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How do quarks and gluons combine to form the well
known proton spin?

Proton S

Quark spin

q

Gluon spin

Lq Quark orbital angular
momentum

, LG Gluon orbital angular
Gluons momentum




1) = V2A2+AG+L + L
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Sq Quark spin
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Lq Quark orbital angular
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Proton

The magnetic moment
of a particle is related to
its spin

For Dirac particles g = 2.

In 1933 Frisch and Stern
measured g = 5.59 for the
proton. CLEAR INDICATION
OF SUBSTRUCTURE!

Spin Structure

The Constituent Quark Model
reproduces the mass and magnetic
moments of baryons fairly well so ....
INDICATES PRIMARILY VALENCE
U+ D CONTRIBUTION?




After 20 Years..

Quarks contribute
28% of proton spin!
at Q2=10 GeV?
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After 20 Years..

Quarks contribute

PRL 101:072001, 2008 25%) of proton spin!
(AU + Al) x(Ad + Ad) at Q2=10 GeV?
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After 20 Years..

Quarks contribute
PRL 101:072001, 2008 25(%) of proton spin!

L X(Au + Au) I xad + Ad) - at Q2=10 GeV-
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all data sets
DIS data
SIDIS data
RHIC data
- F.D values
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“Sans-RHIC” Ag(x)

Phys. Rev. D71 094018 (2005)
T LI lllll T T LI lllll T o T T LA PRD 75, 074027 (2007)

Q' =2.5GeV’
N AG=0D ©13 +0.16

[ ———- A7 <=} -0.20+0.41

0.2 -----changing in sign xAG

~0.006

Neither the sign or the magnitude of AG are well
constrained by DIS + SIDIS Data!




“Sans—R@;C”
AU(X) & Ad(x)

— DSSV )
| --- DNS KRE DSSV A=l |
--- DNS KKP DSSV Ay =2%

25 'Fermilab E866 - Drell-Yan

CTEQ4M
NA 51 Q

* More constrained than Ag... but much
less than Au/Ad.

N * Current extractions from SIDIS data rely

on FF measurements.
L

* Measurements lend insight into
mechanism behind generation of light sea.

0.6 +0.032 Systematic error not shown
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“Sans—R@;C”
AU(X) & Ad(x)

— DSSV )
| --- DNS KRE DSSV Ax'=1 |
-~ DNS KKP DSSV Ay =2%
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x(Au -Ad)
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* More constrained than Ag... but much
less than Au/Ad.
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* Current extractions from SIDIS data rely

. - CTEQx@) on FF measurements.

Feee DNS )
GRSV (val) DSSV Ay =1 - :
R XQSM DSSV Ay /y'=2% * Measurements lend insight into

S T mechanism behind generation of light sea.
10 ~ 10
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Relativistic Heavy Ion Collider

Yellow —»

OPPIS AGS Booster
Partial Snake

...worlds 15t and only pp Collider!




Polarized proton runs

= 100 GeV

= 250 GeV

2012 P=52%

2011 P=48%

2012 P=59%

2009 P=34% 2009 P=56%

2006 P=55%
2008 P=44% /

2005 P=47%
2003 P=34%

1 ]

8 10 12 14
Weeks in physics

2
B
—
2
‘@
=
.E
=
=
=
S
-
o
T
e,
o
<
.E
T
=
S
e,
=
Y
&l
=
T
g0
&
o
=
J—




STAR Detector

TIME PROJECTION CHAMBER

\

A‘erogel

West

CHARGED PARTICLE TRACKING

PHENIX Detector

Central PC3

., Magnet TEC

Beam View

DRIFT + PAD CHAMBERS

Yor =we'L

TPC + TOF

CHARGED PARTICLE
IDENTIFICATION

RICH +TOF

EM CALORIMETER

EM PARTICLE DETECTION
HIGH PT TRIGGERING

EM CALORIMETER

BEAM BEAM COUNTERS
ZERO DEGREE COUNTERS

RELATIVE LUMINOSITY
MINIMUM BIAS TRIGGERING

BEAM BEAM COUNTERS
ZERO DEGREE COUNTERS

LARGE ACCEPTANCE
(-1<m<2)

STRENGTHS

HIGH RESOLUTION
HIGH RATE READOUT




V2 = V2AZ + + Ly + Lg




to access = 55 collider?

\[s =200 GeV
p+p — di-jet+X

Relative Contribution

20 30
jetpr [GeV]

Double Spin Asymmetries of jets and pions are ideal!
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STAR 2005 &
2006 Inclusive
Jet A,

