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Proton Magnetic Moment - circa 1935

¢ The magnetic moment (i of a particle is related to its
spin S according to:
;
h=g-—>5 s g=2+0(a)

2mec /\ for Dirac particles

e 1933 - Frisch and Stern:

(& —
Sp - Proton has (spin-)substructure

Ly, = D.8
Hp 2mc

But, whatis it?




Bjorken scaling:
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Point particles cannot be further resolved; their measurement
does not depend on wavelength, hence Qz2,

Spin-1/2 quarks cannot absorb longitudinally polarized vector

bosons and, conversely, spin-0 (scalar) quarks cannot absorb

transversely polarized photons.
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Callan-Gross relation:
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Proton Structure

® Development of the (initial) quark-parton model,

xf(x,Q%)

H1 PDF 2000 . ,
| ZEUS-S PDF Q=10 GeV~

Fl (QZ‘) — — 63Q(CE) 08 CTEQ6.1

Fy(x) =x Z e?]q(:v)

01(2) = 5 3 (@)

+0(as)

() = 5 3 e2oa(a)

improved by perturbative QCD radiation.

® Gluons dominate; responsible for ~98% of observed mass,
carry ~50% of the proton momentum, role(s) in nucleon spin?



Proton Structure

® Development of the (initial) quark-parton model,

H1 PDF 2000 . ,
| ZEUS-S PDF Q=10 GeV~

Fl (QZ‘) — 5 €3Q(CE) s | CTEQ6.1

[—
xf(x,Q%)

Fy(x) =x e?]q(:v)
1 zq: +O(ay)

g1(z) = 9 ZeﬁAq(w) wuch of this talk

q
1
hi(z) = 5 Z 6?]561(513) ¢.f. Marco’s talk
q

improved by perturbative QCD radiation.

® Gluons dominate; responsible for ~98% of observed mass,
carry ~50% of the proton momentum, role(s) in nucleon spin?



Proton Structure

® Development of the (initial) quark-parton model,

—
xf (x,QZ)

Q’=10 GeV*

Fi(x) = 5 6361(55)

Fr(x) == Z ecq(z)

01(2) = 5 3 (@)

() = 5 3 e2oa(a)

® Naively,
gproton(QPM) ~ 9.0 \/

and perhaps even more naive,

p __ gl(aj) ~ O
Alr) =5y =3



Proton spin
Early measurements:

1.0
0.81 The spin asymmetry,
0.6 A, D 63(61T —qt)
< Expectation from Al ~ — 2/ 1 l
Ap SU(6) wave fct. g Z 6q (q + q )
1

undershoots expectation.

European Muon Collaboration (1989)

0.2 1 1 | 1 1 : 1 ]
0.01 0.02 0.05 0.1 0.2 : 0.5 1.0
X ,
Naively,
Ap(x) _ gl(x) ~ §
1 o F1 (%) - 8

Better, relate / g1(z)dx to the couplings in weak 7@ and >.™ decays. 5



Proton spin

& 4 This experiment

b SLAC [2-3]

«— ELLIS-JAFFE SUM RULE

EMC: J.Ashman et al, Nucl. Phys. B328 (1989) 1
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Proton spin

0.21F 4 This experiment
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“ The sum of quark and anti-quark spins contribute little to the proton
Spin, and strange quarks are negatively polarized. ”



Proton spin

For the proton,

1 1
= 1 (4 1 1
[ = /0 g1(z)dx = /0 (5 Zquq(x)> dx = 5 <§A1u + §A1d—|— §A18>

1 1 1
E (Alu — Ald) —I— % (Alu —l_ Ald - 2A18) _l_ § (Alu _l_ Ald _l_ AlS)

A 0) T
Unique to DIS, AY

Known from weak neutron to proton decay,
combined with weak > to neutron decay

Known from weak neutron to proton decay

which becomes a prediction if A1s = 0

No (reliable) substitute for energy; x oc 1/4/s



Proton spin o

For the proton,

1 1
= 1 (4 1 1
[ = /0 g1(z)dx = /0 (5 Zquq(x)> dx = 5 (§A1U + §A1d—|— §A18>

2 (Alu—A d)+3—(A1u—|—A1d 2A1@—|— A1U—|—A d—I—Als)

T as = 3F—D = 0.5940.03 T
A

Unique to DIS, AY
J< 10%

Known from weak neutron to proton decay,
combined with weak > to neutron decay

Since,

or'; 5
s [piiis—yatte 30 one can recover the E-J expectation with a
ol sizable shift of as = 3F — D, ag ~0.2+0.1

5’&8

experiment



Proton spin - SU(3)
Such a sizable shift, however, is hard to support from (new) data:

Table 1. Present world HSD rate and angular-correlation data [14]. Numerical values
marked g,/ f1 are as extracted from angular and spin correlations.

