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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven
National Laboratory. It is funde4 by the "Rikagaku Kenkyusho" (RIKEN, The Institute of
Physical and CheJDical Research) of Japan. The Memorandum of Understanding between RIKEN
and BNL, initiated in 1997, has been renewed in 2002 and again in 2007. 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 ~O 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. To date there are
ninety seven 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 2010

*Work performed under the auspices ofU.S.D.O.E. Contract No. DE-AC02-98CHI0886.
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INTRODUCTION

This volume archives the presentations at the RIKEN BNL Research Center workshop
"Progress in High-PT Physics at RHIC", held at BNL in 11arch 2010.

Much has been learned from high-PT physics after 10 years of RHIC operations for heavy­
ion collisions, polarized proton collisions and d+Au collisions. The workshop focused on
recent progress in these areas by both theory and experiment.

The first morning saw review talks on the theory of RHIC high-PT physics by G. Sterman
and J. Soffer, and on the experimental results by M. Tannenbaum. One of the most
exciting recent results from the RHIC spin program is the first observation of W bosons
and their associated single-spin asymmetry. The new preliminary data were reported
on the first day of our workshop, along with a theoretical perspective. There also were
detailed discussions on the global analysis.of polarized parton distributions, including the
knowledge on gluon polarization and the impact of the W-data.

The main topic of the second workshop day were single-transverse spin asymmetries and
their analysis in terms of transverse-momentum dependent parton distributions. There is
currently much interest in a future Drell-Yan program at RHIC, thanks to the exciting
physics opportunities this would offer. This was addressed in some of the talks~ There
also were presentations on the latest results on transverse-spin physics from HERMES
and BELLE.

On the final day of the workshop, the focus shifted toward forward and small-x physics at
RHIC, which has become a cornerstone of the \\r1101e RHIC program. Exciting new data
were presented and discussed in terms of their possible implications for our understanding
of strong color-field phenomena in QCD. In the afternoon, there were discussions of nuclear
parton distributions and jet observables, among them fragmentation. The workshop was
concluded with outlooks toward the near-term (LHC, JLab) and longer-term (EIC) future.

The workshop has been a great success. We had excellent presentations throughout and
productive discussions, whicl1 showed the importance and unique value of the RHIC high­
PT program. We are grateful to all participants for coming to BNL.

The support provided by the RIKEN-BNL Research Center for this workshop has been
magnificent, and we are most grateful for it. We also thank Brookhaven National Labo­
ratory and the U.S. Department of Energy for providiIlg additional support and for the
facilities to hold this workshop. Finally, sincere thanks go to Pamela Esposito for her
most efficient and tireless work in organizing and running the workshop.

Alexander Bazilevsky, Leslie Bland, \;Verner \Togelsang

June 2010
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HIGH-PT AT RHIC

GEORGE STERMAN

C.N. Yang Institute for Theoretical Physics
SUNY at Stony Brook, Stony Brook, NY 11794-3840, USA

Abstract

This talk reviews some aspects of jet physics at hadron colliders.
Energy flow plays a central role in jet identification, although different
jet definitions will provide different cross sections, both theoretically
and experimentally. At the RHIC, both Star and Phenix have made
innovative use of this framework to measure jet cross sections for both
proton and nuclear initial states. Single-particle inclusive cross sec­
tions are related to jet cross sections by factorizatioIl theorems. This
observation sheds light on some surprising recent data from the Teva­
tron.
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• What we're really looking at here (with local source J)

a[/] == lim Jd4xe-iq.y n Jdn(a) la(n(a)
R~CX) a

X (01 J(O)T[n n}a)TOi(XO' Rfta)J(y)] 10)
a

(Sveshnikov & Tkachov 95, Korchemsky, Oderda & GS 96, Bauer, Fleming, Lee & GS 08,

Hofman & Maldacena 08)

With TOi the energy momentum tensor at the detector

• "Weights" I (a) (n) should introduce no new dimensional scale '

Short-~istance dominated if all I continuous
almost everywhere.

• We only have to ask "smooth" questions.
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Gauss'ian filtering.
(Lai and Cole, 2008)

- Seems to me most closely to ener'gy flow, with a weight
function as above.

- Replaces the theta-function weights of cone algorithms
with a truly smooth function.

- ( rh) Jd"" ("") -(11-1](ii))2_(¢-cjJ(n))2PT rJ, '+' == n PT n e

which is
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--INCNLO

• CDFdata

pI) - h' X,\!S =1.96 TeV, 11'}1<1

• Year-old CDF Data, as analyzed in papers by Albino, Kniehl
and Kramer (1003.1954) Arleo, d'Enteria and Yoon (1003.2963):
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• This data had been hanging around since last April (0904.1098),
but its significance was lost in a comparison with PYTHIA
tunes. It was published in Phys. Rev. D (2009) .

• Both AKK and AEY observe: either a (big) problem with
universality of fragmentation or with the data itself.
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• A QeD description is difficult. Isolated single pions are sup­
pressed compared to jets by at least QS(!1r/PT)2 rv 10-4 at
100 GeV.

• But compared to NlO jets (red) and NlO IPI (green) the
data (with green fit) looks ·Iike:
(Vogelsang, yesterday)

10-
8 f ' , '\' I ' '\\ I ' , , , I ' , , , I ' , , , I ' , , ,

w-a~ ~
i~~

1 ~ ~
~"

~,

10-12 ~'---'--'--L-.J...-J...-~'--'---'--''---'--'--J'---'---'----'~~'---'--'--'

a 25 50 75 100 125 150
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• A general form at "7 == 0; Z == xaxb == S/ s:

d3a 1
E 3 = 4 /12 dz.cpartonic(Z) W(XT' Z)

d PT PT xT

• Suppose a narrow resonance at M 2 = zoS decays to single
hadrons plus unobservable particles ...

W ( XT, z) = f (4x}/ zo) 6(z -:- zo)

• Then
d3a 1

E 3 = 4 .cpartonic(ZO) f(4x}/zo)
d PT PT

• and the distribution f (4x}/ zo) can be read off from the
data where it dominates QeD fragmentation, while it cuts
off abruptly at 2xT == yIZO.

• But of course, it should be wide and not narrow, and. where
does the rest of the energy go, etc., etc?

6



M. J. Tannenbaum
Brookhaven National Laboratory

Upton, NY 11973 USA

Physics RHIC
RBRC Workshop, BNL

March 17,2010

.~.

Progress in High-PT Physics at RIDe PHftNIX M. J. Tannenbaum 1/48
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• 1968--Deeply Inelastic scattering of electrons on protons observed at
SLAC. First direct indication of sub-constituents of proton, "parton~"
as explained by Bjorkell scaling [J.D. Bjorken, Phys. Rev. 179, 1547 (1969)]

• 1971--High PT scattering of "partons" via QED predicted for p-p
collisions by Bjorken, Berman, Kogut [BBK, Phys. Rev. D4, 3388 (1971)]

o 1972 First evidence of hard-scattering of constituents discovered at
CERN ISR--attention turns from spectroscopy to "high PT physics"

• 1974--J/tV discovered at BNL and SLAC-people start believing that
partons are real and are the same as quarks.

• 1972-1982 properties ofllard-scattering and "Jets" mapped out at
CERN-ISR for a decade 1975,1977-78 first theory papers on QeD
applied to hard~scattering

• 1982-Constituent-scattering An.gular distribution measured at ISR in
agreement with QeD. (Rutherford scattering of quarks). SppS (UA2)­
first observation of unbiased Jets in hadron collisions.

~.,.;,~ Office of
~Science

. --.......--.
N~'I'!~~~~O~Y Progress in High-PT Physics at RIDe Ptft~NIX IvL J. Tannenbaum 2/48

• 1965-1969 Beam dump experiments at ANL-ZGS and BNL-AGS
looking for "large angle" llluons didn't find any. [ZGS-Lamb, et al PRL 15,
800 (1965), AGS-Bums, et aI, ibid 830, AGS-Wanderer et aI, PRL 23,729(1969)]

• How do you knO\V 110\V many W should have been produced?

• Chilton, Saperstein, Shrauner [PRI48, 1380 (1966)] emphasize the
importance of the timelike form factor, which is sol\Ted by

e Y. Yamaguchi [Nuovo Cimento 43,193 (1966)] Timelike fornl factor can
be foun:d by measuring the number of lepton pairs e+e- or ~t+,"",,- "massive
virtual photons" of the same illvariant mass; BUT the individual leptons
from these electromagnetically produced pairs might mask the leptons
from the W±.

• This set off a spate of single and di-lepton experiments, notably the
discovery by Lederman et al of "Drell-Yan" production at the BNL­
AGS, E70 at FNAL and CCR at the CERN-ISR.

",.... ~

!I:~~~~1!!t!~J1Y Progress in High-PT Physics at RHIC PH?7~NIX 11. J. Tannenbaum .

8



P+U~~+f.t-+X
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good sensitivity.

also propose an initial photon-llIlectron beam survey at

high transverse lIlomentum which is also a W-!!learch with

ABSTAAC'l'

tinuum IllaSS spectrum will be maasured and any reson~nt

structures in the mass range up to - 28 GeV will be

detected with great $ensitivity. The data provides a

prediction, via Con6e~ Vector current theory, for

the production crOS15 section for weak vector bosons and

the15Q are also sought io the m&&s range ....s-2S GeV. We

E70-(F)NAL

We propose to ops(!rve lepton pairs emerging from high

energy proton-nuclear collisions. Large effective: mass pairs

probe the hadronic electromagnetic structure. The con-

Laboratory.

W. LEE, L.M.. LEDERMAN, J. AP1>SL, Columbia University,

M. TANNENBI\UM, Harvard University, L. READ, J. SC-L1LLI,

T. WRITE, and T. YAMANOUCHI, National Accelerator

Search for Intermediate Bosons and Lee-Wick Structure"

"study of Lepton Pairs from Proton-Nuclear Interactions:

June 17, 1970 + addendum Dec 1970 o 10

~~U:S~c:;ii;en;c;;:e;;----'!':,,111 ,1110 11).;AO'LIII.~AHO()l1ilIllATEIoIfRy--PifOip:n;~m~gh-PT Physics at RHIC

Correspondent: 1.. M. Lederlll3n, Columbia University -P
t

(GeV)-

PHftNIX M. J. Tannenb~~
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G. Giacomelli and M. Jacob, Phys. Rept. 55 (1979) 1-132,
M. Jacob and K. Johnsen, CERN Yellow Report 84-13

• The rapidity plateau (although several of my RHI colleagues don't
believe in a plateau). Will not be discussed in this talk.
• Hard scattering in p-p collisions via particle production at large PT
which proved that the partons of ,DIS strongly interacted with each
other. xT scaling measurements to find the underlyil1g physics.
• Proof using same-side and away side two particle correlations that
high PT particles in p-p collisions are produced from states with two
roughly back-to-back jets which are the result of scattering of
constituents of the l1ucleons as described by QeD, which was
developed during the course of these measurements. ,

~65:0ffl.ce of BROOKHAVEN· .. . P~NIX
~":::;Tr.I}!~!:;'!a~e ",\TIONAt LAlIll!t,HOI!'{ Progress In High-PT PhysIcs at RIlle 1 1-11\"1: M. J. Tannenbaum 14/48

• direct lepton (e±) production from the decay of (unkno\vn at that
time-1974) particles composed of band c quarks.

• first and only J/Psi cross section measurement for all pair PT ~ 0 at
a hadron collider,~untilPHENIX at RHIC [PRL 92 (2004) 051802]
and CDP [PRD 71(2005) 032001 (15 years after their first publication)]

• direct production

Th(~ R.oad To Success in REP
,ETTERS B

40

S. March 1987

a
. PP-II+Il- X

. rs: 546 .630 GeV

1000

The Road To Success in I:-IIP
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tatus QCD·Theory in 1978

• The first modem QeD calculation and prediction for high PT single
particle inclusive cross sections including non-scaling and initial state
radiation was done in 1978 by J. F. Owens, E. Reya, M.Gluck, PRD
18,1501 (1978), "Detailed quantum-chro1110dynamic prediction,s for
high-PTprocesses," and J.F. Owens, J. D. Kimel, PRD 18,3313
(1978), "Parton-transverse-momentum effects and the quantum­
chromodynamic description ofhigh-PT processes".

• This work was closely followed and corroborated by Feynman,
Field, Fox PRD 18,3320 (1978), "Quantum-chro'modynamic
approach for the large-transverse-momentunl production ofparticles
andjets."

• Unfortunately jets in 4rc Calorimeters at ISR energies or lower are
invisible below ~.=::= ET S 25 GeV, which led to considerable
confusion in the period 1980-1982.

~A;'Offi.ceof BRO-~AtIa. P·~N·IX
.J:::-~..!c;:;,:c;e NATIO:"~ClRATORY Progress in High-PT Physics at RHle ~ M. J. Tannenbaum 26/48

QCD

• Incredibly at the famous Snowmass conference in
July 1982, marlY if not most people were skeptical

Ie.g. MIT Seminar 3/22/82 I w I/Y -l.~ 73ELI£U£

/,J (~E.T5

IN 5?17E OF

l(\./~7

(HE F~·j:.£c ~ {J~ ,"'\t'?:

• The International HEP conference in Paris, three weeks
later, July 26--31,1982 changed everything.

~};;;: ,~~~, Progress in High-PT Physics at RIlle ptiJE'N IX M. J. Tannenbaum
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M. J. Tannenbaum

e.g.

r----------,---------.--.._
8EAM2 RAPiDITY

AWAY

~1 AWAV

BFS
NPB145(1978) 308

3< PrRIG < 4.5 GeV/c

, + R (y.'P) for associated pQrticl~$

with PT > 0.5 GfNJc

.~.

N~"')~'~~~~Y Progress in High-~T Physics at Rille P~NIX11. J. Tannenbaum~~a:::::::
U.S,DCPAllrM4N'TOFErIl:l?f'GY

'II Split Field magnet, horrible magnetic field I.

uniformity. Track recon took 1'"015 yrs to I'--- ----1. _

I

develop + 1 hour of CDC7600 per hour of "I

data! Great acceptance when it finally \vorked. !
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SOME RELEVANT CASES FOR STUDYING HIGH-PT PHYSICS
AT THE RHIC PP COLLIDER

Jacques Soffer

Department of Physics, Temple University
Philadelphia, Pennsylvania 19122-6082, USA

E-mail: jacques.soffer@gmail.com

Abstract

Spin occurs in all particle processes, so by ignoring this fundamental quantum
number, we will certainly miss a relevant part of the story. Needless to say that
spin observables allow a deeper understanding of the underlying dynamics and this
sometimes leads to uncover new important tools. We should also remember that
the spin sector of pQCD remains to be carefully checked and the high-PT kinematic
region is the most appropriate region to study QCD spin physics at the energy of the
RHIC pp collider. \Ve will consider successively for various processes, double helicity
asymmetries ALL, which are sensitive to quark and gluon helicity distributions,
double transverse spin asymmetries ATT , depending upon the quark transversity
distributions, spin transfer in A production involving fragmentation functions, single
spin asymmetries AN with some new mechanisms to generate them and finally search
for new physics. Positivity constraints will occur in the discussion of some of these
topics.

13



Expected high-PT ALL data on r production

at RHIC

=500 Gev""

AiL
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Some relevant cases for studvinq hiOh-Pr phvsicsat the RHIC PO collider



Predictions for larger PT

Expect ALL (1T+) > ALL (1TO) > ALL (1T-) if ~G > 0

1---4

Vl

tt:

A~L

6R,SV

C. J eli:f'i:·"·' "":t···";;';:~:::::"·'·_

'·'1

,.. :1:.,,,,:::\( .. .,';' ;':,·· ... w',PT [(,0~ ] 4CJ

Some relevant cases for studvinq hiah-Pr phvsicsatthe RHIC PO coflider



What positivity can bring into this game?

I--'

0\

New general positi.vity bounds were derived

(J.S.,PRL 91 ,092005,2003), among the spin observables in a single particle inclusive

reaction, where the two initial particles carry a spin-1/2. In particular for y == 0 one has

1 - ATT(Y == O,PT) > 2IAN(Y == O,PT)I

for any value of VS and PT- From the previous results ATT rv 0 for PP ---* "IX and

pp ---+ jetX, we get a strong bound e.g. JANI < 1/2.
(See also a recent review on positivity: X. Artru, Me Elchikh, J.M. Richard., J.S., O.
Teryaev, Physe Reports, 470, 1 (2009))

Some relevant cases for studvina h;qh-Pr phvsicsat the RHIC PO colHder



Single spin asymmetry AN in w± production

Consider the collision pip with a proton p of momentum p, carrying a transverse spin
-;p producing a W± of transverse momentum PT.

