Transverse polarization results
Hiromi Okada (BNL)

1. Introduction
» What is Single Spin Asymmetry (SSA) ?
» Why SSA is interesting ?
» Why SSA at RHIC
2. Experimental SSA results at RHIC
» STAR (Inclusive n®and di-jet)
» PHENIX (Inclusive =% h*, Jhy)
» BRAHMS (inclusive t*, K%, p, pbar)

3. Summary and next



What is SSA (Single-transverse-Spin Asymmetry) ?

Definition: The ratio of the difference and the sum of the transverse
spin-dependent differential cross-sections of a certain interaction.

SOA_ do, —do,

do, +do,
— < w:.do,

—><—W:do,

A certain interaction: elastic, hard scatter processes etc.
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How to measure SSA?

Top view
& | eft A certain interaction is detected by:
S\/ Z Single arm detector (Left)

T \
SSA 1 NIT_ RNIi
----- pol. N, + RNY

R: Relative luminosity

« Normalization by relative luminosity is crucial.

« Normalization by beam polarization is crucial.
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How to measure SSA?

Top view

& | eft A certain interaction is detected by:
AL 7
y Double arms detector (Left-Right)

----- T geal L ANINT - NENE
pol. \/NXN® +/NENS

Square-root-formula

Right

« Normalization by beam polarization is crucial.
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SSA of elastic process is ideal tool to measure beam pol.

1 4 NENT —/NEN] Non-zero and known SSA

~ SSA NENF + /N N —> we can measure beam polarization
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SSA of elastic process is ideal tool to measure beam pol.

1 4 NENT —/NEN] Non-zero and known SSA

N =2 wecanm r m polarization
~ SSA /N NR N /N—N'i e can measure beam polarizatio
SSU'?;E PLB 638 (2006), 450-454

Verv forward - RHIC Absolute polarimeter
y 0.05 |- . @ Vs=14 GeV

0.04

0.03]

-
‘,0 P ,0+,0‘ scattering

0.02f

0.01F

-t (GeV/c)Y

> For more details....
"Please visit the poster session!



How about SSA of hard scattering?

For example: ‘pT +po>T+X ‘ Azimuthal asymmetry in singly
polarized pp collisions

y ~ A Left, forward

SSA«S, - (p, xp_ )

oo m g A Kane, Pumplin and Repko
Prediction: SSA ~ ~ 0.001 PRL 41 1689 (1978)

Pt
SSA of hard scattering is expected to be very small

by the leading twist collinear, p+=> 4~5 GeV/c.
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Huge SSAs have been measured at E704-FNAL!

‘pT +p I + X ‘azimuthal asymmetry in singly polarized pp collisions

— 77 0 — E704, PLB261 (1991) 201.
,i, | m - E704, PLB264 (1991) 462.

0.4 —Vs=19.4 GeV, Citation amount: 258 !
| p;=0.5-2.0 GeV/c

0.2 |— & P t 1+ Increase linearly with
' s & ¥ Feynman X (Xg).
SSA O *—--l-—-if-- -  Extremely bigger than
¥ “expectation!
i ) - -
—0.2 ® ]

ety | * Whatis the p
i I%—- dependence?

] I X ] X b |
O 0.2 0.4 0.6 0.8
p,. 2E,

XF X|: — : 8
pz,l \/g




How people excited about huge SSAs!

SPIRES-HEP: search title including:
“Transverse spin, Transversity, single spin”.

;:70 | E704 o, p
200 _SSAs in 1990H / C
3 50 |

240 \ / r\\/\[

| Prediction

w o [Pedction] L[
Tlogtggl I\Zuor(r)lger: 625 5, &1978J \/ /\/
A VA

Experimental results
~14%

0 |

1960 1970 1980 1990 2000 2010
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meo?etical approaches for

leading twist collinear;

A)Higher-twist collinear QCD
—> Twist3 quark-gluon correlations for both initial
and final state interactions. A
B) Spin-correlated transverse momentum / \
dependent (TMD) QCD

S As!
huge SSA beyond the

—> Initial state: Sivers effect A /\{
\ﬁinal state: Collins effect // !

oU

Total number: 625 20

—t

(1968~2006)
10

A

Experimental results
~14%

e PN

0
1960

2007/6/21
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SSAs have been measured in Deep Inelastic Scattering, too.

