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The plan for my three lectures

1 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, ...)

d The outline: See also
lectures by Shepard on
Hadrons, partons (quarks and gluons), “Hadron SpegthSCOPY”,
an
and probes of hadron structure lectures by Deshpande on
One lecture Electron;,c;g Collider
Parton Distribution Functions (PDFs) and lectures by Gandolfi on
“Nuclear Structure”
Transverse Momentum Dependent PDFs (TMDs) and
lectures by Aschenauer on
One lecture “Accelerators & detectors”

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



PDFs of a spin-averaged proton

d Modern 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 (PDFs)

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?



From one hadron to two hadrons

d One hadron:

\ |
(),DIS . k + 0(_)
tot P OR
Hard-part Parton-distribution | | Power corrections
Probe Structure Approximation

J Two hadrons: l
>¢< ®

— p> @ @ ~—
-f Predictive power:

Universal Parton Distributions




Drell-Yan process — two hadrons

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

A(Py) + B(Pg) = 7' ()= ()] + X with ¢° = Q"> Ajcp ~ 1/fm”

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

O Original Drell-Yan formula:

12
2
B ) i} 1_2
i g k T
- © >
A, E ¢ o1
Iy

-do N dma
=) ‘:;(-QBQd;H —T 3Q4 Z“%/”‘(“)TB%/B( )

No color yet! Rapidity: y = 3In(z4/zp)

Right shape — But — not normalization Ta= —Sey T8 =75 ¢




Drell-Yan process in QCD - factorization

O Beyond the lowest order:

< Soft-gluon interaction takes
place all the time

< Long-range gluon interaction
before the hard collision

m=) Break the Universality of PDFs
Loss the predictive power

O Factorization — power suppression of soft gluon interaction:

r-Frame 7'-Frame

/// 'z (1)— Ei(2') = — ‘f_PH
Xzt f////////l_f ! A (2% + 72 A2)3/2
= — Cstrong




Drell-Yan process in QCD - factorization

1 Factorization — approximation: Collins, Soper, Sterman, 1988

< Suppression of quantum interference between short-distance
(1/Q) and long-distance (fm ~ 1/ /\ ocp) physics

==) Need “long-lived” active parton states linking the two
& —

1 1

d'po —— — — 00
/ pap§+zspg—zs

Perturbatively pinched at p, =0

- mmm) Active parton is effectively

o , _ on-shell for the hard collision
< Maintain the universality of PDFs:

Long-range soft gluon interaction

m2 M2 2,
has to be power suppressed on-shell: = P, pp < Q7

collinear: Par, Por < Q%
higher-power: p, < ¢ ; and
Cancelation of IR behavior Py <Kq°
Absorb all CO divergences into PDFs

< Infrared safe of partonic parts:



Drell-Yan process in QCD - factorization

0 Leading singular integration regions (pinch surface):

Hard: all lines off-shell by Q

Collinear:

< lines collinear to A and B

< One “physical parton”
per hadron

Soft: all components are soft

d Collinear gluons:

< Collinear gluons have the
polarization vector: " ~ k¥
<> The 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 - factorization

d Trouble with soft gluons:

(zp + k)* +ie o< k™ + ie
(1 —2)p — k)* +ie ox k™ — ie

< Soft gluon exchanged between a spectator quark of hadron B and
the active quark of hadron A could rotate the quark’s color and

keep it from annihilating with the antiquark of hadron B

{ The soft gluon approximations (with the eikonal lines) need k™ not
too small. But, k= could be trapped in “too small” region due to the
pinch from spectator interaction: i~ ~ M2/Q <k ~M

Need to show that soft-gluon interactions are power suppressed



Drell-Yan process in QCD - factorization

O Most difficult part of factorization:

0(%)

< Sum over all final states to remove all poles in one-half plane
— no more pinch poles

< Deform the k* integration out of the trapped soft region

< Eikonal approximation === soft gluons to eikonal lines
— gauge links

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

All identified leading integration regions are factorizable!



