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The plan of this talk....

e Nucleon structure including its’ spin in the last century
— Special requirements in “spin” related experiments

 RHIC spin program: this decade

— Motivation, the technique, advantages and
disadvantages

— Accelerator status and progress
— Brief overview of Experiments
— Where we are in terms of the program: Recent results

e A few concluding remarks:
— Outlook: short and long term...
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Nucleon Structure & Spin
1901 - 2000

What did we know?
When did we know it?
How did we know it?
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The early years...

e Geiger, Marsden and Rutherford 1909
— Demonstrate the existence of the Nucleus inside the atom
— Later found to be composed of neutrons and protons!

Inside an
Atom

Electron

Orbit

Nucleus

B2003 HowStuffWorks

e Do neutrons and protons also have a sub-structure? What binds stuff
together?
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Spin: the golden years!

e 1925, the spinning electron (Goudsmit and Uhlenbeck)
— Intrinsic angular momentum: /2 r [

mer e, | e

H= e ° L

e 1927 proton has spin 1/2 (Dennison and Heisenberg)

e 1933 the magnetic moment of the proton measured (Stern)

2¢t
7= "5 279

mc

— The protons must have an internal structure.... NOT
POINT LIKE!
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A simple Standard Model to a Particle Zoo!

New experiments being performed, higher and higher
energies reached, detector technologies being developed....
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“When the Nobel prizes were first awarded in 1901,
physicists know something of just two objects which are
now called “elementary particles”: the electrons and the
proton. A deluge of other “elementary” particles appeared
after 1930s; neutron, neutrino, u meson, st meson, heavier
mesons, and various hyperons. I have heard it said that the
finder of a new elementary particle used to be awarded

with a Nobel Prize, but such a discovery now ought to be
punishable by a $10,000 fine”

Lamb, Nobel lecture 1955
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Was there a method behind this madness?

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

It is fun to speculate about the way quarks would instead of ely mathematical entities
‘behave if they were physical particles of finite mass : purely ¢

e SU(3) Representations of u,d,s quarks (Gell-Mann, Zweig)

Charge 2/3 -

Charge -1/3

neutron
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Success?

e Explains the large anomalous magnetic moment!

e Explained the spin of the proton simply to be originating
from the quark’s spin....

o202, 1 ++1'_1

€ = —€ —€ —€ — = — —
33 3 2 2 2 2
PROTON CHARGE PROTON SPIN!

Similarly for Neutrons!
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Deep Inelastic Scattering...

electron

proton

proton
debris

e Electron a “point” structure-less particle
e Exchanges a virtual photon ... momentum transferred Q? (GeV?)

— Resolution scale: ) ~ ' Resolves the structure of the proton!
0?2
e First tried at SLAC and revealed the internal structure of protons!

(Taylor et al.)
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Amazing revelation...

— T I 1 I -
. v soow d -4 ¢ Rutherford’s experiment at a
- Bore s ] very high energy scale
10 = " E reveals the internal structure
_|> E \\ %Tm IN ARBITRARY UNITS : Of the proton!
® | —
\
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o N 3 $= < No wonder then that the
- \ ¢ - )
- N ] magnetic moment of the
- N ) proton was 2.79 times higher
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What about the spin?

For this we need to perform an
experiment with spin polarized
target and beams!
Polarized Deep Inelastic Scattering

First at SLAC, then at CERN, DESY and now also at Jefferson
Laboratory
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Polarized Cross Section & Spin SKF's

e Lepton Nucleon Cross Section:

| | Nucleon spin
)33 _’2 E
= - a_ﬁL#I/(ka q, s, )H/#V(Pﬂ 4 )

dxdydd  20Q | » Lepton spin

* Lepton tensor L, controls the kinematics (QED)

e Hadronic tensor W" nucleon structure

1/ q,uqrf : . Pq 1 Pq v 1
Y — (/L‘ﬂQz)_l_(p#_ 2 q#)(p o qg q )P .

W (P, 8) = (9"~ 5

5
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Structure Functions & PDF's

 The F, and F, are unpolarized structure functions or
momentum distributions

 The g, and g, are polarized structure functions or spin

distributions
e In QPM
- F,(x) =2xF, (Calan-Gross relation)
-g =0 (Twist 3 quark gluon correlations)

Lo . 1. .
Fi(r) = Ezifff?-{rj}'-'{:r) + g5 ()} = EEj-f-_r‘frqf(J_:}
- Lo o + — Lo o f
Ul(:r) — ngﬁf{ff.f' (-T:j' — 4y (T)} — Ezlf'fﬂfﬁfjlf(:}?)
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Nucleon spin & Quark Probabilities

e Define Aq — q—|— _ q—

— With q* and q probabilities of quark & anti-quark with
spin parallel and anti-parallel to the nucleon spin

e Total quark contribution then can be written as:
AY = Au+ Ad+ As

* And the proton spin then becomes:

1 1
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First Moments of SPIN SFs

e With Ag— / Aq(x)da

lq'jf = % [1_\” + —i‘u‘f—I— _\*:-:|

= é{_\u — Ad) + (,lu + Ad — 2_\5} %{ﬂ.u + Ad + _\j

. , 36 ~ 0 " ~
=g, dg dg)
(3F-D)/3 AX

Neutron decay
Hyperon Decay

1 1 1
FTJF — |::|Zﬂ-;.; s —ﬂ.é.;:| T— —(p

12 V'3 9
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The experimental method and .......
surprises!
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How is Quark Spin measured?

e Deep Inelastic polarized electron or muon scattering

y NH _ N1
VP T ONTL £ NI

Spin 1/2 quarks
Spin 1 y*

Constant

DV

P u
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Deep Inelastic Scattering

_ L —
e > L = prq
— Pgq
q y T pcl
— REMNANT
P D > . '# JET S:4E8Ep

CURRENT
JET

W = (q + p)°

2N

Inclusive DIS: only measure the scattered electron
Semi-Inclusive DIS: Inclusive + Current Jet remnants

Exclusive DIS: Semi-Inclusive + Target Jet remnants
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Example of DIS kinematic Reach

Q¥GeV?
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CERN experiment
with muon beam 160
GeV/c

Plot of Q2 vs. x

Lines of constant y
and W shown

Blue line indicates
an “adhoc” limit of
Q%2> 1 GeVZ2or DIS

For Spin Sum Rule
Verification:
measurements over a
large x range and
constant and high 02
value
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Experimental Needs

Polarized target, polarized beam
e Up to very recent times only fixed target polarized DIS experiments

e Polarized target: hydrogen(proton), deuteron (proton+neutron), Helium (2
protons + neutron)

e Polarized beams: electron, positron, muon used in DIS experiments

Determine the kinematics: measure with high accuracy:
e Energy of incoming lepton

e Energy, direction of scattered lepton: energy, direction
* Good identification of scattered lepton

* [In case of semi-inclusive and exclusive extend this to current and jet fragments
including particle identification

Control of false asymmetries:

e Need excellent understanding and control of false asymmetries (time
variation of the detector efficiency etc.)

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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Schematic of Spin Experiment

detector

beam target

> e

Possible sources of false asymmetries:
* beam flux =
e target size

* detector size

* detector efficiency

B e ——
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A better polarized DIS experiment setup

» Typical Fixed target experiment setup (EMC, SMC, COMPASS)
(not to scale)

h-—-g//
owmon i
U+ target: 6LID %

160 GeV \
~60-80m

< -
e Target polarization direction reversed every 6-8 hrs

e Typically experiments try to limit false asymmetries to be about 10
times smaller than the physics asymmetry of interest
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Proton Spin Cerisis (1989)!

