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Single Transverse Spin Asymmetries in pp Collisions PH>ENIX

A = 1o’ -0
Po' +0;
Theory Expectation:
Small asymmetries at high energies
(Kane, Pumplin, Repko, PRL 41, 1689-1692 (1978) )
'ﬂ'N
mq
AN L —= A, O(10+) Theory
Js
Experiment:
(E704, Fermi National Laboratory, 1991)
ppT >+ X
/s = 20GeV A, O(10-1) Measured

] M

06 | | | |

A difference in cross-section
between particles produced to
the left and right

0.6 T | T
E704: Left-right
04 -rasymmetries
A for pionﬁs:

0.2




N
PH-<ENIX

Possible Origin of Large Single Spin Asymmetries

\ 4

How do initial and/or final state
effects generate large

transverse spin asymmetries?

\ 4

X (Ay ~101)

&' (pp’ > 7X) 5" (., > 0,0) ¥ "
X, Kk ) -G(x J “FF Z,
s k) G )x e NCLY)

small spin

dependence fragmentation

function
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Transverse Spin Effects in p'p Collisions PH-<ENIX

(I) Transversity quark distributions

and Collins fragmentation function Ay ° £704: Leftl-right '
Correlation between proton & quark spin '
+ spin dependant fragmentation function

c 800 -H (2,,k%) 7

Quark transverse Collins FF
spin distribution s | \,\ )

J. C. Collins, Nucl. Phys. B396, 161 (1993). ' RIT

H
(I) Sivers quark-distribution 04 r i

Correlation between proton-spin and 06 ' ' ' '
transverse quark momentum

X fl#q (x,K?)- D(?(Z)

0.4 | asymmetries
A for pions:

_
Sivers distribution

D. Sivers, Phys. Rev. D 41, 83 (1990).




RHIC Polarized Proton Collider

N
PH-<ENIX

Siberian Snakes

\ Polarized Source |

Absolute Polarimeter (H jet)

RHIC pC Polarimeters

Siberian Snakes

Spin Rotators

Partial Snake \

Strong Snake Snake
> /

LINAC
%;TE'R AGS

\ Helical Partial

| 200 MeV Polarimeter I - =

Spin rotators allow
longitudinally and
transversely polarized
proton collisions

[Ri Dipole |~ T \

|AGS Internal Polarimeter |

AGS pC Polarimeter




RHIC [L* and Polarization

N
PH-<ENIX

Run Energy | Polarization Longitudinal Transverse
[GeV] | [%] L [pb] | LP*[pb™"] | L [pb] LP? [pb]
2002 200 15 - - 0.15 3.4 x103
2003 200 27 0.35| 1.9x 103 - -
2004 200 40 0.12 9x103 - -
2005 200 49 (47) 3.4 2 x 107 0.16 3.5 x 102
2006 200 57 (51) 75| 7.9x 107 2.7 7.0 x 101
2006 62 48 0.08 | 4.2x 103 0.02 4.6 x 103
2008 200 46 - - 5.2 1.1 x 100
2009 500 35 14| 2.1x 107 - -
2009 200 55 16| 1.5x10° - -

Steadily increasing polarization and luminosity

* integrated luminosity for PHENIX central arm
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Neutral Pion Cross-Sections Experiment vs pQCD PH-<ENIX

PRD:76,094021

I T T 1 ]
ol .l""'\f-. R S ] | pp > ™+ X E=xd%/dp3(pb/GeV")
SR\ « PHENIX /s = 200 GeV
10721 i:‘, 'E‘ AISR Vs = 528 GeV | 108 V=624 CeV N
EooEe O\ 0 E706 +'s = 38.8 GeV e
R mISE s = 23.3 GeV .
107 % - o E704 s = 19.4 GeV L Preliminary
i k"a:.:, ‘;* AFNAL s = 19.4 GeV ] 106 O PHENIX
I S AR
= ‘\E
II"TE '\ \ I\\,‘;‘-
_ 107 F III:::.E;"-:,‘_E;\FE 3
O IR \N A 104
B . \ ".!‘ \_\.‘1 52.8GeV (x107) §
107" | RLAN 1
f;_; : \‘% \" ,fmm \f:\a\\ \ 10 = | M=E pg
e':b ‘]O_B _— I."\ \-% \.\.\\In 38.8GeV (x10 2) .H'x.':- __
i \® \\z T NLL MRST fDSS | 38
i e\ e n|<0.35
10°° . R I D B .
] 1 o 3 1 5 6 7
10—10 | ] .
f pr (GeV)
10t L 1 =0 Cross-Sections aty = 0
— 1 Experiment vs Theory
= Vs=200 GeV (RHIC) Agreement
—13 ]
107 ., *Vs=19.4 GeV (FNAL/E704) Different
br [Gev/c] = Vs=62.4 GeV (RHIC) Agreement

Eur.Phys.J.C36:371-374,2004 More work needed to understand fixed target energies
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PHENIX Detector at RHIC PH-<ENIX

20

PHENIX strategy:.

