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RHIC Physics
Broadest possible study of QCD in A-A, p-A, p-p
collisions
« Heavy ion physics
* |nvestigate nuclear matter under extreme conditions
« Examine systematic variations with species and energy

« Explorethe spin of the proton
— In particular, contributions from

 Gluon polarization (AG) i?(r;tllcr)]r%ei :\0
o Sea-quark polarization RUIC

e Transversity distributions (0Q)
 Nucleon structure in a nuclear environment

— Nuclear dependence of pdf’s
— Saturation physics

C. Aidala, Transversity 2004, June 14, 2004 2



Hard Scattering Processes in p+p:
Factorization and Universality

D; (2)

“Hard” probes have predictable rates given:
— Parton distribution functions (need experimental input)
— pQCD hard scattering rates (calculable in pQCD)
— Fragmentation functions (need experimental input)

C. Aidaa, Transversity 2004, June 14, 2004

. Al[esianiun



E*do/dp° (mbGeV 2d3)

Ao/ o (%)

(Data-QCD)/QCD

1
10
10°
10°
-4
10
10°
10°
10"

8
10

40
20

-20
-40

o N A O DN

7P Cross Section from 2001-2 Run

PHENIX, |n| < 0.35

PRL 91, a)
241803 (2003)

E PHENIX Data

— KKP FF

\lH\‘H\ \H‘H\l\ \HHW‘ \HHW‘ \HHW‘ HHHH‘ \HHW‘ \HHW‘ \HHW‘ HHHH‘ \HHWT\

;;;;;;;;;;
r

5 10 15
pr (GeV/c)

STAR,34<n<40

m Y Data 3.4<1<4.0
& 5 ® 1’ mesons (()=3.8)
% 10 *-t NLO pQCD calc.
Lo Y — KKP F.F. (n=3.8)
= \_‘ - Kretzer F.F. (n=3.8)
= A PRL 92,
2 g
%, 171801 (2004)
i \

%,

kY

LN

I — b1
. Normalization n,

- Uncertainty = 1?0;_"-.,.
10 ¢ '*._\

p=15 17 1.9 24 “\3‘.2 GeVic
PN T T T NI T M S S A NS YO |

PRI " L I A
25 30 35 40 45 50 55 60 65
E_(GeV)

Good agreement between NLO
PQCD calculations and experiment

» Can use NLO pQCD analysisto
extract spin-dependent pdf’s

C. Aidala, Transversity 2004, June 14, 2004 4



Nucleon Transversity and Factorization
at RHIC

Interference Jian Tang , Thesis MIT, June 1999
Fragmentation ﬂ R. Jaffe, X.Jin, J. Tang Phys. Rev. D57 (1999)5920
P > Jet | X. Ji, Phys. Rev. D49 (1994)114
: 3 J. Collins, S. Heppelmann, G. Ladinsky,
& //'0 i T Nucl.Phys. B420 (1994)565
.................. / Y, A. Bianconi, S. Boffi, R. Jakob, M. Radici, Phys.
Proton ‘/ Rev. D62 (2000) 034009
Structure 1 N--N-
X Pz Experiment: A, = - -
Hard Scattering > Jet Pen N7 +N
(g (x,) Process
NN
\\ Currently unknown:
.............................. b—FmtOri %’LEP
measured
arton dis.
P pQCD

x)é A

d0’+ _,(pp - T

o o(4d, - q3q4) d'™M %
X
dxldx dtdzdm*d cos&¢ | &q(xl) - 2) dx,dx,dt dzdmzd c056d¢
Model
Calculations
C. Aidaa, Transversity 2004, June 14, 2004




RHIC Specifications

e :

X

] . i

Alternating
YA Gradient
LY —-—SyAchrotron

Tandemnm
Vanmn de Graaff




RHIC as a Polarized p-p Collider

Siberian Snakes

Absolute Polarimeter (H jet)

source: Thomas Roser, BNL

RHIC pC Polarimeters

Siberian Snakes

Run 04 achieved:

Helical Partial

Snake

| Rf Dipole |/ T

| AGS Internal Polarimeter|

AGS pC Polarimeter

June 14, 2004

2 -1

30
Js=200GeV, L ~6x10 cm s

peal

P,~45% , 55 bunches
New working point with long beam

and polarization lifetimes

Time fo tune accelerator complex
Measure: A | (jets), A, (T1°)
Commission strong supercon-
ducting AGS snake