Decay Rate(10%s~1) g1/ f1 g1/ f1

A — Bly {=e* b=pu" {=e" SU(3)

n —p 1.1291 +0.0010 1.2670£0.0030 F + D Close &
A®—p 3161 £0.058 0.60 +0.13 0.718 +£0.015 F+ 3D Roberts
YT —n 6.88 +0.23 3.04 +£0.27 —0.340 +£0.017 F—-D
2~ —A% 0387 £0.018 —v2D1
Y+t —A"  0.250 +0.063 — \/% D1
=-—AY 335 £037 21 =£21 0.25 +£0.05 F-—:D
== —-XxY 053 #£0.10 F+D
=V —-X¥X+ 0.876 £0.071 0.01240.007 * 1.32 +£0.21 F+D KTeV
*KTeV data [5]-—not included in the fits presented here.

T The absolute expression for g; is given, not ¢g1/f1 (as f1 =0).

P. Ratcliffe, Czech J. Phys. 54, A21 (2004).

Smaller shifts have been reported, e.g. by Ehrnsperger (1995), Song

(1997), Flores-Mendieta (1998), Yamanashi (2007), Sasaki (2009), ...



Proton spin

@

Numerous follow-up questions and experiment programs,

Among the early attempts at a resolution,

with the gluons polarized.

G. Altarelli and G.G. Ross Phys. Lett. B212 (1998) 391

Note: this attempt requires very large polarization,
factors larger than the nucleon spin itself, and

by inference, huge compensating orbital momenta.
Quite the proton, a ground-state object and all.

Other attempts include e.g extrapolation over unmeasured low-x.



Renewed Interest in Nucleon Spin

’

What is the nucleon spin decomposition?

&5
0

What is the role of spin in QCD?

Complementary ways to address several of the open questions,

DIS S\ — PP

within a common factorized framework.

10
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Nucleon Spin - A World-Wide Quest

| SLAC CERN
g B8 142, E143, EMC, SMC,
s 0l E154, E155 COMPASS
DESY
HERMES
BNL

Hall A, CLAS

PHENIX, STAR

11



DIS




DIS - Nucleon spin ‘,/w—*>‘

1 1
= 1 (4 1 1
[ = /0 g1(z)dx = /0 (5 Zquq(ac)> dx = 5 (§A1u + §A1d—|— §A18>

For the proton,

1 1 1
= 15 (B —Avd) + o= (Aru+ Ard = 2805) + 5 (Agu + Ard + Ays)

3
T + O(ag) now well known + 0(1/Q2)

J< 10%

Similar can be done for the neutron,
experimentally via the deuteron or 3He,

12



{gd(x) dx

0.08

0.04

Nucleon Spin - Bjorken Sun

0.6
/ g¢(z)dx = 0.024 £ 0.0204a¢ + 0.014y,
0.006

1

-

lllllll I llllllll | LA

a) a) Theory  —
b) This exp.

1

lllllll 1 | lllllll L 1

0.01
Xm

SMC: B.Adeva et al, Phys. Lett. B302, 533 (1993)

0.1 1

[ =0.126 £ 0.010gtat £ 0.0154ys (EMC)

P = —0.08 = 0.0450a¢ = 0.044y

T2 —T7 = 0.20 + 0.054 + 0.044y,

1 s
P _pr = |94 [1—%+...}

6 |gv

25%

= 0.191 £ 0.002 + O(a?)

13



[ g9 (x) dx

0.08

0.04

Nucleon Spin - Bjorken Sun
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J< 10%

Nucleon Spin - Bjorken Sun
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Aju+ Ayd — 275 Nucleon spin - AX.

ag = 3F—D = 0.5940.03

T Known from weak neutron to proton decay,
combined with weak > to neutron decay

Table 1. Present world HSD rate and angular-correlation data [14]. Numerical values
marked g,/ f) are as extracted from angular and spin correlations.

Decay Rate(10s~1) g1/ f g1/ f1
A — Bty {=e* b=p~ {=e" SU(3)
n —p 1.1291 £0.0010 1.26704+£0.0030 F+ D Close &
A®—p  3.161 +0.058 0.60 +0.13 0.718 +£0.015 F+ 3D Roberts
¥~ —n 688 +0.23  3.04 +0.27 —-0.340 +£0.017 F-D
2~ —A" 0387 +0.018 -V2 D1
+—A°  0.250 +0.063 - \/§ Dt
=-—AY 335 +£037 21 +21 0.25 +0.05 — 3D
=-—-x% 053 +0.10 F+D
=0 -%¥*t 0.876 +0.071 0.012+0.007* 132 4021 F+D KTeV

“KTeV data [5]—not included in the fits presented here.
T The absolute expression for g; is given, not g1/f1 (as fi =0).

l

— ag(Q?%=3(GeV/c)?) =0.32 £ 0.02a¢ £ 0.045y5t £ 0.05¢y, .

COMPASS PLB 769 (2017) 34




X.