The SSA in first approximation factorizes and then it reads

A~±(VS,Y,PT) = H(PT)A±(VS,y)Sp. P x PT, (1 )

10---4

-......J
where PT is the transverse momentum of the W± produced at the c.m. energy VS and

H(PT) is a function of PT, the magnitude of PT. For W+ we have

A+ (vB, y) = fiNu(Xa)d(Xb) + fiNd(Xa)U(Xb)
u(Xa)d(Xb) + d(Xa)U(Xb) ,

(2)

where y denotes the W+ rapidity, which is related to X a and Xb. Actually we have

Xa = V"TeY and Xb = V"Te- Y , with T = Mfv/s, and we note that a similar expression for

A~- , the SSA corresponding to W- production, is obtained by permuting U and d.

This allows to perform a flavor separation of the Sivers functions.

Some relevant cases for studvina hiqh-PrPhvsicsat theRHIC pp collider



Search for New Physics at RHIC

........
00

• Why? : polarized protons at RHIC may discover a new

pure hadronic interaction of weak strength. New

interactions involving leptons would have been

discovered at other facilities (LEP, HERA,

Tevatron-(DreH-Van)).

• pp RHIC facility:

highest Energy (~ == 500 GeV)

+ highest Luminosity (L == 800 pb-1
)

+ highest Polarisation (P == 70 % ).

Some relevant cases for studvinq hiqh-Pr phvsicsat the RHIC PO collider



AL(SM

0.08

NP) at RHIC

pp~jetX;..Js =500 GeV
lyl<0.5, fL dt = 800 pol

MZ
flipped SU(5)

A=2.0TeV

1--0\

\0

0.04
200 GeV/c2

flipped SU(5)

SM

AL

200 GeV/2-

MZ
E6

MZ'= 300 GeV/c2

A=2.0

o I tf' ..~ ............. "'0::;::: 1- .... I

-0.04 I j 1 ! ! 1

50 100 150
Er (GeV)

Some relevant cases for studvina hiah-PT phvsicsat the RHIC PO collider
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CHE: W production at NLO and
the polarized sea distributions

N
~

200 AAos
BICENTENARIO

ARGENTINO

Daniel de Florian
Universidad de Buenos Aires,Argentina

in collaboration with Werner Vogelsang

We present a next-to-Ieading order calculation of the cross section and .longitudinal spin
asymmetry in single-inclusive charged-lepton production, pp -> e X, at RHIC, where the
lepton is produced in the decay of an electroweak gauge boson. Our calculation is presented
in terms of a multi-purpose Monte-Carlo integration program that may be readily used to
include experimental spin asymmetry data in a global analysis of helicity parton densities.
We perform a toy global analysis, studying the impact of anticipated RHIC data on our
knowledge about the polarized anti-quark distributions.
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Need to count with a new calculation a(pp ~ eiJX)
w

• Exclusive to impleme"nt experimental cuts
• Unpolarized, single polarized and double polarized
• "Ready/Available" for Mellin implementation
• Full NLO in line with other observables already in fit
• Allow to compute Z/Gamma 'background'

Monte-Carlo-like (set of) code(s)

CHE. : Collisions at High E.nergies

Full access to final and initial state kinematics
compute any infrared-safe observable



ET ;SMw /2

NWA

Mw [±1]/2]>rv - e< X 1 ,2 -..;s

1:polarized beam

include SIDIS
with different
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DSSV result
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Include W data (200 pb- I with present rapidity coverage)
N
~

0.04

0.02

o

-0.02

x ~ii W 200pb-1 x~d RHIC
0.04

0.02

o

-0.02

-0.04

10 -2 10 -1

x

I ,1 10 I , , I '~~ -1 I 'J' I , , ,t -0.06
1

x

Little modification in the distributions
.f Strong reduction in uncertainty band at x > 0.07 !!
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Very nice prospects for x ~ 0.05

Simulated data generated in agreement with DSSV :strong bias towards SIDIS
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Summary (good news)

, single inclusive lepton

..( CHE : Full NLO calculation for~asymmetries

..( Includes Z/Gamma contribution

..( Can be included in Global Fit (Mellin grids)

..( First (realistic) analysis with 'simulated' data

..( W asymmetries clearly help to constrain ~U , ~d
x ~ 0.05

During next decade: Confront/CompeteICheck/Replace
SIDIS ! (in some I<inematical range)



N
-...J

First W Production Results
from STAR

Hal Spinka (ANL) for the*AR Collaboration

Progress in High Pr Physics
at RHIC, RBRC Workshop
17 March 2010



Cross Section - Shape
0 100 0 100....

p+p~ W-~ e-+v
.... W+ +c -- MC Norm. to Signal C p+p~ ~ e +V - MC Norm. to Signal
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• A comparison is shown of full PYTHIA + GEANT
simulations of STAR W ~ e v events at 500 GeV.
- The systematic uncertainties were estimated by varying cuts

and normalization regions for the QCD background and by
varying the BEMC energy scale uncertainty (± 7.5%).



Cross Section - Results

Run 9 STAR Preliminary p+p \f$=500 GeV
Kinematic acceptance: lIlat < 1 and E; > 25 G.V

O'(W± -) e± +Ve)

•
STAR Data 0 deFIGriaR, et at

MRST02NLO

I Lumi. Uncert. + M:~::iB::wn.

I :==~. ~ cT:~iB=.um.

There is reasonable
agreement between the
measured and expected
cross sections.

Run 9 STAR Preliminary (p+p 500 GeV)

O"w+ ~e++v = 61 ±3 (stat.) ~~~ (syst.) ±14 (lumi.) pb

0"w- ~e- +v =17 ± 2 (stat.) ~~ (syst.) ± 4 (lumi.) pb
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*AR AL Determination - Results
I P."Charg8. unpolyillfdll!392 I .. IN.tiVectulrg.. unpol~kfe,118

Prellmlna
Run 9 (pp)
500 GeV

0.8 W+ 0.8 W-

0.2
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Physics asymmetries (ALJ ALL) are corrected for unpolarized background.



~L Determination - Results

A t STAR Preliminary Run9 ~=500GeV
L ... "A,rl:p+p ~ ·vv- ~ e± + v

OAI- E; >25 GeV _. :.:::::::r~~~~~r"...·
W I fa·':.·:..·.·.·."b

STAR Preliminary Run 9
AL(W+) ~ -0.33 ± O.10(stat.) ± O.04(syst.)

AL(W-) = 0.18 ± 0.19(stat.) ~g:g~(syst.)

• For mid-rapidity, W decay
electrons / positrons

AL (W+) is negative, as
predicted, by 3.3 O.

AL (W-) is consistent with
being positive, as expected.

0'+ • 0',.
AL=(J + G.

+

W· W+ RHICBOS
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Summary
• There was a successful polarized -vs =500 GeV p+p run at

RHIC last year. First data were collected at this energy.

• 8TAR observed W decay electrons and positrons at
mid-rapidity (Inl < 1).
- The measured cross sections for both W+ and W- are in reasonable

agreement with theoretical expectations.

- The parity-violating asymmetries, AL, were also obtained and the
results agree with theoretical predictions. In particular, AL (W+) ~as
found to be 3.3 a away from zero (negative).

- Future results will work towards flavor separation of the different
quark and anti-quark contributions to the proton spin.

• We look forward to additional -vs = 500 GeV data in the
future (see the upcoming talk by B. 8urrow).
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W boson production and
spin asymmetry measurements at PHENIX

Kyoto University/RIKEN Ken'ichi Karatsu for the PHENIX Collaboration

• W bosons provide possibilities for flavor separated measurements, and
asymmetry of W productio'n is sensitive to the polarization of sea quark

• Upgrades are ongoing to measure W boson in the PHENIX M~on Arms.
They have been partially installed & tested at 2009 & 2010 RHIC Run.

-> They are ready for the next 500 GeV run!

• PHENIX observed W~ e decay in the mid-rapidity region (PHENIX Central
Arms) at 2009 RHIC Run (Run9).

-> Preliminary result for single spin asymmetry l.At =-o.83±o·3 1 I
• Analysis of W measurement at PHENIX Central Arms is ongoing and will be

finalized soon (first measurement of W bosons at RHIC!)

-> Experience from analysis also enables us to obtain greater result from the
next 500 GeV run!



PHENIX Muon Trigger Upgrade

RPC

Absorber
- reject hadron background
- prototype was installed at 2009 Run

Performance study
is ongoing

New MuTr F.EE.(MuTRG)
- use highly segmented

Muon Tracker (MuTr) I t
(gO,od momentu,m selectivity). • .
- poor time resolution ... i~~~,.~~B~~~~~~~
(> 1 beam crossing)
- fully installed

UJ
~



Measured spectra (PHENIX Central Arms)
Data driven BG estimation:

- (EMCal cluster) x (conversion + mis association probability)
- The rest is explained by the h± shape (NLO pQCD+EMCal response,

scaled so that the sum matches the 10-20 GeV region)

The bump is W+Z
signal.

Signal shape looks
reasonable

Data (9.28 pb-1) PH*ENIX

+ Raw counts (Charge combined)
(EMCal.cluster ,associated with track)

- Data drivenBG estimation
(10-20GeV assumed to be all BG)

-.. BG+P"YTHIA (normalized)

o 10

Preliminary
10 l~l.ll.l I I

1 L-Wl.J 1,-,1 + wt1 + ++

103

102

J!
;10"
8

w
Vl



Charge separated spectra
(PHENIX Central Arms)

Charge sign:
from DC angle ( 2.30- separation for 40GeV/ctra~! ..1. 1 'IJ

60 70
PT[GeV/c)

50403020

+ Raw counts (Negative Charge)
(EMCal cluster associated with track)

- Data driven BG estimation
(10·20GeV assumed to be all BG)

- Add PYTHIA (normalized)

I -y-. P::::~:
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1
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10

iDa

1r

20

+Raw counts (Positive Charge)
(EMeal cluster associated with track)

- Data driven BGestimation
(10·20GeV assumed to be all BG)

- BG+PYTHIA (normalized)
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The same factor for PYTHIA was used for signal shape
W-~e- signal has less acceptance than W+~e+ signal



Single Spin Asymmetry
When extracting spin asymmetry, any cut
can be applied to improve SIN ratio, if it's
spin independent
-7 Isolation Cut

w
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Negative charge

I. PHl"ENIX

Preliminary

90+% of signal is kept (red histograms)



Single Spin Asymmetry (positive charge)
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Longifudinalparify-violating asymmetry
in W ..boso,n mediated jefpair ,prod,ucfion

Pavel Nadolsky

Southern Methodist University

March 17,2010

Based on E, Berger and F? Nadolsky, Phys, Rev. 078, 774070 (2008)



Two classes of subprocesses with W basons

~o

1: Resonant (s-channel) W boson production

II dominant parity-violating process
atQ~Mw

II Leptonic decays: Br(W ~ eVe) .~ 10.8%

II Hadronic decays: Br(~V ~ hadrons) ~ 67%

~r<e+
d Ve

U~~.:/.u

/~+\
d J

2: Non-resonant scattering into a dijet final state,
mediated by ,W, Z, and g, and interference termsUXd UIU U U~IU

d U U il d dill etc.
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Calculation 01 the dijet cross sections

II Compute pp -~~ jet + jet + X I approximated by 2 ~ 2
excha.nges of V == 9, "'f*.W±, ZO in the s, t, and u channels;
orders a~wl asaEW, and a~

II Cross sections are fully differential in the momenta of two
jets; allow acceptance cuts

II for generation of cross sections and
for phase-space Monte-Carlo integration. Programs operate
with hencity-dependent scattering amplitudes, but typically
the amplitudes are summed over all helicity combinations to
produce spin-averaged cross sections.

.. modified MadE\/ent to evaluate single-spin cross sections
(available upon request)
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Unpolarized diJetmass distributions

II Continuous event distribution
from QeD and
electromagnetic scattering (9
and dominates

II "Signal regionll = region
which is close to (e.g'l

GeV)

II Even in this region l the
spin-averaged and
contribution is no more than a
few percent of the full event
rate



Spin-dependentdijefproduction

pp~ JjX, 'is =500 GeV

)
non-resonant contributions
measured and

V; interpolated
subtracted at

is·enhanced; statistical
errors remain reasonable

is improved
1.5
Y
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Sensitivity of AL to ~q
A L for production of jet patrs, after side-band subtraction

pp ~ JJX, \jS =500 GeV

For y < 0, pronounced
variations in AL due to the
variation of ild(x, Q)

o
y
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The black curve corresponds to the DNS2005 NLO PDF set 1. The pairs
of other curves contain the ranges of AL obtained if
baq == Jo1 dx D.q(x, 3.16 GeV) is varied within 6.x2/X~in < 2%



Spin Physics Results from COMPASS
Christian Schill

Universitat Freiburg
for the COMPASS collaboration

• Selection of ,Results

• DIS and Polarized Distribution Functions

• Polarization of the strange quark sea
~ • Asymmetry of the polarized sea

• Direct measurements of ~g/g

• Transversity measurements

• Future plans

• Near future: transverse and longitudinal data

• Study of GPD using DVCS and HEMP

• Drel'-Yan

Progress in High-Pt Physics at RHIC, BNL, Mar. 2010

..... • bmb+f .. Flrdersc'werpuntt

" .... ; :O~~.f!~.S.P~~_
• • Gtundlageftfol'$'bUAI

06FR9069



Proton & Deuteron 91(X) world data

Proton data - world Deuteron data - world

X 1
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Compass results for LlU(X), ~d(x), and ~s(x)

• LO semi-inclusive data analysis of COMPASS proton and deuteron data

DNS: De Florian, Navarro, Sassot, Phys. Rev. D71, 2005
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Results on direct measurements of I1g/g

­,-
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Collins Asymmetries

New: full 2007 proton dataset (statistics tripled)
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Two-hadron asymmetry

I tltt!t
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• large asymmetries
• interference FF and transversity sizable
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The STAR
W Physics Program

~ Status and Future Plans -

IIIii
Mar.r.ilcl1lJ,et1s
11l9t,tlltflol
Tecl,nolopy

Workshop on Progress in High-pT Physics at RHIC
BNL, Upton, N'f, March 17,2010 BerndSurrow
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o Run 9 Lessons and Expectations:

STAR W Results

o The STAR Forward GEM Tracker

o Layout

OF"ufure Plans - STAR W Prog~clm

o Plans

o Projections of future mid-rapidity
measurements

o Projections of future forwardl
backward rapidity measure~ments

o Technical realization

o Schedule

o Introduction

Workshop on Progress in Hjgh-pT Physics at RHIC
BNL, Upton, NY, March 17,2010
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o STAR W program in e-decay mode at mid-rapidity and forward/backward rapidity'
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o Key signature: High PT lepton

(e-/e+)(Max. Mw/2) - Selection

of W+/W- : Charge sign

discrimin.ation of high PT

lepton

o Required: Lepton/Hadron

discrimination

6.djd (6.U/fJ,)
v.
w

Workshop on Progress in High-pT Physics at RHIC
BNL, Upton, NY, March 17,2010

Total (Vs=500GeV) a(W+)=135pb and a(W-)=42pb
Bernd Surrow
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o STAR Overview First collisions of polarized proton beams at

STAR at Is = 500GeV: Run 9 (P"'40/o / L"'14pb-1)

4

Vl
+::.

o Calorimetry system with 211

coverage: BEM'C (-1<n<1) and

EEMC (1<n<2)

o TPC: Tracking and particle

ID

o ZDC: Relative

luminosity and local

polarimetry (5.00GeV)

t}

o BBC: Relative

luminosity and

Minimum bias trigger

Workshop on Progress in High-pT Physics at RHIC
BNL, Upton, NY, March 17,2010

o STAR Mid-rapidity W program (Inl<1): BEMC and TPC

o STAR Forward/Backward W program (1<lnl<2): EEMC and

TPC / FGT (Installation in summer 2011)

Bernd Surrow
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o W boson kinematics relevant for STAR rapidity acceptance

include SID'S
with different

FFs

0, de Florian, LBL,

RHIC Spin Workshop,

November 2009
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0.02
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Backward rapidity:

o '1< 0

o <Xl> less than <X2>

o

o Mid-rapidity:

o '1-0

o <Xl> similar to <X2>

0 Leptonic rapidity inherits P'1'>20 aeV
C.6

relation to mean x 0"[- x,
w-

~>I

I

o.st I

"
t_~,

>< I

0 Forward rapidity: v 0,8

0 '1> 0 o.tl.r--r' I........ - ~

0 <Xl> larger than <X2>
Vl
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Vl
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." ."
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X

0.0 0.1 OJ!' 0.3 0.•
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Workshop on Progress in High-pT Physics at RHIC
BNL, Upton, NY, March 17,2010 Bernd Surrow



U'l
0"\

~, .•.....•.......~••~.~.,.~•••...•. ,. ··························.·...•: ~.· ·~L;········ ~~.~.~.~~~M •• ••••••: •••••;:.;:•••::::.:~ .•• : •••::.:••::::::.: :.:.:::::~::::,::::.;:::::~:I
o STAR W program

o First Run 9 STAR W result (Cross~sectionand AL for W+/W~ at mid-rapidity) important milestonel

o Mid-rapidity:

o Charge sign discrimination: Demonstrated at high-pT (Al50GeV/c)

o Signal (S) / Background (B): SiB =6 for W- and SiB =11 for W+(Integrated for ET>25GeV)

o Forward rapidity: CompieteFGT construction in Alfa" 2010 followed by full system test a·nd subsequent

full installation in Alsummer 2011

=} Ready for anticipated long 500GeV polarized pp run in FY12 (Run 12)

o Critical: Design polarization performance of 70"0 with Al5"0 absolute polarization uncerta;'nty (::::} Required,'

by eRHIC program' ) to collect at least 300pb-1!

o Future measurements of ALot STAR at mid-rapidity and forward rapidity (Wide rapidity coveraget) are

expected to play an important role in our understanding of the polarized QeD seal

18"

Workshop on Progress in High-pT Physics at RHIC
BNL, Upton, NY, March 17,2010 Bernd Surrow
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Heavy Quark Correlations
in Polarizedpp Collisions

Marco Stratmann
Regensburg / Wurzburg

We present a comprehensive phenomenological study of heavy flavor distributions and

correlations in longitudinally polarized proton-proton collisions at BNL-RHIC.

