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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



PDFs of a spin-averaged proton

l IModern sets of PDFs @NNLO with uncertainties:
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K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014)
Consistently fit almost all data with Q > 2GeV



Parton distribution functions (PDFSs)

Does the factorization in DIS
work for cross sections
Involving two or more hadrons?
How to extract PDFs from data?
What are the uncertainties?

Can lattice QCD calculate PDFs?

What do we learn from the PDFs?
E



From one hadron to two hadrons

I 10One hadron:
I 1 11
] DIS | £+ Op—
" tot P o/QRS
Hard-part Parton-distribution Power corrections
Probe Structure Approximation
I I'Two hadrons: l l
/ DY | >ﬂ&’< 1 1"
] : I + O
tot - #@E]

’\ / . d J(x)
ik (?P _’@Z ?_\E) = Predictive power:

Universal Parton Distributions




Drell -Yan process b two hadrons

. S.D. Drell and T.-M. Yan
I IDrell -Yan mechanism: Phys. Rev. Lett. 25, 316 (1970)

A(Py) + B(Pg) = v ()= l(g)) + X with ¢! Q°" ! &cp # 1/ fm?

Lepton pair B from decay of a virtual photon, or in general,
a massive boson, e.g., W, Z, H ©, E (called Drell -Yan like processes)

I 10riginal Drell -Yan formula:

12
2
P
A p - -2
! ‘ ] p *
- ! ! “y
i n 12 F, Q 7
By )

-do ) dma
=) ‘?;(_;)BQd;H —T 3Q4 ZTWpM(IA)TB%/B( )

No color yet! Rapidity: ¥y = 3In(za/zp)

. . Q _
Right shape B But B not normalization Ta = ﬁey Tp = ﬁe




Drell -Yan process in QCD b factorization

I 1Beyond the lowest order:

" 1 Soft-gluon interaction takes
place all the time

" 1Long-range gluon interaction
before the hard collision

mmm) Break the Universality of PDFs
Loss the predictive power

| IFactorization D power suppression of soft gluon interaction:

r-Frame 7'-Frame

E :j{::> 4(1)_-%
}/zf A:)—
X )zt

<

X, ~ pet’



Drell -Yan process in QCD b factorization

| 1Factorization B approximation: Collins, Soper, Sterman , 1988

" 1 Suppression of quantum interference between short-distance
(1/Q) and long-distance ( fm ~ 1/@ycp) physics

=) Need Olong-livedO active parton states linking the two

/d.4p 1 1 — 00
“p2+ic p2 —ic

Perturbatively pinched at P4 =0

— mmm) Active parton is effectively

o _ _ on-shell for the hard collision
" 1 Maintain the universality of PDFs:

Long-range soft gluon interaction 5 o .
has to be power suppressed on-shell: - Pa, P, < @ i

collinear: p,r. Pyr <K Q7
higher-power: p, < ¢ ; and
Cancelation of IR behavior Py K q°
Absorb all CO divergences into PDFs

" llnfrared safe of partonic parts:



Drell -Yan process in QCD b factorization

I ILeading singular integration regions (pinch surface):

Hard: all lines off-shell by Q

Collinear:

" Ilines collinear to A and B

" 10ne Ophysical parton O
per hadron

Soft: all components are soft

I 1Collinear gluons:

" 1Collinear gluons have the
polarization vector: et ~ kM
" IThe sum of the effect can be

represented by the eikonal lines,

which are needed to make the PDFs gauge invariant!



Drell -Yan process in QCD b factorization

I ITrouble with soft gluons:

(zp + k)* +ie o< k™ + ie
(1 —x)p—k)* +ieox k™ — ie

" 1Soft gluon exchanged between a spectator quark of hadron B and
the active quark of hadron A could rotate the quarkOs color and

keep it from annihilating with the antiquark of hadron B

" 1 The soft gluon approximations (with the eikonal lines) need k* not
too small. But, k* could be trapped in Otoo smallO region due to the
pinch from spectator interaction: EE ~ MZ/Q <Lk ~M

Need to show that soft-gluon interactions are power suppressed



Drell -Yan process in QCD b factorization

I IMost difficult part of factorization:
F — P

0(%)

—

" 1Sum over all final states to remove all poles in one-half plane
D no more pinch poles

" 1 Deform the k* integration out of the trapped soft region

" IEikonal approximation == soft gluonsto eikonal lines
b gauge links

" 1 Collinear factorization: Unitarity === soft factor = 1

All identified leading integration regions are factorizable !