Factorized Drell-Yan cross section

( TMD 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

A Collinear factorization ( ¢1. ~ @ ):

do do,
20— [ dna fosataa) [ do iy ) G (), 1)+ OO/

 Spin dependence:

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

‘ same formula with polarized PDFs for y*,W/Z, HO...



Factorization for more than two hadrons

Nayak, Qiu, Sterman, 2006

P, v, W/Z Ls),jet(s)
B,D, Y, J/y,m, ...

d Factorization for high p; single hadron:

, +0 (1/P;2)
% i

U pr > m 2 Aqop
d » D>
O-ABQC;;C(Z[];; Py p) = a;c%ea (X,MIZT)®¢B—>19 (x',‘ui_,)
dé,, ... (v.x'z.pju) oD (=)
e \“2F

dydp;,

< Fragmentation function: D (Z ) /,é )

<> Choice of the scales: ,Ltsac ~ lurzen = p;

To minimize the size of logs in the coefficient functions



Global QCD analyses — test of pQCD

 Factorization for observables with identified hadrons:
< One-hadron (DIS):

Fy(xp, Q%) = XyCr(zp/x,1°/Q°) @ f(x, 1°)

< Two-hadrons (DY, Jets, W/Z, ...) :

<> DGLAP Evolution:

Of(z, u?)
Oln p?

4 Input for QCD Global analysis/fitting:

=Xp Prp(a/a) @ f(2, 1)

Input scale ~ GeV

< World data with “Q” > 2 GeV

Fitting paramters

<> PDFs at an input scale: ¢f/h($,ﬂc2),{0éj})



Global QCD analysis for PDFs

Input DPFs at Q,| <

Prin (x’{“f})

Vary {a j}

Minimize Chi?

A
i A
DIS (fixed target)
HERA ('94) 7
v DY
102 |- W-asymmetry
= Direct-y ]
Jets
S
@
o i
e}
DGLAP |
Rad
100 [ il Ll I | L1l
100 101 102 10° 104

(pf/h (X) at Q>Q0

QCD calculation

Comparison with Data
at various x and Q

Procedure: lterate to find the best set of {a} for the input DPFs




PDFs of a spin-averaged proton

d Modern sets of PDFs @NNLO with uncertainties:

g/10 :

xf(x u2=10% GeV?):
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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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Partonic luminosities

q - qbar

NNLO = (qq) luminosity at LHC (Vs = 8 TeV)
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PDFs at large x

A Testing ground for hadron structure at x = 1:

s d/u—1/2 sU(6) Spinflavor [T T T T T T
alk - CTI0 i
e ——= MSTWO08 ’-’
& d/u— 0 Scalar diquark Y e ABRMDY
dominance <61 .
~ B\ |
N
04
< d/u—1/5 PQCD power
counting
02
2 2
A/, 1

& d/u —

Local quark-hadrc 0
2 2
4— i/ duality :

~ (.42




PDFs at large x

d Testing ground for hadron structure at x = 1:

> d/u—1/2

& d/u— 0

< d/u—1/5

& d/u

CApn /1

/4

(a4
Y

4— i/
0.42

SU(6) Spin-flavor + Aufu— 2/3
symmetry Ad/d — —1/3
Scalar diquark < Au/u — 1
dominance Ad/d R _1/3
PQCD power & Au/u — 1
counting Ad/d 1

Local quark-hadron + Auj/u— 1
duality Ad/d 1

Can lattice QCD help?



Future large-x experiments — JLab12

(d NSAC milestone HP14 (2018):

MARATHON R g BONUS CLAS12
................ 1 P -
[ o 1 W hm ‘
+ r TS '
0.9 g d o !
B F2n/ F2p ’\6 " 3 '
LM 0.8 < | ; ' ;
* g 0.5 - “ ;. '
. 0.7 - g ;
L ’ SU(6) —
. . :
? 4 P * | 0.6 %
L Y s 0
+ 0.5 S du=|/5 o ,’ - :
"4 . G 34 7.4
04 Aol
03 Systematic error due to o _
' experimental and theoretical
02 uncertainties from point-to- & _:; ~0.5
+ JLab Projected Data ' point r 2 fiERME:)
34/3He DIS \ L jaIIA 5117
0.1 \ | O Ccas |
4 @ Projected CLAS12 (p) + Hall C (n, 2010 update)
0 Tt [.—l T Y—\I.T L " UL \'ﬂ] UL 1‘ 00 01 02 03 04 0.5 06 07 08 09 1 _1 11111111111;1111 Lll]lllllllllll111!1!1“1111111
0.2 )4 06 0.8 ‘ x* 0 01 02 03 04 05 06 07 08 09 1
X X