Using lepton beam and polarized proton target.
" HERMES PRELIMINARY 2002-2005

e
-

0.06

0.04

0.02

=

= = = =
= = = = =
[x] & & & =

2(sin(dp—d )7 2(SIN(d+ds))™yt

0.08 |

E_ n—'— E_:;E:,?I; é};:l:‘:l?csg:tr:;:at;:m Collins amplitudes
L Collins effect :
R Y
n , t RN +
E... T .i...l...|...|.!T::..n..l...l...l...l.
_' " HERMES PRELIMINARY 2002-2005

L + [ lepton beam asymmetry, Sivers amplitudes

n [ 8.1% scale uncertainty [
| | S
o o s " ' F . +
1 Eh i
4 Sivers effect -

0302 03 04 05 06
X

DIS07, Markus Diefenthaler

0.2 0.4 0.6 08 1

P, [GeV]

k=(E.k) k=(E" K
~Q*=(k-k'¥ <0

*ToME-E) ‘T E-F

P, : Transverse momentum of w*

Ongoing experiments at
DESY, CERN etc.
New program at JLAB
12GeV upgrade.



Sivers effect: Initial state of the polarized nucleon

Phys Rev D41 (1990) 83; Phys Rev D43 (1991) 261

S8 Agers S, (B XK )

3 = = Ll
X 4 2 = Xp, + K
" 7 S,® Pq Py q
Y X is longitudinal
. e T~ I_j momentum
TOp VIEW fraction.
L
kq
Y S
A 1 . ]
~ X kL Quark transverse momentum in
z _ @ q | transversely polarized proton.
Front view P,
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What does Sivers effect probe?

Top view, Breit frame X _ Quarks orbital motion adds/
~ VA subtracts longitudinal momentum
_ y for negative/positive X .
Red shift

PRD66 (2002) 114005

— Hard probe Partor_l Distrib_ution |
Xp (Parton, y+) Functions rapidly fall in
- a longitudinal momentum
k* Blue shift fraction x.
q

p Final State Interaction between
g outgoing quark and target spectator.

e ==, hep-ph/ Quark Orbital
SIVers function | 0703176 54 1ar momentum

fl# (X Rl) “‘ Generalized Parton
'77q
S

) Lom oraa21Stribution Functions s

PRD59 (1999) 014013




Collins Heppelmann effect:
Final state of fragmentation hadrons

Nucl Phys B396 (1993) 161,
Example; ‘ P p—sh +h,+ )(‘ Nucl Phys B420 (1994) 565

50 ()

SSA,, o St (R, <k

Polarization of struck quark which

fragments to hadrons.
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Collins function: analyzer of “Transversity”

Transversity: (] (X, H) = q% (X, u)— qﬁ (X, p)

“with”
(f)‘(x ) . Probability to observe parton whose pol.
q 1 vector Is “with” or “against” the proton pol.
vector with the renormalization scale p.
v" 8g(X,u) has not been measured experimentally. “against”

v' Lattice QCD calculates the first moments of 6g(x,u) for u,d, s
quarks and the sum at u’=2 GeV~-.

50(n)= [ dx[sa(x, p)-8a(x, )]
8% ()= 8u(p)+3d(u)+3s(n)
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Relevance of Twist3 and Spin-correlated TMD
Lepton-pair (Drell-Yan) production is examined: Q2=M?
o Twist3 (Higher-twist Collinear QCD): q,~Q>> Aqcp I+ X

e TMD-Sivers QCD: g, << Q |-

*
dc/dqlA q,~Q Y§} q,
Agep <<, <<Q P P
1 q,<<Q

. —
Aocp Q q,

PRL97, 082002 (2006)
PRD73, 094017 (2006)

Twist3 and TMD-Sivers are related at Agcp <<, << Q

Towards consistency of phenomenological studies of SSA!
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Current understanding of SSA

1. SSA of hard scattering is expected to be very small and have
p dependence by the leading twist collinear.

2. Huge SSAs have been measured in pp collision and SIDIS
(semi-inclusive deep inelastic scattering).

3. Theoretical approaches to explain huge SSAs:

O Sivers effect ( RqL IS connected to quark orbital angular
momentum).

