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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 funded by the "Rikagaku
Kenkyusho" (RIKEN, The Institute of Physical and Chemical Research) of
Japan. The Center is dedicated to the study of strong interactions, including
spin physics, lattice QCD, and RHIC physics through the nurturing of a new
generation of young physicists.

During the first year, the Center had only a Theory Group. In the second
year, an Experimental Group was also established at the Center. At present,
there are three Fellows and seven Research Associates in these two groups.
During the third year, we started a new Tenure Track Strong Interaction
Theory RHIC Physics Fellow Program, with six positions in the first academic
year, 1999-2000. This program had increased to include ten theorists and one
experimentalist in academic year, 2001-2002. With five fellows having already
graduated, the program presently has ten theorists and three experimentalists.
Five of the ten RHIC Physics Fellows have been awarded/offered tenured
positions, and this will be their final year in the program.

Beginning in 2001 a new RIKEN Spin Program (RSP) category was
implemented at RBRC. These appointments are joint pesitions 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 RBRC Researchers. A number of RIKEN Jr. Research Associates
and Visiting Scientists also contribute to the physics program at the Center.

RBRC also has an active workshop program on strong interaction physics
with each workshop focused on a specific physics problem. Each workshop
speaker is encouraged to select a few of the most important transparencies from
his or her presentation, accompanied by a page of explanation. This material is
collected at the end of the workshop by the organizer to form proceedings,
which can therefore be available within a short time. To date there are fifty-six
proceeding volumes available.

The construction of a 0.6 teraflops parallel processor, dedicated to lattice
QCD, begun_ at the Center on February 19, 1998, was completed on August 28,
1998. A 10 teraflops QCDOC computer in under development and expected to

be completed in JFY 2004.
N. P. Samios, Director

January 2004
*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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“High p, Physics at RHIC*

— Introduction and Overview —

The AuAu, dAu, and pp collision modes of the RHIC collider at BNL have led to the
publication of exciting high p, particle production data. There have also been two physics
runs with polarized protons, and preliminary results on the double-spin asymmetry for
pion production had been presented very recently. The ontological questions behind these
measurements are fascinating: Did RHIC collisions create a Quark-Gluon-Plasma phase
and did they verify the Color Glass Condensate as the high energy limit of QCD? Will
the Spin Crisis finally be resolved in terms of gluon polarization and what new surprises
are we yet to meet for Transverse Spin? Phenomena related to sub-microscopic questions
as important as these call for interpretations that are footed in solid theory.

At large p, , perturbative concepts are legitimately expected to provide useful approa-
ches. The corresponding hard parton dynamics are, in several ways, key to unraveling the
initial or final state and collisional phase of hard scattering events in vacuum as well as in
hot or cold nuclear matter. Before the advent of RHIC data, a RIKEN-BNL workshop!
had been held at BNL in March 1999 on “Hard Parton Physics in High Energy Nuclear
Collisions”. The 2003 workshop on “High p, Physics at RHIC” was a logical continuation
of this previous workshop. It gave the opportunity to revisit the 1999 expectations in the
light of what has been found in the meantime and, at the same time, to critically discuss
the underlying theoretical concepts.

We brought together theorists who have done seminal work on the foundations of par-
ton phenomenology in field theory, with theorists and experimentalists who are presently -
working on RHIC phenomenology. The participants were both from a high-energy physics
and nuclear physics background and it remains only to be said here that this chemistry
worked perfectly and the workshop was a great success.

We hope to have raised the reader’s appetite and that he will enjoy browsing through
the contributions for answers to the above questions — there have been far too numerous
excellent talks that we wanted to pick out particular ones here or even attempt to summa-
rize?. We thank all speakers and participants for coming to the Center and making it the
successful meeting it has been. Many have encouraged us early on or sent positive feed-

1BNL-52574, RBRC vol. 17
2Most talks can also be assessed in full on the workshop program page:
http://thy.phy.bnl.gov/ kretzer /workshop/highpt_program.html



back later — we want to particularly acknowledge Drs. L. McLerran and T. Kirk here. The
level of support provided by the RIKEN-BNL Research Center through Prof. T.D. Lee
and Dr. N. Samios and by the BNL Physics Department through Dr. S. Aronson has been
magnificent and we are very grateful. Many thanks go to T. Heinz and M. Chaloupka for
their outstanding organizational skills which helped take the administrative burden off
our shoulders and made the conference an enjoyable experience for all.

Stefan Kretzer, Dave Morrison, Raju Venugopalan and Werner Vogelsang

RBRC, December 2003
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RIKEN/BNL Research Center Workshop
“High p. physics at RHIC”

David d’Enterria
Nevis Labs, Columbia University, NY



1. Introduction: |
@ Study of QCD media (QGP, CGC) via hard scattering processes.

2. High P results (Au+Au vs. p+p):
» dN/dp; (light quarks u,d,s):
- Suppression of hadron spectra: p_, \s, centrality, & rapidity dependence.
- “Anomalous” hadron composition (p, = 2 — 4 GeV/c). baryon enhancement.
» dN/dp.. (heavy quark: ¢): Unsuppressed open charm spectra.

» dN__./d¢ azimuthal anisotropies:

pai
- Strong collective behaviour: large ellipiic flow.
- Disappearance of jet signals: reduced away-side dijet correlations.

4. High P results in d+Au ("control" experiment):
@ dN/dp.:

- “Cronin-like” enhancement at y = 0, and suppression aty = 3.
- P3> centrality, and particle species dependence.

@ deai/dq): jet-like azimuthal anisotropies.

5. Data vs. theory.
6. Summary

RIKEN/BNL High p, Workshop, Dec 2, 2003 _ David d'Enterria (Columbia Univ.)




medium-induced

p; broadening:
parton energy loss:

(“Cronin enhancement”)
Soft & semi-hard extra k, |

gluon bremsstrahlung
(“jet quenching”)

[Experimental handle: p,d+A]

[Experimental handle: A+A]
Leading-twist shadowing
(modified nuclear PDF)
Gluon saturation in the |
highly non-linear regime
of small-x .

11

%, | possible hadronic
T rescattering

(after/before
hadronization ?)

[Experimential handle: e+A, p,d+A]

@ Study mods. of high p. hadroproduction in A+A with respect to p+A and p+p (incl.
spectra, azim. correlat., partic. composition) to learn about QCD many-body dynamics:

3 "Quark Gluon Plasma” (A+A final-state) and

@ “Color Glass Condensate" (A initial-state).
RIKEN/BNL High p, Workshop, Dec 2, 2003 David d'Enterria (Columbia Univ.)




4!

RIKEN/BNL High p, Workshop, Dec 2, 2003

@ Vast amount of_ljigh p,; data: dN/dp., dN/d¢ for many different species
(h=m°, K°%, p,p, A/AA, e*...) and d.iff. centrality classes, in Au+Au, d+Au,
and p+p collisions @ Vs = 200 GeV

I@ Central Au+Au collisions : ]

# Strong suppression (factor ~ 4-5) of all u,d,s hadrons (with respect to N
scaling) above p.~ 5 GeV/c.

coll

% Flat and universal (pid-wise) p. dependence of suppression >5 GeV/c.

# Very different behaviour than at lower Vs (“Cronin” enhancement).
#& Smooth centrality dependence of suppression (weak N art scaling).
# “Anomalous” particle composition at intermediate p,~2-5 GeV/c:

baryon/meson = 0.8 ratio >> baryon/meson = 0.2 in p+p and e'e..
% Same suppressionaty=0andy= 2.

% No suppression of charm mesons observed (within exp. uncertainties).
# Strong elliptic flow signal (early collective rescattering).

* Jet-like signal in near-side azimuthal correlations,
* Disappearance of jet away-side azimuthal correlations.

David d'Enterria (Columbia Univ.)
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|@ Perlpheral Au+Au colhsnons |
# Within errors, behave effectively as p+p collisions plus N_, scaling (expected
pQCD behaviour) for all species and for all observables.

If-% d+Au collisions:l

2 No suppression observed (min.bias, central d+Au, “p”+Au) aty = 0.
% Cronin-like enhancement for n° (small) and h* (larger) aty = 0.
% Opposite behaviour of the centrality dependence of high p. production

compared to Au+Au (y=0).
% No dissapearance of away-side dijet correlations.
#* Factor ~2 suppression observed at forward rapldmes y = 3.

|2 Data vs. theory:|

# pQCD-based final-state parton energy loss (“QGP”) models are clearly
consistent with Au+Au, d+Au data at y=0 (though non-perturbative effects,
e.g. quark recombination, are needed at intermediate p.).

#* Gluon saturation (“CGC”) effects may start to show up clearly at forward
rapidities in d+Au (first insight of pQCD factorization breakdown at small-x ?)

RIKEN)BNL High p, Workshop, Dec 2, 2003 David d'Enterria (Columbia Univ.)
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Spin Physics

Marco Stratmann

Institut fiir Theoretische Physik, Universitdt Regensburg, D-93040 Regensburg, Germany

We review how RHIC is expected to deepen our understanding of the spin
structure of longitudinally and transversely polarized nucleons. After briefly
-outlining the current status of spin-dependent parton densities and pointing
out open questions, we focus on theoretical calculations and predictions rele-
vant for the near-term goal of the RHIC spin program: a first determination
of Ag from single-inclusive hadron and jet production. Results from PHENIX
and STAR for the unpolarized transverse momentum spectrum of neutral pi-
ons for central and forward rapidities, respectively, turn out to be in excellent
agreement with perturbative QCD. This is of outmost importance for upcom-
ing polarized measurements. First preliminary results from PHENIX, which may
point towards a negative double spin asymmetry for 7° production at moder-
ately large transverse momenta, will be discussed in some detail.

Finally, we turn to the spin physics program with transverse polarization. Here,
in particular measurements of sizable single transverse spin asymmetries Ay,
also for the first time at a /S of 200GeV by the STAR Collaboration, have
sparked a lot of theoretical activities recently, which will be further discussed
in other talks during this workshop.

15



starting point: universality of parton densities
. foundation of predictive power of perturbative QCD

. makes notion of “nucleon structure” meaningful

factorization @ work: high-pr processes
Libby, Sterman; Ellis et al.; Amati et al.; Collins et al.; ...

e.g., high-pr single-inclusive hadron production

91

long-distance
from exp.; p-dep.: do/dp = 0 (PQCD)
& 4 &

short-distance
calculable in pQCD: power series in a;

power corr.
neglected

- . P: appropriate set of kin. variables (pr,y,...)

- arbitrary scales ps p . separate long- and short-dist. physics

QCD in a collider environment: many advantages ...

e large c.m.s. energy — high pr accessible

. domain of perturbative QCD: as(ur ~ pr) € 1

- scale dependence «+ reliability of pQCD calc.:

Lox T T
3
—_— a(uo/2)/olig) ]
5' / e E
4 E
Sk -
//mmu
{hadron pairs)
2 s ET08 (air. 7) -1
X )
1 -+ ~
B () o in )
o a N al .t
0.6 1 [} 10 S0 100
P (GeV)

ratios of “x-secs” for
two choices of uy

¢+ should be ~ 1

o a success story in describing unpolarized collisions

3 F
3 10.1 =!_
WE
,g 10 !- I
& LE PHENIX Data -
o 10w [
g - Er — KKPNLO >
S L oF = Kretzer NLO 9
= 10 ©
B 10° 3 Z%
1 24
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)
T »E
° o
L
32 10
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4
L
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4
2
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15
Py (GeVic)

-

-
<o
T

- 15t examples from RHIC:
high pr pion production

prp->n+X
® =381,
» (123 </ = 200 Qo
NLO pQCD cale.
~ KKPF.F,
Kratzer F.F,

PHIENIX

e}

—
RED e
>§:0 g

INormalization "3
Uncertainty = 179%™,

%
(ppm14 18 18 2.1 QeV/o - (n}=3.8

)4 23 28 80 34 GaVib- D)

25303540455055E6065

. (GeV)

agrees well with NLO pQCD



¢ high-p hadrons: PO W ¢

NLO: Jdger, MS, Schifer, Vogelsang; de Florian

recall: - unpol. measurements agree well with pQCD
- D™(z) set of Kniehl, Kramer, P&tter favored

— exciting prospects for polarized measurement

results: - d(A)oNC/d(A)o-C reasonably small

- theor. uncertainties much reduced in NLO

m0-production, v/§ = 200 GeV, |y| < 0.38

E ' ' T N ) ¥ v ¥ M T v ¥ T T 3
i' d(A)o / dp; [pb/ GeV] i
of E
w%- ] vYprr—rr——————
] L dAG/dp; [pb/GeV]
106!- 1 §
4 3 104
r 1
104 4 0%
r 1 0%
1025' -! 10 ;_
=
2: 1 !r
; i o
1|
dA0™ /A
o' I 1 " L L 2 L "
0 5 10 5 [Gev) 15

[figs. taken from Jiger et al.]

exciting development: first prel. results by paveux

[pol. scaling error (~ 30%) not included]

01—
AT 1
LL input
[ NLO i
0.05 |- eer BEmE
: VS =200 GeV e . .
e A 1 ¢— expectations
i e S ——.\-ECE .
0 ] Grsv. 1 for Ag inputs
| Ag=0
allowed by |Ag|<g
005 |- PHENIX prel. ]
01 ) 1 | 1 1 X i 5 1 i )
2 4
P, [GeV]

naive analysis:

partonic spin asymmetries:
99 =99 a >0
99 —qq a -1
99 +99 a >0
—_— . vy
(2) = 0.3 + 0.4 where D7 > Df

— conclude: gg — qq resp. for neg. AT,

but



a closer look: can AT, be negative? » high-pt jets: H }m{ }m<

Jager, Kretzer, MS, Vogelsang NLO: de Fiorian, Frixione, Signer, Vogelsang; Jiger, MS, Vogelsang

dAcij/dAo
L A ) proceeds through the same subprocesses as w-production
. ; :K ] subprocess contrib.:
5 b < Jos | g=0 input i
03 % ! Iy 0 10 br [GeVl 2
R b T 08 prr——r w's have roughly (z) ~ 0.5:
: R P ——— 1 rocess dominates o7 | doy/do 3 . -
R R I T gg p o b 10 1 & with pp ~ jet with 2pr
0 - 10 py[GeV] © 10 py[GeV] for pT 5 10 GeV os '- E -3 jet and # results similar
l'---""._.5:" ”‘. E
e 8 P / \ qg process takes over 04 £
0.5 —/M— '0 ;w...m-m-*"‘“ J for pr Z 10 GeV 03 - advantages of jets:
) =i £ Y \ 3 channel always small oz | . much higher rates
 Ag=ginput Iqq 1 5 E Ae=ginpm 3 e v o1k . no uncertainties from D(z)
'0.5 L s - - 1 - L L L 1 = 0 k 1 J. 1 1 "
0 10 p {GeV] © 10 pyIGeV) 0 s FGeV] 10 5
take z2 = 4p2/S moments of n-integrated dAs: results: theor. uncertainties even smaller than for hadrons
Ac™(N) = (AgN+1)2 AN 4 2AgV T BN N /S = 200 GeV, Rcone = 0.4 (SCA), n| <1
1: j: i S ML LA ML AL L LA B LIS LA B ]
g9 . ag qq i d(A)c/ dpy [pb/ GeV] ]
2 7 6
BN) JF 108 e
. n . . T —_ _L__ N 10 S N L E .
minimize : Ao (N)Im,n =TTV +C ) 1 i dAo/ dp; [pb/GeV]
107 1
—» negative, but tiny lower bound A7, | .~ O(~1073%) w0k ]
0 olarized 7
02 T T L 3
- s | 308 P . ] 10’..- R=04 E
resulting Ag: b wese ] prf, FEm0eV T
7 GRSV :""l"-'l""ll--'l:”' ]
node! — Ag(ze)Ag(z) <0 oos b N 155"#__’@:-@3__,_,_____—-: N PSS B .
, \‘\ 1 ;_ ”;::NTO = ; 5 10 15 20 p25[GeV]
confirmed by full “global analysis” ] espo ween T‘
05 10 15 20 25
e S PriGeV]
10 10 10 x 1

[figs. taken from Jéger, MS, Vogeisang]
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expectations for iés\‘[in :

V'S = 200 GeV, Rcone = 0.4 (SCA), 0< <1

0.1

T 7T T T

[ 'jet.
F AL
f L=3/pb
0.06 - P=04

PP RV

0.08 Ag=g input

GRSV -std ]

004 |
0.02 N Ag=0 input E
Sermaefproereemt T
)] o \ E
002 A Ag=-g input ]
TV WU SRS S S T S S S
0 10 20 30

pr [GeV]
[fig. taken from Jiger, MS, Voagelsang]

- . - . 1 1
estimate of statistical errors: 64 ~ PE X =

[with Py = P> = 0.4 (beam pol.) and £ = 3 pb™}]

and in the long run:

VS =8500GeV, D=1 (ES), |n| <1, £=800pb™?!