Absolute Polarimetry for RHIC:

Polarized H Jet Target

Courtesy Sandro Bravar, STAR
and Yousef Makdisi, CAD

Polarized Hydrogen Gas Jet Target
thickness of > 1012 p/cm?
polarization = 93% (+1 —2)%!

no depolarization from beam wake fields

Silicon recoil spectrometer to measure

* The left-right asymmetry Ay in pp elastic
scattering in the CNI region to AA < 1073
accuracy.

o Calibrate the p-Carbon polarimeters
» Two large data samples at 24 and 100 GeV

* Expect results on Pgg,, t0 10% in the
near future C. Aidala, Transversity




Soin Running at RHIC So Far

e 2001-2

— Transversely polarized p+p collisions

— Average polarization of ~15%
— Integrated luminosity 0.15 pb?

e 2003
— Longitudinally polarized p+p
collisions achieved
— Average polarization of ~27%
— Integrated luminosity 0.35 pbt

e 2004

— 5 weeks polarized p+p commissioning o _
. Specifically towork on spintuneand ~ FITPPING spin of bunches every

AGS polarization ~100 or 200 nsaids in eliminating
« Commission hydrogen jet polarimeter systematic errors
— 1 week data-taking

— Average polarization ~45%

C. Aidaa, Transversity 2004, June 14, 2004 9



Possible Schedule for Future Runs

example: STAR 32 week scenario - al schedules subject to further advances
in RHIC operations!

L= 6x103%cm—2s 8x103lcm—2s1
P=0.45 0.5 0.7 e
NS el 200 GEV ..oovviiieei e, |

2009 ....

2004 2005 2006 2007 2008
pp 5+1 5+10 5+11 0 5+9 => 156pb+

Inclusive hadrons + Jets >
Transverse Physics ->
Charm Physics >
A (hadrons, Jets) A (charm) direct photons >
: ———— - ?Qt:[om physics _ >
; onef- - - e W-PhySICS m—

] o 32pb T 05 ’; E;cz.ma = TE

_ :-&1;—— = Gs-c‘/ o4 7
AT H e I 1 H] -IJ\_'-::;“-\ _E E....Alf.te.r.l\:lI“r.[T'..:I.Jtl....I....I....I....I.... i Gz:ti:
i e :!_. i i ] AT e es 3 “electron Pt (GeV) ::




RH| ’ Exeriment‘

FIh : T . BhRAPMS g

ke

C. Aidaa, Transversity 2004, June 14, 2004 11



The PHENIX Detector

2 centr al
spectrometers

- Track charged
particles and detect
electromagnetic
processes

2 forward
spectrometers

- ldentify and track
muons

3 global
detectors

- Deter mine when

there sa collision
12




PHENI X Detector Overview

PHENIX Detector

West Beam View East
%¢G Central Magnet wgﬁ"@é :
% ‘1@96
e

' ‘ BB ’h,_

o — [ ]
[——— n B
=]
= : £
-

South Side View North N

i I.jg

Central arms
Photons, electrons,
Identified charged hadrons

In| < 0.35
A@= 180 degrees

Forward muon arms
Track and identify muons
1.2<|n|<24
AQ =21

Detector fully operational for
Inter mediate luminosities.
Upgrades planned for high-
luminosity running.

C. Aidala, Transversity 2004, June 14, 2004 13




Measurement of Proton Spin Structure
at RHIC

Inclusive jets, hadrons, photons,
and heavy flavor in STAR and

Gluon polarization

PHENIX
Flavor separation of quark Single lepton asymmetries
polarizations A (e,) In W-production in

