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The Past

EMC (European Muon Collaboration ’87) — “the Plot”:
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Combined with earlier SLAC data:
and
from low energy neutron & hyperon 3 decay

S =1 yu—1d

Combined with:
) AY =) [Ag+Ag=012+0.17
q
— New era of
spin physics

“Spin crisis” or puzzle:
Strange sea polarization is sizable & negative

Very little of the proton spin is carried by quarks



Questions driving the spin physics

' How do quarks/gluons + their dynamics make up the proton spin?

f
S0 = v ” ¢
' ‘v

Helicity distributions + orbital contribution

I How is proton’s spin cfc()l;rgl)ated with the motion of quarks/gluons?

Deformation of parton’s
confined motion
when hadron is polarized?
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I How does proton’s spin influence the spatial distribution of partons?

Deformation of parton’s
spatial distribution
when hadron is polarized?

GPDs!




The Present. Proton Spin
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| The sumrule:  S(u)=> (P,S|J;(w)|P,S) = 5 = Ja(k) + 35 (1)
f
# Infinite possibilities of decompositions — connection to observables?

# Intrinsic properties + dynamical motion and interactions

I An incomplete story: j?fgeéManohar, 90
I, 96, ...
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Net effect of partons’
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Probes and facilities

I High energy scattering — to see quarks and gluons:

Boost =

g'..o,"
y

"\f")

Momentum fraction
z=k"/p"T

Time-dilation

I Spin Probes:

DIS SIDIS Hadron-hadron
HEMES, COMPASS, JLab, Future EIC, ... RHIC, FermiLab, JPAC, ...



Global fits for helicity PDFs @ NLO
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Highlights from new DSSV fits

de Florian, et al. 1404.4293
Gluon polarization with new RHIC 2009 data:
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Highlights from new DSSV fits

de Florian, et al. 1404.4293
Gluon polarization with new RHIC 2009 data:
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PHENIX data
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Quark Polarization b RHIC W program

Talks by Gal, Seidl, ...

I Single longitudinal spin asymmetries: <«
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The “Plot” is greatly improved:
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Inclusive DIS

Van Hulse, Pan Pacific Spin ‘13

' g,-go beyond g,P:
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Inclusive DIS

I Jlab/Hall A - precision d," on 3He:
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The Future: Challenges & opportunities

Quark polarization — better determined:

Quark polarization at x$ 1 - challenges
Sea quark polarization — not well-determined: %%

" SIDIS @ EIC

A sizable contribution to the proton spin
(~ 6%, current global fittings)

Gluon polarization — need small-x region:

" Inclusive DIS + SIDIS @ EIC

Current small-x technique for unpolarized gluon
Need to develop new technique to treat polarized small-x glue

Lattice QCD to calculate PDFs, not the moments:

Quasi-PDFs ~ two-parton correlators along z-axis # PDFs

—> Normal PDFs as P, $ X.D. Ji, H.Lin,!
——> Factorized to Normal PDFs at a finite P, Y.-Q. Ma, J.W. Qiu
Global analysis of lattice “data” for PDFs



10

The Future: Challenges & opportunities
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The Future: Challenges & opportunities

One-year of running at EIC:

Wider Q2 and x range including low x at EIC!
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No other machine in the world can achieve this!

Ultimate solution to the proton spin puzzle:

Precision measurement of A g(x) - extend to smaller x regime

Orbital angular momentum contribution — measurement of GPDs!

BNL EIC Science Task Force



Additional talks in parallel sessions

Tuesday — WGG:

Measurements of parity violating spin asymmetries of the W boson (to e) at
mid-rapidity with the PHENIX Detector at RHIC Mr. Ciprian GAL

PHENIX W to mu measurements in polarized proton-proton collisions Dr. Ralf SEIDL

Hermes reevaluation of the Parton Distribution of Strange Quarks in the Nucleon
F. GIORDANO

. D 2
First results on A, and g,P at low x and low Q¢ from COMPASS Ana Sofia NUNES

Single hadron double longitudinal spin asymmetries at p; <1 GeVic
measured at COMPASS Maxime LEVILLAIN

