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RHIC Spin Goals - |

How is the proton built from its known quark and gluon constituents?

As with atomic and nuclear structure, this is an evolving understanding

In QCD: proton is not

just 3 quarks !
Recall:

simple quark model

Rich structure of quarks

anti-quarks, gluons




RHIC Spin Goals I
— T:> Longitudinal Spin /
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AY = Au + Ad + As + ..., Quark Contribution
* AG, Gluon Contribution

L9, Quarks orbital angular momentum

L_9, Gluons orbital angular momentum

Frank Simon talk




RHIC Spin Goals Il
Transverse Spin L” PRD 70 (2004) 114001

For a proton with transverse spin vector § T

%:%;J‘dxATq“(x)Jr )3 <L§T>a

q.9,G

L~ Component of partonic orbital angular momentum L along §T

A,q"(x) quark transverse spin distribution in the nucleon




RHIC Spin Goals - IV

« Direct measurement of flavor identified anti-quark
polarization using parity violating production of W+

This tallk

« Transverse spin: connections to partonic orbital angular

momentum L and transversity A,




Hard scattering of protons
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Using perturbative QCD at NLO and universal parton distribution functions

and fragmentation functions. RHIC energy Js =200 GeV.




But, do we understand forward =° production in p + p?
At Vs << 200 GeV, not really....
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Bourrely and Soffer (Eur. Phys. J C36 (2004) 371):
NLO pQCD calculations underpredict the data at low s




Transverse Single-Spin
Asymmetries (Ay)
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Expectations from Theory

What would we see from this gedanken
experiment?

N (8,0) = Ny(9) [1 + 5,4y cos ¢]
gy S5

(51~+(5¢

. where, /)Uq 1s quark transverse polarization;
T Ay oc Im(NF*);

N i1s the non-Aelicity-flip amplitude;
and F'1s the helicity-flip amplitude

quark, g’

F—0 as m,—0 in vector gauge theories, so 4y ~ m Ip;
or, A, ~ 0.001 for p,~ 2 GeV/c

Kane, Pumplin and Repko PRL 41 (1978) 1689




History

prtp—o>r+X

Vs=20 GeV, p;=0.5-2.0 GeV/c

T T "1
04l »f_
i ; ‘{’ _ *QCD theory expects small 4y ~0.001
0.2 o & - transverse single spin asymmetries
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n0— E704, PLB261 (1991) 201. with NLO pQCD calculations

Cross-section is NOT consistent




Transverse Single-Spin Asymmetries

World-wide experimental and theoretical efforts

« Transverse single-spin asymmetries are observed in semi-inclusive
deep inelastic scattering with transversely polarized proton targets

= HERMES (e); COMPASS (u); and planned at JLab

* Intense theory activity underway

70
SPIRES-HEP: search title including: 1

“Transverse spin, Transversity, single/ spin”

@)%
=

ers/year

Er
= J1
o o

*Four theory hires in "permanent” Total number: 718 % N
y

., (1968~2008)

All four were transverse spin theorists.  ,, | Experimental results ~14% /\/

o) ¥
0 :

1960 1970 1980 1990 2000 2010
year

positions in the US within the past year.




Possible explanations for Large Transverse SSA

Collins/Hepplemann mechanism

. L [Nucl. Phys. B396, 161 (1993)]:
requires transverse quark polarization and

spin-dependent fragmentation
polarized

proton asymmetry in the forward jet
% S oo fragmentation
Py= XPoean™ P X Py Sensitive to transversity

Transverse momentum of the hadron

with respect to the fragmenting quark

QL quark momentum




Sivers mechanism

requires spin-correlated transverse momentum in the
proton (orbital motion).

