q/q( /’1) 2$/ qq() ,,,/UV : ) /COl

b in the dimensional regularization

Different UV-CT = different factorization scheme!



I ICommon UV-CT terms:
$1 %

) #*uv

- 1
" IMS scheme: UV- CT‘— :%—P (x)f‘

" IMS scheme:  UV-CT]|,s —& > >~ P, (X):

(1 4 n(age”=))

+uv

" IDIS scheme: choose a UV-CT, such that q (X’ QZ /:UZ)|DIS =0

I 10ne loop coefficient function:

COx T 117)= B (x @) B (% Gy / §.( % ?)

C(x @1 u? )—%ZFKP (3 ";$Q—(

>§\,

&9 /72

&M 3& 1 In(xX} 3 2X .=+ '—"’(@ X)qf
/2 30 2

+CF;$Xl+x2)_
1 / 1(x 0, 2/X Xo. Q—

><



