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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 at 
Brookhaven National Laboratory. I t is funded by the "Rikagaku Kenkyusho" 
(RIKEN, The Institute of Physical and Chemical Research) of Japan. The Center is 
dedicated to the study of strong interactions, including spin physics, lattice QCD, 
and RHIC physics through the nurturing of a new generation of young physicists. 

The RBRC has both a theory and experimental component. The RBRC 
Theory Group and the RBRC Experimental Group consists of a total of 25-30 
researchers. Positions include the following: full time RBRC Fellow, half-time 
RHIC Physics Fellow, and full-time, post-doctoral Research Associate. The RHIC 
Physics Fellows hold joint appointments with RBRC and other institutions and 
have tenure track positions a t  their respective universities or BNL. To date, RBRC 
has ~ 5 0  graduates of which 14 theorists and 6 experimenters have attained 
tenure positions at major institutions worldwide. 

Beginning in 2001 a new RIKEN Spin Program (RSP) category was 
implemented at RBRC. These appointments are joint positions of RBRC and 
RIKEN and include the following positions in theory and experiment: RSP 
Researchers, RSP Research Associates, and Young Researchers, who are 
mentored by senior RBRC Scientists. A number of RIKEN Jr. Research Associates 
and Visiting Scientists also contribute to the physics program a t  the Center. 

RBRC has an active workshop program on strong interaction physics with 
each workshop focused on a specific physics problem. I n  most cases all the talks 
are made available on the RBRC website. I n  addition, highlights to each speaker's 
presentation are collected to form proceedings which can therefore be made 
available within a short time after the workshop. Today there are ninety 
proceeding volumes available. 

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was 
unveiled at a dedication ceremony at BNL on May 26, 2005. This supercomputer 
was designed and built by individuals from Columbia University, IBM, BNL, RBRC, 
and the University of Edinburgh, with the US. D.O.E. Office of Science providing 
infrastructure support at BNL. Physics results were reported at the RBRC QCDOC 
Symposium following the dedication. QCDSP, a 0.6 teraflops parallel processor, 
dedicated to lattice QCD, was begun at the Center on February 19, 1998, was 
completed on August 28, 1998 and was decommissioned in 2006. I t  was awarded 
the Gordon Bell Prize for price performance in 1998. 

N. P. Samios, Director 
March 2007 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CHl0886. 
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INTRODUCTION 

Fourth Annual PHENIX Spinfest and School 

Since 2005, the PHENIX Spin Physics Working Group has set 

aside several weeks each summer for the purposes of training 

and integrating recent members of the working group as well 

as coordinating and making rapid progress on support tasks 

and data analysis. One week is dedicated to more formal 

didactic lectures by outside speakers. The location has so far 

alternated between BNL and the RIKEN campus in Wako, Japan, 

with support provided by RBRC and LANL. This year's PHENIX 

Spinfest School will take place the mornings of August 4-8 in 

the Small Seminar Room. All  are welcome. 

The Organizers 

August 2008 
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OUTLINE 

0 1. Introduction: From the quark model to  QCD 

0 2. Self-consistency: antiquarks in hadron-hadron scattering 

0 3. Factorization and Evolution 

4. How we get away with pQCD: IR safety, factorize, evolve, resum 

0 5. Inclusive annihilation in pQCD 

0 6. Using pQCD Corrections 

0 7. Getting PDFs from the data 

0 8. Using resummation: the QT distribution 

0 9. Putting it all together: pions and jets in hadronic collisions 



~~ 

1. INTRODUCTION: FROM QUARKS TO QCD 

Spectroscopy and the quark model 

- The discovery of quarks: qqq and ijq with q = u, d,  s 
generate observed spectrum of baryons and mesons 

- Decay of ss states to K ,  states (OZI rule) 
indicates continuity of quark lines 

- Non-relativistic wave functions predict ratios of 
magnetic moments pn/pp etc. 
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- Scaling: F2(x, Q 2 )  - F2(x) + Point-like, quasi-free scattering 

- 8’2 - 2xFI: Spin-1/2 

- Parton model structure functions 

F 2 , N ( Z )  = x e ; x q N ( x )  
4 

1 
2 - 7, e; (&m(x )  + aslv(4) - 

4 

S l , N ( 4  - 

- Notation: f q l N ( x )  = q N ( x )  etc. Probability for struck quark q 

- Notation: A q N  = qN i- - q: with q*(x) probability for 
to have momentum fraction x. 

struck quark q to have momentum fraction x and helicity 
with (+) or against (-) N helicity. 