O Collins effect (Analyzer of transversity oq).

0 Twist3 effect which is related to both initial and final states.
Relation of Twist3 to Sivers effect Is introduced.
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|ssues

1. Applicability of pQCD?
2. Relationship of SSAs between SIDIS and pp
collision?

2007/6/21 Hiromi Okada
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Is pQCD applicable for Vs < 50 GeV ?

Eur.Phys.J.C36:371-374,2004. 2 NLO calculations with different scales p; and p;/2

Data references therein.
Unpol. Cross-section Unpol. Cross- sectlons at 6=90°

3

_ \/52528 GeV 1 10—1.;— . ,0+ ,0 ST +X _EI
i peomex T
B |l AL 1
% 10t ] 3 a
% "%'10 L ?
3 5 F ¥ \s=52.8 GeV
u:E 1¢ 53%10_7 E (Xlo-l) Eg
h i \s=38.8 GeV ]
1o~ (x10?)
| 5=19.4-23.3
| e[ GeV (x1079)
e CONL -XFm—“’ I T T
10 0 : 0 -

0 02 04 06 08 L0

pr GeV/c

2007/6/2 Require more than NLO pQCD... 19



pp collision at Vs=200GeV (1) PH._ENIX

PRL95:202001,2005. hep-ex/0704.3599
N & 10° SR
OO o 0 SR 0
> - . 2 &~ 10 T > 105 g =TT
e § PHENIX DATA £ d 0.3 g . (e+)/2
g S 4F%, <035 % ¥ %
g 1wk ___ NLOpQCD E oE N PR S
ﬁl_. E o:g' 5 ;51':'“2;' ll‘-.-..
o 10° =10 = F Y .
i n|<0.35 b T
B = - 10'3 F K n
B 10°E L 104[ Exponentia) =
E -4 F i :
EIJ _4: 10 1CI'5E...IH?EH?E...|....ri...l....l....l...
107 = 5 0 0.5 115 2 25 3 3.5 4 45
= 10 p_ (GeVic)
107 10°
= 9.6% normalization error is not included - Sy
—_— | I | | 11 1 1 I 11 1 1 I L1 1 1 I L1 1 1 I L1 1 | I 11 11 10 NLD quD "'\_ .-‘.-\-
2 sl 10° {by W.Vogelsang) L
= CTEQ6M PDF; KKP FF ey
‘_g 0 MMMMW—*—‘—‘—F 10_9 n L= prz, P 2pT —— B
.{]-50_ A A A A N N | = fllI|III|III|III|III|III|III|III|III|IIHI‘-
H 1 3 SN 9.7% normalization uncertainty
=) = =/ SO is not included
§ 0 e g_ 0 ;
C.. £.05F
= ) ) ) . i R ) =k =
0 1 2 3 4 5 6

4 6 8 10 12 14 16 18 20

-
pr GeVic p, (GeVic)

=]
[N

Cross-sections at |n|<0.35 are consistent with NLO pQCD. ‘

W. Vogelsang, M. Stratmann et al.



pp collision at Vs=200GeV (2)

PRL97:152302, 2006.
p+p—=>n+X vs=200 GeV

° mesons

® 3.7<n<4.15
¥ 3.4<n<4.0

B 3.00<{n<3.45

: *\
_{<n>=13 N
10 3 N ~
" NLO pQCD cale. ™
- —— KKPFF >
10—2_ — —  Kretzer FF A <n>=3.8
E . PR NN TN TN NN NN AN ST TN S NN A SN N L |
25 20 35 40 45 50 55
Ex (GeV)
2007/6/21 Hiromi Okada

Hre

Cross-sections at the
forward region,
<n>=3.3, 3.8 and 4.0
are mostly consistent
with NLO pQCD
calculations.