Plus many more JLab experiments:
E12-06-110 (Hall C on3He), E12-06-122 (Hall A on 3He),
E12-06-109 (CLAS on NHj, ND;), ...

and Fermilab E906, ...



Lattice calculations of hadron structure

O Quark distribution (spin-averaged):

) & . . — Y »
q(x, 1) :/(I_ f'“*P+<P|v(5_)7+e><p{—1y/ (/'}—A+('}—>} v(0)|P) +UVCT
N 0

< Matrix element of an operator of fields on the light-cone

< Er =(t£ Z)/\/§ - light-cone coordinate
< Time-dependent — cannot be calculated by lattice QCD

1 Moments (spin-averaged):

1
. n—1 . L1 fin
in() = [ doa" (o) = p e (PIO™ 7 P) 2o

<- Defined with a local operator: O{r1#a} — E(o)n,«{#lfﬁ#? co i D Fnap(0)
<> Calculable on lattice (in principle)
< But, in practice, higher moments are difficult to access



Lattice calculations of hadron structure

Ji, arXiv:1305.1539
O Quasi-quark distribution (spin-averaged):

ddz _iFP. 6z

0z
q(z, p, P) =/Ee (P|(02)v- eXp{—ig/O dnzAz(nz)}w(O)IH

< Field operators are separated in spatial z-direction
< No time dependence - calculable in lattice QCD
<> At the limit, P, — oo, normal quark-PDF is expected to recover

 Matching in Large Momentum Effective Theory (LMET):

. dy (& A pu Aoep M3
AP)= | 2722, = & , ,
q(z, A, P;) / <y P, PZ)Q(y M)+O<

Y p: P2
< Matching function, Z , can be perturbatively derived

<> Large P, is needed for small corrections

< UV power divergences of the quasi-PDFs



Lattice calculations of hadron structure

O Two calculations in LMET approach:

[J.-W. Chen et al. (2016)] [C. Alexandrou et al. (2019)]
2 T T T
AN NELALL L L LI B RN q@ ‘
150 4 P, = 6r/L _ MSTW . P. = 6p/L
o ~ 1.3GeV ] LT ABMILL ~ 1}4GeV
= 1.0:- q ‘ \ ;
I : ] b
= 0.5 .
— 05 4 3
0 — r, ';\_\
_05|||| 0 ’ \‘\
-1.0 -05 0 05 10 15 20 ! !
-1 -0.5 0 0.5 1
X 1
243 % 64. N;=2+1+1 HISQ 32° x 64, Ny =2+41+41 Twisted Mass
a ~ 0.12fm (1.6GeV), mps ~ 310MeV a ~ 0.082fm (2.4GeV), mpg ~ 370MeV

< Exploratory study
<> Two calculations look consistent with each other

< Matching between lattice and continuum is seemly omitted



Lattice calculations of hadron structure

. . . Ma, Qiu (2014)
1 QCD collinear factorization approach:
Momentum CO Factorization PDFs
transfer
v 2y v
1
oV (z,Q% V/s) o ~ Zcf Vs) @ fi(z, p?) + O [@]
Collision Single hadron Perturbative Power
energy Matrix elements coefficients corrections

< PDFs are UV and IR finite, absorb all perturbative CO divergence!
] Lattice calculable “cross section”:

G(Z, 1%, P:)ren

Zcf

< With the correspondence.