At the same time, a quark model paradox + color 

- First of all, nobody had seen a quark (confinement), but also 

- A problem with the quark model: quarks have spin-1/2 
but nucleon quark model wave function was symmetric 

But spin-1/2 particles are all fermions - right? 

e Fast-forward resolution: 

- Han, Nambu 1965: quarks'come in 3 triplets of colors 

- Quarks in baryons are antisymmetric in quantum number 
of the group SU(3) 



- A nonabelian gauge theory built on color ( q  = qlq2q3):  I 

- Think of: C E M  = Ke + J E M  A + (E2 - B2) 

- The Yang-Mills gauge theory of quarks (4) and gluons (A) 
Gluons: like “charged photons”. The field a source for itself. 

- Just the right currents to couple to E M  and Weak AND . . 



Just the right kind of forces: QCD charge is “antishielded” 
and grows with distance 

47T 

Quantum field theory: every state with the same quantum nos. 
as uud in the proton . . 
So antiquarks are in the nucleon: uuddd, etc. 

is present a t  least some of the t ime 

What  it means: qij annihilation processes in N N  collisions 
as d,u from one nucleon collides with d , U  from another 
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Mauro Amelmino: U 

entral object 
nsverse int 

invest iga ion: the proton 
ture, that  is the 

ark transverse s 
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Longitudinally polarized DIS gives information on the 
helicity distributions o f  quarks ( a ~  ctly, o f  gluons) 

do+*- 2 
Q e 

+ f ( X )  - q 
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A T q  also denoted ashl, or 6q 

4(s, Q 2 ) ,  &(%, Q 2 )  and b ~ ( % ,  Q 2 )  

are all fundamental, an , leading-twist quark 
distributions, equally important 

ATq = Aq only for a proton at rest 
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P Outline 

r’+ accel era tor physics 
. spin dynamics 

Depolarizing mechanism 
6 Techniques for preserving polarization 

RHIC pp complex: the first polarized proton collider 

Spin flipper 

2 SpinFest, August 7, 2008 
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The acceleration comes from the electric field 
with an oscillating frequency synchronized with 
the particle's revolution frequency 

AI terna t i ng grad ien t 

FODO cell: most popular building block for 
sync h rot ro ns 

SpinFest, August 7,  2008 



9 Beam motion in a circular accelerator 

A article trajectory remains constant from one 

Closed orbit distortion: deviation from the 
center of the beam pipe 

o r  E ita1 revolution t o  the next 

An oscillatory motion around the closed orbit 
from turn t o  turn 



J I 
.1; ' 

I Particle motion in a synchrotron 

Betatron oscillation: 



RF cavity * 

Provide an oscillating electrical field to 
accelerate the charged particles 
keep the particles longitudinally bunched, Le. focused 

A metallic cavity 
resonating at a frequency integer multiples of the particle’s 
revolution frequency 

i2nf t 

i2qf t 

E (r, t)  = E(r)e  rf 

B,(r,t) = B(r)e  r f  
2 

SpinFest, August 7, 2008 

N ATIUN A L LABQRATQ RY 



2
 
9
 

II 
S

 
0
 

Ln 
4
 

I 
0
 

I 

I 

0
 

I 
+

 1% 
E 

II 
m 

> 

4
 

II 
m

 
a
 

YE- 
S

 

S
 
0
 

z
 



i 

more relativistic, 

- 

- 

Synchrotron motion 

Synchrotron oscillation 

Mn+, = AE n + eV(sin@ n - sin$,) 