Measure several observables each
sensitive to different transverse
spin effects

) (i) Forward SSA - Sivers & Collins
II II Neutral Pions & Charged hadrons :

I l (ii) Transversity-type Asymmetries
; Interference Frag. Func. Analysis

Joe =UWanii
SR

(ili) Sivers-type Asymmetries
Y Sou Heavy Flavor

Back to Back Hadrons

A\ for y~0 °




(i) Forward SSA A, Charged Hadrons (1.2<|eta|<2.4)

'V__
PH

ENIX

2008 PHENIX Detector
& o
"’4{1 Central Magnet \'ql“w
’Eﬂo \\}Q
) 1, =
7 o8
7, A
':?pc? -
MPC
B
2DC South _/| |\_
m =i 1] H
MulDy
RxNP
Mu'Tr
South Side View North
A, for backward hadrons
0.4 0.4
s A Backward h' L A Forward h*
[ ¥ Backward h’ t ¥ Forward h'
0.3 - 0.3 -
[ [ syst. Uncertainty '0'2<XF<'0'15 ] [ [ syst. Uncertainty 0.1 5<XF<0.2
24% vertical scale uncertainty ] [ 24% vertical scale uncertainty
02 . 02 -
0.1;\% + 1 ] 0t % H“ ]
oL [ 1 of 1
[ il ] [ ]
[ P, from low to high ] [ P, from low to high
0 <xp>=0.145 ] 011 <xp>=0.145 ]
[ 0.161 ] [ 0.161
o2 0.163 1 o2 0.163 1
o3l P+p,\S=200GeV ] o3l P+p,\S=200GeV ]
[ PHENIX Preliminary [ PHENIX Preliminary ]
_o__"-lll‘lll\‘III\‘\I\\‘\I\\‘III\- _o__"-lll‘lll\‘III\‘\I\\‘\I\\‘III\
3 35 a 4.5 5 3 35 a 4.5 5
P, (GeV) P, (GeV)

_A, for hadrons|

<.:z0.2
0.15
0.1

ZDC North;

| 0-05

MulD

-0.05

-0.1

-0.15

-0.2

A pt
Yh
[ ] Syst. Uncertainty
24% vertical scale uncertainty

Aoy = g
| * ¥ L
|xF| from low to high
<P>=1.4GeV
= 1.9GeV
p+p,\'s=200GeV Ly
PHENIX Preliminary e/ .
L1 ‘ I I ‘ | I ‘ | | | | | | I | | | | ‘ L1 |:
015 -01 -0.05 0 0.05 0.1 0.15

+ Unidentified charged hadron A

» Asymmetries corrected for bin sharing and
interactions in magnet/absorber

* Non-zero A persists to moderate
pseudorapidity

Xe



(i) Muon Piston Calorimeter A, PH-<ENIX

Photon merging effects prevent two-photon =° analysis for
E>20 GeV (p>2 GeV/c)

62 GeV
20 GeV - 0.65 xz:Two-photon =° analysis
200 GeV

20 GeV - 0.20 xg: “Single clusters”.
Yields dominated by =%s but also get
contributions from:

" Electromagnetic

— Direct photons

— Decay photons (n, etc)

— Estimated using Pythia (TuneA)
" Hadronic: (z*-, K*-, etc.)

— Estimated with Pythia+GEANT.
Initial estimate is <10% contamination in lowest

energy bin with decreasing fraction as Decay photon impact positions

deposited energy increases for low and hiah ener 0'g
— Qualitatively consistent with expected detector g gym

behavior

EHE
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N
PH-<ENIX

(i) Forward SSA A n° in MPC at Vs=62 GeV

"0, ; H'}%Qq‘ = o -
4%0% Central Magnet &,m" < - fﬂln:! NEE!EE}EESJLT;IES';%A scale {p,)=0.28 0.34 0.44 0.54 GeVic
’%g,%{ 0.15— 10% energy calibration uncertainty on X scale
B i
‘ | - *n>35
ZDC South ZDC North; |;||_1r PY r] < 3 5
MulD MulD | ’ %
l\-‘lu'l'rl :
| 0.05— % i { 4
South Side View North . l i ; {p_} = 0.64 0.77 0.97 1.16 GeVig
D_ J: J- i T T
PHENIX =0 results available for Vs=62 GeV i
" Production dominated by quark-gluon au_ns:u' L R L Ry mant v
® Similar xg scaling to higher and lower e
center of masses 0.8 ; ; : ey
=  Asymmetries could enter a global n=33 —
ymm 29 . Process | . “ae
analysis on transverse spin asymmetries QL 0 e
contribution to |
no, n=3-3, N4 - -
Vs=200 GeV £s
92T __/t:::»-q—'/ ]
qq +t_]q"+_.. T
0 -, : | L r M L ] 1 L L . ] ' 1 L

