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RHIC Sics

collisions
e H

— Polarized hadrons =» gq, gg collisions

energy

e Nucleon structure in a nuclear environment
— Saturation physics

* Proton spin structure

— In particular, contributions from
* Gluon polarization (Ag)
* Sea-quark polarization (ij Ad )




RHIC as a Polarized p+p Collider

Absolute Polarimeter (H jet) RHIC pC Polarimeters
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Spin Physics at RHIC

Variety of results out from
STAR, PHENIX, and
BRAHMS from 2002-2006
data sets Ry A - Traﬁéverse spin
2006: STAR and PHENIX £ | . only
took significant transverse = Saa | )
as well as longitudinally

'\ Longitudinal or

polarized data transverse spin = “
2006: Polarized data at Vs = | ‘

X7 ,v f p TNVHSASE .j'_‘
LUU Clllu UL LI' ucyVv FRl % transverse spin -
y KV4 » K i AT a Kl

Longltudlnal or Jid

Future running only with
STAR and PHENIX

2006 accelerator performance:
Avg. pol 62% at 200 GeV (design 70%).
Achieved 3.5x10°! cm™ s°! lumi (design ~5x this).




STAR Detector

Philosophy: olen0|d Tracker at RHIC

Extensive acceptance,

but low rate capability |

Endcap EM Calcrimeter,
Beam-Beam Counters, 2.2<|n| <5

Forward Pion Detectc M| ~3.3/3.7/4.0

Ongoing and proposed upgrades:
- DAQ-1000, Time-of-Flight barrel, Forward Meson Spectrometer,
- Heavy Flavor Tracker, Inner-Silicon Tracker, Forward Tracker.




PHENIX Detector

2 central
spectrometers

Philosophy:

High rate capability to measure rare probes, _Track charged

but limited acceptance. ; particlesand detect
e~nfd T W s B electromagnetic
ol (/¥ 40 : - ;j:aasa -~ pr0CeSSGS

90° +90° azimuth
|1 < 0.35

) e

~— |\ ey et 2 forward
| P _ENIX oo WP(r T R ee®  spectrometers
- |dentify and track
muons




BRAHMS Detector

Philosophy: ! _= sl

Small acceptance spectrometer arms
designed with good charged particle ID.

BRAHMS Experimental Setup | - ey e

e 15,
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Beam-Beam Counters
& Zero Degree Calorimeters | |

Time Projection Chamber
Drift Chamber

1] Cherenkov Detector

]-] Dipole Magnet

Mid Rapidity Spectrometer u
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Hard Scattermg in p+p

o(pp = 7°X )< q(x,)® g(x,)® 67%(5)® D (2)

Ao(pp = ' X) < Ag(x,) ® Ag(x,) ® AG¥7%(5) ® D’Z (2)




Midrapidit

Hadron
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Midrapidity Jet Production at Vs=200 GeV

(a)

First measurement of

inclusive jet cross section
at RHIC

STAR

p+p = jet + X
\5=200 GeV
midpoint-cone
Eone=0~4
0.2<n<0.8

Good agreement with
NLO pQCD, within large
systematic uncertainties
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Midrapidity Prompt y Production at Vs=200 GeV

Edic/dp” [pb GeV ]
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Prompt Photons in Au+Au Collisions

PRL 94, 232301 | PH ENIX

: 10-20%

A Expectation for

%:30-4[]% I\Icoll_ision scaling
] of direct

photons
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_ Prompt photons also
- | a clean probe in

:' Au+Au, unaffected
by produced medium!
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Forward Hadron Production at vs=200 GeV

Good agreement between
data and NLO pQCD at PRL 97 (2006) 152302

0 —
Vs=200 GeV, even at - pHp>m+X V=200 CeV
. 1. - + I ° mesons
larger rapidities ©10% o ® 3.7<n<4.15
. E 3 e N Y 3.4<n<4.0
0 "0 B 3.05<7<3.45
| | 0
n=33 w 310
06 - _ q= | ) MO_
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Probing the Gluon Polarization at RHIC

With factorized pQCD 1n hand as a theoretical tool, can
probe Ag via double-helicity asymmetry measurements

AG(pp — 7°X) = Ag(x,) ® Ag(x,) ® AG= % (5) ® DI (z)

Now for some results . . .

++ same helicity N: yield
+- opposite helicity R: luminosity++/luminosity+-




A, of I’ at Vs=200 GeV

PHENIX Preliminary

«Rund Photon Trigger

+Run6 Photon Trigger, high p;
*RunS Minimum bias

HT—
——
-

L
T

PH ENIX

Scaling error of 40%
Is not included.

