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m References for this lecture

G. Sterman, Partons, Factorization and
Resummation, hep-ph/9606312

John Collins, The Foundations of Perturbative QCD,
published by Cambridge, 2011

CTEQ, Handbook of perturbative QCD, Rev. Mod.
Phys. 67, 157 (1995).

m General references

CTEQ web site:
http://www.phys.psu.edu/~cteq/
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Outline

m I. General Introduction: Brief History
and Basics of Basics

m IT. Hadronic processes to study nucleon
structure

m IV. Factorization and QCD dynamics
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Rutherford scattering

The Scattering of o and B Particles by Matter and the Structure of the Atom

E. Rutherford. F RS *
FPhilosephical Magazine
Series 0, vol. 21 ]{]? N
May 1911, p. 669-688

Geiger and Marsden's
data points

Theoretical scattering

of one point charge
off another

HHoroscone
¥
¥ ’

2inc swifice
; ; i Y Y SCrEEt Lo
—_— ! O R Ie N laad
L ' !

e MY

Scattered alpha particles
!

k"‘-../ . . B i ox

B i SOURE]

Rutherford
10° F | formula

" metal foi

10

[ 1 i i 1 i [
0 200 40°  60° BOF 100° 1200 140°
Scanering angle

ahie 2 1

scattering
center

dQ

i do
= 10 \2mz) sm'e2)

Ty
———

_



"
Power counting analysis
, 0 227 o M2 M o~

S 13 1. q2
K Momentum d>Fk !

Transfer g SRS B E; sin’
D> =

m EM interaction perturbation, leading
order dominance, potential~1/r

m Point-like structure
m Powerful tool to study inner structure
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Basic idea of nuclear science

Since the « and B particles traverse the atom, it should be
possible from a_close study of the nature of the deflexion to
form some idea of the constitution of the atom to produce
the effects observed. In fact, the scatfering of high-speed
charged particles by the atoms of matter is one of the most
promising methods of attack of this problem. The develop-

Rutherford, 1911

~

) ! 6/16/15

,



" SN
Finite size of nucleon
(charge radius)

m Rutherford scattering with electron

Hofstadter
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" A
Current-current interactions
/{ T, = (K )yuib(k)

k Momentum
Transfer q
o

—

I =U(P') [7uFu(Q%) + i(oumg” [2M) B(QY)| U(P)

7

m The deviation is characterized as the
nucleon form factors

m Power behavior for the Dirac Form
Factor, F;~1/Q?%, Pauli Form Factor F, is
further suppressed at large Q2
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More data on elastic scattering

Gl Simon et al. & G Hoehler etal. +———
Ep Price et al. ~-2--1 | L Mp'Hp  Janssens etal. ~-&r-s
1 Bergeretal. +-w-+ _| ’ Berger etal. --m-1 _|
Hanson et al. +--g-+ 1 I Bartel etal. ~-3%-—
polarization data r--@--+ 1 Walker etal. 2
Litt etal. —3—
I Andivahis et al. +-->¢---1
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Quark model

m Nucleons, and other hadrons are not

fundamental particles, they have
constituents

m Gell-Man Quark Model
Quark: spin 3
= Charges: up (2/3), down (-1/3), strange (-1/3)

Flavor symmetry to classify the hadrons
= Mesons: quark-antiquark
= Baryons: three-quark
= Gell-Man-Okubo Formula
6/16/15 10
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Nucleons are not fundamental
particles

m Gell-Man Quark Model

Additional degree of freedom needed to
satisfy the Fermi-Dirac statistics

Concept of color, Nc=3

m No free constituents found in
experiments, Quark confinement

m Dynamics not yet understood then
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Deep Inelastic Scattering

Discovery of Quarks

S '.‘
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Understanding the scaling

m Weak interactions at high momentum
transfer

Rutherford formula rules

m Strong interaction at long distance
Form factors behavior
No free constituent found in experiment

m Strong interaction dynamics is
different from previous theory

eceeny) ‘ 6/16/15
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QCD and Strong-Interactions

m QCD: Non-Abelian gauge theory
Building blocks: quarks (spinz, m,, 3 colors:
gluons: spin 1, massless, 32-1 colors)

I _
L=y(iy-0- m)l/J——F“ F,.-gyr Ay

m Asymptotic fr'eedom and confinement

o (Q) v T decays (N3LO)
S Q Lattice QCD (NNLO)

ELEMENTARY
ARTI

{ a DIS jets (NLO)
03+ 0 Heavy Quarkonia (NLO) _
o e'e jets & shapes (res. NNLO)

® 7 pole fit (N3LO)
v pp—> jets (NLO)
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Quantum

Chromodynamics

m There is no doubt that QCD is the right theory for
hadron physics

However, many fundamental questions...

How does the nucleon mass?

Why quarks and gluons are confined inside the nucleon?
How do the fundamental nuclear forces arise from QCD?