30

“E_[Gev]™ PLB 605173 (2004)
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(i) Forward SSA A Cluster in MPC at Vs=200 GeV PH-ENIX

0.25 < [x | < 0.30 0.30 < [x | < 0.35 0.35 < [x | < 0.40 0.40 < [x | < 0.47

o [ PHENIX Preliminary Fosl ® x0 Fhos!

I Single Clusters, p+p\s=200 GeV

P

| Vertical Scale Uncertainty: 4.8% O x<0 I +
0.04- 0.04- 0.04- + 0.04- ¢
* L
0.02- 0.02- . + 0.02- +‘ 0.02- + *
| ¢ i ® | 4@ i o ‘!D
O @5$ """"""""""""""""" 0 ® & 0 Yo or Senise!
-0.02} -0.02:— -0.02:— -0.02:— 0]

-0.04; -0.04; -0.04; -0.04;
'0.067‘ L1l | | | L1l ‘ L1l ‘ L1111 ‘ | _0.067\ L1l | | | L1l ‘ L1l ‘ L1111 ‘ | _0.067\ L1l | | | L1l ‘ L1l ‘ L1111 ‘ | _0.067\ L1l | | | L1l ‘ L1l ‘ L1111 ‘ |
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c)

Decay photon
170
Direct photon

Fraction of clusters
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(i) Forward SSA A Cluster in MPC at Vs=200 GeV

N
ENIX

<Z°'°7 — PHENIX Preliminary o 1<3.3
0.06 — Single Clusters, p+p\/s=200 GeV - 33 [{3
0.05 — Vertical Scale Uncertainty: 4.8% n>9.
0.04— $
0.03= i ?
0.02 g
0.01— ({J EB
e,
-0.01 g_— (p,):1.72.02.22.53.0 GeV/c S—
002 . (520273135 41 oV
-0.03 Ol 6 1 | 1 -0|.4 1 | 1 -0|.2 1 | 1 6 1 | 1 0.|2 1 | 1 0.|4 1 | 1 0.|6
X

-
A
w
w

n<3.3

Decay photon
170
Direct photon

2

Fraction of clusters
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(i) Forward SSA A Cluster in MPC at Vs=200 GeV PH-ENIX

=0.08

< —  PHENIX Preliminary . xF>0_4
[ Single Clusters, p+p\/s=200 GeV 0.4
0.06— Vertical Scale Uncertainty: 4.8% } ° Xp<-U.
= ;
0.04 } }
0.02— %
] — R .
-0.02 :—_ .
[ | L T T R S
15 2 2.5 3 3.5 4
p (Ge‘\?lc)
-
i
w -
o |
"cg D Decay photon
G o i
° | Direct photon
C o4
O
S ol
L 14

851715 2 25 3 35 4 45 5 55
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(i) Constraints on Transversity: Dihadron IFF Analysis PH -ENIX

IFF

A
O, —0,
?
o, T0O,

2008 PHENIX Detector

TFOF-w

TOF-E

West Beam View East

Interference Fragmentation Function Analysis

Measure di-hadron asymmetry with hadron pairs in
central arm (=%,h*) (n0,h-), (h*,h")

= Measures dq(x) X Hé

Transversity extraction will become pOSSIble with
Interference Fragmentation Function (H )
15
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(i) R |- \easurement

N
PH-<ENIX

BELLE
“_gg; ¥ 0.20 =z < 100 020z = 1.00
-0.02
-0.04

0.25 GeWic” < m, = D.40 Gevic”

BT E

m, [Gewic’]

t

e
Pl'ehminary

0.62 GeWic" < m, = D.77 Gevic”

KT R W B N VI -

m, [Gevie®]

Ty PI‘EIiminary

1.10 GeWic” < m,, < 1.50 Gewvic®

I e
m, [GeVic®)

A. Vossen Dubna, Sept. 09

o 0.04
a.02

LA I

Pl“eliminary

0.40 GeWic” < m, < 0.50 Gevie”

hA e TR T AE A iE e

m, [Gewic’]

fx W

0.77 GeWic” < m, < 0.90 Gevic”

hd e TR T I YA iR e

m, [Gevie']

.02
.04
.06
.08

.1
.12
.14

.