1.0

¢ This experiment

021
This experiment
* ) / -JAFFE SUM RULE ¢ SLAC
08 4 sLac [ —— M .
£

ostac Bl — b

r

0.6F — Carlitz and Kaur Mode! 17 l

o) . - t
AL 04l ' t

—

-0.2

Quarks Don’t Carry the Proton the Spin “1/2”
A =(0.12) +/- (0.17) (EMC, 1989)
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How significant is this?

This could be the
discovery of the
century! Depending
of course, on how
far down it goes.

“This could be the diacopery of the century. Depending,
of course, on how far down it goes, ™

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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F, and un-polarized gluon distribution G

from HERA

Deep Inelastic Scattering :

2 __ep—eX

2
d°o _ 4na,,

dxdQ* xQ"’

2
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Scaling violation: dF,/dInQ? and
linear DGLAP Evolution = G(x,0?)
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Gluons dominate

Q’=10 GeV’?
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CERN established the existence of
gluons, HERA measured them with
precision.... And established
unequivocally that they play a central

role in the proton’s internal dynamics.....

And we (the spinners) had completely
ignored gluon’s contribution to the spin!

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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Nucleon Spin

* Proton Spin: contributions from quark-anti-quarks (AX),
polarized glue(AG) and possibly from the orbital angular
momentum (L)

Quark Model QCD + Orbital motion

1
= 5&2 + AG + LQ_|_(;

— ——— . —
0.12 Significant(?) 77
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Quantum Chromo-Dynamics (QCD)

e (Quarks come in three colors! 0 0 0

red quark blue quark
e Interact via gluons!
Gluon
blue quark red quark

 Gluons are unique!
— They are colored...
— ... they can interact with each other!
— Spin 1 particles...
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Note however some unigque cConsequences....

e Gluons are charge-less

— So the photons can not directly interact with them!

 Photons are colorless

— So the gluons can not interact with them either!

So lets do the same type of QCD evolution analysis with the
polarized DIS data, as we did with the HERA data.....

--DOES NOT WORK!
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Measurements over the last
twenty odd years

SMC measure lowest x

SLLAC/Jlab measure highest x

Data consistent amongst all
experiments over a large range

of Q2

But there should be
differences if gluon
polarization is sizable, the the
spin structure functions should
evolve with Q2

X n @ BNL, NNPSS 2007
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Scaling Violations of Spin SF
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 World’s all available g, data

e Coefficient and splitting
functions in QCD at NLO

e Evolution equations: DGLAP

I/

flx) =2%(1 - ﬂ?)-“j(l + ax + ():1?2)

e Quark distributions fairly well
determined, with small
uncertainty

- A2=0.23+/-0.04
e Polarized Gluon distribution

0.1 0.2 = has largest uncertainties
015 F il il 0.2 S R R - AG = 1 '|‘/‘ 1.5
107 10" 1 102 10" 1
X X A LARGE UNCERTAINTY!
Why?
July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007 31



Not enough x-Q? range in polarized DIS

EC DS
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—— HLO QCD Fit
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Large amount of polarized data since 1998... but not in NEW kinematic region!
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Is there another way?

e
°

> How about direct measurement of gluons?
— Protons are full of gluons as we have learnt from HERA.... in fact
they carry 50% of the proton’s momentum....
— Why not collide polarized protons on polarized protons....

)
aQ

)
aQ

scatterin

S e A

C
O
=

@)
Qe

— The first two g-g and g-q scattering clearly of interest
— How can we use this effectively?

WHY NOT COLLIDE POLARIZED PROTONS ON POLARIZED
PROTONS? GLUE-GLUE AND GLUE-QUARK COLLISIONS
MIGHT BE OF USE! ==> RHIC SPIN PROGRAM AT BNL!

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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RHIC at BNL

-*-'I.. ] '

A AT O R The ONLY polarized collider
'1:.-."‘ e i I. i, ¥ - o . -. i ‘...,-... " r. )
' ;g&:r!rq.gw ;.F' J—' .'f"" : s in the WORLD!
i’ "l"ﬂl"k 1 ' D‘\"
. Cl 5\,9“ 25
Tasl B
kb
A

; }'
o
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RHIC Polarized Collider

Absolute Polarimeter (H1 jet) RHIC pC Polarimeters
- & BRAHMS & PP2PP
PHOBOS e
. .

‘@ <«—— Siberian Snakes
Siberian Snakes

. Tro¢
R J STAR
\ . !
. Sp n Rotator‘s : O Spin flipper
(longitudinal polarization) 'N\
‘ S Spin Rotators
Pol H" Source Solenoid Partial Siberian Snake (longitudinal polarization)
\A : LINAC BOOSTER
C ) & Helical Partial Siberian Snake
\ )
200 MeV Polarimeter -~ ~ ‘/AGS Internal Polarimeter
I
@ /
Rf Dipole X ¥ AGS pC Polarimeters

Strong AGS Snake
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RHIC Spin Physics Program

e Direct measurement of polarized gluon distribution using
multiple probes: Measure double spin asymmetry A, in
®*g9.qg —7 0+-+ X B
* gg » c-cbar, b-bbar + X
* 99 —» rtX

* Direct measurement of anti-quark polarization using
parity violating production of W*/- in single spin A,
e y+dbar *W*+v, andubar+d— W+,

e Transverse spin: Transversity & transverse spin effects:
possible connections to orbital angular momentum?

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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PHENIX Detector at RHIC

PHENIX Detector * _Design philosophy:

) ot — High resolution limited acceptance
— High rate capability DAQ
— Excellent triggers for rare events
e Central arm

— Tracking: Drift chambers, pad
chambers, time expansion chamber

— Superb EM Calorimetry PbGl, PbSc
A¢pxAn~0.01 x 0.01
7 to 2y resolved up to 25 GeV pT

West Beam View East

— Particle Identification: RICH, TOF

&
Yy, 4 Central Magnet

e Forward Muon Arms:

— Muon tracker, muon identifiers
e (Global detectors:

ZDC South

ZDC North

— Beam beam collision (BBC) counter,

e j v ' | Zero Degree Calorimeters (ZDCs)
} | *  Online monitoring, calibration and

\ production
South Side View North IiRaian
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STAR Detector at RHIC

Triggering #—AR DeteCtor

Barrel EM Calorimeter

-1 <N< 1\

2005

n = - In [tan(6/2)]

Lum. Monitor

Local Polarim. e Design Philosophy:

Beam-Beam
Counters
2<|n|< 5

/

Forward
TPC

Central Trigger\ |

Barrel

Forward Pion
Detector

-4.1<n< -3.3

g 1[I0 [ ] _W_'!_I_:—.J

Tracker

\Silicn il
Vertex g

Triggering
Endcap EM

|—ﬁ p—
H Calorimeter

1<n< 2

Time Projecti
Chamber — Tracking

-2<n< 2

on

Solenoidal Magnetic Field
(5 kG) analyzes charged-
particle pr

*Maximize acceptance at
the cost of resolution
*Subsystems:
* { = 2; acceptance
in EM calorimetry
Barrel and EndCap
Total: -1 <h<?2
* Time Projection
Chamber
* Separate Forward
pion detector
e Silicon vertex tracker
e Beam-Beam Counters
» Zero Degree
Calorimeter