SSA is present for jet or y polarized
1 proton
Sp (P, x kq ) <
1 proton A4
s, IPe k]

1
fa&K,Sp) = f kiHEAquq(X, k)

initial
state
jet

. . or’ P' cam X P
[Phys. Rev. D 41, 83 (1990); 43, 261 (1991)%1010;3 b q
“Pbeam

Sensitive to proton spin — parton

transverse motion correlations
unpolarized
proton

Need to go beyond 10 detection to

jets and direct photons
Require experimental separation of Collins and Sivers contribygis




Relativistic Heavy lon Collider
...worlds 1st pp Collider

= 100 GeV beam proton beams

= Each bunch filled with a distinct
polarization state

= Spin Rotators at STAR IR allow
for transverse and longitudinal
spin orientation

Siberian
Snakes

» Bunch Xings every 100-200ns

STfR IR

" *~Spin Rotators = CNI polarimeters + Hydrogen

Jet target provide run by run &

PHENIX IR

fég}fﬁﬁ% absolute polarization
pp Run Year FOM=P2L 2002 2003 2004 2005 2006
< Polarization> % 15 30 40-45 45-50 60
L ax [ 1030 s-iem-2] 2 6 6 16 20
L.« [pb?t]at STAR (T) 0.15 0.25 0 0.1 6.8







\
STAR

N STAR detector layout

Solenoid Magnet
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TPC: -1.0<n < 1.0

FTPC: 28<n| < 3.8

BBC:22<|n/<5.0

BEMC:0<n<1

FPD: |n| ~ 4.0 & ~3.7




FPD-Forward Pion Detector

. 148X 3.8=cm cellg, OX58=—cm cells (3.8¢m)2 x 45 cm lead glass
E' oo 18 radiation lengths
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— FPD++

Run 6

-1.0<n<10

TPC:

FTPC: 2.8<|n|<3.8

BBC: 2.2<n/<5.0

EEMC: 1<n <2

BEMC: -1<n<1

FPD++/FPD:

n ~ 3.3/-3.7

12/30/2005




Why Consider Forward Physics at a Collider?
Déep mel_astlc Kinematics Hard scattering
scattering hadroproduction

\\N}Et My o)
==

—
' 3 =

0P = 2UEE — Kok P 7 e

=R .
K / Jet (ng op )
x = Canp

How can Bjorken x values be selected in hard scattering?

Assume:
X, ~ Pr/Jg (e 4 e™'12)

X, = Pr/g (e +e )

™

1. Initial partons are collinear —

2. Partonic int. is elastic =Pr1* P12

Studying pseudorapidity, n=-In(tan6/2), dependence of particle production
probes parton distributions at different Bjorken x values and involves different
admixtures of gg, gg and ¢q’ subprocesses.




Simple Kinematic Limits
Mid-rapidity particle detection: - NLO pQCD (Vogelsang)

n,~0 and <n,>=~0 0.8

....

= X, AX, szZZpT/\/S 0.6 -

q

fraction
\
]
]
!
f

T -
-
-

0.4 - ST Tl 48

Large-rapidity particle detection:

n;~>>N;
= x, ¥ xp el &~ xp (Feynman x), and

~ —(M1+
ng Xpe (Mm1+))

— Large rapidity particle production and correlations involving large
rapidity particle probes low-x parton distributions using valence quarks




Recent asymmetry measurements at STAR

Polarization here:

valence quark spin / m
effects P .
XqP l XgP +—p
9 Polarization here: low
x-gluons and other
partons

High rapidity n's (n,~4) from asymmetric partonic collisions

Mostly high-x valence quark on low-x gluon
p+tp— =’ 1 =3.8, Vs=200GeV

Kretzer

(0.3 <x4< 0.7, 0.001<x,<0.1)
Fragmentation z nearly constant and o s|

high 0.7 ~ 0.8 0 6-/-
<x,> N-OPACD

0.4} Jaeger, Stratmann,]
Vogelsang, Kretzer

p+p—n,1, =38

o)

0.2}

<Xg>

40




Pr, Ge\f/cm

Xg and p; range of FPD data
p+p—> °+X at vs=200 GeV

w

L (<x>,<pr>) in xg—bins
[ A <n>=3.3
O <n>=3.7

O <n>=4.0

10°

104

10°

102

10

pr {GeV/ic)

10
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DD g.1 0.2 03 0.4 05 06 0.7 0.8 0.9 1

Kinematic Limits for vs=200 GeV

—>Expecty/n 2 1

n=23.5




Possible Problems at Forward Angles

e Is it possible to access larae enough p; where NLO pQCD is applicable?