Factorized Drell -Yan cross section

| ITMD factorization( ¢ ! Q):

do
dqu _ / ko1 Akt APk 10%(q1 — kot — ko1 — ks1)Faya(wa, ko) Foyp(zB, kot )S(ks1)
+0(q1/Q) TA = % e’ rp = % e Y

The soft factor, S, is universal, could be absorbed into
the definition of TMD parton distribution

I ICollinear factorization ( a ! Q:

do do,
dqu :/d:’ja fa/A(fUaalu)/dZCb fb/B(Z'b,,UJ) qub(,fEa,gjb’QgS(lu)”u)‘F O(l/Q)

| ISpin dependence:

The factorization arguments are independent of the spin states
of the colliding hadrons

mmm) same formula with polarized PDFs for ! *W/z, H°E



Factorization for more than two hadrons

Nayak , Qiu, Sterman, 2006

p L WI/Z," (s), jet(s)
B,D, ! ,Jn", ..

I IFactorization for high  p- single hadron:

B p

+ O (1/P+?)

P
T ahe

| d'léab! X (X’X"Z’ Yy pTZ'ui)

' D, (z4)

dydp?
" IFragmentation function: DCl c (Z, ,Llﬁ)
" IChoice of the scales: ,LléaC ! ,Uin! p$

To minimize the size of logs in the coefficient functions



Global QCD analyses D test of pQCD

I IFactorization for observables with identified hadrons:

" 10ne-hadron (DIS):

Fa(xg, Q%) =! ¢ Ci (Xg /X, U 2/Q%) ! f(X,H?)
" I Two-hadrons (DY, Jets, W/Z, E) :

d!

" IDGLAP Evolution:

I (x,1?)
I In p2

=1 1 Py (XX ) (X, HP)

I TInput for QCD Global analysis/fitting:

" 1 World data with OQO > 2 GeV

" 1PDFs at an input scale:

Lin (G {"i})

Input scale ~ GeV

Fitting paramters




Global QCD analysis for PDFs

Input DPFs at Q

! f/h(x,{aj})

DGLAP

! n(X) at @>Q,

Procedure: Iterate to find the best set of

Q (GeV)

Minimize Chi?

Vary {aj}

DIS (fixed target)
HERA ('94) ]
K4 DY

W-asymmetry =
o Direct-y ]
Jets

1/X

QCD calculation

103 104

Comparison with Data
at various x and Q

{a;} for the input DPFs




PDFs of a spin-averaged proton

l IModern sets of PDFs @NNLO with uncertainties:
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K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014)
Consistently fit almost all data with Q > 2GeV
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INOSIUEeS
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PDFs at large X

I Testing ground for hadron structure at X# 1:

"1 dlu —1/2 SU(6) Spin-flavor | L o
symmetry \ — CMmid |
08 A == CT10 I
mlt —- MSTWO§
“1dlu —0 Scalar diquark
dominance .
~
N
04
"1dlu! 1/5 pPQCD power
counting
0.2
" I 4“% /u p ’ 1
1 d/u | ERTEITE: Local quark-hadron 0
Min /U P duality

# 0.42



PDFs at large X

I ITesting ground for hadron structure at

"1 dlu — 1/2

"1 d/lu —0

"ldiu! 15

dugiugt 1
TR
# 042

"1 d/u !

SU(6) Spin-flavor
symmetry

Scalar diquark
dominance

pQCD power
counting

Local quark-hadron
duality

Can lattice QCD help?

X# 1;

"1 Au/ul  2/3
Ad/d1" 1/3
b u/ul 1
L d/d!" 1/3
“1Au/ul 1
Ad/d! 1
“1Au/ul 1
Ad/d! 1



[e)

Future large-x experiments b JLab12

I INSAC milestone HP14 (2018):

MARATHON Fp/Fp BONUS
........ ] A i A A | A A A J A A A A 1 /& 1
; L
0.9 g ¢
4 Fon/Fap 3 |
N 0.8 < -
o ' g 0.5
0.7 L
t, Su6)~
te tey 0.6
+ + { + . : R "»l K
0.5 S du=)/5 0 —
n* + N \ P ] JF:
04 .
1 03 Systematic error due to ] _
1 ' experimental and theoretical
0 | Uncertainties from point-to- o/ _:; 0.5
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Plus many more JLab experiments:
E12-06-110 (Hall C on 3He), E12-06-122 (Hall A on 3He),
E12-06-109 (CLAS on NH ,, ND,), E

and Fermilab E906, E



Lattice calculations of hadron structure

I TQuark distribution (spin-averaged):