Jet direction

1_'___?‘:::--

__gf_!ijﬂ_g_u

—— GRSV-std
- - - GRSV Ag=0

GRSV Ag=-g
GS-C
- DSSV

—4— 2005 STAR Data pPp—jet+

1+9.4% scale uncertainty from
polarization not shown
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- DSSV
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PHENIX 2005+2006 midrapidity m° A ,

—— GRSV std (AG=0.24)

- == GRSV AG=0 L q.ﬁ_ 4
GRSV AG=-1.05

[ Run-5

115 2 25 3

L I\IJII[I\
0O 0.05 0.1 0.15 0.2 0.25 0.3

2
MW (GeV/c?)

P (GeV/c)
PRL103, 012003 (2009)




Global Analysis of World Data -
including 2005+2006 RHIC results!
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DeFlorian, Sassot, Stratmann and Vogelsang, Phys.Rev.Lett. 101:072001, 2008
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PHENIX 2009 mid- 02" pH T ENIX
rapidity m° A,

- Preliminary;

* Run5+6+9




2009 STAR 1inclusive jet A,

GRSV-STD
— GRSV-ZERO
— DSSV
"1 DSSV %2+2% Uncert
[ Relative Luminosity Uncert
# 2009 STAR Preliminary

\s=200 GeV p+p — jet+X [n|<0.5

+8.8% scale uncertainty
from polarization not shown
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15 20 25 30 35
Particle Jet P, [GeV/c]
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GRSV-STD
— GRSV-ZERO
— DSSV
[ DSSV %2+2% Uncert
[ Relative Luminosity Uncert
# 2009 STAR Preliminary

\'s=200 GeV pP+p — jet+X 0.5<[n|<1

+8.8% scale uncertainty
from polarization not shown

P T ST S N NN R T R R R

Pl

P

15 20 25

Increased statistical power due to sampling 25 pb of data combined
with improvements in triggering and data collection rate.

Forward jets sample larger fraction of quark-gluon sub-process

Forward jets have larger |cos(0%*)|, which reduces partonic a

A, falls between the predictions of DSSV and GRSV-STD!!

30 35
Particle Jet P, [GeV/c]
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Are PHENIX and STAR data consistent?

" p_ (GeVic)
10

PHENIX Prelim. =°, Run 2005-2009
PHENIX shift uncertainty

DSSV++ for n°

STAR Prelim. jet, Run 2009

STAR shift uncertainty

DSSV++ for jet

Thank you to
de Florian,
Sassot,
Stratmann &
Vogelsang for

preliminary
PHENIX / STAR scale uncertainty 6.7% / 8.8% from pol. not shown
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 DSSV++ CurveS!

0 20 30
Jet P, (GeV/c)




DSSV
Phys.Rev.Lett
101:072001, 2008

0.2
[ 8(x)dx =0.005% 12

0.05

DSSV++
DSSV+ & RHICRun g

0.2
[ g(x)dx =0.09775%5

0.05

Preliminary DSSV++ curves provided by de Florian, Sassot , Stratmann & Vogelsang!




PROTON
SPIN

1n units of h

How does this ADD UP?

...Integration over full x range

' forward rapidity

' 500 GeV !

1
[Ag(x,Q%) dx

min

Q> =10 GeV*

. RHIC |
200 GeV

-2
10

This
preliminary
DSSV++ plot
brought to
you by

de Florian,
Sassot,
Stratmann &
Vogelsang!




How does this ADD UP?

At Q2 =10 GeV
DSSV AY =

DSSV++ AG =>

1n units of h
(@)
o0

<
o

12AZ+ AG ~

This sum is
INTRIGUING but ...
ERROR BARS for Ag(x)
are VERY LARGE at
low X!
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Historically same trend with AX!

0.21 t ¢ This experiment
ELLIS-JAFFE SUM RULE 5 SLAG [2=3]
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EMC 1989: AZ(Q° =10.7GeV)=0.12+0.094 +0.138
DSSV 2x bigger than EMC AX - but still CONSISTENT!




D. de Florian et al. PRL 101 (2008) 072001.
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Path Forward I:
Functional Form

>
>
0Q

Correlation Measurements
provide access to partonic
kinematics.

* Di-jet A,
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GRSV min. Ag
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= Photon-jet A, 1072
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STAR Collaboration
PRL 100 (2008) 232003
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2009 STAR Dijet A,

East Barrel - East Barrel and West Barrel - West Barrel East Barrel - West Barrel

- v - v r - v T
< s MC GS-C(pdf set NLO) : < .08/H Scale uncertainty

@ 2009 STAR Data GRSV std

D Systematic Uncertainties 0.06

0.04

M [GeV/c?] M [GeV/c?]