Nucleon Spin - Scaling Violations, Global Analyses

0.075 Provide sensitivity to AG(z, Q?)
— L SMC, E eam — 190 Ge .
@) o E143, Ebbeam <29 Gev\% | Closely related also to extrapolations
g over unmeasured small-x,
/(0
0.050 |- AN ) 1 :
oo\l g1(z,Q°) o exp ln:; InIn a

as z— 0, Q°— oo,

R.D. Ball et al, Nucl. Phys. B444, 287 (1995),
B449, 680 (1995)

[ ==

0.025
Start of polarized pQCD analyses.

More recent work at NLO:

o NNPDF: Ball et al,
initially inclusive DIS data only,

10 10 1 DSSV: De Florian et al,
inclusive DIS, SIDIS, RHIC
ArXiv 1304.0079 (2013) 15



SIDIS - Quark Flavor Structure
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Nucleon spin - strange quark polarization, As
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Nucleon spin - strange quark polarization, As

F, D constraints

xA(s+§)(x,Q:)

0.08

IIIIIIIIIIIIIIIII

e o e 0 00 o ehs

Q3 = 1GeV*]

+semi-inclusive

llllllllllllllllllll

all SIDIS data
- data 7
K™ data

llll

LI LI LI
I I I
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15 - —— all data sets
AvZ | —-—- DIS data
Xt — — SIDIS data
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5 F | |
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107’
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DSSV: De Florian et al
PRD 80, 034030 (2009).



Nucleon spin - strange quark polarization, As

SIDIS relies on FE

in particular to Kaon FE

no “tension” in PSSV though,
Larger F D uncertainty in NNPDF
Lattice indicative of small net As

Clear role for a future

F, D constraints

EIC -0.02~
-0.04[

xA(s+§)(x,Q§)
08 NNPDFpol1.0 QO — 1 GeV~“
0.06| 0 . -
- |1 Dssvos Ax” = 1 +semi-inclusive
~ 0.04| - -
L2
% 0.021—
w [
+ OV T et s o o s e oo
-

-0.06

| L i
15 —— all data sets — all SIDIS data — 15
A2 T —-—- DIS data _ — m data 1 An?
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10 - | o RHICd /- W\ 4 10
5 . b 45
L e @ qf ) -
0 _I 1 1 1 1 r'"‘;‘”‘.';'-r 1 | I | A ST T 1 | 0
-0.05 0 0.05 -0.05 0 0.05
Asl, [0.001—1] Asl, [0.001—1]

- llllllllllllllllllll

data

DSSV: De Florian et al
PRD 80, 034030 (2009).
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XAS, XAS

X(AS - AS)

Nucleon spin - COMPASS L.O. As

M.G. Alekseev, Phys.Lett. B693 (2010) 227-235

- O XAS
0.04 = [= 5 __
0.02 ;_ é{ } s Il o
T SR X SR A A
-0.02— % --
- [
-0.04 — %
; | | | I I | | | | | | I I | | |
0.1
0.05 :— oo
0 b----oeeeee- t}l """" R E}’% """""" E} """ Y]ll""tl' """""""
-0.05 [ % f} "
-0.1_—|11|||| | | 11111|| | 1
107 10"
X

No evidence for negative net strange quark polarization,

not from (K* + K) asymmetries of 0 either,

Renewed interest in FE in-sitv multiplicities, ete.
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Nucleon spin - COMPASS L.O. At — Ad

M.G. Alekseev, Phys.Lett. B693 (2010) 227-235

— ® COMPASS
Py - -~ DSSV
o 01— - Bourrely-Soffer-Buccella
<] i - - Kumano-Miyama
: - —-— Wakamatsu
15 0.05 R +
S : E N
2 e
0 _ __________
0.05 [—
0.1
C [ | I A | I

{0= 10" 1
X



Nucleon Spin - Scaling Violations, small-x

K. Abe, Phys. Rev. Lett. 79 (1997) 26

0.5
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1|
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-15
- ® SLACE154
5 I O CERN SMC
: --- Regge fit g, = Const
-2.5 :— — Power fit g, = (o)) 't
_3 i | | | |



Nucleon Spin - Scaling Violations, small-x

K. Abe, Phys. Rev. Lett. 79 (1997) 26 E.C. Aschenauer, ArXiv:1708.01527
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RHIC - Polarized Proton-Proton Collider

Unique opportunities to study nucleon spin properties and spin in QCD,

Vs = 62, 200, and 500 GeV

() » €0 Absolute Polarimeter (H je()\‘ > RHIC pC Polarimeters

~ 3 @ BRAHMS & PP2PP (p
PHOBOS - o — ~(2)

a)p e m
") &)

€)% «— Siberian Snakes
Siberian Snakes

< PHENIX (5) T
=8 240 A STAR (5 X
A Spin Rotators Spin flipper

Q U (longitudinal polarization)

Pol. H™ Source Solenoid Partial Siberian Snake
BOOSTER

é? U “a : LINAC o0
A b )
o

Spin Rotators
(longitudinal polarization)

versus

<« Helical Partial Siberian Snake

200 MeV Polarimeter = «AGS Internal Polarimeter

_—
at hard (perturbative) scales with good systematic controls, e.g. from the ~100ns
succession of beam bunches with alternating beam spin configurations.