Although o5 does not vary much
over accessible scales at RHIC,
large ny will primarily probe small
pt = need to understand scale
dependence of fixed order pQCD
calculations.

0_ 1 IIIIIII| IIIIIII|

1 10 10°
L GeV

e Large x; means high energy particles. Detection is best accomplished using
electromagnetic + hadronic calorimetry + charge-sign determination from
tracking through a magnetic field.

* For increasing p at large x, faced with increasingly steep falloff of dN/dn
distributions.




Di-photon Mass Reconstruction and calibration

P1YTH|A+GSTAR vs. FPD toy sim

Dh_Anlace rarAnnctriirtinn (no SMD)

n0 reconstruction
efficiency

F @ N,=2, 3.7<n<4.15 — N,

Efficiencies is almost purely
geometrically determined

= ] Bes ' . :
0.3 04 0.5
M. (GeV/cd)




Cross section measurements: Forward pion oroduction

p+p—> X V5=200 GeV

Phys. Lett. B603 (2004) 173 < 2 mesons
Emzz— ° ® 37<n<4.15
08 T~ T T T [ T T T T [ T T T T [ T 1T ~ - ¥ Sd<n<4.0
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Forward production is dominated by asymmetric qg collisions

Data compares favorably to NLO pQCD at +/s =200 GeV in

contrast to fixed-target or ISR energies




—

PH ENIX

n0 production at midrapidity

p+p— 0+ X, Vs=200 GeV
S.S. Adler et al. (PHENIX), PRL 91, 241803 (2003).

NLO pQCD calculation, using CTEQ5M
PDF and KKP fragmentation functions is
found to be consistent with data down to
surprisingly low p-.

Universality tests at collider energies yield
comparable results.

E*d ’o/dp ® (mb-GeV ?.c?)

Aclc (%)

(Data-QCD)/QCD

:{ PHENI X Data
— KKP NLO
----- Kretzer NLO

e
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Single Spin Asymmetry

Two methods of measurements:

T N . .

. Definition: 4, = 49 =47 « Single arm calorimeter:
daT + dai R . "
« do')— differential cross section N P N+ RNV I

of n® when incoming proton has

spin up(down) R — relative luminosity (by BBC)

| eft Pream — D€Am polarization
l M0, X<0 o, X,:>O/,,.
« Two arm (left-right) calorimeter:
I NA N
pT >€ P s 1 .\/NL.NR_\/NR'NL
L=

Pyean | {NT-N¥ +/N]-N}
] Right ]

positive A: more n° going
left to polarized beam

No relative luminosity needed




Transverse spin runs at STAR
with forward calorimetry: 2001-2006

Run?2 Run3 Run5 Run6
detector | EEMC 6 matrices | full FPD East FPD
and FPD |of FPD (8 matrices) West FPD++
prototypes
~1 ~ ~4 —_~
PBEAM’% 5 30 5 60
f zj;;p';db_l 0.15 0.25 0.1 6.8
<n> 3.8 +3.3/24.0 +3.7/24.0 -3.7/3.3

FOM (P2L) in Run 6 is ~50 times larger than from all the previous STAR runs




Large Analyzing Powers at RHIC

STAR collaboration, hep-ex/0310058, Y -
Phys. Rev. Lett, 92 (2004) 171801 Similar to FNAL E704 result at Vs = 2C