We don’t have a comprehensive picture of the nucleon
structure as we don’t have an approximate QCD nucleon
wave function

reeee ‘ 6/16/15 15



" S
Feynman's parton language and
QCD Factorization

m If a hadron is involved in high-energy scattering,
the physics simplifies in the infinite momentum

frame (Feynman’s Parton Picture)

m [he scattering can be decomposed into a
convolution of parton scattering and parton
density (distribution), or wave function or

correlations !
QCD "
Factorization! - Z’

"‘\I N/Parton Distributions ® Hard Partonic Cross Section
rrrrrrr |||"




High energy scattering as a probe
to the nucleon structure

Drell-Yan

Hadronic reactions

jet, hadron, W=

Ir

m  Many processes: Deep Inelastic Scattering, Deeply-virtual
compton scattering, Drell-Yan lepton pair production, pp—> jet+X

Momentum distribution: Parton Distribution
Spin density: polarized parton distribution

Wave function in infinite momentum frame: Generalized Parton
Distributions

~

A
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Exploring the partonic structure of
nucleon worIdW|de

Fixed Target & o  RHIC@BNL J b, -
Tevatron@FermiLab DESY Belle@KEK
¥
CERN,LHC
COMPASS P 4%
m Future facilities Jefferson Lab éﬁ!ﬁk’n

v

Jlab@12GeV oL ‘ .
JPARC (Japan) w5

GSI-FAIR (Germany) é}/ )
EIC, LHeC, ...
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QCD: Nonabelian Gauge Theor
L=1/7(iy°8—mq)1/f—iF””’Fm—gSIWAw
m Basic elements:

quark field,%paf , flavor, spin, color
gluon field, A} , color, spin

m Gauge transformation

—igow, ()t °

l.lv’(()v) pa f () {C

Vi (ﬂlf).,

e e ! _igow.(x)t° ignw, (z)t°
y (0) . (;l' )t — 'g_'C JoWa L, D“(? 90 n(, )
Y0

cecer \ 6/16/15 19
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Non-abelian matrix

m Fundamental representation: the Gell-
Man (3x3) matrix, T9, (19), a=1,...,8
m Structure constant: [t..15] = ifas,t,
f«s are totally anti-symmetric
m Combination:

Tl‘(tafls) — TF(sQA3 TF
t.t. = Cpl.

Symbol | SU(n) SU(3)
T
2
4
fa—:,ﬁf,j,\f(; — C'A(SQ‘B' ;

— \ 6/16/15 20



"
Quantization
m Introduce the gauge fixing terms

_ | 5

L = 1_'0(1'],7) — mg) Yy — I(G?O)W )"

—1-() 1}000 I/OQ-i—(/o( 710 ~ faj 4 0) 10>

1
— 2—(() —1 0))

With a particular gauge: decouple the gluon
field with the ghost, Physical Gauge

In covariant gauge, we have to include the
(fermion scalar) ghost contribution

With this, we are ready to derive the
Feynman rules

reeee ‘ 6/16/15 21



" A
Feynman rules

m Propagators

PPy 7
Gluon SEEEER —Gu + (1 =) =—| ——
p- +10] p~ +10
i(p+mys),e
Quark o > o 21" 2f i
p —mf—i—zO
Ghost ~ ---eeee- R :

p> + 0

A
!
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Feynman rules

m Interaction vertices

b,o a,p
Quark-gluon —igp" (%) apVpo

JTNe"

---)-- --)---
Ghost-gluon et a,
— g1 fapyd"

B,

_ 6/16/15
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"
Feynman rules

m Non-abelian part

p, o, A a,8, 1
A o
2 € v _Ap A pv vA
Three-gluon g — i fupe [(p— Q) ™ + (g — )" + (r — p)g
‘r!’Y:V
o, K B, A
. 2 2e KL AV KV _Ap
—1g K feaﬁfe’y‘(g(g g —9 g )
FOUF— |U0n . 2 2e KA _pv KV _Ap
g —ig K fea'yfelﬁé(g gﬁl —9g Ug ﬁ)
. 2 2e KA _pv KL AV
—ig [ feadfeﬂ‘y‘(g gll —4g Lg )
o, v T K

% % N
C: C, T,

6/16/15 24




"
Screen and antiscreen
(coupling depends on distance)

é = : 3 ?
"screening” of the charge "anti-screening"
QED-like Non-abelian
+ T 4 + ++ -
Nt ++
- ® _, +++@ .
+ T+ r'> + T, r
=
dag/4Am 11 A o2
— 21‘3 X 47T Al —\ e DUy sl Xg
Thnye — 2PO/AT) o /4m) = ( 3 A BTF”f> 167°

‘.’\\l ‘—\,\ 2 ) (}g
‘;rr_f.rfr i — 11 L T,I
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Asymp’ro‘rnc freedom
s (Q?) =

‘i

Sept. 2013

v T decays (N3LO)

8 Lattice QCD (NNLO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e¢ jets & shapes (res. NNLO)
® Z pole fit (N3LO)

v pp—> jets (NLO)