Rf Dipole AGS pC Polarimeters
Strong AGS Snake

Strong AGS Snake
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RHIC - Polarized Proton-Proton Collider

Unique opportunities to study nucleon spin properties and spin in QCD,

Longitudinal data STAR

Vs = 200 GeV 600 —T
2005 w— 250/255 GeV
2006 35 pb- === 100 GeV L
2009 e T S e A2 S
2015 50 pb- PR A A R R

Vs =500 GeV
2009
2011
2012 350 pb-
2013

Polarized protons

2013 P=53%

N B ot/ 77 A B S B B
! (1 cx@crimcu:t) ' ! ‘ ;

) 1 ! I ) ) ) !
1 1 1 ' ! 1 1 1 '
) L] L] ! |} ) ) i '
1 1 1 ] | | | 1 i
i s St S’ A S by S Ry R Y
) 1 1 ! ) ) ) 1 !
| ' ! ' | I | ! '
] 1 1 ! ] 1 ] 1 !
| ' | | | | | '

Transverse data

Vs = 200 GeV
2006
2008 38 pb-1
2012
2015 50 pb-

Vs = 500 GeV L e
2011 25 pb- 0 i
2017 350 pb- 0 2 4 6 8 10 12 14 16 18 20

Time |[weeks in physics]

wi2P=52% /. / | 1 iisp=sses | |

200 [2U2E=32% /L _____?________T__’__,__2(?.1513__-J:55¢y1,L_J:________T ________
' ‘ 752009 P=34%

L 2012 P =59%

Y SRRV _agd, |
100 froroootor ffortge 20N R 8% L L

12009 P=56%,2006 P =55%
' 72005 P=47%
2003 P=34%

Integrated polarized proton luminosity L [pb]

50-60% polarization



Gluon Polarization at RHIC

ol —gll 2

A
Measurement: A;; = — Z i R ——
f_

O'TT —|— O'Tl o fl
—dq,9

- Detect and reconstruct particle, jet,

- Extract beam-spin dependent yields,

- Measure relative luminosity, beam polarization
- Evaluate double beam-helicity asymmetry

Advantages:

- High yields of neutral pions, jets at RHIC,
- Relatively straightforward triggering,

- Understood reconstruction techniques,

® Sizable partonic asymmetries

Disadvantages:

- Contributions from several sub-processes,
- Wide x4 range sampled for each fixed pr

- Xg, Xg ~ pT/\/s -exp(-n)

Af
f2

® arr ® (fragmentation functions)

1.0 1

0571

partonic Ao/o
o

-0.5t1

99—qq

qg—gg

999y

99— qq’

qg—11 | | |
1.0 -0.5 0 0.5 1.0

-1.0

cosbB 22



Gluon Polarization at RHIC

Measurement: A;;p = T 1 o1l — 2 T 020 7 ® arr ® (fragmentation functions)
- Detect and reconstruct particle, jet,
- Extract beam-spin dependent yields,
- Measure relative luminosity, beam polarization
- Evaluate double beam-helicity asymmetry

oll —gll 9 Z Afi _ Af
f=

0.8 1 I 1 1 I 1 1 I 1 I 1 1 1 1 I 1 1

Advantages: 06 |- _
- High yields of neutral pions, jets at RHIC, .~ 7
- Relatively straightforward triggering,

- Understood reconstruction techniques,

04
[ qq +4qq + ...

- Sizable partonic asymmetries 02 - -
. 0 UUNENS TUUUUE TUUUUE TEUUUR! UUUUNE UUUUE TUUUUN TUUUUS TOUUUUY [SUUUIN TUUUUNE TUUUIS SUUUUS NUUURN RSSO TV |
Disadvantages: 0 10 20 30 pT(GeV)
Contributions from several sub-processes, gluon-gluon and quark-gluon
- Wide x4 range sampled for each fixed pr scattering contributions dominate.

- Xg, Xg ~ pT/\/s -exp(-n)
22



Gluon Polarization at RHIC

M _ 51 9 A A
Measurement: A;; = ZTT n Z” — fzg Tfl R f‘fé ® arr ® (fragmentation functions)
- Detect and reconstruct particle, jet,
- Extract beam-spin dependent yields,
- Measure relative luminosity, beam polarization

- Evaluate double beam-helicity asymmetry

Advantages:

- High yields of neutral pions, jets at RHIC,
- Relatively straightforward triggering,

- Relatively simple reconstruction,

- Sizable partonic asymmetries

1 —_— —_—
Q*=100GeV Y2

Disadvantages: 08 P20 1 =
©0.6 |- Jo75 @
o 9 a) 05 O
- Contributions from several sub-processes, < 04| ] >
. . — ©
® Wide x4 range sampled for each fixed pr 02 Pr= >0 eV 0.25
- Xg, Xg ~ pT/\/S ' eXp('n) 010-3 — I;O-z . Xl 10" 1 0