1 2 3 4 5 6 7 9 10
p; (GeVic)
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e 4, of 7°at Vs=200 GeV

. 40.05 Run-6 data set 2.0-2.7
< oab. PHENIX Preliminary times improvement on
- «Run5 Photon Trigg statistical uncertainties
0.03—.Run6 Photon Trjgger, high p; from Run-5.
0.02f — GRSV}-std T
] A9=-9 1 ., | — Variation due to
001 [ T trigger turn-on
oF A—II/TK Ag=0
= i ) [ ] =
0.01 GRSV: M. Glueck, E. Reya, M.
.0.02F- Stratmann, and W. Vogelsang,
- Scaling error of 40% Phys. Rev. D 63 (2001) 094005.
-0.03_ is not included. s
_0.04E| 1 11 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | | 1 1 | | - | 1 111

o

1 2 3 4 5 6 7 8 9 10
p; (GeVic)

PHENIX

Expect clearer statement when
full data from Run-6 available
and lower-pp ©¥ points as well
as other probes are measured

Confidence Levels [, s Run-6 Run-5&Run-6

GRSV-std 18-22 0.5-7 1-9
GRSV Ag=0 11-12




A, at Vs=62.4 GeV

_ 2

A-T.J.f(‘ﬂ:[}) X \/_
S

@ Run6 62GeV Preliminary

0.08F Converting to X, we
-| —*— Run5 200GeV Preliminary e eneme can see the
0,06~ T significance of the
- PHENIX e Vs=62.4 GeV data set
0.04- _ﬁ?\ gy | compared to the Run-
- N sy PO 5 200-Gev
- o ey [} B . mpe=E=2 .o
0-92: ﬁ*‘ ; I e t preliminary data. Not
N +¥} * ! bad for 2 weeks of
0 - v l * 62-GeV running!

~-0.021-40% scale uncertainty
C is not included
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0'04(} 0.02 0.04 0.06 0.08 Q.1




Ag=ginput

Ag = -g input

/_}

4 01r 5 04
B < [
0.08— 0.081 -
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B GRSV - std B
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o T TTee 0 - T
B ﬂ9=-9iﬁf\ B
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p; (GeVic)

Ag>0= A7 > A" > A7
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A, of m" at Vs=200 GeV

b jmf_ PHENIX | T
E —\ j nlz = Ag = g input
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__ n A | * T RUITO | 0 e
: af w8 —
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A, of Inclusive Jets at Vs=200 GeV

UL

Al AL
MG = MIN
— AG =D
AG =5TD
B 2005 STAR Praliminary
C 2008 STAR Hropacions

.‘T'l[TFII]]T

TI[[]I

TfT]IfI]

1 1 1 I 1 1 1 1 |. 1 1 1 1 I 1 1
20 25 30

Measured Jet P (GeV/c)




-0.15
a

0.1

0.05

Combined n’ and Jet A;;

p+p — n°lJet + X at \s = 200 GeV near mid-rapidity

| I | I | I | I ] I |

— GRSV standard
—— GRSV Ag=0

GRSV A g = -g input
GRSV A g = g input

I | I | | 1 I 1 | | | 1 |
STAR 2005 preliminary n°
STAR 2005 preliminary Jets (pti2)
PHENIX 2005 preliminary n°
PHENIX 2006 preliminary n”
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Going Beyond Inclusive Measurements

* Inclusive channels suffer from
integration over x =2 model-

* Improved accelerator and
detector performance will
allow jet-jet and y-jet
coincidence measurements,
placing better constraints on  _ ¥z (pn o), =
partonic kinematics :




Understandmg Transverse Spm

jv ’/I/VI/ f _"/‘f ‘ '/

« Theoretical interpretation of longitudinally
polarized measurements at RHIC relies on

\EM [xciting progress in last five years, but
os [ots of work still to be done,
= experimentally and theoretically!

| RHIC trying to do its part . .

calculations only starting to be measured the last
couple years




Transverse Single-Spin Asymmetries A

E704 at Fermilab

: at Vs=19.4 GeV, p;=0.5-2.0 GeV/c:
» Large left-right

asymmetries (~20-40%)
Large asymmetries found

to persist at RHIC energies
vertically polarized beam

or target at AGS and
Fermilab experiments

-0.4 | + %—
1 I 1 I 2 i 1 I 1
0 0.2040.60.8

X




dependence

p+p — 74X at vVs=200GeV

A <py>=33
& In>=3.7
L~ twizt—3 (hep—ph/0609238}, n=3.3

» Small errors of the data points
allow quantitative comparison
with theory predictions

» Theory expects the reverse
dependence on N




An
0.1F

0.05

0.1

Q.05

0.1 [

0.05 |

p+p— 1°+X at vs=200GeV
20 <Cxe L3, <xp==0.28

0.1}

0.05F

0.1}

0.05F

3w 0,30, <xpx=0.32

& FPD dota
---- Sivers effect
(U.dAlesio and F.Murgia

STAR Preliminary

T GE‘V/C

« Combined data from three
runs at <n>=3.3, 3.7 and 4.0

* In each x; bin, <xg> does
not significantly changes
with p

- Measured Ay 1s not a
smoothly decreasing
function of pras predicted
by theoretical models!

AR



BRAHMS Preliminary 4 BRAHMS Preliminary

Twist-3
cenes . calculations
=200 GeV by F. Yuan

[
0.1 0.2 0.3

Note different scales
N

K- asymmetries
underpredicted

.0 62.4 GeV

0 0.2 0.4 0.6

Proton and antiproton BRAHM S

asymmetries puzzling!