008F s=500GeV @000 g
Inl <10 -

-
-
-
-
-
e
-

0.00 nn.m'..r...-....%;--.............-......;.........-......-...4

, GS-C | ,

20 30 40 50
Py (GeVic) -

[fig. taken from de Florian, Frixione, Signer, Vogelsang]

summary on inclusive jets and hadrons:

e excellent near-term prospects for a first
determination of Ag

e important: unpolarized “benchmark x-secs”

so far in perfect agreement with pQCD
[even down to unexpectedly small py]

e first exciting results from earenx

if large & negative A| | persists:
new spin surprise; effect due to intr. kp or 7

important to collect more data soon

long-term goals:
need much higher luminosities and/or /8 = 500 GeV

e prompt photons: cross-check of Ag results
e heavy flavors: extend Ag to smaller z

e W bosons: further information on Agq, A
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RIKEN workshop on High p, physics at RHIC

Overview of commissioning status
e Commissioning status:

] Siberian snake and spin rotatar magnets successfully
commissioned

M Fast gmécxf‘ééﬁ@mm in AGS/RHIC demonstrated to work
I Spin transfer AGS to RHIC demonstrated to work

[1 Installation and commissioning of AGS partial snake
maghets

= 5 % helical snake build at Tokana Industries

[} Commissioning of polarized gas jet target (2 Absolute funded by RIKEN (Just arrived at BNLY).
polarization measurement!) Installation: Jan. 2004/

£ Commissioning of 2B0GeV ramp

& *.

[1 Adequate time for commissioning and
luminosity development..!

. ¢ Warm snake avoids
- RHIC SPIN § polarization mismatch at AGS
~ effortisin % injection and extraction
the " i
| inni & ' imi i 3
beginning of & ¢ & 'jesp*(f,‘;’,l?z,s:;‘:,2:0',',‘";:‘6‘;2,3“ = 30% s.c. helical snake build at
its multi- ; AGS SMD (AIP)
year i Installation: Oct. 2004!
- program! -

Bernd Surrow

BNL, 12/02/2003



m First measurement of Ay for forward n® production at RHIC

20.5——
<« - ® © mesons (3.3<n<4.1) pgj“m‘“g ® A, is found to increase with energy snmllar'
0l O Total energy (3.3<n<4.£) A" =0.013 to E704 result (Vs = 20 GeV (10 X smaller
*t—  Collins ‘ than at RHIC), 0.5 < p; < 2.0 GeV)
- Sivers : e This behavior is also seen by several models

0.3f... Initial state twist-3 which predict non-zero A values

4

) Final state twist-3
) e Several approaches beyond the basic "naive QCD
0.2- calculations” yield non-zero A, values at RHIC
i energies:
0.1 . = Sivers: include infrinsic transverse component, k , in
C " " initial state (orbital momentum) (before scattering
ol . takes place)
i ; % - = Colling: include intrinsic transverse component, k,, in
s final state (transversity) (after scattering took
i I
0.1F | place)
. ._ = Giu and Sterman (Inivial-state twigt-3)/ Koike (final-
- {pp= 101113 15 1.8 21 24 GeVie state twist-3): more "complicated Q{ZD calculations”
_0.2 T T T A T VU T R A R M W A B O O A D A PR I | L I O O T A0 W I Il[f"z,ﬂh \,pf:‘k‘w‘ i N
0 04 02 03 04 05 06 07 08 (highes-twigy, multi-parton correlations)
Xe
STAR collaboration, hep-ex/0310058, submitted to Phys. Rev. Lett.
RIKEN workshop on High py physics at RHIC Bernd Surrow

BNL, 12/02/2003



m First measurement of A, at RHIC for inclusive 7° production

-
4 T
< [ n°A, from pp at\s=200 GeV
0.1 i
br 70+bck bek AZO - PHENIX Preliminary
GeV/ie LL LL .
(et iﬁ%"c?éﬁ% - GRSV-max
TR 0'05 /
1-2 -0.028:0.012 -0.006+0.014. | -O04E0 005 -
aow) : GRSV-std
2-3 | -0022:0015 | -0.035:0027 0 S
(17%) B !
34 | -0002:0033 | 0.094£0.092 - [ ] l |
R (%) -0.05|- I ‘
45 | -0023:0.074 0.380.24 )
(5%) )
v 0.1
Luminosity: 0.215 pb1, Average polarization: 26% " Polarization scaling error
. . T ~30% i i
e Polarization scaling error 8P/P ~30% is not included: -0.151 30%is not inclyded L

= Enters A, in quadrature 0 1 2 3 4 5 6
» Analyzing power A(100 GeV) = A\ (22GeV) is assumed p; (GeV/c)
= 3P/P ~ 30%: combined stat. and sys. error for A (226eV) (AGS E950)

e Relative luminosity contribution to n° A, erroris<0.2%
e pr smearing correction is not included

More
data ¢
- needed! ¥

RIKEN workshop on High p physics at RHIC
BNL, 12/02/2003

Bernd Surrow



m RHIC Spin program at BNL

e First successful polarized proton collisions ever at RHIC (transverse
and longitudinal)

e Successful upgrade and commissioning of various new STAR/PHENIX
components for the first polarized proton run at RHIC

e First measurement of A for forward n° fr-oducﬁon at STAR and A
for forward neutron production at PHENIX (and PHENIX-IP12)

e First measurement of A, (Inclusive pion production - PHENIX) and
STAR analysis for inclusive jets in preparation

e Unique opportunity to Aexplor‘e the spin structure and dynamics of the
proton in a new unexplored regime at RHIC over the next years:

» Transverse spin dynamics and transversity
= Gluon pelarization

= Shert-term: PHENIX (Pion production) and STAR
(Inclusive jet production)

154

= Long-term: Prompt photons and heavy quark production
» Flavor decomposition (W production)

o This requires various accelerator, polarimeter and detector

components to be completed and upgraded! (High polarization and
luminosity = Frequent pp running and development cruciall)

RIKEN workshop on High p; physics at RHIC
BNL, 12/02/2003

Bernd Surrow
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DO Mean Transverse Momentum

@.8 _r} | LI L) § LI I LR I LI D 2 | I LI

% 16k A RIS e AT D |

S ® <p>=1.073+0.170 (stat.)

A|_1-4 o STARptp +0.121 (sys.) GeV/c

Q19 O p+p PYTHIA

\J @ STARd+Au ) _ _

1 ® Relatively large mean p; for D% in
both p+p pythia calculations and
0.8 ® d+Au measurements

0.6

0.4

0.2
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fusion
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Particle Mass (GeV/c")

Haibin Zhang, DNP 2003 $
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JIY->p+p- in d+Au Collisions

PHENIX Centrality selected raw dlmuon

mass distributions Slgnal to background and fitting of all
contributions are currently under study

/‘ R 5
‘ A
L R

Not corrected for efficiency and acceptance
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Baryons vs. mesons

PHENIX: PRL 91, 172301

% 2-5_ T I T I T ] T T T ] T ] T ]
T [ |e@+p)/2 | Yield®™ ™ <NT"> -
2r | o nf Yield®92%) | <NE2%, ]
1.5 PH::ENIX [ 7

E " T T ® ' E
e oot o S S e

: §dp S

0.5— 5 9 3 —
- ¢ -
:U’.’. P 2Ll ass
O'J | P TS MR NS SR S RNPR N

0 1 2 3 4 5 6 7

p; (GeV/c)

[(lede) /Nb| n]Centrall[ ( dN/ de) /Nb| n]Pe‘rilr:»heral

10"

10

STAR: nucl-ex/0306007

' .
Cb
i } ﬁ _
B Scaling 7]
0-5% -
20-60% - partigpant
T } 1 ; | ; ] ]

8 A+A Oiﬂi

Transverse Momentum p, (GeV/c)

Significant proton-pion and lambda-kaon differences,
but the “baryon enhancement” ends by py ~ 5-6 GeV/c

Carl Gagliardi — DNP’03
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BRAHM S dmAu Nuclear Modification factor at 1 ~3 2
 h~for minimum-bias events
at n=0 BRAHMS
Published PRI,
1.65—— . dAun=0 Min. Bias /91 072305{(2003)
1'4; o dAuh n=23.2 Min. Bms I
120 S
s & ;_,_;_, ,ﬁ_“.tffm*anm between data.
= 1:| e i 'jmfseﬁ p&”’&ﬁim’hﬁﬂ at ym&
= 080 o @&gﬁﬁﬁmﬁﬁ? with
% N w'*'w . @sﬁ"é &EE’“&“%"@@E&%
o | x
o 7
S S
02 BRAHMS pr @llmmmy
T B T Y S R T S e Y
pT [GeVlc]

R Yield,,
dAu (Nt Jga, Yield
<N¢oi™ gau calculated for BRAHMS min-bias : 7.2 5
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J.H. Lee (BNL)

Summary

Umversal aﬁenuaﬂcn .

at’ higher pf "(>~663V/c)9‘

Is ‘l'he mmal state

'effects enhanc]d |
._,and seen a‘f forward?
*Excmng rare probe

physic to come




Lattice Gauge Theory and Heavy Ion Collisions

Frithjof Karsch

Fakultat fir Physik, Universitat Bielefeld, D-33615 Bielefeld, Germany

SUMMARY

We discuss lattice results on the QCD transition from hadronic matter to the
quark gluon plasma and point out where lattice calculations can provide input to

the interpretation of heavy ion collisions.

In particular, we discuss the role of resonances for fhe occurrence of the transi-
tion to the quark-gluon plasma in hot and dense matter. Properties of a hadronic
resonance gas are compared to lattice results on the equation of state at zero as well
as non-zero baryon chemical potential. We also show that the quark mass depen-
dence of the transition temperature can be understood in terms of lines of constant

energy density in a resonance gas.

Furthermore, we discuss recent advances in calculating thermal properties of
light and heavy quark bound states. In particular, we discuss the dissolution of
heavy quark bound states in the plasma phase and stress the existing discrepancies

between lattice and HTL calculations of the thermal dilepton rate.

Finally we discuss prospects for performing lattice calculations with a realistic
quark mass spectrum on the next generation of special purpose computer designed
for lattice QCD calculations in Europe (apeNEXT) and the US (QCDOC).

33
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Lattice Gauge |

Quark gluon plasma

What are the properties of this

new form of matter?

(equation of state,
screening)

— exploring the properties of hot and dense matter

— testing QCD in extreme conditions

| Critical behavior
in dense matter

What are the critical parameter
of the transition to the QGP?

ense hadron gas

What happens to resonances
in a dense hadronic gas?

(ma(T, 1), T(T, )

.= p.2/30



Critical behavior in hot and dense
matter:

phase diagram

“quark-gluon deconfined,
plasma

“hadron gas
conﬂned

x-SB

A

- x~symmetric

continuous transition for
small chemical potential
and small quark masses at

I. ~ 170 MeV
~ 0.7 GeV/ fm?

2nd order phase transition;

point

“chiral cntical? Ising universality class
1

Te(pt) under investigation

color

‘1st order phase
transition ???

superconductor  expected - however, so far no

Ho

few times nuclear
matter density

direct evidence from lattice QCD
I\\ attractive 1-gluon exchange

='>'-qq-c'qndensates

.—p.5/30
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Critical temperature, equation of state
and the resonance gas

280 ' I I ' r ' N,W,__
T, [MeV] / o /i
260 | ) |
s
Q e
240 | + / o
220 e
200 | ? NE2, pa —m—
g ] _23 Pg -
n=2, std —3—
L | |
180 | |
160 | mps [MeV]

0 500 1000 1500 2000 2500 3000 3500
ng=2: € =~ (6+2)T:
~ (0.3 — 1.3) GeV/fm?
ng=0: €~ (0.5—1)Ts
~ (0.3 — 0.7) GeV/fm?

change in e./T* compensated by shift in T

transition sets in at similar energy densities

= percolation

<= understood in terms of an exponentially

rising energy spectrum for
string fluctuations:

Te 3
Vo o\ (d—-2)w

= resonance gas

energy denSIty for 0 2 and 3- flavor QCD

16

S0}

SR - RHIC 5 /T4 —
. 4 : SB
: 14__8/,T_P_v . , v -
- I — 1
8 | ,_ 3 flavor 4
- 8PS 2 flavor - -
LBk Rt -Havor” 1.
) 0 flavor aE
L : _ ]
. 4 i .
L - -
25 33 T [MeV]

- 100 200 300 - 400 500 600
' .=Pp.9/30
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: g > 0

Z(V,T,u) = / DADYDYp e S=V,Ton)

= /DAD det M (p) e~ SE(V,T)

200 r
T [MeV]
Fodor, Katz
150 |
RHIC, LHC
50 |
T, Bielefeld-Swansea
T,, Forcrand, Philipsen
T, J.Cleymans et. al.
i J.Cley et g [GeV]
0 L L 1 1 L J.
0 0.2 04 0.6 0.8 1 1.2 1.4

Te(p) )
Te(0)

1 —0.0056(4)(up/T)?

i

—— GSlfuture 1 — 0.0078(38)(uz/T)?

Bielefeld-Swansea

(O(u?) reweighting)

chiral critical point
(T, pe) ~ (160(4) MeV, 725(35) MeV)

.—p.11/30



Dilepton rate:
HTL and lattice calculations

19'07 Y T T T -
dW/dad>p N "\l Born, m/T=0.0 ~—— thermal dilepton rate
1e-08 | A ) FIp——
| \w\ LGT T=1.5T e dwW 502 ov ( W, ﬁ, T)
1e-09 ottt dwd?’p - 27772 wz (eUJ/T _ 1)
1e-10 |
le-11 ¢ HTL and lattice disagree for: w/T < (3 — 4)
te-12 | ' - - -
' 0 2 4 6 8 10

e infra-red sensitivity of HTL-calculations < "massless gluon” cut in HTL-propagator

e infra-red sensitivity of lattice calculatiohs & thermodynamic limit, V. — oo

o VT3 = (N,/N;)® < oo = momentum cut-off: p/T > 2 N-/Ng

T oo large latices to analyze infra-red regime
=~ in future also thermal photon rates

.—p.18/30
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Outlook: Next generation
lattice calculations

Thermodynamics of pure gauge theory has been "solved”
on (1-10)GFlops computers (1996)

Thermodynamics of QCD with "still too heavy” quarks has been studied
on (10-100) GFlops computers

Analysis of "continuum and thermodynamic limit” of QCD thermodynamics
with light quarks, requires computers with ~10 TFlops peak speed.(l.aiFor, 2003)

QCDOC SCALING (estimated)

Wilson CG on Fixed 323x 64 Size Problem

QCDOC and apeNEXT:

scaling to 10’s of Teraflops

16

-
@«

-
2]
'

1 14

-
E-3
i

T 12

with $1/MFlops Cost/performance

-
n
1

+ 10

Performance (Tflops)
[ [--] 3
-]
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&
Il

12

N
L

o

T y T T T T 0
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3. Twnclusive production of Charm Hedrons
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NMJ ‘D‘esceven‘e& n Spcd'roscopy

Ckarm mesSdtns

cs 2317, 2460 MeV  EADAL, CLES BELLE
Chermonium

4,(25) 3628 MV BELLE, BABAR

X 3870 | BELLE, CDF
QOﬂThoaiuw«

T (1) 10162 MeV CLEO

Dou-b‘vo dwrmel g.‘_!’_’_'!_

Ccu 23460, 35y/, 3780 MeV
SELEYX
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PERTURBATIVE QCD
FOR HIGH PT REACTIONS

George Sterman
YITP, Stony Brook

Many of the predictions of perturbative QCD follow from the factorization of long- and
short-distance dynamics. The latter may be computed perturbatively, employing the asymptotic
freedom of the theory. Such short-distance quantities are said to be infrared safe. Factorization
implies the introduction of a momentum scale to separate the long- and short-distance regimes.
Other, rapidity-like scales can separate the dynamics of particles mutually receding at light-like
velocities. This is the origin of independent jet evolution.

The independence of the cross section from the exact choice of scale implies evolution equa-~
tions, and the solutions to these equations give resummations of large ratios in physical ob-
servables. For example, Sudakov resummations are related to factorizations of short and long
distances and of sets of light-like collinear particles.

The limit of narrow jets relates annihilation and inelastic scattering processes with Sudakov
resummation. Resummed cross sections can be used to infer the structure of nonperturbative
corrections. The application of these ideas to single-particle inclusive hadron production can help
explain why higher-order and nonperturbative effects are important at fixed-target energies, yet
relatively small at RHIC energies, as observed by the Phenix and STAR Collaborations. The
talk presented preliminary work on this issue in collaboration with Werner Vogelsang.
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o Self-consistent recoil in Joint Resummation
Laenen, GS, Vogelsang

¢ Double inverse transform and approximation:

phO%E o [ AN [, % d'Qp &9
1%

v 56(:1)))( N) o (Nb.pr)

( S ) N+1
X S 1 = 5
4<pT QQT) By

L.