9 SpinFest, August 7, 2008 
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Mondav Morninp, Aug. 04 

Small Conference Room 

09~00 - 12~00 

PHENIX SPIN FEST SCHOOL 2008 AT BNL 

Physics Bldg. 510 small and large conference rooms 

Agenda 

Tuesday Morning, August 05 

Large Conference Room 

09:OO - 12~00 

Wednesdav Morning. August 06 

Small Conference Room 
09~00 - 10~30 

Thursdav Morninp, Awust 07 

Small Conference Room 

09:OO - 10~30 

10130 - 12~00 

Fridav Morninp. August OS 

Small Conference Room 

09~00 - 12:OO 

Chair - Christine Aidala 

Speaker: George Sterman, Stony Brook 
Introduction to Pertrubative QCD 

Chair - Christine Aidala 

Speaker: George Sterman, Stony Brook 
Introduction to Pertrubative QCD 

Chair - Christine Aidala 

Speaker: Mauro Anselmino, INFN/Torino Italy 
The Transverse Spin Structure of the Nucleon - I 

Chair - Christine Aidala 

Speaker: Mauro Anselmino, INFN/Torino Italy 
The Transverse Spin Structure of the Nucleon - I 
Speaker: Mei Bai, BNL 
Acceleration of Polarized Protons 

Chair - Christine Aidala 

Speaker: John Negele, MIT 

Nucleon Structure and Lattice QCD 



PHENIX spinfest 2008 Page 1 of 1 

PHENIX SpinFest 2008 
The 4th annual PHENIX Spinfest will take place at BNL July 21 through August 8. Since 2005, the 
PHENIX Spin Physics Working Group has set aside several weeks each summer for the purposes of 
training and integrating recent members of the working group as well as coordinating and making rapid 
progress on support tasks and data analysis. One week is dedicated to more formal didactic lectures by 
outside speakers. The location has so far alternated between BNL and the RIKEN campus in Wako, 
Japan, with support provided by RBRC and LANL. This year's PHENIX Spinfest School will take place 
the mornings of August 4-8. All are welcome. Lectures will be in the Small Seminar Room all days 
except Tuesday, on which the lecture will instead be held in the Large Seminar Room. 

0 August 4-5,9 a.m. 
Introduction to pQCD 
George Sterman, Stony Brook 

0 August 6-7,9 a.m. 
The Transverse Spin Structure of the Nucleon 
Lecture 1 Lecture 2 Lecture 3 
Mauro Anselmino, INFN and University of Torino 

0 August 7, 10:30 a.m. 
Acceleration of Polarized Protons 
Mei Bai, BNL 

August 8 ,9  a.m. 
Nucleon Structure and Lattice QCD 
John Negele, MIT 

http://www.phenix.bnl.gov/WWW/physics/spidspinfest/2008/ 8/12/2008 







RBRC Workshop Proceedings 

Volume 89 - Understanding QGP through Spectral Functions and Euclidean Correlators, 
April 23-25, 2008 - BNL-81318-2008 
Volume 88 - Hydrodynamics in Heavy Ion Collisions and QCD Equation of State, April 21- 

Volume 87 - RBRC Scientific Review Committee Meeting - BNL-79570-2007 
Volume 86 - Global Analysis of Polarized Parton Distributions in the RHIC Era, October 8, 

Volume 85 - Parity Violating Spin Asymmetries at RHIC-BNL, April 26-27, 2007 - BNL - 

Volume 84 - Domain Wall Fermions at Ten Years, March 15-17, 2007 - BNL-77857-2007 
Volume 83 - QCD in Extreme Conditions, July 31-August 2, 2006 - BNL-76933-2006 
Volume 82 - RHIC Physics in the Context of the Standard Model, June 18-23, 2006 - 

Volume 81  - Parton Orbital Angular Momentum (Joint RBRC/University of New Mexico 
Workshop) February 24-26, 2006 - BNL-75937-2006 
Volume 80 - Can We Discover the QCD Critical Point a t  RHIC?, March 9-10, 2006 - BNL 

Volume 79 - Strangeness in Collisions, February 16-17, 2006 - BNL-79763-2008 
Volume 78 - Heavy Flavor Productions and Hot/Dense Quark Matter, December 12-14, 

Volume 77 - RBRC Scientific Review Committee Meeting, October 10-12, 2005 - BNL- 

Volume 76 - Odderon Searches at RHIC, September 27-29, 2005 - BNL-75092-2005 
Volurne 75 - Single Spin Asymmetries, June 1-3, 2005 - BNL-74717-2005 
Volume 74 - RBRC QCDPC Computer Dedication and Symposium on RBRC QCDOC, May 