All results are obtained with a flexible parton-level Monte Carlo program at NLO

accuracy and include the fragmentation into heavy mesons, their subsequent

semileptonic decays, and experimental cuts. Next-to-Ieading order QCD corrections

are found to be significant for both cross sections and double-spin asymmetries.

The sensitivity of heavy flavor measurement$ at BNL-RHIC to the gluon po~"arization of

the nucleon is assessed. Electron-muon and muon-muon correlations turn out to be the

most promising observables.

Theoretical uncertainties are estimated by varying renormalization and factorization

scales, heavy quark masses, and fragmentation parameters.

I. Bojak, M5, Phys. Rev. D67 (2003) 034010

J. "Riedl, A. Schafer, MS, Phys. Rev. DBO (2009) 114020



Why Au. for heavy quarks?

o

0.2

0.3

0.1
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30

2
0.02

0.01

'Ito

ALLO
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0.05

Ajet o
LL

-0.05

• present knowledge of ~g based on single class of processes: hadrons & jets
PT [GeV]
468

Vl
00

• rare probes (prompt photons, HQs) can be never as significant as jets

b
~ different hard scattering dynamics than jets and 'hadrons

ut
~ much smaller number of subprocesses



techftIeaI aspects in G nutshell

previous calculation: I. Bojak, M5, Phys. Rev. D67 (2003) 034010

phase space calculations done largely ancilytically; phase space slicing method

~ fast numerical implementation but limited to single-inclusive HQ yields

Ul
\0

new calculation: J. Riedl, A. Schafer, M5, Phys. Rev. D80 (2009) 114020

phase space calculations performed numerically; uses availa'bl~ matrix elements

subtraction method for singular regions (a 10 Mangano, Nason, Ridolfi, NPB373 (1992) 295)

~ n'o SO fast numerical implem'entation but fully flexible:

• HQ correlations; HQ-jet correlations (not yet)

• experimental cuts
• HQ decays (so far: semi-Ieptonically)

• can be easily extended to cover HQ photoproduction at an Ere (soonl)



d"r~.411 ~ .' ft!RVlllMj ...a.., ·i~ ·"-1·. . .... VUU ."spln ..., ..•...• II·~'..~ S,.I.~I... USlve

76

ii.. ._.__,

i
I t-o_-_-J
I I
I
I
I
I
l_ ---1

I
I
I
I

c,b -+ e

I·
L - - - - j._. ._.

I

I
I
I

3 4

p!t. roeVl
2

AtL
1.2 < J'lp/ < 2_2

NLO

- - - GRSV (std)

---DSSV

-.-._-.- DNS (KRE)

single electrons

• in general, very small asymmetries

• interpretation of ALL complicated

(e.g. cancelations lead to ALL:= 0 for DNS)

-0.002

-0.004

-0.006

-0.008 I I , I I I , " " I I I I I I I I I , I I " " II

o

7

I
I

I
I
I
i
I
I
I
I
i

I I
1 .J

6

I
I
I
I

I
1- ,

I
I
I

5

c,b -+ ~

----1

I
I
I

3 4

.p;. [GeV]

2

A~L
l"lel < 0.35

NLO

--- DSSV

- - - - ORSV (std)

_.-.-._-- DNS (KRE)

single muons

0.001 Ii iii iii iii Ii

-0.001

-0.003

"().OO2

"().004 " I , , I , I I ! '" ! I I I I " " "

o

• cancelations less pronounced than for electrol

• better correlation between ALL and ~g

• larger spin asymmetries than for electrons

0"\o
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• clear correlation between ALL and ~g

• best suited heavy flavor observables

to explore nucleon spin structure
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NLO correctfons to Au.
indeed ... I 1

single electrons
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• correlations more stable w.r.t. NLO corrections; z constant w.r.t. inv. mass
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Status of the
Gluon Spin Program

at STAR

Scott Wissink, Indiana University

for the STAR Collaboration

Abstract

After a brief review of why ~G is an interesting and important quantity
to determine, I present a survey of STAR's inclusive pion and jet spin
asymmetries, and describe how these have helped constrain models of
gluonic contributions to the proton's spin. The need for new correlation
studies, such as di-jet and photon-jet efforts, is discussed, along with
realistic projections for what STAR will measure for these processes in
the next few years at ~s = 200 and 500 GeV.

~R Scott Wissink, Indiana 17-19 March, 2010



The Spin Puzzle: What RHIC brings to the table

o qq-.qq
E gg...qq
qq~gg

qq~g'Y

qil..~qlq'
qq~/l

LO
A-QeD
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17-19 March, 2010

Assumes
factorization

works
~. I

4
+

large spin
correlations
at partonic

level

Provides pQCD probes ofspin­
dependent partonic structure!

)~~
Versus

}~~

Scott Wissink, Indiana

p ==;:=:::A= Ipp ~ hX I
~fa

-fb r 'x'
p .. I IIhard" dutcD

parton-parton

All the' pieces are in place to ask:
Does the gluon··spin contribute
significantly to that of the proton?

*AR

0\
~



STAR Inclusive jets: Impact on (first) global analysis

Represents the first global NLO analysis
to include inclusive DIS, SIDIS, and
RHIC pp data on an equal footing.

• Strong constraint on the magnitude of,
Llg over kinematic range 0.05 < x < 0.2
probed by STAR at ~s = 200 GeV

• Data favor a small Ag in this window

*R

oLu" .. '..11

17-19 March, 2010

0.1

0.3

0.2

10 ..2 10 ..1

gjuon momentum fraction, ,x

~ Best fit solution finds a node in
the gluon distribution near x ,..- 0.1
but with the opposite phase from
that found in GS-C

-0.1

5

15
2

Nli

10

-0.2 0 0.2
ilg1, [0.05-0.2 ]

Scott Wissink, Indiana

-0.2 0 0.2
ag1, [0.05-0.2]
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Vl



Mapping out AI(X): the need for correlations

Despite great advances made via study of inclusive processes:

- Measurements average over a broad range in xg at a given PT

- Provide minimal information on partonic subprocess involved

~ Could 'hide' non-trivial behavior of Ag(x), esp. if a node exists!

1

1.0 ,........."

><
0.75 C)

0
~

0.5
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"""'-
z

0.25 -c

0
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P =28 GeV/c
T x10 5
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10 X gluon
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u
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~
<1 0.4

0.2

o I ..---err, , " "Cd I , '" I == 2'" I II

10-3

0\
0\

-7 Need correlation measurements
to help constrain the shape ofilg(x)*AR Scott Wissink, Indiana 17-19 March, 2010



Di""jets in Run 9, 200 GeV: Expected sensitivity to A9

To leading order, di-jets
provide direct access to
initial-state parton
kinematics (x1, x2).

17-19 March, 2010

By detecting di-jets in
different regions (11,<1» of
the STAR detector, we
~ sample different

mixtures of qq, qg, gg
.~ sample different

ranges ofxg

7 Provides much
tighter constraints on
theoretical models
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Summary and Outlook

'.,.....,......".,...".'.

-"--..._-
3!

25 30 P (GeV/c)
T

' ........ , ........

2010 15

ontine polarization

(~:~~~::::::::::~ -- ..

0.04

0.tl6

·0.02

ALL ~. 2006 STAR Preliminary
o1~ -GRSV-std .- I .,- ,- • _. -.' -. •

• - GRSV Ag:g , •~ .
••• GRSV Ag=O

0.(J8r -GRSV ~gc.g ./,'
e'·'GS·C

,/

STAR has developed a broad and
diverse program for studying AG
~ Complementary measurements
support small gluon polarization
over the range 0.05 < xg < 0.2

Over next 2-3 years expect greater
precision in inclusive channels at
200 GeV, plus new results at 500 ...

.... and increased focus on di-Jet
and y-jet correlations to more fully
map out gluon helicity distribution

0\
00

~ Must viewLlG studies as one comlJonent of broader program to
understand all aspects ofparton spin behavior in the nucleon!

*AR Scott Wissink, Indiana 17-19 March, 2010
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Title: Gluon polarization: status and plans for measurements at PHENIX

Ever since the discovery, by the EMC experiment, that quarks contribute only
- 25 % to the proton spin the gluon spin ($\Delta{G}$) contribution has
become the most sought after number in spin physics. The PHENIX spin
program with the longitudinally polarized proton proton collisions at the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory has
been a center of focus for new results in $\Delta{G}$. We will review recent
results from $\piAO$, $\piA{\pm}$ and direct photons final states measured by
PHENIX detector.



Cross section results from PHENIX
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- NLO pQCD shows agreement with the cross section data
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phYSICS at RHIC



Cross section results from PHENIX
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nO and y asymmetry results from PHENIX

(a)
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o Direct photon ALL at 200 GeV
- quark gluon scattering dominates
- clean channel, isolation cut, linear in ~G
- higher statistics needed
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Constraining ~G (using run5,6 nO data)

o Ru......

• Run-6
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o Vary ~G in GRSV fit, generate ALL' calculate X2 for each
expectation curve, plot profile.
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- X2 profile is asymmetric so J1X2 =1 and 9 (lcr and 3cr) are significant

From just the statistical uncertainty :
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3/19/2010
SV\/adhin Taneja Progress in High-pT

physics at RHIC
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Summary & Outlook

o PHENIX nO data offers strong constraint on LlG as found by
DSSV.

o Other probes (1[+/- , 11, y) also can constrain LlG, and will be

used in future global fits.

o 200 GeV data from Run9 and future runs will further
significantly constrain LlG.

D LlG at lower·x range (x<0.02) is presently being explored with

~s =500 GeV at RHIC (2009 polarized pp run).

- Future measurement at 500 GeV will help constrain LlG
, .

given> 50%

o It is much too early to claim that LlG=O, as uncertainty in range
O<x<1 is large

3/19/2010
Swadhin Taneja Progress in High-pT

physics at RHIC
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SSAs in hadron-hadron collisions and TMDs

M. Anselmino
Torino University & INFN

based on work withM. Boglione, U. D'Alesio, E. Leader,
s. Melis, F. Murgia, A. Prokudin

A presentation and a discussion of a TMD-factorized scheme for
inclusive hadronic processes with one large scale only, pp ---> hX,

is made. The role of Sivers and Collins mechanisms in,
understanding the observed transverse single spin asymmetries

AN (SSAs) is discussed. Predictions for SSAs in Drell-Yan
processes are presented.



SSA in hadronic processes: TMDs, higher-twist correlations?

Two main different (?) approaches

1. Generalization of collinear scheme
(assuming factorization)

.......:J
0'\

t1
p

do- i = L la/pi (Xa, kl-a)}is!,fb/p(Xb' kl-b))is! daab
-+

cd
(kl-a, kl-b) 0 [?Tr /c(z, Pl-Tr ))

a,b,c==-q,q,g V V V
single spin effects in TMDs

M.A., M. Boglione, U. D'Alesio, E. Leader, s. Metis, F. Murgia, A. Prokudin, ...
(first proposed by Field-Feynman in unpolarized case)



no oloay - f
e

ri
.
Ion

do- i - do- 1

AN = dai +da1
main contribution from Sivers

and Collins effects

! ~ E 7r da
P

-+

7r

x _ E 7r da
P

-+

7r

x = [da i _ da! ]Sivers + [da i - da! ]Collinsda i - da ~ d3 d3p
P1r 1r

'-J
'-J

[da i - da1]Sivers " J dXa dXb dz d2 k d2 k d3 ~( "" ) J( . ) ~("" "', "")== L.J 2 2· -La. l-b ;'Pl-u Pl- -Pc Pl- U S+t+U
161T X a Xb Z S

X cPa. Sivers phase

[
'" 0 2 A 0 2 "" 0 2]

