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Summary of lecture five

1 Key for a good proton spin decomposition — sum rule:

: 1 1
/ §:§AZ+AG+(Lq+Lg)
< Every term can be related to a physical observable with

controllable approximation - “independently measurable”

DIS scheme is ok for F2, but, less effective for other observables

Additional symmetry constraints, leading to “better” decomposition?

< Natural physical interpretation for each term - “hadron structure”

< Hopefully, calculable in lattice QCD - “numbers w/o distributions”

d Since the “spin crisis” in the 80t", we have learned a lot about
proton spin — likely, we will need for orbital contribution

Thank you!



Proton “spin crisis” — excited the field

1 EMC (European Muon Collaboration ’87) — “the Plot”:

g o
~ ELLIS-JAFFE sum rule ® xgr (X

x J'g1p (xydx | 1

=5 Z eg [Aq(x) + Ag(z)]

10—2 101 1

1
< Combined with earlier SLAC data: /O g1 (x)dx = 0.126 £ 0.018

< Combined with: ¢5 =Au—Ad and ¢5% = Au+ Ad—2As
from low energy neutron & hyperon 3 decay

AY =) [Aq+Ag =012+0.17

q
d “Spin crisis” or puzzle:
New era of

<> Strange sea polarization is sizable & negative ) )
spin physics

< Very little of the proton spin is carried by quarks



Proton spin decomposition

d The “big” question:

If there are infinite possibilities, why bother and what do we learn?

4 The “origin” of the difficulty/confusion:

QCD is a gauge theory: a pure quark field in one gauge
is a superposition of quarks and gluons in another gauge

d The fact:

None of the items in all spin decompositions are direct
physical observables, unlike cross sections, asymmetries, ...

O Ambiguity in interpretation — two old examples:

<~ Factorization scheme:
Fy(z, Q%) = Z CPB(z,Q*/p?) ® ¢°5(z, %)  Noglue contribution to F,?
a,q

<> Anomaly contribution to longitudinal polarization:
g1 (2, Q?) = Zéémo % AgANO 61;4NO 2 AGANO
9,9 Ny

AY —s AYANO
D

AGANO [ arger quark helicity?



Probes and facilities

d High energy scattering — to see quarks and gluons:

N
(1
Boost @C:
\V
Time-dilation Z Momentum fraction
Hard probe: t~1/Q<1/10 frm— = k+/p*

 Spin Probes:

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



Earlier “solution” to the “crisis”

4 Large AG to cancel the “true” Aq: -»-??—»—
1
Aq— /O deAq(x) = (P, s, (01 ysthq(0)| P, 51

# Az — ax - (@) g2 \

27

1 What value of AG is needed?
AG(Q?) ~2 atQ~1GeV

1 Question: How to measure AG independently?

<> Precision inclusive DIS
< Jets in SIDIS

<> Hadronic collisions — RHIC spin, ...

Lead to the first goal of RHIC spin program



RHIC spin program

O The machine:

Absolute Polarimeter (H{ jet)

RHIC pC Polarimeters

Spin Rotators
(longitudinal polarization)

Spin Rotators
Pol. H™ Source (longitudinal polarization)
S LINAC  poosTER
o Helical Partial Siberian Snake
200 MeV Polarimeter

) ’ S AGS pC Polarimeter
Strong AGS Snake

Collider of two 100 GeV (250 GeV) polarized proton beams
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Goals of RHIC spin program

 Determination of polarized gluon distribution (AG) over a
large range of momentum fraction x, using multiple probes

1 Determination of flavor identified quark and anti-quark
polarization using parity violating production of W+

 Transverse spin phenomena in QCD:
transversity (0q), parton orbital angular momentum (L),
and etc.



What has RHIC delivered?

4 Learning curve:
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O Maturity and discovery:

What a year of 2013!
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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



Global fits for helicity PDFs @ NLO

Stratmann’s talk
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TMC, HT, ... Accardi’s talk on Tue



Inclusive jet at 200 GeV
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QCD factorization/calculation works at RHIC energies!



Inclusive single hadron at 200 GeV

d PHENIX:
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Extend x coverage and particle type

0 BRAHMS: Large rapidity p,K,p cross sections for p+p,
Vs=200 GeV PRL98, 252001 (2007)
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RHIC Measurements on AG

ALL
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RHIC Measurements on AG

0+p — Jet+X
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Impact of RHIC measurements

new RHIC data included in DSSV++

° p, (GeVic)
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4 The “Plot” is greatly improved:

JLab/CLAS

gl/Fl

Inclusive DIS data
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AQ/9

Role of DIS measurements

idea: processes with (dominant) contributions from yg-fusion
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Determination of Aq and Aq

d W’s are left-handed: = == = =
‘e d™(z1) u (x2) u () d™ (z2)
" 4
() ce- @ «—= W+ = S
¥ P o e o e i e
€ v 0* =0 e’ et 0* =« Ve