~(2%) —N-L N QT'ﬁT/P%F(1+O(1 /N,Q%/p%))

e Q7, b integrals (N imaginary) =

do : _N—

3 ab 300 ~(0) 2\—N-1
~ [, dN o (N) (z

Pr dpr /_m b( ) ( T)

eEthr(N DT) 65 Erecoil( N,p7)

g2 dk

5Erecoil(N,pT) : Q /0 76—%: > A (as(k%))

i=a,b

o (220) )22
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e Isolate perturbative recoil; NLL in NV:

0 Erecoil(N7 pT) — 5EPT +0 Enp

2 2
e o V) €2

e isolate low scales «— strong coupling

_ N2 pT
Y Ereeot = PT + Aab =5 In=—
pt N

Aav ~ 2g9mw o< [ dki as(k?)

1
N
I T4
1 . (4p?
0 Erecoﬂ = PT + )\ab 9 (4p2 In (PT In ("‘gl
pT ('§T>

e power suppressed in pr
e decreases with S at fixed pr

e match to large- and small-NV behavior
of Bessel functions —
sample ‘shape function’ of N/pr only:

N? ln(1+272<,-1)
5Enp: D) )2
pr (1+E5)"

(pr in GeV)
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10 T — 1 1 - T
o/a"0 [ PN, Epeun=530 GeV, - In}<0.75
oL Hr=tiz=Pr/2 ]
6 "
4 ]
2 -
2 12
Pr (GeV)

Including E,con for direct photons at E706

" L
14— pp, RHIC 200 GeV, [n|<0.35
o/c™® [
1.2 —
B i —
o8 ' -
0.6 —
TR S S N S S SO
5 10 15 20
pr (GeV)

Including Eeon for RHIC
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The NLO cross section pido./dpr vs. z%.

Origin of high-pr enhancement:
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QCD Hard Scattering
and

Massive Hadron Pair Production
J.F. Owens
Florida State University

Summary

Single particle inclusive processes have been
a mainstay in testing QCD in hadron-hadron
scattering. Yet, some problems remain in the
comparison of next-to-leading order calcula-
tions with data for the production of parti-
cles, jets, or photons in some kinematic re-
gions. The production of massive hadron pairs
offers another testing ground for hard scatter-
ing which differs from the single particle case
in that two hadrons are produced on opposite
sides of the event and with roughly balancing
transverse momenta. A next-to-leading order
calculation of such processes is described and

compared to the data. The agreement with
each experiment is generally quite good, al-
though it is observed that different scale choices
are required to match data sets which use dif-
ferent sets of cuts on the hadronic variables.
This is traced to the fact that the calculation

. of the distribution in the azimuthal angle be-

tween the two hadrons is too narrow and a
resummation calculation will be required in or-
der to achieve agreement with the data. Fu-
ture experiments measuring dihadron produc-
tion should avoid tight cuts which require the
hadrons to be back to back, as they then make
the observables sensitive to soft gluon effects.



125

QCD Hard Scattering
and
Massive Hadron Pair Production

J.F. Owens
Florida State University

1. Introduction

2. QCD hard scattering
o Bagic formalism

o Problems and some proposed solutions

3. Next-to-leading-order Monte Carlo calcula-
tions

4. Comparison to hadron pair production data

5. Conclusions

Hard Scattering in QCD

Basic form for producing some final state from
coflisions of hadrons A and B

o }z{ ‘ [ ity elzy Gl 1ty 1FYG 10 13 )0t (as 0 15 2, B 0r)
oy

whare

ot = allog - ol g

o Parton distribution functions from global
fits - usually o next-to-leading-logarithm
accuracy

o Hard scattering cross section calculated through
next-to-leading-order

e For a specilfic final state hadron, one also
needs parton fragmentation functions

Introduction

e Single particle inclusive cross section
— early test of QCD
— preceded tests with jet production

— early evidence for the role of gluons

e Collider Era
— emphasis shifted to Jet production
— no serious problems noted initiatly
o However, with increased experimental pre-
cision problems appeared in ...
— B production
— ~ and «0 production

— Jet production

Many questions

e Is the hard scattering formalism basically
correct?

e Are there large corrections to fragmenta-
tion processes?

e Are there large initial state radiation cor-
rections?

e How good is our knowledge of fragmenta-
tion functions?

Some suggested solutions

« Enhance giuon distribution at high-pr (helps
jet problems)

« Uncertainties in fragmentation functions (helps
B and #9 problems)

« Improved theoretical treatment via resum-
mation techniques

Underlying QCD formalism not questioned. But,
could there be another hard scattering hadron-
hadron process .where QCD could be studied?

Massive Hadron Pair Production

Process such as pp — hy +-ho + X

e~y f duo day dzy dzg Goya(way 1) Gayn(an 1F)
abed

Dy, 21, MF) D220 ME)Oaboscd(as By 467,58, +..)

2

High mass - By, be come from fragmenting swtons
o appostte sidez of the ovent

2

Invalves two fragmentation functions, both with
high momentuns fraction

a

Symunetric - no advantage providod by an inltial
state by Kick

sansitive £ saree region of fragmontation functions
- st particle oross section

e

Can tost i

| girontation wnctions Rre ad-gueic
and ¥ {arge

vreGLnnS are onodoed

o o tosh underiying hard sorttering pcture
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Next-to-Leading-Order Calculations

Ingredients

~ 2~ 2 (Hn?) subprocesses, £.0. ay ~+ g, a8 —»
ag, and gg —+ ga

o O(a-;?) ong-loop corvections 0 2 ~+ 2 subpro-
CEELes

~ 2=+ 3 SUbPFOCESSas Such as gg ~» ggy, te

©(a?) terms have singular reglons corresponding to
soft gluons and/or collinear partons

Need a method to handle such singwlarities

Observables involve many kinematic variables since
there are now two hadrons

Jacobians from parton variables to hadron variables
are complex

Suggests using a Monte Carlo approach, but one
which allows the singularities to be properly treated

Hadron Pair Production

o Kinematlc varlables for the dihadron system
-~ Mass of the dihadron system M
— Rapidity of the hadron pair YV

— Cosine of the scattering angle in the parton-
parton system cos6*

— Transverse momentum of the dihadron system
Prais

— Event sample may also involve cuts being placed
on the transverse momenta and rapidities of the
individual hadrons

» High statistics, large acceptance experiments

1. MA-24: pp - 70 4 X, 6 == 23,7 GeV
2, B-706: pl -+ w00 X, /5 = 316, 38,6 Gav
3, COOR pp s 72% o X, F = 14.8,62.4 Gev
a

A, FeThh pi -~ (YR R Y ) o X 5 == 30.8
Gov

o Use CTEQSM parton distributions as standard

s Two sets of parton fragmentation functions fit to
high statistics LEP data

-~ lnfehl, Kramer, and Pdtter (use as standard)
- Bourhis, Fontannaz, Guillet, and Werlen

do/dMdY (nb GaV™)

Phase Space Slicing Monte Carlo

e See B. Harris and J.F. Owens hep-ph/0102128

o Work in n=4-2¢ dimensions using dimen-
sional regularization

o Notation:
-~ AL the parton level: py-tpe — uz--pa-tpg

~ et sy == (pg -+ )2 and by = (g~ pi)?

Partition 2 — 3 phase space into three re~
gions

1. Soft: gluon energy Ey < ds,/513/2
2. Collinear: sy or || < desi2

3. Finite: everything else

pN-—— (h"+h) + (h'+h) + X
Ja=288GeV -0.4<Y <02 pyy, <2GaV

100 g T
10
1
21
CET714
—= NLO p=.7M (upper}
0.01 ~=— NLO p=M (lower) 4
=== L0 p=7M (upper)
=== 10w =M (ower}
0.001 |
NN
AN
N
. . 2
o 10 15

M(Gov)

o NLO resuits significantly higher than LO results

Still have significant scale dependence
-~ Two scale dependent fragmaentation functinn
- Two scale dependent distribution functions

= Two powers of «. at lowest order

o In soft region use the soft giuon approximation to
generate a simple expression for the squared matrix
element which can be integrated by hand

¢ In the collinear region use the leading pole approx-
imation to generate a simple expression which can
be integrated by hand.

o Resulting expressions have explicit poles from soft
and collinear singularities

e Factorize Initlal and final state mass singularities
and absorb into the fragmentation and distribution
functions

o Add soft and collinear integrated results to the 2 —
2 contributions — singularities cancel

generate finite region contributions in 4 dimenstons
using usual Monte Carlo techniques

s End results is a set of two-body weights and a set
of three-body weights.

o Both are finite and both depend on the cutoffs
ds and & .

o Cutoff dependence cancels for sufficiently small cut-
offs when the two sets of weights are added at the
histogramming stage

pN—> ({'+h") + (h'+h) + X
Y5=30805Y 04 <V<02 Py, <2Q8Y

s
05 4
§ I
T oof =t ;1 !
£ Ta g1
§; -0 ]
EM
—— NLOu=85M
- ——- NLO =7 M (uppar)
= NLO = M {fowar]
s 1 [3
#{Gav)

Expanded linear scale shown in (data-theory)/theory
format
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pN—> (h'+h) + (h"sh) +X
{38008V DA<V <02 Py, <208V