I R
0.4 0.5

X of'proton




Improving Forward Covemge at RH] C

STAR Forward Meson Spectrometer will
provide full azimuthal coverage for range 2.5
<n<40

Broad acceptance in xg-pt plane for inclusive n ,
y, €tc...production in p+p and d(p)+Au

0
Broad acceptance for y—n and n -TC from

forward jet pairs to probe low-x gluon density in
p+p and d(p)+Au collisions

—

PH ENIX

PHENIX Muon Piston Calorimeter will
provide full azimuthal coverage for range
3.1<n<3.7and 2 <E(n’) <25GeV

Raw Ay (¢) of ©° from Run-6 MPC, 62 .4
G eV TA45 4 05 0 05 1 1: S T R R T S S R 1: ey




Probing the Sivers Function via Dijets

Sivers effect in p+p = spin-dependent

sideways boost to dijets, suggested by

Boer & Vogelsang (PRD 69, 094025

(2004)) Jet direction

Both beams polarized, x +z#x —z =
can distinguish high-x vs. low-x
(primarily gluon) Sivers effects.

Do we observe q Sivers consistent
with HERMES, after inclusion of
proper pQCD-calculable ISI/FSI gauge
link factors for pp — jets? Tests
universality.

First direct measurement of gluon
Sivers effects.

uoloalip e




Quark Sivers Functions From SIDIS

HERMES PRELIMINARY

{not corrected for acceptance and smearing)

HERMES positive Sivers SSA for

m", but ~ 0 for 1, fitted by
Vogelsang & Yuan with u and d o b gl : )
quark Sivers functions of different 2 e — S —
sign and magnitude: e
VY 1 ul™ /u(x) = -081x(1-x) : :
" Ju(x) =1.86x(1-x) e & -

VY 2: ul™ Ju(x) = -0.75x(1-x)
d"? /d(x)=2.76x(1-x)

0 01 02 %, 03 04 0203 T0a T, 05T 0T
B h

W. Vogelsang and F. Yuan, PRD 72, 054028 (2005).

. " Di-jet A at RHIC —0<y, < [ o Ziaaey <
V & Y use these Sivers fcns. \ 2<y,<3] [ 29! <3
(assuming zero gluon Sivers) to oo el o]
. o I I ___________-_-___-_-_-___'_'_‘—-—
predict SSA for pp — dijet + X,
integrated over k. distributions 0.1 -
within both protons. Strong y- and [ O ——
| 6<P;<10GeV I
weak pr-dependence. R T B S R A R

Jet 1 rapidity Jet pr (GeVig) (g



Measured Sivers Ay for Dijets

| AN, BLUEbeam | Emphasizes (50%+) M| A_N, YELLOW beam | Emphasizes (80%+)

quark Sivers 0 gluon Sivers

[ | % STAR data r & N —— STAR data I A A
= VY1 (-n3 -1d)

- VY2 (-n3 -d)

0.1

i -5 model VY1

[ | —&— moadel VY2

1+4:?:ﬁ

-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4

STAR detector n3+nd4 -~ In{xhluﬂ.‘x STAR detector n3+nd ~ Ir'li[:nr.hI Ix
e

FB‘"W] yalluw]

Measured Ay consistent with zero = both quark and gluon
Sivers effects much smaller in p+p — dijets than in HERMES
SIDIS!!




But Rapidly Pro

Bombhof, Mulders, Vogelsang, Yuan: hep-ph/0701277

Prediction for dijet SSA if
Sivers contributions were
same as for SIDIS (FSI)

Initial- and final-state
cancellations in p+p =2
jet+jet found to reduce

expected dijet asymmetry at
RHIC.

Prediction for dijet SSA if
Sivers contributions were
same as for Drell-Yan (ISI)

Asymmetries observed at STAR
also consistent with SIDIS results/

- (2P, sind/M_-weighted)




Accessing Transversity at RHIC

BELLE FF measurements make 1t possible to
learn more about the 1nitial state in p+p collisions

* Probe transversity distribution at PHENIX via
Interference fragmentation

— Collinear factorization! No need to assume k-
factorization

— Exploratory analysis using 2006 data already
underway

* Probe transversity at STAR via Collins effect

— Forward Meson Spectrometer will allow measurement
of azimuthal distribution of ©t°’s within jet




RHIC Data and Global Fits

* Global fits of measurements sensitive to different
processes and different kinematics essential to
place tight constraints on nucleon pdf’s

AN Long road ahead of us ...
speems | ong road ahed ofus...

— Pions, jets, heavy flavor, prompt photons, gamma-jet
and jet-jet correlations, . . .

* Two global fit papers published 1n 2006 including
PHENIX ® A, data
— M. Hirai et al., Phys. Rev. D74, 014015 (2006)
— Navarro and Sassot, Phys. Rev. D74, 011502 (2006)




Summary and Prospects

e The 2005 and 2006 RHIC runs have provided a
wealth of additional data for spin physics, both
longitudinal and transverse

— Look for updated and additional results over the next
months!