02+

0.1}

— QCD 0(M,) = 0.1185 + 0.0006
1 10 100 1000
s QIEYT ppe2014
reecees ’"1
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"
Running of quark masses

m Same quark mass depends on the scale
m(i2) = miuo?) exp {— [ Ly ~,m<.q</\m}
Vanishes as g2
m In practice, up, down, strange quarks
can be treated as massless
u,d quarks: few MeV<«A; m (u)<«<p
m Charm, bottom, top quarks are heavy
quarks
c: 1.56eV, b: bGeV, t: 170GeV
cecer \ 6/16/15
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Perturbative corrections

m Singularities in higher order calculations

m Dimension regularization
n<4 for UV divergence Pk orde
n>4 for IR divergence Je 7w
MS (/\E) scheme for UV divergence

m pQCD predictions rely on Infrared
safety of the particular calculation

cecer \ 6/16/15 28
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pQCD predictions

m Infrared safe observables
Total cross section in e+te-->hadrons
EW decays, tau, Z, ...

m Factorizable hard processes: parton
distributions/fragmentation functions
Deep Inelastic Scattering
Drell-Yan Lepton pair production

Inclusive process in ep, ee, pp scattering,
W, Higgs, jets, hadrons, ...

) ! 6/16/15 29



m Light-cone wave functions, factorization
for the hard exclusive processes

Generalized Parton Distributions and form
factors

m Effective theory

Heavy quark effective theory, heavy meson
decays

Non-relativistic QCD, heavy quarkonium
decay and production

m Soft-collinear effective theory

ceeeen) ‘ 6/16/15 30
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Infrared safety (in general)

m Physics are not sensitive to the quark

mass, hot suffer from infrared
divergence

m pQCD predictions rely on if we can
obtain

Q’ 2, (1% — [ Q? . o m?
T(ﬂ_.z-as(ﬂz)- /2'2 H— o0 T IU—Q.Q‘S(H‘?) + O (,u_z)

6/16/15
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Simple example: e+e-—>hadrons

m Leading order

positron K2 P, antiquark

electron
K, o quark

Electron-positron annihilate into virtual
photon, and decays into quark-antiquark
pair, or muon pair

Quark-antiquark pair hadronize

cecee ';;\ 6/16/15 32



" S % q, /P
Scattering amplitudes / A

Bp.(pl-l)Q) = —1ee U (pl) Jpu Ui (1)2) 44;1.('1“1~'l"2) = —1€ev (AQ) pu('l‘l)

m i, color index for the quark, because photon doesnot carry color,
the quark and antiquark have the same color

= ¢, the electric charge for' the quark
L;u/ — “l “1* — ‘1( (1\1;11121/ + AlzfllQp (//,n/'l‘,l ' AQ)

H;u/ — B B* — ‘Lc €q N (plprz/ + PwP2u — 9uwP1 - ])2)

m Sum over the final state quark color > N,

m Differential cross section _4° 1 ﬁ_ 0
A0, GAm2E? [M(eTe™ = qq)

cm
4

_ 1 gle
’M|2:Lhz/7 H;u_ \Ct I_)“ [Ll plAQ ])2+A1 ])2A2 ])H

m 7 comes from the average of the spin for initial leptons

~

\
Frreerrerer ﬂ
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=

k1/ M+ \m

m Some kinematics
s=(ki+k)?=(p1+m?=E =¢=Q?

S

t= (k1 —p1)2 = (ko —p2)2 = =2k -p1 = —;3(1 — 08 O
(T N2 — (e N2 — O D
w= (k1 —p2)° = (ko —p1)" = =2k1-py = ‘)(l + cos 0o,

m In the center of mass frame

1 1
k1« piko - po + ky - poke - pl = 1(1‘2 + 112) — §.5'2(1 + cos? Oern)

C

do . ola? 9 9
cm
a = 62/47r
(rereee &
N 6/16/15

BERKELEY LAm

34



m Total cross section

A o P

+ -~ - A7
: — — ;\ -

ole

o(eTe™ — hadrons) ] ‘
R ‘ /] — — ‘\ 612
o olete™ = putu~) CZ q

Depends on the number of colors, electric
charge of the quark

~

A
\
rrerrer ﬂ
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"
R ratio measurements

10° [ o _E
ves 1 Hadronic cross sections
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" A
Perturbative corrections

m The total cross section is infrared safe

o(eTe™ — hadrons, Q)
olete” — putp=,Q)

Sqe(@) = i::l - (asg? 2))’2 +e (3_3

cp =1, cg = 1.9857 — 0.1152n ¢,
cg = —6.63694 — 1.20013n — 0.00518n% — 1.240
cq = —156.61 + 18.7Tn s — 0.7974n§ + 0.021571.*'} +Cn, 1= (Ce)?/(3%¢€2)