<

, & _ & >
q(x, 1) :/(g f'“*P+<P|v(5_)7+e><p{—i.q/ (/'1—A4+('1->}L'(0>\P> + UVCT
0

A4

" IMatrix element of an operator of fields on the light-cone

il = (t z)/- 2 - light-cone coordinate

" ITime-dependent B cannot be calculated by lattice QCD

I IMoments (spin-averaged):

ch() = dxx" *q(x, p) = |P QM2 |PZ,

Pl & 4RHr

" IDefined with a local operator: Ol rnt — G (0)y k1 Tre ... Trnty(0)
" 1Calculable on lattice (in principle)
" 1BuUt, in practice, higher moments are difficult to access



Lattice calculations of hadron structure

Ji, arXiv:1305.1539
I TQuasi-quark distribution (spin-averaged):

o doz | — [

(%, 1, Py) = / 7€ (PR (02) exp {—zg/ dn, A, (772)} ¥(0)|P)
0

" IField operators are separated in spatial z-direction

" INo time dependence D calculable in lattice QCD

" 1At the limit, Pz !" | normal quark-PDF is expected to recover

I IMatching in Large Momentum Effective Theory (LMET):

dy_ x | 1 30 M2
Q(X,!,Pz)z Vyz y’P_z’Piz q(y,p)+(’) (';CZ:D’ pév

" IMatching function, 4 can be perturbatively derived

" ILarge P; is needed for small corrections

" 1UV power divergences of the quasi-PDFs



Lattice calculations of hadron structure

I I'Two calculations in LMET approach:

[J.-W. Chen et al. (2016)]
1.53—;62 P, = 6n/ g
o ~ 1.3GeV
- 1.0:- q ]
| i ]
= 0.5F o
o -
_05||||
“10 -05 0 05 10 15 20
X
243 x 64,N; =2+ 1 + 1 HISQ
a ~ 0.12fm (1.6GeV), mps ~ 310MeV
" IEXploratory study

[C. Alexandrou et al. (2019)]

(0)
q |
MSTW \ _
. P, = 6r/L
2
L5 = ABM11 ~ Tl4GeV
1
05 ,.," "'-‘,_
.J/‘:. A\
¥ N\
4 \
’/' \\
0 : =5
1 1
-1 -0.5 0 0.5 1

323 x 64, N; = 2+ 1 + 1 Twisted Mass
a ~ 0.082fm (2.4GeV), mpg ~ 370MeV

" I'Two calculations look consistent with each other

" IMatching between lattice and continuum is seemly omitted



Lattice calculations of hadron structure

: . : Ma, Qiu (2014)
I 1QCD collinear factorization approach:

Momentum CO Factorization PDFs
transfer
| 2 u \ 4 1
1 DIS (x, Q2;" §) " G (% =5, S)#fix,u?)+ 0 =
| T )
Collision Single hadron Perturbative Power
energy Matrix elements coefficients corrections

" 1 PDFs are UV and IR finite, absorb all  perturbative CO divergence!

| ILattice calculable Ocross sectionO:
! _ 2 | 2
6% B2, P)en = G (% 5 P) ! F(x,p?)+ 0 20
f H M

" 1 With the correspondence:

© <«— p  (factorization scale)

—~

Q <— [ (resolution)
S >

WO

(parameter)



Lattice calculations of hadron structure

Ishikawa, Ma,

'Renormalization B subtraction of power divergence: gg’lgoshida

" IPower divergence makes the Lattice Ocross sectionO ill-defined
(no continuum limit on lattice)

" 1Power divergence must be subtracted nonperturbatively

" 1Found: Power divergence of quasi-PDFs only from the Wilson line

I IRenormalization of the Wilson line: 9.@}

We = SO pyen / C

" IWell-known, e.g., Dotsenko, Vergeles , Arefeva , Craigie , Dorn, E (O80)
" II'm : mass renormalization of a test particle moving along the path C
contains all the power divergences

" ISubtraction of the power divergence can be done nonperturbatively

in coordinate space: _ | .
O(0Z)ren = € 6m|6z|0(5z) .“:— 12| -——:1




Lattice calculations of hadron structure

Ishikawa, Ma,

| 1Subtracting the power divergence: gg’lg)osmda

" 1Choice of ! m (renormalization scheme) [M.U. Busch et al 2011]

|0One possible way is to use static ~ Q®botential  V (R)

IV (R) is obtained from the Wilson loop:

“VIRT (7 large)