* Moving into new era where RHIC will make
decisive contributions to knowledge of polarized
gluon distribution and more

Beginning of an exciting period of
measurements for RHIC spin—many more
years of data and results to look torward to! .
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pOCD Scale Dependence at RHIC

Theoretical uncertainty of pQCD
calculations in channels relevant for
gluon polarization measurements:

100

B i
oWy/2) | HERMES
O'( :uo) 5 [+ (hadr/?palrs) =
4 —/ i
COMPASS
q (hadron palrs) &
PHENIX
E (direct photon) ]
PHENI / ]
(inclusive hadrons)
1} oS / 7
CDF
: direct photon
A AT, e goae gua g
0.5 1 = Lo =1l
b (GeV)

nY data vs pQCD with different
factorization scales:

%)

~ 10
-
& 10
8
£ 4 0 PHENIX 200GeV pap-»rd+X
o =
ﬁ-.l o' _ NLO pacD
5 = F. Aversa etal NPE227(1959)105
Ty CTEQSM pdfiPKK frag
EIJ 10 ;F Sioales: p=p 2, ppn2py
1 D'E é- 2 (factorization
y = scale)
10 =
=
10
sF e
10 = w2
10
=
10 = g
1 oF Statistical errors only
1]
E I I I I | | I
2 4 B 8 10 12 _ 14

n ff=aWWir




RHIC Speczf cations

3.83 km circumference o
Two independent rings

— Up to 120 bunches/ring i
— 106 ns crossing time | //]

Energy: | / ’
=> Up to 500 GeV for p+p FEER g

i il

\

= Up to 200 GeV for AutAu ¥ Alcernating
Ak Gradient

(per N+N collision) ; . Synchrotron
Luminosity 8. )

— AutAu: 2x 102 cm2 st
— ptp :2x10%2%cm?s! B Van de Graaff

Tandern

(70% polarized)




RHIC Polarimetry

* Proton-carbon (pC) polarimeter
— For fast measurements (< 10 s!) of beam polarization
— Take several measurements during each fill

* Polarized hydrogen-jet polarimeter

— Dedicated measurements (weeks) to calibrate the pC
polarimeter

* Three-fold purpose of polarimeters

— Measurement of beam polarization to provide feedback to
accelerator physicists

— Measurement of beam polarization as input for spin-dependent
measurements at the various experiments

— Study of polarized elastic scattering




Polarimetry (cont.)

* E950 experiment at AGS

became RHIC pC (polarized) scattered
polarimeter proton beam proton o

_ .Measure ?beam to ~30% A . ,o
H jet polarimeter
expected to determine oolarized

QO proton target
Pheam t0 6-8% for final or Carbon target recoil proton
release of 2005 data or Carbon

Both take advantage of
previously measured spin
asymmetries to determine
the beam polarization

See H. Okada et al., hep-ex/0601001,
for most recent published jet
polarimeter measurements.




Smgle—Spm Asymmetmes fOr LOCal Palarlmetrjy

spin asymmetry in forward neutron productlon
(PHENIX); forward charged hadron production (STAR)

Spin Rotators OFF
Left-right asymmetry
—> Vertical polarization

Spin Rotators ON
Up-down asymmetry
—> Radial polarization

Spin Rotators ON
No asymmetry
—> Longitudinal polarization




Total Raw Data Volumes

WAN data transfer and p+p data production at CC-J in RIKEN, Wako Japan

» 60 MB/s sustained rate using Grid technology
» 570 TB transferred in Runs 5 & 6

P e L1

L
L
(=

&8
=

Terabytaes
2 &
‘*_I-_.._'

QRN %1 (P A

BRAHMS PHEMIX PHOBOS STAR

M ez Au-au

B Run2pp

[ | Bun3d-Au

L lRun3pp

B Run 4 AuAu 20D
M pun 4 Au-Bu 63
M rundpp

L] run S Cu-Cu 106
B Runs CucUES
[ | FunsS p-p

]:[Fh.mﬁ.[}p



sections for particle produ

hadronic collisions by:

— 2pT * PHENIX Js=200Ga V
- 8 UA2 [3=540GaV
10 Y CCRYs=624GaV

A S
& CCRSVs=52.4GaV

* Lower energy has higher yield atjl-Setsbsmsa i

, N = constant

d 3 d 3 \/_ = RT02Ys5=62GaV
0) O \S W R305(5=62.8GeV
LI E de = LJ- E de 10""F ORs07 AFS) JS=53Gav
dp3 dp3 2 ® Eggernt eval.[s=62.0GaV

10° 10"

o L\/;—S.?)