X fbjp(Xb, kl-b) -2.A. IMII + 1M2 \ + 1M3 I D 1f / c(z,Pl-)
ab~cd

[da l -. da1]Collins -

x

x

dxadxb dz 2
1611"2 X

a
Xb z2

s
d kJ..a d

2
k.Lb d

3
p J.. J(pJ.. · Pc) J(pJ..) J(s + i + it)

~~~~~, + 'PI _ ~olJins + scattering
M~] phases

qab~qcd

negligible contributions from other TMDs
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in principle, Collins effect
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on Collins function and
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in preparation



contributions to A_N of SIDIS extracted Sivers, Collins
and transversity distributions

STAR BRAHMS
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a combination of Sivers and Collins effect might explain data
(great uncertainty in actual knowledge of 5ivers functions at large x)



Predictions for AN in D-Y processes
Sivers .functions as extracted from SIDIS data, with opposite sign
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00
........

~

Transverse Spin Measurements at PH~ENIX

PHENIX strategy
Measure several observables each sensitive to different transverse spin effects

(i) Forward SSA -7 Sivers & Collins
Neutral Pions & Charged hadrons

(ii) Transversity-type Asymmetries
Interference Frag. Func. Analysis

(iii) Sivers-type Asymmetries
Heavy Flavor
Back to Back Hadrons
AN for y-O

John Koster
for the PHENIX collaboration
University of Illinois at Urbana-Champaign

Progress in High-PT Physics at RHIC
RBRC Workshop

2010/03/18



(i) Forward SSA AN nO in MPC at ....}s=62 GeV
~

PH~ENIX

t
itt l

'11 =3.3

pt+p4 1t'+x at ~ :;; 62.4 GeV

• r"l < 3.5

PH;)}:i&ENIX Preliminary <I' }. 0.28 0.34 0.44 0.54 a.V/e

29%.. po..larJz.. aelon uncertainty on A. seale 'T 'j:....
10% enertY calibration uncertainty on x

F
scale ~; :;

• 11 > 3.5 !Ii

oI ?f 'r T J <PT}· 0.64 0.77 0.97 1.16 G.VIe,

0.1

0.05

2
II(

0.15

PHENIX Detector

PHENIX nO results available for -vs=62 GeV

• Production dominated by quark-gluon

• Similar xF scaling to higher 'and lower
center of masses Oj~,· i i • I

• Asym~etries could enter ~ global ". Process
analysIs on transverse spin asymmetnes t"b t· tOh .-. con rl U Ion 0

o -3 3 ..n ,11- . , 0.4

~s=200 GeV

00
N

02 -
o I. ,I •• If"" I • , • , • '-1

30
40Ex [GeV]~n PLB 60~173 (2004)



(i) Forward SSA AN Cluster in MPC at ~s=200 GeV
~

PH~ENIX

-:/,0.08 PHENIX Preliminary • x >0.4
Single Clusters, p+pVS=200 GeV F

0.06 Vertical Scale Uncertainty: 4.8% f 0 x,,<-0.4

++
0.04 f
O.02t- I . f

,0 t--------_. ---_. ---- .--_.._....--~. -----_. --------~- -----_. ----_....-~ ------'--_. _. ------_.. _. ---_. -_ ...---... ------_.. --
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:::J
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"t-
O
C
o
~
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'-

LL.
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Decay photon
nO
Direct photon



(ii) A;;;( ¢) vs pair mass ~

PH~ENIX

----- h+xo

~ xOh-

-8- h+h-

PHENIX Preliminary
p+p 2006+2008 \15=200 GeV

0.04

~ 0.08 jl--------------------------------.

c~ I
"; 5«

0.0-8

0.02

00
~

o

-0.02

-0.04

~

PH~*ENIX

(9,cal. uncertainty '10% not Included)

wfl t h+. h""

P
T

> 1 GeV/c, 1111 < 0,,35

Added statistics from 2·008 running

0'061 J 1.1 i /.' /' I / I • I / I / I ,/ I I I • I I I • , / .,

- · 0.4 0.6 0.8 1 1.2 1.4 1.6
mID[ ('GeV/c2

)

No significant asymmetries seen
at mid-rapidity.



(iii) Mid-rapidity nO and 11 AN
~

PH~ENIX

·ttO

-"

T PT I

O~ I tA .- _N 0'00:1 __ .1 .. _. __ .I +_._.. _.. .. ~. _.
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• AN consistent with zero
6 10 . 12

P
T

(GeV/cJ



Outlook with Upgrades
~

PH~~ENIX

1J.+(ei

py=41GeV
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-0.02

..0.03~ I , I I .'
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20.04~-----------,
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Pr PT

.t 0.1,

• Vertex Detectors (2010 installation)
Large acceptance precision tracking

Heavy flavor tagging

Elec~rons from charm decays and
beauty decays separately

c,b-Jet Correlations

Expanded IFF analysis

• W+I- AN
Suggested in: Phys.Rev.Lett.103:172001,2009

Flavor sensitive quark Sivers
measurement

Instrumentation:
Ready: Upgrade in progress

00
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Robert Fersch
University of Kentucky

SUMMARY OF PRESENTATION

First quantitative 'insights into transverse quark spin degrees of freedom in the proton have been

obtained from Belle measurements of Collins fragmentation in e+e- collisions along with HERMES and

COMPASS measurements of the Collins asymmetry in deep-inelastic lepton-nucleon scattering (see, for

example, Anselmino et al. PRO 75:05032(2006) and Seidl et al. PRO 78:032011 (20~B) ). Further

constraints can be added from measurements of the azimuthal asymmetry of leading charged pions in .

jets produced by transversely polarized proton collisions. This asymmetry can be expressed as a

convolution of the quark transversity, the Collins fragmentation function and a hard-scattering spin­

transfer coefficient. We present a summary of the the first such asymmetry measurement from vs =200

GeV transversely polarized (_58%) proton collision data (totalling -1 pb-1) collected at the Solenoidal

Tracker at RHIC(STAR), with full azimuthal coverage at mid-rapidity (1111 < 1). Progress on this

measurement and the statistical precisionof analyzed data vs. hadron to jet momentum fraction z is

shown. Future work is mainly concerned with determination of systematic errors.
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polarized quark ---j> jet ==}

spinaordependence in

($..L)

proton-proton scattering: ..€9... . . aleaai.ng o.nly (highest mom.)
P(PA1 p(PB ) ~ et(PJ · +X \l!.J + X

t ..",/".
one proton polarized Inclusive all other scattering products

(all jets) L d' . . hea Ing plans give us t e
most direct access to the
quark initiating the event.

asured asymmetry

Z :: prr/pJET

tPn-dependence pion
production
relative to S.l±

. (sin(cDn-cDs) _ =0 if distribution of pions

A( ) ....-+--- within J·et. symmetric
Z,JT = . N .......

....----1-- total number of jets .
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. Measured asymmetry A= (sin(<PlI<Ps)
N

Collins, Sivers
fragmentation

functions

Extraction of Collins
fragmentation function from
fit to SIDIS data (HERMES,

COMPASS) and Belle
Collab. data (KEK)

(Anselmino, st ai.: 2008)

isospin-favored
Collins' frag.

function

0.2

0.4

rr: favored =U , unfavored =d
rr: favored =d, unfavored =u

0.4 0.6

jr{GeV)

Prediction (estimate): .(4 '(1T±) ~ ±O.03

.........
•.t;. 0.8

N
--;. 0.6.e
C
z
<J

P1 127221 !

~t:~h;~& 805

0
Mean B.434

J

1
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-1
)J

1U"

.') ""1ft ~1JlrL }'1J
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PartDnic Spin Transfer

(GEANT + PYTHIA) simulation

A
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Results from
several triggers
compared

90

full azimuthal (<1» coverage



Lower prcut is a tradeoff between
statistics and gluon event
contamination:
I BJPl -127221 I

1 _ : : : :a I I I I ,

f1R measures collimation
of particles within jet :~ :.l.::::::-r-gg:::\:::::::::::::::::L::::::

! ", .
°'0 20 30 40 5~

JetpT (GeV)

STAR simulation (PYTHIA + GEANT) at ...Js =200 GeV
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.Asymmetry Statistics
I Collins Asymmetry Stati$!lcsvs. 2:: jt+ I

MSF STAR Ist .. I I

QQ:~ ~I ~~~~~~~~.illl··--··-·lll········I'
~~ I

~::.L,,,,,,,,,,,,,, '''''''~
• '1) 0.10.2 tt30.4 0.5 0.6 n.7 D.8 0.9 1

z

STAR ---rl
Preliminary I I

I
11

,I I. ,,! !,.i,. ,I, .,!, I Ji I ••• 1
6.1 0.2 0.3 0.4 6.50,.ij 0.1 0.8 0.9 1

z:
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(jets in forward
hemisphere of each
beam analyzed)

Simulation/theory
(estimate): A (1T±) Rj +0.03



Nontrivial Relations between GPDs and TMDs

A. Metz1 , S. Meissner2 , M. Schlege13

1Department of Physics, Barton Hall, Temple University, Philadelphia, PA 19122-6082, USA

2Institut fur Theoretische Physik II, Ruhr- Universitiit Bochum, 44·780 Bochum, Germany

3Institut fur Theoretische Physik, Universitiit Tubingen, 72076 Tubingen, Germany

Abstract
Generalized parton distributions (GPDs) and transverse momentum dependent parton distributions
(TMDs), respectively, are the ingredients in the QeD de.scription of hard exclusive and semi-
inclusive (see page 1 for their definition for quarks). In [1, for the first time a nontrivial
relation a GPD and a T:rv1D was proposed a connection the GPD Eq and the
tra.nsverse momentum dependent Sivers function Itt. A quantitative relation between these two
distributions was later on obtained in a simple spectator model, where the impact parameter
representation of Eq is involved [3] (see also page 2).

Comparing the GPD-correlator in impact parameter space with the T11D correlator leads to a
complete list of potential nontrivial analogies/relations between GPDs and T11Ds both for quarks
and gluons [4, 5]. Those analogies can be grouped into 4 different types (see page 3). While
the analogies of first type represent nothing but (trivial) general model-independent relations, the
remaining ones are potential nontrivial relations. We have explored the nontrivial cases in the
framework of two simple models to lowest nontrivial order in the coupling constants [5]: a diquark
spectator model for the nucleon as well as the quark target model in perturbative QeD. The latter
allows one, in particular, to study potential nontrivial relations on the gluon sector. It turns out
that a whole host of explicit relations can be found in those models also page 4). Moreover,
recent work has shown that a nontrivial relation Eq and can also be obtained in
spectator model when summing up a certain subcla..'38 of all orders in perturbation
theory [6].

To find out whether any of the nontrivial relations obtained in models can be promoted to a
model-independent status we performed an analysis in terms of GTMDs (generalized transverse
momentum dependent parton distributions) [7, 8] (see also page 5). We make use of the fact that
GPDs and TMDs appear a..'3 certain limits· of GTMDs (mother functions). This connection allows
us to explore which GPDs and TMDs have the same mother- junctions. As a general outcome we
find that none of the (model-dependent) nontrivial relations can have a model-independent status
siIlce the respective GPDs and T11Ds are related to different GTMDs. On the other hand, it is
currently not known to what extent the nontrivial relations are violated numerically.
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Definition of GPDs and TMDs

• GPD-correlator

Fq 1 Jdz- ik Z <' 'I -( Z) + (Z) I >I- - e . p; A 1jJ -- ~ WGPD 1jJ - P; A
2 21T 2 2 z+=zT=o

1
(

. +p, A )_ " + q' ~a u.p, q
- u (p , A) ~ H (x, e, t) + . E (x, e, t) tl (p, A)2P+ . . 2M

k+
x - P+

~+

~ = - 2P+ t == ~2

\0
~ • TMD-correlator

<p q 1 Jdz- d
2
ZT ik·z < I - ( Z) + (Z) I >I- ,--.--e P;S 1/J' -- ~ WTMD'lj) - P;S

2 21T (21T)2 2 .2z+==o

ijki 8 1
q -+ 2 ET T T -lq -+ 2

f 1 (x, k T ) - 7\ IT fIT (x, k T )

- Sivers function .ftr induces distortion of TMD correlator in kT-plane

- Effect of this distortion has (probably) been observed by HERMES

- Typeset by Foil1EX -



Impact parameter representation of" GPDs

• Fourier transform of GPD-correlator (~ == 0) (Burkardt, 2000)

q -+r (x, bT ; S) Jd2~T -iLS.T·bT pq ( A. 0)-- e x, IJ.T, ~J

(211'" )2

ijbi
sj ( ) I

1{q(x, b;') + ET ~~ T £q(x, b;')

\0
Vl

• Distortion of GPD-correlator in impact parameter space

J J ijSj J ijsj. . 2-+' -+ E E
dq,~ == dx d bT b~ rq(x, bT ; S) == ~-.:.L..I.. dx Eq(x, 0,0) == _-.:.L..I..~q

2M 2M

~ (Large) flavor dipole moment of about 0.2 frn

• Quantitative nontrivial GPD-TMD relation in spectator model (Burkardt, Hwang, 2003)

<k~i(X)>UT

- Typeset by Foil1EX-

J
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_ d2k k i T T T f-L q ( k2 )
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Overview of model-independent relations/analogies

• Relations of first type

f
q / g +-+ H q/ g gq/g ~ itq/ g
1 1L

( q k~ i-q) (q b~ -q)
hIT + 2M2 hIT +-+ 1tT - M2 ~1tT

• Relations of second type

\0
0'\

f:l!g +-+ - (£q!g)'
~2

(
h g kT hi-g)

IT + 2M2 IT

• Relations of third type

hti +-+ 2 ( itj,) 1/

htq
+-+ - ( £f + 2Hj,) I

(
b~ -g)'

+-+ -2 1t~ - M2 ~1tT

)"htg
+-+ 2 (£? + 2it~

• Relation of fourth type

- Typeset by Foi I'IEX -
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Nontrivial relations in spectator models

• Moments of GPDs and TMDs

XCn)(x)

yCn)(x)

• Relations of second type

I! (~2 )n-l ~2d2~ T X 0 T
2M2 r 2M2 (x, ,- (1 _ '1:)2)

! ( k~2 )771
2~ T ,.,. ~2

d kr 2M2· Y (x, kr )

\0
-....J f;;(n)(x) = H 2 (n) 1 Eq(n\x)

I-x

- H 2 ( n) depends on model

• Relations of third type

h..Lq (n) (x) == H (n) 1 fIq (n) (x)
IT 3 . (1-x)2 T

- H 3 ( n) is the sa me in both used spectator models

- Typeset by Foi1'lEX -
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Model-independent analysis in terms of GTMDs

• 'GTMD-correlator (e.g., Belitsky, Ji, Radyushkin, Yuan, 2003, 2005)

q 1 Jdz- d
2

zT
ik·z <! 'I -( Z) + (Z) I >Iw =2" 21f (21f)2 e ' PiA 'l/J -2" '"Y WCTMD'l/J 2". PiA z+=o

---+ W
q parameterized in terms of 4 complex-valued GTMDs F1,n == Fle~n + iF~n

• Projection onto GPDs and TMDs

\0
00

F
q = Jd

2kT W
q <I>q == wql

~=o

• Results and general conclusion

- Relations between GTMDs and GPDs as well as TMDs worked out
- Example

E(x, 0, E;)

1.. -+2
f1T(x, k T )

J 2 -I> [ e (kr . ET e e )]d kT - FI,1 + 2 E2 F I ,2 + F I ,3

T

o -1>2
-F1,2(X, 0, k T , 0, 0)

- E and ftr not related as they depend on different GTMDs
- None of the nontrivial relations can have model-independent status

- Typeset by Foil1EX-
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Recent Results and Future Prospects for
Drell-Van Experiments

Jen-Chieh Peng

University of Illinois at Urbana-Champaign

Summary

• We first review the unique features of the Drell-Yan process for
probing the parton distributions of the nucleons and nucleus.

• Recent results from the Fermilab experiment EB66 on th.e azimuthal
angular distributions of Drell-Van in p+p and p+d interactions are
presented'. The connection to the Transverse Mome·ntum
Distri,butions (TMD) is discussed.

• Recent results on the measurement of the Upsilon production in p+p
and p+d are presented. Implication on the ratio of gluon distribution
in the proton versus that in the neutron' is emphasized..

• Future prospects of Drell-Yan experiments at various facilities are
discussed. List of outstanding physics issues to be resolved in these
future experiments is presented.



........
o
o

Physics results from Fermilab dimuon experiments

1) Drell- Yan process:

• Antiquarks in nuclei and nucleons

• Quark energy loss in nuclear medium