Wgrxr x €
" IRenormalization of V (R)
VI*"(R) =V (R) + 20m
" IRenormalization condition we take:
VEen(Ro) = Vo — m = L (Vo — V(Ro))
! !Renormalizqd guasi-quark distribution:

S - - )
&% 1, P2)ren = %Ze! XPelzg ImIZip1#(12)$, exp "ig  d%A,(%) #(0)|P#
0

Need more lattice Ocross sectionsO:
b Calculable, renormalizable , factorizable single hadron matrix elements



Global QCD analysis with lattice data

Input DPFs at L .
np/u SalQo - Vary {a,-} Minimize Chi?
! on(x{a})
matching B )
l EI;AT (';ZT, a.v_l,Pz) # O'f('l’a 22 Pz)
f : various lattice action
continuum limit
DGLAP _
Lattice QCD o~
o(x,u, P,)
l data \

QCD calculation

>

! n(X) at @>Q,

Matching coefficients
Procedure: Iterate to find the best set of

I I'Tremendous potentials:

Comparison with O Data O
at various x and Q

{a;} forthe input DPFs

The TMD Collaboration

PDFs of proton, neutron, pion, E, TMDs, GPDs, E D the TMD Collaboration



Run away gluon density at small x?

IHERA dlscovery
2 4.0¢ aas 7
5 34sld.$§$.§ni5§§%?s 1 What causes the low-x rise?
= s =10 GeV? ] . .
§aof ¥ gluons 4 gluon radiation
g 29 ; b non-linear gluon interaction
£ 2.02— :
R 1  What tames the low-x rise?
5 e gluon recombination
E b TN\ P non-linear gluon interaction
= 0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton
IQCD vs. QED:
QCD b g/uon in a proton: \ )
| IsNe ™ Yax' , ., . " !Atvery small-x, proton is  OblackQ
Q° szXG(X Q) ! — X GLQY positronium s still transparent!

ED D photon in a positronium : N
Q ’D P : " IRecombination of large numbers

Fx| (X, Q2) | % " gx! | (X, Q?) of glue could lead to saturation
? 1y # phenomena
X

+ —X['e+(X Q%)+ e (x,Q%)]

X



Run away gluon density at small x?

IHERA discovery:

Momentum Fraction Times Parton Density

4.0

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

3.0 gluons E
2.5k

2.0F

150

\&_L ‘

0 sl N
0.0001 0.001
Fraction of Overall Proton Momentum Carried by Parton

IParticle vs. wave feature:

21"8&

A

pQCD I

v/&'!()*

evolution
equation

(e

101345.,-.6+,/75".58/01

001 0.1 1.0

"% S

21")

What causes the low-x rise?
gluon radiation
D non-linear gluon interaction

What tames the low-x rise?
gluon recombination
D non-linear gluon interaction

_—
s

Gluon saturation B Color Glass Condensate

Radiation = Recombination

% at Q.

Leading to a collective gluonic system?

with a universal property?
new effective theory QCD D CGC?



An OeasiestO measurement at EIC

I IRatio of F,: EMC effect, Shadowing and Saturation:

1.2 Fermi motion

® EMC /

® NMC

1.17

Saturation in R ¢,

E139
) ) \ original
NO saturation in F A -

EMC finding

1
valence quark

o1  oo| o1
sea quark ° X

I IQuestions:
Will the suppression/shadowing continue fall as x decreases?
Could nucleus behaves as a large proton at small-x?
Range of color correlation B could impact the center of neutron stars!



An OeasiestO measurement at EIC

l IEMC effect, Shadowing and Saturation:

Fermi motion

b~

Continuously fall

saturation in F ,A

o * EMC
® NMC
L E139 + . r}i ﬁ\
a, | *E665 X |
e | TQ =) = )
O /”‘f TR
2N

I 1Questions:

Y B original

EMC finding

0.01 I

0.1

—
[y

valence quark

Will the suppression/shadowing continue fall as x decreases?
Could nucleus behaves as a large proton at small-x?
Range of color correlation B could impact the center of neutron stars!



An OeasiestO measurement at EIC

l IEMC effect, Shadowing and Saturation:

1.2 Fermi motion

* EMC /

® NMC
1.1_- )

Continuously fall

“ E139
. . \ _ ot l
saturation in F ,A origina

¢ E665
EMC finding

—

i Soonliaag S ol 1
< sea quark ° X valence quark

Saturation in F ,(D)

I IQuestions:
Will the suppression/shadowing continue fall as x decreases?
Could nucleus behaves as a large proton at small-x?
Range of color correlation B could impact the center of neutron stars!