We can probe higher x; with better statistics even with a short run
at 62.4 GeV!! (compared to 200 GeV)




Polarized Collider Development
Parameter Unit 2002 2003 2004 2005 2006
No. of bunches —— 55 55 56 106 111

bunch intensity 10! 0.7 0.7 07 09 14
store energy GeV 100 100 100 100 100

B m 3 1 1

peak luminosity 103%cm=s! 2 6 §

GYEHASE  10%em2st ] 4 4
luminosity

Collision points 4 4 4

average
polarization, 15 35 477
store




STAR Detector

m Overview
Solencid Magnet %H .
Electromagnetic e Forward-Pion Detector
Calorimeter — ¥
AR ENMC) | mee | (FPD) (3 < Im| < 4)
Plje ction
| lrlllj gmel w00 e

e [FPD++ (Extended coverage

) |
EastD¥  Forward x@ ]]nl'[]]'l - - Beam-Beam West DX

NagTet Pratactor ) ) uu_mu Counters . Nagret .
| e..tn for Run 6 with 3 < 1 < 4)
Vertex
rna:an'T_} Tracker '-r'd-“a:l
poletip ch-'irlj T:'C L] FMS Upgf‘ﬂdﬂ (RUH 7 ﬂnd

beyond with 2.5 <n < 4)
2005

e Beam-Beam Counter (BBC): (3.4<|nl<5) e EM-Calorimeter: (Barrel - BEMC:-1<n<1

O Relative luminosity measurement & Endcap - EEMC: 1.09 <1 < 2)

. 0 Reconstruction of y, e* and nf
O Absolute luminosity measurement Fr. .

O Jet-reconstruction in combination

Q Local polarimeter (Ay for charged
with TPC

particles)



STAR Detector

IVlagnet
.

L_T—T—=x /’”’IL\-{/

—— Large acceptance TPC
8l and EMC -1<n <2 &




STAR Integrated Luminosities

*TAR

RHIC VS | Dot [P o302 SSTniash] Polarization
RUN [GeV] | (Transverse) (Longitudinal) [7]

RUN 2 200 0.15 0.3 15
RUN 3 200 0.25 0.3 30
RUN 4 200 0 0.4 40-45
RUN 5 200 0.1 3.1 45-50
RUN 6 200 3.4/6.8 8.5 60




Forward Neutral Pions at STAR

m Cross-section measurement: Forward neutral pion production L Negach (IHEP-Protvino)

p+p—=>n+X vs=200 GeV

(=] 1 o~

=

& - o n® mesons
% ppm 1, =58 - ‘}; 102 ° ® 3.7<n<4.15

= 0 ~ ¥ 34<n<4.0
> e B 3.05<7<3.45
=

E S0t
E5 .. AR -~
in N o

= S <

% c =
= © L <n>=3

10 £0 10 '}

= E (GeV) NLO pQCD cale.

= —  KKPFF cn> 38
© 717 10_3 — — Kretzer FF '“

=1 F b E [N N BN T T M-
9 n=33 25 30 35 40 45 50 85
=5 06| PSSt i E, (GeV)
o I~ T

c . . =

T — ® Forward =i° production : Dominated by asymmetric qg
=l - 1

£EQ M ] collisions
e ~—_ 28
b [ o] S
2] E - T S ® NLO pQCD calculations for two sets of fragmentation
= “F i :

. o S—— ] functions

o0 Qq+qq+ ]

D

™ I N
Qg Ot ® Data compares favorably to NLO pQCD at v's = 200GeV in
= o - E, [GeV]™ )

contrast to fixed-target or ISR energies




Neutral Pion A;; at STAR (1.09 <

m A, measurement: Neutral pion production (STAR EEMC) | = (Valparaiso University)

‘ M., spectrum p_= 6.5 GeV | hMassProd3
— L Entries 120

Mean 02582
RMS  0.1674

Ed
o

1400

'|1[I1

1200 signal (m’+n)

beam background

T

A, [P =P,=04T]
: o

=1
L]

1000

800

combinatoric bg.
600

400

200

-Mgg [GeV]

Forward direction probes different q/g sub-process mixture
Current analysis (Run 5) in STAR EEMC region (1.09 < v < 2) dominated by beam background
Several improvements in Run 6 such as reduction in beam background

Important baseline measurement for future prompt photon measurements




STAR Run-06 Charged Pion Projections

P+p —n +X at\s=200 GeV <<
< 01~ — GRSV-STD
— AG=0
— AG=G
0.05 AG=-G —
—:""-'/ —_— —i s
° T
005 * JETPATCH
2006 STAR Projections
““.1_ i I i L | | L |
2 3 4 5 6 7 9 10
x P, (GeV/e)

< 0.1

0.05

-0.05

0.1

- .

p+p— " +X at\s=200 GeV

- = GRSV-STD

— AG=1D
— AG=0
AG=G

= JET PATCH

2006 STAR Projections

3 4 5 6 7 8 9 10
n* P, (GeVic)




m Lambda production

Q. Xu (LBL)
O The measurement of A polarization at RHIC can give insights into polarized fragmentation and

parton distribution functions

D AX -O
1 D12 T T pp —= D, = T pp—arx P p—=AX
- SU6)-set HCRSV00—val) 1 (A —> 134 7)) - . T O
0.1 - (O SEUIouyy UU_“ILI._}‘_ﬂ . s 'y 2y P P—~=A X F P—~H A
oosl.  DIS, setl ] 0 )
i 1= o 0O Longitudinal spin transfer D,
0.06 |- \; LT
L e ] 403
- ) ! (=] F STAR Preliminary
0.04 - : ' 025 A A
- ' 025_ Ty <pT>N1.3 GeV
0.02 :— e wg_ <|xF|>~0.0075
r ~° DIS, setIT T F I
[ ] o . 01;—
i oo [l AR
-0.02 - SU(6), set INGRSV00_std) ] of R - L S
I L v v v v 0 4 l v v v 1 -
-2 -1 D 1 2 D05
n T I T | B 0§ ']I

Q. Xu, E. Sichtermann, Z. Liang, PRD’06

0 Proof-of-principle measurement from

O Lambda-bar polarization is sensitive to As(x) at large p+
(p->56GeV/c)

2005 minimum-bias data




Fits to HERMES SIDIS Sivers
asymmetries constrain u and d
guark Sivers functions, for use in
pp — dijet + X predictions.