i i .-,--~—-T
i -E-711

08 ——— CTEQSMp=,85M
—— CTEQEM
- CTEQSHY
A ~m = MRS {standard ghion}
~~~ MRS {lowsr gitan}
18 10 5
M(asv)

e Variations in parton distributions compara-
ble to variations due to changes of scale

e Can not decide between CTEQ5HJ and
other data sets

o Good news is that no large variations in
scale are needed in order to describe data

Plot same data in a data/theory format versus

VT =M/\/5

pp—->r'n’+X
CTEQSM p=.85M

©CCOR 8=024 GsV
10 “CCOR Yaad4.8 GsV
¥ NA-24 {2 = 237 GaV

MM;;::%*#?N | H

Data/Theory

01 0.2 03 04
kg

Upward slope suggests that CTEQS5HJ might
improve the agreement with the data

Need to examine what subprocesses contribute
to the data at different masses

pN—> (h'+h) + (h°+h) + X
J9=388Q8Y -04<Y<02 p,<2QaV

o
&

(data~ theory) / theory
o
-
-
o
o
s
i
I3
—

&

«BE-T1
~~— KKP fragmantalion functions
==~ BFGW fragmsntation funchons.

-1 4

0
M(0sY)

Variations due to fragmentation functions are
within about 10 %

PN (W) + (1) + X
Ve TARCAY 04 <Y <02 Py, <2COV

p P> £+ X
GTEQSHS paM

BCCOR va =824 GaY
w S CCOR Vaudd0GeV
vHA-2{aa 207 Ca¥

ol |

g —uﬁ**‘*”"’imf |

L] (1) 23 04
0

Some effect, but not enough...

pp ~ 700 4 X

o NA-24 and CCOR experiments used the
same sets of cuts to analyze their data

* [Y] < 0.35, pror <1 GeV,and
| cos8* < 0.4

8. 0
pp-->w n +X
CTEQSM p=85M

0 CCOR s =B24 GV
8 CCOR ¥a=44.8 QsY
v MA-24 482237 GoV

(e

Angular distributions

Boost to frame where the two hadron system has
zero longitudinal momentum

Calculate cosine of the angle between each hadron
and the beam direction

s Won't be the same since the two hadrons aren't
exactly back to back (transverse momenta need not
be the same in this frame because of fragmentation
effects, for example)

Use average of the two values

Scale choice: for do/d}M only have one variable with
the dimension of mass to use for the scale - M

For do/dcosf* at fixed M, one could choose M
again or something like A sin@ which is propor-
tional to the transverse momentum of the individual
hadrons

Use two choices: M and the average of the two
squared pr values



LS

PN —> (*+h) + (4 + X

VEn308CaV -025< V<0t Praac 200

*E-711 20<M< 7508
~—— GTEGEM '» ap,'>

e CTEGEM 1 w E3M

-

o

MNosmakzad daidoom”

6

PN —=> () + (1Hh) + X
V5018806V 025 <Y <01 Pru<2Co¥

#E711 Ma 750y
CTEGSM ' =<p’

— Waap's

——- CTEO=M pa0BsM

Hormekzad datdcor

Choice of < p% > gives a steeper curve, in bet-
ter agreement with the data. At fixed A larger
cos 6* gives a smaller scale which increases the
cross section.

L]
pp-——rr +X
Y9=3180W p=035M CTRGSM

H
» E708 dala
s NLO thacty

“o
-

e
00 110 120 130 140 150 160 170 180
¢ {degrenn)

pp—>an’+X
Y3=388GeY u=035M CTECSM

» £-706 dala
— NLOtheory

E-706 Data

pp-—>n ©+X
£-708ds2 p035M CTEQSM

432318 6oV
wi3a 80 GV

10
MGV

o Agreement is good, but the scale is much smaller
than in the previous cases

e Ctits used are much different than the other experi-
ments, but they can be duplicated in the calculation

e Require each plon to satisfy py > 2.5 GeV and
—.8<y<.8(—1.05 < y < .55) for /5 = 31.6(38.8)
GeV

& No cuts on prpeir, Wider acceptance in the azimuthal
angle between the two pions (A¢)

e So what is causing the difference?

e E-706 has wider acceptance in pry,i, and Ad

o Opening up the acceptance region increases
the experimental results, but doesn't in-
crease the theoretical resuit nearly as much

e Results in an apparent normalization shift
requiring that the theory be increased (use
smafler scale)

e Not an experimental problem!

e Both distributions are d-functions at. lowest
order

e Correct description requires the use of the
appropriate resummation formalism

e Will get misleading results if cuts are placed
on a distribution which is not well described
by the theory :

o Better to integrate over the variable in ques-
tion if the acceptance of the experiment

Alrune it

E706 also analyzed data using the same
cuts as for E-711

pBe—> ' +X
Prmy <260V -04< V<02 [068]<0.25 CTEQSM

*E-708 Y9 =388 QaV
— MLOp=050M
—— NLOp=085M

dokM (no/eV)

Agreement is much better with nearly the
same scale choice

Answer to the question lies in the prp,; and Ag
distributions

Summary and Conclusions

NLO calculation provides a good description of the
mass and angular distributions for the production
of high mass hadron palis

Distributions which are §-functions at lowest order
are not well described

- Distributions diverge at the edge of the physical
region at this order

=~ Resummation techniques required in order to
properly treat soft gluon effects

Mo apparent problems associated with existing frag-
mentation functions

Encouraging evidence that the underlying hard scat-
tering process Is carrectly described by QCD

Problems with single photon and single hadron cross
sections may be ascribed to a combination of effects
due to an incomplete application of the theory and
possible inconsistencies amongst data sets
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Parton Distribution Functions and QCD Global Fitting*

Jon Pumplin
Department of Physics and Astronomy,
Michigan State University, Fast Lansing, MI 48824 USA

I. INTRODUCTION

High energy hadrons interact through their quark and gluon constituents. The interactions
become weak at short distances thanks to the asymptotic freedom property of QCD, which
allows perturbation theory to be applied to a rich variety of experiments. The nonper-
turbative nature of the proton for single hard interactions is thus characterized by Parton
Distribution Functions (PDFs) f,(Q,z) of momentum scale ¢} and light-cone momentum
fraction z. The evolution in @) is determined perturbatively by QCD renormalization group
equations, so the nonperturbative physics can be characterized by functions of x alone at
a fixed small Q)g. The ongoing project to extract those functions from experiment, and to
estimate their uncertainties, is the subject of this talk. The applicability of single nucleon
PDF's to hard scatterings between heavy nuclei is a key question to be addressed in the
workshop.

The global QCD analysis to extract the parton distributions from experiment rests on three
pillars:

e Factorization = Short distance and long distance are separable (see Fig. 1);

e Asymptotic Freedom = Hard scattering processes are perturbatively calculable;

e DGLAP Evolution = PDFs are characterized by functions of z at a fixed small Q,
with the PDF's at all higher Q) being determined from these by renormalization group
evolution. .

M . . QM A
Fﬁ(mvgya) = Z ji%.(iz": 'EE) ® Fé\(il?, -I;;"Q_) + O((§)2)

a

H W Hard Scatiering:
F, - F, iy {Periurbatively
Catcuiabla}

7t
Experimental Parton Distributions:
Input Nonperturbative parametrization at Qg
DGLAP Evolution to Q

FIG. 1: The factorization theorem

* Presented at the Riken/BNL Workshop “High pr physics at RHIC,” Brookhaven, 3 December 2003
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The kinematic range of available data, after cuts to suppress effects at low @) and low
W, are shown in Fig. 2. The data cover a wide range of scales. They are tied together by
DGLAP evolution and by the fact that the PDF's are universal. Consistency or inconsistency
between different processes, and between different data points for the same process can be
observed only by applying QCD to tie them together in a global fit. Future data from HERA,
Tevatron run IT (W, Z production), HERA II, and LHC will dramatically extend the range
and accuracy of this global fit.

u T Laatie B2 maens e

DIS {fixed target) |
s

100 sl PEPIRER B el sl L
10° 10’ 102 107 104
X

FIG. 2: Kinematic region covered by data

II. SOME DETAILS OF THE CTEQ GLOBAL ANALYSIS

Input from Experiment: ~ 2000 data points with @ > 2GeV, W > 3.5GeV from e, 4,
v DIS; lepton pair production (DY); lepton asymmetry in W production; high pr inclusive
jets; as(Mz) from LEP.

Input from Theory: NLO QCD evolution and hard scattering.

Parametrization at Qq: Use the form Aqz® (1 — z)# e°(1 + Ayz)*® for u, = u — @,
dy=d—d, i+d, and g.

Assumptions based on lack of information: s = 5 = 0.4 (@ + d)/2 at Qo; no intrinsic b
or c.

Procedure: Construct effective XJopa = X expts x2, including published systematic error
correlations. Minimize X2, to obtain “Best Fit” PDFs.

Uncertainty estimates: Use the variation of X2, in neighborhood of the minimum to
estimate uncertainty limits as the region of parameter space where x2 < x*(BestFit) 4+ T2
with 7'~ 10. This “Tolerance Factor” T' ~ 10 is quite different from the traditional value 1
from Gaussian statistics, because of unknown systematic errors in theory and experiments.
It can be estimated from the apparent inconsistencies between experiments when they are
combined in the global fit.

To measure a set of continuous PDF functions at @y on the basis of a finite set of data points
would appear to be an ill-posed mathematical problem. However, this difficulty is not so
severe as might be expected since the actual predictions of interest that are based on the
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PDF's are discrete quantities. In particular, fine-scale structure in z in the PDFs at @)y tend
to be smoothed out by evolution in Q. They correspond to flat directions in x? space, so
they are not accurately measured; but they have little effect on the applications of interest.

Some representative Best Fit parton distributions from the analysis are shown in Figs 3, 4.
Ones sees that valence quarks dominate for z — 1, and the gluon dominates for z — 0,
especially at large Q.

. 101 E‘“—.;:;L::L T lIIIIlI T lrrlnl T “."E

» NN= 2 GeV |

R \ i

100 |~ Y —
E‘\% __,—"—‘_&;;'\\ E

I R T st o ~& 0% 7

- F \\,Qy.,___:_._‘ \\ \“ R
) T, Xy

:': ( -, ‘ t

w1071 =~ AR
E A\ wtd

- AR

T g ASRR
o 1 AU

- o d 4l

—-— ubar v b

102 |- --— dbar § H

E L

F 1

: 0
vt e end o M
10~4 1078 1072 10—1 100

X

FIG. 3: Parton distributions at Q=2 GeV
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FIG. 4: Parton distributions at @ = 100 GeV

III. UNCERTAINTIES IN PDFS

There are several Sources of uncertainty:
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Experimental errors included in 2

Unknown experimental errors

Parametrization dependence

Higher-order corrections & Large Logarithms

e Power Law corrections (“higher twist”)
There are some Fundamental difficulties:
e Good experiments run until systematic errors dominate, so the magnitude of remaining
systematic errors involves guesswork.
e Systematic errors of the theory and their correlations are even harder to guess.

e Quasi-ill-posed problem: we must determine continuous functions from a discrete data
set. (Because of the smoothing effect of DGLAP evolution, this is not as impossible
as it sounds.) '

e Some combinations of variables are unconstrained, e.g., s — 3 before NuTeV data.

There are several Approachs to estimating the uncertainty. In all of the uncertainty
methods, we continue to use x? as a measure of the quality of the fit; but vary weights
assigned to the experiments to estimate the range of acceptable fits, rather that relying on
the classical Ax2 = 1.

1.75
15

125 ;Qi*’
el bt

025

2 4 6 8 10 12 14
measurement #

FIG. 5: Hypothetical measurements of hypothetical parameter 6.

The essence of the Uncertainty Problem can be seen in the Fig. 5, which shows some hypo-
thetical measurements of a single parameter #. Suppose the quantity 6 has been measured
by two different experiments, or extracted using two different approximations to the True
Theory. What would you quote as the Best Fit and the Uncertainty? The disagreements
are of course not so obvious in the many-parameter global fit. However, the disagreements
can be probed in one dimension by, for example, studying the variations of the Best Fit that
result from assigning different weights to different experiments, or to different kinematic
regions etc. Much of this is discussed in our papers; and more is work in progress.
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IV. OUTLOOK

Parton Distribution Functions are a necessary infrastructure for precision Standard Model
studies and New Physics searches at hadron colliders and at experiments using hadron tar-
gets. Some issues that were discussed, but not necessarily included in this writeup due to
space limitations: :

e PDFs of the proton are increasingly well measured.

e Useful tools are in place to estimate the uncertainty of PDFs and to propagate those
uncertainties to physical predictions. There is adequate agreement between various
methods for estimating the uncertainty:

— “Hessian Method” based on the eigenvectors of the error matrix

— “Lagrange Multiplier Method” based on finding the uncertainty on a predicted
quantity by studying the variation of x? as a function of that quantity

— systematic reweighting of experiments (work in progress with John Collins)
— random reweighting of experiments: a variant of the “well known” statistical
bootstrap method

e The “Les Houches Accord” interface makes it easy to handle the large number of PDF
solutions that are needed to characterize uncertainties. [hep-ph/0204316]

e Improvements in the treatment of heavy quark. effects are in progress, and f.ogether
with neutrino experiments they will allow improved flavor differentiation.

e Since PDFs summarize some fundamental nonperturbative physics of the proton, they
should be considered a challenge to be computed! (Low moments of meson PDFs have
indeed been calculated in lattice gauge theory.)

e Other nonperturbative methods, e.g. for s(z) — 3(z), may be helpful.

e HERA and Fermilab run II data will provide the next major experimental steps for-
ward, followed by LHC.

e Theoretical improvements such as resummation to use direct photon and W transverse
momentum data will be useful.

e In view of possible isospin breaking, and the importance of nuclear shadowing & anti-

shadowing effects, HERA measurements on deuterons would be highly welcome.

I thank the organizers for an excellent workshop, and my collaborators on this work, D.
Stump, W.K. Tung, J. Huston, P. Nadolsky, F. Olness, S. Kuhlmann, J. Owens; S. Kretzer,
and J. Collins for many valuable discussions.
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Low mass dilepton production at high pr
as a probe of gluon density

Jianwei Qiu

Department of Physics and Astronomy, Iowa State University
Ames, Towa 50011, U.S.A.

In order to understand the overwhelming data from the Relativistic Heavy Ion Collider
(RHIC) and make predictions for the future Electron Ion Collider (EIC) and Large Hadron
Collider (LHQC) in terms of the successful perturbative QCD factorization approach we need
precise information of the nuclear parton distribution functions (nPDFs), in particular, the
gluon distribution at small z(< 0.1) [1].

Recently, it was argued that for physical processes where the effective z is very small
and the typical momentum exchange of the collision @ is not large the number of soft
partons in a nucleus may saturate to form the color glass condensate (CGC) [2]. Since
nPDF's are not direct physical observables, it requires some kind of factorization to connect
physical observables to the desired nPDFs. By identifying the characteristic scale of power
corrections in conventional perturbative QCD approach to all physical process, we could
estimate when the conventional factorization approach fails and where is the boundary of
this novel regime. ‘

In terms of the QCD factorization approach, we calculate and resum a perturbative
expansion of nuclear enhanced power corrections in the quantity (£2/Q?)(AY3 — 1) to the
structure functions (SFs) measured in lepton-nucleus deeply inelastic scattering (DIS) [3]
Our results for the Bjorken z-, Q- and A-dependence of nuclear shadowing in SFs are
consistent with existing data for a characteristic scale £2 = 0.09 — 0.12 GeV? for quark
initiated DIS processes. We find that the same scale £2 provides a consistent description
of the features observed in neutrino-nucleus DIS.

We also discuss the potential of low mass Drell-Yan dilepton production as a probe of
gluon density. We found [4,5] that gluon initiated subprocesses contribute more than 70%
(or 80% in the forward region) of Drell-Yan cross section when @ > Q/2 at RHIC energy.
Unfortunately, the process suffers a low production rate at RHIC. A better production rate
could be achieved at RHIC while preserving the gluon dominance if we are able to identify
Drell-Yan dilepton pairs with invariant mass @ < 1 GeV at Q7 ~ a few GeV, which seems
to be possible experimentally [6].

[1] A. Accardi et al., hep-ph/0308248, and references therein.

[2] E. Tancu, A. Leonidov and L. McLerran, arXiv:hep-ph/0202270.

[3] J. W. Qiu and I. Vitev, arXiv:hep-ph/0309094.

[4] G. Fai, J. W. Qiu and X. F. Zhang, Phys. Lett. B 567, 243 (2003).

[5] E. L. Berger, J. W. Qiu and X. F. Zhang, Phys. Rev. D 65, 034006 (2002).
[6] M. Tannenbaun, comments at the workshop.
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Phase diagram of parton densities
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Resummed power corrections to SFs
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Estimate the saturation scale

L Maximum characteristic scale of power corréctions from
DIS shadowing:

E2~09-0.12GeV* = £(47-1)<0.6 GeV?
Q Saturation scale for gluonic matter:
0 < E4-52(14”3 ~1)<1.35 GeV?
Cr
[ Separation between the process-dependent power

corrections and the universal nuclear effect
in the leading twist nPDFs

> Precise data on Q2-dependence of the structure functions