July 12, 2007

The RHIC Spin Program @ BNL, NNPSS 2007

38



Exquisite Control of Systematics

Polarized proton collisions
in the
Relativistic Heavy Ion Collider

Flexibility & Spin Manipulation at RHIC:
Access to different physics

- = P

Versus Versus Versus

S T I
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Polarizations Achieved

polarization for Run 6, 100x 100 GeV - final

~N O©o
o O
|

o O
o O

w
o
-

- DN
o O

0 |

2/12/06 3/4/06 3/24/06 4/13/06 5/3/06 5/23/06 6/12/06
0:00 0:00 0:00 0:00 0:00 0:00 0:00

average % polarization for each store
N
o

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007



Luminosity Delivered

Integrated Luminosity (pb™

100 x 100 Gev pp RUN05-06, PHENIX Integrated Luminosity
(final delivered)

¢ RUNO5

A RUNO6

W“M

K

7 14 21 28 35 42 49 5 63 70 77 84 91
PHENIX Days in Physics mode
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A typical “good” store (Run-6)

Typically:

4, 0E+31 1=

8-10 hr stores
Average polarization 60%

3,0E+3L7:

No evidence of beam
polarization loss

.oe+a

0‘0E+?.B:00 1?:.00 18:.00 19:.00 20:-00 21:.00 22:.00 23:.00 00:-00 01:.00 02:.00 03:.00 Measurements every 2 hrS
—e—  5TAR.Lumi ——  PHENI¥.Lumi
S — — S Average time between
2 — stores - 2.5 hrs in run6

Could be as short as 1 br

-
-
=1

=
T
3
H
L]
5 1001
X !
2 :
£ ap : .
2 gl About 3-4 times this is the
o :
5 :
= o 1, and 65-70%
; average goal, and 65-70%

207

S beam polarization

16300 17:00 18:00 13:00 20400 2100 22:00 23300 00200 0100 02300 03300

Time {Start Fill = 7309}
bIlulCCTtatal yelICCTtotal blulCMbunched
yellCHbunched ——  relMon, ev-accrampirel EventMumbyvalue —a— rellon,ev-lumiirelEventMumi
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Polarized Collider Development

Parameter Unit 2002 2003 | 2004 | 2005 | 2006 | Design
No. of bunches = 55 55 56 106 111 111
bunch intensity 101 0.7 0.7 0.7 0.9 14 2.0
100
store energy GeV 100 100 100 100 100 250
B m 3 1 1 1 1 1
peak luminosity | 103°cm?s’! 2 6 6 10 35 80
average luminosity | 10*°cm2s’! 1 4 4 6 20 60
Collision points = 4 4 4 3 2 2
average % 15 35 | 46 | 47 | 60-65| 170

polarization, store

July 12, 2007
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Each milestone below was developed in the
last 10 years!

* Production of polarized protons

e Acceleration of polarized protons from low energies (100s
of MeV/c) to high energies(100-250 GeV/c)

— Measurements of polarization on the way

* Measurement of beam polarization
— Initial diagnostics, in each energy step on the way
— Finally only initial and final

e For experiments, confirm the orientation of the polarized
protons in collisions (Local Polarimetry)

— Transverse, natural, easy

— Longitudinal, with spin rotators, required new physics
ideas to be developed

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007



Siberian Snakes at RHIC

(Funded by RIKEN Institute in Japan)

Depolarizing Resonance:

Spin tune = no. of spin kicks
Imperfection resonances:

--magnet errors & mis-alignements
Intrinsic resonances:

--vertical focusing fields

Effect of depolarizing resonances
averaged out by rotating spin by
large angles on each turn

RIKEN/BNL

4 helical dipoles = S. snake
2 snakes in each ring
-- axes orthogonal to each other

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007 45



Proton Beam Polarimetry at high
energy

How do we know our protons are polarized when
they collide?




Beam polarization measurement (1)

e Use single spin asymmetry

TOIA) VIEW in elastic scattering of p-p
e Left
A I 5 and p-Carbon
y — Coulomb Nuclear
Interference (CNI)
®© —> kinematics

| e | NN NI

For a known/understood scattering process, measure the single
spin asymmetry and calculate the beam polarization.
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RHIC Absolute polarization

‘ 1 ‘ Very forward 0061 PLB 638 (2006) 450
p'+p—=p+p scattering 005 : s =14 GeV

0.04f

0.03-

0.02F

0.01}

-t (GeV/c)’

e (Calculation by Shwinger
Elastic p-p scattering single spin 1946

asymmetry as a function of

 Unknown spin-flip
momentum transfer t

amplitude
Best Thesis Award 2006, Hiromi Okada e Now found to be zero

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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Beam polarization monitor...

e Use p-Carbon CNI scattering, similar in every thing except,
the calculation uncertainty large

e The event rate is however very large: ~1 Mevents/seconds
— Asymmetry measured for 20 sec to confirm that beam
is polarized
— Measurements performed every ~2 hrs

* No sign of beam depolarization has ever been observed in
RHIC when things are going well

e Other systematic effects such as possibilities of beam
profile in transverse direction, are now being studied.

— Methods to correct the beam polarization known and
understood

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007

49



“Local Polarimeter”

July 12, 2007

The RHIC Spin Program @ BNL, NNPSS 2007
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Experiments: Local Polarization
Vector study/confirmation

e Stable vector beam polarization direction in RHIC is
transverse (vertical) along the direction of the
accelerator’s holding field

e For longitudinal double and single spin asymmetries A, |

and A, , longitudinal orientation at the experiment is
achieved using SPIN ROTATOR MAGNETS (SRM)

e Direction of spin orientation being nearly longitudinal 1is
confirmed using physics measurements, often called
“Local Polarimeters™

— They simply confirm experimentally, that the SRMs are
doing their job
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Local Polarimetry

e PHENIX
— FIRST Observation of forward neutron production
single spin left-right asymmetry
— Zero Degree Calorimeter: detects a neutron

— Shower Max detector: detects the position of the
neutron (left/right)

— Lack of residual beam left-right or up-down asymmetry
signals proper rotation of spin vector from vertical to
longitudinal

e STAR

— Uses a similar asymmetry in particle production in the
forward region using their Beam-Beam Collisions
Counters
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PHENIX Local Polarimeter

PHENIX Collision Point ~1800cm
® I * ® | IlOcm (+2mrad)
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Measured Asymmetry
During Longitudinal Running (2005)

LR

*/NDF = 88.1/97

p0 = -0.00323+0.00059

uD */NDF = 82.5/97

0.04

st x50
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1
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-0.04

b.o4
0.02
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Hooooleeaaloaaalaanalonnsloanslooaalovaalooaal
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p0 = 0.00423+0.00057

o

fill#

St =./1-87
Sr=./S% + SY

<P, /P>=10+2(%)
<P, /P> =99.48:+0.12+0.02(%)

<P, /P>=14+2(%)
<P, /P>=98.94+0.21+0.04(%)