Volume 73 - Jet Correlations at RHIC, March 10-11, 2005 - BNL-73910-2005 
Volume 72 - RHIC Spin Collaboration Meetings XXXI (January 14, 2005), XXXII (February 
10, 2005), X X X I I I  (March 11, 2005) - BNL-73866-2005 
Volume 71 - Classical and Quantum Aspects of the Color Glass Condensate - BNL-73793- 
2005 
Volume 70 - Stongly Coupled Plasmas: Electromagnetic, Nuclear & Atomic - BNL-73867- 
2005 
Volume 69 - RBRC Scientific Review Committee Meeting - BNL-73546-2004 
Volume 68 - Workshop on the Physics Programme of the RBRC and UKQCD QCDOC 
Machines - BNL-73604-2004 
Volume 67 - High Performance Computing with BlueGene/L and QCDOC Architectures - 

Volume 66 - RHIC Spin Collaboration Meeting XXIX, October 8-9, 2004, Torino, Italy - 

Volume 65 - RHIC Spin Collaboration Meetings XXVII (July 22, 2004), XXVIII (September 

Volume 64 - Theory Summer Program on RHIC Physics - BNL-73263-2004 
Volume 63 - RHIC Spin Collaboration Meetings XXIV (05/21/04), XXV (05/27/04), XXVI 

Volume 62 - New Discoveries at RHIC, May 14-15, 2004 - BNL-72391-2004 
Volume 61 - RIKEN-TODAI Mini Workshop on "Topics in Hadron Physics at  RHIC", March 

Volume 60 - Lattice QCD at  Finite Temperature and Density - BNL-72083-2004 
Volume 59 - RHIC Spin Collaboration Meeting XXI, XXII, X X I I I  - BNL-72382-2004 
Volume 58 - RHIC Spin Collaboration Meeting XX - BNL-71900-2004 
Volume 57 - High pt Physics at RHIC, December 2-6, 2003 - BNL-72069-2004 
Volume 56 - RBRC Scientific Review Committee Meeting - BNL-71899-2003 

22, 2008 - BNL-81307-2008 

2007 - BNL-79457-2007 

79146-2007 

BNL-76863-2006 

75692-2006 

2005 - BNL-76915-2006 

52649-2005 

26, 2005 - BNL-74813-2005 

BNL- 

BNL-73534-2004 

2, 2004) - BNL-73506-2004 

(06/01/04) - BNL-72397-2004 

23-24, 2004 - BNL-72336-2004 



Volume 55 - Collective Flow and QGP Properties - BNL-71898-2003 
Volume 54 - RHIC Spin Collaboration Meetings XVII, XVIII, XIX - BNL-71751-2003 
Volume 53 - Theory Studies for Polarized p p  Scattering - BNL-71747-2003 
Volume 52 - RIKEN School on QCD, "Topics on the Proton" - BNL-71694-2003 
Volume 5 1  - RHIC Spin Collaboration Meetings XV, XVI - BNL-71539-2003 
Volume 50 - High Performance Computing with QCDOC and BlueGene - BNL-71147-2003 
Volume 49 - RBRC Scientific Review Committee Meeting - BNL-52679 
Volume 48 - RHIC Spin Collaboration Meeting XIV - BNL-71300-2003 
Volume 47 - RHIC Spin Collaboration Meetings XII, XI11 - BNL-71118-2003 
Volume 46 - Large-Scale Computations in Nuclear Physics using the QCDOC - BNL-52678 
Volume 45 - Summer Program: Current and Future Directions at RHIC - BNL-71035 
Volume 44 - RHIC Spin Collaboration Meetings VIII, IX ,  X, X I  - BNL-71117-2003 
Volume 43 - RIKEN Winter School - Quark-Gluon Structure of the Nucleon and QCD - 