[ —>
Q <+—
L

®f(wu)+0<

2
AQCD
2

1

1 (factorization scale)

—~

K (resolution)

WO

(parameter)




Lattice calculations of hadron structure

Ishikawa, Ma,

d Renormalization - subtraction of power divergence: ggigfshida

<> Power divergence makes the Lattice “cross section” ill-defined
(no continuum limit on lattice)

<> Power divergence must be subtracted nonperturbatively

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

J Renormalization of the Wilson line: \Qf

”"C O mi(C) u rren /

< Well-known, e.g., Dotsenko, Vergeles, Arefeva, Craigie, Dorn, ... (’80)

< dm : mass renormalization of a test particle moving along the path C
contains all the power divergences

< Subtraction of the power divergence can be done nonperturbatively

in coordinate space: . ~
O((Sz>ren _ e—5m|5z|0(5z) ‘ii— lszl '—_:1




Lattice calculations of hadron structure

Ishikawa, Ma,

 Subtracting the power divergence: ggigfshida

< Choice of dm (renormalization scheme) [M.U. Busch et al 2011]
< One possible way is to use static QQ potential V(R)
< V(R) is obtained from the Wilson loop:

~V(R)T

Wgrr x € (7" — large)

< Renormalization of 1/(R):
VI*"(R) =V (R) + 20m
< Renormalization condition we take:
VEeR(Ro) = Vo — bm = = (Vo — V(Ro))
d Renormalized quasi-quark distribution:

~(~ doz —1iT z_ —0m|dz - . o2
Q(x7M7PZ)ren :/Ee Proze=0 o |<P|¢(5Z)7z eXp{_Zg/ dnzAz(nz)}¢(0>|P>
0

Need more lattice “cross sections”:
— Calculable, renormalizable, factorizable single hadron matrix elements



Global QCD analysis with lattice data

Input DPFs at Q,

Prin (x’{“f})

|

DGLAP

|

s (x) at @>Qg

Vary {a‘ j}

matching %

EI]Z-‘AT(LIT,Q.V_I,pz) # a:f(';lf,ﬁ,Pz)

continuum Iimit‘

Lattice QCD

f : various lattice action

data

QCD calculation

>

Matching coefficients

Minimize Chi?

o(x,pm, P,)

~

Comparison with “Data”
at various x and Q

Procedure: lterate to find the best set of {a} for the input DPFs

d Tremendous potentials:
PDFs of proton, neutron, pion, ..., TMDs, GPDs, ... — the TMD Collaboration

The TMD Collaboration




Run away gluon density at small x?

1 What causes the low-x rise?
gluons gluon radiation
— non-linear gluon interaction

What tames the low-x rise?
gluon recombination

— non-linear gluon interaction

J HERA dlscovery

4.0

r CTEQS®. 5 parton
= d|str|butlon functlons
: Q? =10 GeV?

w
o

3.0

d
O PSR | N I \\L.
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

d QCD vs. QED:
QCD - gluon in a proton:

Momentum Fraction Times Parton Density
N
=)

) o asN, [Ydo' , . , . < Atverysmall-x, proton is “black”,
@ dngfCG(x Q%) ~ / T positronium is still transparent!
QED - p hoton in a p c;s:tron;um: < Recombination of large numbers
deQz o (7, Q%) ~ — [—§x¢7(a:,Q2) of glue could lead to saturation

. phenomena
b [ B @) 4 o Q]



Run away gluon density at small x?

| HERA dlscovery

Momentum Fraction Times Parton Density

1 Particle vs. wave feature:

In Q2

CTEQ 6. 5 parton
3.5F d\|str|but|on functlons

1 What causes the low-x rise?
- Q% =10 GeV? ] e 4
3.0 gluons : gluon radiation
2.5¢ — non-linear gluon interaction
2.0F ¢

. 1 What tames the low-x rise?
015 gluon recombination
N — non-linear gluon interaction

00001 0001 001 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

Gluon saturation — Color Glass Condensate
Radiation = Recombination

o O
pQCD

evomnon
equauon

s @ Leading to a collective gluonic system?

with a universal property?

A

saturation

non-perturbative region % new effective theory QCD - CGC?

In x




An “easiest” measurement at EIC

4 Ratio of F,: EMC effect, Shadowing and Saturation:

Fermi motion

1.2

1.17

® EMC
® NMC

E139
¢+ E665

b~

Saturation in R,

NO saturation in F,»

SN

Y RN original

EMC finding

] Questions:

|
[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 — could impact the center of neutron stars!