A—\ | 6/16/15 38
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" S
Long distance physics
(factorization)

m Not every quantities calculated in
perturbative QCD are infrared safe
Hadrons in the initial/final states, e.qg.

m Factorization guarantee that we can

safely separate the long distance
physics from short one

m There are counter examples where the

factorization does not work

cecer \ 6/16/15
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" A
/k'=(E',k')
k=(E. k) J

BCle To DIS ) ’_‘f/?-s»,..l,_;_f(_ g

e+ p — e+ anything 2 A

(quarks,
= gluons,
I yirtual
quark anti-

. o =M000)_ — > Quark pairs)
m Kinematics D

Deep Inelastic Scattering
q-P

v="r = E — E' is the lepton’s energy loss in the nucleon rest frame (in earlier
' literature sometimes v = ¢ - P). Here, E and E’ are the initial and final
lepton energies in the nucleon rest frame.

Q?=—-q@2=2EE' - -k ) — g m%, where my(m,) is the initial (final) lepton mass.
If EE'sin?(0/2) > m2, m%,, then

~ 4EE’'sin?(0/2), where 6 is the lepton’s scattering angle with respect to the lepton
beam direction.

2
T = where, in the parton model, z is the fraction of the nucleon’s momentum
2Mv o .
carried by the struck quark.
qg-P v . ) , .
Yy = T P-F is the fraction of the lepton’s energy lost in the nucleon rest frame.

W2 = (P+q)? =M? +2Mv — Q? is the mass squared of the system X recoiling against
the scattered lepton.

—— 2
rr;rrrrr § = (L + P) Q

—

s system.

+ M2+ m is the center-of-mass energy squared of the lepton-nucleon



SN
Structure functions
(cross section)

m EM factorization (photon exchange)
o= L g oW D o= gy KA ]
2s|k!| (¢%)? . - 872 - /

m Hadronic tensor

W = gspgs:o Z{: < N(p.o)| J.(0) | X ><X|.J,(0)| N(p.o) >

X (27(')4()‘4(])3( —q—0p).

, 6/16/15 41



m Symmetry property for hadronic tensor

Spin average Wiem) = W)

Time-reversal invariance W. =",

Current conservation ¢ W =0

Two independent structure functions
W, = —<%w—%%>ﬂﬂﬂf)

1 1 . A
+ (1);4 + m <)_l>> (pu + Qv ()_l>> " Q(I- (]2)

PP,

P-q

~

cecer \ 6/16/15
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Quv - -
= (_g[.ll/ — 221 ) Fl(.l’QQ) -+ il FZ(I.Qz) PI_[ — Pl_[ —

P-q

—5 q
¢z
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" A
Naive Parton Model
7 *p.0) =3 [ de does® (0. 0)6 (0

m 2;/x(&) the parton distribution describes the
probability that the quark carries nucleon
momentum fraction c

6/16/15 43
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Partonic cross section eq—2>e'q’

m Cross symmetry with e+e-->qq

i (13 AJ 1 LV ) 4 ) LV € 2 Lyl v
7= 25‘IT/‘ ((12)2 L ('l"q)uuu(p-q) Ll — 87‘—2” [k"}"t # ~ ]
— 1 e
2 _ _ 2 2 2
IM|* = (q2)2LWWW e; (q2)22 [s +u ]
q-p
u=(k'—p)’=—-2k"-p=—s(1—vy), Y=

(s° + ) = s*(1+ (1 —y)*)

2’
oz |1+ (1= 0)] X €igqp(a)

‘ _“'\| 6/16/15 44
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" S
Naive Parton Model

40 ™ (p.q) = Y [ d€ dopors® (Ep.)yn(&)  *
P JO \ q
m Partonic tensor is calculated v

Xp+q

Wl = L [0 a0 = - 0
w — = _ _ - ' Yull Vv L) 0 \pPp — P — ¢

m Structure functions

BN () = > Qo n(v) = 20F N (2)
f

Callan-Gross relation:
Quark spin is 3 Fy = 2zF)

~

A
\
rrererrer ﬂ
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"
Intuitive argument for the
factorization (DIS)

m In the Bjorken limit, nucleon is Lorentz

contracted =
- Hadron wave function
o——k> § scale ~ 1/Lambda ~1/GeV

OA'
Hard interaction ?C%cltofffgzen
l 1
scale ~ 1/Q /

—\| \ 6/16/15 46



#ac’roriza’rion ?or'mula

RM@QY) = Y ./ dg Co® (— fl-a 01))cxﬂ45-ﬂ2)

i=f.f.G
dé r 2 ,
"% = Y ./ — Oy (— @ o Ut)>c%m(6xﬂ)
S

i=f..G &

m Factorization = scale debendence
I d? din(, H Z / dg ; a1 2)) n(Es 1 2)
1 ’ i=f.f.G J ’

d
N@hw(n s (1 )) = — ( s(H )) f(n) = / dx 2" f(x)
m Scale dependence - resummation

