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Spin physics at RHIC

Polarized protons at RHIC
2002-present

Mainly vs =200 GeV, also P
62.4 GeV in 2006, started , N Transverse spin
500 GeV program in 2009 &G ) | only

(No rotators)

‘ Longitudinal or -
i transverse spin  —

Two large multipurpose

detectors: STAR and
PHENIX

— Longitudinal or transverse
polarization

One small spectrometer
until 2006: BRAHMS

— Transverse polarization only
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BRAHMS detector

Philosophy:

Small acceptance spectrometer arms
designed with good charged particle ID.

L | Time Of Flight Wall
BRAHMS Experimental Setup = . ey arays
I Beam-Beam Counters
. - & Zero Degree Calorimeters
Mid Rapidity Spectrometer Time Projection Chamber
TOFW ——~ [ Drift Chamber
100 cm [ ]  Cherenkov Detector
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PHENIX detector

\/
PHENIX Detector PH -ENIX

Philosophy: @

PC2

Magnet

High rate capability fo measure rare probes,
limited acceptance.

— Track charged particles and detect

2 central spectrometers PbS /.\
: ¢ RNP
electromagnetic processes [[7RSVRHS)

900 + 900 aZlmuth aerogel '
F

! T
2 forward muon spectrometers Beam View Eas
—  Identify and track muons | W ARSK/NSPA

271 azimuth

t

Central Magnet

2 forward calorimeters (as of 2007)

— Measure forward pions, etas 3.1 <| n |< 3.7

Relative Luminosity
— Beam-Beam Counter (BBC)
— Zero-Degree Calorimeter (ZDC)

Side View

-
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STAR detector

Philosophy:

Large acceptance, lower rate capability.

Barrel
Electromagnetic

EMC)

Los Alamos

Calorimeter___ |
(
Time
\ Projection

000000000

H Chamber

(TRC)

Photaon
Multiplicity
Detector

L\Endcop EMC

F]DDDDD DDDDD[H

STAR RUNS8 Configuration

TPC: -1.0<n<1.0
FTPC: 2.8 < |n| < 3.8
BBC: 2.2< || <5.0
EEMC:1<n<2
BEMC:-1<n <1

FPD/FPD++:
n~33-4.1

As of 2008
FMS : 2.5 < n<4.1




Iransverse Single-Spin Asymmetries:

From Low to High Energies!

p+p— m4+X RHIC RHIC

Vs=4.9 GeV E Spin Vs=200 GeV Vs=62.4 GeV
- Spin ,
60 [| Ol Left |l Right | T 60 ¢
| PRL3S 929 (1976) ) € i 9 L ___ Sivers (HERMES fit) [ PRL101, 042001 (2008)
40 ¢ I | - , 40| BRAHMS
: . ® 0.1H i : | twist—3 :
— 20} ;71% o i 20 °?
O\o - I:l Ll I:I Ll - 1
Dl | " ® o 0 025 0 025 ¢/ | J-EO of--- @2 ]
< | (} vy mass (GeV/c?) [ O
B 0.05- _ .- o o 20} o
40} B T 40} © %
002704 06 08 1 ol -4 %M 5 002704 06 08 1
Xr I { § e I } / Xr
I I E\ A I

These soft effects—due to QCD dynamics within the
nucleon—remain relevant up to scales where we can
attempt to describe them using pQCD
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Polarization-averaged cross sections at
\Ns=200 GeV

A PHENIX y(n")=0
® BRAHMS y(1)=2.95
O STAR y(1")=3.8
NLO pQCD KKP FF (u=p )

-
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N N T B R T BT BT T T
2 4 6 ht 10
P, |GeVie|

Good description at 200 GeV over all rapidities
down to prof 1-2 GeV/c.




Lower energies: Ns=62.4 GeV

PRD79, 021002 2009) Midrapidity pions N7
not@pﬂ)at«/}:(il-l GeV - H>>/\<<ENIX
PHENIX Comparisons to NLO and NLL

. pQCD p=pp ] )
%, MRST2002 PDF; DSS FF pQCD calculations using u=pr

~NLL
LG shown.

Unlike at 200 GeV, scale choice of
u=pr underpredicts the data.

Ed 'hf’(lp‘ (mb/GeV?)

[ 11% normalization

uncertainty not included —> Threshold logarithm effects still
relevant at this intermediate
energy?

But—overall, pretty good agreement!

(Data-QCD)/QCD
L o=, N W Db O =W

- l’T((ic\'r'c)
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Ns=62.4 GeV
Forward pions

BRAHMS Preliminary

pp->1X 62.4 GeV

N
A

'BRAHMS

~,

Still not so bad!

Comparison of NLO pQCD
calculations with BRAHMS
data at high rapidity. The
calculations are for a scale
factor of u=p;, KKP (solid) and
DSS (dashed) with CTEQS and
CTEQ6.5.

Surprisingly good description
of data, in apparent
disagreement with earlier

analysis of ISR 7tV data at 53
GeV.