4 Flavor separation:

Lowest order:

Forward W* (backward e*):

Backward W* (forward e*): AW o

d Complications:

o Mw Uu
ry = \/E ’ ] Ty = \/g €
szﬁt ~ Au(zy)
u(z1)
_Ad(a) _
dws)

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

—Yw

<0



High order effect

U Fixed order pQCD calculation:

W

LO: x 6%(qr)
1%
NLO: <61T ! 2
X — = 00 as qr
d7

d All order resummation is needed at low p;:

CSS formalism - implemented in RHICBOS



Predicted W asymmetry

P+p > W et +vy
E; >25 GeV
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Sea quark polarization — RHIC W program

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

Parity violating weak interaction UﬂPO' ~
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Projected future W asymmetries
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Global QCD analysis of helicity PDFs

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

O Impact on gluon helicity:
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Hadron structure at large x
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Hadron structure at large x

d Testing ground for hadron structure at x = 1:

< d/u—1/2 SU(6) Spin-flavor
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Future large-x experiments — JLab12

(d NSAC milestone HP14 (2018):
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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, ...



Future improvement to AG

 NNLO? Probably not yet

O Key: Extrapolation to low x and high x

< Large x: total contribution might be small
due to the steep falling phase space
<- Small x: larger phase space for shower and smaller Q
for a fixed collision energy = Large (k7), In(s/Q?) ~ In(1/x)

d Collinear factorization does not work when Q ~ Q.(z) ~ {(kr)

at small x

G(r) =G (2)+ G (x) x
AG(z) = GT(z) - G ()

xl—l—a

=

Could be proportional to
Not positive definite!

4 Current understanding of AG :
AG ~ 2 is unlikely, but, AG ~ 4 or 2 (") is still possible
Itis the G(x), not dx G(x), that is more sensitive to QCD dynamics!

Future EIC — @2 evolution



The Future: Challenges & opportunities

1 The power & precision of EIC:

gh(x,Q%) + C(x)
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The Future: Challenges & opportunities

U 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!

O 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



Recall: the other leading power distribution

d Collinear approximation:

— quark:

—~—

P

H(Q)
Yy

=_xp A

dx

X

/

k;
o

Spin:

Ia V55, 7N7 /Y'LL/Y57 O-'LW(Z./Y5)

S,

FV A T

d Leading power hard parts in p:

1 1

2 2

v n

2p-n

V57 -1
2p-n

V),

1

=7 -p(V), =757 -p(A), =7 -pv¢vs(T)

2

S,F V

A,

T

L Y5, Vs V5V O (375)

)& ;é

W

o(x

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:

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.,
[ SIDIS — mixed with Collins function: PRD 87, 094019 (2013)
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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
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o : :- 1< % |
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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 | =
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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} -
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1 1 1 1 1 1 = -

02 04 06 08 05 | < 0
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:_“_‘ 0.1 ¢t
Belle (ete-) —— %% oos|. ‘)/ i
0
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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?



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.




Summary of lecture six

O With the existing data from lepton-hadron and hadron-hadron
collisions with polarized beams, we have a good idea on the
quark/gluon helicity contribution to proton’s spin

1 Transversity and tensor charge are fundamental QCD quantities!

O But, EIC is a ultimate QCD machine, and absolutely needed:
1) to discover and explore the quark/gluon structure and
properties of hadrons and nuclei,
2) to search for hints and clues of color confinement, and
3) to measure the color fluctuation and color neutralization

In particular, EIC can determine the helicity contribution to

proton’s spin, and to answer the question if there is a need for
orbital contribution

Thanks!



Backup slides



QCD and hadrons



Single transverse-spin asymmetry

A, - consistently observed for over 35 years (~ 0 in parton model)!

ANL - 4.9 GeV

60 60
PRL 36, 929 (1976)

BNL - 6.6 GeV

[ PRD 65, 092008 (2002)
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4 Survived the highest RHIC energy:
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Do we understand it?

Kane, Pumplin, Repko, PRL, 1978

d Early attempt:

Cross section: cas(pr,35) + 4

Asymmetry:  0aB(pr,5) — oaB(pr, —5) =

Too small to explain available dataé
d What do we need?
AN o 8y - (Ph X Pr) = ie“”aﬂphﬂsupap;w
Need a phase, a spin flip, enough vectors

d Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference



Current understanding of SSAs

1 Two scales observables — Q; >> Q, ~ Aqcp:

SIDIS: Q>>P; DY: Q>>Q;
[ One scale observables - Q >> Ag¢p:

DY: Q~ Q5 Jet, Particle: P;
d Symmetry plays important role:

TMD factorization
TMD distributions

Direct information on
parton k;

Collinear factorization
Twist-3 distributions

Inclusive DIS Parity
Single scale

Q

Time-reversal

Information on
moments of parton k;

> Ay=0




