BNL-81478-2008
FORMAL REPORT

Proceedings of RIKEN BNL Research Center Workshop Volume 90

PHENIX Spinfest School
- 2008 at BNL

August 04 — August 08, 2008

Organizers:

Christine Aidala, Yuji Goto, Kensuke Okada,

RIKEN BNL Research Center

Building 510A, Brookhaven National Laboratory, Upton, NY 11973-5000, USA



DISCLAIMER

This work was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, nor any of their contractors, subcontractors or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Notice: This manuscript has been authored by employees of Brookhaven Science Associates,
LLC under Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The
publisher by accepting the manuscript for publication acknowledges that the United States
Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States
Government purposes.




Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at
Brookhaven National Laboratory. It 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 at their respective universities or BNL. To date, RBRC
has ~50 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 at the Center.

RBRC has an active workshop program on strong interaction physics with
each workshop focused on a specific physics problem. In most cases all the talks
are made available on the RBRC website. In 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 U.S. 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. It 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-AC02-98CH10886.
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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




Introduction to Pertrubative QCD

(An Introduction/Historical Review)

George Sterman, YITP, Stony Brook

Phenix summer school, Aug. 4, 2008

Brookhaven National Laboratory



OUTLINE

. Introduction: From the quark model to QCD

. Self-consistency: antiquarks in hadron-hadron scattering

. Factorization and Evolution

. How we get away with pQCD: IR safety, factorize, evolve, resum
. Inclusive annihilation in pQCD

. Using pQCD Corrections

. Getting PDFs from the data

. Using resummation: the ()1 distribution

: PUtting it all together: pions and jets in hadronic collisions




1. INTRODUCTION: FROM QUARKS TO QCD

e Spectroscopy and the quark model
— The discovery of quarks: ¢gq and gq with ¢ = u,d, s

generate observed spectrum of baryons and mesons

— Decay of 5s states to K, K states (OZI rule)
indicates continuity of quark lines

- — Non-relativistic wave functions predict ratios of
magnetic moments p,/u, etc.



e Dynamical evidence: form factors & structure functions

— Form factors: ep — ep elastic (T = Q%*/4m3)

do [a%Mcos%m)]E' G(@QI® + TIGM(Q)I®
dQ | 4E%sin*(0/2) | E 1+7

+ 27|Gp(Q)|* tan? 0/2)

— schematically:

dO‘ep—>ep(Q) N dgee—eee(Q) v G(Q) with G(Q) - 1

dQ? dQ? (1 n Q?) ’




— Structure functions: ep inclusive, unpolarized, p rest frame

do _ a2M . 9 2 mCOSZ(Q/Z) 2
dE'dQ [28Esii4(9/2)} (28m O O p Fz(w?Q))

QZ
2pN - q

with 2z =



— More generally, with spin, o ~ (leptonic),, W,

1

y d*z e 7% (P,S|J*(2)J"(0)| P,S)

WH”




- Scaling: Fy(z,Q?) ~ Fy(z) = Point-like, quasi-free scattering
- ‘FQ ~ 25!3F1: Spln—1/2

— Parton model structure functions

Fyn(z) = es g (T)

on(@) = 53¢ (Aav(e) + Ady(@))

— Notation: f,/n(z) = gn(x) etc. Probability for struck quark g
to have momentum fraction z.

— Notation: Agy = q¢f; — ¢y with ¢=(z) probability for
struck quark ¢ to have momentum fraction x and helicity
with (4) or against (-) N helicity.



e 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

e 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) |




¢ The birth of QCD: SU(3)

— A nonabelian gauge theory built on color (¢ = q192¢3):

Loco ;Zq (i@—gsﬁ+mq)q“‘%F3v[A]

_ Think of: Lpy = Ko+ Jun - A+ (E® — B?)

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

— Just the right currents to couple to EM and Weak AND . . .



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

bo = 11 — 2ngyarks/3 We get:

o (,u/> _ 9_3 _ Ofé(:u) L 47T
47 1+ b as(.“) In ( /)2 b() 1Il
| 1

QCD

Quantum field theory: every state with the same quantum nos.
~ as uud in the proton . . . is present at least some of the time

So antiquarks are in the nucleon: uuddd, etc.