An “easiest” measurement at EIC

O EMC effect, Shadowing and Saturation:

1.2 Fermi motion

* EMC /

] ® NMC

L E139
J |
I

¢+ E665

\._—-"

QN
L 17
Continuously fall LL'O'?; % ;

1% \/\
o RN original

saturation in F,A

— T . — EMC finding
0.01 ¥ 0.1 I
sea quark ° X valence quark

[y

] Questions:

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



An “easiest” measurement at EIC

O EMC effect, Shadowing and Saturation:

Continuously fall

saturation in F,A

<€

Saturation in F,(D)

] Questions:

Fermi motion

1.2
] ® EMC
® NMC /
2 E139 + ﬁ\
1 * E665 X ¢ |
| Tgi =) - = /
5 /”“? T &f
5 ot .
ZZRNG
v Y RN original

EMC finding

sea quark

0.01

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 — could impact the center of neutron stars!



Polarization and spin asymmetry

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

Scattering amplitude square — Probability — Positive definite

2
caB(Q,5) = 01(4223(@, s) + %0'1(4323(@, 5) + %gﬁ?(@ §)+---
1 Spin-averaged cross section:

1
o= l0(5) +0(—5)] - Positive definite

d Asymmetries or difference of cross sections:

. — 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)

= one beam polarized A;, Ay
_ [o(+) = ()] _ 0(Q,5r) — o(Q, —5r)
[o(+) +o(-)] o(Q,35T) +0(Q, —ST)

Chance to see quantum interference directly

for o(s) An




Basics for spin observables

1 Factorized cross section:
on(p)(Q, ) o (p, 5|0, A¥)|p, 5)
e.g. O(, A) = (0) T p(y ™) with I' = I, 75,9, y57", 0"
4 Parity and Time-reversal invariance:
(p, 510(4, A*)|p, 5) = (p, =5|PT O (¢, AT 1P~ |p, —3)
QIF: (p, —5PTO (¢, AT 1P~ p, =5) = +(p, =510(3, A*)|p, —3)
or (p,s10(y, A%)|p, s) = £(p, =5]0(¢, A¥)|p, —5)

Operators lead to the “+” sign spin-averaged cross sections
Operators lead to the “-” sign spin asymmetries
H Example: o, 4 = 90)7" (y7) = 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

d Extract the polarized structure functions:

W (P0,5) = WP —S) /-

k ,
< Define: Z(k,S) = a, = ’
and lepton helicity \ §

< Difference in cross sections with hadron spin flipped
do(®) do(>+7) el

X
drdydd drdydd  4m2Q?

2,.2,2
LT , T 2
x{cos {{1—;—/—’” (;2'1/] gi(z, Q%) — sz g gz, Q° )}

, 2mx . m2x2y? (z/ (2.0%) + a5(z. 0%)
— 8 COS ¢ 4 — Y — =
in e Y oL 5 1 ) + g2(z, Q%

<> Spin orientation:

}

=0:= ¢

= w/2: = yg1 + 2¢92 , suppressed m /()



Polarized deep inelastic scattering

O Spin asymmetries — measured experimentally:

< Longitudinal polarization—- a = 0

Known function ‘

do! ) — do! ) g1(x. Q? .
A= doC ) +doC ) bly) 1{31((7?22)) - D(y)(l’leF’lQZg//E)
< So far only “fixed target” experiments: m_ﬁ/’:'ﬂm‘m’ B NLO |
CERN: EMC, SMC, COMPASS gpfr:"%’l e
SLAC: ES80, E130, E142, E143, E154 ﬁ 5
DESY: HERMES T — e
JLab: Hall A,B,C with many experiments ,0_/,7,+ {,+ x-wsam—;
with various polarized targets: », d, SHe,m 1 . :: ) &AT_}_::XS:—
< Future: EIC . E.swmj

1 10

Q*(Gev?H 107



Polarized deep inelastic scattering

J Parton model results - LO QCD:

P

<> Structure functions:
1 : _
Fl(ﬂ?) = § Z (35 [Q(T) -+ Q(T)]
gi(z) = —Z ) + Ag(z) ]

114 , -
B =3 |:(—) (Au + Au) + 6 (Ad + Ad + As + Ag)

< Polarized quark distribution: Information on nucleon’s
spin structure

Af€)=F7(&) — (&) @ ' @ Flavor separation?