• Drell-Yan angular distributions

2) Quarkonium production:

• Pronounced nuclear dependence

• Production mechnism and polarizations

• G luon distributions in the nucleons

3) Heavy quark production:

• Open charm production

.B-meson production
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Gluon distributions in proton
versus neutron?

E866data: a(p+d~y X)/2a(p+p~YX)
1.2 ~---,---,---,---,--.....,.--,--,.........,.--,-r--r---r---r---r---r--""""""--'--"--"---'---'--"""""--"-""""""--'---r---T-~"""-

~ 0f1.1 00°00 ¢ ¢
0- 00

b 1 Lingyan Zhu et aI.,
~~ 0.9 PRL, 100 (2008)
~ 062301 (arXiv:"+ 0.8 • T I 0710.2344)

0-0.7 0 Drell-Yan
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d -
Drell- Yan: a P / 2aPP :::::[1 + d (x) / u (x)] /2

J / 'P, Y : a pd
/ 2aPP

::::: [1 + g n (x) / g P (x)] / 2

Gluon distributions in proton and neutron are very similar



d / u from W production at RHIC
R(x ) = da- I dxF(pp ~W+x) at.j; = 500 GeV

F da-I dxF(pp ~W-x)

0.6
xF

0.40.2

Using recent PDFs

4

~

'\ /1

5r-;\ /I
, u=t:-d FL/
~ 1 F~ h'V

- ~, //1
- ~~- /"'/

U
==d ~ -~2~ ~-------~ /ti _ ,/,/

-_._----~

~

o
N

Yang, Peng, Perdekamp, Phys. Lett. 8680,231 (2009)

A comparison with 0-Y could lead to extraction of ~SV effect

Is up (x) =dn(x)? up (x) =dn(x)? etc. 4



New results on cos2<p Distribution in p+p Drell-Yan
L. Zhu, J.C. Peng, et aI., PRL 102 (2009) 182001

QeD
(Boer, Vogelsa'ng;
Berger, Qiu,
Rod~iguez­

Pedraza)

• p + p at 800 GeV/c

o p + d at 800 GeV/c

P+P.

~·:::~~- ..:TJ·]:·~'~':':':':':::::±::_--~------------~-----­
p+d

0..5 1 1.5 2 2.5 3 3.5 4

Pr (GeV/c)

• p+p is similar to p+d; More data at higher PT is needed

• More data are expected soon from Fermilab E906
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Outstanding questions to be addressed
by future Drell-Van experiments

• Does Sivers function change sign
between DIS and Drell-Yan?

• Does Boer-Mulders function change
sign between DIS and Drell-Yan?

• Are all Boer-Mulders functions alike
(proton versus pion Boer-Mulders

. functions)
• Flavor dependence of TMD functions
• Independent measurement of

transversity with Drell-Van
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New Probes for the Future Transverse Spin Physics @RHIC

Ming x. Liu
Los Alamos National Laboratory

The study of transverse single spin asymmetry (TSSA) has been one of the most exciting and challenging areas in QCD.
The recent observations of non-zero TSSA effects from HERMES and COMPASS as well as RHIC-SPIN have stimulated
a tremendous interest in studying these phenomena, and also have produced a much deep understanding of the
QCD dynamics and nucleon structure at the partonic level. However, there are many outstanding issues remain as
major challenges, such as the universality of transverse momentum dependent (TMD) functions and higher-twist (HT)
mechanisms.

We propose to study TSSAs in charm and Drell-Yan production at RH IC. This requires much improved beam luminosity
and polarization, as well as silicon vertex detector upgrade for both experiments at RHIC. We expect they all can be
realized in the near future.

As we know, at RHIC energy, heavy quarks are predominantly produced via gluon-gluon interaction, thus providing a
unique opportunity to study TMD and HT mechanisms: 1) in the TMD model, since there is only one gluon Sivers
function, both charm and anti-charm will have identical TSSAs; 2) however, the situation is very different in the HT
-approach. There are two independent tri-gluon functions that couple to charm and anti-charm differently, thus TSSAs
of charm and anti-charm are not necessarily the same, a distinct experimental signature that can be checked. The
PHENIX experiment has produced preliminary results on heavy quark AN but currently they are statistically limited.

It is proposed that in the Drell-Yan (including W/l) process, the Sivers functions will change sign compared to the ones
extracted from SlOtS experiments. It is of great importance to check this fundamental prediction of QCD. Our i"nitial
study indicate it is possible to perform such measurements at RHIC. Further more, with SOOGeV beams, it is also
possible to study flavor dependent Sivers functions at RHIC.



Current Understanding of TSSAs (II)
• Collinear Approach

- Twist-3 three-parton correlation functions} Qiu­
Sterman matrix

- Twist-3 parton fragmentation functions

Qiu, Duke Spin workshop IlO......
o
0\

o AN - twist-3 effect:

0-( (J~ ·0~x

2

3/23/10

~(S1'·) ·x 1'(:'$) (:;r~ ~r) a'r 1)/(z)··+·· t5qf(:r) ;'D D{:l) {z~ z)

, ~ D'(:{)(""""""'"'""V"
1'(t{) (.... " .• ') _: .~ ....:.'.:: =. ..A.f, .;.., '"A

..1,~.1.::X .. :.
'\ '., ,

DSpin flip: Qiu, Kang.

- Interferen·ce of single parton and a two-parton composite state
RBRC High pT Workshop Ming Liu 2



A unique opportunity @RHIC to study charm physicsl
?

AN(c) ~ AN(c) Kang, Qiu, Yuan, Vogelsang, Phys. Rev. D 78,114013(2008)

...,.,.~.~~.~~~:.:~~~:.~~.~ - ./
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o meson : Largest AN happens when Tbd) = +T1P
3/23/10 I0 meson : Largest~ happens when rbd

) = -TiP



Heavy Quark, Drell-Yan and Silicon Vertex Detectors

- Silicon Vertex Detector Upgrade for PHENIX, available in 2011

• Precision Charm/Beauty Measurements
• B--."J/tV, Drell-Yan, tV' Drell-Yan

prompt

Jt~~Silicon planes

cotUsl'on\ ' 1

po ot \ \ ",' ,/ 20 40 em
~ ~., .. ~~ •. ·i ........•. i

~.'~!~latiCe of Closest Approach

- STAR's will come later

I---'lo

o
00

3/23/10 RBRe High pT \Norkshop Ming Liu 4



Drell-Yan and Heavy Quark Background Suppression
(PHENIX Muon Acceptance)

Drell-Van signal before
background suppression

SG dimuons • [EffiCiency va maSS]

O.5~ Drell Van
0.4E-/

DCA < 1 a cut:
Increase DYIbb - 5

.I o·;f·~.. -------l
e"
w 0.8·,.

U~ I
I
I

/1~

/ \ Orell Van
~~/ \
\. \

\,. \

.•. ,.:::\\
\~"« "

\\'~.""""~'"'"" ,.
JIlV \ ....,~~.

\" "", "\'"?~ '-<>, ~, . ~

'\

A 60"
'/ ~o"'"

'Ifj' ,

_' , t I I.! >\J_-L-..J-L~~~~··;~~.l
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\0

3/23/10 RBRC High pT'vVorkshop Ming Liu 5



Latest Results of Heavy Quark SSA

------- ­PH:ENIX

Preliminary

J/Psi

VS-200GeV

pp...-,.Jltv X

<Pr". 1.6 GeV/c (~uter points)

CPT> a1.5 GeV/c (contral point)

-0.2
F II , I I I I ,I! I I I I I " I I , ! ! ! ! I I I ,

-0.15 -0.1 -0.05 0 0.05 0.1 0.15
XF

-0.1

0.15

0.1

0-.05

-0.05

-0.15

z
<C 0.2

I

-------PH;~:~:i'~~ENIX Prelirninary(Run6)
,ANI. Maxlmu..... gluon contribution

:~~:~'_~_~con~~lon

I .. _____

0
ce.zO•3

0.2

0."1

0

.......

.......
0 -0.1

p.p~fJ.-+Xat~ml200GeV
-0.21- Fonvard rapidity. 1.4 < 11 < 1.9

- Sys.Err.
CSc;ale U,ncert;ainty .5% Not Sho\N""

-o.~ 0.5 1 1.5 2 2.5

• Gluon's Sivers fun was not constrained well by DIS data
• PHENIX Charm data exclude the maximum gluon Sivers Fun
(Anselmino et ai, 06)

-Much improved results expected soon (Run6+Run8)

First measurement of At'J in heavy
vector meson J/Psi production
Motivated· new theoretica I study

Constrains on gluons Sivers
function.
led to a new development in spin­
physics, beyond traditional spin
topics, study J/Psi production
mechanisms. (F. Yuan 08)

3/23/10 RBRe High pT Workshop Ming Liu 6



Looking Forward (Rapidity) at RHIC

Yuan1,2

National Laboratory,

Building

NY 11973

Division, LJI1;.1 rt f-::~/I,Ct-::

2RIKEN BNL

Brookhaven National LalJorllt01"'U

Abstract

In partlcuJar, we elnl:)hasizedA VV,U.J,CI,1V.LlO.

In this talk) I

RHIC experiDlen1;s,

distributions in

111



Non-universality: Dijet-correJation at
RHIC
• Initial ~tCll~.~fudi(jtfinQJ

interqgtr~n~:': .:

112

3/17/2010



:.:~,::::. ::.df .u' ·:r~WlJHlmfSJflmfHHimj'tr:·:{:l}:::\: ..... ;

-;: fJ The simple picture does not hold for;. _...
two-gluon exc.hanges ;....... v..o g;.~.,.. I;;a.·;.ng;.-yuan, 0708.4398; I::;:;

)¢{ ~:$: ~s'$0)It!

W$~ $:$W
(~ lel (f) (i) (a) (f)

)$t)fr}$(
W ~~ ~

3/17/2010

::.".. - '.: :.:.:-.-" :'.;.; .'- -::_-_ .

. - -~ .

• This hasn()fbeen<snbwrl~~fucfie(f in
small~><pYtySics

• Diff~~et:rt ·a~sun,:pf,ion?Q~~:~ymmati~n
aremacJe .. .;....... '. '.

• We wonffH ma~~ amodel~~I;~II~,lbns
sUif~ele, fOSB~~~) :rrf~\9~~~,'t1~1~x
appro~,i~;!~~) .•. ;:.,f)).,".ft!.'il!li;h!
o Suml1la'i;_JJ\.,.:·.~~.·:~ll·:-::~jr!ltI~rs·;j.§.lruciQI

3/17/2010
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• qq' -t qq'
,-....?r

p

:·,·.(···•••·••.•• >:\>/i > ..•.••• <XiaQ{YOan, arXiv:1003.0482

3/17/2010

3/17/2010

Multi-gluon eXC~qnge

(I,) i ')j'. ,{ 2 [1 1 1 1 ]A~ (k:p)=,g- d[1]d[2J U1.-+-----
2 D1 D'l D21 D2'2

3/17/2010
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All-orders

3/17/2010

q(x,q~)=X:;2 Jdp-p- Jd2Rl.tPR!l.Jlr~eiq.l·(R.l-R':Je-ig!l2(a(R.l)-a(R~))

V (1'-d v (r~{1- eiggt{G(Rl.+9-1.)-G(Rl.)]} {I - e-iggl[G(R~+rjJ-G(R'J..)]} i

• DIS process<g2-r~r:mdiSapF>eC1r)

q(x,ql.)=x~:2 Jdp-p-j tPR~tPR~Jlrl.eiq.l.(RrR'Jv(r~) V (r~J

X{l- }{1- })

Realistic QSPgi~()17 ..~ot1el
• Following Kovchegov-Muellet' 1998

q.l

DIS..type~\ 1l:).DrenwYan~type
1& ~1r

-r • -J 2 N;-l . .j[(l._b'2 2-( \'
.i\ (g~) ~ d b1f2aN

c
:JJ.? (1 - exp[---2A-;f 'lJ\~/J)

Time-reversallnvariance

pA~Oijet-like

~
Certainly will be
different

MarqlJ~(VEnl4gopalah,Xiao,Yuan,work in progress

3/17/2010
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Comments

• L"IOIn'\nlin

3/17/2010

Journey ,:~~~i~t'~~~'i~~:C
• SSA in fgl"~()J;dBjre~1i()n imp,Gs~

theG~~ri~~I,ch()IJeng~ .
o Pt-ciepe~pence

O~~ai~i~SS~... .....ih>i~ .· ..•• ii· · iJ
• Dijet~cQrr~JatJiRJ1!;nGti Gtil1YiPnp·be];'fall-x
sat~ratiqn,.. put .~lsG the cqc'~?~~gmics
(initi(li/final.state··i,nteractig;t'l~rfects)

.~.r..... ~.".~!!~ 3/17/2010
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RBRC High Pt, March 17th R.Seidl: fragmentation functions from Belle
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Amplitude a12 directly
measures ( IFF) x ( -IFF)
(no double ratios)

R\SeiCli:frft~e~~atibll·functions from Belle
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e Measure precise unpolarized
fragJ11entation functions of tnany
final states .

~ Important input for general QCD
physics and lielicity structure
tneasurements

e Significant, nonzero Collins
asymmetries, long paper
published

(9 Data used already in Global
analysis

.. First direct measurement of the
interference fragtnentation function

• Large f\sympletries seen, rising with
z ana InvarIant mass

• No sign change at p mass
• No double reatios mal<e

interpretation simple

R.Seidl: fragmentation functions from BelleRBRC High Pt, March 17th
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recent results from HERMES .

Delia Hasch

•
.......
N
w

HERMES is a second generation polarised DIS
experime.nt approaching the quest for the spin of
the nucleon by measuring not only inclusive
processes but also semi-inclusive and exclusive
ones. It utilized the polarised 27.5 GeV HERA
electron or positron beam incident on pure
nuclear polarised Hand D gas targets and
featured excellent particle identification
capabilities.
HERMES' major contributions to the exploration
of the longitudinal spin structure of the nucleon
has been widely discussed. A recent
measurement of the strange momentum and
spin distributions is presented. We concentrate
here on recent achievements obtained mainly
with a transversely polarised H target. Such
measurements provide the necessary information

to explore transverse momentum dependent
distribution and fragmentation functions
(TMD) and the transversity. Such TMDs
describe spin-orbit correlations and hence
provide a multi-dimensional imag,ing of the
nucleon. We also investigated any sign of a
possible two-photon exchange contribution
which could be excluded to 10-3 accuracy.
Inclusive hadron production at Q2~0 GeV2

provides a means to directly compare to
transverse spin asymmetries measured in pp
collisions at RHIC.
The complementary approach of accessing
the 3D structure of the nucleon with GPDs is
not presented here. HERMES has however
measured a large variety of exclusive
processes that provide information of GPDs.



strange quark distributions

0.05o'
Ss

-0.05

o

lO

striking impact of
SIDIS data /).X 2

0.02

-0.02

Sex) ~OT average of an isoscalar non-strange see -0.04

~ use is6scalar probe + targe~: SP(x) = sn(x) ; Sex) = sex) + sex)

-7 ingrediants: K+ +K-multiplicities, Af;+K- (X,Z,Q2) ,A
1
,d(X,Q2)

strange FF: £2
8
dzD,:(Z) =1.27±O.13 [DSS, PRD7S(2007)]

DSSV - NLO fit result:
-j. i i ii·"'1 iii iillil i 1.·1.

A - [PRL101(2008)]
0.04 L XuS

l~S(X) ~. zero/slightly positive in contrast to inclusive DIS analyses
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HIJ..,diSfav8HIJ..,fav

distinctive pattern:

II n+ positive
e nO ~zero

.. n- negative

isospin relation for 7t triplet
fulfilled

approximation:
u-quark dominance

Co-Jlinr ,S a;~····:· m~""f" .p",I:it···..Ui:d;:""··e·:;;:::··..···,s:··,

fg.

." '. . ;.,.,J ..•..;.." •. ;; , ..i:."! ' ,:;;. .. ,." ..; ,.. l r.; J"" '" .~ ¥ .•; ,. ••••.. ,... . ;••_' ::". t ~

~ r 5 . ep ~ 1t X
~ G.1 • rt++ HERMESPREUMINARY2002-2005 bq(x,kT ) ® H/q(Z,PT)
'f.. rc lepton beam asymmetry, Collins amplitudes eb··· ct.'..,' . '. ... 8.1"'·scale uncertainty

:f 0.05 1 t i - T 1'-~~ + T . + ~ ~

N • .. • , '" + to -;--------------- ~---------------- -----------------

~ o.os 0
~ ". en:
tv
Vl

-r-f--- -f-----t- -t- -1-- t--l------
~.05 rcO . t t

!R -
.. j{

? 0

-----------------r-----------------r-----------------~ +. • + + .++
c: + + + t~ -0.05
N trc -

-0.1 b'" i , , ","; f";';:;; I ,I i" , i ,; , I, I ,I,~~

0.1 e;t.2 0.30.2 0.3 0.4 0.5 0.6 0.2 '0.4 0.6 0.8 1
X Z Ph..L (GeV]



K+ = Ius) 1r+ = Iud)

• K+ amplitudes larger than 1t+ ones -7 non

trivial role of sea quarks ?

[PRL103(2009)]

h~q(x,kT) ® D?(Z,PT)

first observation of T-odd

Sivers effect in SIDISIII

~1fJ I~t d .t- ~~~/vers ampJ ;'_U r.,esn~s
N 0----------------------------------

f 0.1 tIe f f f f tF f f f
~ °~.+---.HJ++_~-LL---·-t---f-~--f---.--.----.

~O.1~~ x f
t 0.05 + +• + + ~ + + + ~- •• +._ - + •• t. +
$ ~ +

-0.1~_~~ IIjIIIl1III'III~"!&D__~I-
dO.05 tt-I ° -L!-rt.-!-r· -j--~-+--+-J-~ +·J-+T +.--+·---+·

-o.051==-_....._-,t;...mzd'lII~..~~ ..........~

~ 0.2p--- ~ + f

!0.: Lt__!_~~_ ~.~__+. _~ _!__~ _~. f [+_~_+.~_~ __~ !

I-~·d--
J 0 !
~ 0.1 1t T

.j °--~-r~td-L +-t-t!--Lt-_-

~

N
0\

-0.1 I rrrrwt1 1 i I

J ltt+ -tt·~ -

jO.: -_L~_~~_~_~__~_ •.~_-t.~__ ~ __+__~ ~"-:_~--~---t

10.1 0.4 0.6
x z

0.5 1
PM [GeV]

• pion difference -7 access to valence quark
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• very similar result for deuterium

~ different effects for different pion
charges ... unexpected for Cahn
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inclusive hadrons: e pt ~ h X
• scattered electron not detected (ignored) ~ Q2 ~ 0 ~ huge statistics

PT1 xF w.r.t. beam direction
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Two-particle correlations and the small-x
gluon four-point function