Polarization and spin asymmetry

Explore new QCD dynamics P vary the spin orientation
I 1Cross section:

Scattering amplitude square B Probability b Positive definite

2
e QY1 1R QY+ I QY+ 518 QY+ 4
| ISpin-averaged cross section:

1
o= l0(5) + o(—5)] D Positive definite

I TAsymmetries or difference of cross sections:

_ D Not necessary positive!
$'both beams polarized Arr, Arr, At

_ o) ol )l = lol=+) —a(=—)] or o(s1,s
Avr = [o(+,+) +o(+, =) +[o(—,+) + o(=,—)] for a(s1,52)

$lone beam polarized A, An
Ll =00 o Ay = HQEDENHQ! )
[o(+) + o ()] 1(Q,57)+ 1(Q,! %7)

Chance to see quantum interference directly



Basics for spin observables

I IFactorized cross section:

Th(p) (@ 8) o (p, FO(, AM)|p, )

e.g. O, A*) = (0) Dep(y™) with T' = I, y5, 9", 157", 0"

I IParity and Time-reversal invariance:

(p, 510(¢, A)|p, 5) = (p, —5|PTO (¢, A)T P~ |p, —5)

VAR (p, =5IPTO (¢, AT 1P p, —=5) = +(p, =510(y, A*)|p, —3)

or <p7 §10(¢,A“)|p,§> — i(p, —510(@&,14’“)’]9, —§>

Operators lead to the O+O sign spin-averaged cross sections
Operators lead to the O-O sign spin asymmetries
! IExample: O, A") = $(0) 7" ¥(y™) = q(a)
Oy, A*) = E(O)v s (yT) = Aglr)
Oy, A") = P(0)y v s 9(y™) = dq(x) — h(x)
O, A") = — F+a<o>[—ieaﬁ]F+ﬁ<y—>:» Ag()



Polarized deep inelastic scattering

| [Extract the polarized structure functions:

WHY(P,q,S) — WH(P,q,—5) /
k

" IDifference i

" IDefine: ! (R, 9) =" | e
and lepton helicity ! 3
n cross sections with hadron spin flipped
(10'(” +7) (>4

do ()

drdydd drdydd  4w2Q)? 8

X {COS

— 8In

2,.2,2 2,.2
Yy  mexrcy BRPYY 2m rcy A2
{[1 Ty T T ] g1z, Q°) — 02 g2(z. )}

6 2mx 1 m2x2y? (y (2.0%) + as(z. O
COS ¢ 4 — g — = g1(z. 12(z.
s Y oL 5 91(2. Q%) + g2(a

" 1Spin orientation:

0: = o

w/2: = yg1 + 292 , suppressed m /()



Polarized deep inelastic scattering

I ISpin asymmetries D measured experimentally:

" ILongitudinal polarization b

Aj

1 =0

dot ) —dol )

do( ) 4 dol)

" 1So0 far only Ofixed targetO experiments:

CERN:
SLAC:
DESY:
JLab:

EMC, SMC, COMPASS
E80, E130, E142, E143,
HERMES

E154

Hall A,B,C with many experiments

with various polarized targets:

" IFuture: EIC

p, d, °He, ...

Known function ‘

D(y) Ai(z, Q)
(y = 1- E’/E)
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x=0.008 (x2048)
- x=0.015 (x1024)
C .,_—————-""’—*—1, x=0.025 (x512)

5 | + x=0.035 (x256)
E ﬁt—:—:—- x=0.05 (x128)
I ’,,l_/—v—'—v—‘ﬁ’—'*’_ YOO |
s . 1 + x=0.125 (x32) |
B : + *
+-

2 a | 1
E HERMES \}\‘\ x=0.75 §
Cal 1 Lol 1 L L1l ]

NLO

{,% x=0.175 (x16) ]
4 x=0.25 (x8)
. $ ; a % 1 x=0.35 (x4) §
M.sm) 1
« EISS 3
El43 ]

+ SMC

EMC '

2
10

1 10 Q% (GeV?)



Polarized deep inelastic scattering

I 1Parton model results B LO QCD:

P

" 1Structure functions:
1 : _
A = 526 ld@ + @]
gi(z) = —Z v) + Ag(z)

1[4 | v .

" 1Polarized quark distribution: Information on nucleonOs
spin structure

AfE€) =116 —f(©) @ ' @ Flavor separation?