Inp? /po?
/ dt v, (Ois( llogﬁ't))}
Jo

. anomalous dimension: /dé”‘" TB5(€ as) = —%5(n)

6/16/15 47
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Quark-quark splitting

m Physical polarization for the radiation gluon

m Incoming quark on-shell, outgoing quark off-
shell

1+ 22
(1—-2)+

e ';;\ 6/16/15 48
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Quark-gluon splitting

L

4  §

>

m Incoming quark on-shell, gluon is off-
shell

I+ (11— 1‘)2]

I

Pgjq = CF {

eeee) \ 6/16/15



Gluon-quark splitting

m Incoming gluon is on-shell, physical

polarization
Pyrg = 1F {(l —z)? + IQ]

cecee \ 6/16/15
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Gluon-gluon splitting

m Physical polarizations for the gluons

T Il —x .
Pyglx) = 1. +— +az(l—x)+0(x—1)5

e ';;\ 6/16/15
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These evolutions describe the
HERA data

HERA F,
=
~ 1=6.32E-S \_p goaroz
5- 1 I AeIEL = ZEUSNLO QCD fit
l
= ' - —— H1 PDF 204 Nt
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Reverse the DIS:
Drell-Yan

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)
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can not be wee only 8 Fu iz,
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S [ x= 275
B 8 102l% = .325
ié L% = 375
~ 1 |-xe= .425
o) (b)
FIG. 1. (a) Production of a massive pair @ from Qmix,: 575
one of the hadrons in a high~-energy collision. In this :.‘3 | x = 625
case it is kinematically impossible to exchange “wee” € 1°6ixf= 678
partons only. (b) Production of a massive pair by an
parton-antiparton annihilation. wf
e 0.08 0.09 0.1 . . . X .
VT
S J.C. Peng
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" B
Drell-Yan lepton pair production

olpp = 070" +X) =

[+

/ dz1d@ag/p(1)3/p(22)5 (97 — £7E7)

m [he same parton distributions as DIS
Universality

m Partonic cross section

A o®
_ _— - - :2
o(ete™ = q7) =Nom s
30

2
E>6(qq —0T7) = Mae@

3 Q2
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Profound results
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More general hadronic process

Hadronic reactions
P
jet, hadron, W#*

P

olpp—>c+X)=
/dxldxgqba/p(azl)qbb/p(mg)&(ab —c+ X)

m All these processes have been computed

up to next-to-leading order, some at
NNLO, few at N3LO

reeee ‘ 6/16/15 96




" 4l - Inclusive jet production ~ _fastNLO |f
104 - lin hadron-induced processes . g

| (x 4000) Vs = 200 GeV pp

* STAR cone 0.2<inl<0.8

| Vs =300 Ge DIS

: (x800) emav H1 k. Q% from 150 to 5000 GeV’
i _ ooase ZEUS k. Q from 125 to 5000 GeV*
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(x 150)
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» * D@ cone 0.0 <yl <°'5L++*W;M'i_*_ (x 50)

[ Vs=1.8TeV
i © COF cone 0.1 <inl<0.7 (x,20)
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I s° ATLAS ant?k- A=0.6 | ﬁog t $ s 3 ¥ 9 #

! y!
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O CMS anti-k. A=0.7 Iyl <0.5
* CMS anti-k. R=0.5 lyl <0.5

o ] all pQCD calculations using NLOJET++ with fastNLO:
1 O . a,(M)=0.118 | MSTW2008 PDFs | pg=pp=pPrjn
- NLO plus non-perturbative corrections | pp, pp: incl. threshold corrections (2-loop)
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T
Parton plcture of the nucleon

CT14NNLO PDFs Q=2 GeV
g/5 —
o

di
S
— 0.6 S
ai

0.4

03 107 19(" 0.2 0.5

oo C.-P.Yuan@DIS15
ence quarks, there are sea and gluons

m Precisions on the PDFs are very much relevant
for LHC physics: SM/New Physics

m Beside va

o(gg — H),\/(s) = 13TeV Lo
CT14  MMHT2014 NNPDF3.0 '
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Parton distribution when
nucleon is polarized?

A\ A Proton Spin
_’ 59



m The story of the proton spin began
with the quark model in 60" s

m In the simple Quark Model, the
nucleon is made of three quarks
(nothing else)

m Because all the quarks are in the s-
orbital, its spin (3) should be carried
by the three quarks

m European Muon Collaboration: 1988

“Spin Crisis”--- proton spin carried
by quark spin is rather small

~
= 60




EMC experiment at CERN M

u Polar'ized muon + p deep inelastic scattering,

. 2 7" — +
7 - - +

_> .~\
A —

=

Virtual photon can only couple to quarks with opposite spin,

because of angular momentum conservation

Select q*(x) or g (x) by changing the spin direction of the

nucleon or the incident lepton

The polarized structure function measures the quark spin

density

91(2) ~ (01— 03) S (@ —a (@)

2

~

.