No comparison to NLL yet.




\s=62.4 GeV

Forward kaons
K- data suppressed ~order

of magnitude (valence
BRAHMS Preliminary
pp->KX 62.4 GeV quark effect).

—
=
—

T IIIIIII

BRAHMS NLO pQCD using recent
Still work to be done in describing hadronic collisions [4&
with pQCD at lower energies, particularly at forward
rapidities.
0 K y=3.2 - \ Related to FE’s? PDE’s??

— K' DSS
— K DSS

a
o
[

y dp_ (mb GeV? c3)

T IIIIIII

T llllll]

T
5
3
:‘1,10
*
Q
R
g8
1

0-4

T T IIIIIII

No comparison to NLL
yet.

K*: Not bad!
K-: Hmm...

Los Alamos C. Aidala, EINN 2009, September 27, 2009
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Improving input to pQCD calculations

Hadronic collision data * :
now being included in 0’ E L'd_ﬁf mb/GeV] L &\ E al_o:‘ b/ GeV?]
fragmentation function AL W ’ T

it 4O e o
- de Florian, Sassot and RS

Stratmann (PRD 75,

114010 (2007) and other | S —
works) O ---Em

S

/ -l | | ﬁ%
'BRAHMS)

BRAHMS data: PRL 98, 252001 (2007)
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Progress in pOQCD

calculational techniques
38.8 GeV!

N pQCD an ever-more-powerful tool.
| Interpretation of p+p results—over a wider
range of energies—getting easier!
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resummed

3 O(a,) exp.
E upper: u =M
B ower: u = 2M

1 | 1 1 1 1 | 1 1 1 1
8 10

‘Modern-day ‘testing’ of (perturbative) QCD is as
much about pushing the boundaries of its

‘I‘.os.Algmqs C. Aidala, EINN 2009, September 27, 2009




| BRAHMS Preliminary e T
01— e T
. J-E %“M
ol
i s 2
; coges .
2= 200 GeV
5 5
Some surprises
| BRAHMS Preliminary o K
01 o K
P s
2 200 GeV
R X e S S R ¥
xg of K
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0.1_— o E
P et
- $oe _
o: # @"4:#
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Another Surprise: Transverse Single-Spin
Asymmetry in Eta Meson Production

YeIIow Beam Slngle Spln Asymmetry
plip—=n+X I_zoOGeV . A

Larger than the neutral pion! 0_3:

55.28(, 06

(4y),. =9.3610.064 AN |
0.4f

(4y), =9.0780.018

0.2

0_

XF
Los Alamos
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X dependence in p; slices, 200 GeV

* At all p1, increasing Ay with Xe.
» Magnitude is approximately constant at p>1.5 GeV/c

200 GeV

+—.—

4 o9

15LC 0.5<pT(1t)<0.75 GeVic |[ 1.0<p_(n)<1.25 GeVic [ 1.25<p (n)<1.5 GeVic [ 1.5<p,(n)<2.0 GeVic [ 2.0<p (n)<2.5 GeVic
[ 11

b b b b | b b s b b b s b b b b b b a b o |

0 0.1 0.2 0.3 040 0.1 0.2 0.3 . 0.1 0.2 0.3 . . . . . . 0.2 0.3 0.4

BRAHMS Preliminary X Mﬁé
)

X

‘BRAH
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Ay x-p, dependence at s = 62.4 GeV

AT 0.4<p_(r)<0.5 GeVic [ 0.5<p_(1)<0.6 GeVic [ 0.6<p_(1)<0.8 GeVic [ 0.8<pT(1t)<1.0 GeVic
-lllllllllllll IllIIlIIlIlI IIIIIIIIIIII L1 1 IIIIIIII IllIlIl 1 1 11

0.2 04 06 0 0.2 0.4 06 0 0.2 0.4 . 0.2 06 0

) aerv 0801. 1078

At low-p; A\(TT) increases with p+. —
(Theoretically constrained to be 0 at p;=0) BRAHMS

Los Alamos




Ay 2 0 forp, 2 0 now observed

p+p—> w+X at vs=200 GeV

| ® run3,5,6 (0.4 < x¢)
A run8 FPDeast (0.4 < x;) STAR Preliminary
0.1~ ®m run8 FMS (0.4 < x < 0.8) STAR Preliminary

A4 gt

p+p — 7 +X at vs=200 GeV

| © run3,5,6 (% < —0.4)
& runB FPD—east (x; < —0.4) STAR Prellmmary
0.1 O run8 FMS (—0.8 < %< —0.4) STAR Preliminary

Consistent with zero

| 2008 FPD result : arXiv:0901.2763
' Positive X

_0‘05 PR TR SN T (N SN TN SN TN (NN SN TN SN TR (NN SN TN SN T (NN SO TR SO T |
Q 1 2 3 &

2
1) GeV/

But looks like positive Ay persists up to p;~5GeV!
Expected decrease as ~1/p; not observed.

