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EMC at CERN: J. Ashman et al., NPB 328, 1 (1989):
polarized muons probing polarized protons
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“proton spin crisis”




* What else carries the
proton spin ?
Central question for

the field.
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 perturbative QCD and factorization:
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Probing AG in pp Collisions
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e HOw:

---collide beams of protons in the world’s
only polarized proton collider

---polarized H*-: 1 mA, 85% polarized

---" Siberian Snakes” to maintain the spin
directions of the protons as we accelerate

---polarized H ABS in RHIC to obtain
absolute RHIC beam polarization

---STAR, PHENIX, and BRAHMS (transverse
spin only) experiments



RHIC Polarized Collider

RHIC pC Polarimeters

Absolute Polarimeter (HT jet
ox BRAHMS & PP2PP
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PHOBOS

Siberian Snakes
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Spin Rotators

longitudinal polarizati
(longitudinal polarization) Spin Rotators

Pol. H Source (longitudinal polarization)

<« Helical Partial Siberian Snake

% .~ AGS pC Polarimeter
Strong AGS Snake

2006: 1 MHz collision rate: P=0.6



Optically-Pumped Polarized H- lon Source at RHIC.

RHIC OPPIS produces
reliably 0.5-1.0mA
(maximum 1.6 mA)
polarized H- ion current.
8 Pulse duration 400 us.
Polarization at 200 MeV
ki P = 85 %.

| Beam intensity (ion/pulse)
1 routine operation:

d Source - 1012 H-/pulse
B Linac (200MeV) - 5-6-1011
R Booster - 2-3-1011
MRS A\GS - 1.7-2.2.101
AR RHIC - 1.5-1.8-10%
| (p/bunch).

The RHIC OPPIS was developed in collaboration
with TRIUMF and INR, Moscow.



Siberian Shakes

1996-2001:
Siberian Snakes

7
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Wl B ) Snake: precess spin, leaving

beam direction unchanged
at exit of snake



http://www.agsrhichome.bnl.gov/RHIC/Spin/gallery/early_pics/tube.pdf
http://www.agsrhichome.bnl.gov/RHIC/Spin/gallery/early_pics/hwind2.pdf

The First Siberian Snake at BNL
---In the AGS
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Polarization Measurements
2006 Run
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Polarimetry

LI,IHJ‘ scattered
| : y __—" proton
polgrlzed L s
p beam |
I polarized \ 0.001 < ¢ < 0.02 (GeV/c)?
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HfAtomic Beam Source in RHIC

ABS Polarization
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Am & Coulomb Nuclear Interference:

had * ,had
+C21 (¢f|?p ngnD

Si strip A?’S
detect. PR | H. Okada et al., PLB 638 (2006), 450-454
Yo 20.06
-«
0.5

0.04

0.03

0.02f

0.01 ‘
0 - 1 1 ! Lo | 1 1
10° 10

-t (GeV/c)*



Obtaining the beam polarization

background:  1x

2X
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Exquisite Control of Systematics

Raw asymmetries from carbon polarimeter by bunch:
RUN 7280.008 (BLUE)
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RHIC Spin Runs

P L(pb™-1) Results

2002 15% 0.15 first pol. pp collisions!
2003 30% 1.6 pI*0, photon cross section,
A_LL(pi™0)
2004 40% 3.0 absolute beam polarization
with polarized H jet
2005 50% 13 large gluon pol. ruled out
(Pr4 x L =0.8)
2006 60% 46 first long spin run
(P x L = 6)
2007 no spin running
2008 50% (short) run




PHENIX and STAR

PHENIX:

High rate capability

High granularity

Good mass resolution and PID
Limited acceptance

’__-"v—
P H ;;}I‘-.,\é" E N I x /\ STAR Detector

AR Coils

Silicon \’irtex
Magnat ~lracker

E-M.
_ Calorimetes
g T

2 Time Of
I Hlight

STAR:

Large acceptance with azimuthal symmetry
Good tracking and PID

Central and forward calorimetry e

Platforms

Forward Time Projection Chamber




Observing the pi*0 (PHENIX)

1. proton + proton - pi*0 + X

PC3 %Icmra]
PC2 agnet

3. reconstruct pi*0
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Cornerstones to the RHIC Spin program

Mid-rapidity: PHENIX
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Jet reconstruction in STAR

Data jets MC jets

o Jet direction ) . .