cecersd) .;';" - i> Aqg(x)
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Summary of the polarized DIS data

Q_‘_0.07

m The follow-up experiments
confirm the EMC results
SLAC: E142-155

o HERMES (Q? < 1 GeV?)
e HERMES (Q° > 1 GeV?)
0.05} * SMC (low x - low Q%)

()
< 0.06f

0.0af * SMC

oosl E143 HERMES

03f ¢ E 155

0.02} SMC

ool COMPASS

m The combination of the
polarized structure
functions from proton and
neutron leads to the total

0.02f
quark helicity contribution
0.01f
H
ol x X KT | l*‘%’f%o $ l_.
L S R m Quarks only carry 30% of
10 10 10 10 l

x'  the proton spin
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The gluon spin distribution |
Inclusive DIS: gluon is sub-dominant j B TOMBLIN vemo

g x = 0.0141 (+6.2)

.Y*
6
Aacgeemmm Iy = 0.0245 (+5.2)
I ‘ ’ : 5

b=gE=mTIE x = 0.0346 (+4.5)

m E155 cqgremmmmmmTI ¢ = 0,0490 (+4.0)
4 14 cppwgmmmet  x = 00775 (+3.5)
N LO s geelennts  x = 0,122 (+3.0)
g q 3| 4 HERMES

———— b b £ ¥ €% X

ettty X = 0.245 (+2.0)

T 1 T LI L L T T 1 L T T T L L L 2 T BB
T T s x = 0.346 (+1.5)
1 | GRSV B v x = 0.490 (+1.0)
I . { B s | ... AAC ——otm——a X =0.735(+0.5)
- 1 1 0
= I" A 7 l 10 lm
2 2
. Q° (GeV?)

0.5

— AG ~ 1.8(@1GeV?)

“axial anomaly”, Altarelli, et al.

NG ~ 0.4

-0.5 ! | | - '_\_".' |
3 2 1 \
‘ 63
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Measurement of Ag a major emphasis at RHIC

In hadronic reactions, gluons are “leaders”.
| 2

jet, hadron

o= [ T2 N g (1) Aqe2) [ 26 + 22250 -]

L1XL2

T

s
-
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Parton distributions in a polarized

nucleon

0.3

1 £ Gluon Helicity f As(x

Q%) dx

0.2

0.0

1 llIllllI 1 llIllllI 1 llIllll

0.001 0.01 0.1 1 107 107 10"

_. X X min
r Q?> =5GeV? de Florian-Sassot-Stratmann-Vogelsang, 2014
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Proton spin: = SAY + AG + L

emerging phenomena?

m \We know fairly well how much quark
helicity contributions, A2=0.3+0.05

Start to constrain the sea polarization
(SIDIS@HERMES/COMPASS and W@RHIC)

Large-x and small-x? (JLab12,EIC)

m \With large errors we know gluon helicity
contribution plays an important role

m No direct information on quark and gluon
orbital angular momentum contributions

—\\ 6/16/15 66



" I
The orbital motion:

m Orbital motion of quarks and gluons must
be significant inside the nucleons!

m Orbital motion shall generate direct orbital
Angular Momentum which must contribute
to the spin of the proton

m Orbital motion can also give rise to a
range of interesting physical effects
(Single Spin Asymmetries)



" S
New ways to look at partons

xp, ket

m Partons in transverse coordinate space
Generalized parton distributions (GPDs)
m Partons in transverse momentum space
Transverse-momentum distributions (TMDs)
’\I . m Both? Wigner distributions!

68
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Unified view of the Nucleon

1 Wigner distributions (Belitsky, Ji, Yuan)

W (x,by kg )

5D Wigner Distributions
[d’b, [d’ky
Fourier trf. (X. Ji, D. Mueller, A. Radyushkin)
f(x,k;) f(x,b;) J H(x,0,1) |
" t=-A" :
transverse momentum impact parameter generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
¢ N r r
1D A8 s
JdR b  fax [ dxx |
% K v v
f(x) E(t) A (t)+4EA, () +....
parton densities form factors generalized form
inclusive and semi-inclucive nrocesses elastic scattering factors
T WE 7 7 tlice calculations
eceeed] i . +Hs
J P 7
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= NOT directly accessible
= Their extractions require measurements of x-sections and
asymmetrles in a large kinematic domain of x;, t, Q2 (GPD) and xg,

‘\| 2 (TMD)
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Deformation when nucleon is

transversely polarized

-0.5 0.0

067
04
02

0.

bylfm]

-02+;

—04!