~
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Multiplicity dependence of pion SSA at

R

RAHMS 200 GeV

BRAHMS e

S .
0 1SBRAHMS Preliminary ° ngh Mult.
T E T 4 Low Mult.

fg- BRAHMS Preliminary N © Single Diff.

g * TMA [A De<2001ADC, 2500 01 o

ER LI o TMA [ADC<2500]/[ADC>2500] _ o o

£ P2ooc 0.05—

:r o F A .

Z 06[ o R L - ¢ ¢ A

FI . -0.05F 4 A

o 0.4 LI - o

B - o ¢ - \

N vt ek :

3 02f- Py + 1 + '

8T :

g = - [ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1

zs 00 1 1 11 [ R 5 [ B 31 T R 41' T B | s 0.1 50 0.1 0.2 0.3 0.4

MRS track p_(GeVic) Xg (7)

Ratio of low to high multiplicity Selecting on higher multiplicity
events vs. track py events enhances SSA.

—> Higher multiplicity events Effect not dominated by p;

correlate with hard scattering dependence of SSA.

~
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Forward 7° SSA’s at \s=62.4 GeV

nucl-ex/o0701031

O p'+p — n°+X at Js = 62.4 GeV
7 imi < F PH ENIX Preliminary
< B Pt{ENIX Pre“mmary \/-— i 0.09F 20% polarization uncertainty on Au scale
- 20% polarization uncartainty on A" scals PH EN Ix . [ 10% energy calibration uncertainty on p_ scale
0.15|— 10% energy calibration uncertainty on x. scale 0.08 E x>03 T
- 0.07F
i ’v 0.06 :_
0.1 = ‘}
"PH ENIX ! | |=
- ZN S
= { 0.04 =
0.05 ; 0.03F-
i { 0.02F-
- 0.33 0.37 045 ={x)
i l { P, =0560.67 084 098 0.01=
0 I o : 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 |
| LXK 0.4 0.6 0.8 1 1.2 )

1.
“GeVl/c)

1T 171

0.6 0.4 0.2 0 0.2 0.4 0.6

XF

S1zable asymmetries 1n forward direction.
Need more data to understand pr dependence . . .

Los Alamos



Forward n°’s at \s=62.4 GeV-
Pseudorapidity dependence

p'+p — n°+X at Js = 62.4 GeV

PH ENIX Preliminary P
20% polarization uncertainty on An scale Py = 0,28 034 DAQ 0.54 Ge¥ic

10% energy calibration uncertainty on X scale *

v n1>35
4 1N1<3.5

N
PH--ENIX

Indication of larger forward asymmetries at higher pseudorapidity

Los Alamos




Heavy flavor single spin asymmetries:
[solate gluons

I

< "EPHENIX Preliminary(Run6)
p+p—p+X at\s=200 GeV

1.4< <19 Forward

1<p_(1) < 5GeVic m - _ %‘
i N

I i -
| p+pop+X at\s=200 GeV
{ pr> (W)=24,14,14,24 .2~ Forward rapidity, 1.4 <1 < 1.9
n W Sys. Err. - B Sys. Err.
C (Scale Uncertainty 5% Not Shown) | (Scale Uncertainty 5% Not Shown

C 1111 lIIlIIllllllllllllllllll L1111 lllllllllllllIIIIIIlIIlIIIllI IlIIlIIIIIlIlI
0.3 0.2 0.1 0 0.1 0.2 0.3 ) 05 1 156 2 25 3 35 4 45 5
Xg(1) p_()(GeVic)

PHENIX Preliminary(Run6)

-
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SSA of heavy flavor: predictions

PRD7S, 114013 (2008)

: |Ase for D hadrons
=F PRD70(2004)074025

D° meson

P..=2 GeV

3 = 4y
' :":' ------- qq

-
-

L

E e e
8 06 D4 D2 8|

Significantly improved measurements expected after
silicon vertex upgrade in 2011.

Los Alamos



What about charmonium?

* Given a non-zero gluon
Sivers function, non-zero | -
transverse SSA expected for PRENIX Prellminary (Run6)
J/Ps1 only 1n color-singlet
model 1n p+p, only 1n color-
octet in SIDIS—Yuan, " E SP>=1.8Gevic
PRD78, 014024 (2008) |

— SSA sensitive to
production mechanism!

0
-0.02
. . BN Sys. Err
¢ Appllcathn Of TMDS tO -0.04 scale uXcertainty of 20% not included

long-standing issues in QCD
traditionally considered via
other approaches

— A maturing field!

TR 2EATHTY
1.7 pb™, Pol=56%

Los Alamos




“Rough calculatlon f()r J/WY Ay at RHIC

S T T
't 1.7 pb™, Pol=56%
E <p >=1.6GeVic

4 WM Sys. Err

[ scale uncertainty of 20% not included

Assumed gluon Sivers function ~
0.5 x(1-x) times unpolarized
gluon distribution

:UGiL:,(wl/Q)(:C) ~ 0.5z(1 — z)zG(z)

Assumed 30% J/W from
decays

DN P BRIy ) S e |

the cross
section

— Color-octet, FSI/ISI cancel out, SSA
vanishes in the limit of pr<<M,,

— Origin of potential non-zero
asymmetry 1s through !