Unbiased helicity-dependent parton distributions with polarized collider data

Emanuele Roberto NOCERA
Wednesday - WG7:

eRHIC: An Electron-lon Collider at BNL Elke-caroline Aschenauer

Physics opportunities at th MEIC at JLab Pawel Nadel-Turonski

Thursday - WG6:
The $g_2$ Spin Structure Function Ms. Melissa CUMMINGS



Hunting for orbital angular momentum

1 Talk by Lorce, C.

Orbital angular momentum: Ly=Jg— 2"

2 Ji ‘96

1
Jq = / x(Hq + Eq) de = Hadronic matrix element of local operator
0

/\Calculable in Lattice QCD!
Negele et al

. DIS DVCS
Experimental -
Extraction of GPDs a . . a . .
: 0.4 AZY/2
Both Luamd L, large [
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The present. GPDs

. Mueller et al., 94;
Experimental access to GPDs: Ji. 96

Radyushkin, 96

Diffractive exclusive processes — high luminosity:

DVCS: Deeply virtual Compton Scattering
DVEM: Deeply virtual exclusive meson production
" No factorization for hadronic processes — EIC is ideal:
2d v
M

Require

Q*>>(-t), A\ %qcp,M?

P, P,
Much more complicated - (x, &, t) variables:

Challenge to derive GPDs from data

Great experimental effort:

HERA, HERMES, COMPASS, JLab ——> JLab12, COMPASS-II, EIC



The present. GPDs
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The Future: Spatial Imaging

| EIC Whitepaper:
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Additional talks in parallel sessions

Thursday - WG6:

Deeply Virtual Compton Scattering to the twist-four accuracy: Vladimir BRAUN
Impact of finite-t and target mass corrections

Crossed channel analysis of quark and gluon Dr. Kirill SEMENOV-TIAN-SHANSKY
Generalized parton distributions with helicity flip

A classification of chiral-odd pion generalized parton Samuel WALLON
distributions beyond leading twist

Transverse densities in the nucleon's chiral periphery Carlos GRANADOS
DVCS measurements at HERMES Klaus RITH
Single and double polarization asymmetries from deeply virtual

exclusive $\pi*0$ electroproduction Andrey KIM
JLab/Hall A Deeply Virtual Compton Scattering results Franck SABATIf

Exclusive meson production at COMPASS Pawel SZNAJDER



The Present: TMDs

ANL — 4.9 GeV BNL — 6.6 GeV
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The Present: TMDs

I Power of spin — many more correlations:

Quark Polarization

(L)

Longitudinally Polarized Transversely Polarized

(m

=@ - @

Boer-Mulders

ion |
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Helicity
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' Nucleon Polarization
)
5
3

- &

=@ - O

Transversity

h", = —

O-»Nudeon&h

I A, — single hadron production:

S
K

Photons have asymmetry
Jet vs. Photon sign flip predicted

@ Quark Spin

1.9 Dijet, photon-jet not exactly back to back

Sivers-type

Similar for gluons

Require two

Physical scales

More than one TMD
contribute to the
same observable!

Transversity

No asymmetry for the jet axis



SIDIS - best place to measure TMDs

I Naturally two scales and two planes:

' high Q- localized probe
To “see” quarks and gluons

' Low p; - sensitive to confining scale
To “see” their confined motion

Theory — QCD TMD factorization

| Separation of TMDs:
AG™ # (sin(f, +/ )>UT # h YoH, @ collins frag. Func.
Svers P - from e*e collisions
AUT # <S|n(- h$' S)>UT # flT /ODl
A(I;;etzeIOSily # <S|n(gh $'/S )>UT H h’.ll_'T% ]—[I;L j

I Critical test - sign change of Sivers function - color flow!

o4 ,\/\’\,\’ A
Same color g (L\ Anti-color




Sivers asymmetries from SIDIS

' From SIDIS (HERMES and COMPASS) - low Q:
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A from RHIC

Jiang @ Pan Pacific Spin 2013
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Evolution of Sivers function

SSAs - Sivers function:

Collins-Soper-Sterman (CSS) resummation approach

Aybat, Rogers, 2012

+B) } exp {1 |7 + 5 1n(Q/Qo)|
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I Drell-Yan, W @ RHIC :
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Uncertainty in non-perturbative input at high b

Different treatment to extrapolate to large b

l  Also opportunities at COMPASS-II



Transition from low p+ to high p+

l Two-scale becomes one-scale:
2
A AN (Q% pr)

pr! Q pT ~ @

%
>
TMD Collinear Factorization
| TMD factorization to collinear factorization: Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan

Two factorization are consistent in the overlap region: ! qcp < pr < Q

A\ finite — requires correlation of multiple collinear partons

New opportunities!