gluon 22



Gluon Polarization at RHIC

[ ? Af A
o o 1 Jo : :
Measurement: A;;p = —— ® —— ® ar1 ® (fragmentation functions)
O'TT -+ O'Tl Z fl f2
- Detect and reconstruct particle, Jet, Phys. Rev. Lett. 97, 252001 (2006)
- Extract beam-spin dependent yields, - B ‘ (a) -
- Measure relative luminosity, beam polarizatior 10 & —_— =
i ) . . i '3\'_\ p+p = jet + X
Evaluate double beam-helicity asymmetry SICE 200 GeV -
g 1 -\Bg midpoint-cone
210°! A leone=0.4
g. . \_\a\ 02 .-_;,l.-_jo. o)
Advantages: S10°E S =
- N
:103 ‘—}‘T\
- High yields of neutral pions, jets at RHIC, =102; —
- Relatively straightforward triggering, F —5— Combined MB —
- Relatively simple reconstruction, 10E" —e— Combined HT ~_ .
- Sizable partonic asymmetries 15 NLO QCD (Vogelsang) :
e [
1.8 Systematic Uncertainty —
51.4 B= A veesesssssess T:bzgry ggdlenljr:c:ir?c:inty (b) =
Pisadvantages: e ——
8 " E §
: : 0.2 =
- Contributions from several sub-processes, 0 10 20 30 o e
T

- Wide x4 range sampled for each fixed pr _ ) )
- Xg, Xq ~ PrVs - exp(-N) NLO pQCP agrees well with the “numerator
22
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Gluon Polarization from RHIC

Phys.Rev.Lett 115 (2015) 092002

STAR 2009
p+p — Jet+X

's=200 GeV

0.0 - | * STAR
075 | — BBH10
0.06— |~ DSSV
- | — - LSS10p /
0.05[ |--- LSS10 l
- - /,/ - e
<99 05<i <1 e g
002;_ * /{_ ’,"f___m'”_”
= — B
0.01 e
- 4+t 3
0 t_'g_‘.(_—:—f___,,, '''' A T """"
- +6.5% scale uncertainty
-0.01 - from polarization not shown
1 1 1 | 1 1 1 1 1 1 1 1 1 | - 1 1 1 | 1 1 1 1 | (- 1 1
5 10 15 20 25 30 35
Parton Jet P, (GeV/c)

0.1 —— NEWFIT -
" incl. 0% C L. vanations |
----- DSSV*
. - == DSS
_0') 1 I lllllll 1 1 111“11 ' AL 1 Ll

---------------
.-

IRHIC x range

- [[__] NNPDFpol1.1

A~ —— positivity bound .

10° 102 10" 1

Gluon polarization is positive in the region of the data; -0.2 h

0.20 + 0.07

DSSV, PRL 113,
012001(2014)

0.21£0.10

NNPDF, Nucl. Phys. B
887, 276 (2014)
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Gluon Polarization
Evidence for positive gluon polarization

1 l L L l LI l L l L L I UL '
’Q - DSSV, Phys.Rev.Lett. 113, 012001 -
N’ o —
20 | | B8 NEW FIT -
<] 90% C.L. region
¥ [ = DSSv* ]
n O~ 90% C.L. region Bty
o= S -
= | 4 DSSV i
I SReE Wiy g L :
] SR ) Easy to “hide” 1 h in the unmeasured region
KA,
I < - S |
I World data priorto STAR 2009 |
i : , i
05 - Q%=10GeV? incl. STAR 2009 data—]
1 l 11 1 1 l 11 1 1 l 11 1 1 l 11 1 1 l L1 1 1 l

02 01 -0 01, 02 03
J dx Ag(x)

0.05



Gluon Polarization

DSSV, Phys.Rev.Lett. 113, 012001

J dx Ag(x)

S 0,001

0.05

] l ] 1 1 T I 1 1 I ] [ ] 1 T T I 1 1

1 I L L I LI B | ] LI B B | l UL I L B B | l
¢  NEW FIT |
90% C.L. region
= DSSV* )
90% C.L. region
s DSSV ]
- Extend sensitivity to smaller Xq
. {  — Vs = 500 GeV data, xg ~ 1/Vs,
s i
4 A Sy | forward rapidity, xq ~ exp(-n),
World data priorio STAR 2009 _
T 7
Q* =10 GeV” incl. STAR 2009 data—]
lllllllllllllllllllllllllll

02 01 -0 01, 02 03
J dx Ag(x)

0.05



J dx Ag(x)

005
S 0001

Gluon Polarization

DSSV, Phys.Rev.Lett. 113, 012001

L L L D D D B D B B | LI I B | L L L |
I I I I I I

NEW FIT
90% C.L. region

m DSSV*

90% C.L. region

4 DSSV

Extend sensitivity to smaller xq

—_— Vs = 500 GeV data, xg ~ 1/Vs,

4 A RS forward rapidity, xq ~ exp(-n),
World data priorto STAR 2009

l 1 1 1 1 l 1 1 1 1 l 1 1

1 1 1 1

“—>
Q2 =10 GeV?> incl. STAR 2009 data—

] I ] 1 1 T I 1 1 1 T I ] 1 T 1 I 1 1

o

lllllllllllllllllllllllllll

02 01 -0 01, 02 03
J dx Ag(x)

0.05

Further precision from jet and neutral pion probes, and
from complementary probes

Gain insight in xq dependence. 24



J dx Ag(x)