Toward A, of vector mesons.
Opposite sign from pseudoscalars?

3 photon events to look
for w—n0% (BR= 8.9%)

2008 data, FMS
pr (triplet) > 2.6 GeV/c
E (triplet) > 30 GeV

pr (photon cluster) >
1.5 GeV/c

pr (@) > 1 GeV/c
100 signal!

Small S/B currently a
challenge in extracting
significant
asymmetry...work
mmaicong!
Los Alamos
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UL BMRILIE DU I I BRI
STAE Prelivminary -

Ao PYTHIA 6.222+GEANT (A0 wt)

O PYTHIA 6.222+GEANT (no wt) ]

p+p Data .

—— Fit Curve Signal+Background
—— Fit Curve Background

arxi1v:0906.2332

3 35 4 45 =
M(triple) GeV/c



Beyond inclusive measurements:

Dijet SSA to probe Sivers effect

c
o 08 a) Vogelsang & 4 4,_,_,—1—‘7 -
S o6l Yuan calcs. 1€ . STAR A, all
£ ' Couark from 1 F 9'“0; from Voaelean & consistent with zero
c 41 1 I -zbeam ogelsang & i .
S o.f +z beam 1 Yusn calca. at midrapidity
a : 1]]]]11111111111[[[[]Illlllllllll lllllllllllllllllllllllllllllllll
s +7 “Z ]
0.02f ¢)| Ay (& > m) ‘ 1 d AN(s>n)‘ ] .
O =sfrdepte A - —’—}—4.:;-*:-_* e ey
0.02F . I E
! ' }'S'& 1 +} STAR DATA
ooal TTVY2S FS 1t + 1

i syst error 1 [ syst error :
-006 1111111111111111111111 1111111[1- -lllllllllllllllllllllllllllllllllll—
0.02f @ Isin Cl-weighted AS(C>n) | b f) Isin(|-weighted ] TAR
| — Bomhof etal. i > ) ]
0:-----{---r—+——-- B o B ] ----
i syst error i

—
LJllLlLlLlLlJ 11 l‘Ll‘LL‘LLLLJ L) lJ Llili

2 -1 0 1 2 3 4 2 -1 0 1 2 3 4
W n.+n —»In(xgzlxg’-) .+ n2—>In(ng/x!;Z)

>
z,{,
—
g

Transverse Spin Asymmetry

syst error

il P |




Sivers effect in di-hadron production

|| < 0.6, In +n,| = 0,s=200GeV
PHENIX Detector

Trigger 1% 3.0 < p, < 15.0 GeV/c
Associated hadrons: - : PC3 4
p _-PC3 Central cia N
bSc F ~y Magnet TEC_ \ LS,

n0:20< p; <15 GeV/c
h":1.4<p_<4.7 GeVic

13% scale uncertainty (acceptance) not included

o] Need to study 1n detail how fragmentation effects can contribute.

PHENIX Result from 2006 data: Similar analysis possible in different
combinations of rapidity
3.7 20 -035 14 3.1

Asymmetry consistent with zero o 31 -14 +035 2.0 39
Analysis with large 2008 data in progress (Work in progress)

Di-hadrons at central rapidities 7.
min

Los Alamos




Forward nP-7" azimuthal correlations

p+p —> A+ %, Vs = 200 GeV

P > 2.5GeV/c [FORE1.5 GeV/c<prs<pn
50000 -
600 [
40000 N 00 _
50000 400 [
300 [
20000 F
200
10000 |
100 F
0 IIIIIIIIIIIIIIIIIII 0 T I L1111 I L1l

0 0050101502

0 00501 0.15 0.2
M,, (GeV/c?)

Uncorrected Coincidence
Probability (radian™)

Q.00
STAR PRELIMINARY

o) o O
o Q o)
= o) =
@ IS &

0.002f

0.C0D1

p+p —> W+, Vs = 200 GeV

Py > 2.5 GeV/c
1.5 < prs < py. GeV/c

: H

.+ < >=3.12

- ' T <ny>=3.03

|"|l I'I. ] +
- ||II III| + 14_'.

+ III| + +

g ¥ ¥
L F _}:{—-_i- 47 +
SRy ++  5=0.57+0.025 ]
i 1 1 [ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1

R A— 0 1 2 3 4

Ay

Possible back-to-back di-jet/di-hadron Sivers measurement
* Possible near-side hadron correlation for Collins fragmentation
function/Interference fragmentation function + Transversity

~

Los Alamos



More two-hadron measurements:
Interference Fragmentation Function from BELLE
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(IFF)2 up to ~10%!!
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IFF asymmetry measurement in p+p
to probe transversity

Consistent with zero, but hints of trends??