KKP FF : Nucl. Phys. B597, 337 (2001)
Kretzer FF: Phys. Rev. D62, 054001 (2000).
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op collision at Vs=200GeV (3)

BRAHMS

o Kt "1 aPop
”: Lot — WP mE P ﬁ.l — WP, mEEP % - |ﬁ.T."-L}{E~L._
g e ---u pT}ﬂchl'f.cr pialall o L Kretzer Gq:, y
E e,
,.t_jj_m_J Yot
_ 'i.: . ﬁﬁ}{:’—:ﬁ—‘:t‘
= I - E —&L - ] g y
e E S T LRSS
01 2 3 4 5 1 2 3 4 5 1 2 3 4 5
. .~ GeV/c
Cross sections at forward rapidity y=2.95 are Pr
consistent with NLO pQCD. N

mKKP: Nucl. Phys. B597, 337 (2001); Kretzer: Eur. Phys. J.C22, 269 (2001); AKK: Nucl. Phys. B725, 181 (2005)



« RHIC provides Vs =200 GeV
polarized pp collision.
e Hard process, pQCD is applicable.

—>Advantage of SSA investigation
at RHIC!
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Establish Universality of SSA

: Semi-inclusive deep
hadron-hadron high < / inelastic scattering for
energy collision for | : Sivers/Collins.
Sivers/Collins at nter_comparlson (HERMES, COMPASS, ..)
RHIC via pQCD

Available Probes at RHIC \ e*e~ collision for Collins.
1 | pT+p2>h+X Both mix (BELL.E) I
2 | pT+p>di-jet+X Sivers? | am going to show!
3 | pT+p=>h+h+X (far side) | Separate? o —
4 | pT+p>h+h+X (near side) | Collins Probe C?'” c_harge by
0T +p>jet+X Sivers comparing with SIDIS
5 | pT+p=>direct y+X Sivers procetf]si.slt(\)/VIiICI: CI(;I;E? back
6 |pT+p>1*1-(Drell-Yan) Sivers Ze PI%, 7

2007/6/21 Hiromi Okada 24



JTamimTie, 0
L =
| 1y

I M %
FIuL T

FLLTF]
|','_

jet

P

Solenoidal T
0 Di-

Tracker
At
RHIC




TOp'VieW RUNG configuration n=—In{tan(6/2)}
n=-1 , n=0 cos0 = B, |/|p)

\ Solenoid Magnet J 72 !AR
X Barrel
7 Electromagnetic X
Calorimeter — | =
y (EMC) ] n=2
. z

100 cm

+z beam = L\ —~ % -z beam
Cast X A N = Wiact DY
é —mggrgr'—ﬁvtbt é!;a:;mr - 0 =] i : :ecao?i:rzm Ig IMH{;{}E}L %

/ N " X
- FRD++

FPD / magnet_> E <— Endcap |\:PD++

poletip : Forward TPC i EMC
East-sl J% -
et E q West-side

 Inclusive n® in forward region: —4<n<-3 (FPD), 2.5<n<4 (FPD++)
e Di-jet results: —1<n<2 (Barrel EMC, Endcap EMC, 2n)

26



Inclusive n® |

*FAR

2007/6/21

...

FPD++ (Forward Pion Detector) , West side

>

South: Left | North: Right

LCE IR <
L] s s smE
Fug ALY LS
l-?il:v ( NaxEEeEa=
CIL I =@ ANeReu s
FEEE o B EEEEE
EEEEN | EENE S
-.:ﬁ% e
CICCICIE
; LI
_ B
L ‘ ;
— g >
N |
N f
N
N
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Acceptance of FPD

Inclusive n°
o b AR
> 109
DL 5 O <n>=3.7 (<x%>,<pr>)in x;—bins
(D ' 4
— A
o 4
FPD 3
3 10
2 _5102
1 =10
o Ik

—

0 02 04 06 08 X

Strong X and p+ correlation because of limited acceptance.
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Acceptance of FPD and FPD++

Inclusive «t°

. *rAR
% 5 , :_ 2 z:z:z: {<xe>, <pe>7 in xp—bins 10
yal FPD++ o4
l_
o 4]
3 FPD f
20 i
L
ol et il

0 02 04 06 08 Xg

Study of the p; dependence needs large acceptance.
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Overview of transverse spin runs at STAR
with forward calorimetry: 2001-2006

Run2 Run3 Run5 Run6 (2006)
EEMC :
6 matrices full FPD East FPD
detector | and FPD .
of FPD (8 matrices) West FPD++
prototypes
P o | 15 ~30 ~45 ~60
det, pb 0.15 0.25 0.1 6.8
<n> 3.8 +3.3/14.0 +3.7/1£4.0 -3.7/3.3

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

previous STAR runs, and ~ 725 times larger than for Run 2
2007/6/21 Hiromi Okada 30




SSA of inclusive n° production with FPD and FPD++

cI sive n®
‘,O + P >IT +X‘ Left, forward

S L

S,-(9,xP,) = A5, (. xkH]+B-[5, - (A, xk;)

—

S Sy
Sivers k- Collins T~

ki s

Does SSA survive In pQCD region?