STAR and PHENIX

Transverse soin <tructure of A+ in Collins- and Interference-
=P fragmentation and A in STAR,

the nucleon PHENIX, and BRAHMS,
Arrinjetsand Drell-Yan

C. Aidala, Transversity 2004, June 14, 2004 14



Avenuesto Transversity at RHIC

Present and Near Future Upgrades
j Ldt = 320pb %, /s = 200GeV j Ldt =8fb™ at RHIC, eRHIC
® Precision measurement of A ® Direct Photon:
EE: Collinsin Jets, Interference Fragmentation
® CollinsEffectin Jets: — ® Drell Y | 5
rell Yan: > 1l) =
AT(ppD—>7T+J€t+X) (j)‘ A‘I_I'(prl:I ) d:]&l
J.C. Collins, Nucl. Phys. B396, 161(1993) >< J.Ralston and D.E. Soper, Nucl. Phys. B152, 109(1979)
- . .
® /7', /1 InterferenceFragmentaton : LILI ® CollinsEffectin Jets
Apop - (7', 77) + X) o
J. Collins, S. Heppelmann, G. Ladinsky, (f)ﬁ o | nterference Fragmentatl on
Nucl.Phys. B420 (1994)565 =
R. Jaffe, X.Jin, J. Tang Phys. Rev. D57 (1999)5920 T
A. Bianconi, S. Boffi, R. Jakob, M. Radici, Phys. <
Rev. D62 (2000) 034009 X
o : m
® Inclusive jet production
5010 % < Ay <30073
W. Vogelsang and M. Stratmann, RBRC
Wrkshp on Transversity (2000)
A C. Aidala, Transversity 2004, June 14, 2004 15
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Transverse Join at RHIC: Present

[Ldt=1-10pb™,+/s =200GeV

(I) Boer and Vogelsang (hep-ph/0312320):
azimuthal back to back correlation
between hadrons in opposite hemisphere

STAR Phys. Rev. Lett. 92:171801, 2004 :
jets:

0 ® 1" mesons
=] 0 Total energy
S 0.4r
— Collins
+ Sivers _
" —+— Initial state twist-3 o I

- — Final state twist-3

A, (Assuming Aﬁ”'
o

e
=

Ppp= 1011 1.3 1.5 1.8 21 24 GeVic

o e ! T T T s T B o S
0'20 0.2 0.4 0.6 0.8
Xg

Clean channel for Sivers effect!

Separation of transversity and Sivers
with high-precision and large p; range?




Interference Fragmentation: Near-Term
and Long-Term Projections

T — Interference FF in jet-direct photon production
NS -0.167
PHZFENIX « | RHIC Luminosity Upgrade:
[ Lat=8fb™
N |
0 o I
_ py of pair [Gevl 9! i + |
L 5\? Aron, [BOSPISING, 3ind, 3in(3, - 5, S | +
O IF 8 B
QF O .
3 LT el
8_ 4 ® . . ¥ * + ‘ © ’
O ot e N SRR
4 6 8 10 12 14 0 (20 25 30 35 40¢ rcoy
p; of pair [GeV/c] =

Small aymmetry—below Large aymmetry, but lots of

. .
5% —but good rate! C.Aidda, Transversity 2004, J&He@i,@g&lty required! 17



Drell-Yan Physics at RHIC

J.Ralston and D.E. Soper, Nucl. Phys. B152, Drell-Yan: 51D = Al
109(1979) Arr(pm pD ) &I &_I
Observablel] &qlag
D4 so| |
035 iy £
—= ::ndcaps+a|:m5 AI_I- 4.0
U N fie, endcaps + arms G
Hoz2s 3D
B 02 _;:'“—'-h—-__h ' 23
g oisf ,f Ex“x,& T 20
e LS i
0.l T L0 - 15¢ 1
oes| RHIC (p-p) N - j Ldt =8fb ™", RHIC upgrade
S = 200 GeV 10
0'04 5 8 0 2 4 16 820 § 85 0D (214161820 o
M [GeV] M [GeV] osh
O.Martin, A. Schaefer, M. Stratmann, W. Vogelsang N I T T
Phys.Rev. D60, 117502(1999) 6 8 10 1z 14 16 18 20

lepton pair mass [GeV]
C. Aidala, Transversity 2004, June 14, 2004 18




Components of the Transversity Program
at RHIC

In e+e- using b-factory data (2005)
— RBRC activein Belle

Precision measurement of A at BRAHMS (2005)

Tensor charge lattice calculation at RBRC (20057?)
— 10 Tflops!
— T. Blum, S. Sasaki, S. Ohta

a STAR, PHENIX
a STAR (2006-8)

at PHENIX (after luminosity upgrade)

C. Aidala, Transversity 2004, June 14, 2004 19
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Ay of Neutral Pions and Non-ldentified
Charged Hadrons at Midrapidity

- N .
= PH<E"
- 2N
— Polarization scaling error ~30% not included 0.3
E I I I I I I I T
5 1 1.5 2 25 3 3.5 4

pi.1

C. Aidaa, Transversity 2004, Jur

Ay for both

e he charged
-+ e nl<0.35 hadrons and
o PHENIX Preliminary neutral pions
3 ; consistent
: with zero.
e SRR i RO o G e

B I .