E.g., Vogelsang & Yuan use two
different models of Sivers fcn.

x-dependence:

ul Ju(x) =-0.81x(1-x)

d"? /u(x) =1.86x(1-x)

ul? Ju(x) = -0.75x(1-x)

d"?/d(x)=2.76x(1-x)

Dijet calcs. include:
= no hadronization

* no gluon Sivers fcns.
=5 < p PN < 10 GeV/c
=|nitial-state interactions only (a

la Drell-Yan)

*Trento sign convention

(opposite Madison)

What Did We Expect? Constraints from SIDIS Results

| 6<P,<10GeV
T R T T

0.2 -
- Sivers Ay * HERMES PRELIMINARY
0.15 . [ {not corrected for acceptance and smearing)
0.1F + =
o & emmle
N
| | L |
Tc-
S T T
—L ————————————— E oo, — - e |
1 ~1
0.3 B S B R Y 2 05 60T
h
VV. VO(QelSc O YUC wdad® Uo4U/Z0o UU
0.1 i _0<y <1y [ — U=y, =T
H\ Di-jet A at RHIC 2 o<y 'Z182<y <3
B 2<Y <3 2«:y1 =3
L 2 — 12

_0.20 1 Iy|| 1



Theory of Transverse SSA Developing Very Rapidly!

Di-jet SSA Post-dictions shrinking! |

Bacchetta, Bomhof, Mulders & Pijlman " VY 2 SIDIS
[PRD 72, 034030 (2005)] deduce gauge link " Sivers fit

structure for pp — jets, hadrons:

= Gauge links more robust for SSA
weighted by 2'p; for 2 jets, or |sin |

= A, (ISI+FSI) = - 0.5 A, (ISI)

Sivers fcns. from twist-3 qg correl’'n

0.1

fits to ffp — forward hadron

u Dijet SSA: 5GeV<P <10GeV, -1 <, 2{2
- (2P sind/M,-weighted)

~-PBomhof, Mulders, Vogelsanng'“-.,.

[ & Yuan, hep-ph/0701277

\

2 0 2

1
4

0.1 Dijet SSA: 5GeV<P <i0GeV, -iq <2

________

[ Bomhof, Mulders, Vogelsang
. &Yuanl, hep—ph/Q?OlZ?? .
-2 0 2 nin 4

1 2

Ji, Qiu, Vogelsang & Yuan [PRL 97,
082002 (2006)] show strong overlap
between Sivers effects & twist-3 quark-
gluon (Qiu-Sterman) correlations:

= twist-3 fits to Ay(p+p — fwd. h) can
constrain Sivers fcn. moment relevant
to weighted di-jet SSA

= Kouvaris et al. [PRD 74, 114013
(2006)] fits give nearly complete u vs. ©
cancellation in.weighted di-jet SSA™ {



Parton fraction

&

Biue beam

quark from
+z beam
Vogelsang &

Yuan calcs.

clovoabvvrebvrne bevna bevaa bvaaa b

1T T T T 1T

A &
L --- VY2

[—

IIIIIIIIIIllllIIIIIIIlIIIIIIIIllIlI

_—e) |sin ¢|-weighted ATF(& >]

R il

-0.02;II:I.I 1 III.;-I I-.I-I I-I].I:.l l-lll'l.l.l 1 I 1 I“llIII

2 -1 0 1 2 3 4

STAR detector 1 > In(x*Z /x%)

Parton fraction

gluon from Yellow
-z beam beam
Vogelsang &
Yuan calcs.

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII!

| [ N N G O N NN A

0:

i STAR PRELIMINARY
-+ DATA

IlIIIIIIllllIIIIIIIIIIIIIIIIllIIIII

|sin £|-weighted AN(Q >T
—— Bombhof et al.

o™

-0.02k

S

1'I|IIIlllllIIIIIIIIIIIIIIIIIII1III]

2 1 0 1 2 3 4

TAR detector n, +n,— In(x*ZixZ

STAR Di-Jet Sivers Results vs. Jet Pseudorapidity Sum

77 acceptance

» Reverse calc. A
signs for Madison
convention

Scale Bomhof
calcs by 1/{|sin {]) =
3.0 to get A of unit
max. magnitude

uvs dand FSI vs
ISI cancellations =
sizable SSA In
Inclusive fwd. h
prod’n and SIDIS
(weighted SSA)
compatible with
small weighted di-
jet SSA -- test via
LCP flavor select

STAR Ay all consistent with Zero = both net high-x parton and low-x gluon
Sivers effects ~10x smaller in pp — di-jets than SIDIS quark Sivers asym.!