RHIC Measurements on AG

O Physical channels sensitive to AG:

]ﬂ?_l_ p ST+ X 88— 8¢ :3) 7y i Pion or jet production
T :
p+p%]et+X 35— g j i high rates
I“H_ i‘? —>y+ X T Direct photon production
r r : ? {
p+p%}/+]et+X low rates
lﬂa+ lﬂ9 D+ X 59 —cC Heavy-flavour production
rr - T 3] < separated vertex detection
p+p—B+X 88 = bb required
O Collinear QCD factorization:
v Experiments measure cross sections,
. And asymmetries, not helicity distributions!
P _’@ @‘_ w < QCD global analyses to extract the best
\' helicity districutions at NLO, to calculate

/;0\ helicity contribution to proton spin



RHIC Measurements on AG

ALL

@ p — 1’+X Inl<0.35
_ N 510 GeV: Runi13 (Preliminary)
002 | 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%
0.01
0

. Theory curves: LSS10p (dashed), DSSV14 (so}id) and NNPDF1.1 (dotted)

l
0 0.05

0.1
Xt (=2p./\s)




ALL

0.04

0.02

RHIC Measurements on AG

0+p — Jet+X

012 510 GeV R=0.5 |n|<0.9 Prelim.
[ —@&— 2009 200 GeV R=0.6 |n|<1.0

Relative luminosity uncertainty
LSS10p

DSSV'14

NNPDF1.1

+6.5% polarization scale uncertainty not shown

L
0.1 0.2

T
0.3
Xy (= 2p_/ (S)



RHIC measurements of Aq and Aq

1 W’s are left-handed: — = = <
‘e d™(z1) u (x2) u” () d™(z2)
. >
() e @ «—= _w+ = S
_ p == = 5=
€ v 0* =0 e’ et 0* =« Ve

4 Flavor separation:

Lowest order:

Forward W* (backward e*):

Backward W* (forward e*): AW o

d Complications:

My Uu
lvl == \/g y y l-'z \/g €
szﬁt Au(azl)
u(r)
_Ad(a) _
d(x )

High order, W’s p;-distribution at low p;

—Yw

<0



Sea quark polarization — RHIC W program

d Single longitudinal spin asymmetries: TQ\*W
_lo(+) —a(-)]
lo(+) +o(=)]

Parity violating weak interaction UﬂPO' ~

for o(s)

DSSV++
incl. proj. W data

[ From 2013 RHIC data: 4T ]

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

- O STARW O PHENK e

- B SURW' O PHENKX ¢
0.5

Q*=10GeV? -

DSSV++
incl. proj. W data

I — DsSVi4
— BBS NNPDF

Ax’=2% in DSSV analysis

_1'0 | ! | | ! I | | | [ I | | ! | I ! | | l ]
-2 -1 0 1 R
U

X 006 -005 -004 -003 -002 -001 0
fA&(x,Qz) dx
0.05



Projected future W asymmetries

AT 3+p—>Wi 012} ~ | =
 (5=510GeV oo X(AU- Ad) E
05 L=716pb” (delivered) _ ! - :
<P> = 53% W | ) M .

- * 0.06 =

| s
g e T ok ~~~~~~ -

. ml B o —— i

B -9- + .

L * } ‘ W :

R 0.02 -

| g 2 -
0.5 be oof- Q=10GeV?  ~MC (xp) -~ PB (ansalz) -
¥l STAR PHENIX T )
[ w WEset+X (25<E°<506GeV) 0.06 NNPDFpolt.1 —MC() --CQSM -

T o WX (E>15GeV) SRR NNPDFpoli.1+ == MC (n-0) =~ ST .