PHENIX Preliminary
p+p 2006+2008 \/s=200 GeV

TN
PH  ENIX
(Scale uncertainty 10% not included) p, > 1GeVic, |n| <0.35

P B PR T S T S R R
1.2 14 1.6

m_, (GeV/c?)

Midrapidity.
Los Alamos Invariant mass dependence

IlI|III|III|III|III|III|III




[FF asymmetry measurement in p+p:
prdependence

Analysis underway to extend to forward charged
particle production.

p+p 2006+2008 \s=200 GeV

——
PH ENIX p, > 1 GeVic, | n| <0.35

(Scale uncertainty 10% not included) 0.5<m_ < 1.0 GeV/c’
1 l 1 1 1 1 l 1

6 7
P; (GeVic)

III|III|III|III|III|III|

Los Alamos




More di-hadrons:

Attempting to probe k; from orbital motion

e Spin-correlated transverse 20

L~
s v ~aadwwann /A4AL:4-A1 ~ an r\-‘11 ~ an - PH ENIX Preliminarv n+n \E= 2 0 Gev

Will measure at other center-of-mass energies—if truly [
probing intrinsic kT, results should be consistent.
D40, 1989) :

Prccihle halicity denandanca VLo T
Possible to learn about TMDs by measuring
angular modulations?
Input welcome!
net effect after averaging hel
over impact parameter N RN

|
Ky ko _ "2 3 4 5 6 7 8 9 10
P [GeVic]

D MeV

0.5

_ [GeV/q

II[]I

systematic uncertainty

-1.5

jet 1

Los Alamos C. AidlaARINA P0GV, Bpteiib26ag, 2009



Forward neutrons at vVs=200 GeV at PHENIX
>H ENIX

Cross section at 200 GeV consistent with ISR data
—> suggests Feynman scaling holds

Cross section of forward neutron production ( integrated in 0<p;<0.11x. (GeV/c) )
— 0.9
-g " m \5=306 GeV: ISR data PHENIX preliminary
,_,mo 8El m  \5=44.9 GeV: ISR data
2070 = \s=52.8 GeV: ISR data
- ~ (]
s FE| = Ns=62.7GeV:ISRdata
V0.6 L .
dUE e \s=200 GeV : PHENIX data
_Z 05
w -
%< o4 PH ENIX ' :
'C N 1
B o ., !
0.2 ; : ;
0 1E o 2 i *
i n g =
: .
[ IIIIIIIIIIIIIII|IIII|IIlI|IIIlIIIIIIIIII



Forward neutrons at vVs=200 GeV at PHENIX

Large negative SSA observed for x>0, enhanced by requiring
concidence with forward charged particles (“MinBias” trigger).
No xy dependence seen.

| Neutron asymmetry x; distribution with neutron trigger & MinBias

2 Mean p;
< 4 PHENIX preliminary Scaling error of 20% (Estimated by simulation
L~ is not included. . .
i assuming ISR p; dist.)
u PH ENIX Statistical error is correlated 0 4<|X |<O 6 0.088 GeV/c
- due to unfolding. ' F ' '

0.051 0.6<[x.|<0.8 0.118 GeV/c
- 0.8<|x.|<1.0 0.144 GeV/c
0:"+ ------ ++ -------------------------------------------------------- preliminary
i charged neutron ;

0.05— Rartigles Without
i ‘/*\‘/" * ¢ '} MinBias

04F 0.03x.<p,<0.22x. (GeVic) With
;..|...|...|...|...1...1...1...1...1... MinBias

-08 06 -04 -02 -0 02 04 06 0.8 1



Or tOCdt POt 2

Blue | L

01
0.05
o
005
c F—
01

Allows measurement of any remaining
component in an undesired dzrectzon

Los Alamos
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New: Bunch-by-bunch polarization
information

From ~10 minutes of 500 GeV commissioning data in March 2009!

[ Ir Asymmetry (south) : bunch fit | i [ Ir Asymmetry (north) : bunch fit |

0.02 ean . 0.015

0.015F
0.01F

0.005F

80 J00
Crossing " Crossing

With transverse polarization, use scalers to count raw left-right
SSA 1n forward neutron production for each bunch crossing.

Measurement of bunch-by-bunch variation in polarization.
(Sign flip for bunches polarized vertically up vs. down.)

Los Alamos




Forward neutrons at other energies

Significant forward neutron asymmetries
observed down to 62.4 and up to 410 GeV'!

Forward neutron LR asymmetry in\s=62.4GeV Forward neutron LR asymmetry in \s=410GeV

Py
7 \Js=62.4 GeV

o
N

S0 Vs=410 GeV +++

—+

=]
o
—
I

Raw asymme|
o
N

ay asymrgetry

o
—
|

+
L
|

-0.01#+ -0.01}-
Xt i —t Xt
pret | A

-0.02—

-51IIX-4I1[I-3]1II.2IIII.1IIIIOIIII1IIII2II1I3IIII4IIII5 -5 -4 -3 -2 -1 0 1 2 3 4 5
X position (cm) X position (cm)



prscaling of forward neutron SSA?