2007/6/21 Hiromi Okada 31



SSA () at vs=200 GeV SURVIVES !

: Inclusive w0
EEA p+p —> n'+X at V=200V 2-y inv.-mass spectra CES e
' - AR
s <p>=33 hep-ex/0612030 A7 <=E,< 56 GeV
& <p>=3.7 cj\ pT+p —> n°+X, vs = 200 GeV
_ <n>=3.7, <x;>=0.5
| twist—3 (hep—ph/0609238), n=3.3 <\2L i
----- Sivers effect (U.dAlesic and F.Murgia). % _ 5000 L 5000 [
0.1k 4 —_ _Spint
__ _Spind
4000 [ 4000 [
East—Morth Fast—South
3000 [ (Left) | oo | (Right)
2000 [ o000 [
0 %—--—%——I—I—‘#tk®
ﬁb(@e\u’f’c) = 1.6 - 3,7 1000 ¢ rese
<pr>(GeV/ic) = 1.3 - 2.8 i . i )
0 61 02030405 20 0102050405
M,, (GeV,/c?®)
_D"I|||||||||||||||||||||||||||
=086 -0.4 -=-0.2 0 0.2 0.4 0.6
X Deftlmamndy - RA - 'L
p 2,7 _ p Z,7 1 N N - N N
X g ool <O, X ¢ p°|->OSSA: I \ TN \ T
z,1 z,1 po N L N R RniL
A/ +,/NXN
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SSA () at vs=200 GeV SURVIVES !

SSA  ptp—> n°+X at vs=200GeV
.2

2-y INV.-mass spectra

Inclusive w°
o

4 <p>=33 hep-ex/0612030 AT <=E,< S0 GeV
& <p>=3.7 cj\ pT+p —> n°+X, vs = 200 GeV
: <n>=3.7, <x>=0.5
| twist—3 (hep—ph/0609238), n=3.3 <\2L i
_____ Sivers effect (U.dAlesic and F.Murgia). % B 5000 _ | 5060 _
0.1+ - _ _Spint i
: __ _Spind i
4300 C 4000 C
i East—Morth i East.—South
0 —"i—--—+——l—;—‘#tk® pT
I \5%#,:-(@@;‘:) =16 - 3.7 dependence’>
<pr>(GeV/ic) = 1.3 - 2.8 : .
o 0 G.1 0.2 0.3 0.4 0.5 D O 0.1 0.2 0.3 0.4 0.5
M,, (GeV,/c?®)
_Dr'l|I|||I|||I|||I|||I|||I|||I|
06 -0.4 -0z 0 02 04 0B .« SSAismeasured by square-root
P, . P, . 0 formula with double-arms (left-
Xe =~ <0, Xg=—5G-> right) detector:
2,1 2.1 « SSAs at different <n> do not
2007/6/21 Hiromi Okada change much. 33



SSA as a function of p; In X, slice Ir%ge e

hep-ex/0612030 SSA AR
p+p—> 7' +X at vs=200GeV 01511 T
SSA  0.25¢%<0.3, <x>=0.28 0.3<x,< 3,35, <x>=032 ! Phys.Rev.D74 ]
! . n 114013,2006.
ME <x>=0.28 M <x>=0.32 : (Twist3)
aost  Siverseffect | [ f 0.1F E
g S e % - ] ok . . [ ]
W BT S U [ O O O '|-I||||I||-|I||||I||005‘:_ _:
T2 3 4h ey 2 0 4 005 E
0.35<u<0.4, <u>=0.37 Dd<u<0.47, <x>=043 — —
PIE <x>=037 | ' <x>=043 |oob—t ... .1 ...
: L 1 2 3 4
0.05F 0.05 |- e B ]
e R B i pr GeVic
R R e« Combined data from three runs

at <n>=3.3, 3.7 and 4.0.
«  Within each X¢ bin, <xc> does

2] ’ nd } Sivers effect calculation: not significantly change with p-.
005k ¥4 | Phys. Rev. D70, 074009 (2004)
<X>=0.5 } (U.d'Alesic and F.Murgia)
o AT Data do not show a simply monotonlc