8x8

¥ Prej;
II. elj

L L LY LIS L LN LRI LAY LALELALNI

nar
1.50 Gevic® < I < 2 gl Gevic”
b

B - T -
i, [G

m, m, binning

.'*
¥ ¥

Pl“eliminary

0.50 GeVic”’ < m, < 0.62 Gevie”

hA e TR T AT A TR e

m, [GeWie®]

o 0.04
0.02

0

£.02
£0.04
£0.08
£0.08
£
012

h Prejin.:
\ el
v ""Ulary
v v I
0.80 GeVic' < m, < 1.10 Gevie”

0F a6 6F T 13 Ta ie s

m, [Gevie’]

Measurement probes ( H,<)>?

—->Non-zero and large spin-
dependant FF

Dedicated talk by R. Seidl
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(i) A vs pair mass PMIX

s 0.08[
‘€ [ PHENIX Preliminary —®— h'
0.06— B 0
~  p+p 2006+2008 \5=200 GeV m'h
- —=— h'h
0.04—
0.02— + . *ﬁ
0 :_ ......... +|:| ............................ +ﬁj ............................. ﬁj ............................... *] ........................................................... + ...............
-0.02—
n . o
: PH-_ENIX 2, b, h
-0.04—
~  (Scale uncertainty 10% not included) p, > 1GeVic, |n| <0.35
B 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
006732 0.6 0.8 1 1.2 1.4 1.6

m,_ (GeVic?)

No significant asymmetries seen

Added statistics from 2008 running at mid-rapidity.
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(i) A" vs pair pr PH ENIX

z 0.08
< [ PHENIX Preliminary —®— h'n
0.06(— w0
~  p+p 2006+2008 \5=200 GeV n°h
- —=— h'h
0.04—
- N
0.02— + +
A S R .
-0.02—
— - ™, h', h
e PH -ENIX p, > 1GeVic, || <0.35
" (Scale uncertainty 10% not included) 0.5<m, <1.0 GeV/c®
B | | | | 1 | | 1 | | 1 | | | | | | | | | | | | | |
.06 3 4 5 6

7
P; (GeV/c)

No significant asymmetries seen

Added statistics from 2008 running at mid-rapidity.
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(iii) Constraints on Sivers Function: Heavy Flavor

N
PH-<ENIX

D meson A

Theoretical predictions:

* Production dominated by © 0— ------------------------------------

gluon-gluon fusion at RHI(

energy

 Gluon transversity zero

—->Asymmetry cannot

originate from Transversity

x Collins

 Sensitive to gluon Sivers

effect

-0.005 |-
0015 '
0.02 a2 D" meson
02F P o
0026
FETE AT FEET PR PN PRy BTEE

06 1 16 2 256 3 35 4 45

P

=

<
0

-0.005

-0.01

-0.018

-0.02

-0.025

D? meson
y=0

06 1 156 2 26 3 356 4 45

HigHtWR? ®rey¥8Mau013)

T (@ Gpian
Gluon Sivers=0

* Soli@yarK sfkefsigame sign

 Dashed: T;@=T;0=0

P

hl

YEfthn correlators

* Dotted: T, T4 opposite sign
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(iii) Constraints on Sivers Function: Heavy Flavor

PH

Al
ZAD

N
-<ENIX

PHENIX: no reconstruction of D meson

« Dominated by charm production in current
kinematic range

*Measurements at mid and forward rapidity

e Constraints on both twist-3 and Sivers

functions

=0.15
<
0.1

0.05

-0.05
-0.1

-0.15

p+p — e*+X at\s = 200 GeV ( 2006 )
heavy flavor decay electrons ( n| < 0.35)

e
PH-<ENIX

Preliminary

I L AL o B B
_-_
—e—

Vertical scale uncertainty 5%

P; (GeV/c)

2008

iDC

South

20.3

0.2

0.1

0.1

0.2

0.3

PHENIX Detector

9,4
4
@%

South

Mull»
RxNP
Mu'Tr

Side View North

'_"‘-.\-.',_.—
PH:-<ENIX Preliminary(Run6)

)

- BN sys. Err.

|
HE

| p+pop+X atys=200 GeV
— Backward rapidity, -1.9 <1< -1.4

| (Scale Uncertainty 5% Not Shown
IIII|IIII|IIII|IIII|IIII|IIII|IIII IIII|II I|IIII

0 05 1 15 2 25 3 35 4 45

P )(GeWG)

MulD
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ENIX

N
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(iii) Constraints on Sivers Function: DiJet Production PH-

Azimuthal distribution of Di-Jet production in pp
Suggested in: Phys. Rev. D 69, 094025 (2004)

Counts @

Beam is in and out of page
Look at back-to-back jet
opening angles ol0)

Sensitive to Sivers function only!