_ Ay vs. p_ for neutron with charged particles trigger —

=62 GeV . . \’s = 200 GeV

=200 GeV ) Scaling uncertainties, 11 and 22%

~ 500 GeV for 200 and 500 GeV, notincluded | o« | 5 - 500 GeV
. 0.4 < xg -

Large SSA remains unexplained—

Challenge to theorists!

0.4

0.5
P, (GeVic)

Inclusive neutrons Neutrons with charged particle trigger
62.4, 200, 500 GeV 200, 500 GeV

Lo;Alamos C. Aidala, EINN 2009, September 27, 2009
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The future:

F Orwam’ Hadron Calorimeter (FHC) at STAR
Real jet physics with FMS + FHC

Lambda, Photon (isolation)

BNL-AGS-E864 hadron calorimeter detectors
Refurbished and used by PHOBOS

Estimated statistical precision for
uncertainty in analyzing power for
p,+p—jet + X at Vs = 200 GeV.

p+p —> jet+X, vs=200 GeV, R,,,=0.5

' o[ PYTHIA6.227
o5 Lu=4.75pb”
0.2 f— Pheam=0'6

o1 | J
0 froeeeeeeees e»---o-»--e---»o----¢ ----- e
_01 — w

» T T N T [ T Livaa i
s 0 10 20 30 40 50 60 70 80 90 100

Eju (GeV)




The future:
Forward EMCal (FOCAL)at PHENIX

FOCAL FOCAL
I
=
11
=
o
g g
- =




Photon-jet SSA using FOCAL + VIX

2008 Sivers distribution fits

J. Lajoie

~5 GeV trigger, 200 pb-1, <P>=0.65
Assumes FOCAL efficiencies and t°

contamination are same at 200/500GeV.
0.05

0.04= 200GeV
0.03[
>0.02 jHHHH( \
S L
© 9010 _JH(
E T F
E o
> =
(V)] C
<-0.01F ____+
0.02" JH[H—HH
0.03F
-0.04 - pr,>5GeV
- -1<n<1
- _IIIIIIIIIIIIIIIIIIIIIlll[llllllllll]lll
0085 1 15 2 25 3 35 4 45

My

(need to worry about signal contamination/efficiency with with n,; cut)

~
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Asymmetry

Blue: abs. value of gluon Sivers

Light Blue: abs value of Boer-Mulders

Red: quark Sivers (with process dependence)
Green: quark Sivers (no process dependence)

0.05
0.04[ 500GeV
0.03-
o.ozi— JHHHHH# |
0.01 \
0.01-
0.02- JHHHH(HH_H 1
-0.03
-0.04;— Pr,>5GeV
- -1yl
R R I R N I NTY:
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Conclusions

* Maturing transverse spin programs at RHIC!

— Not initially planned as a major component of the RHIC spin
program, but lots of exciting progress in theory and experiment
since ~2002 has greatly increased interest at RHIC

— Ever-improving “pQCD toolbox™ allows one to learn more and
more from hadronic collisions

— Moving beyond “easy’ inclusive probes to start to examine
various correlation measurements and measure inclusive
probes with smaller signal:bg

— Transverse spin physics a major motivation in latest proposed
upgrades for PHENIX and STAR

Los Alamos
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RHIC as a Polarized p+p Collider

Absolute Polarimeter (H jet) RHIC pC Polarimeters

———
PHOBOS = T /_(\ ?RAHMS&PPZPP

/"

) Siberian Snakes

_ Spin Flipper IRGIAE
%y, PHENIX flN >/
~ o >
/ (f‘\)\_ )

. Helical Partia Various equipment
Snake .
N to maintain and

LINAC measure beam
: /BOOS)TER AGS ) . .
polarization through

Rf Dipole [l T \ acceleration and

AGS Internal Polarimeter

storage

LO;AIamOS C. Aidala, EINN 2009, September 27, 2009




Polarized Collider Development
Parameter Unat 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 R 1 1 1 |

peak luminosity 10%m=2s! 2 § 6 10 35

average

.. 10%m2s! 1 4 4 6 20
luminosity
Collision points = o = R 2

average
polarization, 15 35 47  60-65
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Machine performance:
Iransverse spin running at PHENIX

Year Vs [GeV] Recorded L  Pol [%] FOM (P2L)
2001 (Run-2) 200 15 pb-1 15 3.4 nb-1
2005 (Run-5) 200 16 pb- 47 38 nb-1
2006 (Run-6) 200 2.7 pb-i 51 700 nb-