0. cev/e decrease of SSA with increasing pT



SSA In di-jet production

Boer & Vogelsang, PRD 69, 094025 (2004)

Di-jet
Heran

| ssAxS, (p,xk')

P
N <

[
-
(1]
Q
=i
[=]
—

If* DJ:!E':;E- D,Ej,!,,téﬂ Di:‘jﬁj’??
N\ / Di-1et
proton spin N\ \\ J; / 1-J€ pT

-etpy #180° o1 | L
Di Jet,B”T/ ,,,,,,,,,,,,,,,,, 7 K + k
SN Gluon  parton
s 7 radiation
i J—I— _}I (’QQOS ( ,’Q%

What is dominance of di-jet p+ ?
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hep-ex/0705.4629
d)

ot il

0 10 20 30 50
jet Pt (GeWc)

(Di- jetp;) =

parton

T (E \sine. ~2.8GeVE|§ !
2< T> o

RJ.

2007/6/21

Hiromi Okada

Di-jet event measurements

100

b) i — data

- m’-“

8ok 2 === fast MC
L=
=

60|

40}

20}

_I 111 111 | 1111 I 11 il I 1111 I 1111 11 |
OO 50 100 150 200 250 300 350
signed azimuthal opening angle £ (deg)

-1 _02cevid
I -
P 1

- = Di-Jet

- nucl-ex/0403031

— a Di-Photon

- o STAR Preliminary Di-Jet }

10 102" 103
\s=200GeV




*FAR Di-jet event: n,+ n,= -2

~ =0
{3, M
=x2
“ —
—
L S
i R a—
J
Yellow beam
E_‘ :_Tr‘_:h
'E.J |
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*FAR Di-jet event: n,+ n,= +4

<

~ T]—O
N
éy—
E = = =1
/
X 0 =x2
L= -
250 I
Yellow beam
E?E ZUU; I_ i‘-\
Z 150
m -
€ 0
3 100F
&) B
50F
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*rAR STAR Results vs. Di-jet Pseudorapidity Sum
hep-ex/0705.4629, submitted to PRL.

Tz %’ — 'N, —7
S S A Quark from +z beam contributes Gluon from -z beam contributes

0.02f

oF

0.02F . 1L N

: WQ}'E'S‘? 10 __:__}STAR DATA ]

oo ) :

_0OB-IllllllIl||||||||I||||I||||I||||I||- -||||||II||||I|||||||||||||||||I|||||-

. -2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
n,+ I]E—FIH{XEZIXI;Z} Ul ‘12—""|“(XEZIXE—;Z}

Measured di-jet SSAs are consistent with zero.

[VY 1, VY 2 are calculations by Vogelsang & Yuan using J
8. 39

HERMES-fitted quark Sivers function. PRD 72 (2005) 05402
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Kinematical coverage at PHENIX (Side View)

n=-12 -0. n=0.35 n=1.2
SOUth : ;}’;x“_ Ce [rzn[\-'lugnet F\Q‘*:;.N}oéw [ N O rth
/Jj J _\\Qg—\‘:‘:\\}\.
n=-2.0 ‘ n=2.4
|
= 37 .IzijL)C South E,' .‘ ZDC [\mgl
Mull) . MulD
il ] HBD —
77: _31 Muer r RxNP . ]
e, gl
SR South Side View North PH Ele
«  Central-Arms; n%h* at Vs=200GeV, n|<0.35

e p-Arms: Jy at Vs=200GeV, -2.0<n<-1.2 & 1.2<n<2.4
«  MPC: Inclusive z° at 6= 62GeV, -3.7<n<-3.1
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SSA of 7% and h* from central-arms at Vs=200GeV

SSA
0
C | a h+ PRL 95 202011 (2005)
0.15H v h- | <0.35 '
| o O
0.1F 0.5 < p; <5GeVl/c.
0.05 f— o
U ;_h_ ________ H‘ _%5 ______________ % % ________________________________________ West Beam View : I-ZI:::
0.05F- + | Left-arm Right-arm
_0_15_ SSAs are measured
- by square-root-formula with
-0.15 A, scale uncertainty of £35% not included two-arms (Ieft—right) detector
025 o pT GeV/C for either beam polarization.