No Collins-type effects
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(iii) Constraints on Sivers Function: DiHadron Production PH -ENIX

2008 PHENIX Detector

PC?
TEC.

- PC3 Central

PC2 Magnet

West Beam View East

x 0.05
n< =z C
0.04— Al < 0.6, n4n | = 0,(s=200GeV
E  Trigger n% 3.0 < p, < 15.0 GeVic
0.03 :_ Associated hadrons:
F n’:2.0<p_<15GeVic
0.02— h™:1.4<p <47 GeVic
E 13% scale uncertainty (acceptance) not included
0.01— *
0 +
-0.01—
E Asymmetry by qa, projection:
-0.02—
— PHENIX Preliminary —=— q; | tospin axis
-0.03—
0.04 E_ —s— q_ || to spin axis
-0.055

-Z +Z

PHENIX Result from 2006 data:
= Done with di-hadrons at y,=y,~=

= Asymmetry consistent with zero

Large 2008 data set available!

0

Beam

Similar analysis possible in different
combinations of rapidity

- 37 |-201(-035 [14 |31
31 |-1.4|+035 [20 |39

r'max

Works in progress...
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(iii) Mid-rapidity, |y|<0.38, A\ 7, n Analysis PH-<ENIX
Similar analysis to existing PHENIX A |
1. Measure Ay in mass window of:
9 14000
. -+
— 70 (Signal+Background) - - 70
— n (Signal+Background) 8 1200
— Background @ B
: : 1000
2. Determine background fractions (r) -
3. ASignaI B Aﬁignal+Background _rAElackground 300,:_
N o 1-r .
Asymmetries binned in p for: 600?
" inclusive selection 400
" with x=>0.01, x-<-0.01 . e e—
200~
- - » !
Previous n® Ay measurement done with 2002 i |
dataset. % 02 04 06 08 1
MYV
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(iii) Impact of 2002 result; Limit on Gluon Sivers Function PH-<ENIX

02 -

01 [

01 [

02 -

Comparison of Exp. To Theory

...........
rrrrrrrr
........
L LT Pt H
|||||||||||||||||
------------------------

pr (GeV/ie)

Phys. Rev. D 74, 094011

*Cyan: Gluon Sivers Function at positivity bound, no sea quark Sivers
Thick Red: Gluon Sivers parameterized to be 1 sigma from PHENIX r® Ay
Blue: Asymmetry from Sea quark Sivers at positivity bound

*Green: Asymmetry from Gluon Sivers for case of sea quark at positivity 24

bound

Data points: n° A at xz=0
Leading order model-dependant
constraints on gluon Sivers function

Similar storyline to A |

— Initial data rules out maximally polarized
distributions

— Later data puts precise determination on
distribution
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(iii) Results for mid-rapidity 7° Ay PH--ENIX

2002 Published Result 2008 Preliminary Result

PHENIX Preliminary,\'s=200 GeV, |<0.38

0.25
< [ Vertical Scale Uncertainty: 4.8% o (Runc8)
0.2—
E m 7% (PRL 95, 202001)
0.15— /
01—
0.05— 0 ‘
O yoog i """"" | R R  G— {' """"" } """"""""""""""
-0.05 — I
-0.1 _— | | | | | | | | | | | | | | | 8' | | | 1|n | | | 2
0 2 2 5
= 20x smaller error bars P; (GeVic)

= —large improvement by BNL Collider/Accelerator department in both
polarization and luminosity
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(iif) Mid-rapidity ©° and n Ay

= 0.25

0.2

0.15

0.1

0.05

-0.05

-0.1

PHENIX Preliminary,\'s=200 GeV, n|<0.38

Vertical Scale Uncertainty: 4.8%

0.006 =

>
z

0.00a -

ST S } _______

-0z -
0004 =
006

0

A\ consistent with zero
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(iiii) Mid-rapidity n® Ay [x<|>0.01

PH-<ENIX

PHENIX Preliminary,\s=200 GeV, [|<0.38

.:,-;z 0'1: Vertical Scale Uncertainty: 4.8% . n“xF-:-D.m
0.051— ‘ e 10 x.>0.01
| T S
01— ——
_| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
2 3 a 5 6