2006 (Run-6)  62.4 02 pb-1 48 4.6 nb-i
2008 (Run-8) 200 5.2 pb-I 46 1100 nb-1

Los Alamos




Forward Hadron Production at vs=200 GeV

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

0 —
\/SZZOO GeV, even at p+p—2>7m +X +58=200 GeV

N
- 1o, N 7° mesons
larger rapidities ©10% o ® 37<<415
D - N V 3.4<n<4.0
X "0 B 3.05<n<3.45
o T T T T o
n=33 P bﬁ 310 3
06 - T € ] nC‘L
- . . 1 § -D
_ Fraction pions ] 41t
04 I produced 1 ™ L
i 4 L _[<m>=33 8
- ’MML‘ ; N 10 E_ \\
- T S— ] - NLO pQCD cale. ™
@TaaT . . - — KKPFF
o L 0wy 3 10_2- — — Kretzer FF
30 40 50 60 e L 1 Y N
E, [GeV] | N 25 30 35 40 45 50 55
S . S R R [ E, (GeV)
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w/K/p SSA Measurements at 200 and 62 GeV

BRAHMS measures 1dentified hadrons (7t,K,p,pbar)
in the kinematic ranges of

-0 <x;<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 Vs=62 GeV for
* X P, flavor, \s dependent SSA

 cross-section of unpolarized hadron production

(constraint for theoretically consistent description)

Los Alamos




BRAHMS x,.~p, acceptance
at s = 62.4 GeV

Strong Xp-pr correlation due to limited spectrometer solid angle
acceptance.

Three angle settings of spectrometer used: 2, 3, and 6 deg

Los Alamos




A(m) at 4 deg. at Ns = 200 GeV

BRAHMS Preliminary

<

s

Curves: Sivers effect by U. D’Alesio

Los Alamos



A(K) at 2.3 deg at Ns = 200 GeV

BRAHMS Preliminary

Curves: Twist-3 by F. Yuan

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1

N 1 1 1 1 I 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Xg of K

» Solid lines: two-flavor (u, d) fit
» Dashed lines: valence + sea, anti-quark

X e (alculations done only for <p(m)> > 1 GeV/c
Los Alamos C. Aidala, EINN 2009, September 27, 2009




Proton at 2.3 deg. at Ns = 200 GeV

BRAHMS Preliminary

—04 o5
X of proton

* Ay(pbar), A((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




A(7) at Ns = 200 GeV

p. (GeVic)

T

T3 o4 [ T TR
XF 0.1 (BRAHMS
Acceptance A

Ay () positive; A (it7) negative

— 4-6% 1n 0.15 <x< 0.3

Behavior consistent with slight decrease with increasing p as
evident in going from 2.3 deg to 4 deg setting
Good agreement with twist-3 calculations which also have the
1/pr-dependence at higher p

Los Alamos



/4Nﬂn)cn*Vs==¢§2f¢(?el’

Submitted to PRL Twist 3
arXiv:0801.1078 »';
o ® M

"Sivers

SV
A

‘BRAHMS

1 1 I 1 1 1

» Large Ay(m): 0.3-0.4 at x~0.6, pr~1.3 GeV

* Strong xg-pr dependence. Though |A(7t*)| ~ |[An(T)],
|An(t)/Ay(707)| decreases with Xp-pr

Los Alamos




Kaon SSA at 62.4 GeV

K'02.3%43°
K 02.3°+3°

I

I

]

- {
n

. ;

EREEEEN ﬁﬂﬂﬂ ]DDKUDE\ SEEREEEEE NN EEEEEEEEEED I AR EEEEEEEEEEEEEEEEE NN

I

I

I

1

]

]

.

e : Thick lines: Twist-3 w/sea quark contrib.
‘BRAHMS) Medium lines: Twist-3 w/o sea quarks
See 5 Thin lines: Sivers

lllllllllglllllllll

. I-OI.GI . .-0|'4. — |.. -
arX1v:0801.1078

* Ay ~0 at negative x;
o A(K*) ~Ay(KY): positive ~20% at x¢< 0.5-0.6
o _(alculations get signs correct but underpredict K-
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Sensitivity to fragmentation functions

oK' 62.4 GeV
O K

m Twist 3 KPP

— Twist 3 DSS

[ [ | | [ [ [ | |

TR
BRAHMS

F?? Alamos




Calculations compared to
BRAHMS data

 Twist-3 parton correlation calculation provided by F. Yuan
- Kouvarns, Qiu, Vogelsang, Yuan
- “Extended” with non-derivative terms
(“moderate” effects at BRAHMS kinematics)

- Two flavor (z,d) and valencetseatantiquark fits

» Sivers effect calculations provided by U. D’Alesio
- Anselmino, Boglione, D’Alesio, Leader, Melis, Murgia

“Sivers effect with complete and consistent k; kinematics plus
description of unpolarized cross section”

Los Alamos




Ay, of midrapidity n° and h*"” at vs=200 GeV

: ;_ AN n0 i
pos Fadors @005 0 | £ PRL 95, 202001 (2005)

neg. Had rons (2005) C
pos. hadrons {2001/02, publ.) - Run-02
neq. hadrons (2001/02, publ.)

pos. hadrons mean (pt-shifted)
neq. hadrons mean (pt-shifted)

hep-ex/0507073 | £ n| <035

; 1 1 1 l

005195 255355 4 455

pr (GeV/c)

- A is zero within 1% = contrast with forward pions  dm ~<ENIX
 Constrains Sivers distribution function for gluons (Anselmino et
al., PRD74, 094011 (2006))