W/K/p SSA Measurements at 200 and 62 GeV
BRAHMS measures 1dentified hadrons (7t,K,p,pbar)

in the kinematic ranges of
- 0<xp<0.35and 0.2 <p; < 3.5 GeV/c at Vs=200 GeV

-0 <x;<0.6and 0.2 <p; < 1.5 GeV/c at \s=62 GeV for
* X, P, flavor, \s dependent SSA

 cross-section of unpolarized hadron production

(constraint for theoretically consistent description)




 Strong Xg-p; correlation due to

limited spectrometer solid angle acceptance




Kinematic coverage at \s = 62 GeV




A7) at 2.3 deg. at Ns = 200 GeV

BRAHMS Preliminary nt
e

o \
Le T 5 &

Curves: Sivers effect by U. D’Alesio

X R Y S
ofﬂ:

* Poor agreement between data and Sivers effect
calculation




A7) at 4 deg. at s = 200 GeV

Curves: Sivers effect by U. D’'Alesio




Curves: Twist-3 by F. Yuan

1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0.1 0.2 0.3 04 0.5

x. of K

» Solid lines: two-flavor (u, d) fit
» Dashed lines: valence + sea, anti-quark
e (Calculations done only for <p(mw)> > 1 GeV/c




Proton at 2.3 deg. at Ns = 200 GeV

BRAHMS Preliminary

—%4 s
X of proton

o
=
—
o
%]
=
w

« Ay(pbar), Ay(K) > 0: Accidental? Or contribution from sea-quarks

* Ay(p) ~ 0: At this kinematic region, significant fraction of proton

are mostly from polarized beam proton, but only ones showing Ay
~0



Ay(m) at s = 62 GeV

Z
< , 4 BRAHMS Preliminary

0.2

cooesly




A(K) at Ns = 62 GeV

4/~ BRAHMS Preliminary

Curves: Twist-3 by F. Yuan

0.2 0.4 0.6 0.8 1
x. of K

» Solid lines: two-flavor (u, d) fit
» Dashed lines: valence + sea, anti-quark
» (Calculations done only for <p(m)> > 1 GeV/c




A(K) vs —x, at \s = 62 GeV

Z
< , 4 BRAHMS Preliminary

0.2
u —_—
-0.2

-0.4




The PHENIX Detector for Spin Physics

PHENIX Detector N

PC.
PC3 Central
Magnet TEC

v/mV/M detection

— Electromagnetic Calorimeter

T/

— Drift Chamber

— Ring Imaging Cherenkov
Detector or TOF

JIy
— Muon ID/Muon Tracker Lol
(M) ML s, o
— EMCal (ete-) @
Relative Luminosity | I
— Beam-Beam Counter (BBC) [yt ey e,
— Zero-Degree Calorimeter (ZDC)

Local Polarimetry - ZDC

Side View

o E
= = B
'''



RHIC Perform

Year
2003 (Run-3)

2004 (Run-4)

2006 (Run-6)

2006 (Run-6)

s [GeV]

200

Recorded L

.35 pb-!

(J

Pol [%]
27
40
46
62

43

ance, Longitudinal Polarization

/"'l

(PiL)
1.5 nb-!
3.3 nb’!
150 nb!

1100 nb-!

4.2 nb1™*

** 1nitial estimate




PHENIX Polarized-Proton Runs:

Transverse Polarization

FOM
Year Vs [GeV] Recorded L Pol [%] (P2L)

2001 (Run-2) 200 15 pb'! 15 3.4 nb'!
2005 (Run-5) 200 .16 pb'! 47 38 nb-!
2006 (Run-6) 200 2.7 pbr! 57 880 nb-!

2006 (Run-6) 624 .02pbt™ 48 46ub!™

** 1nitial estimate




Prompt vat vs=200 GeV (Run-35

Isolation cut to

PHENIX Preliminary

reduce background
___NLOpQCD
(by W.Vogelsang)
CTEQ 6M PDF R=\A’ +A¢* <0.5

=1/2p,pr,2
H=HEPrPrePr E,(R<0.5)<E, x0.1
Run-5

10°

10’;—

F
9
3
g
a
2
a
0

2]
ke
w

Fraction

.

[

[ ]

({Data-Theory )} Theory

0 2 4 6 81012 14 16 18 20 22 24
p;[GeVic]




- 0.2 =
+d T — mTT ]
B i P < - A 0
ws-  015—  PHENIX Preliminary Run 5 i
- ~ il o0
- | ut
o 0.1 —~— ;
T - PH ENIX ot
L B itd
s 005—
B u I ;
= Ofmtdado . S
: S 1
- ~ Fy
0,05 -0.05— 1
i - |
Loy B A
S 01— v 1)0
- c
- Scale uncertainty of £40% not included :
_I 11 1 1 | L 1 1 1 | 11 1 1 | 11 1 1 | I 1 1 1 | 1 1 1 1 | 11 1 1 | I 1 1 1 | 1 1 1 1

L
1 2 3 4 5 6 7 8 9 10
p; (GeVic)



N fragmentation
function not yet
PHENIX Preliminary (Run 5) avaﬂable_

YN needed for
pQCD
calculations!

