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Introduction: Longitudinal Spin at RHIC />X<’EN|X E

From the RHIC Spin white paper (2012):

Helicity parton density functions (PDFs) carry vital information on the extent to
which quarks and gluons with a given momentum fraction x have their spins aligned
with the spin direction of a fast moving nucleon in a helicity eigenstate. The
corresponding integrals over all x relate to one of the most fundamental, but not yet
satisfactorily answered questions in hadronic physics: how is the spin of the proton
distributed among its constituents?

Proton Momentum )
Proton Spin——)

Helicity
Aq(x,Q?)
Ag(x,Q?)

Af(x) = f*(x) — f~(x), where superscript +(-)
iIndicates parton spin aligned (anti-aligned) with proton spin
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Introduction: Longitudinal Spin at RHIC ‘>X<’EN|X E

Where does the proton’s spin of 2 come from?
— Total Quark Spin :

x=1
AY = %XLACI(X)"X RHIC longitudinal
| spin aims: AG
2 — Total Gluon Spin: and sea quark

x=1 contribution to A
AG = f Ag (X)dx
x=0

— Total Orbital Angular Momentum
of Quarks and Gluons: L,

1 1AZ+AG+L

2 2

Proton spin:
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Outline P %%ENIX@_

= AG at RHIC
— Accessing AG with double longitudinal spin asymmetries, A |
— Measuring A;; at RHIC
— AG from A, : Global analysis (by DSSV) with RHIC data
— Impact of recent results from PHENIX+STAR
— Next steps

= Seaquark polarization at RHIC: the W program
— Physics motivation: sea-quark polarization from A W
— Recent AW results from STAR and PHENIX
— Contribution of current and future data to DSSV global analysis
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Probing Helicity Structure in Polarized pp Collisions
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Double longitudinal spin asymmetry
IS sensitive to Ag and Aq
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Measuring A,, at RHIC %}(%ENIX E

A, is measured by determining difference in particle yields between ++ and +-
crossings (with an additional factor to normalize luminosities for crossing types)

Bunch spin patterns include ++,+-, -+, and -- crossings in each fill

Ii
‘ ‘ H ‘ South Side View North
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= N is the yield of the final state measured
- e.g. %, wt/~,n,e*/~, jets, di-hadron or di-jet states
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Measuring A, at RHIC: A, for Inclusive Jets at STAR

Process Fraction

08 71— 1 T
0.6

Lo ‘_:l_g
04

I qq + qq + ...
02

gg

0 | | 1 | N !

= STAR inclusive jet

measurements at mid-rapidity
have most statistics where qg
processes dominate->sensitive

to sign of Ag

pT [GeV]

STAR Run 6 inclusive jet A,
Mid-rapidity, \s=200 GeV

PRD 86, 032006 (2012)

pp—jet+X

—4— 2006 STAR Data

m— GRSV-std
=== GRSV ﬂ.g=0

GRSV Ag=-g
-+ GS-C
m— DSSV

+8.3% scale uncertainty from
polarization not shown

,ml_llllll
iy
[=]

20 25
P, (GeV/c)

30 35

Good discriminative power between
calculations with different assumptions
for AG
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Measuring A, at RHIC: A, for Inclusive ° at PHENIX PH‘}X(/EN|X E

(=]
(=]

PHENIX Run5+6 Vs = 200 GeV: PRL103, 012003

C

i)

S _?'06 | —— GRSV std (AG=0.24) 0.005

E al: .| . & ._.|

o6 |- - < === GRSV AG=0 < ol ﬁ_ = .

n .