LR

v?/NDF = 119.3/97

p0 = 0.00056+0.00063

UD| x */NDF = 81.7/97

p0 = -0.00026+0.00056
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* Measurement of remaining

f-X<O

transverse component =
spin pattern is correct

Also confirmed in
Run6 analysis
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AG at RHIC Spin




Probing AG in pol. pp collisions

p 0.25 - A gg-gg D qg-qq
B qq-qq E gg-qq
osF € a9-q9  q-gg

A fufo=IX | A fufo—IX h ; 9999  qg-gy
Z . O, ©d0 L S 0I5 qg-qg q9-9'q
a,

A _ dG++ - dO’+_ [ qg-qy qu ,II
LL dG+++dG+_ 2fa®fé)®défafb%f)(®l)‘? ! :nFI.||I|||Iu|I-||I|||I|||I|||I|||I|||
a, -0.8 -0.4 0 0.4 0.8
cosV
% AG Ag Ag
q G 7 q Double longitudinal spin
asymmetry A, 1s
\ i to sensitive to AG
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RHIC Spin Physics

Eeaction

Dom. partonic process

probes

LO Feynman ciagram

N
—

m — jetis) + X

(as above)

July 12, 2007

}?'1?"—' f + ..'1'|.- ﬁ—r d-rl;' jlg

o — v+ jet + X qa — 14 Ag >_,_\r

r— vr+ X qq — 77 Ag, A

jf— DX, BX 75 — ot bb Ag } (
o — prp X Jq— v — ptpm | Ag Ag

(Drell-Yan) >»v~u<
— (WX Jq— 2% §q— W+ | Ag Ag

pF— (20 W)X
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Calibration of our probes...

e Measurement of a cross section involves:
— Detailed understanding of the luminosity
— Detailed understanding of the detector
e Comparison of the data (above) with theory, if it 1s good:

— Theoretical framework used for the calculation seems
to be applicable in this kinematic regime

— Gives us confidence that the double spin asymmetries
measured, could be interpreted in terms of polarized
gluon distributions using the same theoretical tools...

* An extremely important check, which we make a “MUST”
for any measurement we want to publish.
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Un-polarized Cross Section in pp
_ PHENIX: w0 mid-rapidity STAR: w0 forward rapidity

hep-ex-0704.3599 PRL 97, 152302
~10°F 10 N A S
2 8 "-'u _ ‘.i 0 &_\ r ﬂ'o
T 10k n[<0.35 S 100 Yy . T % od mesons
o S | . ()2 3107 o ® 3.7<n<4.15
9 " R (*+) < f Y 3.4<7<4.0
5,10_1 - \ g’ Yo "0 B 3.05<7<3.45
A By " m 0
T S b \ 10 F
=107 E AR 5 - 3 E
ChA S ' e
f 10 g W 10* - '8_
-4 ) I ]
10 = 107 bbbl bl e, } 1T F
sl 005 115 2 25 3 35 4 45 ™M .\
10°E p (GeVic) © i ~
T F ~
10°k L <n>=3.3 '~
107 10 ¥
E R’LOJSCDI | K - NLO pQCD cale. ™,
8 vy W.Vogelsang ~ _ “
1075 CTEQ6M PDF; KKP FF N I EKF; i o A <n>=3.8
=pP/2, P, 2 PR -2 — — Kretzer
W0 HEPI2 P 2P e (gL T KretzerFE Tl N
R T 25 30 35 40 45 50 55
S 1E 9.7% normalization uncertainty Eﬂ' (GGV)
e is not included
2 05
S . Good agreement between NLO pQCD
o = ° .
$ o5k calculations and data = confirmation
]

8 10 12 14 16 18 20
p, (GeV/c)
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The RHIC Spin Progr =

that pQCD can be used to extract spin
dependent pdf’s from RHIC data.

- Same comparison fails at lower

energies
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Unpol. Cross Section in pp

STAR: pp—jet X
PRL 97, 252001

10— T TS

: (@) -

10 Q =

= - \II STAR (hep-ex/0608030) .

210°" - p+p = jet+ X —

S P \s=200 GeV 5

2405 midpoint-cone 4

E R Fone=0.4 i

E10% o 0.2<1<0.8 d

&} e |
° 3 '\'\.\

= - |

1

10° —&— Combined MB ‘:ui §

10~ —*— Combined HT RN |

—— NLO QCD (Vogelsang) A —

1 - NLO + Nonperturbative E

L — N ]

[ 1.8 = Systematic uncertainty (b);

E 145 e Theory scale uncertainty =

e S S — g =

E 0 E; ,.Eiﬂ’L H}.Hﬂmﬁwmm uuuuu (FTFTYTTTeTeL RO =

o __E : =

0.2 =

0 10 20 30 50
P, [GeV/c]
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Ed’c/dp° [pb GeV “c?]

10

Data-Theo
Theory
- O

Again, good agreement between NLO

PHENIX: pp—y X
PRL 98, 012002

PHENIX Data

ﬁl
/—"

—

—— NLO pQCD
(by W.Vogelsang)
CTEQ 6M PDF
BFGII FF

1=1/2p,Pr.2P

]
)

—

o)

pQCD calculations and data
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Measuring A,

do, -do,_ 1 N,-RN,_ . L,

A4 = —
“ do,,+do,. |PP|N, -RN, L

(N) Yield
(R) Relative Luminosity
(P) Polarization

v Bunch spin configuration alternates every 106 ns
v" Data for all bunch spin configurations are collected at the same time

=> Possibility for false asymmetries are greatly reduced
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0.8

0.6

0.4

A;;: jets

STAR Preliminary Run5 (Vs=200 GeV)

02 - - GRSV Models:
- “AG=G": AG(Q*=1GeV?)=1.9
o - “AG =-G”: AG(Q*=1GeV2)=-1.8 |
T “AG =std”: AG(Q*=1GeV?)=04
0.05F
Large gluon -
polarization oF
scenario is not : . ! s
consistent with data -0.05 -
-0.1 _l L L 1 l 1 1 1 1 l 1 1 L L l L L 1 1 J 1 1 1 1 l L L L L l 1 1
0 5 10 15 20 25 30
Measured Jet P, (GeV/c)
Run3&4: PRL 97, 252001
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Run6 n’ A ;

 Run6 scaling error based

on online polarization

values. Final scaling error

expected to be ~10%

e (Grey band 1s systematic

uncertainty due to Relative

Luminosity, and 1s p
independent.

e Run6 Data favor “GRSV
AG=0" over GRSV-std

Theory v2/NDF CL(%)
GRSV-std 23.8/8%* 0.25
GRSV AG=0 7.9/8%* 44

*Theoretical uncertainties not included

=, =0.051
-~ PHENIX Preliminary
0.04
_ «Run5 (9.4% scaling error)
0'03:_ »Run6 (40% scaling error)
0.02 _Ejkﬁylstd
0.01- //'
- GRSV|AG =0 |
-0F : 1
-0.01—
— Scaling errors not included
-0-02:_ Online Polarization values
- used in Runé
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
00323 4 5 6 7 8 9
P, (GeVic)
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From A;; to AG (with GRSV)