RHIC Measurements on AG

I IPhysical channels sensitiveto " G:
D" A+ X 09! 99 :;) A i Pion or jet production
r r. . : high rates
PP jet+X gt g9 &
b.|. 'p" #+ X qg' q Direct photon production
rr, : P > <
D+ D #+jet+ X low rates
b+ p D+ X 99| cC Heavy- flavour production
r r. : = 3] < separated vertex detection
+ + |
p+p* B+ X 99 t?b required
I 1Collinear QCD factorization:
v Experiments measure cross sections,
’\ . And asymmetries, not helicity distributions!
' —’@ @‘— oy QCD global analyses to extract the best
@/ \ helicity districutions at NLO, to calculate

iy helicity contribution to proton spin



RHIC Measurementson " G

ALL

0
@ op — 1%4+X Ini<0.35
_ N 510 GeV: Runi13 (Preliminary)
O 02 | 510 GeV: rel. lum. (shift) uncertainty )
_ @ 200 GeV: Run6-9 (RRD90,012007)
- 200 GeV: rel. lum. (phift) unceytainty
. 510 GeV /200 GeV pol. scdle uncert. $.5% / 4.8%
. Theory curves: LSS10p (dashed), DSSV14 (so}id) and NNPDF1.1 (dotted)
1 1 1 1 I 1 1 1 1

0.1
X7 (=2p_/\'s)



ALL

0.04

0.02

11
RHIC Measurements on G
- 'l"'
0+p — Jet+X
012510 GeV R=0.5 |1|<0.9 Prelim. -
— —e— 2009 200 GeV R=0.6 |1)|<1.0 A

Relative luminosity uncertainty =
----- LSS10p o
—— DSSV'14 P 4

NNPDF1.1

+6.5% polarization scale uncertainty not shown

T
0.3
Xy (= 2p_/ (S)

L
0.2



RHIC measurements of Ag and Aq

I IWOs are left-handed: =r=9 e
‘e d™(zy) u (x2) . u (1) d™ (x2)
r) ce- @ —= _y+ = S
¥ P == o o —1 ™
- =0 e" et 0 =n Ve
I IFlavor separation:
Lowest order: AVT = _Au(zy) (5(1’2) _ %d(Il)U(Ig)
w(xy)d(xs) + d(xy)u(zs)
ry = ﬁey“ Ty = Mw eI
1 \/E ) \/E
Forward W * (backward e™): A‘L”+ Azé(xi) <0
u\x
Backward W * (forward e*): AW o A_ I(x 2)
daz)

I 1Complications: N
High order, WOs p,-distribution at low p-



Sea quark polarization B RHIC W program

ISingle longitudinal spin asymmetries:

IFrom 2013 RHIC data;:

10 T T T T | T T T T | T T T T | T T T T

o)~ o(-)]
o(+) + o ()]

for o(s)

Parity violating weak interaction

- 0O STARW

- B SURW' O PHENKX ¢
0.5

v
A 00f

-05

O PHENKX e~

i — -0.02

- N 0.02 [

0.02

-0.04

j - DSSV++with proj. W data

107

10

0

]

Q°=10GeV ]

-0.02

-0.04

:CQ\Z

DSSV++
incl. proj. W data

) H=2% in DSSV anal.

incl. proj. W data

) H=2% in DSSV analysi

-0.06 -0.05 -0.04

-0.03 -0.02 -0.01

Pd(x,Q) dx



Projected future W asymmetries

\\\\\\

\\\\\\\\\\\\\\\\\\\\\\

AT prpoW o _I T T
{52510 GeV £ X(AU- Ad) :
05 L=716pb” (delivered) _ : :
| <P>=53Y W | 08 :
I * 0.06] E

_ ] * 0.045- _

et -

e - 0
B -9- + .
- * } ‘ W .
=t 202 3
: g 2 -
0.5 be oof- Q=10GeV?  ~MC (xp) -~ PB (ansalz) -
Y1 STAR PHENIX B .
e WEo X (25 <E; <50 GeV) P 0.06 NNPDFpoli.1 —MC(p) --CQSM ]
T o WX (E>15GeV) i NNPDFpoli. 1+ =+ MC (a-0) == ST ]
S CHE-DSSV (E, > 25 GeV, Ay?/y2= 2%) 0,08 B0 ]
L .Tl T Lol Lo L
-2 -1 0 1 2 10° 102 10" 1

lepton 1 X



Global QCD analysis of helicity PDFs

D. de Florian, R. Sassot, M. Stratmann, W. Vogelsang, PRL 113 (2014) 012001

results featured in Sci. Am., Phys. World, ...