B | N T e GRSV AG=-1.05

S | 0.04 [l Run-5 -0.00

qa 04 . i 115 22.5 3
1 B ® Run-6 P, (GeV/c)

i 0.02-

0 5 10 15p_ [GeV] o

= PHENIX A, for inclusive 1° covers a i

scaled-down p; range compared to -0.02—

STAR—m™?’s carry a fraction of jet I T R e I I(a,)

momentum 2 4 6 8 10 12
= Smallest statistical uncertainty where P, (GeV/c)

process fraction for gg = qg—>weaker
constraint on negative Ag, better
constraints on positive Ag
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AG from A ;: QCD Global Analysis PH;}{%ENIX E

= DSSV (de Florian, Sassot, Stratmann, Vogelsang): global NLO analysis
including polarized data from inclusive DIS, SIDIS, and RHIC pp collisions

— Phys.Rev.Lett.101:072001, 2008 and Phys.Rev.D80:034030,2009.

experiment data data point

tvpe fitted
EMC, SMC DIS 34
Inclusive DIS data: routinely used for COMPASS . DIS 12
PDE fits E142. E143. E154. E155 DIS 123
_ HERMES DIS 30
2Aq + Aq HALL-A DIS 3
CLAS DIS 20
SMC SIDIS, ht 48
Semi-inclusive DIS data: previously used HERMES SIDIS, h* fid
only in DNS fit SIDIS, 7+ 36
flavor separation y SIDIS, K* 27
COMPASS SIDIS, B+ 24
First RHIC polarized pp data: first fit by DSSV PHENH? 'Ein part prel.) 200 Geﬂf PP f 2'_]
SA PHENIX {prel.) 62GeV pp. 7w 5
g STAR (in part prel.) 200 GeV pp, jet 19

TOTAL: 467

467 data points in total (10% from RHIC)
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AG from A : QCD Global Analysis >,‘:(%ENIX E

= Methodology Overview:

Parameterize distributions Af;(x, Q,* = 1 GeV?) for quarks and
gluons

Impose additional physics-based constraints (e.g. |Af| < f)

Evolve distributions from the input scale to the various Q? of
experimental data

Find corresponding observables as a function of kinematic
variable (p; for pp, x for DIS)

Minimize x? of fit of calculated observables to data
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AG from A : QCD Global Analysis >§(<<ENIX E

= Methodology Overview:
Parameterize distributions

rAfi(x, Q) = Njaz™ (1 — )™ (1 + m/_+77; )

Dt

...calculate observables and fit to data
(STAR and PHENIX Run 5 + Run 6 data shown).

| 1 1 I 1
- @ STAR
[ 4 STAR (prel.)

et b a1 ek - :_¢ a4 i | 777777777777777777777777777777777777777777 E
- —— DSSV 1 -

: [ & PHENIX
- — DSSV A C
0.05 [ DSSVA;& 2 ] E 4 PHENIX (prel.)
1 1 1 1 L] C L ] 1 L L

10 30
Py [GeV]

DSSV: Phys.Rev.Lett.101:072001, 2008
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AG from A ;: DSSV Results PH >><<EN|X E

0_4 T IIIIIIII T IIIIIIII T T TTTTIT T IIIIIII| T T TTTTIT T T TTTTIT 005
- x(Au + Au) L x(Ad + Ad)

Well-determined by DIS

joo AZ(x,Q2 =10 GeV 2)dx = 0.3660%:2

_I r,|| UL | LI | rrri | |Ir|_
15 I|I — all datz =et= I|I — . .
o [\ - DSEn | ] Main constraints
b\ —- sDSdt | ] to sea quarks
[\ --— RHICdata |
10 | o F.Dvalmes/ from SIDIS (and
SR ! DIS for strange
N \ /o quark)
:{a} s ]
AN ]
l:l _I 1 Ir”l‘ll-hlll 1 L1 I-IJ,I{I L1 1 I_hl\.ql_
-0.05 0 005 01
Agheoo=1
[ T | T T T | T T T | T ]
- 715 | Best constraints
i - 1 M for AG now
0.02 - 1 o 719 provided by
o 2 L —+0.05 - J
| KR Ay =1 (Lagr. multiplier) | . ] RHIC
[ I 2y=1 (Hessian) ~-01 n 7
i swerriralivO : : j Agdx = 0.005212
10~ 107 x P C ®3 0
de Florian, Sassot, Stratmann, Vogelsang 02 0 02 '
Phys.Rev.D80:034030,2009 Ag!-[005-02]
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AG from A ;: Run 9 A, Measurements at RHIC PH‘}X(’ENlX E