= A consistent with zero
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(iii) Mid-rapidity n Ay [x|>0.01 PH-<ENIX

PHENIX Preliminary,\s=200 GeV, [|<0.38

= 04

< — Vertical Scale Uncertainty: 4.8% « M Xx_<-0.01
0.3 F
E - Tl X :-"'0.01
0.2 F
01 i—
Pt b
= t
01—
-0.2 f—
03 ] I
= | ——
-u.4 __-2| 1 1 1 1 :|3 1 1 1 lqll 1 1 | 1 1 1 | 1 1 | 1 |
5 6 7
P;

= A consistent with zero

28



\
A

Y
™

Summary PH-<ENIX

|
/]

" Non-zero single spin asymmetries in forward region
" Dedicated transversity channels:
— |IFF Analysis
= Sivers function constraints possible with central arm A results

Near Term Outlook

(i) Forward SSA A
n at \s=200 GeV, confirm huge STAR A,
(i) Transversity-type measurements
Exploring Forward IFF
(iii) Sivers-type measurements
Di-Jet analyses will expand to rapidity-separated hadron pairs

29



Lerg Near Term Outlook with Upgrades

N
PH-<ENIX

" Vertex Detectors (2010 installation)
Large acceptance precision tracking

— Heavy flavor tagging

— Electrons from charm decays and
beauty decays separately

— ¢,b-det Correlations

— Expanded IFF analysis

| W+/- A

Suggested in: Phys.Rev.Lett.103:172001,2009
— Flavor sensitive quark Sivers

measurement
— Instrumentation:

Ready : Upgrade in progress

2008
%,

PHENIX Detector

= 04]

0.06[
0.04f

0.02f

-2.6-2-1.5-1-05005115225
y

<

0.08F

0.06F

0.02}

0.08[
ok
z 0.1

0.04F

w(e) /\

p=41GeV | \

30 35 40 45 50 55 60 65 70
Pr

_0.04;
q L
0.03F —~ Gy
r p= 41GeV
0.02f
0.01F \
of \

i \
0.01F \\
-0.02 j— \

25215105005115225
y

< ol
0.035— "
0.02f y=-12
0.01F AN
o//r\' N
] /,—
[ .___..llI
001¢ | y=1.2
0,02

20 30 40 50 60 7O
Pt
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Backup PH>ENIX
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(iii) Constraints on Sivers Function: J/Psi PH-<ENIX

Exploratory measurement of Ay J/Psi I/
=J/Psi production mechanism not well understood 7 a
= Single spin asymmetries may shed light on
production mechanism 2
Constraints on gluon Sivers function hs 0HONSS T.I
PRD78:014024,2008
Z [
< o3[
= W5 = 200 GeV e z F
022_ pp — Jiy X PH ENIX < 0.2 Vs = 200 GeV
s Inl < 0.35 Preliminary 0450 PP — Jiy X PHENIX
- - <p. > =1.6 GeV/c (outer points) L.
0.1— 0.1 ;— <p_> = 1.5 GeVic (central point) Preliminary
- . 0.05F
°F of l +
- - 1
0.1 -0.05
de_ «0.1;—
- -0.15;—
0.3 02F
EL 1 I|]_|5| L1 J‘ L1 |1-|5| L1 ||2| L1 |2-|5| L1 |£| L1 |3-|5| Ll |4 -ﬂ_;s ! I-UI_1I L I.-U_lﬂsl L1 l!.'l L ID_(|]5| L1 ID!1I L I|]_'|5
p. (GeVic) Xg
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IFF: Definition of Vectors and Angles PH-<ENIX

Pa, Ps : momenta of protons
Pr1, Ph2 : momenta of hadrons
EC = |3h1 + I_th

Rc = (Pn1—Pn2) /2

S : proton spin orientation

hadron plane: Phe, P2 ¢, . from scattering plane ¢, : from polarization vector
scattering plane: Pc, Ps to hadron plane to scattering plane

Bacchetta and Radici, PRD70, 094032 (2004)
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Y o
IFF: Transversity from di-hadron SSA PH-<ENIX

T_ !
Physics asymmetry A = °-° = <

+O' Ouu

dr,dxy ffifﬂb—;cd _
doyy =2[Pc| ;d/—dﬂg% fi(za) fi(z gy Dy olZe. ME)
Unpolarized - m Hard scattering IFF + Di-hadron FF
quark distribution t rs nsvcirSItyd Cross section to be J;nea:;u?edr?nnew-
Known from DIS 0 bE extracte from pQCD

S~
=

AAT 1 o1

g H3° (z.. M2
dt ].L'-'f'(- ':

doyr =2 |Pe | Z Ro hh ()

a.bc.d

dr,dr
||S£-*T| sin (ds, — fﬁHgJ/ > bff’(;ra|

167z,

Me
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Models for Interference Fragmentation Function PH-<ENIX

H ~ §G;(2) sindg sindy sin(dg — 01)

0.6 —
i s 08}
04 |- =
: Q
oz | \‘:-; 0.6}
A e
0 ! Ay
=N
0.2 |- <||
04 |
I RN B SN R . X , . .
0.5 0.6 0.7 0.8 0.9 1
m(GeV) 04 0.6 0.8 1 1.2
Use partial wave analysis of nn phase shift .