> QCD sum rules - Gross-Llewellyn Smith sum rule )
— nuclear effect in leading twist PDFs does not change valence qurak numbers

December 3, 2003 9 Jianwei Qiu, ISU

67




The Gross-Llewellyn Smith Sum Rules
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‘Low mass Drell-Yan in forward region

U Like direct photon production, gluon Compton dominates
the production rate for p;> Q/2,
without comphcatlons of isolation cuts
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'Large nonperturbative effect at low p-

O resummation of large Sudakov logarithms
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Also suffers low production rate at RHIC
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Multijet production as a centrality trigger for pp collisions at LHC

M. Strikman
Department of Physics, Pennsylvania State University,
University Park, PA 16802, USA .

The talk reports results of two recent studies addressing proximity to the black body limit in DIS off protons and
nuclei [1] a the relevance of the black body limit for the central pp collisions at LHC which are the main sourse of the
production of new particles [2] '

In the first paper we use information about DIS and J/+ production on hydrogen to model the #-dependence of
the v*N scattering amplitude. We investigate the profile function for elastic scattering of hadronic components of the
virtual photon off both a nucleon and heavy nuclear target, and we estimate the value of the impact parameter where
the black body limit is reached. We also estimate the fraction of the cross section that is due to hadronic configura-
tions in the virtual photon wave function that approach the unitarity limit. We extract, from these considerations,
approximate lower limits on the values of & where the leading twist approximation in DIS is violated. We observe
that the black body limit may be approached within HERA kinematics with Q2 equal to a few GeV2 and x ~ 1074
Comparisons are made with earlier predictions by Munier et al., and the longitudinal structure function is compared
with preliminary HERA data. The principle advantage of our method is that we do not rely solely on the t-dependence
of p-meson production data. This allows us to extend our analysis down to very small impact parameters and dipole
sizes. Finally, we perform a similar calculation with a 2°Pb target, and we demonstrate that the black body limit is
already approached at Q2 ~ 20 GeV? and z ~ 10~4.

In the second paper we demonstrate that a trigger on hard dijet production at small rapidities allows to establish a
quantitative distinction between central and peripheral collisions in pp and pp collisions at Tevatron and LHC energies.
Such a trigger strongly reduces the effective impact parameters as compared to minimum bias events. This happens
because the transverse spatial distribution of hard partons (z 2 107%) in the proton is considerably narrower than
that of soft partons, whose collisions dominate the total cross section. In the central collisions selected by the trigger,
most of the partons with = 2, 10~ interact with a gluon field whose strength rapidly increases with energy. At LHC
(and to some extent already at Tevatron) energies the strength of this interaction approaches the unitarity (“black-
body”) limit. This leads to specific modifications of the final state, such as a higher probability of multijet events
at small rapidities, a strong increase of the transverse momenta and depletion of the longitudinal momenta. at large
rapidities, and the appearance of long-range correlations in rapidity between the forward/backward fragmentation
regions. The same pattern is expected for events with production of new heavy particles (Higgs, SUSY). Studies of
these phenomena would be feasible with the CMS-TOTEM detector setup, and would have considerable impact on
the exploration of the physics of strong gluon fields in QCD, as well as the search for new particles at LHC.

[1] T. Rogers, V. Guzey, M. Strikman and X. Zu, “Determining the proximity of v* N scattering to the black body limit using
DIS and J/psi production,” arXiv:hep-ph/0309099.

[2] L. Frankfurt, M. Strikman and C. Weiss, “Dijet production as a centrality trigger for p p collisions at LHC,” arXiv:hep-
ph/0311231.
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Can the rapid increase of o continue forever?

Knowing information about the t-dependence of the elastic dipole-nucleon
scattering we can test how far are the partial waves of elastic scattering
from the S-channel unitarity limit:

11 e
Fh(sa b) = _2_7;(27_‘_)2 /dzqe QbAhN<87 t)

T'(b) = 1 corresponds to the black body limit (BBL) 0ne; = 0.

For small 88 dipole -hadron scattering Where pQCD is applicable T'(b) is
9/4 times larger).

High p | workshop, BNL; December 3, 2003 M.Strikman
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Final state properties for central pp collisions

In the central (dijet triggered) pp collisions all leading partons will end up

with large (few GeV/c) transverse momenta - similar to central pA collisions
at RHIC.

e The leading particle spectrum will be strongly suppressed compared to
minimal bias events. The especially pronounced suppression for nucleons:
for z > 0.1 the differential multiplicity of pions should exceed that of
nucleons.

e The average transverse momenta of the leading particles > 1 GeV /ec.

e A large fraction of the events will have no particles with z > 0.02 —0.05.
This suppression will occur simultaneously in both fragmentation regions,

corresponding to the emergence of long—range rapidity correlations
between the fragmentation regions.

High p | workshop, BNL; Decembér 3, 2003 M.Strikman
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In the forward production of dimuons or dijets one expects a broadening
of the distribution over transverse momenta Gelis, Jalilian-Marian 2002,
as well as a weaker dependence of the dimuon production cross section
on the dimuon mass for masses < few GeV Frankiurt, MS2002.

The background for heavy particle or high—p, jet production should
contain a significant fraction of hadrons with transverse momenta p; ~
D1, BBIL, originating from fragmentation of partons affected by the strong
gluon field. The direction of the transverse momenta of these hadrons
should be unrelated to the transverse momenta of the jets. This
phenomenon will make it difficult to establish the direction of jets unless

Py (jet) > pi BBL.

Forward cone of the primary proton - air interaction near ZGK cutoff will
often resemble iron-air interactions.

High p | workshop, BNL; December 3, 2003 M.Strikman
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Rainer J. Fries
University of Minnesota
Talk at the RIKEN Workshop on High-Py Physics at RHIC, December 3, 2003

Experiments at RHIC show a large suppression of high-P_T particles in central Au+Au collisions. This jet quenching results
from a strong energy loss of fast partons traveling through the hot medium created in these collisions. Particle creation at
high Py (i.e. Pr>2 GeV) is usually described by perturbative QCD (pQCD). The strong energy loss, however, suppresses
this hard particle production and enables soft particle production mechanisms to dominate even at intermediate transverse
momentum. At RHIC energies this intermediate region can extend as far as 4...6 GeV in transverse momentum.

A suitable description of hadron production in this region is possible by assuming a recombination mechanism of
constituent quarks at the phase transition. A quark-antiquark pair can form a meson, three quarks can form a baryon. If
P is larger than the mass of the hadron, the calculation becomes independent of the shape of the hadronic wave

function for an exponential parton spectrum, making this a quite universal description. One can show that recombination is
more effective for exponential spectra, while power-law spectra favor (pQCD) fragmentation. Calculations using a
combination of recombination from a thermal parton phase and pQCD fragmentation yield excellent agreement with
experimental data on hadron production for Py > 2 GeV. In particular, the anomalously large baryon/meson ratio,

and the particle dependence of nuclear suppression can be explained.

Recombination predicts a simple scaling law for elliptic flow, v, (P) = n v,Pa (P; /n), where n is the number of valence
partons in the hadron, n=2 for mesons, n=3 for baryons, n=6 for deuterons. v,* is the elliptic flow

in the parton phase before hadronization. Experimental data from STAR and PHENIX impressively confirm this scaling law,
therefore supporting the hypothesis of a universal elliptic flow in the parton phase.

» R.1. Fries, C. Nonaka, B. Miiller & S.A. Bass, PRL 90, 202303 (2003); PRC 68, 044902 (2003)
e C Ncmaka, R.J. Fries & S.A. Bass, nucl-th/0308051, PLB in pnni: i
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for the model is the momentum distributions of a therma
Phase of constituent quarks at the time of hadronization

» the quark distribution is assumed to have a low p; thermal component and a
high p, pQCD mini-jet component

e the thermal component is parameterized as:

w,(0,p) =g, e £ (p,g)

with a flavor dependent fugacity g, temperature T,
rapidity width A and transverse distribution (g, ).

» Perturbative calculation using KKP fragmentation functions and energy loss

Parameters: |
e Use hypersurface X with 2-z2=72;  ® Radial flow f=0.55 ¢
o 1=5fm/c. e Emission volume
o Fix T=175 MeV o Energy loss parameter
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*in the recombination regime, meson and baryon v, can be obtained
from the parton v, in the following way:

»negiecting quadratic and cubic terms, one finds a simple scaling law:
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The dihadron fragmentation function and its evolution

A. Majumder! and X. N. Wang®
! Nuclear Science Division, Lowrence Berkeley National Laboratory, 1 Cyclotron road, Berkeley, CA 94720

Experiments are now underway at the Relativistic
Heavy Ion Collider (RHIC) at Brookhaven National Lab-
oratory to study nuclear collisions at very high energies.
The aim is to create energy densities high enough for
the production of a state of essentially deconfined quarks
and gluons: the quark glion plasma (QGP). The QGP is
rather short lived and soon hadronizes into a plethora of
mesons and baryons. Hence, the existence of such a state
in the history of a given collision must likely be surmised
through a variety of indirect probes. One of the most
promising signatures has been that of high pr particles
emanating from such collisions and the energy loss en-
countered by these as they cut a path through the dense
medium. Various models exist attempting to explain the
single inclusive measurements as listed on page 2.

A recent effort has measured the two particle correla-
tion between two high pr hadrons with a variety of an-
gles between them [1]. While it may be argued that for
large enough angles the process essentially consists of in-
dependent partons traversing the medium, escaping and
eventually fragmenting (hence these can be explained by
a simple extension of the energy loss models); the case at
very small angles (also called the same-side correlation)
is the result of two hadrons fragmenting from the same
parton. This will require us to introduce a dihadron frag-
mentation function D?12(z), 2,, Q%) (see pages 2 and 3
for explanations of the variables). The complete calcu-
lation of same side correlation will require the inclusion
of medium effects leading to energy loss of the high pr
parton preceding its fragmentation. In this effort we will
concentrate on the definition of the double fragmenta-
tion function and derive the equations that describe the
DGLAP evolution with the energy scale of the fragment-
ing parton. :

In the interest of an accurate definition and to prove
factorization of D(z;,%) in a simple environment we
chose to define the quantity in et e~ annihilations. In this
case one may factor out the strong and electromagnetic
sectors as an inner product of a leptonic tensor L, and
a hadronic tensor (or current-current correlator) WHv.
One essentially begins with the operator expression for
the current current correlator W#¥ and expands it order
by order in perturbation theory. At leading order one
deals with the imaginary part of the quark self-energy of
the virtual photon as shown on page 3. To obtain the di-
hadron fragmentation function one replaces the outgoing
quark or antiquark basis states with a sum over all pos-
sible hadronic states of which two have been identified.
In the limit of very high energies one has two back-to-
back quarks of very high energy which then fragment
into collinear jets of hadrons. At such energies, one can

83

make use of the collinear kinematics, where all transverse
and backward light-cone momenta may be neglected in
comparison with the forward light-cone momenta. The
forward direction is defined in the direction of the sum of
the two leading hadron momenta. In this limit we may
factorize the cross section in to a familiar hard piece and
a soft piece which encodes the information of how par-
tons fragment into hadrons. These results are presented
in the cut vertex formalism of Mueller on page 3.

To ensure the consistency of the definition and to cal-
culate the evolution of this quantity with the scale of the
process we calculate the NLO contribution to this pro-
cess. We focus solely on the leading log contribution at
NLO as these give O(1) corrections to the fragmenta-
tion functions. In light-cone gauge the leading log con-
tribution emanates solely from the diagrams where one
of the quark lines of page 3 have been modified to in-
clude a self-energy due to a single gluon. Both the real
and imaginary parts of this diagram have to be consid-
ered to ensure the cancellation of infrared divergences.
Collinear divergences will remain and will have to be fac-
tored off into a redefinition of the fragmentation function.
This is similar to the case of single inclusive fragmenta-
tion. The main difference emanates from the possibil-
ity that in replacing the partonic basis with a sum over
all states of hadrons with two hadrons identified, one
may identify both hadrons as emanating from the quark,
the gluon or one hadron emanating from each. This last
piece includes a modification of the dihadron fragmenta-
tion function from two independent single fragmentation
functions. All three cases have been oulined in pictures
on page 4.

In this preliminary study we focus on the non-singlet
fragmentation function, D¥J? = Dlakz DIz The
evolution equations for this quantity do not contain the
contribution from gluon fragmentation (last line on page
4). We present results for the ratio of the double frag-
mentation function to that of the single fragmentation
function of the leading particle. As a starting ansatz we
set DMh2(Q? = 2GeV?) = DM D" (Q? = 2GeV?). Two
cases are displayed that for z; = 23 and z; = 2z2. Aswill
be noted the ratios show very little change as one evolves
from Q2 = 2 to Q2 = 100GeV2. The results are also sen-
sitive to the ratio of z; to z2. This stability with respect
to a change of @? already indicates as to why the same
side correlation in [1] shows no change from pp to Audu

_ collisions. Calculation of the inmedium modifications is

currently in progress

REFERENCES
[1] C. Adler et al. Phys. Rev. Lett. 90, 082302 (2003).
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Nuclear PDEs @ NLOf

Daniel de Florian
Universidad de Buenos Aires
Argentina

We perform a next to leading order QCD global analysis of nuclear
deep inelastic scattering and Drell-Yan data using the convolution
approach to parameterize nuclear parton densities. We find both a
significant improvement in the agreement with data compared to pre-
vious extractions, and substantial differences in the scale dependence
of nuclear effects compared to leading order analyses.

With the obtained nPDFs we have studied the production of neutral
pions in d-Au collisions at NLO, finding a small nuclear effect for the
vield Rzay. To quantify the effect of nuclear shadowing in the gluon
distribution on hadron production at RHIC we have computed the
same observable using an alternative NLO set of nPDF with a larger
shadowing in the gluon distribution at small z. It is found a reduction
in the d-Au cross section at small pr for the set with larger gluon
shadowing, however it seems unlikely to obtain a value of Rgay < 0.8
at pr ~ 2 GeV with realistic nPDF. Similar conclusions, with a slightly
bigger reduction at small pr, are reached if the same observable is
computed for neutral pion production in the forward region (n ~
3). Any experimental finding on a stronger reduction of Rgsy might
certainly be considered as an evidence of a new phenomena, at least
beyond pQCD.

ID.de F., R.Sassot, hep-ph/0311227
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NLO nPDFs needed to have a consistent pQCD cal-
culation

Since nuclear effects are moderate, customary to re-
late proton and nuclear PDFs

Az, Q%) = Ri(en, Q% A, Z) fi(zn, Q),

where fg‘l(a:N, Q?) parton distribution of a proton bound
in the nucleus

Advantage: Easy to use =combine R; with any set
of free-proton PDFs (CTEQ, GRV, MRST)

Problem: strictly speaking 0 < ay < A, but R; and
fi only defined for zy < 1 =-problems might arise
in data fit procedure: momentum conservation and
NLO structure functions

More natural = use convolution relation at initial scale