005
S 0001

Gluon Polarization

DSSV, Phys.Rev.Lett. 113, 012001

L L L D D D B D B B | LI I B | L L L |
I I I I I I

NEW FIT
90% C.L. region

m DSSV*

90% C.L. region

4 DSSV

Extend sensitivity to smaller xq

—_— Vs = 500 GeV data, xg ~ 1/Vs,

4 A RS forward rapidity, xq ~ exp(-n),
World data priorto STAR 2009

l 1 1 1 1 l 1 1 1 1 l 1 1

1 1 1 1

“—>
Q2 =10 GeV?> incl. STAR 2009 data—

] I ] 1 1 T I 1 1 1 T I ] 1 T 1 I 1 1

o

lllllllllllllllllllllllllll

02 01 -0 01, 02 03
J dx Ag(x)

0.05

Further precision from jet and neutral pion probes, and
from complementary probes

Gain insight in xq dependence. 24



J dx Ag(x)

S 0,001

0.05

Gluon Polarization

DSSV, Phys.Rev.Lett. 113, 012001

_l I L L I L B | ] L I B | l L B | I LI L L l-
[ & NEWFIT |

90% C.L. region
| = DSSV* ]

90% C.L. region
| a4 DSSV ]
L | . Extend sensitivity to smaller Xq
- . {  — Vs = 500 GeV data, xg ~ 1/Vs,
i SR 1
N 4 * Sy | forward rapidity, xq ~ exp(-n),
I World data prior-to STAR 2009 _
_ Q%= 10 GeV? L STAR 2006 data RHIC continues to make progress and impact,
T T e e e see also Elke’s talk yesterday,

02 0. -0 0.1 , 02 03
[ dx Ag(x) Clear role for a future EIC

0.05

Further precision from jet and neutral pion probes, and

from complementary probes
Gain insight in xq dependence.
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Gluon Polarization

An early glimpse in the forward acceptance region:

0.006
0.004
0.002

—-0.002
-0.004
—-0.006
0.006
0.004
0.002

—-0.002
-0.004
—-0.006

arXiv: 1805.09745, PRD 98, 032013 (2018)

— STAR pp—n?+X
- Vs =510 GeV

2.65<1n<3.15
30 <E<70GeV

|

|'lllllll|lIIIIIIIIIIIIIIIIT]III

| |
3.15<1<3.90
30 <E <100 GeV

= NNPDF
- - DSSV14

IIII'III]I

+6.7% polarization scale uncertainty not shown

|

N

6

7
P, [GeV/c]

* Results are given for transverse

momenta in the range 2 < p; <10
GeV/c within two regions of
pseudorapidity that span 2.65 < n<
3.9

e These results are sensitive to the

polarized gluon parton distribution
function, Ag(x), down to the region of
parton momentum fraction x ~ 0.001

* These results will provide the first

direct experimental constraints in x
<< 0.01

Correlation measurements will access larger (average) partonic asymmetries.
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Gluon Polarization

Mid-central di-jet asymmetlries:
Phys. Rev. D 95, 071103 (2017)

0.08— SN Di-JetA,,
" e DSSV 2014
-~ === NNPDF Pol 1.1
0.06— [ ] Scale Uncertainty
- ~ [233Z] PDF Uncertainty SRR
<" 0.04— [ Rel. Lumi. Uncertainty - ;6‘::::.’:’:’
o, H
@ o
5 0 02:
0-
o Sign(n) = Sign(n,)
_1 TR Y TN WY SO TN (NN WNNNN SR SN NN NN SN SN NN SN N S S S S S S S S S S S’
0.08— : :
8 STAR 2009 Sign(n,) # Sign(n,)
0.06— p+p— Jet + Jet + X
P /s = 200 GeV
< 0.04— mn,| < 0.8 s
S T s
é 0.02— e TERR , - °
i + 6.5% scale uncertainty
-0.02— from polarization not shown
_l 1 I L 1 I 1 l L 1 | 1 l 1 1 L 1 1 L l L 1 l L

20 30 40 50 60 70
Di-jet Invariant Mass [GeV/c?]

Towards sensitivity to Bjorken-x.
Preliminary results at 500 GeV have come out as well, paper in preparation 26



Gluon Polarization

di-fet asymmetries in a more forward region:

STAR Barrel ’
: 05 16.0<M<19.0 Gevic? STAR 2009
5 { peprJet s Jot + X
: > | /s = 200 GeV
o " 08<n <0;08<n <18
................................... ¢ DRSS | asee— | . !
a 0.3} _J
: o e 0 1 ety
ot
n=-1 n=0 n=1 n=2
STAR Barrel "
3
b
5
g
s
n=-1 n=0 =1 n=2
STAR Barrel

0.2}

0.1}

_.
- —
o
b
)
-

0.04—

PRD 98 (2018) 032011

SN oljer A

DSSV 2014

- NNPDF Pol 1.1
0.8 < n, < 0; 08 <« n, < 1.8

STAR 2009
pep— Jet + Jet + X
(s = 200 GeV

|| PDF Uncertainty
B Rel. Lumi. Uncertainty
0« n, < 0.8;08 < n,< 1.8

20 30 40

60 70
Parton Level Dijet Invariant Mass [GeV/c”]

Impact clearly exists; quantifying it will require renewed global analysis (and/or reweighting)
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Quark Polarization at RHIC
Vs = 500 GeV above W production threshold,

Experiment Signature:
large pr lepton, missing Et
<=

d Experiment Challenges:
charge-ID at large Irapidityl
electron/hadron discrimination

e luminosity hungry

Free of fragmentation (!)