Twist-3 correlation functions

' Twist-3 polarized correlation functions: Efremov, Teryaev, 1982, ...
- Qiu, Sterman, 1991, ...

Y 7
TG (X, X, SJ_) X ANC/\% /\D_’ Moment of Sivers function

| Twist-3 unpolarized correlation functions:

73! )(x/, :1:') - § Momént of Boer-Mulders
) . ( function

' Twist-3 fragmentation functions:

Kang, Yuan, Zhou, 2010

D®)(z,2)

N—1
I~

% Moment of Collins function?

All these correlation functions have No probability interpretation!
Quantum interference between a single and a composite state

Kanazawa, Koike 2000, ...



Additional talks in parallel sessions

Tuesday — WGG:

Phenomenological aspects of evolution in transverse

momentum dependent PDF's and fragmentation Prof. Ignazio SCIMEMI

COMPASS results on the transverse spin asymmetry in Christopher BRAUN
identified dihadron production in SIDIS

HERMES results on transverse target single-spin asymmetries in Klaus RITH
inclusive electroproduction of charged pions and kaons

Transverse-spin gluon distribution function Kazuhiro TANAKA
Wednesday - WG6:

. : - Dr. Umberto D'ALESIO
A_N in inclusive lepton-proton collisions r. Umberto

Measurement of the Transverse Single-Spin Dr. Mriganka Mouli MONDAL
Asymmetries for pi*{0) and Jet-like Events at Forward
Rapidities at STAR in p+p Collisions at sqrt{s} = 500 GeV

Results on Transverse Spin Asymmetries in Polarized Proton - Wlodek GURYN
Proton Elastic Scattering at sqrt(s) = 200 GeV

Gluon TMDs and Higgs boson production Marc SCHLEGEL

+ talks on unpolarized TMDs Mr. Andrea SIGNORI, J. Osvaldo GONZALEZ H.



Summary

After 40 years, we have learned a lot of QCD dynamics,
but, only at very short-distance - less than 0.1 fm,
and limited information on non-perturbative parton structure

Understanding proton spin could provide the first complete
example to describe the fundamental properties of hadrons
at various distance scale

Transverse spin opens a new domain to test QCD dynamics
and new observables for extracting partonic structure
beyond PDFs

From GPDs and TMDs, we could derive a comprehensive
3D view" of hadron's quark and gluon structure
— new frontier of QCD

Thank you!



Backup slices



QCD global analysis

QCD factorization + DGALP evolution:

— (/—' /@— /) =  +DIS+SIDIS +..
94

]\
=N " Afyy (X) @ Af gy (X)) @ —— +O(—)
dydp IEJ: i (X) ih (X') ® dydp? D2
/ ~.
Better experimental Improved theoretical
Measurements calculations, resummations

vV
Extract helicity distributions
with DGLAP evolution
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Determination of |G

| Double longitudinal spin asymmetries:

ot +) —o(t )]~ lo(=+) —a(=, -]

lo(+,+)+o(+,—)] + [o(—,+) + o(—, —)] for o(s1, s2)

ALL —

| Physical channels sensitive to AG:

p+p—! +X 88 =88 3) ik § Pion or jet production
|

p+p—jet+X qg | qg > < high rates
D+D—/!+ X : Direct photon production
PP 4! g >—= Premnp

p+p—=!+]jet+X low rates

Heavy-flavour production
; ( separated vertex detection
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Future data can further help!
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I Proof of principle from 2009 data:

Full Acceptance
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Re-evaluation of strange quark distributions

HERMES:
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DVCS with transversely polarized targets

l HERMES & JLab:
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DVCS with transversely polarized targets

l HERMES & JLab:
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