E e 7’ mesons GeV
Q O Total ener .
S 04f ey In agreement with several models
= — Collins ® . . . .
5z Sivers _ including different dynamics:
o |~ |nitialstatetwist3 . ! = Sivers: spin and k, correlation in initial
= - — Final state twist-3 / lated bital '
E oo state (related to orbital angular
3 momentum?)
5“1 = Collins: Transversity distribution
& function & spin-dependent
0.0 fragmentation function
= Qiu and Sterman (initial-state) / Koike
- 1 (final-state) twist-3 pQCD calculations
(pp= 101113 15 1.8 21 24 GeVic
-0.2——

““0 02 04 06 08
Xp




(red line) M. Boglione, U. D'Alesio, F. Murgia,
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gh Precision Analyzing Powers

p+p —> ™ +X at vs=200 GeV (2003 -
I 5 2006)
i Spin {4
| tett - __. Sivers (HERMES fit) Eél. -22?868\6’16;330
| [ twist—23 P '
vy mass (Gev/<’) natural since
L <n>=37 | <n>=3.3 gluon Sivers
function is
{I"’I _____________________ sl s probed where
\} unp. gluon
I\.l_ . }/i. N — ‘/,.-J | !... | I/J dIStrlbUtlon |S
—05 O 05 -05 0 0.5 x; large.

Precision measurements at Vs = 200 GeV
provide stringent contraints on the models...




High Precision Analyzing Powers

An o4+p —> m°+X at vs=200 GeV (220%%3 B
0.08 L =0.28 | =052 )
' ® FPD data [ eees Sivers (E704 fit)

B.l. Abelev, et al,
hep-ex/0801.2990

0.08
0.04

Data

broken out 0.0

in XF bins 0.12

ALl e
0.06 -

0.02 b e
pT,BGe\/;c

...but rising P+ dependence is not predicted by the same fits
— No model fully describes the precision data

More experimental (and theoretical) work needed. .. g




. TRIOOUL e ross-sections at /s = 62.4. 2
Results: Cross-sections and SSAs gsi\: SECHO v 2

SA of ©= at /s = 62.4 GeV

BRAHMS Preliminary

BRAHMS ) .,

| ™Y T[+
B o T
o .3
2F e v
L " e ¢
<ﬂz 0 - i O e 8 O
5 Q
B Q
02 - Twist-3 (u,d) o
- e Twist-3 (u,d+sea) o
04l — VN ?
e L L e L
0.6 04 02 0 0.2 0.4 0.6
XE

Large Ay(77): 40% at xg ~ 0.6, pt ~ 1.3 GeV/c, Any(—xg) ~ 0.
Strong xg-dependence
An(77)/An(77)| decreases with xg

Sivers and Twist-3 calculations are compared with the data: Twist-3
calculations are in a better agreement with data.

J.H. Lee and F. Videbzk Cross-sections and SSAs of =+ and KT at Hig



Large asymmetries persist at high s

Examples:
Vs = 20 GeV

Pr+p
p:=0.5-2.0 GeV/c

0.4

0.2

—0.2

—-0.4

1 + X, Vs =20 GeV

T I T

|

IRis

1'[+=D
11'0=X
1'[‘_=.O

-

0 020406 0.8

041

02f

0

04F

Arsene et al. (BRAHMS), submitted to Phys

Vs = 62 GeV

Vs = 200 GeV

P41

02Ff

+ = -
pr+p > nt+ X, Vs = 62 GeV 5 .
r S o
- | Te2rox S 0.4-
T 02309 o’ S
- o' <
B ¢ v 2 |-
- g5-4 - o2
B B S @
- el I 3
- : + <
1 1 ‘ 1 1 1 | 1 1 1 ‘ 1 1 1 i 1 1 1 ‘ 1 1 1 | L 1 1 | 1 0!0
06 04 02 0 02 04 06

Xg

Rev. Lett. [arXiv:nucl-ex/0801.1078]
RHIC, Brahms, 2007

Xp
7% E704, Phys.Lett. B261 (1991) 201.

n*~ E704, Phys.Lett. B264 (1991) 462.