I llmpact on gluon helicity :

L R T T T T T T T T 1711 — _' |rrrrprrrrprre T e T T |-
i BT 2 2 x 1. -
02 =, Sl Q =10GeV~ e %% NEW FIT
- . g 1 90% C L. region -
XAg e ) ' § ¥ [ = Dssv* i
T R | ] 325 90% C L. region
L L PP LA . < d B N
01 = — = | Ao DSSV |
S : 05 |- .
0 e ——— I ]
- I [ T 0
: |RHIC x range| : i & |
o1 T NEWFT - ! i
- incl 90% C.L. vanasoms _| | i
L ——— V* - ‘
Dss ] 05 - Q=10 GeV? -
- === BSY - [, 1 | 1 1 L]
_0') 1 1 lllllll 1 1 lllllll 1 L1 1 1111 L L L e Ll e —
T3 2 -1 02 -0.1 -0 01, 02 03
10 10 10 x 1

| dx Ag(x)
005

" IRed line is the new fit

" 1Dotted lines = other fits :900/<sz-|—- greas N
with 90% C.L. 'Leads @G to a positive #



The other leading power PDFs

I ICollinear approximation:

b quark:

Spin:

| I Leading power hard parts In

1

5! ap(V), —'5' ap(A),

I an
2p an

V),

I5| an
2p an

(A),

_I apl

Zpan

p:

H(Q) | 2$
| +0O ke
A hor

=xp A
,!5IH|L M(|I5)
S PV A, T

S PV A T

L

Scheme dependence

I(XI

k an

)

P an

CT]

|

d*k
2"y

2(T) <= ad(x,Q), ! a(x,Q), hi(x,Q)

Unpolarized PDF, Helicity /Polarized PDF, Transversity distribution

!5(T) <= 4 b spin states of the Oquark-pairO
Non-flip, longitudinally flip, transversely flip

| ILeading power distributions:
lan!| !'s



Transversity Distributions

I ITransversity Jaffe and Ji, 1991

hi(x) = e (PS,|wh (0)yLyswy (An)|PSL) + UVCT

& | =
with we = Pry  and Py = 3yFp*

I IUnique for the quarks:

No mixing with gluons! ‘/|' Tl 5 —— Even # of @Os

ya
=0 No mixing with PDFs,
;&ﬁ; helicity distributions

I IPerturbatively UV and CO divergent:

k
Ié + wave function renormalization
P

—+3 5(1 ) —p ODGLAPO evolution kernels
—X
NLO - Vogelsang , 1998

Arptq(l)



Connection to physical observables

l INeed two-chiral odd distributions B two hadrons:

Soper, Ralston, 1978
PDrell -Yan: Jaffe, Ji, 1991, 1992

l DY I ( B k' \ .....<é//?k'T | 1 ]
" tot ! s) +O0g—4
f NS T
! hl(X) " hl(X!) = J(x) &

Predictive power: Universal  Transversity
b SIDIS:

I hi(X) " Decotins (2)

l A_sl_in(! +1y)

| ICaution:
Transversity extracted depends on the OschemeO or UVCT
Cross section is always positive!
Like PDFs ( helicity distributions), transversity does not have to be positive



SofferOs inequality

| IRelation between quark distributions:
1 "
ha() b STat)+ Fax)l = g (x)

Derived by using the positivity constraint of
quark + nucleon -> quark + nucleon

forward scattering  helicity amplitudes

Cautions:
" 1Quark field of the Transversity distribution is NOT on-shell

" 1Quark + nucleon -> quark + nucleon
forward scattering amplitude is  perturbatively divergent

I ITesting vs using as a constraint:

It is important to test this inequality, rather than using it
as a constraint for fitting the  transversity

Perturbatively calculated evolution kernels seem to be consistent
with the inequality D the scale dependence



Extraction of Transversity

: ) ] Anselmino et al.,
I ITransversity and Collins function: PRD 87, 094019 (2013)

Transversity Collins function

0.2 Q%=2.41 GeV?
0.1

OF= .
0.1 :

0.1F

XAt Uu(Xx)
zAN D,+,,(2)

0.1 :
| :
0.1 = .