Dijets in the Forward Region Photon-jet Reconstruction Inclusive pionsin EEMC
- Brian Page - Seema Damija - Steve Gliske
- Session HG - Session FG - Session FG




PHENIX Detector

2@@9 PH E N IX 4 SO T
Di-pion A,

—wgL

¥ 9t

A.ero gel

8.8% polarization uncertainty

N Ve
__PH ‘. ENIX not included
‘Fpreliminary

First Correlation Spin
Measurement at
PHENIX

2D 2gamma invariant mass distribution and an example of fitting.
T

Opens door for st'-h+/- and nt-jet




Inclusive Jet A_LL for |eta|<1

Path Forward II: S

® Run 12 Proj Stat
~—  =GRSV-Std (500)

Push to lower X — “ossv (50
GRSV-Std (200)

- DSSV (200)

-Vs=500 GeV Inclusive + Dijet A, 33+

- Push Dijets forward into EEMC

STAR: east barrel - endcap STAR: west barrel - endcap
2 0.01 : : : : : : : : 2 0.01
- . . . . . . . . -
< - - - - - - - : <
0.0081—-"1 | _500 pb™ (delivered) / P = 55%

0.006F T 0.006

0.008

Dijets at
\s=500 GeV
0.002F 0.002 T S SEN. -Grant Webb
O g g g bt g gigig -Session HG

0.004 oo 0.004

] C ] ]
100 110 100 110
M [GeV/c?] M [GeV/c?]




PHENIX Muon Piston
Chambers access
lower X region

cluster
L ©

A

o
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PHENIX Prelimina

Run-2009 pp \'s=200 GeV
8.8% Vertical Scale Uncertainty
3.1<<3.9 _

Central Magnet

pa~ct positions
for low and high energy n%s




Path Forward II: Rl
Low X Error _
Reduction

| PHENIX proj. for (s=510 GeV:
- L=630 pb” P=0.55

PHENIX Prelimina L

Run-2009 pp \'s=200 GeV 2
8.8% Vertical Scale Uncertainty
3.1<<3.9 _

(=4
o
N

IIllIIIlIIIIIIIIIIIIIIIIIIIIIIII

=

cluster
L ©

Electromagnetic
clusters in the forward
PHENIX Muon Piston
Chamber should
push x coverage
down to 0.002!

A
=

3 4
Cluster P, (GeVic)




AS = Au+AU+Ad+Ad+As+AsS




Probing the Sea Through W Production

Measure parity-
violating single-
spin asymmetry of
detected leptons:

O, -0
A =

O, +0

A o A + Au()d(xy) e ~Aux)d (xy) + Ad (x)u(xy)
- d(x)u(x,) +u(x)d(x,) " u(x,)d (x,) +d(x,)u(x,)




Wt~ & Z Cross Sections

Theory: FEWZ and MSTWO08 NLO PDFs
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2009 PHENIX W A, A,W")=-086.,
A, (W) =088

[ p, >30 GeV/c
~ [ly|<0.35

lllllllllllllllllllllllllllllllllllllll

2 -15 -1 05 0 05 1 15 2

y
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[ W +Z°
| p, > 30 GeVic

N
L

----- DNS kkp
DNS kre

--- GRSV std
GRSV val
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Phys.Rev.Lett 106:062001 (2011)




L PHpoWEHX o e+ X

AF STAR /5 =500 GeV

L 25 < E£<50 GeV

W~ W* RHICBOS
- - — DNSK
:--+ — DNS-KKP
--- — DSSVO08

CHE
- = — DSSV08

— =

Syst. uncertainty due to background,
w/o pol. norm. uncertainty of 9.2%
| 1

—1 0
Ne

PRL 106, 062002 (2011)

2009 STAR
W A

Rung:
10 pb-1 of data
~40% polarization

A (W*)=-027+0.10+0.02
A, (W)=0.14=0.19+0.02




PHENIX: First forward W A

= 25 pb-1 collected in 2011 with ~50% polarization

= Uses MuTr, MulD and RPC’s for trigger and ID.

= Very difficult analysis -> no Jacobian peak in forward region
and significant backgrounds from low pT hadrons.