05115225335445 5
v’ Mid-rapidity <x.>~0 - See “pure” p; dependence of SSAs.

v SSAs for mid-rapidity production of both =¥ and h* are

consistent with zero.
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SSA of Jiy from p-arms at \/s ZOOGeV pmm

SSA [ Like Sign Dimuons | ! _ [ unlike Sign Dimuens
0255 PHENIX Preliminary (Run6) m@ == =
SN TR RN SPINO6 (Kyoto) e L
02:— A 120 4003_
- 1.7 pb Pol=56% 100, :
015 <p,>=1.6GeVic
0.1— mm Sys. Err ;
0.052— + 2:5.... bbb D e b o S PTOTIIO PP uloeul i
u: } (11
= e SSAs are measured by “cross-
-0.05— ratio” method for either beam
0.1 ~  scale uncertainty of 20% not included pOIar_IZ_atlon' .
=  Sensitive to gluon Sivers as
_4| L | L1 | c v b v b e by prOduced through g-g fUSion

-0.1_%.

041 0 04 02 03 04

Xe

=
X
. b
=
X1

SSAs at 1.2<|n|<2.4 of J/y production are consistent with zero.
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2.2x2.2 x18 cm3

[
el 1
FeF ¥

PHENIX Muon Piston Calorimeter

192 PbWO4 crystals
with APD readout
Better than 80% of the
acceptance Is okay




Muon Piston Calorimeter

2.2x2.2 x18 cm?
h 192 PbWO4 crystals

with APD readout
o Better than 80% of the
acceptance Is okay

PHENIX

B o bbb Bgn gh o=l 0B




SSA at Vs=62.4 GeV from Muon Piston Calorimeter (MPC)

» 7V detection in forward direction; 3.1 < |n| < 3.7
> Achieve higher x. by decreasing Vs. o _ P 2E

SSA - pz,l \/g

PHENIX Preliminary

B0 (.15 Lot cmmnncian oo
01 [ |
—5102 i
= - %
0.05 - ;s
= 10 B l { 'p,)=0.560.67 0.84 0.98
I 0 B ERREX.
0.0:..|....|....|....|....|....|... 1_0_05:|...|...|...|...|..EEEN.IX.I
03 04 05 06 0.7 0.8 XF -06 04 -02 0 0.2 O.4XO.6
F

SSA survives and has similar characteristics
over a broad Vs region 20~ 200 GeV.
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Particle Identification using RICH

. € | /BRAHMS

10

L+ =]

Ring radius [cm]

.

o
II|III|III|III|III|III

Ll | | Ll | | | I.I Ll | Ll
25  -20 15 10 5

charge*Momentum [GeV/c]

0

p,K identification < 30 GeV/c, p > 17 GeV/c with efficiency ~ 97%

2007/6/21 Hiromi Okada 48



BRAHMS FS Acceptance at 2.3 deg. and 4 deg.

Full Field (7.2 Tm) at ¥s = 200 GeV

_ *
pGevic SIS BRAHMS
S R |/ FS @2.3deg. (n~3.4)
ol

Movable forward
: ; ; ) spectrometer with small
2 [ g o solid angle measuring

1_ _____________ e charged identified
X hardrons precisely
001 02 03 04 05

e Strong Xg-p- correlation due to

. limited spectrometer solid angle acceptance
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ntSSAs at 2.3 and 4 deg. at Vs = 200 GeV

SSA

| BRAHMS Preliminary o [ BRAHMS Preliminary °o '
0.1~ o || 04 o
L + B
- TU e®egee +
[ i 'ti*
0 Fommmmmmmmm e e -~ - —mmmmmmm s
e i 09
I e 2 3 Ad 234 i *¢+ 4 deg
—0.1- 5060 | 441 (n ~3)
:....I....I....I(.T.ITB..I4-.)... :.. AR T YT T [N S T YT T S TN S AN SO W
0 0.1 0.2 0.3 0.4 05 0 0.1 0.2 0.3 0.4 0.5
X of n X of

o SSA(m*): positive _
SSA(n): negative * SSA (77) survive.