.02 2013 ——— 2013 ——

2008 ----- 5 ' 2008 - -
_03 _0.2. 1 P R 2

0.001 0.01 0.1 1 0O 02 04 06 08 1
X Z

XA+ d(X)
/
/
N
zAN D, 1,(2)
o




Extraction of Transversity

: i _ Kang et al, PRD, 2016
I ITransversity and Collins function:

Collins function

Transversity

x h,(x,Q%
u

-0.15




Extraction of Transversity

_ _ Anselmino et al.,
I ITransversity comparison: PRD 87, 094019 (2013)

Kang et al, PRD, 2016

-0.05 3
- 0.1 y Kang et al (2015) —_— \ Kang et al (2015)
_0.1 5 - Anselmino et al (2013) sssmassss ‘0.2 — = Radici et al (2015)
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

" 1Consistent in overall shape and sign, but, different in details

" ILarge uncertainties!

I 1Future:
JLab12, Compass, EIC; Transverse polarized Drell -Yan?



Summary of lecture two

I QCD is consistent with all existing data from lepton-hadron and
hadron-hadron collisions with  unpolarized , as well as polarized
beams, when there is a large momentum transfer

I From QCD global fits, we have a good idea on the quark and
gluon PDFs, as well as their helicity distributions

I Transversity distribution and its moment (tensor charge) are
fundamental QCD quantities, we start to know them

IBut, EIC is a ultimate QCD machine, and will provide answers to
many of our questions on hadron structure, in particular, parton
confined transverse motions (TMDs), spatial distributions (GPDs),
and multi- parton correlations, E

Thanks!



Backup slides



Extraction of Transversity

ISIDIS D mixed with Collins function:

COMPASS PROTON

Anselmino et al.,
PRD 87, 094019 (2013)

f : -:

B Z I I I
$  005f 1 I ]
> I ' I 2
< of I It .
-0.05 | s o : i} :==vl——»—o—o-"

ASin(Oh*’.os)

T
S
o
(&}

=)
-

0.01

0.1



Extraction of Transversity

ISIDIS D mixed with Collins function:

HERMES PROTON

01Ff
;2 0.05 } 1 h
< 0 s 1 ]
-0.05 ] f }
- 0 T : - T
%,Q"s 0.05 | + 1 i { ]
< |
-0.1 1 Sh
! ! 1 1 1 1 1 <
0 0.1 0.2 03 02 04 06 08 0.5 1
X zp Pr[GeV]
le+e- P Collins functions:
Sh
<
Belle (e+e-) ——>

Anselmino et al.,
PRD 87, 094019 (2013)

<— HERMES (eP)

0.2r

01r

...............

[0.5<2,<0.7] T [0.7<Z4<1.0] ]
e %‘
[0.2<2,<0.3] ] [0.3<2,<0.5] |
02 04 06 08 02 04 06 08
) 23




Extraction of Transversity

ISIDIS B mixed with Collins function:

0.06
0.04-

;4:

+, 0.02F
3./:

g

7

n+

P

LIrl-

10"
Xp

02 04 06 08
Z

le+e- P Collins functions:

Belle (e+e-)

P,, (GeV)

05 1

~
"
~N
&
—_— 543

Kang et al, PRD, 2016

<— HERMES (eP)
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IL 1
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Tensor charge

I IDefinition: L 7
5q = jo [1 (x) — hT (x)]dx

Moment B matrix elements of local operators
b fundamental QCD quantity B calculable on lattice or using models

' IExtraction: Qgsglgnggioallé (2013)
® u =0.391018 ® 5d=—02579% |
[ 1] ' -
A Su= 0314018 A d = —0.27+010 | Extracted from global fits
C N T [ B ] by using two different
. 2 I parameterizations for
I . 3 | A Collins FF)
. ‘5‘ . " I Predictions from various
- . . ] models (including LQCD)
e *—
i . 7L s " ITensor charges are
N, 8 . expected to be smaller
- Y 9 - ® I
than axial charge
I I10 | | |

0 05 1 15 =06 =04 =02 0 Au=0787 Ad=-0.319



I IDefinition:

Tensor charge

oq = j; A (x)— h{Y (x)]dx

Moment D matrix elements of local operators
b fundamental QCD quantity B calculable on lattice or using models

| IExtraction from global fits :

il (@7) = [

160

xm

™ dxhi(x, Q)

\ o]

:

G 1401

0 01 02 03 04 05 06 0.7

0.0065,035
5 l.ll |

Su00065,0.35] — +O.30f0.12

oos Kang et al, PRD, 2016

0.0065,0.35| _ +0.28

160

7

-04 03 02 01 0 01 02

& 40.0065035]

Au=0.787

Q% = 10 GeV?
90% C.L.
Ad =—0.319



QCD and hadrons