0.1 :

W 3 4




A, of J/wat Vs=200 GeV

|yl = 1.2-2.4

PHENIX Preliminary(Run6 + Run5)

J /\V PH “ENIX

GS-A{NL
GS-A(LO)
Elgléf/ GSE(LO)

! NRQCD + GS PDF

Phys.Rev.D. 56 7331; 68 034017
JIPsi -> 7’

. L=8 pb™, Pol=50-60%

m Sys. Err.

-0.1
(Scal. Uncer. 40% Not Shown)

|||||||||||||||||||||||||||||||||||||||||||||||||
V5% "1 2 3 4 7 8 9 10

Py




Ay of Mid-rapidity 7° and h*'"~ at Vs=200 GeV

0.06¢ ]
0055 Ay ¥
0.04 = E_
003t Ay ht" P e Run-s || f PR 95, 202001 (2005)
— o] pos. hadrons (200102, publ_) - un_2
0.02= ©  neg. hadrons (2001/02, publ.) =
001 .. L et || .
NE % ié % ﬁ Il [ g. had (pt-shifted) T
0.01E- | ‘ 3 T .
0.02— P = 1
o= PHEN,, MI<0.35 1)+ hep-ex/0507073  |E mi<035.
.0.04 Drer . SN TN T N T T I T
= "Tl!na - 0 05 115 2 25 3 35 4 45 5
-0.05 y - (G v/ )
= : pr (GeV/e

« Ay 1s zero within 1% = contrast with forward pions
* Constrains Sivers distribution function for gluons (Anselmino et al.,

hep-ph/0608211)



Muon Piston Calorzmeter (MPC)

PbWO, calorimeter

3.1<In|<3.7

* Region of large observed
asymmetries

South arm installed for Run-6

commissioning

* Expect 200-GeV longitudinal
and 62.4-GeV longitudinal &
transverse results
Non-zero raw ' transverse
asymmetry already observed
in 62.4-GeV data for x>0

North arm installed and ready for

Run-7!




A of Jwat vs=200 GeV

PHENIX Preliminary (Run6)

[
——
G
1
v
-
—

1.7 pb-1, Pol=56% .. %_ |y lsex for D hadrons
<pT>=1 6GeV/c - PRD70{2004)074025
Sys. Err

scale uncertainty of 20% not included

-0.1

-0.1_%

L1 | | N - | | S | | — | I N - | | | - |
-0.3 -0.2 -0.1 -0 0.1

:h. IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII|IIII

« Sensitive to gluon Sivers function gg — Q0
e Open charm theory prediction available from Anselmino et al.
— How does J/y production affect prediction?? Waiting for theoretical
calculation.




PHENIX Kinematic Coverage
o

Pr

100GeV V4
@) .
10GeV 2 z « Forward nt° now possible
S S MPC with Muon Piston
o Z .
1GeV Calorimeter
B — Kinematic region where
BBC large asymmetries have
100MeV/ been observed by STAR
Kinematic Coverage y
10MeV

0 1 2 3 4 5 6
PHENIX  Pseudorapidity




Attempting to Probe k; from

Orbital Motion

42 I ndf 1.347/5

po0 0.6719 + 0.3874

» Spin-correlated transverse .

. [, T e
momentum (orbital angular - PH-CENIX Preliminary
momentum) may contribute to E
jet k. (Meng Ta-chung et al.,
Phys. Rev. D40, 1989)

Possible helicity dependence

Would depend on
(unmeasured) impact
parameter, but may observe

*C Run-5

/4(z)) [GeVic]

2) h(%/ (2,
e %]
| |
S
o
»

kz

A (2 \(

‘ & =
net effect after averaging -l ¢ Di-hadron ky asymmetry
over impact parameter = s
jet1 ................... e e . g :|3I|llt||.||||5||I|I[|§II|I}|'|II|3||H|§|;||||1[]

......................... P, [GeVic]



Forward Neutral Particles at IP12

forward backward
neutron —0.090 4 0.006 £ 0.009 0.002 +0.004 4+ 0.003 \/ .
photon  —0.009 £ 0.015 4 0.007 —0.020 + 0.010 + 0.003 S = 200 Ge V
o —0.,022 £0.030 £ 0.002 0.005 £ 0,021 £ 0.0005

hep-ex/0610030

1
=Y

Forward neutron Ay




Forward Neutrons at Vs=200 GeV at

Large asymmetry for Xg>0 at V6=200 GeV,
no xy dependence observed.

Neutron asymmetry X distribution with neutron trigger & MinBias

=

e - s i Scaling error of 20%
0.1 PHENIX preliminary = not included.

. PH: ENIX Statistical error is correlated

due to unfolding.

charged

artickes neutron
é &2 /’e/',\
N Y

0.03x,.<p,<0.22x. (GeVic)

[Ill]l[

I|II

-0.8 -0.6 -04 -0.2 -0 0.2 04 06 038 1
X