4-6% In 0.15 <x< 0.3.
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SSAs at 2.3 deg. at vs = 200 GeV

. BRAHMS Preliminary

TIT

0.1 0.2

0.3

0405
Xg of proton

SSA(K*), SSA(K~): positive 2-5% for 0.15 <x:<0.3.
SSA(P), SSA(K-) > 0: Contribution from sea-quarks.

SSA(p) ~ 0: Significant fraction of proton can be mostly from
polarized beam proton, but only ones showing SSA~O.

SSA_ BRAHMS Prelimi
i reliminary ° K
0.1- sk ot
| H
- .
O B ti].::t
T S S (S S S W - S - — - - - —_0.--_
| K=
_O_]_—— -u.1:—
X I R F R Y T 0o
X of K
Or Accidental?
2007/6/21 Hiromi Okada
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SSA results at Vs=62.4 GeV at higher X graHMS

Half Field (3.6 Tm)

Gev/
Pr :e— - FS @3deg.
2 S e |
- \5=62.4GeV 1> - [@23deg
g FS @4deg.
15 pTSGeV/g A
- - i 2.3deg.
- 4= \5=200GeV.....oL.... ‘@/ _—
O .i_lu PR R S KNI ST T AN T S SA NI SR TR I R N 3; E E I .
0.2 03 0.4 05 0607 08
Xg(T") L
0, N 2E ol
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SSAs at 2.3 and 3 deg. at Vs = 62.4 GeV

SSA
O 4 ~ BRAHMS Preliminary ® T 0‘4:_BRAHMS Preliminary e
| B ® T L ® T
0.2 _ 0_2:_ n+ _.L'-.-+
B & B i'
0 [------ Rad A e a S --o----- - R e
-
—02 — ni -u.z:— —_ "
041 Xg <0 il * X >0
I S 7 S ¥ ¥ S— N 02 ) S ¥ S ¥ S|
SSA X of i x. of &
O 4 ~ BRAHMS Preliminary ® K'l- 0‘4‘_BRAHMS Preliminary ® K+
L o K B o K
0.2 :— + 0.2~ :*:
B ——
0 f-----8=0—g oo T
—02 K_I_ pz h '"'2:_ i p z.h
= <0 X, =—2>0
O 4 F p unpol . oah F pol .
. z,1 -0.4—
A L L B T | . .;1| A
0 0.4 0.6 0)8( of K 0o 02 0.4 0.6 2 0.8 fK
. X. O
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Summary from the RHIC results

1. Study of SSA in polarized pp collisions has begun at RHIC,
where cross sections are consistent with pQCD.
. SSAs In the mid-rapidity region are consistent with zero.
. Sizable SSAs are measured In the forward region only.
4. First observation of p dependence of SSA is performed in
PQCD region.
» An increase of SSA with increasing p Is observed.
» This is contrary to the theoretical expectation.
5. Interaction between experiment and theory is ongoing and
critical.

W N

Forward physics Is very exciting !
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Half side of FMS: ¥4

Outlook 0"

A)Continue study of p; dependence of SSA
using Forward Meson Specrometer at the
STAR in RUNS8. = more than factor 25
Increase of acceptance for triggered

events !
B) Sivers/Collins separation by \
choosing proper process. .- ATEX387em colle, TROXB A cm cole "
» Orbital motion via Sivers = b
mechanism. b
> Transversity via Collins » | EEE R
mechanism. of EEEEEE O 2m
C) Confirm “color charge” via SSA- | Frri i f
Sivers effect in Drell-Yan process. ™} S
(Needs tracking) v
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C) Confirm color charge via SSA-Sivers effect.
http://spin.riken.bnl.gov/rsc/write-up/dy _final.pdf

Drell-Yan DIS

analog O L E '

Al A

repulsive attractive

fir(ck | =—filxk?)

DY

DIS

The non-universality of the Sivers functions expects
opposite sign between DY and DIS processes.
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Forward physics Is very very exciting !

Thank you!!
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