Fermilab, Fixed target, E704, 1991

. L
0.20

+p > 10+ X, Vs = 200 GeV

n° mesons
Total energy

Collins

- Sivers

Initial state twist-3 /
Final state twist-3

;5., g-%_f:-.

{(pp= 1.0 1.1 1.3 1.5 1.8 21 24 GeV/c

1 x L 1 L L 1 |

0.4 0.6 0.8
XF

1 | 1 1
0.2

(STAR) Phys. Rev. Lett. 92 (2004)

171801

RHIC, STAR, 2004

v

Non-Perturbative cross section

Perturbative cross section
-




Sivers Mechanism of SSA

2 2 partonic P3
Polarized -
scatterin
proton 1 /a +ng

unpol

oton 2
Intrinsi¢ @
— | P2

Spin dependent kX offset

« deflects both jets in the same direction

* reduces average di-jet opening angle




STAR Results vs. Di-Jet Pseudorapidity Sum

Run-6 Result
VY 1, VY 2 are calculations by

Vogelsang & Yuan, PRD 72 (2005 05%
A o Pogaran®sikirisoss-Sr)

jet
quark §|vers \ /

-

T ] ]

E 0.02_ —— —_
£ ; : :
> 0 N B
< I 7 B -
= i 10

o -0.02F - B
o A 1 *1s1ar DATA

v [ ---vy2J Fsl ' 4

2 -0.04f 4 N
S [ systerror ] syst error
ﬂea.06lll__|l"ll"|_l_llllllllllllllllllllllllll

[10]

l.uJ,u,u-lJAJrg-u-t-LLu-H-LLHqL‘LAL.u-LLL
inbalaifce bf 4 pdir Sf)és 6rodtfce€1 in p+b ci)lllsf’lon

and attempt e measurs if k. is corrélated with ¢’
incoming proton. &4 gcpnsistent with zero

—~order of magnitude smaller in pp — di-jets than in semi-inclusive DIS
quark Sivers asymmetry!
A




Summary |

Transverse Single Spin Asymmetry (SSA)
Measurements

* Feynman-x dependence of large-rapidity pion
production shows large transverse SSA at RHIC
energies, where cross sections are described by NLO
pQCD

* Feynman-x dependence of large-rapidity transverse
SSA are consistent with theoretical models (Sivers
effect = orbital motion / twist-3 calculations)

* The p; dependence of large-rapidity n’ transverse SSA
does not follow theoretical expectations




Summary |l

Transverse Single Spin Asymmetry (SSA)
Measurements

 Direct measurement of spin-correlated k; (Sivers effect) via
midrapidity di-jet spin asymmetries completed in RHIC run
6 and found consistent with zero.

« Cancellations found in theory calculations subsequent to
measurements also expect small di-jet spin asymmetries at
midrapidity.




Run 8 data

Because of lower polarization than expected, figure of Merit
(P2L) fell short by roughly a factor of two.

FMS Integrated FOM Goal = 3800 nb”{-1}

4,000 Run 8 Integrated FMS

3,500 | transverse figure-of-merit.

3,000 |

2,500 |
Only 43% of goal, after
calibration from jet

2,000

1,500 |

1,000 |

500 f

However, the FMS provides roughly 20 times the coverage of
previous runs in the forward region.




sin  STAR detector layout with FMS

Barrel

Electromagnetic

Calornmeter
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" TPC:-1.0<n<1.0

FTPC: 2.8<n| < 3.8

BBC:2.2<]|n|<5.0

BEMC:-1<n<1

FMS: 2.5<n< 4.0




New forward detector for Run 8: FMS 49

FMS provides nearly 20x the coverage of previous
forward detectors

476X 3.8—cm cells, 788X 5.8—cm cells North-half, view from
— the hall
@00 -
>
R ’r =
50 + v N=Br D \‘\
T 1] 111 AN
" I\
- ; I -
25 N ’/ i X
! i I 1
o O
‘\ \ , ]
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N RS V
EH 7
-50 |- N 7
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Nearly contiguous coverage for

Run o FFPD