Breit-Wigner shape for p wave
®  No sign change around p mass
4—(p.0) > 7z "  Trend consistent with HERMES results

Sign change around p mass = Bacchetta and Radici, Phys. Rev. D 74, 114007
Jaffe, Jin and Tang, PRL 80 (1998) 1166 (2006)

data to model IFF

Analysis done in mass bins above and below
the p mass 35




Interference Fragmentation Function gy

Slide from Anselm Vossen

X
T
7 | r*

T

o G¢(¢s —g)=A.sin(h—4)  As ch ®H;

O'+G

ds' Angle between polarisation vector and event plane
dg Angle between two hadron plane and event plane



Measuring di-Hadron Correlations —~——
| g di-Hadron PH ENIX
Hrete-Anmihitattominto Quarks
Slide from Anselm Vossen
electron Interference effect in e’e”

quark fragmentation

will lead to azimuthal
asymmetries in di-hadron
correlation measurements!

Experimental requirements:

» Small asymmetries =
very large data sample!

» Good particle ID to high
momenta.

2, , relative pion pair
momenta = Hermetic detector

positron

D>

/O
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Slide from Anselm Vossen

Jelle: Asymmetries in et e-

N
PH-<ENIX

¥ ﬂ.i'l:l{:ll'\-tl:":l.l:l.i":l"ﬂl}'\-‘l.l:l‘:l

0.25 GeWic” < m, = D.40 Gevic”

147 14 16 s

m, [Gewic’]

t

PI‘eI; Yy ¥ I

mlna ry

0.62 GeWic" < m, = D.77 Gevic”

47 1476 s

m, [Gevie®]

Ty PI‘EIiminary

1.10 GeWic” < m,, < 1.50 Gewvic®

EEFEEE SR
m, [GeVic®)

LA I

Pl“eliminary

0.40 GeWic” < m, < 0.50 Gevie”

r

NS N V- I

e s

m, [Gewic’]

¥y ¥

Preaj;.. .
Y ehmmar

0.77 GeWic” < m, < 0.90 Gevic”

eFHA e O I

TE e

m, [Gevie']

o 0.04
a.02

.02
.04
.06
.08

.1
.12
.14

.II Prej;
1.50 Gahiic® -:I l Getic®

0.3 T4 05 05

8x8 m; m, binning

m.[G

LY
—

Pl“eliminary

0.50 GeVic”’ < m, < 0.62 Gevie”
I I ) R R - R R

m, [GeWie®]

o 0.04
0.02

oozf ™ .
.04 --'- Prehmiﬂary

.06
m:na - " = I
842 0.80 GeVic' < m, < 1.10 Gevie”

0F a6 6F T 13 Ta ie s

m, [Gevie’]

A.V. at the spin workshop in

Dubna, Sept. 09
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Slide from Anselm Vossen
Comparison to Theory Predictions P—IR‘[ET\IIX

7
~0.04¢ ~0.04¢ = 0.04F «0.04F
L] £ L] F o E L] E
0.03F 0.03F 0.03¢ ; 0.03F ¥
: : 0.02F 0.02f
0.020 0.020 M : ¥ g =
E E 0.01c P ¥ 0.01F ¥
E ¥ E v iy E . e E v ¥ ¥
0.01 v 0.01 vy of of
of = e 1B R = e N Py 201
: . -0.02F -0.02F
001 0.20<z<0.30 001 030<z,<0.40 003k 020<z,<030 op03p 0:80<2z,<040
0020l b b e b 0020 sl sl s L L el el b e L ot L L L
04 06 08 1 12 14 1.62 04 06 08 1 12 14 1.62 -0.04 g Lp e Lpn oo Lo 0.04 58 ben i Lon oo oo
m, [GeV/c?] m, [GeV/c?] z, z,
~0.04¢ ~0.04¢ « 0.04¢ o 0.04¢ —
« F w F L] E Y m E ‘f
0.03f 0.03f 0.03¢ 0.03¢ v T
; ; 0.02F ¥ 0.02F -
0.02F 0.02F vy E + ¥ E — ¥
: v vy v T F &4 ¥ ¥ ¥ 0'015_ ¥ Y=Y ¥ 0-01?_‘;_____.
001 _M ¥ 001 _% 0F 0F
S - Pl -0.01f 0.01
: : -0.02F -0.02F
-0-015— 0.40 <z, <0.55 -0-015— 055<z2 <075 003k 040<z,<055 o003k 055<2z,<075
00255 g 0E T2 TE 0025570808 T T 2T NATTE T 004l b 0,048l L L L b
02 0.2 0.4 0.5 06 07 0.8 09 1 0Z 0.3 04 0.5 06 07 0.8 09 1
m, [GeV/c?] m, [GeV/c?] z, z,