S = Midpoint cone algorithm

§ - E (Adapted from Tevatron Il - hep-ex/0005012)

&)

a) s O * Seed energy = 0.5 GeV

e Cone radius in n-¢

[J) < * R=0.4 with 0.2 <1 < 0.8 (2005)
o T e« R= ith -

%< > ; R=0.7 with -0.7 <n < 0.9 (2006)
o |&V,7, o - Splitting/merging fraction f=0.5

7, p,etc

q.9 - Use PYTHIA + GEANT to
: quantify detector response




And Jets and Direct y
pp — jet X: STAR pp = vy X : PHENIX
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“Blue” beam

A e
LL aves

0,, 70, 1 I\|++/|—++ - N+—/L+—

ALL ) 0++ +G+— ) | PBPY | N++/L++ T N+—/L+—

++ same helicity
+— opposite helicity

(P) Polarization
(L) Relative Luminosity
(N) Number of p10s



Calculate beam spin asymmetry of N(pions) :

A LL = (N(pi0,++) — N(pi0,+-))/sum/P"2

beam spin directions

0 A |

Green:
models of gluon
polarization

GRSV model:
“AG=0": AG(Q>=1GeV?)=0.1
“AG =std”: AG(Q*=1GeV?2)=0.4

«Run5 (9.4% scaling error)

= Run6 (40% scaling error)

--now 10%

|

PHENIX Preliminary

4 GRSV-std
/

Scaling errors not included

Online Polarization values
used in Run6é
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8 9
P, (GeVic)



From A, | to AG (with GRSV)
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Calc. by W.Vogelsang and M.Stratmann

“std” scenario, AG(Q*=1GeV?)=0.4, is
excluded by data on >3 sigma level:
%7 (td) = in>9

v" Only exp. stat. uncertainties are included

(the effect of syst. uncertainties is
expected to be small in the final results)

v" Theoretical uncertainties are not included
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2006 Inclusive jets A,
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Limits on AG from 2006 |et results

* I AR O 2005 STAR Final

= ® 2006 STAR Prelimi
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 Within the GRSV framework:
— GRSV-std excluded with 99% CL
— AG < -0.7 excluded with 90% CL



Delta G at RHIC
---present and future

o from pI*0 and jets, 2006: the gluon
contribution to the proton spin is not large!*

e more probes: pi*+, pi*-, pi"0 (STAR), eta
 more luminosity and P: pi*0, jets, direct photon;
dijets, photon + jet

---both experiments requesting long p-p run in

2009 to obtain significant increase in
sensitivity to Delta G (root(s)=200 GeV)

*Iinrange 0.02 < x_gluon <0.3; using GRSV framework
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The next few years: di-jets and Ag(x)

*TAR

2005 preliminary di-jet distributions
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Also: Extending x range is crucial!

Gehrmann-Stirling models

] III | LI LB LI ll
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Beyond the Delta G Program:
W bosons at RHIC

---100% parity violating in production
---observation of degree of parity violation
of W->mu/e (+ neutrino) gives direct

measurement of guark and anti-quark
polarizations In the proton
---requires running at root(s)=500 GeV
---new detectors also required

---expect first studies in 2009, measurements in
2010-2012




Ag-Aq at RHIC via W ™ production

P T 1.0 '
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10 10



The proton spin structure:
And orbital angular momentum?
/
l ~y g
AN + AG + Ly + L

/

Quarks contribute only 20%!

h : :
£, quark _ pion or jet
quark f .

b | =




Transverse Spin

---Collide beams of transversely spinning protons

---measure left-right asymmetry of pions with
vertically polarized beam (A_N)

---very large spin asymmetries observed!
---the orbital angular momentum of the quarks

In the proton may be an important source of
the asymmetries




Charged and neutral pion:
p+p=2pi+ X (left-right asymmetry)

Aoy p+p —> T +X at vs=200GeV
U A (r) at 62 GeV
r ® Runt <n>=37 PRELIMINARY
O-23F o Run3+Run5 <p>=3.7 z
0.2k < , [ BRAHMS Preliminary e
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s ;""il‘"'"i"*" ........................ B 1] 0.2 -
C B &
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_0.15 _ <pyr(Gev/e) = 1.2 - 2.8 F
=025 e Kyoto Spin2006

-0.6 -0.4 -0.2 0 0.2 04 06 X

A huge asymmetry: twice as many pi”- are produced to the right of the beam
as are produced to the left!



Concluding Remarks

High luminosity and high polarization achieved! But,
still work to do.

Delta G: global fits with RHIC, DIS; considerably
more sensitivity to come.

Transverse spin renaissance->Drell Yan crucial test
of our understanding of the underlying physics




Attractive vs Repulsive “Sivers” Eftects
Unique Prediction of Gauge Theory !

DIS: attractive Drell-Yan: repulsive

Sivers|pig = —Sivers|py

Sivers = Dennis Sivers (predicted orbital angular
momentum origin of transverse asymmetries)




Experiment SIDIS vs Drell Yan: Sivers|,, = —
*** Probes QCD attraction and QCD repulsion ***

Sivers Amplitude
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