- . — CHE-DSSV (E, > 25 GeV, Ay2/y2= 2%) 008 B= J

L .TI 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

O Impact on gluon helicity:

1 I lllllll

1 llllllll 1 T

|

02 ... e

Q% =10 GeV* A
XAG [ ol | i
i R | ]
0-1 [Tt Sns _
e A
- - -I‘ - I -
: |RHIC x range| :
01 —— NEW FIT -
- incl 90% C.L vanasons _|
- ——— DSSV* :
L - —-— DSSV i
_02 1 Lol 1 Ll 1 1111111
-3 -2 -1
10 10 10 x 1

< Red line is the new fit
< Dotted lines = other fits
with 90% C.L.

0.05

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

NEW FIT
90% CL. region

DSSV#*
90% CL. region

DSSV

1 1 1 1 I 1 1 1 1 I 1 1

2 [
éﬁl_:-.i
e T 0=
-O_ -
'—-8 -

s [ a
05

0

05

Q% =10 GeV?

lllllllllll

1 I 1 1 1 1

lllllllllllllll

02

-0.1 -0

01, 02 03
[ dx Ag(x)
005

< 90% C.L. areas
< Leads AG to a positive #



The other leading power PDFs

d Collinear approximation:

— quark:

P

Spin:

H(Q)
Ny

=xp A

dx

X

/

k;
o

Ia V55, 7N7 /y'u/}/57 O-'LW(Z./Y5)

S BV A T

d Leading power hard parts in p:

1 1

2 2

v n

2p-n

V),

V57
2p-n

1

=7 -p(V), =757 -p(A), =7 -pv¢vs(T)

2

S,F V

A,

T

L5, Yo V5 Vs O (375

W

o(x

)& ;é

k+ U
P

k-n
P-n

d*k

VCT]

|

Scheme dependence

<> 4 - spin states of the “quark-pair”

Non-flip, longitudinally flip, transversely flip
 Leading power distributions:

n

2p-n

(4), Ly oy gz, Q) Ag(x, Q), ha(z,Q)

Unpolarized PDF, Helicity/Polarized PDF, Transversity distribution



Transversity Distributions

d Transversity: Jaffe and Ji, 1991

h(x) = e (PSL|wl (0)yLyswy (An)|PSL) + UVCT

= | =

with  wy = Pry  and Py = 3pFp=

d Unique for the quarks:
No mixing with gluons! ‘/IV VYL Se— Even#of7’s

k k

/ \ =0 No mixing with PDFs,
;%éé helicity distributions
d Perturbatively UV and CO divergent:
k

an

+ wave function renormalization

2x 3 | —p “DGLAP” evolution kernels
(1-x); 2 ' NLO - Vogelsang, 1998




Connection to physical observables

1 Need two-chiral odd distributions — two hadrons:
Soper, Ralston, 1978

— Drell-Yan: Jaffe, Ji, 1991, 1992
J'(x')
P - P
DY ( k! AN = <éf:/’l o) 1
O ot X s) +0|—
y y \ OR

~ hl (33) 029 hl (ZE/> = J(x) &

Predictive power: Universal Transversity
- SIDIS:

~ hl (37) X DCollins(z)

sin(¢+@s)
~ AT

d Caution:

Transversity extracted depends on the “scheme” or UVCT
Cross section is always positive!
Like PDFs (helicity distributions), transversity does not have to be positive



Soffer’s inequality

1 Relation between quark distributions:
1
hi(z) < 5 q(z) + Aq(x)] = ¢" ()

Derived by using the positivity constraint of
quark + nucleon -> quark + nucleon
forward scattering helicity amplitudes

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

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

 Testing 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 - the scale dependence



Extraction of Transversity

) ) ) Anselmino et al.,
4 Transversity and Collins function: PRD 87, 094019 (2013)
Transversity Collins function
' N | Q%=2.41 GeV?
S
o 0.1Ff -
2 b
<] !
N .
O
o .
N
Q' -0.1} .
<
N 2013 ——
- 2008 ===
_0.2. 1 PR BT

O 02 04 06 08 1
Z



Extraction of Transversity

. . . Kang et al, PRD, 2016
4 Transversity and Collins function:

Collins function

Transversity

x h,(x,Q?%

-0.15




Extraction of Transversity

] ] Anselmino et al.,
4 Transversity comparison: PRD 87, 094019 (2013)

Kang et al, PRD, 2016

27 Kang et al (2015) e

\ Kang et al (2015) s
Anselmino et al (2013) sssmsssss 02 L=

Radici et al (2015)
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

< Consistent in overall shape and sign, but, different in details
< Large uncertainties!