AcPo™ (pp — W — eTr,) o —Au(xg)d(zp)(14cos 0)* +Ad(xq)u(zy)(1—cos 6)?

Spin Measurements:

AL (WH) =

_ _ — , Tg — 1
—Aulza)dlzy) + Ad(zaJulzy) _ ulza) LO expressions to illustrate
u(xy)d(xp) + d(xg)u(zy) Ad(zq) 1 Il behavi
\ d(za) ’ overall penavior,

~Ad(za) 1

d(z,) @ "o NLO known and used in

At(z,) 1 extracting pPDFs.

a(zq) @ 1P

28



W and Z Production Cross Sections

10% &= Theory: FEWZ and MSTWO08 NLO PDFs e PHENIX: first W*and W production
-~ E s !I cross sections in proton-proton
Q2 L e s collisions, Phys.Rev.Lett. 106 (2011)
— I - : 062001,
Z10° — T
toE :
= - pp—>W STAR: Initial NC cross section at
1 / ¢ STAR . UA1 RHIC, confirmation of PHENIX CC
0 10° = pp— W* . : Phenix UA2 cross section measurements, Phys.
8z | o ATLAS ¢ CDF Rev. D85 (2012).
o) = - = CMS + DO

- pp—o W |

10 E | _

Data are well-described by NLO
510° — o pQCD theory (FEWZ + MSTWO08),
a -

? - Necessary condition to interpret
102 asymmetry measurements,
N .
T epozy |
) 5 Future ratio measurements may
58510k provide insights in unpolarized light
© - pp— Z/y* quark distributions
A A " |

10 Vs (GeV)

The “numerator” is again well-described:; differential c.s. ratios complementary to E866, ... 2



Quark Polarization at RHIC

See e.g. J. Zhang, INPC

p+p > W >e‘+ v Q.H. Xu, DIS

) {s=510 GeV 25 < E; < 50 GeV e
0.5 —
! . I 3 iy
) o )
- W L L L g »  Further confirmed the
i polarized sea asymmetry:

At > Ad

0.08[-
Sea Asymmetry
0.06~ x(A% - Ad)
| 0.04
_ W' W N S—
5 ~$- =i~ STAR 2013 Preliminary T R :
— -.-.- DSSV08 RHICBOS - %
- --- -.-. DSSV08 CHE NLO o Wt |
ceeee v LSS10 CHE NLO L |
1 DSSV08 LO Ay®/%2= 2% error i , "
3.3% beam pol scale uncertainty not shown _0.02~ © = 10(GeVrc)
C oy E e NNPDFpOH 1
-2 -1 0 1 2 _0.04 5= NNPDFpol1.1rw
lepton 1 . i e it |
107 10? 107 1
X

The light quark-sea is polarized and exhibits a flavor asymwetry.
30



Outlook to EIC

1 LI ll 1 1 1 LI II 1 1 1 L ll 1 1 1 LI 1 1 1 sl ial

102k Current polarized DIS data: =
N o0 CERN ADESY ¢JLab o0SLAC -

| Current polarized BNL-RHIC pp data: ]

B ® PHENIX ® ASTAR 1-jet q
10} .
10 =
1 [ =
B 1 L1 111 1 1 1 L1 11 ll 1 1 1 L1 11 ll 1 1 1 L1l lll 1 1 1 | O

4 : 2 1

10 10° 10 10 1

X
Two orders in x and (¥ compared to existing data; few, if any, alternatives.
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Outlook to EIC

A 5 GeV on (100,250) GeV

o incl. 20 GeV on 250 GeV

102

2 U llllllll | L L] 4 : 1 llllllll T 111l 4 1 llllllll LI 4 ~ 1 llllllll L 4 : 1 llllllll LI L
15 B x=1.3x10"JE - x=21x10* JE  x=833x10"JE  x=52x10"JF  x=82x10"3
1 E =15 =15 =13 =15 =
= + —— DSSV+ JE [ m 1€ 1€ =
—~ 05 F qF o9 =15 =1 =15 =
Al - 1F 1F %o 1E che—¢ 1 ]
S LoE JE JE JE EIR___; E
o s 1E 1E 1E 1E -
Q 1 llllllll L irainmc 1 lllllllI L 1 11T 1 llllllll Liunnmc 1 llllllll Liinuanc 1 lllIlllI L1 11111
-o O 6 o 1 llllllll | L IIIIE ; LI lllllll 1 IISIIIE . | llllllll | L] lllll_lI __ 1 lllllll | llllll_lI ; I llllllll 1 llll:I
= T F |5 x=21x10" [ x=3.3x10° 1 x=5.2x10" 1F x=8.2x10° -
O‘) - - - - - - - =
v 04 gy g | o g a1 ~
02 F¥eb  JE o 1F oreia 1 I8 1k .
3 : :_WH : ;W Jp ety qp oo
o x=1.3x10° F a | n 1E alls .
1 llllllll L L o 1 lllllllI L1 1T 1 llllllll Liyaum c 1 llllllll /BN B 1 llllllll L1 1111l

1 10 1 10 1 10 1 10 1 10
Q2 (GeV?) Q? (GeV?) Q? (GeV?) Q2 (GeV?) Q? (GeV?)