Adrian Durnitru, RIKEN-BNL and Baruch College

• particle correlations probe complete B-JIMWLK
evolution equation incL "Nc corrections"

• kinematic regime:
p,q - Os (say, 1-3 GeV for pp @ LHC, AA @ RHIC)

• azim. angles CI> « n

arXiv:1001.4820



model calculation

Near-side correlations~

(1)<1 (the uridge-)
STAR
(.•.• ,v.. 09":·Or.9"019'"1)···ar"'IV: ..,·:/ ~ ': 01 t i

Au+Au central
3<pttrig<4 GeV/c

32.521.5
i1q>

3

RHIC(Au+Au) versus LHC(pp) :
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ridge in pp @ LHC ?!
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z2,Q- k3

Zl, k3

z2,Q- k4

zl,k4

(p*a(k) pb(q)) (x) rv

1 bab

g2 N; _ 1 8(k - q) <I>(x, k2
)

unintegr. gluon distrib.

A.D _, Gelis, McLerran,
Venugopalan: 0804.3858

)
2 2 N 2 1 1

C(p, q == 16(21r) as S-ll 7\ TO) )322""
- 1 p-l q-l

Jd2 k <I> A (Xl, (p-l + kJ.J 2
) <I>A (Xl, (q-l - k -l )

2
) <I>~ (X 2, klJ

-l Cp-l + k-l)2 (q-l - kJJ2 ki

Depends on angle L(PJ..,qJ..) ,not flat in c.r>



g12 J 4 d2k·
C(P-L, ql..) == r>Afn_\~ (fabcfalbcfabcfalbc) II 't-L

i=l

LJl(p-L, k1-L)LJl(pi-,k2-L) Ly(q-L, k3-L)LY(q-L, k4-L)
x~---------------

(P-L - k1-L)2(p-L - k2JJ 2 (q-L - k3-L)2(q-L - k4-L)2

X (P*~(k2-L)P*~(k4-L)P1b(k1-L)P1b(k3-L))

X (P*~(P-L - k2-L)p*~(q-L - k4-L)P2 C (P-L - k1-L)P2 C(q-L - k3-L) )

~

w
N

however~ we should
rather compute THIS
diagram:

z2,Q- k3

zl,k3

z2,Q - k4

zl,k4
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B-JIMWLK four-point function: (dilute regime)

d I abc d)
dY \(.l:r Q r08 Q s

2N ./ (a b ,c dab c dab C dab c dab Cd)9 c d2 , QzQrQsQs QrQzO',sOs D:r.arQzQs Qr.arasaz 4 (}r (}r(}s(}s
-'- ~ Z +. + . + -
(21r)3 (r-z)2 (r z)2 (s-.z)2 (S-Z)2 Z2

2 d2 ( ~) (- )Z . r-z· r-~ ,
+ [L ./__ jeKaj!Kb ( '"', [aeQl - aeaf - a~a[ + neaf] aCae!.

1r (21r)2 (r _ z)2(r _ z)2 . r r r z z r z Z'8 8

+le~ajfKC (r - z) · (s - Z) [neaf _ neaf _ neaf + Qeal] a~ae!.
(r-z)2(s--z)2 r 8 r z Z 8 Z Z r s

+1,
et'tJajfK,d (r - z) · (s - z) [neal _ aeaf _ neat + aeat] a~ac

( )2(- _)2 r '8 r z z s 'z Z r 8r-z S-,4

+jeK,bj!KC (r - Z) · (8 - Z) [a~a.f _ a~af aeaf + aeaf] aaae!.
(- )2( )2 'T S r z z' s z z r s. r-z s-z

+jeK,bjfK,d (r - z) . (s - z) [of!..al _ Ci~af _ a e at + a e at]. aaa C

(- )2(- _)2 r S T Z Z S Z z r 8r-z 8-4

+ j eK,cj!Kd (8 - Z) · (8 ~ z) [neal _ (Yeaf _ aeal + aea!] aaa~) .
( )

2 (' - ')2 8 8 S Z Z 8 Z Z r rs-z s-z

1
AJh(x+,r) =8Jh-a(x+,r) = -g8Jh-8(x+)n2 p(x+,r)

. V-L
k2a(k) == gp(k)
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ttsubleading-Nc·· piece contributes at the
same order to C(p,q) .
Complete Balitsky/JIMWLK four-point function:

(in Gaussian approximation)~
(pa pbpCpd) :=; 8ab8 cd (p2)

2 + ~ jabK jcdK (p2)
2 + ...

N c

f f f f '£ae~bd ~a'b'.~c'd' N 2 (N2 )
gaa' g'bb' gee' g'dd' . U U UU' ==. e e - 1

f f f f 1 jab~jcdK ~a'c' xb'd
I N 2 (N2 1)

gaa' g'bb' gcc' g'dd' N
c

· ..., uu .. :=; C c-

Projectile . Target

[Note: independent/uncorrel. production
f f f f ~ae ~bd ~a' c' ~b'd' N 2 (N2 1)2

] . gaa' g' bb' gcc' g'dd' U U U U :=; C c-



Double transverse spin asymmetries as a probe for new physics

\iVilco J. den Dunnen, Daniel Boer

1vlarch 18, 2010

Abstract

The Relativistic Heavy Ion Collider (RHIC) at BNL will soon start its transversely polarized
proton collision program. Although the energy is lower than the Tevatron and the LHC, it has been
suggested that the ability to polarize the protons makes it sensitive to certain forms of Beyond the
Standard 110del (BYSM) physics. We investigate spin aSyIumetries in transversely polarized proton­
proton collisions induced by a right-handed charged weak interaction. With negligible Standard
Model contributions these asymmetries are directly sensitive to new physics, generically attributed
to the existence of a new gauge boson called W'. We discuss present bounds' on a right-handed weak
interaction and show the urge for confirmation of the only model independent hound to date. We
present, given reasonable estimates of the transversity distributions, quantitative estimates of the
size of the asymmetries and of the possible background. We conclude that, if the original design
goals are met and the anti-quark transversity distribution is not negligible, a competitive bound can
be obtained at RHIC. Measuring OP violation BYSM in those spin asymmetries is most likely too
optimistic.
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8U(2)L: lVL boson and 1f6'KM matrix
8U(2)R: ,WR boson and V!KM matrix

mixing:

light

heavy

W == cos (lVL - eiw sin (WR

lV' == sin (HlL + eiw cos (H1R

• 6 new CP violating phases in VgKM

• CP violating phase w

manifest: 9L == 9R, W == 0 and V~M == V6'KAf
pseudo-manifest: 9L == 9R, W =I- 0 and V!KM == (V5I{~M)*
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define:

== (j7r /./4 _ r31r
/
4
+ r1r

/
4

-7r/4 J7r/4 J37r/4

== (r/2 r + j'37r/2
Jo ./7r/2 7r

r77r
/
4
) d¢8da / r21r

J51r/4 Jo

r27r
) r27r

J37r/2 io

such that

ex: (cos w

ex: (sinw

can, in principle, determine full coupling
including CP-violating part
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If we assume h1(x) == fl(X)/2 (compatible with SofFer bound)

(cos w == 0.04

(sinw == 0.04

optimal (realistic) cuts:

ATT : !Yl .< 1,

A~T: 0.2 <IYI < 1,

IA I == {1.2% W+
TT 1.0% ~V-

IA-l I == {0.6% Vfl+
TT 0.4% lfT-

35 < Pr < 45GeV

35 < Pr < 45GeV
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(sinw

potential exclusion

given I
(cos w

likely requires
@70% polarization

-0.05 0.00 0.05

• model independent

• but and needed (DY)

NLO likely not much smaller
-t Martin et at. PRD 57, 3084 (1998)
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prospects for measuring W' physics at RHIC

• RHIC can, in principle, set bounds on ( and w independently

• determining CP violation BYSM (w =F 0) likely too optimistic

• so far only one bound on ( -+ needs confirmation

• possible if
• original design goals are met
• hI not negligible
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Low mass dilepton production at high PT

Jian-\\lei Qiu

Brookhaven Laboratory, Upton, NY 11913,

References
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How reliable we can calculate the production rate
of low mass lepton pairs in hadronic collisions?

Process: -+ + X

Kinematics:

"Drell-Yan" -like process:

Clean process for extracting the gluon distribution

"Direct photon" - like process:

QCD factorization is as good as that for high PT
direct photon production Qiu,

March 19, 2010

QeD factorization for orell-Van

- separation of momentum scales

- photon is produced at ty -1/Q «fm

- inclusive lepton pair production

o QCD factorization is valid when Q, QT

Lf dxlf~(XI' IL) f dX2f:(~, II.I---:-'-=---IIXI ..X"t. Q. QnY;/l·),
tl,b

o QCD factorization is valid.even if

- photon is produced at ty -1/Q» 1/QT

- large logarithms: Q{s(Q)*log(QT/Q)

- resummation/reorganization
March 19, 2010 2
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Resummation of fragmentation logarithms

+ ...
*Q Y

~b
b~

. ko y
a. Pc

H +
b

~y

~ +
b

o Resummation/reorganization:

o Fragmentation logarithms: Qiu, Zhang, 2001, Berger, Qiu, Zhang 2002

- y"

March 19, 2010 3 Jianwei Qiu

Input fragmentation functions
o "Drell-Van" - like process q}» Q2 » A~CD: Berger, Qiu, Zhang 2002

-lepton pair is mainly from decay of a virtual photon of mass Q

AQCD ) is a natural regulator for the fragmentation logs

- Input fragmentation functions are purely perturbative

o "Direct photon" -like process Q~ » Q2 rv A~CD :
Kang, Qiu, Vogelsang 2009

- Qr(» AQCD ) is a perturbative scale, but Q(rv AQOD ) is not

- the lepton pair can be produced non-perturbatively

I

" P. ,/ I' 1'*rZ _~:d_ "r:I...-. 2X ® K·-+;Z~+~ +...

March 19, 2010 4 Jianwei Qiu
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Model the input fragmentation functions
o Extract the input fragmentation functions from data:

- input fragmentation functions are process independent

- "derive" or "model" the functional form of the distributions

- fix all unknown parameters by fitting available data

o Our model:
- "QED" part:

DQED(O) ( 2. Q2) = 2(aew. )[(1 + (1 - Zl')ln{ J-L~. ). _ ( Q2
q---y- z, J-Lo' eq 2'27 z U\!f/z + A2 Q2/Z + ,\2

DC::~O)(z, JL5; (i) = D~IO)(Z, JL6; Q2), D~;'O)(z, JLa; (f) = O.

- "hadronic" part:

Noopert 2 2 2) 4'27aem ( Ql)3Dq-r_ (z, JLo; Q );;:s KDq-v(z,JLo~ 1 - m~

Further assume: mv = mp ' fp/4'1T = 22, ~nd Df - V ~ D/_'fT

-fitting parameters: A(> AQCD),

March 19, 2010

1)

Jianwei Qiu

Kang, Qiu, Vogelsang, PRO 2009

Invariant Cross Section

o Definition:

E daAB-+t+l- (Q)X = rQ:nax dq'J !. doAB-+l+e- (Q)X

d3Q - JQ':nln 1t" dQ2 dQ~ dy

o Role of non-perturbative fragmentation function:

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Or(GeV)

Data from PHENIX: arXlv:0804.4168

.:. Input FF:
D(z,J-Lo) = DQED(z) + K,DNP(z)

.:. QED alone (dotted):
f'{, = 0 at P,o = 1 GeV

.:. QED + hadronic input (solid):
K, = 1 at J-lo = 1 GeV

Hadronic component of
fragmentation is very
important at low QT

March 19,2010 6
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Isospin effect in nuclear collisions

A+A

i =Q,Q,9

~ 1 ,..------------,
j~
a:

0.98
d+A

l}i~ = -dArPudAu jdQTdy
.t~Au - tPuw/dtJTdy

tf(x,Q2) -4 [Z· If + (A - Z)· Ii] fA

D Strong isospin effect:
(,) ~ 1
.Ita::'

0.98

1:1 Definition:

0.96

0.94

0.92

0.9

10 12
QT{GeV)

0.96

10 12
QT(GeV)

4In 1 In 4 IP 1 IP
(Jqg ex 9 'Uo + 9" J d = 9"J d + 9" J u.

March 19, 2010 Jianwei Qiu

AuAu data: shaci.owing + isospin only
10-..--------------.

IEffect beyond single scattering? I

- EPS08 nPDFs

~ = 1(solid) , ~ = O(dotted)

- Clear enhancement at low Qr

• AuAuMB10S •

-;- 104F~

j1o""'~
! 102 r '~"~~~ .

10 r ..----..
1 t...a1:":~.......L.........L..........J............Jl.u...u.L..u....Lu..a....L.....uJ

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
~(GoV)

1 1.5 2 2.5 3 3.5 4 4.S 5 5.5
Oy{GeV)

10

1 1.5 2 2.53 3.5 4 4.5 5 5.5
Oy{CeV)

Data from PHENIX: arXiv:0804.4168
March 19,2010 8

Kang, Qiu, Vogelsang, PRO 2009

Jianwei Qiu
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Other nuclear effect: multiple scattering

Guo, 1998

Unlike DIS, power correction to
lepton pair production is positive

o Initial state multiple scattering - power correction:

.'~

1 15 ;2 2.5 3 3.5 4 4.5 5 5.5 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Or (GeV) aT (GeV)

Power correction from cold nuclear matter (solid) is not enough!

March 19, 2010 9 J,ianwei Qiu

Summary and outlook

o Hadronic production of low mass lepton pairs
at high PT is perturbatively calculable

- QCD factorization is as good as that for direct photon production

o Low mass I.epton pair production is complementary to
direct photon production in extracting gluon distribution
- Cleaner lepton signals, no complication on isolation cut,

but, relatively lower rate

o Nuclear enhanced power corrections from cold nuclear
matter alone can not explain the observed excess of
lepton pair production at low PT in AuAu collisions:

- Thermal photons from' sQGP, ...

Thank you!
March 19, 2010 10 Jianwei Qiu
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Zvi Citron, Stony Brook University, for the PHENIX Collaboration
"Probing Low x in d+Au and p+p Collisions in PHENIX"
RIKEN-BNL Progress in High PT Physics at RHIC Workshop
19 March 2010

The saturation of the gluon distribution at low momentum fraction, x, and high parton
density is an area of active theoretical interest. Suppression of particle yields is
expected due to extremely high gluon density. Forward calorimeters in PHENIX allow
the study of parton densities at low x. Mid-rapidity triggered, forward correfated
rapidity yields are measured in d+Au collisions at \"s=200 GeV. The correlated yields
per trigger and widths of the azimuthal angular distributions are compared to the
same quantities measured in p+p collisions. No significant broadening between d+Au
and p+p is observed, but suppression of the correlated yield relative to p+pis observed
in more central collisions. In addition, a comparison of the ,mid-rapidity inclusive yield
conditioned on a forward (d going side) trigger is compared to that with a backward
(Au going side) trigger and some suppression is observed. Further studies leveraging
PHENIX's rapidity acceptance to probe the x of the Au nucleus are underway.



Why Probe Rapidity?
• Forward ~ Low x

For,vard
Direction

10. 1l((~

x
shadowing

lO-:~

I :~"t" , ,' ,. ~.l~.l~ ~~~~~I~::;':

~- (~: t·,,··· .. ·· .. ·· .:" ... /, .j... ,efte~l " .•,+ Ye

V t . :
'j

0
~t .,hado\\·utg 1

0,_ .~n

- ! II I "I L..Li...J.!...L.!u.1!.L1_-'-...J.

-YI -YZ
PTle + PT2e .

Xg,Au = .-[;

Probe low-x gluon distribution in Au nucleus

Suppression of particle yields expected due to
extremely high gluon density

Gluon saturation
• Saturation momentum goes like

2 Al/3

Qs ~-A-
x

Shadowing effects

• Deeorrelation in 2 partie'le L1<p distribution

Rapidity Separated Jets
Mueller-Navelet Jets

Larger rapidity gap between jets ~ larger
probability for emitting gluons ~ decorrelation
in 2 particle L1<p distribution

• d+Au and p+p

f',il

~

~
00



PH EN IX forwardEMCs (M PCs)
North MPCForward and backward Muon Piston Calorimeters

have rapidity 3.1< 1111 <3.9

2.2 x 2.2 x 18 cm 3 PbW04 scintillating crystals

220 cm from nominal interaction point

Detect pions (via Jt°-7Y y) up to I"V 20 GeV

Limitations are the tower separation and merging

effects (Pr max.1"V 2 GeV/c)

To go to higher Prj use single clusters

Use Jt°s for 7 GeV < E< 17 GeV

Use clusters for E > 20 GeV

•

•

•

•

•

•

.......
~
~

_..~-----.

0.3 0.4 0.5 0.6 0.7 0.8 0.9 ~

M~ (GeV/c2
)

Decay photon impact
positions for low and

energy reDs



Forward/Central IdA VS Neoll
<

~

Vl
o

•

•

•

Increasing suppression
2

of IdA reaches a factor 1.8

2 for central events 1.6

Indicates di-jet 1.4

suppression
1.2

More model
<t:

calculations are
_"'0 1

needed 0.8

Satu ration (Color 0.6

Glass Condensate) 0.4

Shadowing 0.2

- Others?
0 4

Trigg·er Particle: I'll I < 0.35

j'to:pT = 2.0-5.0 GeVlc

h+I
-: pT =1.0-2~O GeV/c

Trfgger;tft pT sca~e uncertainty 5~Y(}:

fi~ssociatepT 1O~/~

I I I --'----'----'----'-

6 8 10 12
Ncoll



(d side triggered)j(Au side triggered) Ratio
Trends

16

nO Trigger

PH ENfX

o

2

I I,ll} I
~r::::

d Going. Side :To Triggered/Au Going ;'tiD Side Triggered; h: @ Irtl<O.35, 1.0<PT<3.0Gc~lc

Centrality Al <N> == 15.4
con

CentralityB. <N "> =10.7
· Coo

CentraJity C. <N ;>;; 7.1
· Can

Central.ity D.<N )0:; 3.5
· .coIl

"0 1.2
Q)

•d)

,2i1.15
,::
~ 1.1
U5
0')

.;: 1.05
o

(!)

::J
«
"C

~O.95
G>
~
0')

~ 0.9
(1)

"C

00 0.85
01
c

&0.8
0

"'0
-4 6 8 10 12 14

Mean Tri-gger Energy [GeV] ,3.1< 1111 <3.7

The suppression of the d going side triggered yield relative to the Au going side triggered yield as a
function of the trigger energy. (Bands indicate systematic uncertainties from the centrality bias