40.02F ~— STAR preliminary
: PH’?\%E'NIX R S pe—r—
0.01 :—pre“mlnary ) ; 0.05 GRSV-ZERO
i { ~ F — DSSY 42+2% Uncert
ok i i'tgi* * 0'04:_ (| Helaiii:r(e Luminasity Uncert /.:
- 0.03 = « 2009 STAR Preliminary
i - - m 2006 STAR Preliminary
-0.01F 0.02 _,-7;_.
‘002:_ . DSSV [ .[];— ------------------------------------------------------
: o0 L
-0.03" « Run5+6+9 002 \s=200 GeV p+p — jet+X |n|<1
i - +8.8% scale uncertainty
-0.04 -0.03 — from polarization not shown
- T I IR R SR R R
e ' 004 5 10 15 20 25 30 35
-0.05 Lovv v v b Pyw o | Particle Jet pT [GeV/ic]
2 4 6 8 10 12
P, (GeV/c)

Substantially larger figure of merit (PL) from Run 9 than in all previous runs
combined.
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AG from A ;: DSSV with Run 9 Data

n° p. (GeV/c)

0 5 10

T T T T [ T T T T '|

PHENIX shift uncertainty
[ — DSSV++for a°
004~ g STAR Prelim. jet. Run 2009
B STAR shift uncertainty
- —— DSSV++for jet

ALL

0.02

e PHENIX Prelim. z°, Run 20052009 ™

T T T T I T T

0 i

B PHEHIJ( STAR scale uncertainty L>.?
|

8.8% from pol. not shown
|

O 1 1 I 10 1 1 1 20

30

Jet P, (GeV/c)

g LN —

1 I | i L | | A | |

Io 05 Ag (%, Qz)

= DSSV++is a new, preliminary global analysis from the DSSV group that
includes 2009 A, measurements from PHENIX and STAR

= First experimental evidence of non-zero gluon polarization in the RHIC
range (0.05 < x< 0.2)!
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—
AG from A : DSSV with Run 9 Data PH-<ENIX

XAg |

(F =10 ey
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AG at RHIC: Next Steps

PH‘>X<TENIX E

Large uncertainty still remains in
both the shape of Ag(x) and its
integral, particularly for small x
region not yet accessed by RHIC
data

RHIC will continue to improve
constraints through the following:

in units of h

— Reduced statistical and systematic
uncertainties for all A channels

— Better handle on measured x through
correlation measurements

— Access lower x region through forward
measurements and /s = 500 GeV

<
o

0.6

04

0.2

1
[Ag(x,Q%) dx

min

Q* = 10 GeV?

. RHIC |
| 200 GeV |

forward rapidity | 500 GeV !

10 107 10"
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AG at RHIC: Next Steps: Correlation Measurements PH‘}X(’ENlX E

X = \F/)Tg (e’ +e’) Measure two jets or jet tags to

D constrain event kinematics;
X, = T; (e +e7*) provides data on shape of Ag(x)

STAR: east barrel - endcap STAR: west barrel - endcap

= 0.01 ; : : H : H : ; = 0.01¢ 3 0150 —~——
< S NS SRS S U S < . < - =
°-°°3:E" L=500 pb” (delivered) / P = 55% I‘ """ 0.008; = PH “ENIX
0,006 == ! : 0000 ' preliminary
o.oo4f 0.0045 005 +
0002 ' . 0.0020 | - ; ‘ !
C L 0 T
o__ - o—§ E %
-0.002¢ 1.0<n,<20,-1.0<n,<0.0 " ; i 0002} 4, N 005 ‘
-0.004f ) : -0.004 ) o - C 8.8% pol. scale unc.
-o.msf _— -o.oosf P i 70,1;— not included
0,005 485655686106 110 -0.008,5- 30'"'46"'50 50" 7'0 alo 80 906" 110 oqazigé;ég%ﬁ
M [GeV/e™) M [GeV/e™)
M o[GeV/ic]
| STAR di-jet projections; A, for back-to-back n’s at mid-
one jet at forward rapidity (1<|n|<2) to push down Xx, rapidity—more data needed!
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AG at RHIC: Next Steps: Low x with the MPC in PHENIX PH>>X<<

cluster

P 3 4
=75 (@7 +e™)  Largern > smaller x,

_ _ MPC: 3.1<|n|<3.9
NS
- PHENIX Preliminary - ; B
0.008: Run'zoogpp \fg'-'zoo GeV ' <:'I 0.0035 A for single clusters inthe MFf .2
0.00s— 8.8% Vertical Scale Uncertainty 0.002F- F—
- 3.1<n|<3.9 -