<. 40.051
- PHENIX Preliminary
0.04—
E =Runb5 (9.4% scaling error) o 25
0.03 .Rune (40% scaling error) = x=[0.02 — 0.3]
o 3 AGgpsy ~
0.02— " B Xx=[0 — 1]
- } —//:E_R‘E\ﬁs"d ~ 0.6 AG g,
0.01— —— — |
M GRSVIAG =0 | 20 ) No theoretical
'O: ] by I_ uncertainties
0.01 included
— Scaling errors not included
-0.02 Online Polarization values ! 15
— used in Runé |
_0-031\\\\2‘\\\\3‘\\\\4‘.\\\\é\\\\é\\\\;\\\\é\\\\g N
P, (GeV/c) -
113 29 : 2 2 . 10 Run5: hep-ex-0704.3599
std” scenario, AG(Q°=1GeV~)=0.4, is - pun: Depeex o
. _ un6: Preliminary
excluded by data on >3 sigma level:
2 2 R
X (Std)_x min>9 5 II‘&G=_GII I'$G=D|I "Std'I I’&G:G"
v" Only exp. stat. uncertainties are included 11 | Il« J« l \L
. . . | | [ ! ! I L1l L
(the effect of syst. uncertainties is 1 05 0 0.5 1
expected to be small in the final results x=[0.02 > 0.3] ;~2 2
P ) AGEI292 03 (221 GeV?)

v’ Theoretical uncertainties are not included
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Extending x range is crucial!

1o (?elhlrﬁlann—Stirling models

- -0.05
| B S < | PHENIX Preliminary
B xAG(x.4 GeV?), LO - 0.04
(A) B :
0.8 B) - ~ «Run5 (9.4% scaling error)
0.031" . Run6 (40% scaling error)
0'022 « GRSV-std
+ it
0.01- _ | ]
B / GRSV|AG = 0
o-h‘ﬁ!ﬁ———f/' ~
- L r GS-C
X i .
-0.01 I
- Scaling errors not included
GSC: T AG(x = 0—1)= 1 D07 Qo Flaenin e
A(;(Xgluon_()02_>0'3)N0 -0'031_HH2|I I|3III 4-HH5I Htl':l‘ll'il"lll lBII 9
GRSV-0:  AG(Xgyo,=0—>1)=0 Py (GeVic)
A =0.02—0.3) ~ : "
GRSV.std: A(C}}((X;‘“"“ 0. 0%_1))0 3)0 40 Current data 1s sensitive to AG for
gluon L =0.02—0.3
AG(Xyyp,= 0.02—0.3) ~ 0.25 Reluon
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Need to Extend x Range and the shape!

By measuring at different center of mass energies, we can
reach different x ranges.

 We can extend our x coverage towards lower x at
Vs =500 GeV. Expected to start in 20009.

* We can extend our x coverage towards higher x at
Vs =62.4 GeV. = Run6

0.5

gher x
4 GeV

1 1 | N I B Y . X
RS 10 cVv
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Different Vs

—_
> 10, 7° from p+p at \s=62 GeV,
8 L. PHENIX Preliminary
a . NLO pQCD
= 10 (by W.Vogelsang)
c,;" CTEQ6M PDF; KKP FF
o 2
K 10
B sl N\,
g 10
*
W gk
10
10k .
- :_ 19% normalization mrceri'aiﬁi("- e
10°E s nor im"!uded |
Sef
g
o4
[&]
g2
8
80f

o
[\V]8
=

6 3
P, (GeVic)

Sensitivity of Run6 Vs=62 GeV

data collected in one week 1is
comparable to Run5 vVs=200

GeV data collected in two
months, for the same x;=2p,/V's
Vs=500 GeV will give access

to lower x; starts in 2009

Vs=62 GeV 70 cross section

described by NLO pQCD within
theoretical uncertainties

0.1

0.08
0.06
0.04

0.02

o

-0.02
-0.04

Ap ()

B TN ..

- PH ENIX preliminary

[ pp ¥5=62.4GeV

S }

L 40% scale error not included

B 1 1 1 1 | 1 1 1 1 | 1 | | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

1 1.5 2 2.5 3 3.5 4
Pr
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AG: what’s next

Q Improve exp. (stat.) uncertainties

and move to higher pT
A Different channels ) o 8g = Q0
v" Different systematics P, . A AG R N . AG AG
v Different x g G , G G
0,0 2 . GGGgGGC
v’ gq—gy sensitive to AG sign
a — v+ jet and pp — jet + jet , ,
p{/? MapyAGJVS < L These might be of interest
. to many in this audience
Q Different Vs for potential theses and
v" Different x
post doctoral work
: rojects!
0 Global analysis preJ

v Within pQCD framework
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Improve exp. uncertainties

Need more FOM=P* L (stat. uncertainty ~ VFOM)

STAR Jets: expectations from Runé (Vs=200 GeV)

o1 P +P — jet + X at \s=200 GeV A< < 1
< [ _
0.081 AG=G
E AG=-G
0.06
0.0a- AG = std

PHENIX 70: expectations from Run-8

0.021

202 0.06:

004 e . 0_05§_ GRSV-m

_I | L1 | 11 1 1 1 1 1 1 | 11 | - -~
-0.06 -
6 8 10 12 14 16 18 20 22 E

et p, fGovicl” 0.04-

Data already available! 0.03-

Results expected soon. 0.02;— GRSV-s

Ly
- +57 pb", 60% pol.

0.0% 2746 8 10 12 14
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Different channels

P +p —  + X at\s=200 GeV << 1 B+3—>n++Xat\I§=2oo GeV << 1
_<j 0.1__ — GRSV-STD l ' _ I <_l 0'1__ — GRSV-STD l —
 — aG-o0 p+p—=mn +X - —a6-0 p+pen +X
| — AG=G I —AG=G
005"_ AG=-G 0.05— AG=-G
p———————m
or ? o !
B + -0.05;
-0.05— | 2005 STAR Preliminary
. 2005 STAR Preliminary i
: -0.1illllllllllllIIllllllllllllllllllllllll
-0'1_| PR SNNT  NN TNH  N H SON H N  OT H N H T H N S  TN H A AN N H A A N AT W 3 4 5 6 7 8 J-[‘" Pg(GeV/J)o
2 3 4 5 6 7 8 9 10 T
x Py (GeV/c)
| JIPsi: |y| =1.2-2.4 |
0.15[
o 5 I PHENIX Preliminary (Run 5) C PHENIX Preliminary(Run6 + Run5)
p + p — X 0.1_— I 1 J/ X
= C —>
0.05— PH-ENIX 0.05/ GS-A(NL
C l C GS-A(LO)
C I 4 GS-B(LO)
0= 1 ‘ < O
r { - NRQCD + GS PDF
r B Phys Rev.D. 56 7331; 68 034017
-0.05— -0.05— JIPsi -> pfu”
- - L=8 pb™, Pol=50-60%
04— - Bm Sys. Emr.
C -0.1—
[ Scaling error of 40% is not included - (Scal. Uncer. 40% Not Shown)
_015 L1 == I e i e =i I —
2 3 4 5 6 7 8 -01 _IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII
& 3 4 5 6 7 8 9 10
p; (GeVic) Py
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pp — 7+ jet, needed to constrain the shape of AG
distribution...