O - .

A 2 4 dy IN 2
fz’ (mN7QO) = _Vvi(yaAv Z) fl(——7 QO)
N y y
Nuclear effects parametrized by weight function W;(y, A, Z2)
~ effective density of nucleons within the nucleus

carrying momentum fraction y < A =-without nuclear
effects Wi(y, A, Z) = A6(1 — y)

Convolution becomes a product in Mellin
g(N) = fol dzzV1g(Azx) space

FAN, Q) = Wi(N, A, Z) fi(N, Q3)
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e Simple procedure
— Parametrize W functions at initial scale

— Evolve nuclear structure function to z, Q? experi-
mental value (fast Mellin inversion)

‘ (ajezr_o.fh )2

) Af
— Selecting ) > 1GeV 4 Drell-Yan =420 data points

— Compute 2=

— Iterate until minimize x?

e Parametrization should be flexible enough =-more pa-
rameters needed for valence distributions, sea and
“gluon important at small =

e W; combinations of §(1 —e—y) and (y/A)*(1 —y/A)P
with smooth A dependence of the parameters to cover
4 < A <208 =~ 25 parameters

e Neglect nuclear effect in Deuterium

Analysis performed at LO and NLO =-couple of hours
in P4 machine

e x> =300 @ NLO and x? = 316 @ LO (393 d.o.f.,
syst. and stat. errors)

9



e EKS: no x? analysis but comparison to almost same
set of data

K.J. Eskola, V.J. Kolhinen and C.A. Salgado (1999)
K.J. Eskola, V.J. Kolhinen and P.V. Ruuskanen (1998)

e HKM: no Drell-Yan and @Q? dependent Sn data
M. Hirai, S. Kumano, and M. Miyama (2001)

1.2

Rfva Q%=2.25 GeV? R? P G2

1.1

1

09

.
’ ,
.
08 1 g 1
.

e 12 [ -
Q%=100 GeV*
L1t
1 )
3
~ = i
09 \\"‘
Ay
——— HDS 4
0.8 -------- EKS ¥
............... HI{M 4
1 5
0'7 -4;' N3 -- 11-2 e -1 Ry n -;‘n I--3 I‘nzn |-| L1l . L '—%x |—') ma _l]ILLl
0% 107 1071070 107 10”7 107 1000 107 107 107 100 1

e 2 ~ 630 for EKS (large contribution from Q?* de-
pendent Sn data) and larger for HKM if full data set
included

e Differences between sets =-large for gluon and sea
quark distributions ‘

e Differences between LO and NLO ratios not negli-
gible =not convenient to use LO ratios to compute

NLO observables! o



e ‘high-py’ 7% production at PHENIX with /syny = 200
GeV and central rapidity

o Ratio Ryay = o444/0pp USing frag.fnct. Kretzer (2000)

16 77— e
RHIC  V5)=200 GeV
14 ® PHENIX neutral pions
®
12
i ®
RdAu ®
1 L
] [ ]
0.8 - @
nDS NLO
0.6
----------- nDS LO L 4
---------------------- nDSg NLO
0.4 |||||||||| 1 ) PSP IIUT S UL SO DU T S NS 1 1 -
0 1 2 3 4 5 6 7 8 9 10

e NLO corrections almost ‘cancel’ in the ratio (but not
in the cross-section!) =-Perturbative stability of sets

e Result shows dependence on (Au) gluon density =see
R4, cOmputed using nDSg set

e Still data not precise enough to draw any conclusion
or include in a global fit

e Similar results for larger rapidity: more shadowing at

pr < 2 GeV but never R4, < 0.8
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Gribov's correchions
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B. Cole, Columbia University / BNL

Contribution unavailable at time of print.

for
“High pT Physics at RHIC”
Workshop
December 2-6, 2003
RIKEN BNL Research Center
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Application of the Monte Carlo Glauber
Model in d+Au Collisions

M. Miller, Yale University

for
“High pT Physics at RHIC”
Workshop
December 2-6, 2003
RIKEN BNL Research Center

103



¥01

e Geometrical approach
e Assumptions?
_ No dynamics!
— Straight line trajectories
— No nucleon excitation
— No explicit p;
dependence

e Assumptions most robust in
central Aut+Au

o Correlations/fluctuations
become important in p+p

Jimit

June 2003

| luber Calculatlons Summar

RS T o A i o S A TR i B ARl |

o AutAu:

— Systematics well understood

— 0,,,;. sensitive to n-n interaction
e d+Au

— Glauber+UAS agrees with
forward N,

— Robust selection of different
centrality classes

~» Consistency in N_,; calc.

— PHENIX agrees with STAR

— Minbias: 7.5 vs. 8.4 diff. due to
trigger efficiencies

Mike Miller
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Cross Sectlon S stematlcs

B i S e 0 BN At S b R R R

y Au+Au 200 GeV
- i ® nh overlap function: gaussian . .
10 | n-n mfteraction
gl— ‘g nn overlap function: gray disk .
8— 5
7— E
61— '- Nucleons with hard core {r = 0.4 fm)
5 . : Woods-Saxon: R = 6.25 fm, d = 0.53 fm | DenSIty Profile
4 _ S . Woods-Saxon: R = 6.65 fim, d = 0.55 fm
33— i PY ' Onn = 45 mb . .
! ) n-n interaction
21— . O =39 mb
1— :. default calculation
ﬂ ! ! [ 1 1 1 E 1 l ] 1 1 1 I | ! ] i I l 1 1 | l 1 1 ! 1
6500 7000 7500 8000 8500 9000
PHENIX, K. Reygers Ggeo (MD)
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June 2003 Mike Miller
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{5 | ® E exp. centrality selection: less central
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13— e | BBC trigger eff. 91.4 - 3.0 %: less central EXperlmental
12— i P BBC trigger eff. 91.4 + 2.5 %: maore central
11— ': P different origin for angle calculation
10— Py i gaussian nn-overiap function } n-n interaCtiOIl
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gl— E ® different BBC fluctuations .
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5l | o Woods-Saxon: R = 6.25 fm, d = 0.53 fm D@IlSity proﬁle
al— & Woods-Saxon: R = 6.65 fm, d = 0.55 fm
I i ® Om = 45 mb . .
o o o =30 mb } n-n interaction
11— # default calculation
0 1 | 1 i | | : ! I H I 1 | 1 l } ] i l } i | I i ! 1
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- PHENIX, K. Reygers N
June 2003
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<N_,>: Systematics

WM%

AutAu, 200 GeV, 0-10% Central

SRR S L S LA e

VSRR

GRS N A A

2 2
15— ¢ exp. centrality selection: fess central R b d N Audu / de
14— L exp. centrality selection: more central AA( ) - T ( b) . d2 o / dp2
13— " BBC trigger eff. 91.4 - 3.0 %: less central 4B pp T
i
BBC trigger eff. 91.4 + 2.5 %! more central
12— ¢ gger | (b) = N, (b)
11— ¢ different origin for angle calculation AB O. ’
10— " gaussian nn-overlap function e
L : gray disk nn-overlap function
81— ¢ different BBC fluctuations
|
- ZDC: diff tron loss funct 0
7 ¢| DC: different neu Ton loss function — §N 2 . 5 A)
61— ¢ Nucleons with hard core (r,. .= 0.4 fm) coll
| : . Woods-Saxon: R = 6.25 fm, d = 0.53 fm
> : | - - o8 g = 0, <0.5%
4—| e : Woods-Saxon: R = 6.65 fm, d = 0.55 fm Taa
3| ; ® | Cm=45mb
2| @ E Oyn = 39 Mb
10— + defauit calculation
oLl R TR R R T R R T R
- 900 1000 1100 1200
PHENIX, K. Reygers

June 2003
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T N 2 N S o1 R SRS SR AR R B VS s P R R AR e R RS R ST e G

— STAR min-bias: ZDC-Au (95+3% of Ghadromc)
e Study high p, production for midrapidity

- <1
~ STAR TPC

« Define centrality using forward region

— 2.8<n<3.8 (Au fragmentation region)
— STAR Forward TPC

— Already measured for p+p at UAS
* Cross-checks:

— Forward multiplicity studied vs. A@ w.r.t. leading TPC
hadron: N, (2.8<n<3.8 ) stable vs. leading particle p

— Tag single neutron in the ZDC-deuteron direction

June 2003 Mike Miller
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dN/dN, (FTPC-Au)

[ IL‘-EHF

601
1
s Nevents

Single Neutron

e

0

f Illllkl

> AU FTPC-AU 0-20%

- Glauber Caloulation

. k¢
} El’l’ﬂli!lll' ]

e

30 35 40 45
Raw FTPC-Au N,

50

June 2003

oMC =22+40.1b

o =(.18+.03)0, ,

o = (19+.01)0,

Class N,

C

0-100% 7.5+04
d+Au

0-20% 150+1.1
d+Au

1-neut. 29+0.2
dtAu

Mike Miller
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Single Spin Asymmetries and QCD

John Collins,
Penn State Univ., 104 Davey Lab., University Park PA 16802

This talk introduced some of the main topics covered in the session on trans-
verse single-spin asymmetries with hard scattering.

e An important long-term motivation is that SSAs provide a microscopic
probe of chiral.symmetry breaking.

e Leading-power SSA’s can occur in azimuthal distributions of a particle’s
momentum transverse to an axis given by naive parton model ideas.

e Cases include Semi-Inclusive DIS in electron-hadron collisions, and
Drell-Yan, high pr dihadron, dijet, and photon-jet production in hadron-
hadron collisions.

e These processes involve SSAs in the azimuthal distribution of parton
transverse momentum in parton densities (Sivers function) and in frag-
mentation functions (Collins function).

e A correct treatment requires precise and valid operator definitions of
these functions, particularly as regards the directions of the Wilson
lines that make the operators gauge invariant.

o Time reversal gives a reversal of sign of the Sivers asymmetry between
DIS and DY.

e The lines cannot be light-like. Related to this are Sudakov effects
associated with gluon emission that dilute the SSA and that can be
analyzed with the aid of non-light-like Wilson lines. (This uses an
equation due to Collins and Soper.)

e Work is underway to analyze the universality or lack of it associated
with k7 dependent fragmentation functions.

111 '
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How to make high-pr, SSA, leading power?

Incoming quark kr (Sivers)
Orbital L, == azimuthal dep.:

dN
d? kr

o< const + const|k7| sin(¢ — ¢s)

Quark poln. measurement

— Single-hadron azimuth
— Two-hadron azimuth
— Hadron (A) polarization

All cases: Must have azimuthal angle to measure

BNL, Dec. 4, 2003 ' 6/17
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o Drell-Yan g7

RHIC processes for SSA

e v+ jet total g7

e jet + jet total gr
[Especially out-of-plane]

e But parton k1 much less than single-jet pr
== SSA in single-jet pr is “higher twist”, i.e., power suppressed.

e Etc.

e Also target fragmentation, but that's harder for theorists!

BNL, Dec. 4, 2003 10/17
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T reversal on Sivers asymmetry

e No vector gluons "
Transverse deflections cancel +
= no Sivers SSA (T'P)

e DIS in QCD: final-state glue
= non-cancellation
— Sivers SSA allowed

e Drell-Yan: initial-state glue
= reversed sign of SSA

“I'-odd operator”

e Implement by Wilson lines in pdf definitions

BNL, Dec. 4, 2003 11/17
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Universality, with k-dependence pdfs, etc

e Precise gauge invariant defn. of pdf and frag fn. needs:

— Wilson lines in operators
FT of (p,s| ¥(y) W(y to 00)T W (0 to c0)1(0) |p, s)

— Direction:
* Future or past?
* Non-light-like: rapidity of line?

e Wilson line direction related to measurement:
— Future <= Outgoing struck parton
— Past <= Incoming anti-parton
— Rapidity <= ygiyon cutoff:
* With light-like line: Divergences for Ygluon — —OO
* =—> Need cutoff or "generalized renormalization”

* Usual dogma about real-virtual cancellation does not apply

e Universality between all processes? {Ji¢ & feir

A

BNL, Dec. 4, 2003 V 12/17
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Single Transverse Spin Asymmetry in the Pion
Production at RHIC and EIC

Yui KOIKE

' Physics Department, BNL, Upton 11973, USA and Department of Physics, Niigata
Unidversity, Niigata 950-2181, Japan

We study the single spin asymmetry (SSA) for the inclusive pion production in pp col-
lision, p+p' — 7+ X and SIDIS, e+ p! — e+ 7+ X. SSA is a "T-odd” observable
which appears as an interference effect between the amplitudes with different phases in the
T-invariant theory. In the literature, there have been two systematic frameworks for SSA.
One is based on the so-called ”T-odd” distribution/ fragmentation functions of quarks with
intrinsic transverse momentum (kr). Since this intrinsic k7 is of nonperturbative origin, it is
suited for the description of SSA for the low-py pion production. The other is based on the
twist-3 distribution/fragmentation functions in the framework of the collinear factorization.
In this approach pr of the final pion is generated from the partonic hard cross section and
thus is suited for the describtion of SSA for the large-pr pion production.

In this talk we present the analysis following the second approach. Given that unpo-
larized pp — 71X can be well described by the NLO QCD for pr as low as 1 GeV, our LO
twist-3 analysis for the above processes provides a useful reference to interpret the recent
RHIC-STAR data and also for the future EIC experiment.

A systematic formalism for the twist-3 cross section was developed by Qiu and Sterman.
For p 4+ p! — 7 + X, we have three contributions:

(4) Gr(z1,72) ® 9(z') ® §(2) ® 04,
(B) dq(z) ® q(z") ® Er(z1,22) ® 05,
(C) dq(z) ® Er(z}, z5) ® §(2) ® oc,
and for e+ p' — e + m(pr) + X we have two contributions:
(4") Gr(z1,%2) ® G(2) ® 0y,
(B') 8q(z) ® Ep(z1, ) ® 0%,

where dg(z) is the transversity distribution. We have argued in this talk that (A) and (B)
can be equally important sources for p -+ p! — 7 + X, while (C) is negligible. We have also
studied the effect of G on the azymuthal asymmetry for e+ p' — e+ 7(pr) + X by fixing
its magnitude so as to reproduce Ay of FNAL-E704 and RHIC-STAR data.

117



Factori_zation for twist-3: three twist-3 cross sections

pt(p,S1) + p(p") = w(or) + X,

Ac ~ Gr(z1,22) ® g(z') ®§(j(z) ®64 (A) (Qiu&Sterman’ 99)

+ dg(z) ® q(z") ® Ep(z1,22) ®65  (B) (Koike' 02)

+ dq(z) ® Ep(z),z5) ® G(z) ®6¢ (C)  (Kanazawa&Koike’ 00)

0q: transversity : chiral-odd
P pT pT
p P D
» B) ' ©
Unpolarized: twist-2 Polarized: twist-3

Characteristics of the result

* (A),(B): large contribution in the forward region (xr — 1) owing to (i)
the derivatives, d%GF(:c,m) and %Ep(z,z), and (ii) the properties of 64

and 6p.
AN Kgps1 MN (O(J’—-) + O(pT )) =t : typical to twist-3.

T _,B behavior is due the ansatz:
Gr(z,z) = Kq(z) and Er(z,2) = K'g(z) with flavor dependent factor K
and K', K, = —~K4 = 0.07 and K}, = —-0.11, K; = —0.19.

* (C): negligible due to the smallness of 6¢ relative to (A) and (B).

% Each soft-gluon pole function has the following physical interpretation

due to its Dirac structure:
Gr(z,z): Unpol. quark distribution in L pol. target.

Ep(z,z): Pion fragmentation from L pol. quark.
Ep(z,z): L pol. quark distribution in unpol. target.
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RHIC-STAR, hep-ex/0310068

=05

< | ® 7°mesons (3.3<n<4.1); Assuming
04: O Total energy (3.3<n<4.) AN =0.013
) |— Collins
- Sivers
03[ [nitial state twist-3

(A): Initial state

h Final state twist-3
twist-3

0.2}
(B): Final state '
twist-3 0.1}

]
&
P
]
HE
PR

F (o = 101113 15 18 21 24 GeVie

0 0.1 02 D3 04 05 06 07 0.8
Xe

% Single Transverse Spin Asymmetry for e+ pT —>e+n(py)+X

No (or integrated) transverse momentum of 7 in O(a?) (Jaffe & Ji, '92).
AG =< g1(x)§(2) +8q(x)é(z)/ xz

Transverse momentum is generated by the O(a;;) partonic hard cross section.

Similarlyto p+ pT —> W(p,)+X , we have two twist-3 contributions.

Gp(x,x)®§(z2)®G | — Thistalk.
Sg(x)® E,(z,2)®¢'

Under study.

In this work, we focuss on the first contribution. By fixing the soft-gluon-pole
function G, (x,x) in p+ p — n(p,)+ X, we will study its effect in SIDIS.
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*"Hadron frame” for e(k)+ p(p,,S,) = e(k")+7(pp) + X
(Meng, Olness, Soper('91)) photon-proton Breit frame

1 Spin vector
S, =(0,cos®,sinD,0)

q= k-k'= (OQO,OS—Q)
9 00 9

3
2%y 2%y

D=

2 2
Zr o Gr 24r o 4r

§4 =——(l+—”—,oa_—'1)
T2 oo

Pr=2Zy4;: L mom. of hadron B

k= %—(cosh w,sinh i cos @, sinh ¥ sin ¢,~1)
2x,.S

¢: Azymuthal angle between
Lepton- and hadron- planes

coshy =

®, : Azymuthal angle measured from HADRON plane

% Differential cross section for e + p7 — e+ 7(pr) + X

d’o

dQ*dx,dz ,dq,’dp

=sin @ 4(0, + cos(P)o; + cos(29)0, )

The first sin®; behavior is the same as Siver’'s asymmetry!

Recall: Unpolarized cross section also has
1, cos(¢), cos(2¢) decomposition (late 70's).
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% Characteristics of the asymmetry

Define: Azymuthal asymmetries:

| f g dg cos(ng) domr

2 2 av,pol
(cos(ng) = LEE D 0™
J:Zn: d¢ d O'av - (2)0’0
dgzdxbjdz fdQT dg
(n=0,12)
Mpygr\ =z . 1
(N ~zpm1 < 02 -2 sin ®g NOT p !
T d d
Typical to Td;GF (x, x) o -d_?CQ(x) and
twist-3 z, —»1 forces x— 1.

Model estimate: GRV98, KKP2000

% Summary

Single transverse-spin asymmetry for the large-pr hadron production, p+

p’ = w(pr)+X and e+p" — e+7n(pr) + X, was studied in the framework
of the QCD factorization.

For pp collision, rising Ay with zp found in E704 and STAR can be
obtained from two twist-3 cross sections. But at pr < a few GeV, Ay from
the twist-3 cross sections behave as ~ 1/p7.

For the single-spin azymuthal-asymmetry for e + pT — e + n(pr) + X,
we studied the effect of the soft-gluon pole function £Gr(z,z) fixed in
p+p’ =+ X:

Mygr\ zv; .
(.1)N Kzp—1 ( Q2 ) 1 —JZf sin®g
(1) ncan be of O(5%).

(cos(ng))n (n=1,2) is less than 1 %.
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Quark Correlations and Single Spin Asymmetries

~ Matthias Burkardt (NMSU)

The Sivers asymmetry is analyzed in light-cone gauge. The average transverse momentum of the
quark distribution is related to the correlation between the quark distribution and the transverse
component of the gauge field at £ & co. We then use finiteness conditions for the light-cone
Hamiltonian to relate the transverse gauge field at = = d00 to the color density integrated over
z~. This result allows us to relate the average transverse momentum of the active quark to color
charge correlations in the transverse plane.

Results presented have been published in:

1. M. Burkardt, “Quark correlations and single spin asymmetries,” arXiv:hep-ph/0311013.

2. M. Burkardt and D. S. Hwang, “Sivers asymmetry and generalized parton distributions in
impact parameter space,” arXiv:hep-ph/0309072.

3. M. Burkardt, “Chromodynamic lensing and transverse single spin asymmetries,” arXiv:hep-
ph/0309269 and hep-ph/0302144.