» Updated wt° analysis with ~200x improvement(!) in statistical figure-of-
Bnderway . . .
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PHENIX Kinematic Coverage

}/

e
Z
—
&
—

BBC
100Me

Kinematic Coverage
@ 200GeV
10MeV

pﬁ%ﬂ)( 1 Psgudorépidit}é}
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Forward Neutral Particles at IP12
forward backward
neutron —0.090 £ 0.006 + 0.009 0.002 + 0.004 £ 0.003 \/ .
photon  —=0.009 £ 0.015 £ 0.007 —=0.020 £ 0.010 £ 0.003 Al 2 00 Ge V

T —0.022 £0.030 £ 0.002 0.005 £ 0.021 £ 0.0005

IIIIIII

hep-ex/0610030

|ll|l|l|ll

1
-]

Forward neutron Ay

~
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New/recent results (post-SPIN20087?):
STAR omega peak

STAR forward p10-p10 correlations
STAR eta

(STAR low-pT p10?)

Los Alamos



Determination of transverse single spin
asymmetries A,

* Look at left-right asymmetries relative to one
transversely polarized proton beam

. _ 1 N'-RN*

LT
Yo PN'+RNY

R=Tr

N.B. Detector acceptance only on one side of beam for BRAHMS
—> Square-root formula not an option

T e T
(VA . VA
1 Nleft Nright — Nleft Nright

_; (VA VA
Nleft Nright + Nleft Nright

Lo;AIamos C. Aidala, EINN 2009, September 27, 2009
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BELLE IFF: z b
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L0 LAY LALI LALE B

. [/
Prehminary

020 <z, <0.28

AL LAY LR LIRS LARS LS

Inning

j

P@Iiminary

0.28 < z,< 0.35

030 e e e
zY

S|
ok

SlARLIRLLY LLRELARS AR RIS LAY RALE LAL LS

f

PI'EIiminary

035« z, < 0.42

03 0TS e e e e
zY

S|
ok

o ARLI LAY LR LARE LAR) |

-"¥-v-..,_'_'1.-

Preliminary

042 < z,< 0.50

030 s e e e e e
zY

S|
ok

Sl ARLIRLLY LR LARS AR RIS LAY RALE LALI LS

-l--;_,‘-—'-...

P]‘e H -
0.50 < z,< 0.57

P I X SR X
z

=)

)

AL LAY LR LARS AR RIS LAY LALE LA LS

-—-‘.."-._

Prelip, inary, Yo

057 < z,< 0.65

PR I X SR X
z

=)

)

SlARLIRLLY LR LARS AR RIS LAY RALE LAL L)

PI‘eIiminary .

065 < z,< 0.72

PR I X SR X
z

=)

)

aARLILLLY LIRS LARS AR RIS LLAY LALE LAY L)

PI‘EIiminary¥

0.2« z,< 0.82

I R X I -
ZY

(=18

)

Los Alamos

£51194

aARLILLLY LLRELARS AR RIS LLAS LALE LAY L)

PI‘eI'
I -
082<z, < 1.5?"1611‘51

R R X R -
zY

(=18

SARLILLLY LIRS LARS AR RIS LLAS LALE LAY L)

I X R -
zY

(=18




[FF: Definition of Vectors and Angles

PRymomenta of protons
]_’E :momenta of hadrons
PBR+ 1
RBRI)/2:»

Sz ;proton spin orientation

hadron plane: PR, A, : from scattering plane A : from polarization vector

scattering plane: P& to hadron plane to scattering plane

AA2 " sin() o

Bacchetta and Radici, PRD70, 094032 (2004)
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Improving forward coverage at PHENIX

pi0 A_N, yellow, sqrt formula pi0_an_yell pi0 A_N, blue, sqrt formula pi0_an_blue
Entries 8 Eneri 8

Muon Piston Calorimeter .
(MPC): PbWO, calorimeter
3.1 <n|<3.7
* Region of large observed
asymmetries
Single arm commissioned 1n
2006
Second arm took data in 2008

Full azimuthal coverage for 3.1 =m < 3.7
and 2 < E(nY) <25 GeV

Los Alamos




Charged vs. neutral pions at 62.4 GelV

BRAHMS <n> = 3.44,
comparable to PHENIX “all
eta” = black circles.

Qualitatively similar
behavior to E704 data:
—nt’ positive, between " and
-
-Roughly similar magnitude:
PHENIX p o o B An(T)/An(TH) ~ 25-50%
crame gt —~—
n=33" Quantitative comparison
between identified pion
asymmetries should provide

strong test of theories!
Calculations: Kouvaris, Qiu, Vogelsang, Yuan, PRD74:114013, 2006
 Twist-3 calculation for pions at n = 3.3
- Derived from fits to E704 data at Vs~20 GeV and then evolved to 62.4 and 200 GeV
) pware that kinematics not exactly matched, since Ay strong function of pT and
Los Al.n10s