4 Future:

JLab12, Compass, EIC; Transverse polarized Drell-Yan?



Summary of lecture two

1 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

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

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

O But, 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, ...

Thanks!



Backup slides



Extraction of Transversity

. . . ) Anselmino et al.,
[ SIDIS — mixed with Collins function: PRD 87, 094019 (2013)

COMPASS PROTON

0.1F

0.05 F

sin(¢ . +de)
Agr "8
o
|
o 2 2 2 2 0 . 4
)

-0.05. —— ....................

utr

-0.05 |

Asm(o,,ws)

0.1}

0.01 0.1 02 04 06 08 0.5 1 1.5




Extraction of Transversity

Anselmino et al.,

[ SIDIS — mixed with Collins function: PRD 87, 094019 (2013)
HERMES PROTON
01F I I I
;: 0.05 | I ]
R % i | i <— HERMES (eP)
-0.05 } } } ]
. 0 1 71 " __ - T
% T ﬁ:ﬁs% ............... B
7§"5 -0.05 | + -1 1 . [
< L 0.2} T
o : :- 1< % |
: : i - - 1 - 1 < 01t : {
0 0.1 0.2 0.3 0.2 0.4 0.6 0.8 0.5 1
Xg z, P [GeV] [
Of [0.5<2<0.7] T [0.7<Z,<1.0] |
d e+e- - Collins functions: | b
0.2}
P [
< 01y T g
Belle (ete-) —— =t | =
or [0.2<2,<0.3] T [0.3<2,<0.5] ]

02 04 06 08 02 04 06 0.8
) 23



Extraction of Transversity

Kang et al, PRD, 2016
O SIDIS - mixed with Collins function:

0.06 - -

n+
~_ oo - -
D A i |
5 ~ ar <«— HERMES (eP)

i 0.08F u
% 02<z,<03 03<z,<05
- - { 0.06 - *

L L :u

« 0.04} -
- - N
1 1 1 1 1 1 = -

02 04 06 08 05 | < 0

z P,, (GeV) o—%
 e+e- — Collins functions: oisk 05<z<07 | 07<z<1
:_“_‘ 0.1 ¢t
Belle (ete-) —— %% oos|. ‘)/ i
0

1 1 1 1 1 1 1 1
02 04 06 08 02 04 06 08
Z, Z,



Tensor charge

d Definition: . 1 -
5q = jo [1 (x) — hT (x)]dx

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

O Extraction: Anselmino et al.,
_ ) , PRD 87, 094019 (2013)
® Su=0.39755 ® d=-0.25"0% .
A Su = 0317018 A 5d— —0.277010 < Extracted from global fits
N B 1 [ e by using two different
., 2 il parameterizations for
i . 3 L L Collins FF)
. : e < Predictions from various
i . o | N models (including LQCD)
- . Tr . < Tensor charges are
bl : . expected to be smaller
I * I * than axial charge
1 | e | |

0 0.5 1 15 =06 =04 =02 O Au=0787 Ad=-0319



Tensor charge

1 Definition: 1 -
oq = IO |7 (x)—h (x)]dx

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

 Extraction from global fits :
oos Kang et al, PRD, 2016

. Xanax N 5“[0.()()65.().35] — +030f 8
6q[-rm..rm.,](Q~)E/ dxh‘l’(x, 0?) 0.12
Xoa (Sd{().(J(XlS.U.BS] — _Ozoi:])ﬁi

1]

DtV

0O 01 02 03 04 05 06 07 -04 03 02 01 0 01 02
& 10-0065035) & 410.00650.35)

Au=0.787 Ad=-0.319

Q> = 10 GeV?
90% C.L.




QCD and hadrons