06l UP O

Quark Sivers function fit to the SIDIS  Lattice Calculation of the transvese density
Data, Anselmino, et al. 2009 Of Up quark, QCDSF/UKQCD Caoll., 2006
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Parton’s orbital motion through
the Wigner Distributions

Phase space distribution: o -
Projection onto p (x) to get the 04
momentum (probability) density . o

-0.2;

Quark orbital angular

momentum P S
L(x) = /(5_1_ X E_L)‘-"l-f"(:v,gl, Ei)(lzg_L(izk_;_L ~06 —04 -02 00 02 04 06

b,/fm

Well defined in QCD:
Ji, Xiong, Yuan, PRL, 2012; PRD, 2013
Lorce, Pasquini, Xiong, Yuan, PRD, 2012

i A
reererer ’m
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Where can we study:
Deep Inelastic Scattering

m Inclusive DIS
Parton distributions

m Semi-inclusive DIS, measure
additional hadron in final state

Kt-dependence

X m Exclusive Processes,
measure recoiled nucleon

Nucleon tomography

- —
) Jefferson Lab®"" ..
i ; \ \ \ cryomoaules IZ ﬁ
o . I cryomodules _)/—/’ ] %
=T e & <4 : sl ~ - ffl\ /\ 20 cryomodules
e = ' l/\/




" I
What we have learned

m Unpolarized transverse momentum
(coordinate space) distributions from,
mainly, DIS, Drell-Yan, W/Z boson
productions, (HERA exp.)

m Indications of polarized quark distributions
from low energy DIS experiments
(HERMES, COMPASS, JLab)

cecee) \ 6/16/15
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What we are missing

m Precise, detailed, mapping of polarized
quark/gluon distribution

Universality/evolution more evident

m Spin correlation in momentum and
coordinate space/tomography

Crucial for orbital motion

m Small-x: links to other hot fields (Color-
Glass-Condensate)

cecees) \ 6/16/15
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" A
Perspectives
m HERA (ep collider) limited by the statistics,

and not polarized in both beams

m Existing fixed target experiments are
limited by statistics and kinematics

m JLab 12 will provide un-precedent data
with high luminosity

m Ultimate machine will be the Electron-lon-
Collider (EIC): kinematic coverage with
high luminosity

reeee ! 6/16/15 76



Recap of yesterday

L) M
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Landscape of Atomic Matter

Rutherford Scattering, 1911
» Discovery of nucleus

DIS at SLAC, 1960s
« Discovery of quarks

Quantum ChromODynam'cs: Exploring the partonic structure of

. L e _
L=1/J(ly-6—mq)¢—ZF“ Fo =80y AY

Fixed Target &

Tevatron@FermilLab DESY | Belle@KEK

CERN,LHC

m Future facilities Jefferson Lab CO';'PASS Denp.,

- 0 Jlab@12GeV : ~ >
A 0 JPARC (Japan) ’ © 7
i 0 GSI-FAIR (Germany)

\ O EIC, LHeC, ...
_




“EIC Proposals in US

FFAG Recirculating Electron Rings ERL Cryomodules

1.3-6.6 GeV

79-212 GeV

<>

Beam Dump
/ Energy Recovery Linac,
1.32 GeV
Coherent Polarized
Electron Cooler Electron Source
Detector |
hadrons
Detector I
electrons

100 meters

f—y

From AGS

/J\I . arXiv: 1108.1713, arXiv: 1212.1701
ceeeccl] o

Br.muur

lon SRF Linac

source

Pre-booster

Medium Energy IPs Medium
=nel Energy

. Collider

HUT

9 Ring

. Low
Energy IP

12 GeV CEBAF
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Feynman’'s parton language and
QCD Factorization

m |In high-energy hadronic reactions, the scattering
can be decomposed into a convolution of parton

scattering and parton density (distribution), or
wave function or correlations

QCD s
Factorization! / g

N/Parton Distributions ® Hard Partonic Cross Section




Deep Inelastic Scattering
ke Drell-Yan Process

k

Xp+q
e+e-—->hadrons

>W< X
4*(1
°3 (..)2 q

m Universal parton distributions between DIS
and Drell-Yan Processes

m Partonic cross sections can be calculated
_._ perturbatively

fffffff
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" SEE———
QCD dynamics
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Parton distributions in a polarized
nucleon i (@ e

0.3 T llllllll T IIIIIIII T IIIIIII ' L LY | ! LI | ! L

AT Quark Hel![f:|ty 1 1F Gluon Helicity JIA (x.0) dx

08

Qv
0.2 F— D6} © HERMES (@2 <1GeV?)
- o 2 2y
o HERMES (Q%> 1 GeV?)
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© E143
03} ¢ E 155

: o, E

0.6

[ STAR 2009 run (preliminary)
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N 0
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. 1 1
Proton spin: = A + AG + L
emerging phenomena?

m \We know fairly well how much quark
helicity contributions, A2=0.3+0.05

m With large errors we know gluon helicity
contribution plays an important role

m No direct information on quark and gluon
orbital angular momentum contributions

cecer \ 6/16/15 84



» I
Extension to transverse
direction...

m Semi-inclusive measurements (in DIS or
Drell-Yan processes)