0.004 I 0.001E- PR % 2 101
5 Y - N [ - - GRSV max. Ag ]
0.002— T ? O e e S . * """ Lo GRSYminAg 1 1,
o & C 2 -1

- I J' o1l 10 07
X 0;% _____ |' ______ T ________________ 1 ______________________________________ 0.0015 det=200pb'1 :
-0.002— T l -0.002  P=0.55
- E 34<n<39
-0.004 e I e E—T
] | Py (GeViC)
o‘m‘_; e T S Projections of cluster A | with
Cluster p_(GeVic) Run 13 for 2009 DSSV best fit
First PHENIX forward measurement of A, for and Ag upper uncertainty band

merged EM clusters (~80% 1t%)
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AG at RHIC: Next Next Steps: Electron-lon Collider PH‘}X(’ENlX E

= Proposed electron-ion collider could greatly enhance our knowledge of AG
beyond current capabilities of RHIC

— Polarization of both electron (~80%) and proton beam (70%)
— Very high luminosity (~10 fb-! used for projection below achievable in 1-2 months of running)
— Broad coverage in Q2 and x allows precise determination of Ag(x) through scaling violation

T T T T T T T

I IIIIIIII 1 IIIIIIII 1 I T TTITH

oF Commmos s || xAg ossv+ |
o M ¢JdLab O - - -
Current polarized BNL-RHIC pp data: K __W prOj. - 0.2
®PHENIX7® ASTAR 1-jet i EIC data
| : ~10 fbh) ]
< | : ( ENY
o _
o B
%G e T T T T T T sz 1 -0
10 | [ i
- J -0
! 3 ol L MR | L M o i [ | L ] :_ 1 1 ||||||I 1 1 ||||||I 1 1 ||||:- _0.2
4 3 2 -1 2 -1
10 10 X 10 10 1 10 10 |

X
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Sea Quark Polarization: W Program at RHIC ‘>X<’EN|X E

ool - o e e T Previously constrained by SIDIS:
I T I | Large uncertainties from fragmentation
1 functions and lack of data

-0.02
i 10 B Ay’=1 (Lagr. multiplier) |

.04} AL W A=) Hessian) =
' lz |1 e Ml]z 1(|11 e l(l)z 1;1 p
= Measurement of parity-violating W
production at RHIC complements
SIDIS data "
— Leptonic final state>no FF
dependence
+ j— —_—
- Large Q°~ My* AT o —Mu(x;)d () + Ad (xy)ulxs)

— W couples only to left-handed
quarks and right-handed anti-
guarks—>fixes quark helicity and
flavor

ALY o —Ad (x1) () + Ati(xy)d ()
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W Program at RHIC: Forward Upgrades

= Selecting kinematic ranges allows sensitivity to
specific quark/anti-quark helicities; upgrades
allow lepton measurements at forward rapidity _Forward Gem Tracker

*fAR

Central (barrel) region (W—et , |n|<1)
First data from 2009: PRL106, 062002 (2011)

Forward (endcap) region (W—ez, 1<|n|<2) :
Forward tracker upgrade, first data in 2012

PH ENIX
Central Arms (W—ez , |n|<0.35)

First data from 2009: PRL106, 062001 (2011)

Forward Arms (W—ut , 1.2<|n|<2.4) .