“What it means: ¢g¢ annihilation processes in NN collisions
as d,u from one nucleon collides with d, z from another



Annihilation into what? Back to quarks, & gluons, yes, but also

"1

v W, Z, H...

Which brings us to . ..




Mauro Anselmino: The transverse spin structure of the nucleon -1

Central object of investigation: the proton

transverse internal structure, that is the
quark transverse spin and transverse motion
(with respect to the direction of motion)

Why transverse? How?
Single Spin Asymmeftries

Transverse Momentum
Dependent distribution and
fragmentation functions (TMDs)

Combining all together and learning...



How and what do we know about the
longitudinal proton structure?

P

L 2 P/

DIS: {p—>0X Q2= —g° _ @ _rt
p— Q= —q T 2P g Y P
dotP—tX | déta—4a

Naive parton model: —- 0z L 79(%) dQ?



Total cross section for v*p — X process
= imaginary part of forward scattering amplitude

q q
l .
- l
A | '

| Ko
' I
I

| \ ,
!

handbag diagram



Longitudinally polarize’d DIS givés information on the |
helicity distributions of quarks (and, indirectly, of gluons)

- +‘+ . +"m | : A +~+ ~ +7“'
do™™ do __y ¢ Ag(x) do™™ do
dedy dedy <9 © dy dy

Ag(z) = ¢ (z) — ¢*(x)




QCD interactions induce a well known Q? dependence

_i;g&ﬁw

DIS — pQCD : q(x) = q(z , Q%)

| factorization:

Ip—LX ~0q—Lq
o S e (e, ?)
dz d@Q? 4 dQ?

q
universality: same q(x 0’) measured in DIS can be used in
other processes
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The transverse structure is much mor
interesting and less studied

correlations? orbiting quarks?

Transverse Momentum Dependent Space dependent
distribution functions distribution functions

(x.k, ;0% - q(x,b;0%)



The mother of all functions
M. Diehl, Trento workshop, June 07
| Wigner

GPD's function

FTA—b -

(Belitsky, Ji, Yuan)

H(:izjf, k. A)




‘Transversity distribution

Arq(x) = Cﬁ (z) — CII(CE)

Arq also denoted as hi, or dq

¢(z,Q%), Aq(z, Q%) and Arq(z,Q?)
are all fundamental, and different, leading-twist quark
distributions, equally important

A1q = Aq only for a proton at rest



The correlator

kn !

P, S

|
@i P,S) = Z [ ot amt (P - PX><PSlw<>|X><X|w;<o>|Ps>

ZEX

. / d* €M E(PSIT, (0)¥(€)|PS)

at leading twist, in collinear conflgum’non

2 + SL.’y Ny @zawfy n+




Does transversally polarized DIS give information on the
transversity distributions of quarks? No!

do!!  dol! Tdstt gatd
dldg ~drdy 2{;6 Arq(r) {dy B dy}

-/

O(m./E,)

in helicity basis:
1




no 4, in DIS

u, (@
odd numbers of
gamma matrices

| QED and QCD interations

(and SM weak interactions)
conserve helicity:
h, decouples from DIS



Accelerating Polarized Protons

Mei Bai

Collider Accelerator Department
Brookhaven National Laboratory

Spi A 2008
1 pinFest, August 7, 20 BBﬂﬂﬂﬁi“’E“

- NATIONAL LABORATORY



-o--6- | Outline

o General introduction of
= accelerator physics
« spin dynamics

o Acceleratmg polarized protons to mgh energy
+ Depolarizing mechanism

= Techniques for preserving polarization
~+ RHIC pp complex: the first polarized prdton collider

o Other topics
« Spin flipper
o Summary

. R
' SpinFest, August 7, 2008 Sy
2 | pinFest, Augus BROOKHEVEN

NATIONAL LABORATORY
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Suggested topics from Christine

Basic accelerator physics
Basics of polarized proton acceleration
RHIC pp complex

Is there any fundamental site requirements for
polarized colliders. What should be considered

if we can build from scratch?
Why HERA didn’t work

Other than pp, what are the other species we
can get in RHIC

What are the required expertise for designing/
operating high energy colliders

w"‘m%%%
- 2008 | o
3 _ SpinFest, August 7, 200 | BROOKHEFAMEN

NATIQN?’(L LABORATORY



-o-6- | Synchrotron

o The acceleration comes from the electric field
with an oscillating frequency synchronized with v
the particle’s revolution frequency ”

o Alternating gradient - | %(
= A proper combination of focusing and de-
focusing quadrupoles yields a net

focusing force in both horizontal and
vertical planes

o FODO cell: most popular building block for

synchrotrons
1 0 1 0\ 1 0
el o i o s
X, | Z27 N0 1) 7 01_2f.