V§ =200 GeV (320pb™ ") +

Simulated B-p Spin
Crorradafion A“_
o]

Pl

—

Y

p +p - 7+jet+X with STAR + EEMC at
\'§ = 500 GeV (800 pb™T)

T JOAOOn
- — V&= 500 Gelf
04 j* ve8=200 GeY 120ph 25000} |r1L IG9K evenis
& +'5= 500 GeV 880ps " 1 -
i L™ V&= 200 Gel
] = 183K
- + 1*'+ q dx TR r']- avents |
0 F e e 10006 I'-lL
FonTo : J |
] i gl N I N — ]
¥y | { !
o i i ioiipgsl i Ll [ ..|"
01 0.1 9 P m B i
Reconsiructed A'g.m:,n (= fraction of profon momentum
carned by interacting gluon)
0.
' | ! = pAF | =232
| q-r.ﬁuma a4 - ’ﬁrm.:-:‘ 9
Ly 5 a= 058z 0.37 | = 1.8240.F6 9
gl _+_+ p =288 0867 g ol | jp =-81940.08] J
SRR S
il N ] = W
] 5 o IO .- . : | 4
i i |{:I..:—|::l i oz . :S'.‘:.—I i
o.od af Qo7 a1

Raconsirucled X2 G(k)

Agq

Ag

Parton kinematics 1s well
constrained, event-by-
event

Lower x data provided
by Vs=500 GeV data is
essential for reducing
extrapolation (to lower x)
eITors
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Summary of AG Measurement so far

e First measurements in a limited x range indicate, NO
contribution to the AG integral from this measured region.

 Low x region needs to be explored

— Will need operation at higher energy: I.e. Center of
Mass energy of 500 GeV instead of 200 GeV of present
operation: expected in 2009

e Precision measurement will also require measurement of
the shape of the distribution in x

— Semi-inclusive measurements will explore this
— These might be rate-limited...

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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Study of transverse spin phenomena in
the RHIC spin program




Transverse spin effects in proton

 An emergent science, driven mainly by experiments

e The story is both, intriguing and mysterious... with lots of
complicated convolutions...

— Compare & Contrast with Longitudinal Physics:

— Quark spin (1989) and Gluon Spin (now) seem to be
small when we expected large contributions..

> (Gluon spin is still unknown, but small in t _'r_e region
already measured. .
— Transverse spin not expected, and observed every
where we look!

e A high level preview follows.

July 12, 2007 The RHIC Spin Program @ BNL, NNPSS 2007
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Early expectations... Sing Spin Asymmetries

For example: |pT +p—mT+ XI_AZ|muthaI asymmetry in singly
polarized pp collisions

y Left, forward

UGS A x 5T1 (P71 X pr)

. m qO( Kane, Pumplin and Repko
Prediction: SSA ~ ~ 0.001 PRrL 41 1689 (1978)

P
SSAs in hard scattering are expected to be very

small:

Measurements?
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Huge SSAs have been measured at E704-FNAL!

0,4

:_I_X

| '%'nla'_

pl+p—m
N
0.4 —Vs=19.4 GeV,
- p=0.5-2.0 GeV/c .
0.2 G P
_ & X
i
SSA O fa-x-df-
- o
P
_.0'2 —_—
‘JT+=D @
- -]TD—_—K % -
—0.4 | T =0©° —}
1 | i |

O 0.2 0.4 0.6 0.8

X

m — £704, PLB261 (1991) 201.
m+- - E704, PLB264 (1991) 462.

* Increase linearly with
Feynman x (Xp).

. ~400 times bigger than
expectation!

. What is the Pt

dependence?
pZ,TE 2En
Xp = ~
pz,l \/g
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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

Nata references therein

Unpol CrOSS-SGCtiOIl Unpol Cross-sections at 0=90°

Vs=52.8 GeV 1 o p+pef70 +X

sl b peeefPeX

. CE Zriat e =t o
% PE':UJ E _§I
£ ST * Vs=52.8 GeV
"‘E 1t %1{:"" L (xlo—l) 3;
. =00 Vs=38.8 GeV 3
10 i (x102)
ol Vs=19.4-23.3
] 1o iE iE GeV (X10_3) 3:
° 0 5 10 15

0 02 04 06 08 1.0
pr GeV/e

Require more than NLO pQCD...blame on soft physics
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Sivers effect: due to transverse motion of quarks
in the nucleon: initial state effect

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

SSASE:“UETS X 51 ' (ﬁl X Eﬁ}")
A ) T
Y5, Sie  Pa=apithy

A Z
Yy X is longitudinal
. momentum
TOp VIEW fraction.

51

Front view @
P1

INITIAL STATE EFFECT: Orbital angular momentum?

EJ_ Quark transverse momentum in
q  transversely polarized proton.
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What does “Sivers effect” probe?

Top view, Breit frame Quarks orbital motion adds/
A subtracts longitudinal momentum
) X 5 for negative/positive X .
Red Shllft/ . Yy PRD66 (2002) 114005
o /A | Hard probe Parton Distribution
LpP1! @81 A (Parton, y*) Functions rapidly fall in
y longitudinal momentum
L L [ }\ ~ == Blue shift fraction x.
d ﬁ Final State Interaction between
q outgoing quark and target spectator.
P hep-ph/ Quark Orbital angular
Stvers function | 0703176 momentum

Distribution Functions

| ](' l_J_T (.’I}? E&J_) ||- Generalized Parton

& ) PRD59 (1999) 014013
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Collins (Heppelmann) effect: Final state of fragmentation

hadrons
Nucl Phys B396 (1993) 161,
Example: ‘ pT +p— h7 + h2 + X ‘ Nucl Phys B420 (1994) 565
|
Q@
] .
[ Mo
\\
pq' S

SSACGEH-HS 9.¢ Sq ' (]11 X kh,

Polarization of struck quark which
fragments to hadrons.
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Collins function: analyzer of “Transversity”

6q(, 1) = qi (2, 1) — 43 (2, 1) i (%}

@7( : Probability to observe parton whose pol.
vector 1s “with” or “against” the proton pol.
vector with the renormalization scale .
0q(x,u) has not been measured experimentally. against

Lattice QCD calculates the first moments of 0q(x,u) for u,d, s
quarks and the sum at u>=2 GeV?.

da(i)= [ dx[dq(x,n)-5q(x, u)]

52 ()= du(w)+ dd( )+ ds(u )
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e Each of these possibilities has
— Different pT dependences
— Different signs for different particle species
— Different Center of Mass dependences

e A systematic study of the transverse spin physics 1s hence
necessary, and just beginning.
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SSAs have been measured in Deep Inelastic Scattering.

Jsing lepton beam and polarized proton target.

— 01 + r HERMES PRELIMINARY 2002-2005 k = QE,II() k'= QE',II('J
D B Jt L lepton beam asymr_netw. Collins amplitudes
5\ 0.08 :_ :_8.1";’:. scale uncertainty ] _ Q2 _ (k _ k,)z ~ O
7/ C - C -
_e‘f 0.06 - S
S™E 4T e
L2, _+__+ ________________ R L
O E.. T T T i|||I|||I|||I|||I|||_:||I|||I|||I|||I|||I|
= C 1 " HERMES PRELIMINARY 2002-2005
[gD 0.1 Jt+ T lepton beam asymmetry, Sivers amplitudes >
AN C [ 8.1% scale uncertainty [ Q Eh
— 008 - + - X = , Z =
_?-Gﬂﬁ:— + . > o . + 2M(E_E') E-E
@ 0.08 _+ y B + _ * & ' _ g P, | : Transverse momentum of wt*
- [ - - . .
R Sivers effect E Ongoing experiments at
(@\| 0 -mmmm e :— ----------------- :—“:IZ DESY, CERN etc.
L L
T W A B AT B A A Y U AU AU W W | NeW program at JLAB

0.1 0.2 1}.3;].2 03 04 05 086 0.2 0.4 06 08 1

X z Py [GeVl __ 12GeV upgrade.
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What about RHIC?