Transverse momentum distributions (TMD)

m Deeply Virtual Compton Scattering and
Exclusive processes

Generalized parton distributions (GPD)

reeee ‘ 6/16/15 85



Nucleon tomography

v !
W(x,b, ,k,) EIC Focus
Wigner Distributions z+€/ \z—¢
> 4
f dk, p v
N Fourier trf.
%4 b, <> A
Sb) = fp H(x0,)
mpact parameter ¢=-A generalized part
distributions
exclusive processes
. ) ‘
v f d’b, [ax [ dxx™!
parton densmes form factor genorallzod form
sive and semi-inclusive processes elastic scattering factors
lattice calculations
A\ A Current Lattice Simulations
reerrrr ‘lll
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Q
m 3D Imaging from the GPDs and TMDs
measurements

Try to answer more detailed questions as
Rutherford was doing 100 years ago

m QCD dynamics involved in these processes

In particular for the TMD part: universality,
factorization, evolutions,...

cececs? | \ 6/16/15 87
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K: vs b;

GPD fit to the DVCS data from HERA,

Kumerick-D.Mueller, 09,10

Transverse profile for the

quark distribution

Quark distribution calculated from
a saturation-inspired model

A.Mueller 99, McLerran-Venugopalan 99

BERKEL;::::\\\_
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Deformation when nucleon is
’rrcmsversely polarized

-0.5 0.0

067
04
02

0 !

bylfm]

-02+;

—04!

T O
X

Quark Sivers function fit to the SIDIS Lattice Calculation of the IP density of
Data, Anselmino, et al. 20009 Up quark, QCDSF/UKQCD Coll., 2006
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» B
Transverse momentum distribution

Straightforward Leading Twist TMDs . _ N
CXTCHS|On -> : Nucleon Spin 0—- | : Quark Spin
1 Spin average, | e
helicity, and
transversity
distributions -~
P+-spin correlations ul =0 ht =D - (b
. - Boer-Mulder
= Nontrivial s
distributions, gL g, =(= - (= ht-(Pm - (@)
STXPT s Helicity
1 In quark model, % N ) th:@ - @
depends on S' Gnd = T f11'l= (:D - '//\" g l=(/._.\‘\ — (__;\. Transversity
\' v N R /}\
P_wave Sivers h J_=/“ _
) - @

interference

reerrr
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Sivers Asymmetries in DIS

and Drell-Yan
m Initial state vs. final state interactions

Drell-Yan DIS

151 FSI HERMES/
COMPASS

Sivers|py = —SiverleIS%

m “Universality”: QCD prediction
_\| .::‘ 91
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What we have learned

m Unpolarized transverse momentum
(coordinate space) distributions from,
mainly, DIS, Drell-Yan, W/Z boson
productions, (HERA exp.)

m Indications of polarized quark distributions
from low energy DIS experiments
(HERMES, COMPASS, JLab)

cecee) \ 6/16/15
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What we are missing

m Precise, detailed, mapping of polarized
quark/gluon distribution

Universality/evolution more evident

m Spin correlation in momentum and
coordinate space/tomography

Crucial for orbital motion

m Small-x: links to other hot fields (Color-
Glass-Condensate)

cecees) \ 6/16/15
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EIC: Understanding the glue that
bind us all

m Gluon plays an important role in the momentum
of the nucleon

m Nucleon spin structure through helicity AG

m Gluon orbital motion
1 Nucleon tomography (orbital-spin correlations)

m Small x: gluon saturation (CGC)-> a saturated
transverse-momentum distribution

A
"N
rrrrrrr ‘m

' 94
_ 6/16/15



: 1 1 1 1 I 1 1 1 I 1 1 I I 1 1
=y Dt ' 5 ' ' 4 Stratmann, et al.
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" SEE——
Gluon tomography at small x
(GPDs)

e+p—e+p+JiY
15.8 < Q% + M3, < 25.1 GeV?
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Transverse momentum distributions

u quark

o
(&)
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100§

50 |

Momentum along the y axis (GeV)
S
w, o

-0.5 0 0.5 0
Momentum along the x axis (GeV)

EIC-White paper
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" Transverse momentum distributions:

A unified picture
‘ 2

saturation <
region ¢

L~ 1Ky

In 1/x

Y =




" A
Theoretical Issues

m New structure, new dynamics and new
phenomena!

New Structure and probe physics separation
or factorization

New processes to measure novel observables
= Spin correlation to study orbital motion

Study partons directly on lattice

cececs) \ 6/16/15 %



" A
Lattice QCD

m The only known rigorous framework for ab-
initio calculation of the structure of protons
and neutrons with controllable errors.

m After decades of effort, one can finally
calculate nucleon properties with
dynamical fermions at physical pion mass!

e

~
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Nucleon Structure from Lattice QCD

J.R. Green et al, 2012 & 2014

Nearly physical
0.25 : ;
5 2 ? plon mass
P m,=149MeV
020 L J
=015k * :
010
) BChPT & 24048 coarse
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0.9 70 0.15 0,90 0.95 .90 0.5 00,40
ity [GEV]
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