Trigger upgraded, first data from 2011

RPC-1 North and RPC-3 North

Cameron McKinney
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W Program at RHIC: Forward Measurements of A,

PH‘>X<TENIX E

A
<

ﬁ ) (towards +n)

1.5F WHZ—w
X All —Polarization scale uncertainty: 5.9 % PH Ele _Ad
preliminangy ——— |

1.0f~

u

= First measurement of W — p by PHENIX in 2011 (1.2 < |n,| < 2.4)

—Ad (xy)u(xz) + Au(x,)d(x,)

5| w- _
r L — — —
of d(xq)u(xy) + u(xq)d(xz)
. Sampled cross-section: 23 ph per arm ]
-1.0F RHICBOS (W47 oxBR=41 ph assumed for background J a — — —— ;
[l N L f L 1 < 1.5¢0 W+Z—p* in p+p collisions at 500 GeV (2011) -
_2 _1 0 1 2 - Polarization scale uncertainty: 5.9 %
T'Iu. 1.0; - :
: — g —Au .
_ - 0.5¢ = Bt ~ ;
A wt _Au(xl)d(xz) + Ad(xl)U(Xz) 0_0: e 1
L= = = : S ———
u(x)d(xz) + dxulxz)  osff Wag :
-1 0 ~ CI RHICBOS (W+Z): 6xBR=131 ph assumed for background -
2 N 0 I 2
n.
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W Program at RHIC: Forward Measurements of A,

N
PH-<ENIX

= STAR preliminary A, for Run 12 already has sizeable effect on DSSV fits

A

0.5

-0.5

STAR Preliminary Run 2012
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p+p > W S et +v
25<Ep <50 GeV

=510 GeV
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—— DSSVDE L0 with Ag =1 pdi error

3.4% beam pol scale uncertainty not shown
maining syst <10% of stat errors
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,‘ .
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002 1O,O-I 006

| L R L
-0.06 004 002 O

| £66x.Q%) dx (inCIUdeS
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’

i
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i
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/ STAR Run
o 12)
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0 0.02
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Jadx QY dx
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W Program at RHIC: Next Steps

PH‘>X<’ENIX E

Run 13 goal: finish W program by

reaching total [ Ldt = 630 pb~1

Projections including expected data in 2013

*m p +p =3 WE+ X = e*+ X 25 GelVaFeac50 GeV

L

STAR PHENIY

_I_—i:l_

[ o0 pHAp o WERX - E+X 15Gev<EY

002

-0.02

-0.04

002

¥

-002

xAu |
Q' =10 Gev® ]

......... DESV
————— DIEV+
N B oo+ wath prop, Wodata ]
L o
107 107
X
T
xAd ]
Q' =10 GeV” |

L3 =630pb~ P =55%
I S B
- = —— CHE-DSSV (25 GeV=E") o _
o C'HF_-E'SS‘.-' {15 GeV FE‘; ™) . .
_-" _1 O l : | : il 9
Tll 10 10 )
epton X
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Summary )X%ENlX @_

The PHENIX and STAR collaborations are making important

contributions to our understanding of the helicity structure of the
nucleon

A | measurements provide best constraints to AG for QCD analyses
— For the first time we see evidence of a non-zero gluon polarization

— Large dataset from Run 13 at /s of 510 GeV will lead to precise
measurement of AG at 0.05<x<0.2

- A, for correlations and at forward rapidity will reduce uncertainties in

the shape and integral of Ag(x) while broadening the coverage in X
down to ~10-3

W program at RHIC will lead to substantial improvement in the
understanding of the sea quark polarization in the near term with the
expected statistics from Run 13

- The STAR A, from Run 12 has already provided DSSV with a
stronger constraint on the sea quark polarization

Cameron McKinney
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N

Backup
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Constraining x/probing low x

PH*>‘X<’ENIX E

Trrr
\ -1 03

4 02

»fl.]n' _1 — Single PiO
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b 0.1 . :
o ;401
s GRSV max. Ag| 5 5 g;iv e DSSV ay’=1
- b ] -~ GRSV
— N “ (.;Ei\n{ mlp. lAlg | 1: 1 1111_' -0'2
-2 -1
10 1

Effect of higher COM energy

=0 ‘\s 200 GeV
=]

$3 20 5 GeV/c

9 12_(__3,9__\[&

0.02—
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DSSV ay'/y'=2%

Fwd—RaQLdity 3.1<|n| < 3.9, 500 GeV
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- N N
Central region: W — e* from Run9 PH:-<ENIX
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