Fraction
T*'s produced

a4

I

2 4 B B 10 12




A of Neutral Pions at Forward Rapidity

Large asymmetry seen

_ . E @ 0 mesons i
For §ﬂ>_— 3.7 poss bl.e g 04l o #atal energy | Sﬂ"‘ﬁm
contributionsto A are: %4 collins I e
i . O Z - Sivers

Sivers EffeCt_ Spl n _ '; " —-— Initial state twist-3 | B /
dependent initial partonic | € | - - Final state twist-3 /
transverse momentum Eo2

N
Collins Effect — Spin <
dependent transverse &
momentum kick in 0.0
fragmentation | PRL 92 (2004) 171801 |
Stermar_]andQlu_lmtlal' {pT}_ 1011 1315 18 21 24 GeVic
State twist 3 -0.25— Y I Y -
K oike — Final-state twist 3 2B,

C. Aidala, Transversity 2004, June 14, 2004 Xy = \/_
S



Neutron A at P12

* Ay measurement at | P12
— large neutron A was discovered

\Neutron Asymmetry |

Neutron Asymmetry ¢ Distribution

Y. Fukao

x*i

ndf

12.06/9

_ 0-155 —o35. — po 0.1076 + 0.008705
< o1 A =-0.110+0.015 < p15¢ preliminary ;
0.05E 0.1F
0 3
005 } % o.c_)& 1 /4‘
o b 1 e
025:—prellm|nary 015—
0.3~ —20 80 80 100 025105 0 05 1 15
Energy (GeV) ¢ (rad)

=>» Local polarimeter at PHENIX

— ZDC + position sensitive counters to measure the

neutron Ay,

C. Aidaa, Transversity 2004, June 14, 2004
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Sngle-Spin Asymmetries for Local Polarimetry:
Confirmation of Longitudinal Polarization

Spin Rotators OFF
Vertical polarization

Spin Rotators ON
Current Reversed!
Radial polarization

Spin Rotators ON
Correct Current

Longitudinal polarization! ™
C.Aidaa, T o1

0.1 f_ m\

1.5 -1 0.5 0




A of Charged Hadrons at BRAHMS (2005)

« Dedicated transverse spin measurements (No spin rotators)
. Identified from 0 < |y| < 4,

0.2 < p; <3 GeV/c at forward rapidity
* High-precision measurement of Ay

Mid rapidity spectrometer

— | |
ﬁLILT o4 02 T2 L1 Diﬁfﬂ]
1

D3 T4

Forward spectrometer 24



S ngle-spin asymmetries seen at

RHIC so far.

P; X 02 040608
100GeV, ———
T, ~0% -+ 4 Y T®
- m ~ 0
h*/ ~(k§ ;JS 2 //I +10 ~ +20%
o 2 STAR”
1Gev @ § [ & FPD
§ S Neutron -10%
100MeV|” Y 0%
~O
B T 0%
10MeV
0 1 2 3 4 5
Pseudorapidity

C. Aidaa, Transversity 2004, June 14, 2004
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Summary

e RHIC has been successful asthe world’ sfirst polarized proton
collider, opening up new kinematic regions for investigating the
spin of the proton

* Thefirst transverse spin results are out, and non-zero asymmetries
have been observed at RHIC energies
— A, of forward neutral pions (~+10-20%)
— A\ of forward neutrons (~-10%)
— A\ of neutral pions and non-identified charged hadrons at midrapidity (~0%)

* An extensive program planned for the near- and long-term future

Many more years of exciting data and results to ook
forward to!