Direct sensitivity to scale-dependence, and hence gluon polarization, at least to x~10-3

Simultaneous access also to a host of complementary channels,
e.g. open charm production.



g,(x,Q2) + const(x)

50

40

30

x 20

10 |

Outlook to EIC

: 1}’ EIC:

llll T T Illllll T T lllllll

DSSV+

x=5.2x107° (+52)

v 5GeVon 100 GeV

8.2x10° (+43)
o 20 GeV on 250 GeV

1.3x10™ (+36)

o
2.1x10 (+31)

3.3x10 (+27)

O‘___e._——e-——"
M 5.2x10 (+24)

e 8.2x107 (+21)

A 5GeVon250 GeV -

S e 1.3x107(+19) J

A

o h——r—O— 00— 9

T__,‘___..__H-.——OA—e——D 3.3x107(+15.5)

5.2x10°(+14) .
8.2x10° (+13) . B

' -y rh—Ox—0——0 13x107(+12) -

[ 2.1x10%(+11) *———4—Fa—Oa—Oa—0—0
% Th—— Tk —Oh—OA—O0—0 -

3.3x102(+10)
5.2x10 (+9) ,
8.2x102 (+8)

-y SO h——O—O
Tk O —— A — O x—©

2.1x10°3(+17)

1.3x10" (+7) =

Vi ik
2.1x107 (+6) =

T OAk—© A 1 _1 | 4

current
data

I | 1

=N DSSV+ |
- E|05x100 |

5x250 |
EIC 20x250

all uncertainties for Ay’=9 _

1 I ! |

33x107 (+5) F¥—F—w——w——w——va
5.2x10" (+4) ¥—F—m——va

il Vi ik Th—O A

10

10° 10°

Q2 (GeV?)

0.35 0.4
1
f AZ(x,Q°) dx
0.001

0.45

Conclusive insights in quark and gluon helicity from inclusive measurements, and

orbital momentum by subtraction (!)
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dx AZ(x,Q%)

i}

X
T

Outlook to EIC

- i A more up-to-date view; E. Aschenauer et al.
i PRD 92 (2015) 094030
0.6

1 1 1 I 1 1 1 I | | 1 I 1 1 1 I 1 1 1

NA 15 _I_I'I'ITITII T num] T Illllﬂ] T |||||l'|'| T llllll'l'| T |||||ITH

q L DIS + SIDIS data = DSSV 2014 i

é L no pp data in fit with 90% C.L.band |

T B R T R WA METETRTTYT BETATRTTIT A ETTI %0 L RHIC spin EIC projections: 4

% 5 4 3 ) B b & projected data up to 2015 B Vs=775GeV .
0° 107 10" w07 07 0 1 Bl - 227G ]

Vs = 1414 GeV

=
o0

— __I_l'ITI'I'l'I'l T ||||||'I'| T lllllll'l T llllll'l'l_r_l"l'l'l'l'll']'_ﬁ“l'Tl'm'l-
IS
25 L DSSV 2008 — DSSV2014
L 06 S 90% C.L. band with 90% C.L. band |
e | EIC projections: 1
< - W Vs=775GeV
-_|_|||||||| vl v od vl vl ||||||-| * I B+ Vs = 1227 GeV 2
e -6 -5 -4 -3 2 A g 0.4 | MEE+vVs=1414GeV -
10 10~ 10 10~ 10 10 1 &
Xmin -
%02
—H‘/‘:
Q@ 0
Clearly requires EIC
-0.2 1 I|l|||l] 1 IlIlIlII 1 Illlllll 1 Illlllll 1 Illlllll L
-6 -5 -4 -3 -2 -1
10 10 10 10 10 10 . 1
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We are still far from fundamental knowledge and understanding of nucleon spin
DIS data:

- small-x measurements provided the impetus for renewed study of the proton spin,

GTMD(z, k. A)

- data on proton and neutron targets over a wide x-range,
confirming the Bjorken Sum rule,
decent insight in the sum of quark and anti-quark spins,

- initial sensitivities to scale dependence,

- best (lack of) insight in strangeness, TMD(z, k.

- going beyond collinear distributions,

RHIC spin program: TMSD(E,)

- has achieved the most sensitive insights in gluon polarization in the nucleon,

gluons are positively polarized for momentum fractions x > 0.05,
at the level of 0.2 h for Q2 = 10 GeV?

- has provided evidence, with measurements at the W-mass scale that are free of
fragmentation uncertainties, of non-perturbative sea-quark polarization,

- (quite promising TMD measurements; a talk by itself)

| orce. Pasatiini.

Lattice QCD:
- considerable progress, also on x-dependence,

- combination with data in the foreseeable future ?

EIC and theory will be essential to solve the “spin puzzle.” 35