4. M. Burkardt, Phys. Rev. D 66, 114005 (2002); arXiv:hep-ph/0209179.
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Slvers Asymmetry in A" =0 gauge

— (LC gauge)

dy~—d? izt u— Lk -
P(z,ky) = / y167r9?’ Rty Y

X <p7 S IQ(y)'y-'_U[oo—,y_L;OO“,OL]q(O)lp’ S> :

k) = /dx/fkw(x,kl)m

‘“g?r' <P, s |g(0)A 1 (007,01 )7"q(0)| ).

= 4g+<p, 5]q(0)aL (01 )7+ q(0)|p) -

with OA_L(XJ_) = [AJ_(OO_,X_]_) — A_L(—OO—, XJ_)]
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teness Conditions

Sr—————————— , — P—————— T T S T T
S U e oy S LR e T ey s

LR

- oy

H Demand absence of infrared divergences in LC Hamiltonian for

r~ — =oo (quarks: Antonucchio, Brodsky, Dalley , “ladder
relations”)

— “finiteness conditions” on states:
(1) 0%al(x.) = —pa (%1 ), Where p,(x_) is the total charge

(quarks plus gluons) along a line with fixed x|
pa(X1) = g/drc‘ Z@v*ﬁq — fabeAyO_ AL
a - 9 abc4ipy— 41,
(2) o (xy) must be pure gauge

Oéi(X_]_) =_ ‘;‘UT(XJ_)GQ:U(X_L)
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® 5l (x)) = —pq(x, ) another reminder that gauge field at
-z~ = o0 cannot be set to zero in LC-gauge

— shows again the need for a careful prescription of the
k*-singularity in gauge field propagator

# Conditions on o (x ) very similar to Egs. derived by McLerran,
Venugopalan et al. in context of gluon distributions at small x

— a®(x_ ) nonzero and potentially large, but what is the net effect for
Sivers asymetry?
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Quark Correlations —— SSA

® lowest order (small g) solution to finiteness conditions

’ _ d2y_|_ :Bi L yi
abix) = [ 5 Pa(y 1)
T |xL -yl

(equivalent to treating FSI in lowest order perturbation theory).
® Insert into expression for Sivers asymmetry in LC-gauge

)

Cormcy

. d2 7
<k3>= g yiL y|2 <p,8

A
__9 7(0)y 22
) or Iy, 407" 5-4(0)pa(y L)

2
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Universality of T-odd effects in single spin azimuthal asymmetries’

P.J. Mulders
Department of Theoretical Physics, Faculty of Sciences
Vrije Universiteit, Amsterdam

Hadrons are incorporated in hard processes via distribution and fragmentation functions that
show up in the parameterisation of matrix elements of specific quark and gluon operators. For
hard processes involving a single hadron such as inclusive leptoproduction or 1-particle
inclusive electron-positron annihilation the soft parts appearing at leading order involve
correlators with two quark or two gluon fields separated along a light-like direction depending
on a single momentum (fraction) x = p'/P* for distribution functions contained in the
correlator d(x), or on the fraction z =Py /K™ for fragmentation functions contained in the
correlator A(z). The two quark fields in these correlators are connected by a straight-line
gauge link arising from leading quark-quark-gluon matrix elements. In the parameterisation
for @ (A) that is relevant at leading order in hard processes, three distribution (fragmentation)
functions appear, for unpolarized quarks, longitudinally and transversely polarized quarks.

For processes in which two hadrons are involved, such as 1-particle inclusive
leptoproduction or Drell-Yan scattering, the transverse momentum of the partons becomes
important. It shows up in a (for our purposes) small scale. In the parameterisation of the
correlators ®(x,pr) and A(z,kr) it leads to a number of additional distribution and
fragmentation functions. The additional parts vanish upon integration over transverse
momenta, but they do show up in the correlator @3(x), obtained after a weighting with
transverse momentum. In the transverse momentum dependent correlators and in the weighted
ones, which appear in specific hard processes, however, two different gauge links running via
lightcone infinity appear, i.e. we have (I>[i](x,pr) and ®3™(x) and a similar situation for the
case of fragmentation. For the integrated functions the +-dependence enters as a soft gluon
matrix element leading to the form ®;*(x) = ®3(x) + dg(x,x). For distribution functions the
functions in ®; are time-reversal even (T-even), those in 7®g are T-odd. An example of such
a T-odd function is the Sivers distribution function (unpolarized quarks in a transversely
polarized nucleon). Comparing for instance leptoproduction and Drell-Yan scattering one
finds opposite gauge link behavior and hence opposite signs for Sivers asymmetries. For
fragmentation functions T-odd functions are present in both Aj and ®Ag. This makes a
comparison of asymmetries involving the T-odd Collins function (transversely polarized
quarks fragmenting into pions) in electron-positron annihilation and leptoproduction, two
processes for which one also has opposite gauge link behavior more cumbersome.

T-odd functions have a clear experimental signature, showing up in single spin
asymmetries. For both Sivers and Collins asymmetries first results in leptoproduction have
been presented by HERMES. With single spin asymmetries as experimental signature, these
effects may also distinctly show up in more complicated processes such as left-right
asymmetries in pion production in pp' scattering measured at RHIC. Also here both Collins
and Sivers effects are expected to play arole. At present, several issues dealing with
factorisation and the gauge link structure for this process are under investigation in order to
enable the comparison with other processes.

! D. Boer, P.J. Mulders and F. Pijlman, Universality of T-odd effects in single spin and azimuthal
asymmetries, Nucl. Phys. B667 (2003) 201-241 [hep-ph/0303034]
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Issues in hadroproduction

N | ha_r process hard process

Weighted functions will appear in L-R asymmetries (p: now hard scale!)
There are various possibilities with gluons, a.o.
» G(X,p;) — unpolarized gluons in unpolarized nucleon
= AG(X,p;) — transversely polarized gluons in a longitudinally polarized nucleon
s G(X,py) — unpolarized gluons in a transversely polarized nucleon (T-odd)
= HY(x,py) — longitudinally polarized gluons in an unpolarized nucleon

Contributions of (Da(XIPT) and T® not necessarily in one combination,
Ay~ e GOX) @ Fip HOHI0G) ® Dy (z) + ... Fi(X,) ® fip H0IMIGG) ® Dy (z)

T f1(Xa) ® _GT(XB) ® Dl (Zc)

Many issues to be sorted out
4-12-2003 BNL p j mulders 4
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- T-odd phenomena

T-invariance does not constrain fragmentation
= T1-0dd FF's (e.g. Collins function H,*)
T-invariance does constrain ®(x)
= No T-odd DF’s and thus no SSA in DIS
T-invariance does not constrain ®(x,p;)

= T-odd DF’s and thus SSA in SIDIS (in combination with
azimuthal asymmetries) are identified with gluonic poles that
also appear elsewhere (Qiu-Sterman, Schaefer-Teryaev)

s Sign of gluonic pole contribution process dependent

In fragmentation soft T-odd and (T-odd and T-even) gluonic pole
effects arise

= No direct comparison of Collins asymmetries in SIDIS and ete-
(unless TA;=0)

4-12-2003 BNL p j mulders 3
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Beyond just extending DIS by tagging
quarks ..

Transverse momenta of partons become relevant
appearing in azimuthal asymmetries

DF's and FF's depend on two variables,
®H(x,pr) and A*(z,k;)
Gauge link structure is process dependent (= [+]) f

p-~dependent distribution functions and (in
general) fragmentation functions are not
constrained by time-reversal invariance

This allows T-odd functions hy* and f;;+ (Hy* and
D) appearing in single spin asymmetries

4-12-2003 . BNL pjmulders
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Structure functions (observables) are
identified with distribution functions
(lightcone quark-quark correlators)

DF’s are quark densities that are directly
linked to lightcone wave functions squared

There are three DF's

900 = q(x), 9,9) =Aq(x), hy%(x) =5q(x) |
Longitudinal gluons (A+, not seen in LC
gauge) are absorbed in DF's ,

Transverse gluons appear at 1/Q and are
contained in (higher twist) qqG-correlators

Perturbative QCD - evolution target ($)6°

gluon !

4-12-2003 BNL  pj mulders

DISTRIBUTION FUNCTIONS IN PICTURES
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Novel Spin Effects in QCD*
Stanley J. Brodsky, SLAC
RIKEN BNL Research Center
RHIC High Pr Workshop, December 2003

Measurements from HERMES, SMC, and Jlab show a significant single-spin asym-
metry in semi-inclusive pion leptoproduction 7*(¢)p — X when the proton is po-
larized normal to the photon-to-pion production plane. Hwang, Schmidst, and 1 [1]
have shown that final-state interactions from giuon exchange between the outgoing
quark and the target spectator system lead to such single-spin asymmetries at leading
twist in perturbative QCD; i.e., the rescattering corrections are not power-law sup-
pressed at large photon virtuality Q* at fixed zp;. The existence of such single-spin
asymmetries (the Sivers effect) requires a phase difference between two amplitudes
coupling the proton target with J; = :!:% to the same final-state, the same amplitudes
which are necessary to produce a nonzero proton anomalous magnetic moment. The
single-spin asymmetry which arises from such final-state interactions is in addition to
the Collins effect which measures the transversity distribution ég(z, @). The Sivers
effect also leads to a leading-twist target single-spin asymmetry for jet production in
electroproduction where the thrust axis is used to define the production plane. _

More generally, Hoyer, Marchal, Peigne, Sannino, and I [2] have shown that one
cannot neglect the interactions which occur between the times of the currents in the
current correlator even in light-cone gauge. For example, the final-state interactions
lead to the Bjorken-scaling diffractive component v*p — pX of deep inelastic scatter-
ing. Since the gluons exchanged in the final state carry negligible £+, the Pomeron
structure function closely resembles that of the primary gluon. The diffractive scat-
tering of the fast outgoing quarks on spectators in the target in turn causes shadowing
in the DIS cross section. These effects highlight the unexpected importance of final-
and initial-state interactions in QCD observables—they lead to leading-twist single-
spin asymmetries, diffraction, and nuclear shadowing, phenomena not included in the
light-front wavefunctions of the target computed in isolation. Alternatively, as dis-
cussed by Belitsky, Ji, and Yuan [3], one can augment the light-front wavefunctions
by including the phases induced by initial and final state interactions. Such wave-
functions correspond to solving the light-front bound state equation in an external
field. Similar initial and final state interactions also lead to Sivers-type single-spin
asymmetries in Drell-Yan processes and inclusive hadron reactions such as pp T— X,
and heavy quark production, processes which will be important to study in polarized
proton experiments at RHIC.

[1] S. J. Brodsky, P. Hoyer, N. Marchal, S. Peigne and F. Sannino, Phys. Rev. D 65,
114025 (2002) [arXiv:hep-ph/0104291].

[2] S. J. Brodsky, D. S. Hwang and I. Schmidt, Phys. Lett. B 530, 99 (2002)
[arXiv:hep-ph/0201296].

[3] A. V. Belitsky, X. Ji and F. Yuan, arXiv:hep-ph/0208038.

* Work supported by the Department of Energy, contract DE-AC03-76SF'00515.

135



T demmens T T mw
2

cen i

ﬁm Ea,aw?g__g}fg:} ?ﬂ!“ﬁ. i\% mﬂ %‘;’9“{, Iﬁhﬁtq.a‘-'w%
2

i
3

b ﬁf;ﬁﬂcg ‘E:mgu.im %ﬁﬁ'@&ﬂxi

St PR
ST e

g Dwnge-spin “‘a‘*‘*l‘i”f§ ﬂ— * ?‘L
: o g %é@g% g ﬁ@%i’m&g&

1o gk Lﬁﬁm% g (XN S

B R T WIS RS
;sg;- ‘Eﬂtﬂ:&u‘) Lu‘%i 3 “PT %‘E“‘k‘m‘ﬂ

_ ..mﬁw’"’m

136



,L‘F Q’P’T\

Sherme ﬁq}.‘qhtaa y%n..‘ "Fuh‘t seky
T nevives ledugdoak Ter ek

kkﬁﬁ‘g& Fevsink hkkﬁ e s 'EJ..“:}\ e

%aqam.‘.k w.m&.m L oweb Cavtel glek,

(:*‘*LL‘E : . ’b““"ﬁ s L tb Lk*%‘ﬁx

Lﬁﬁﬁﬁa g@i L‘ﬁ*{d" kS

POV _,,__“* we

137



) DS, Hwswy
Trphed Cmlosteban | TR SA T b Scldt

Te
g‘“‘"@ jgef i 3 fm‘&é

E\WE O N A

Outdag &\
Nia =2

138



i L
A st =T

gmﬂgﬁu -ﬁgw B\

Use Hhrset any

¥

badiy Tk
Buy

139



140



v

The pQCD tails provide indicators of
| What the Bulk is doing

\
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For full talk see:

http://nt3.phys.columbia.edu/people/gyulassy/Talks/RBRC_120503/

BNL12.4.03

Gyulassy 1
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3 Milestones passed at RHIC

1) Evidence for Pocp Via Vé bulk collective flow of 104 7, K, "p AE

| 2) Evidence for pQCD jet quenching_ih Au+Au at RHIC

3) -EVid_ehC_e jét unéquenchihg in D+Au = Null Control

Conclusion: QGP Matter seen in AuAu at 200 AGeV

BNL12.4.03 Gyulassy 3



GLV Opa(:lty Induced Radlatlon generalized to f1n1te M
GLV: Nucl.Phys.B594(01) Mso3 -

2 Z Z Za

M. Djordjevic, MG nucl-th/0310076 (03) @5 — b

+ LN

iﬂ"ﬁr( ) 0&05 " 2
drdﬁk T T n‘fﬂ( Ewe g() R 52(%)])

X (.'_»*jé‘(li:h.m} - Bim—{-'l, ,n)(m, ,n) ‘:CGS (ZQ(&, m}Aa}g) == GRS (Z Q({‘ ) A,«L):\ )
: ' m—i . 1 4

k=2 =i

144!

Hard, Gunion-Bertsch, and Cascade ampl. in GLV generalized to finite M

ﬁ _ k » é‘ i - (k qﬁl — q‘!"! [P S, q‘l'm )
B, = H "‘Cz 3 Bf iyans ‘zmimja in) C‘(!l“ " s c(#:.?z )
Y. | 2w £2. B

BNL12.4.03 Gyulassy 4
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Converging Evidence to QGP at RHIC
Null Control D+Au
+ dA(y=3)

QGP

BulkCollectivity

Paco Parton Quenching

pQCD

v4(y) e lan(#:0R)

QGP EPQCD 'I" DQCD 'l' dA = V2 .I- (R-H) AA + (R+|)dA
+ v+ 1aa(4,0g) + dA(y=3)

BNL12.4.03 _ Gyulassy 5
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A Low pT<1 GeV Triangle boundary condition controls

forward R ,(Y~Yp, PT<1) ~ 1/N.,, nuclear modification

200-AGEV M. b, D+Au=3 ™ HIJNG 1,383 ys 200 AGeV. m.b. DAu/pp. —>h™” HIJING1 383

T | Raaulpr=0.y)

Roadpry)
tn

(aN"/dy)/ (N"/Gy)

| i The D+Au triangle | \ ™|
BRAHMS h'~ n=0 PRLO3 Ly
BRAHMS h™ 2.9< 7 < 3.3 PRELIM

. ¢ o o .

0.1

l The 'low pT D+Au triangle=Baryon_ conservation + asymp. freedom




High pT Physics at RHIC

A RIKEN BNL Research Center
Workshop, December 2003

PHOTONS AND GLUONS at RHIC
- some aspects -

R. Baier

Faculty of Physics
University of Bielefeld
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CONTENT

e MOTIVATION

e dipol bremsstrahlung picture of
production of real and virtual photons

discussion for quark + nucleus —— > dileptons () +X

e k, factorization - pQCD factorization
e gluon saturation
e BFKL evolution and geometrical scaling

e expectations/predictions for
large forward photon rapidities

e work in progress in collaboration with

A. H. Mueller and D. Schiff
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Motivation

Disentangle

final versus initial state effects

due to multi gluon interaction in the nucleus

Ideal tool
real photons and dileptons

(also: no fragmentation function)

restrict discussion to:

e gA = (v)X
at medium and large pr,

but large forward photon rapidities =—>

exploring the £ — 0 region in the nucleus

at fixed energy

e fixed QCD coupling a;
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Dipolformulation - &, factorized representation

do _2aelm1+(1—z)2/d2ql v b Y)
dzdPk, 26 (2m)* 2 g2 e
2
ZZQ_ZL _ 772 1 . 1
k2 4+ 12)[(ky — 2q1)? + 7] B+ (kL —2q0)2+n2] |

H(q1,5,Y) = / &x, d0IN2 N(Z1,5,Y)

ek Lz, 7o =
Proof:kz +J7‘72 = i/—Z—B—L—esz'xlE’-VxJ_KO(nmL)
1

Derivation: lightcone bremsstrahlung amplitudes
| k&

l —x
¥ N 4.
+ l 3

(K G-k P :
t 1 - 1 — Zt/tform
= €Xp [z <2k+ 2p—F) op e

. &k & (kL—2q)
k3_+772 (EJ_—ZQ’_L)Z'Fnz

[e.c. BDMS (1998)]
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Evolution of ¢(q, 57 Y).

e BFKL from N(§,,5,Y):

dAT'(2- X _ 2
¢ = 167 /sz ( D ) exp [ZOISX()\)Y —(1=MA)In Qq];\—/_er}

initial condition at Y = 0: MV distribution with scale

QMV - 2 R?Al

saddle point solution: &Y large and vanishing saddle point
for q, = QO (Y)
— diffusion into saturation regime ¢; < Qo(Y)

— Y dependence even for ¢; = Qo(Y), ¢ ~ 1/v/asY

e BFKL in presence of saturation -

including non-linear BK-type effects

[A. H. Mueller and D. N. Triantafyllopoulos (2002)]

= successfull comparison with numerical solutions of the
Balitzky-Kovchegov equation

[J. L. Albacete, N. Armesto, A. Kovner, C. A. Salgado, U. A. Wiedemann (2003)]
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cutting out diffusion into saturation region, ie.
require ¢ to vanish close to the saturation boundary

scaling ”solution”

= e (1= X0 In s + ==L~ Mg T

with ¢ = ey = const  at ¢ = Q,(Y), and

= x(Xo)
9 ~ 2 . 9 eXp[2a5 1-Xp Y]
Qs(Y) ~ Q.(Y) = Quv [4@sX”(>‘0)Y]3/[2(1—}‘0)]

~Const
|
|
1
1
{
]
]
I
}
i
—2A A PR o P-P
: C
1
1 Ao
2
here: In 2 — In %Y
p= QM -@0215;1—/2

[taken from A. H. Mueller and D. N. Triantafyliopoulos (2002)]
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~* cross section at large ¥

e replace ;
2m)°0; | 7
6= 22 400, 1Qu(Y),B)
[ A * X
dot4—>7TX 5 do _
b = (k 1+7 )d(lnz)dzk_Ldzb -
d*q .7 . A
- | =74 (ki 241, 2) $(q1/Qs(Y), D)
L
( for n < kJ_)
° =9
= &elm Qs 2 q;
H k 7q 72’ - ]_ + 1 —Z -
(k1.1 2) N, 1+ )]kl—(ﬁ)“‘ﬂz

e for k, .. hard scale — SCALING

d O_qA— >y*X
d?b

= ¢k /(2Qs(Y)), 0 ) Flin(ky/2Qs(Y)), /K1, 2]
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prediction for large Y

e parametric estimate for ratio

. do.qA—>'y*X
RPA - A do-qp——>fy*X
e based on
r ki Ap—1
(=)0

(scaling regions of A and p overlap)
and

QM) R

i.e. suppression, independent on k; and Y

o c.f. with R,4 for produced gluons
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~ Partonic energy loss or hadronic

absorption?

» Energy dependence of jet quenching

* Centrality dependence of jet quenching
e Finite v2

* Same-side jet profile

e Data from CERN-SPS

Xin-Nian Wang