C. Aidala, Transversity 2004, June 14, 2004 26



Extra Sides

C. Aidaa, Transversity 2004, June 14, 2004
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PQCD Scale Dependence at RHIC

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

)
o(K412) | HERMES :
a( ,Uo) sl (hadro/npal rs) .
I L 1
4 —/ -
I COMPASS ]
q [ (hadron pairs) %
= /_/"_'_'_'_'_ﬂf
5 i | PHENIX |
i _ (direct photon) |
PHENIX | —00 Y/
(inclusive hadrons)
1 I =
CDF
I direct photon
U L 1l 1 1 1 1 1 | |
0.5 1 5 L0 50 100
pr (GeV)

TO datavs pQCD with different
factorization scales:

2
-~ 10

]

& 10

I

£ 1 0 PHENIX 200GeV pap->r+X
]

10" _ HLO pacD

B F. Aversa etal NPE327( 13801105
“a _m-i CTEQSM pdf/PKK frag

EIJ Scales: p=p /2P 2P

2u (factorization

/ scale)

B
|
4

-t
o
-

L T
o o

-y
[

& én = & Df.'m
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RHIC vs. DIS Kinematic Coverage

P—'L
&
[~

0?(GeV/c)*

—
)

10 ¢

Rchi;:Izzoinv — i
T eC - el X

|||||| 1 1 L1111l
107 10 10

10_1 | 11 11 | I |
10—5 1

2 10”

C. Aidala, Transversity 2004, June 14, 2004 29



Sberian Shakes

Effect of depolarizing resonances
averaged out by rotating spin by
180 degrees on each turn

» 4 helical dipoles = S. snake
2 shakesin each ring
- axes orthogonal to each othey

C. Aidaa, Transversity 2004, June 14, 2004 30



RHIC Polarimetry

Carbon filament target

(5ug/cm?) in the RHIC beam up

Si # _
M easure recoil carbon ions at Si #1
9~90° Ieﬂ-sl # Si #2 rlght
100 keV < E_pon< 1 MeV =

Si #4 '
E950 Experiment at AGS (1999) down

—->—>-> RHIC polarimetry now Beam's View

n B u / |
- T
e mCMbon
|
Scattered Carbon o
0.1-1.0 MeV

Detected by S1 Detector N2
C. Artdarg, Transversity 2004, Jurg Wl




The PHENIX Detector

2 centr al
spectrometers

- Track charged
particles and detect
electromagnetic
processes

Philosophy:

v High rate capability & granularity —
v' 6ood mass resolution and particle ID | @@
> Sacrifice acceptance St

—

R S
‘ ] E— 4 s w’}»" ¢
L . S
- &/

2 forward

=T spectrometers

ﬁ - | dentify and track
P MY - muons

3 global
detectors

- Deter mine when

there sa collision
32

N
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The STAR Detector

Time Projection Beam-Beam
Chamber Counters
1<n<1 2<|n|<5
3 o
- ] W -
l | . Endcap EM
Forward Pion J LB ‘ Calorimeter
Detector F 1<n<2
-4.1<n<-3.3
v
Barrel EM Calorimeter
0<n<1

C. Aidaa, Transversity 2004, June 14, 2004 33



Accessto Svers Functionsin STAR

* High-rapidity T° Production
ptp—m+X

e Mid-rapidity Leading Charged Particle Analysis
ptp— h* +X

* A@ Di-Jet production
ptp—jet +jet +X

C. Aidaa, Transversity 2004, June 14, 2004 34



Forward Pion

* 24 layer Pb-Scintillator Sampling
Calorimeter

* 12 towers

* Shower-Maximum Detector - 2
orthogonal layers of 100 x 60 strips

* 2 Preshower Layers

TILE SCINTILLATOR

TOPVIEW POSITIONS ARE OUTLINED IN BLUE

N ) T
R=) ==
)
¥

Ij] FRONT CUT-AWAY VIEW ,. ..