Initial model description by Bacchetta,Checcopieri, Mukherjee, Radici :
Phys.Rev.D79:034029,2009.

Leading order,
Mass dependence : Magnitude at low masses comparable, high masses

significantly larger (some contribution possibly from charm )

Z dependence : Rising behavior steeper

However: Theory contains parameters based on HERMES data which 44
already fail to explain COMPASS well



Central arm charge-separated heavy flavor A PH-<ENIX
= 0.25 ¢
< - Ap+p — e'+X at\s = 200 GeV ( 2006 )
0.2 [ vp+p — e +X at\s = 200 GeV ( 2006 )
0.15 i_ heavy flavor decay electrons ( n| < 0.35) 4
0.1
0.05 —
-0 i— y SO
0.05 —
01 F
= e, . vaa
-0.15 — PH><ENIX
- Preliminary
0.2 — . .
- Vertical scale uncertainty 5%
_0.25 _III||||||||||||||II||III|||||||||||||||||

0 05 1 15 2 25 3 35 4
P; (GeVic) 40



Beam backgrounds in the MPC

N
PH-<ENIX

Three considerations:

1)

2)

3)

Charged hadrons
Naturally suppressed by EMC

Background from incoming beam:

Shielded by muon piston magnet:
North: 387.4 cm, 220 X,, 23.1 NIL

South: 256.9 cm, 146 X,, 15.3 NIL
Shielded by muon steel

Background from outgoing beam:

Evaluated using timing cuts—>Small

PHENIX Detector

00
Central Magnet W ‘
®

Z f\l_
MuTr I I
South Side View
%
o

ZDC North

l MulD -
%
2




The tunes PH-<ENIX
roots 200
proj p QCD_hard p100
targ p
frame cms « 200
msel O  //turnon all prod. rig.s QCD_dgam_p100
mechanisms manually f ] P
msub 111 // QCD jets arg p
msub 12 1 frame cms
msub 13 1 msel 0
msub 28 1 msub 14 1
msub 53 1 msub 181
msub 68 1 msub 291
msub 96 1 msub 114 1 roots 200
ckin 3 2.0 msub 1151 proy p QCD_msel2_p100
oytune 100 ckin 3 2.0 targ p
pytune 100 frame cms
msel 2
pytune 100

42



PHENIX piO central arm comparison PH>ENIX

experiment
QCD_hard_p100
QCD msel2 _p100

Cross-section

Pythia/Experiment

1 1 1 1 1 1 1 1 i
2 4 E 12 14 16 18

43



STAR pi0 Comparison (3.7<eta<4.15) Pmlx
f\\

N
Z]\N

; | é e experiment
. __________________ ] ________________________________________________ ____________________________ o QCD_hard_p100
| * | 0 o QCD_msel2_p100

107

10

10°

Cross-section

10

2.5

15

Pythiia/Experiment

|||||||||| |||||||‘||||
T ih — H
H

...........................................................................................................................................................................................................................................................

0.5
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STAR pi0 Comparison (3.4<eta<4.0) Pmlx
ZN

e experiment
QCD_hard_p100
0 QCD_msel2_p100

e

3
10

-
10

Cross-section

Pythia/Experiment
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STAR pi0 Comparison (3.05<eta<3.45) Pmlx
2

e experiment
o QCD_hard _p100
QCD_msel2_p100

=
=
-

Cross-section

16

14

12

0B

Pythia/Experiment

0.6

0.4

Set QCD_hard_p100 k-factor = 1
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PHENIX Direct photon comparison

PH-<ENIX

experi

ﬁﬁ o  QCD_dgam_p100

ment

Cross-section

0 QCD dgam default

g’ Y N O D O
S RIRIRARARaNAR

Set QCD_dgam_p100 k-factor = 2
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