We know this 1s definitely perturbative regime...

if the transverse spin effects are purely non-
perturbative, they should NOT exist!




Kinematical coverage at PHENIX (Side View)

n=-1.2 n=-035 n=0.35 n=1.2

North

'n= - 2.0 'n= 2.4
==3.7 ZDC South ZDC [\mgl
MulD
n= -3.1 J\]uIrH - RxNP -
| ———— S
South Side View North = PH EN lx

. Central-Arms: nt%/h* at Vs=200GeV, |n|<0.35

. u-Arms: JAp at Vs=200GeV, -2.0<n<-1.2 & 1.2<n<2.4
. MPC: Inclusive a’ at Vs= 62GeV, -3.7<n<-3.1
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E*d’s/dp’ [mb-GeV2c?]

Aclo [%]

{Data-QCDyQCcD

pp collision at Vs=200GeV (1)

PR1.95:202001,2005.
10 ht+h
% 2 PHENIX DATA
1 . $
10 __ NLOpQCD
1021
= M[<0.35
10°L
10‘*;E
10'5;5
= 9.6% normalization error is not included
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
50
0_ LLLLJllLlllllll|‘| J. ‘ | ‘
''''' mwmmlHI 1 T I T
50— |
r M_//
0 e
2
0O 1 2 3 4 5 6 17

10°
10
1

107
10°
10°
10
10°
10°
107
10°
10°

E*d’s/dp’® (mb GeV?¢?

(Data-pQCD)/pQCD

pr GeV/e

—
PH

hep-ex/0704.3599

-
III|III|III|III|III|III|III|III|III|III

ENIX

107 g
0 ~ Fw 0
] ¥ E 1n§— % m T
F . -
M|<0.35 £ & ‘%,‘ . (n*+1)12
X o el b,
L §1D t‘._‘-
"ﬁﬂﬁ.— N
o v -
107°F K L]
' -
104k Exponential -
. function °
10 B b bbbl b b b e
005 115 2 25 3 3.5 4 45
P (GeVic)

NLO pQCD
{by WV ogelsang)
CTEQ6M PDF;: KKP FF

L= p.i2, po.2p,

-
HHHHH

-

T 9.7% normalization uncertainty
s “a is not included

=]

8§ 10 12 14 16 18 20
p. (GeVic)

Cross-sections at |n|<0.35 are consistent with NLO
mj pPQCD.

W. Vogelsang, M. Stratmann ef




pp collision at Vs=200GeV (2) *rf -
PRL.97:152302, 2006.

p+p > m+X vs=200 GeV

™° mesons

® 3.7<7n<4.15 Cross-sections at the

Y 3.4<n<4.0 :
m s0s<n<34s | | forward region,
<n>=3.3, 3.8 and 4.0

are mostly consistent

N with NLO pQCD
| . calculations.
[<np>=3.3 "~
1 0_1 = “a
~ NLO pQCD cale. ™
- — KKPFF N <7>=3.8| KKP FF : Nucl. Phys. B597, 337 (2001)

—2_ — — Kretzer FF -
10 B 0 N N
25 A0 35 40 45

50 55
E, (GeV)

Kretzer FF: Phys. Rev. D62, 054001 (2000).
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SSA of 7 and h™ from central-arms at Vs=200GeV

SSA
0.2
| a h+ PRL 95 202011 (2005)
0.15F v b In| <0.35 )
| o n®
0.1 0.5 <pr<5GeVl/e.
0.05 f— O
-0 ;_h_ ________ ﬁ T? ______________ ]i; __} _________________________________________ West Beam View East
0.05 } | Left-arm Right-arm
045 SSAs are measured
- by square-root-formula with
-0.15— A, scale uncertainty of +35% not included two-arms (left-right) detector
0o - | | | | | | | Gey/ C| for either beam polarization.

051 15 2 25 3 35 4 45 5

v’ Mid-rapidity <x>~0 => See “pure” p, dependence of SSAs.
v SSAs for mid-rapidity production of both i’ and h* are

consistent with zero.
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However... at large rapidities...




SSA () at Vs=200 GeV SURVIVES !

SSA 10— 24X ot v5=200GeV
3.2

A <mp>=33
& Im>=37
- - twist—3 (hep—ph/0609238), n=3.3

hep-ex/0612030

Sivers effect (U.dAlesic and F.Murgia), n=3.7

2-y inv.-mass spectra
47 <=E_< 56 GeV

Inclusive wtV
* Er—
eV Y]

* SSA is measured by square-root
formula with double-arms (left-

right) detector:
* SSAs at different <n> do not

change much.

P
Xp =—22>0
pol.
Lp>(Gev/c) = 1.6 - 3.7 | SR
<pr>(GeVic) = 1.3 - 2.8
| S
_Dr“l 1 ] 1 1 ' 1 1 1 ] 1 1 1 | 1 | 1 1 1 I 1 ] 1 XF — 1 < O,
-6 -0.4 -=-0.2 0 0.2 0.4 0.6 3 punpo.
F z,1
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SSA as a function of p in X slice

Incluisive r®

7\ )
hep-ex/0612030 . SSA AR
p+p— m +X at vVe=200GeV 0.15— T
SSA  0.25¢x<0.3, <x>=0.28 0.3<% 20,35, <x>=032 I Phys.Rev.D74 |
01t — ~—08 a1k : 114013,2006.
T e L <xp=0.32 | (Twist3)
0.05 Sivers effect | .| 01
gl B e 8% ] ol L s [
O le v o Lo v g o by v wwl gy '|-I||||I||||I||||I||005‘:
1 2 3 4pTGeV/CI 23 4 0. ;
D.35< k<04, <x,>=0.37 Ak <047, <xr>=0.43 I
ME L <«x>=037 | %'F <x;>=0.43 | 0.0t—
0.05F .. 005F  TTeeLEL
T S Il S
of---F - of
t e gl O AT | Lol | 1 1 |

0.05F

B1F

» (Combined data from three runs

at < >=3.3,3.7 and 4.0.
*  Within each x bin, <xg> does
not significantly change with p;.

1 rd 3 4

Sivers effect calculation:
Phys. Rev. D70, 074009 (2004)

(U.dAlesio and F.Murgia)
Data do not show a simply monotonic



SSA in di-jet production
Boer & Vogelsang, PRD 69, 094025 (2004)

1

Jet girection

E;!,téu uhi@tﬂ:

Gluon parton
radiation

uonoalp 1or

What is dominance of di-jet p ?
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*'TAH STAR Results vs. Di-jet Pseudorapidity Sum

hep-ex/0705.4629, submitted to PRL.
TZ m;

V-

Quark from +z beam contributes

Gluon from -z beam contributes

0.02F

SSA o 4y

0.02F

_ _wz}lgls]& 1’} STAR DATA
0.04F 2 -
_0UB-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII- -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

' -2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
n,+ 112—b|n(xEZIXéZ) Nt 1]2_"4“()(&2”([}2)

Measured di-jet SSAs are consistent with zero.