Detector at Sr AR

‘Q\\Pb glass

| b array

S Eottom |
Pb-glags
pailcyy

Top-Bottom-South Detectors
* 4x4 array of Lead-Glass
* No Shower Max

* Used for systematic error studies
TRIGGER E ;p > 15 GeV

}
dimenzicns in rm

'Sity 2004, June 14, 2004 35



An Example: High Energy Proton Polarimeters
for p=20-250 GeV/c

High Energy Polarimeter Requirement for RHIC Spin

U Absolute RHIC polarimeter
U Fast relative RHIC and AGS polarimeters for monitoring and tuning

U Local Polarimeters to confirm spin orientation at collision point

RHIC polarimetery relies on newly observed spin asymmetries:

0 Sizeable elastic proton-Carbon spin asymmetries at high energies
- J. Tojo et al. Phys. Rev. Lett. 89:052302, 2002
o Very forward neutron asymmetries
- A. Bazilevsky et al. AIP Conf. Proc. 675: 584-588, 2003
0 Spin asymmetries in forward multiplicity production as seen by
beam-beam counters in STAR

- J. Kiryluk, AIP Conf. Proc. 675, 424 (2003)
C. Aidaa, Transversity 2004, June 14, 2004 36



o 1800 Jet profile T Recoil protons
1600 — - . .
S FWHM ~ 6 mm wf =i it elasticpp »pp
G ool - & F-— | | scaternin
(@R 1200 AS dGSlgﬂEd |2|)__?__JI__{|L_JI_ g
o AN “r ; : : ; ; T RE
O 1000 N T | === =
7 1 - ; . 8
% 800 +— |80l i - = _,..L.,_._.-.q_...'
(@) C e : : = E— = I 16

E 600 P
O 400 o | F ! :
T 200 A |YF = | ; | | i
3-2005...|....|....|....|....|....|....|....|.. ol 1. N i 1
Z 0 10000 20000 30000 40000 50000 60000 70000 80000 0 / 40 ‘\ 80 100 120 1p0

Hor. pos. of Jet 10000 cts. = 2.5 mm CNI peak A, \ADC: 1 ct = 49 keV

1<Epec<2MeV \

: : prompt events O Source
Data collected so far in this run: and beam gas  calibration

100 GeV ~ 700,000 events at the peak of the analyzing
power (~ 3 x 10° total useful pp €astic events)

« 24 GeV ~ 120,000 events at the peak of the analyzing
power (~ 5 x 10° total useful pp eastic events)

C. Aidaa, Transversity 2004, June 14, 2004 37



(0s

i

| |_|:\.

=001

First Results: A,

PHENIX A, (n°) at |n|<0.35, hep-ex/0404027
plot from V ogel sang hep-ph/0405069

" i "
- A[ ol -
B Input: |
- NLO) AG(X)=G(X) |_|
B Standard | ]
B GRSV AG(x) SR ]
i W AG(X)=0 |
{ + + AG(X)=-G(x)
PHE N_i.‘{ 1

65% scale uncertainty from polarization

—r’

5 . | (3
P, | GeV]

~ s Areavuey

|5

Run 03, [Ldt ~ 0.2pb%, P~0.27

First results on longitudinal double
spin asymmetries from RHIC

—>consistent with DIS sample

—>result disfavors large AG

>eg JLdt = 3pb! and P-0.4 (2005)
errors will reduce by factor 8

Experiments are ready for spin
measurements at low to moderate
luminosities!

- relative luminosity ~5x104
- trigger

—> polarization analysis

- data analysis

ey mee w2 14, 2004 38




Transverse Spinat RHIC

(A) Physics Channels for Low Luminosity

[Ldt=1-10pb™,+/s =200GeV

() MeasureA, : A,(ppy; - h+X) (1) Boer and Vogelsang (hep-ph/0312320):
STAR Phvs. Rev. Lett. 92-171801. 2004 azimuthal back to back correlation
ys. Rev. Lett. 9< ’ between hadrons in opposite hemisphere
@ [ ® 1’ mesons jets:
=] 0 Total energy
< 0.4
n — Collins
o= Sivers _
‘; " —— Initial state twist-3 o !
i - — Final state twist-3 i
Eo2f 7
(/] LR
w S Fs
< ¢ G v
z ..
< P el
0.0 iy %
Ppp= 1011 1.3 1.5 1.8 21 24 GeVic
0%~z 04 08 08

Xg
Separation of intrinsic transverse Clean channel for Sivers effect!
guark spin (transversity) from trans-

verse momentum effects (Sivers)?
C. Aidaa, Transversity 2004, June 14, 2004