4 : SpinFest, August 7, 2008

)

OOKHEAEN

NATIONAL LABORATORY



Beam motion in a circular accelerator

0 Closed orbit

Ear’ncle trajectory remains constant from one
orbital revolution to the next

- Closed orbit distortion: deviation from ’rhe
center of the beam pipe |

o Betatron oscillation

+ An oscillatory motion around the closed orbu’r
~ from turn fo turn

d’x
st [($)x = .

e |

x(s) = /28,7 c0s(20,0(s) + x.)

BROOKHFEVEN

NATIQ}\?'XL LABORATORY



-e--6- | Particle motion in a synchrotron

o Betatron oscillationﬁ
x(s)=+28,J cos(2:rx6(s) +X.)

Betatron tune)number of betatron oscillations in one |

- grbital revolution

he envelope of the particle’s trajectory along
| the machine

(B)2

(G
e F

NATIONAL LABORATORY



-o--o- | RF cavity

<*

o Provide an oscillating electrical field to

« accelerate the charged particles |
~ keep the particles longitudinally bunched, i.e. focused

o A metallic cavity

-~ resonating at a frequency integer multiples of the particle’s
revolution frequency | |

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

< :
l2ﬂfr ft
'Ba(r,t) Blrle
beam directiop
SpinFest, August 7, 2008 e Bnunl( ﬁﬁ?’! N

NATI ONA L LABORATORY



_s-/6. | Longitudinal motion

0 Synchronous particle: particle aiways arrive at the same phase of
the oscillating electrical field
o Non synchronous particle: particle which has different energy

than the synchmnous partlcle S
AT AL Av 1 1
T L v )/tz a

. Py Y <Yy P<Py<P,

Smeest, August 7, 2008

e
BROOKHEAEN

NATIONAL LABORATORY



bt

-e--6- | Synchrotron motion

>

o Transmon energy Y

+ When the particles are getting more and more relativistic,
there is an energy when particles with different energies
spend the same time to travel along the ring

= Pre-determined by the optical structure of the acce!erator

- 8Synchronous phase has to jump 180° before and after the
transition to keep the longitudinal stability

‘o Synchrotron oscillation

27thn
¢n+1 = ¢n + ﬁzE ntl

AE = AE +eV(sing, - sing,)

w"’“‘@{

BROOKHEAEN

NATIONAL LABORATORY

9 SpinFest, August 7, 2008
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Spm motion:

-~ | Thomas BMT Equatlcn

—OxS=-"[1+ Gy)l?l +(1+G)B, xS

dt | - ym
Spin vector in particle’s
rest frame

» G is the anomoulous g- factor, for
proton,
G=1.7928474

> v: Lorenz factor

Magnetic field along
the direction of the
particle’s velocity

— Magnetic field

perpendicular to the
particle’s velocity

R
7 ¥
L S .

NATIONAL LABORATORY
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-6--6- | Spin motion in a circular accelerator

+ In a perfect accelerator, spin vector pr'ec-esses |
around its guiding field along the vertical
~ direction |

« Spin tune Q,: number of precessions in one
- orbital revolution. In general,

Q, =Gy

Jyﬁi-#fﬁ%k
BROOKHEUEN

NATIONAL LABORATORY
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-0--6- | Depolarizing mechanism in a synchrotron -

« horizontal field kicks the spin vector away from its
vertical direction, and can lead to polarization loss
~ dipole errors, misaligned qadrupoles, imperfect orbits
- betatron oscillations |
~ other multipole magnetic fields

- other sources
y y | | y

Initial | ~ 1sHfull betatron 2nd full betatron
Oscillation period Oscillation period
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PHENIX SPIN FEST SCHOOL 2008 AT BNL