associated with the trigger requirement and possible asymmetries stemming from the higher

multiplicity in the Au going side MPC.)
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•

•

~

Vl
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Summary and a Look Forward

Azimuthal angle correlations for rapidity separated hadron pairs: Ir) I < 0.35, 1.4< I
r) I<2.0 and Ir) 1<0.35,3.1<11<3.9

No significant broadening between d+Au vs pp within experimental precision

Suppression of IdA is observed as one goes to more central collisions for larger

.6.11 correlations

Comparison of integrated mid-rapidity yields between forward and backward

trigger

Suppression of yield in d going side trigger compared to Au going side trigger

- Comparison of correlated yield coming soon ...

• Upcoming
Scan different .6.r) gaps within PHENIX acceptance

Forward-Forward correlations to probe the lowest x



Low-x Measurements at STAR

Hank Crawford
UC Berkeley Space Sciences Laboratory

Our progranl is to investigate the internal structure of the proton. and to
determine nuclear gluon densities at low-x to understand energy
densities achieved in RHI collisions. Our approach is to measure
correlation functions for forward leading 1[0 triggers in the pseudo­
rapidity intervaI3<T)<4 WIth subleading charged tracks having -1<11<1
or with subleading 110 haVing -1<11<4. I present results from the STAR
detector at RHIC from the run8 pp and dAu program, in which we use
the Au-side beam-beam counters to provide a measure of collision
centrality. Our analysis shows clear evidence for suppression of the'
correlation for the most central collisions when both the leading and
subleading 1[°S are in the forward direction, a result consistent with
prediction of the Color Glass Condensate model of nuclear parton
distributions.
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Xl and X2
momentum fractions of interacting partons
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Get x from correlations between a trigger or leading particle ( a nO in the FMS)
and a subleading particle (a TPC track hadron, or a BEMC nO" or another FMS nO)
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Spanning -1<r,<4.1 with FMS trigger
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Minimum bios GeV

Impact parameter b in Hijing

d+Au. "II's.=200 GeV. HIJING 1.383
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Centrality dependence of correlations
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p+p

peripheral

0.022.5
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central

dAudata
d+Au -;. ,.('11'O+X, '\Is == 200 GeV
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E
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• Near-side peak similar
p+p vs. d-Au

• Away-side signal changing
with· centrality:
• Peripheral d+Au collisions

similar to p+p
• Central d+Au collis·ion show
strong suppression

3/19/10 Ermes Bra,d9tJ -RBRe
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Jamal Jalilian-Marian, Baruch College

Short summary:
The Color Glass Condensate formalism is used to calculat(
photon-hadron azimuthal angular correlations in
deuteron-gold collisions at RHIC. It is shown that
saturation effects lead to a disappearance of the away
side correlations as one lowers the transverse momenta
of the hadron and photon. The qualitative behavior of the
correlation function is very similar to that of hadron­
hadron correlation. Photon-hadron correlations have the
advantage of being more robust theoretically.
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q(p) T ~ q(q) )'(k) X

.rrr- .,..rr /

:r::-~m:l:- :l:1:

do-dA~h,X 11 dz
== a . 5" fq/d(xp, Q2)

,t .......~ '-&J, '-A.J h UU ZJTlin Z

( 2)[ 2 ( q- )2] (<it+ zkt)2 (1-; - I)D h / q z, Q z +. _ .. k- . _ _. N F qt Z + kt
q + Z (k-qt - q-kt )2

FG-JJM, PRD66 (2002) 014021
JJM, EPJC61 (2009) 789
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Transverse A polarization and small-x physics

Daniel Boer

K\tl, University of Groningen, Zernikelaan 25,9747 AA Groningen, The Netherlands

It is well-known that A hyperons produced in unpolarized pp collisions are to a large
degree polarized transversely to the production There have been many experimental
and theoretical investigations aimed at understanding this striking polarization phenomenon,
but consensus has yet to be reached about its origin. At high PT a factorized df\Bcription
should be applicable. In this talk we discuss such a description involving a transverse mo­
mentum and spin dependent fragmentation function DtT [1]. It offers a description of the
available Pp and p Be data for A transverse mornenta above 1 GeV [2], but whether this PT
cut is sufficient to guarantee the validity of the description is matter of concern [3].

Polarized A data from the high-energy hadron colliders RHIC,. Tevatron or LHC, would
be very welcome but their capabilities to rneasure A polarization via A ---+ p 11'"- are usually
restricted to the midrapidity region, where the degree of transverse polarization is very smalL
A new jet+A observable [4,5] that does not need to vanish at midrapidity, could allow for a
more trustworthy extraction of DtT and subsequent predictions. It could also shed light on
the role of gluons fragmenting into A's, as there appears to be an inconsistency between Pp
and e+e- A production data [6] that still awaits clarification.

Another suggestion for colliders is to try to use neutral decays A ---+ n 7r
0 to Ineasure A

polarization at forward rapidities. This could then offer a direct probe of gluon saturation [7}.
The transverse polarization of forward A's produced in high-energy p A collisions is expected
to display a peak at a transverse IIlOlnentum around the saturation scale. This was first
observed \\rithin the context of the McLerran-Venugopalan model which has an x-independent
saturation scale [7]. The extremun1 arises due to the kr-odd nature of the polarization
dependent fragmentation function DtT' which probes approximately the derivative of the
dipole scattering amplitude. The amplitude changes most strongly around the saturation
scale, resulting in a peak in the polarization. This observation also extends to the more
realistic ca.se in which the saturation scale Qs is x dependent [8]. Since a range of x values
and hence of Q$ values is probed at a given transverse momentum and rapidity, this result is
a priori not expected. The measurement of A polarization over a range of x F values actually
provides direct probe of the x dependence of the saturation scale. This novel feature is
demonstrated for typical LHC kinematics for both pP and p Pb collisions and for
phenomenological models of the dipole scattering amplitude. The situation at RHIC is not
favorable, because the peak will likely be at too low transverse mOlnentum of the A to be a
trustworthy measure of the saturation scale.

[lJ Mulders, Tangerman, Nucl. Phys. B 461 (1996) 197.
[2] Anselmino, Boer, D'Alesio, Murgia, Phys. Rev. D 63 (2001) 054029.
[3] Anselmino, Boer, D'Alesio, Murgia, Phys. Rev. D 65 (2002) 114014.
[4] Boer, Bonlhof, Hwang, Mulders, Phys. Lett. B 659 (2008) 127.
[5] Boer, DIS2009 proceedings, arXiv:0907.1610
[6] Albino, Kniehl, Kramer, Nucl. Phys. B 803 (2008) 42.
[7] Boer, Dumitru, Phys. Lett. B556 (2003) 33.
[8] Boer, Utermann, Wessel", Phys. Lett. B 671 (2009) 91.
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Collinear factorization

Consider for example theqg -* qg subprocess

P2
(j t'J q(Xl) @ g(X2) 0 fiqg-+qg (9 DA/q(z)

q(Xl) == quark density

.g(X2) == gluon density

DA/q(z) == A fragmentation function Q~._Q~QQQ

rk

!P
PA t'J q(Xl) ~) .g(X2) 0 (Yqg-+qg 0 ?

P1~

No leading twist collinear fragmentation function exists for q ---+ Ai X
(due to symmetry reasons)

Would be necessarily higher twist, which leads to a fall-off as l/PT

RBRC Workshop on Progress in High-PT Physics at RHIC, BNL, March 19, 2010



Noncollinear factorization

Dropping the requirement of collinear factorization, does allow. for a solution

1.
D

IT
=

io--l

0'\
~

Mulders & Tangerman, NPB 461 (1996) 197

• Transverse momentum dependent: D&(z, kr )

• A nonperturbative kT x ST dependence in the fragmentation process

• Allowed by the symmetries (parity and time reversal)

A polarization arises in the fragmentation of an unpolarized quark

Hence, the suggested name "polarizing fragmentation function"

RBRC Workshop on Progress in High-PT Physics at RHIC, BNL, March 19, 2010
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High energy hadron collider data?

Validity of factorized description depends on a proper cross section description

This requires data at higher energies and higher PT

Except for ISR, all data is from fixed target experiments, with VB;S 60 GeV, re'quiring

large K factors

Why no A l' data from high energy hadron colliders,' such as RHIC or Tevatron?

Capabilities to measure A polarization via A ---t P rr- are usually restricted to

the midrapidity region, where the degree of transverse polarization is very small

PA == 0 at 17 == 0 in pp collisions in cms

Alternative: consider jet+A prod uction: p p -+ (Ai jet) jet X

Such an asymmetry does not need to vanish at TJ == 0

D.B., Bomhof, Hwang, Mulders, PLB 659 (2908) 127; D.B., arXiv:0907.1610

RBRC Workshop on Progress in High-Pr Physics ~t RHIC, BNL, March 19, 2010
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Hadron production in the saturation regime

The cross section of forward hadron production i'n the (near-)saturation regime:

pdf ® dipole' cross section ® FF

Dumitru, Jalilian-Marian, PRL 89 (2002) 02230~

Since DtT is kT-odd, it essentially probes the derivative of the dipole cross section

At transverse momenta of O(Qs) the dipole cross section changes much

This leads to a Qs-dependent peak in the A polarization

First demonstrated for the McLerran-Venugopa'lan model, which has constant Qs

D.B. & Dumitru, PLB 556 (2003) 33

For an x-dependent Qs a range of Qsvalues is probed, so a priori not clear whether

this signature remains

RBRC Workshop on Progress in High-Pr Physics at RHIC, BNL, March 19, 2010



A polarization in p + Pb -+ Ai + X at JS 8-.8 TeV
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However, we can calculate the cross section in the parton model.

Two highly energetic real photons produced with

q - qa + qb

d(J d(J J+ (qr)5+ l(q _ q )r)
_ - ex: a \ a ~ I r (L)

dtqa dtqb - dtqdtqa 1X U' i..J MI § (Pa+Pb - q-
X

qa

4X

fJ; i J·:!1 f r ,I rJ:! f .~ ; jlrill rI ': IJ'f ;~ i J; II f, I ,! r • , "

flji~~6t6h (J""~~j'~;f
qb

!!~~~~·~r,.~/7rtr!!fprrm~~/.~~i:nl~~/.~Ji!!:lffI· .

Pb

Pa

Unfortunately: No separation into hadronic - photonic parts possible!
~ all angular modulations are allowed, in principle.

6 00 l· II d~dO" 22 r . vrY
= " " Clrn(y, Q ,qT) Ylrn(Da ) C.. = , 'AY ,Y , ...Y a<aJ~ a~qT a~ la 6 6 .

l==O m,==-l

d6 (]"
Convenient choice: Diphoton rest frame ~ Collins-Soper frame I

dy
dQ2 d?ifrdn

a
I~
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N



Only relevant at very small qT: AQCD rv qT « Q

( da) / 2 / 2 (2) .... .... .... [.... . -.... 'tJ Md4qd{i ex d kaT d kbT 8 (kaT +kbT -qT)Tr 1> ~a,kaT)H(xa,xb,qa,qb)1> ~b,kbT)H +O(Q)

Dilepton production:

Xb
Pb

I

.- II{$Xb
Pb .- \: c:EXb

I'

qb

Xa
~qa

+
rJqb

P •
a

Xa
Pa

Afl.J.~~~]~~!/~it.~'~',i.~~:Ji!l~~trtm/m~i~~rr

~ can be parameterized in terms of TMDs according to quark / nucleon spin

Main result of the TMD tree-level formalism:

Pa

·Parton model tree-level at 0(0 0):
5

Drell-Yan dilepton production:
Pb

(

d6 (J"hh-+, ,1'X 2 d(J"hh-+l+ z-- X .

.dy dQ2 d2qT dn) (A r-v qT ~ Q) =~ (dy dQ2 d2qT dn) (A r-v qT « Q Ieq -t e~)

• -+ Jdz-d
2
zT ik·z - ?jDY. Ikr-correlator·l<I>ij(x,kT)= ()2 e (P,Slqj(O)W [O,z]qj(z)IP,S)

2~ z+=O

t---A

........:Jw



0.5

xF

0 1 ! ! I

o

co
'::I

~

lltn'i

QI\o om
U
ic ,-
::J

., Sivers Asymmetry and unpol. Cross Section vs. xF
s:; (200 GeVf2, Q:: to GeV, 0 < qT <0.4 GeV, Ietal < 3
iii 0,012, i

xF

..1).04' " I

o

1
21i" d DP/DY 2

(jTU _ Q -+. 2 2 DP/DY
o d¢ d4qdD - 2SQ2ISaTISill¢a[~] (1 +cos B)FTU +O(MIQ)

DDP/DY _ ,. 4/2 1 Jd2k Jd2 r(2)(-" -.. -I ) iT· kaTf1,q( -12)fii( -"2)
l'TU - - i...J eq IV aT kbT V ,kaT +kbT - qT 1-1 11\11 IT Xa, kaT 1 Xb, kbT

q,q c qT .

!'1I~~1 ~~;filll'J~WJ'"

,/~~'~li~i7.~rmJi!hl~i~~tliffml'ffl~II'

Assume
azimuthal symmetry:

Work at larger rapidity

!1}a,bl < 3, .f§ = 200 GeV I
TMD-range: OGeV<qT<O.4GeV ~~m

is

IFind - 1.5 - 2 larger effect I ~
2 ~

~e ~ factor of 4 at 8 =30°,33 at 8 =10°
SIn

e~ -+ e: u-quark dominance

Apply Gaussian ansatz with sign switch:

If&!DIS = - f&!Dyl
~
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Same strategy as tarDY:
quark - antiquark scattering:

~ ::xb.. q

It k~ /~

quark..;.. gluon scattering:

II ~ :.:Xb

E k~ (:E:+IX+t+N+. 1+ j)
R ~xLLLLLg ..

J a

I However: No model-independent angular decomposition! I

Diphoton angles enter the partonic cross section in numerator and denominator
~ All angular depedencies are allowed.
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Medium modified fragmentation functions
and PDFs 1

Rodolfo Sassot

Departamento de Fisica, FCEN, Universidad de Buenos Aires

\Ve perform a detailed phenomenological analysis of how hard hadroniza­
tion processes occurring in nuclear environments can be described in terms
of effective fragmentation functions. These fragmentation functions, that are
assumed to factorize from the cross sections and evolve in the hard scale
in the same way as the standard or vacuum fragmentation functions, are
found to differ significantly with the latter in shape and IIlagnitude. Based
on very precise data on semi-inclusive lepton-nuclei deep inelastic scattering
and hadroproduction in deuteron-gold collisions, \ve perform an extraction of
these effective fragmentation functions for pions and kaons at NLO accuracy.
The results, which include a rather accurate description of the kinematical
dependence of the different cross sections, support the validity of factoriza­
tion and universality, at least in an effective way, and within the precision of
the available data.

1Progress in high pT physics at RHIC, Brookhaven, March 2010
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Medium-modified fragmentation functions

and nPDFs

Rodolfo Sassot
Universidad de Buenos Aires

in collaboration with' M. Stratmann and ~ Zurita

Phys.Rev.D81 05400 I (20 I0)

Progress in high pT phyisics at RHIC, Brookhaven, March 20 I0
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Motivation

high PT hadroproduction in pA and AA: RHIC, LHC

study hadronization in different environments

factorization & universality in a nucleus?

relevant for the extraction of nPDFs
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Do nuclear effects factorize into PDFsand FFs?