Central Magnet

ZDC North
= = =

H (F)VTX L1
MuTr|:|

ZDC South
[

~ MulD

139 =W60l

South Side View North
18.5m= 60 ft




PHENIX: 2011 Forward W A

S e e S
W*+Z—=u* in 'ﬁ+p collisions at 500 GeV (2011)
Polarization scale uncertainty: 59 %
m A

—— DNS min
— DSSV
— DNS max

— GRSV s

RHICBOS (W+Z): oxBR=131 pb assumed for background
I R |

1 0 1

—— 7T

WH+Z—=w —~——
Polarization scale uncertainty: 5.9 % PH»_‘J'E‘NIX
preliminary

Sampled cross-section: 25 pb™' per amm
RHICBOS (W+Z): oxBR=41 pb assumed for background
I T

0 |

*First A_ in forward region!

= Systematic errors are
conservative & rely on MCS/B
estimation

* Final systematic errors will be
reduced via data driven
techniques

" Improvements in trigger +
FVTX will reduce background
for future measurements.

Forward W A using pin RPC
- Daniel Jumper
- Session FG

Using FVTX to reduce
background in W reconstruction
- Abraham Meles

-Session FG




PHENIX 2011 Mid-rapidity W A

Midrapidity W A
- Mikhail Stepanov
-Session FG

¢ PHENIX Run 2009

¢ PHENIX Run 2011

¢ PHENIX Run 2009 + Run 2011

~— — DSSV
: -4+ PH ENIX --- DNS max
|- PS> 30 GeVic ~ preliminary DNS min

" ly,|<0.35 T - - GRSV std
“I Vs = 500 GeV : GRSV val

‘11*11v1‘v1[w1-‘7v L - - 1 L . - NS INETE FTENE FNETE FEw

45 4 05 o0 o . . . 5 1
Ye




STAR Preliminary Run 2012

{s=510 GeV

—— DSSV08 RHICBOS
—— DSSV08 CHE NLO
——— DSSV08 LO with Ax*=1 pdf error

3.4% beam pol scale uncertainty not shown
Remaining syst <10% of stat errors

p+p — W* e +v

25 <E; <50 GeV

-1

STAR 2012
Midrapidity
W A

» Extendedto [n|<1.4 &
divided into 6 bins.

= Very systematic errors even
in forward region

=W- A systematically larger
than DSSV mean value.

DETAILS + FIRST Z A !!
Jan Balewski
Session FG




Impact on AU & Ad PDFs?

Thanks to DSSV for permission to show preliminary analysis plots!
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DSSV++
w/ proj. W data

/ \
/DSSV++ | I DSSV++
: w/ STAR W datiy, / ) )
7 - \, g Q™ =10 GeV™

\

.
— - *~o— —

J w/STAR W data |
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006 -004 -002 0 002 004 006 008 006 004 002 0 0.02
[Ad(x.Q%) dx

= DSSV & COMPASS data
DSSV+ run-9 pi0 and jet & projected W data
DSSV+ run-9 pi0 and jet & STAR W




PHENIX + STAR W A, After Run 13

p—=W=+X — e+ X 25GeV<E;<50GeV
p—=W=+X — u*+ X 15GeV<E}

STAR PHENIX ‘ % =

om
[ em P
oo p+

| -

_.,+__J

W

-1

L09_13 =630 pb ,P = 55%
W= W+

- — —— CHE-DSSV (25 GeV<E")

- — —— CHEDSSV (5 GeV|<E:“)

-2 -1 0

lepton




PHENIX + STAR W A, After Run 13

STAR FGT will

p = W=+ X = e*+ X 25GeV<E.<50 GeV extend W
p =W+ X — u*+ X 15GeV<E; reconstruction

oem
[ em PT
oo p+

STAR PHENIX

PHENIX
FVTX will
significantly
improve S/B
in forward W

CHE-DSSV (25 GeV<E°T““)
— — —— CHE-DSSV (15 GeV|<E:“)

-1 0

lepton




Impact on AU & Ad PDFs?

Thanks to DSSV for permission to show preliminary analysis plots!

B DSSV-++ with proj. W data
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- The inclusion of run 9 PHENIX + STAR data into the DSSV global
analysis results in a gluon contribution to the spin of the proton
in the kinematic regime experimentally accessible.

- Both experiments are pursuing measurements that will access lower x ranges
and help constrain the functional form of g(x).

Au+Ad

- PHENIX has made the first WA measurement using muon detectors in
the forward region.

- Both STAR and PHENIX have new mid-rapidity W A results! A stellar
performance by RHIC CAD in 2012 allowed STAR to construct the first n
dependent asymmetry at mid-rapidity.

- When STAR's run 12 data is included in the DSSV global analysis, the flavor
asymmetry of the light sea appears to be larger than current DSSV