Physics Bldg. 510 small and large conference rooms

Monday Morning, Aug. 04
Small Conference Room

09:00 - 12:00

Tuesﬂay Morning, August 05

Large Conference Room

09:00 - 12:00

Wednesday Morning., August 06
Small Conference Room

09:00 - 10:30

Thufsday Morning, August 07

Small Conference Room

09:00 — 10:30

10:30 - 12:00

Friday Morning, August 08

Small Conference Room

09:00 - 12:00

Agenda

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
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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.

e August4-5,9 am.
Introduction to pQCD
George Sterman, Stony Brook

e 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

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

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

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




PHENIX SPIN FEST

August 04 - 08, 2008

Bidg. 510A; RBRC Conference - Smal

| Conference room

LIST OF PARTICIPANTS

NAME AFFILIATION
Christine Aidala Univ. Of Mass
Sasha Bazilevsky BNL
Mickey Chiu BNL
Abhay Deshpande RBRC/Stony Brook
Yuji Goto RIKEN/RBRC
John Lajoie lowa State University
Ming Liu LANL
Kensuke Okada RBRC/BNL
M. Grosse Perdekamp Uiuc
George Sterman Stony Brook
Murad Sarsour Texas, A&M
Mauro Anselmino INFN/Torino ltaly
Mei Bai BNL
Vipuli Dharmawardane NMSU
Han Liu LANL
Xiaorong Wang NMSU
Hussein Al-Ta'ani NMSU
Zhengun YOU LANI
Richard Hollis UCRiverside
Astrid Morreale UCRiverside
lan Blackler BNL/CAD
Todd Kempel ISU
Ralf Seid| RBRC/BNL
Kieran Boyle RBRC/BNL
Prasad Hegde Stony Brook
Beau Meredith Uluc
Stefan Bathe RBRC/BNL
Feng Wei ISU
- Frank Ellinghaus Csu
Gerry Bunce RBRC/BNL




Elaine Tennent

NMSU

Gary Kyle NMSU
David Kawall RBRC/UMASS
John Negele ‘ MIT
Haixin Huang BNL

ltaru Nakagawa RBRC/BNL

Sinya Aoki Univ. of Tsukuba
Paul Kline Stony Brook
Gabriele Carcassi BNL
David Morrison BNL
Anatoli Zelenski BNL




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-
22, 2008 - BNL-81307-2008

Volume 87 - RBRC Scientific Review Committee Meeting - BNL-79570-2007

Volume 86 — Global Analysis of Polarized Parton Distributions in the RHIC Era, October 8,
2007 - BNL-79457-2007

Volume 85 - Parity Violating Spin Asymmetries at RHIC-BNL, April 26-27, 2007 - BNL -
79146-2007

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 -
BNL-76863-2006

Volume 81 ~ Parton Orbital Angular Momentum (Joint RBRC/University of New Mexico
Workshop) February 24-26, 2006 - BNL-75937-2006

Volume 80 — Can Weé Discover the QCD Critical Point at RHIC?, March 9-10, 2006 - BNL
75692-2006 ‘

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,
2005 -~ BNL-76915-2006

Volume 77 - RBRC Scientific Review Committee Meeting, October 10-12, 2005 - BNL-
52649-2005

Volume 76 - Odderon Searches at RHIC, September 27-29, 2005 - BNL-75092-2005
Volume 75 - Single Spin Asymmetries, June 1-3, 2005 - BNL-74717-2005

Volume 74 — RBRC QCDPC Computer Dedication and Symposium on RBRC QCDOC, May
26, 2005 ~ BNL-74813-2005

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), XXXIII (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 -
BNL-

Volume 66 - RHIC Spin Collaboration Meeting XXIX, October 8-9, 2004, Torino, Italy -
BNL-73534-2004 :

Volume 65 - RHIC Spin Collaboration Meetings XXVII (July 22, 2004), XXVIII {September
2, 2004) - BNL-73506-2004

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

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
23-24, 2004 - BNL-72336-2004

Volume 60 - Lattice QCD at Finite Temperature and Density - BNL-72083-2004

Volume 59 - RHIC Spin Collaboration Meeting XXI, XXII, XXIII - 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
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