Volume 42 - Baryon Dynamics at RHIC - BNL-52669 
Volume 41 - Hadron Structure from Lattice QCD - BNL-52674 
Volume 40 - Theory Studies for RHIC-Spin - BNL-52662 
Volume 39 - RHIC Spin Collaboration Meeting VI1 - BNL-52659 
Volume 38 - RBRC Scientific Review Committee Meeting - BNL-52649 
Volume 37 - RHIC Spin Collaboration Meeting V I  (Part 2) - BNL-52660 
Volume 36 - RHIC Spin Collaboration Meeting V I  - BNL-52642 
Volume 35 - RIKEN Winter School - Quarks, Hadrons and Nuclei - QCD Hard Processes 
and the Nucleon Spin - BNL-52643 
Volume 34 - High Energy QCD: Beyond the Pomeron - BNL-52641 
Volume 33 - Spin Physics at RHIC in Year-1 and Beyond - BNL-52635 
Volume 32 - RHIC Spin Physics V - BNL-52628 
Volume 3 1  - RHIC Spin Physics I11 & I V  Polarized Partons at High QA2 Region - BNL 
52617 
Volume 30 - RBRC Scientific Review Committee Meeting - BNL-52603 
Volume 29 - Future Transversity Measurements - BNL-52612 
Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD - BNL-52613 
Volume 27 - Predictions and Uncertainties for RHIC Spin Physics & Event Generator for 
RHIC Spin Physics I11 - Towards Precision Spin Physics at RHIC - BNL-52596 
Volume 26 - Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics - BNL- 
52588 
Volume 25 - RHIC Spin - BNL-52581 
Volume 24 - Physics Society of Japan Biannual Meeting Symposium on QCD Physics at  
RIKEN BNL Research Center - BNL-52578 
Volume 23 - Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence 
at RHIC Energies - BNL-52589 
Volume 22 - OSCAR 11: Predictions for RHIC - BNL-52591 
Volume 2 1  - RBRC Scientific Review Committee Meeting - BNL-52568 
Volume 20 - Gauge-Invariant Variables in Gauge Theories - BNL-52590 
Volume 19 - Numerical Algorithms at Non-Zero Chemical Potential - BNL-52573 
Volume 18 - Event Generator for RHIC Spin Physics - BNL-52571 
Volume 17 - Hard Parton Physics in High-Energy Nuclear Collisions - BNL-52574 
Volume 16 - RIKEN Winter School - Structure of Hadrons - Introduction to  QCD Hard 
Processes - BNL-52569 
Volume 15 - QCD Phase Transitions - BNL-52561 
Volume 14 - Quantum Fields I n  and Out of Equilibrium - BNL-52560 
Volume 13 - Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First 
Anniversary Celebration - BNL-66299 
Volume 12 - Quarkonium Production in Relativistic Nuclear Collisions - BNL-52559 
Volume 11 - Event Generator for RHIC Spin Physics - BNL-66116 
Volume 10 - Physics of Polarimetry at RHIC - BNL-65926 
Volume 9 - High Density Matter in AGS, SPS and RHIC Collisions - BNL-65762 

BNL-52672 



Volume 8 - Fermion Frontiers in Vector Lattice Gauge Theories - BNL-65634 
Volume 7 - RHIC Spin Physics - BNL-65615 
Volume 6 - Quarks and Gluons in the Nucleon - BNL-65234 
Volume 5 - Color Superconductivity, Instantons and Parity (Non?)-Conservation at High 
Baryon Density - BNL-65105 
Volume 4 - Inauguration Ceremony, September 22 and Non -Equilibrium Many Body 
Dynamics -BNL-64912 
Volume 3 - Hadron Spin-Flip at RHIC Energies - BNL-64724 
Volume 2 - Perturbative QCD as a Probe of Hadron Structure - BNL-64723 
Volume 1 - Open Standards for Cascade Models for RHIC - BNL-64722 



For information please contact: 

Ms. Susan P. Foster 
RIKEiN BNL Research Center 
Building 5 1 OA 
Brookhaven National Laboratory 
Upton, NY 1 1973-5000 USA 

Phone: (63 1) 344-5864 
Fax: (631) 344-2562 
E-Mail: sfoster@,bnl.gov 

RIKEN Home page: http://Www.bnl.gov/rikenl 
RHIC link: http://www .bnl. gov/rhic/news/O7290 8/e-log.asp 
Complete talk: http://~~~.pheni~.bnl.~ov/WWW/physics/spin/spinfest/2008/ 
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Li Keran Nuclei as heavy as bulls CopyrightOCCASTA 

Through collision 
Generate new states of matter. 

T. D. Lee 
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