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u. Jet measureme~~s ;~ r
In p-p and A-A collisions i=iA~

Mateusz Ploskon (LBNL) for the STAR Collaboration
• Outline:

- Introduction - tools of heavy-ion collisions
- Inclusive jet cross-section and pQCD at RHIC in p-p

collisions
- Jet quenching via single hadron observables

• Success and limitations

- Full jet reconstruction in heavy-ion collisions
- Jet quenching using fully reconstructed jets in heavy-ion

collisions
- Outloo·k



Quantitative analysis:
tools of heavy-ion collisions

I Et
n

>30GeV I
• Inclusive cross-sections 10 ~ '3-"o--'G-----~v-../_...._- ':·O--··T···--.-··-g·-·------ ~

• • 1/ 1/ 8 ...• e C pi rig er t...
- Scaling of x-section ( Glauber ; 'r'..v'§.f'~:'1~~~,,-Q~~-~·.: .~,.~: iI. ~. ~ J

6 l ~ i 'f.:..rl!:

. e.g. hard x-sec'" Nbinary collisions) ' ;r:.:~Jii·

• Correlation measurements 2 +·····d..·;·.~1;
- Observable "B" under a condition "A" (trigger) 0 +.....~.::~,..RI1l1111.}•..'••'U£•...•...~\I.; 1.10

: -.I .• ,

• Control over geometry -2 ......I" ....··r~:-I

- Correlations with reaction plane : ::~r::I:~.r~~

• Jet quenching .. ···I···I··:··..··:-l~~j:·:·l····t··" .. ·t··,·,t····,·
Geometric biases - use to the extreme
Color charged probes
Color neutral probes

• "Discovery by/through deviation"
use p-p and p-A collisions as references for A-A
measured observables

• Interpretation -> Dependent upon modeling (I)

......
00
~

19th of March 2010 RIKEN/BNL High-pT, BNL, M.Ploskon



p+p: cross-section ratio R=O.2/R=O.4

~
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~ O.8~ Au+Au and p+p at\lsN~200 GeVic

c:i ~ Au+Au: 10010 most central --- p+p kt
II 0.7
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NLO Calculation
W. Vogelsang- priv. comm. 2009
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NLO: narrower jet profile
+fraementation+hadronization effects?

RIKEN/BNL High-pT, BNL, M.prGskon

Solid lines:
Pythia - particle level

35 40 45 50

pJet (GeV/c)
T

Narrowing of structure with
increasing energy

19th of March 2010
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Complete Jet Reconstruction
in Heavy Ion Collisions:
why bother?

Jet quenching is a partonic proces
~obscured by hadronization

Wmin 4 2
6 ... "

1.0

R~ D.5!
\
\

0.0 '---. Leading particles

2.0 1-:5 -'. ",'if ,_ '_._.
Rcone' 0.5- 0.0

~

00
0\

High Pr hadron triggers bias towards non-interacting jets
~suppressesthe jet population that interacts the most
~no access to dynamics of energy loss

Soft hadron correlations (Pr<few GeV/c) are difficult to interpret as QeD jets
~requiresstrong ana.lysis and modeling assumptions
~ no clear connection to theory

Goal of full jet reconstruction: integrate over hadronic degrees of freedom to
measure medium-induced jet modifications at the partonic level ~ much more
detailed connection to theory

19th of March 2010 RIKEN/BNl High-pT: BNL} M.Ploskon



Au+Au: cross-section ratio R=O.2/R=O.4

50

NLO Calculation
B.-W. Zhang and I. Vitev

priv. comm. 2009
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~ 0.8

1i 0.7
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o 0.6
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CD
>: 0.4Io--A

00
.......,J

Stronger broadening seen in measurement than NLO calculation ...
~strong h,adronization effects? (that would be unfortunate)

19th of March 2010 RIKEN/BNL High-pT, BNL, M.Ploskon



qPYTHIA vs RHIC d t
IE.u.r. Phys J C (2009) 63; 679-690.a a hep-ph 0907.1014vl

B. Fenton-Olsen, lBNl
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Summary and Outlook
Complete jet reconstruction promises qualitatively new insight into jet
interactions in' matter

+major focus of RHIC II and LHC HI programs
+has stimulated significant new theory activity

First results from fully reconstructed jets from STAR!RHIC show
significant broadening of the jet structure in HI collisions

But significant technical issues for systematically well-controlled
measurements

+main issue: HI background characterization
+high backgrounds expected also in high luminosity p+p at LHC

More on jets from STAR: E. Bruna [STAR] Nucl.Phys.A830:267c-270c,,2009
H. Caines [STAR] Nucl.Phys.A830:263c-266c,2009; arXiv:0911.3211vl [nucl-ex]

19th of March 2010 RIKEN/BNL High-pT, BNL, M.Ploskon
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Dependence of Pion Distributions

Martin L. O-'"'·..,'·'"'v .... BNL

for PHENIX coll,abc)rat;lon

200, 62.4, and 22.4 GeV
500 GeV "for proton-proton col-

191



1t0 spectrum and NLO: ""s=62, 200 and 500 GeV

~­

PH··:ENIX
Preliminary

o 2 4 6 8 10 12 14 16 18 2

PT(GeV/c)

Data below NLO at J.1=Pr by (25±15)%

Data below NLO at J.1=Pr by (30±15)%
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MRST2002 PDF; ross FF
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GeV (PRD79,
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Comparison of 1t0 with 1t+-
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Xr scaling 62,200,500 GeV
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Example: 1t°Spectra in Au+Au at ~St-N =200 GeV

f
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PHENIX, arXiv:0801.4020 [nuel-ex] PT

• nO RfA measured up to Pr =20 GeV/c (central Au+Au)

• Constant RIA ~ 0'.2 in central Au+Au up to highest Pr (5 <Pr <20 GeV/c)
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PT Dependence of nO RfJA in Cu+Cu

62.4, 200 GeV:
.. Su~pressionconsistent with

Darton energy loss
for PT >3 GeV/c .

22.4 GeV:
.• N.o 'suppression
• Enhancement consistent with

calculation that describes Cronin
enhancement in p+A

Parton energ~ loss starts to
compensate Cronin enhancement
between 22.4 and 62.4 GeV

•

•

•
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• ~=22.4 GeV•Vi: =62.4 GeV
• vs;;;, = 200 GeV
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PHENIX, arXiv:0801.4555 [nuel-ex]



Neutral and charged pion RIA in Cu+Cu

Pion
Cu+Cu 22.4 GeV:

ox) ISR p+p sys. error

Ncoll sys. error
-Cu+Cu 22.4 GeV (0-10%

): black
-Cu+Cu 62.4 GeV (0-10%): blue
-Au+Au 62.4 GeV (0-10%): red

Normalization error for p+p 62.4
GeV (11%) is not shown here.
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Nucleon Spin Structure Studies at JLab

Zein-Eddine Meziani
Temple Un.iversity

o Longitudinal nucleon spin structure at large x

o Quark-gluon correlations and the color Lorentz force

03/19/10 RIKEN-BNL Research Center



Nucleon structure in the valence region
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0.2
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03/19/10 {] RIKEN-BNL Research Center

• Access to very large x (x > 0.4)
- Clean region

• No strange sea effects

• No explicit hard gluons to be
included'

• Quark models can be a powerful
tool to investigate the structure
of the nucleon

• Comparison with lattice QCD is
possible for higher moments of
structure functions.

No
o
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Average Color Lorentz Force (M. Burkardt)

j dxx'Jg__2(X)" :::::: 3
1
.
1

,d2 -=. .1 2 (',P, S l'ij(··.• O).gG+y(:O)·,··,..·+q(o)',lj·., ptS)'-
. " iI!!. .. . .~ JIi I Til.,.m... £'fq-. '. ., ,-,: . .":

C-.4 ~ a measure lor the color Lorentz force acting on the struck quark
in 81DIS, in the instant after ;beinghit by Ihe viirtual photon

(FY(O» = -M2d2 (rest frame; Btl: = 1)

03/19/10 RIKEN-BNL Research Center



IExpected precision in Experiment E06-114
o.Jig w •••••..•, •••••••• ······Ir······························· ( N ••••••••,•• " •.••..•.•.•.•.•.•.•.•.•...••.••.. .•.•..••...• ········,l··················,·· ii····················,·······,,·······..··············· ,................... , ,.. '.......................•........................... , "., , 1

@ At large Q2, d2 coincides with the
reduced twist-3 matrix element of
gluon and quark operators

@ At low Q2, d2 is related to the spin
polarizabilities
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d2P RSSand SANE d2P projection in Hall C

RSS spokesperons: M. Jones, o. Rondon
SANE spokespersons: S. Choi, M. Jones, O. Rondon, Z.-E. M

o Lattice QeD· Goeckeler et al,

SANE d2 expected statistical errors
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The Science of Future Electron Ion Collider
ConnectiOl1$ to Existing Facilities

Abhay Deshpande
Stony Brook University & RBRC

In the first part of this talk, I emphasized the historical precedence and the
importance of the complen1entary methods to understand the laws of physics.
Electron-electron (e-e), electron-hadron (e-h or DIS) and hadron-hadron (h-h)
scattering have historically played a crucial role in our knowledge of the Standard
Model. There is no reason to anticipate any thing different in future for QCD studies,
which include spin & heavy nuclei as controlled experimental variables. Recent
attempts to elevate, one technique against the other, i.e. the importance of DIS vs. h­
h scattering for understanding the nucleon spin, miss the essential point that they
allowing independent confirmation of the object of interest. Further, results
obtained in h-h scattering include input from e-e and e-h scattering experiments. On
the other hand, it can also be argued that only the measurements made in h-h
scattering are a true test of QCD as they by employing results from e-e, e-h
scattering, 'and state-of-the-art theory of pQCD along with the underlying
assumptions of universality and (where appropriate) factorization.

In the second half of the talk, I reviewed the two polarized-electron-ion-collider
proposals under consideration at BNL (eRHIC) and Jefferson Laboratory (ELIe
ELectron Ion .collider). The eventual machine parameters planned for the proposals
are similar, but the path and time scale 'to achieve may be different. The luminosities
are planned between 1032- ~ fe\\T x 1034 cm-2sec-1 (10 - few x1000 times HERA).
Electron, proton and deuteron (in ELIC) and 3He (in eRHIC) are expected to be
polarized. eRHIC proposal uses one of the existing hadron/nuclear beams of RHIC.
The staged realization proposes starting with a ~4 GeV energy electron beam,
employing a race-track layout of ERLs with multiple passes. This could then be
expanded in to the full eRHIC, which would involve electron beams in the existing
RHIC tunnel, also with multiple passes. Up to 20 GeV electron beams are possible.
ELIC plans to use the upgraded CEBAF 12 GeV electron beam and proposes to build
a hadron/nuclear beam complex next to it. Electron from 3-11 GeV may be used for
collisions. In the initial stage, the proton beam energies are expected to be around
30-60 GeV, to be later increased to about 250 GeV by adding additional hadron ring.

The science drivers (the golden measurements) for the electron ion collider are
being studied and formulated in detail by the EIC Collaboration. The nucleon spin
study will be driven by precision measurements of the gluon's contribution to the
nucleon spin and aspects of 3D structure of the nucleon through measurements of
Transverse .Momentum Distributions (TMDs) and Generalized Parton Distributions
(GPDs). The nuclei at high energy in the EIC will allow a precision study of QeD at
extremely high gluon densities (Color Glass Condensate). A new possibility and
preliminary studies in precision electroweak physics with the highest possible
energy and luminosity is now being explored.
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Collisions of e-e, e-p and p-p scattering

e'
e

p

«s(Q2) & q(x,Q2), g(x,Q2)

p (I

~
A crAB X

P
p ==€t--

Progress in our understanding of nature needs
continuous interplay amongst different tools ...

Only by doing that can we make full use of their
diversity & complementary

G. Altarelli, 01509

3/19/10

d3a1~pt ~:rt+X)cx:

d~d~dz

1'~~~ij~+~e;:1
Proton structure

(ep)
Theory input Fragmentation

(ee)

• Another view (not at odds with the previous):

- ep, ee experiments measure objects

- Theorists use them and (techniques + assumptions) in (p)QCD
to calculate/predict outcomes in pp scattering

- pp experiments the ideal (the only) place to test our
understanding of QeD

4/2/10
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• What is the effect of including non­
linear effects in DGLAP equation?

- BK,JIMWLK

• A possible scenario: Color Glass
Condensate

• Cha~acteristic scale

10-4 10-3 10-2 10-1

• Rise at high Q2J lo~ X

- Infinite rise, infinite cross section'?
- Is this due to use of linear DGLAP?
- Direct consequence to high energy

hadron cross sections

N~lmTIVfJ IIlIXI at low Q21

1
2

1 .
"2~~ + LQ + ~G + Lc (?)

6/26/09

• We know how to measure L\L and L\G precisely
using pQCD in a Dlo~allJn,g!Q!r~gt~t.~yvay

- Y2 (~) "J 0.15 : From fixed target pol. DIS experiments

- RHIC-Spin: h,.G not large as anticipated in the 1990s.
but measurements Incomplete# precision at low x?

• Orbital angular momenta: LQ (LG7) Z.E. Meziani/s talk

- Through GPDs: 30 tomOlraphic images of the proton
- Significant model dependence...

- A lot to learn from the 6 GeV and the 12 GeV Jlab
program & an ongoing theoretical development

:"'::E.rtt~·~h~fifs:QPp¢rt~hfti~S!.:~.·~&ii'~~j¢~.,~h~rl~fig~~::',,".
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HERA
- Fixed target J.1-DIS

Fixed target e-DIS
~EIC

Dipol-~-

x

• Ee=10 GeV ($-20 GeVvariable)

• Ep=250 GeV (»250 GeVVariable}

• Sq ;I 3Q..l00 GeV
• Xmin = 10-4 ; Q2max= 104 GeV
• Beam polarization "-I 70% for e/P

• lumin
• Aimedlnt

- SO fb~t in 100~ HERA)
- Possible with 1~ cm~~$..l

Nuclei:
• p->U; EA=20-100 GeV

• Sqrt(SeA) =12-63 GeV
• LeA/N =1033 cm-2s-1

.... ZDe
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• Inclusive
Nucleon

Polarized PDFs (gl ~ ~G, F2 & FL ~G)

Parity experiments
Nucleus: Nuclear PDFs, EMCEffect, Low-x ~G

• Semi-Inclusive
- Nucleon:

• Polarized PDFs (gl ~~Q/~Qbar, ~gjets)

• Transverse Momentum Dependent (TMDs)
- Nucleus: Diffraction ~ Low-x ~ G

• Exclusive
- Nucleon:

• 3D structure ~ GPDs ~Lz .
• EW physics -.

__ Nucleus: 3D structure of Nucle..i{?~

Pos~ibility

of 30 GeV
low current
operation
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Nucleon Spin
Beyond SM
Extrenle QCD

Nucleon Spin

~~~~em
Extreme QCD

EV:i"& Eis~M

geD ~fnuc'ei



Stage Max. Energy Rif'lg Size Ring Type
(GeV/c) (m)

12 GeVCEBAF

Circumference m

Radius m

Width m

Length m

Straight m

1800

140

280

695

306

LoW 12 5 (11) 630 Warm ~rm. 1

• Nucleon Spin Structure
- Longitudinal spin structure: ilG, ilQ, AQbar

• Mostly inclusive & semi-inclusive measurements

- Nudeon spatial structure
• TMOs a. GPDs ("&"1)
• MO$fIy s.mi·indus/ve & aclusive measurements

• QeD at extreme condition & spatial structure of nuclei
- Low x gluon distribution & GPDs in nudel
- Inclusive & semi-inclusive (diffractive & other) offnuclei

• Parity & Precision EW Physics (Emergent 7)
- Inclusive, semi-inclusive/exclusive physics
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