VY 1, VY 2 are calculations by Vogelsang & Yuan using
HERMES-fitted quark Sivers function. PRD 72 (2005) 054028.
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Particle Identification using RICH

| e
2:||||I) ||K||

-40 -35 -30 -25 -15 -10 -5 0
charge*l’o‘lnmentum [GeVic]

p.K identification <30 GeV/e, > 17 Ge 5 ¢ with efficiency ~ 97%
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pp collision at VS=200GeV (3) BRAH Méé

Accepted for publication in Phys. Rev. Lett. hep-ex/0701041

] T S
'ﬂ F L AP op
L K A
: Lo — up, mE kP % === u=p_ AKK/Z2
';E 102 plnalll S b Kretzer ch S
£ o,
FIC%ID ,ﬂ}m\ -
“l= 10 o
| o %
510 T‘tt—
10° *iﬁ%
1o’ = ..|....|....|.......|.
:E -~ i 2: —ﬂL . #ﬂ‘
;ET’D @J@BQ:JD@D@%(L_ alh Tiiit* ""‘i;

0 1 23 4 5 1 2 3 4 5 1 2 3 4 5
pr GeV/e

Cross sections at forward rapidity y=2.95 are
consistent with NLO pQCD.

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




7t SSAs at 2.3 and 4 deg. at s = 200 GeV

| SSA: BRAHMS Preliminary P | BRAHMS Preliminary P
0.1 J'E-I- o || 01 o
. | }
i * Vet - ,t#*
0 —---- R - - - --m - o mmmmmmmmmmmmmm oo
B S i LN +
l LA i 53 d i . 4 deg
-0.1- -5 dCg. 0.1 (TI N3)
oy |(|T|I,\|J3|.|4-|)| L : | | | |
0 0.1 0.2 0.3 04 05 0 0. 02 03 04 05
X of 7 X of
 SSA(r"): positive SSA(7): .
negative e SSA (%) survive.
4-6% 1n 0.15 <x < 0.3.
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SSAs at 2.3 deg. at Vs = 200 GeV

SSA- -
! | BRAHMS Preliminary o K | BRAHMS Preliminary ®p
0.1— ® K' 01— —_— ® ﬁ
i . i
0 L2828 I Pe s S
P
K=* *
-0.1- 0.1 p
X B R ¥ SV — X % S F
X of K Xg of proton

. SSA(K"), SSA(K-): positive 2-5% for 0.15 <x;,<0.3.
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SSAs at 2.3 and 3 deg. at \s = 62.4 GeV

SSA
0 4 _ BRAHMS Preliminary e 0.4 BRAHMS Preliminary e
= T L e T B + + ® T —
0.2 u.z_—J-c P
B B &
B -0 L &
0 —------ Afubddds S Sl i b &g
N J.Ei - R
—0.2 _— _0-2__ n _.‘_._
- < - - >
~04 [ Xp <0 0a] Xe >0
0 0.2 04 06 08 1 o 02 04 o8 o8 1
SSA X of X of &
0 4 ~ BRAHMS Preliminary ® K"- uA‘_BRAHMS Preliminary ® K"-
*TLC o K N o K
0.2 :_ + 0.2:— I *
0 F-----= e ——— S N !
-0.2 — + P.n 0.2 -+ P.x
! Xp = 0 ' X, =—->(
N F unpol. N F ol
_0.4 — pz 1 -0.4— pp )
. Lo L A T R B L L L Zol | _
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X of K xg of K
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Summary of transverse physics @
RHIC

e [tisjustabeginning.....

— To understand the complete structure of the nucleon
spin, it is inevitable that we understand these
unexpectedly large single spin transverse spin effects

— Systematic studies only possible now with different sets
of data, available for different species of particles, in
different kinematic regions....

> Enough fodder to thought for th

e (Connections to Generalized Parton Distributions?

— Christian Weiss’s talk tomorrow...
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What’s in it for me?
This audience may ask....

Large data sets anticipated in near future...

Detector upgrades associated with various physics
measurements being approved...

OPPORUNITY!




Ag-Agbar at RHIC via W production

(a)
e Single longitudinal

scattering asymmetry A,
* No uncertainties from
fragmentation functions as

in DIS, and
complementary kinematics

e Requires identification of
charge of lepton in final
state : need upgraded

u(x2)

) ) detector
AW OEJ_F (1) u(we) — d_i(.:{?l)u(:{?g) _ _A_d(:rl)
L AT () u(we) — dI (xy)u(xs) d(xy)

AVT = 2= (w1)d(wg) — ui(wy)d(xy)  Aulry)

uZ (ay)d(wg) +ul (zy)d(zs) u(ry)
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Flavor separation of u,d,ubar,dbar

RHIC pp Vs = 500 GeV J L dt = 309 pb’

T —— AW
— — AW)

i 3 _ aa?
0.6F @ =My
- |---- GS95L0O(A)
-0.8 |— BS(Ag=0)
_1_ | Lol L1
102 10"

With 500 GeV Center of Mass

Blue for W+, Yellow for W-

Various theoretical expectations
shown as curves

— GS95L0 is Gehrmann &
Stirling, D53, PRD 1995

— BS is Bourley and Soffer,
B445, NP 1996
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PHENIX Upgrades

Silicon Tracking S [ |
VTX (barrel) by 2009 }
FVTX (forward) by 2011 ) 2

Electromagnetic Calorimetry 5 Mion. { | || e

z m | i m :
NCC by 2011 ; B
MPC, already installed! =
' = ii Hl e
Muon trigger upgrade | vx 4 Fvrx | il 2
= T S e e
By 2009 3 2 -1 0 1 2 3
Momentum selectivity in the LVL-1 | | LT
trigger ! GS95, __ ]
1+ AG(x, 4 GeV"), NLO Baseline -
— A ~  Barrel

0.8 —-——C Endcap -

AG from heavy flavor, photon-tagged jets

Expanded reach in x

Flavor separation of spin asymmetries
W physics at 500GeV

Transverse Spin Physics
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STAR Upgrade

Inner Tracking

o Forward Tracking
Precision vertex - charge sign identification
for high momentum
By 2010 electrons from W* decay
. (energy determined with
Forward Tracking e vy
1<n<2
Charge sign for high momentum e+
By 2011
Forward Meson Spectrometer Forward Meson
Spectrometer FMS

2.5<n<4, Ag=2

* large acceptance
forward calorimeter,

Ready for Run8!
reconstruction of jet-like
DAQ (X 1 O faSter) structures
Inner Tracking
By 2008 * precision vertexing for charm & bottom reconstruction

AG from heavy flavor, jets
Expanded reach in x

Flavor separation of spin asymmetries
W physics at 500GeV

Transverse Spin Physics
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Summary

e RHIC is the world’s first polarized collider

— Technology has been developed as needed, and has worked
superbly in every aspect

e Opver all project goal to study aspects of nucleon spin have begun
— Early results on gluon’s role in determining nucleon spin now
emerging
— Transverse spin phenomena being discovered, and understood in
the framework of perturbative and non-perturbative models
* Only the beginning of the program:
— Only about 1% of the luminosity delivered so far,

— Ideal challenge for the experimentally & theoretically minded
people in this audience to consider
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Thanks...

e To many of my RHIC spin colleagues and collaborators.
Many of the slides and figures used in this lecture were
taken from their presentations, often without their
knowledge....
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