LBNL
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HERMES data

rerEres

i
™

1] 17777 T
105 L <y>=11.5-13.4Gev, <Q@*>=2.6-3.1GeV" i
O Co? =0.00065 GeV*
095 e 0 7 |
= s
— 09 1 dE .
O . 1 —=0.5 GeV/fm
Soss | b ] O e
T 08 | .
~<0.75 | 1 . .
. in Au nuclei
0.7 - o "N HERMES -
0.65 |- o *Kr HERMES(Preliminary) -
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(1/2A)do /dyd®p; (mb)

0.9

0.8
0.7
0.6
0.5
04

03 f
02 F
0.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

d+Au at large y

d+Au—> (h*+h7) /2 (v/3=200 GeV)

ooooo
-------------
e

P -

go ghodow
wemeen HIJING shadow
- —— EKS shadow

L B L DS U
pr=1.5 GeV(x0.45)

=5 'cév'(xo.'s'E-'*)'

L =10 GeV(x4.0E™) §

XNW, nucl-th/0303004
d+Au (min bias) V=200 GeV

I 1 1 1 , 1 1 | 1 1 1 1 I [}

IIIII!IIIll!lI’IIIIlIlllllllllllllllllllIllllllll
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. - —
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- - . receree| ol
Single and dihadron Suppression & N

BERKELEY LAE AN

o_5% | JdB5-10%
0.1 [® STARAu+Au -+
L O STAR p+p

IlIl'!IIlII

lxvlﬂllll'll!

10 T (HeNx 20-50% ”'f' 0o 407 ; S0-gon 5
L P it WY 0060000 0.1 | puie shadow T Aurau > hE4h® /]
:E : E memmem EKS shadow T /3=200 GeV E

wemnms EKS shadow | ve=2000Cev .1 005 e -

—— HWING shadow | Au+Au —> T°h7 - 1 ) .

10-1 40~60% | s0-80% o L T B e L
2 4 6 8 10 2 4 6 8 10 0.4 06 0.8 1 06 08 1
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Partonic Energy Loss at RHIC receer?

BERKELEY LAR Y

-

AE <§:»<’:=" o Idz'p(z')r In (-2——€-

Tﬂ
AE = AE, 250
RA

AE=55+1.6 GeV

(9@) ~13.843.9 GeV/fim
0

dx

7, =0.2 fm/c

A
i

J p()= Py~ O(R~1)

Energy loss in a static

AE, medium with density  Po

for E=10 GeV

(@—j =~ (0.5 GeV/fm
dx cold matter
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~ Separ: ratmg the Process-le pende nt
nd Process lndepende nt

~ Brookhave "f_:.Na"’t'Onal Lab Upton NY

December 4 , 2003 1 Ivan Vitev, ISU
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er ractl o n S h |ft O pe rator

For 0?7 &

- Derivative series on the leading
" twist collinear factorized pQCD
cross section

. The series is dominated by its
low order terms

o d"x

FA(x Qz) y F(LT)(x i3 (452)[52(22’3—1)} . an]gL;(;,Qz) |

n—O
) an é_—z ., | | - | o
AF, (xQ)+Q Fp (x, Qz) - ~_ The main result

n—O

FA( Q) Z_‘:éz A1/3 1)} d”F(LT)(xQ)~AF(LT)(x+’\;; 52(212” 1) &,]

December 4 , 2003 2 lvan Vitev, ISU



| Results for F,(x,0%) and xFy(x.Q")

S AL B L B T =TT TT1
l.l-.l. [~ 2 -2
ot Q = 'l GeV

Thy 0.9 =
Mo
{LI_N 0.8 i
0.7 -
0.6
L1}
o 1
= 0.9 _-
0 S8E

Q.7
= Resummed Power Corrections =

0.6 _ II| I II:II‘III.I 1 II:II“IIII 1 § 1 L1 B Et
0.0001 0.001 0.01 1 3 10

X Q® [GeV?]

illa'ulﬁl]“'nfll;l

T T
e L

s

“-...

m -
[ o 2

S & = 0.09 = U-12 Ge

Testable at the Fermilab
‘NuMlI facility

J. Morfin, J.Phys.G 29, (2003)

¢sea (x) oc xmafsea 5 Q{sea ; 1°0
¢val . (X) o< X _ami‘ val > O 5
£ =0.09-0.12 GeV?

Analytic formula

e _ B0 3R (5,07

(a'.

" F, (x,Q) xF (x,Q) e

o ¥
0}
el /'

s s &
wva[')(A —B .)_Q_2'"+...

Framework: Collinear factorized pQCD
December 4 , 2003 3

J.W.Qiu, L.V., to appear on hep-ph
Ivan Vitev, ISU
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1 . I . r L l L] l L] J
Binary scaling Au+Au

® PHENIX 10% central ©° to p+p baseline |

- 5 = Theory, GLV e-loss - dN%/dy=1150
& 064 -
& 0.4 b . + * l -

. Binary scaling Au+Au

1 -1
] ® STAR h*+h’ central to peripheral _:
=== Theory, GLV e-loss - dN%dy=1150
0 ] i L | L I (1 1 [
2 4 6 8 10 12
py [Gev]

B.Back et al. [PHOBOS], S.Adler et al. [PHENIX],
Phys.Rev.Lett. 91 (2003) Phys.Rev.Lett. 91 (2003)

December 4 , 2003

S.Mioduszewski, [PHENIX collaboration]
7 follows the 7z°
J. Frantz [PHENIX collaboration]

,,,,,,
B

dfégigﬁ:‘;y pRsed R R RN RN

Absolute scale comparison

£25%
dN/dyd’p, Au+AU 0-10% ~> 71" - 3
10~ E:
E 107" ® PHENIX p+f) 200 GoV —
o + PHENIX Aws-Au 0-10% 3
-
g
[
1]
g |
=
=]
107 L
107° dotdyd’p, p+p —» 11
.' 0—9 L 1 1 1 ! .
2 4 1] a 10 12 14
Py [QeV]

4 lvan Vitev, ISU
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Comparison to AutAu Data R,

. Perturbative calculation with
. Charged badrons . e BRAHMSh'+h R, n=2.2 4 . aen i i
—— dN%dy = 900, no Cronin initial and final state scattering

1.5 -~ dNdy = 900, Cronin -
e dN%dy = 1200, no Gronin
- M{.\. - <= dN%dy = 1200, Cronin -

2 L} [ L) l L] l

* GLV energy loss in a 3D hydro

g * Data is consistent with Rf} =1

= T.Hirano, Y.Nara, nucl-th/0307087

F—a— R, hydrojst -~R"P BRAHMS
; 5 e R 54 (N=0) ydrojet f
] o B (1=2.2) hydrojet ‘%\\:R M(?]—Z 2) BRAHMS
! A RAA (11=3.25) hydI’OjGt ?::?R“"mzyﬁwa T

1
P
g?ﬁiqi{? & [}‘ﬂ o E{ u u . a o A e s weeie e e S ceeiae 2 aesbeeeide Bee siessrste ates e
,_;_.= niy
— Q i
& o BT
1 01@10 Jm.«fﬂ- B i T % %[{l

4
Pr [GeV]

A.Adil, M.Gyulassy, L.V., in preparation

Rﬂ =R,,(m)/R,,(n=0)
dN,," | dyd’p, . L

s L el | Ll ) T o IS
, ¢ 1 2 3 4 5 6 7 8 49
Be carefui with baryons for p. <4-5 GelV p. (GeVic)

T

R, =

Nuclear modification factors
m—
Illlililll‘l—é*l

Q o
LT -
E 3
‘19"
ﬂ%‘;z
o

December 4 , 2003 5 lvan Vitev, ISU
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Energy Loss of High P, Partons

Guy D. Moore (with Sangyong Jeon)

McGill University’
Overview and Review

The approach

The calculation

Results: suppression of jets, with respect to pp, is nearly

energy independent

What remains to be done
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So far: evolution through a finite slab

Assumed initial p, spectrum: dN/d?p, ~ (p? + p2)~° with
po ~ 1.75 GeV [Wang and Wang] '

Result scales: Energy loss, writing E /T (T the temperature)
and = x g*T (z the slab thickness), is “pure” result.

Plotted quantity:

Final dN/dp

R Initial dN/dp

15
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Initially Pure Quark Spectrum
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Negligible glue produced.
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Initially Pure Gluon Spectrum

1 . . . EE— . . , e .
: x=0.5 fermi x=1.0 fe;mi :
0.8 -_ x=1.56 fermi - %x=2.0 fermi _—
: Dotted lines: quark numbers :
06 - =

I T é,li“ T T

R relative to gluons.

10 15 20
Energy (GeV)

Significant quarks: event'ually, quarks dominate

17
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Conclusions

We still need to include nuclear geometry, but

It is difficult to see how central result—very flat R—could
change.

Initial state effects (Cronin, shadowing) not needed to
explain p, independent suppression of high p, hadrons.

We expect the same flat behavior at the LHC.

It should be easy to extend this work to ~ production by
hard partons traversing the QGP.

19
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PRODUCTION OF HIGH-p; PARTICLES IN AuAu AND dAu.

Carlos A. Salgado

TH-Division, CERN, CH-1211 Geneva

The suppression of particles with high-p; in central AuAu collisions, together with
the observation of an enhancement in the control dAu collisions, is one of the main
results from RHIC up to now. It clearly points to a strong interaction of the high-p; par-
ton with a formed dense state. This is consistent with the jet qguenching interpretation.
On the other hand, the recent (preliminary) data from BRAHMS of pion production in
dAu at y = 3 show a strong suppression. To clarify the origin of these observations, an
understanding of both initial and final state effects is necessary. The first part of the
talk is devoted to the initial state effects. In the framework of collinear factorization,
DGLAP evolution forbids a very strong gluon shadowing for 22>0.01 when experimental
data on scaling violations of the ratio Fy™/FY is taken into account. BRAHMS data
would need a much stronger gluon shadowing. This is, in principle, not in disagree-
ment with the previous statement, but seems unlikely that both DIS and BRAHMS
data could be describe in this framework. Recent developments based on saturation
physics could provide with such a large suppression maintaining at the same time the
enhancement in central rapidities.

In the second part of the talk, the jet quenching interpretation of the suppression in
central AuAd at y = 0 is reviewed. We briefly present a comparison with PHENIX data
on 7° suppression. In this implementation of the energy loss by medium induced gluon
radiation, the suppression is related with a broadening in the k; spectrum of the jets.
Following this idea, we present the first attempts to study the medium modification of

jet properties in different observables.

Based on:

C.A. Salgado, U.A. Wiedemann, hep-ph/0310079, Phys.Rev.D68 (2003) 014008; Phys.Rev.Lett.89
(2002) 092303 '

J.L. Albacete et al. hep-ph/0307179

K.J. Eskola, et al. Phys.Lett.B532 (2002) 222; Eur.Phys.J. C9 (1999) 61.
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C

At small values of 2, LO-DGLAP
gives
OFY™ (z,Q?)
0log Q2
This leads to

o 29(22, Q).

8R?2 (x7 Qz)
0log Q2

o« {R2(2z,Q%) — R,

Q?>-dependence of F3"/FY

(NMC)

positive slope —

A, Q%) > R, (2,Q).

(Eskola, etal., PLBS32, 222)

1.1
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(Albacete, Armesto, Kovner, Salgado, Wiedemann, hep-ph/0307179)
Taken MV as initial condition for BK evolution:

CSLT

= 3 5 7 2, 3. 4.5 6
10 10 1w 1 10 110 10% 10° 10* 10° 10
k (GeV/c) k (GeV/c)

® — MV (initial); h(k) = K2V ® (k)
aley” =0, 0.05, 0.1, 0.2, 0.4, 0.6,1, 1.4 and 2

___Production of high-p, particles in AuAu and dAu. —p 10



Applications: Comparison with PHENIX data.

—
T

09 E  Au+Au 200 GeV. PHENIX

0.8 ' . —— Quen. Factor
0.7 _ Multiple soft scat. - Using FF
0.6 F _ ) — Quen. Factor
e ] N=1 opacity exp. Using FF

R,. Nuclear modification factor

9L1

= Factor 5 suppression needs R~ 1000--2000. But small-p; region not
well reproduced: additional effects? (shadowing, Cronin ...) Gyulassy,
Levai, Vitev, Wang, Arleo ... |

= Smallest values of p, are in the'limit of applicability of the
calculations.

= Slope and magnitude of the effect are ok.
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The characteristic angular dis- < "¢
tribution of the medium—induced =z [\ -
gluon radiation could be better ob- FaaN 3
served in the quantity o o]
vacuum N
jet E . — E,,=0
aN - / dw__._fi_:[___ ----- Eo=2.5GeV
dk k, /sing, dwdky
For the vacuum we simply use AN
--—-—-----v----«'dIvaC ~ _]_...,_1__,. ——Multiple So;?‘i\\\%
dwdky wky a osneted
10 0 2 4 60 2 4 6
Needs a more quantitative analy- k(CeV) ki(GeV)
sis. (100 GeV jet)

But, effect based mainly on kinematics!
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Cronin Effect Versus High-p;y Suppression in pA Collisions

Yuri V. Kovchegov*

Department of Physics, University of Washington, Boz 351560
Seattle, WA 98195

This presentation is based on work done in collaboration with D. Kharzeev and K. Tuchin [1], and was
presented by K. Tuchin due to my illness. _

We start by reviewing gluon production mechanism in pA collisions at very high energies. At moderately
high energy the gluon production is given by McLerran-Venugopalan model. To find single-gluon inclusive
production cross section one had to solve classical Yang-Mills equations. Corresponding cross section has
been constructed in [2] and includes the effects of multiple rescatterings of the produced gluon on nucleons
in the nucleus, as shown in the figure on slide #1. The same slide has an expression for the obtained cross
section in terms of a gluon dipole’s forward scattering amplitude on a nucleus. This formula leads to RP4
exhibiting low-pr suppression and Cronin-like high-pr enhancement, as shown in slide #2 [3]. The height
and position of the Cronin maximum are increasing functions of centrality.

Gluon production cross section for pA including the BK [4] evolution has been found in [6]. On of the many
resummed diagrams is shown in the figure on slide #3. There one can also see the rules for including the
quantum small-z evolution in the quasi-classical formula from slide #1 [2]: the lowest order proton’s wave
function has to be replaced by the BFKL-evolved one, while the gluon dipole forward scattering amplitude
has to be replaced by the BK-evolved one.

On slide #4 we show what happens to RP4 as energy /rapidity increases: the effects of BK evolution is to
introduce suppression of BP4 at all pr. At very high energy/rapidity even the Cronin maximum disappears
and RP4 flattens out at RP4 ~ A~1/%. Therefore, at high energy/rapidity we expect Cronin enhancement to
turn into suppression with RP4 becoming a decreasing function of centrality [1] (see also [7]). Our prediction
is qualitatively different from predictions of other models based on multiple rescatterings only.

Recently presented preliminary BRAHMS Collaboration data on hadron production at forward rapidity
in dAu collisions at RHIC show a clear suppression of RPA at pp < 2.6 GeV. Pending the final version of the
data and future studies of RP4 at higher pr and of dijet correlations, one may conclude that Saturation/Color
Glass Condensate has been discovered at forward rapidity at RHIC. '

[1] D. Kharzeev, Y. V. Kovchegov and K. Tuchin, Phys. Rev. D 68, 094013 (2003) [arXiv:hep-ph/0307037].

[2] Y. V. Kovchegov and A. H. Mueller, Nucl. Phys. B 528, 451 (1998) [arXiv:hep-ph/9802440].

[3] B. Z. Kopeliovich, J. Nemchik, A. Schafer and A. V. Tarasov, Phys. Rev. Lett. 88, 232303 (2002) [arXiv:hep-
ph/0201010}; R. Baier, A. Kovner and U. A. Wiedemann, Phys. Rev. D 68, 054009 (2003) {arXiv:hep-ph/0305265].

[4] Y. V. Kovchegov, Phys. Rev. D 60, 034008 (1999) [arXiv:hep-ph/9901281];

[5] L Balitsky, Nucl. Phys. B 463, 99 (1996) [arXiv:hep-ph/9509348].

[6] Y. V. Kovchegov and K. Tuchin, Phys. Rev. D 65, 074026 (2002) [arXiv:hep-ph/0111362].

[7] J. L. Albacete, N. Armesto, A. Kovner, C. A. Salgado and U. A. Wiedemann, arXiv:hep-ph/0307179.

[8] BRAHMS Collaboration preliminary data, presented by R. Debbe at the APS DNP 2003 Fall Meeting.

*This work is supported in part by the U.S. Department of Energy under Grant No. DE-FG03-97ER41014.
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Gluon Production in pA:
McLerran-Venugopalan model

Classical gluon production: we /,‘,‘Fde\f’“s
need to resum only the

multiple rescatterings of the
gluon on nucleons. Here's one
of the graphs considered. |

~ -
——
-
~—.
~—.

nucleus

Yu. K., A.H. Mueller, - :(\
hep-ph/9802440 :

proton
Resultlng mcluswe gluon productlon cross section is given by

do e aC Xy
: jd bdzxdz S ;” [G<x>+NG<y) Nox - y)]
d kdy (2”) - 2 4?«5 | T

With the qudn-QIUon dipole-hUcIeus ~
forward scattering amplitude N.(x,Y =0)=1-¢ *0; 14
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McLerran-Venugopalan model:
Cronin Effect

Defining do RPA
2 21
RPA’z d kdy
do™ .51
A : 1.5
d’kdy i
we can plot it for the quasi-classical
cross section calculated before. 0.5
One can actually do the integration
analytically obtaining I 2 3 1 5

~ (see also B. Kopeliovich et al, '02, R. Baier et al, ‘03)
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Including Quantum Evolution

nucleons
To understand the energy | P

dependence of particle —  nudens =) ' — ’

production in pA one needs to

include quantum evolution

resumming graphs like this one.

This resums powers of
oaln1/x=aY.

This has been done in Yu. K.,

=

K. Tuchin, hep-ph/0111362. 2l

proton
The rules accomplishing the inclusion of quantum corrections are

Proton’s = Proton’s BFKL gnd
LO wave function wave function

where the dlpole nucleus amplltude N is to be found from (Yu K., Bahteky)

WD = g Ky © 5K~ N
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Our Prediction

Our analysis shows that as Rf;; |

eneragy/rapidity increases the

height of the Cronin peak .
decreases. Cronin maximum 1.5¢

gets progressively lower and 1.25¢
eventually disappears.

« Corresponding RPA levels
off at roughly at 0.5;

0.25;

D. Kharzeev, Yu. K., K. Tuchin, hep-ph/0307037; (see also numerical k/ Qs.
simulations by Albacete, Armesto, Kovner, Salgado, Wiedemann,
hep-ph/0307179 and Baier, Kovner, Wiedemann hep-ph/0305265 v2.)

jh:ener a R ro ea e a




Color Glass Condensate
at RHIC

D. Kharzeev
Nuclear Theory Group
Physics Department
Brookhaven National Laboratory
Upton, NY 11973, USA

December 15, 2003

In this talk I review the main ideas of the Color Glass Condensate approach, and its applications to
multi-particle production at high energies. The approach is shown to describe well the centrality,
energy, and rapidity dependences of hadron multiplcities in Au-Au and d-Au collisions at RHIC. A
special emphasis in this talk is put on the recent BRAHMS discovery of high p; hadron suppression
at forward rapidity n ~ 3 in d-Au collisions, predicted theoretically in the CGC approach. I argue
that the present RHIC data can be used to start mapping the ”phase diagram” of high energy
QOCD. The future measurements, notably the study of back-to-back correlations, should allow for
an unambiguous identification of the Color Glass Condensate.
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QCD and the classical limit

QCD = Quark Model + Gauge Invariance

g(z) — exp (iwa(z)T*) q(),
[Ta, Tb] —q fabﬁTﬂ
~ 1

g

Laop = ) 4() (iuD* — mq) 4(2) = g 5tr (@) G (@);

Q‘

Classical dynamics applies when the action is large: (h — 0)

b | 32}}, i[d ztr G (m)(;gu(m) >1

=> Need weak coupling and strong fields
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Color Glass Condensate describes the Au-Au data

Kharzeev & Levin, Phys. Lett. B523 (2001) 79

Au + Au at 130 GeV

700

AN/ W =130GeV
' l

0-6%

15-25%

PHOBOS
Coll.,
R. Noucier
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Most of the discrepancy disappears; Au fragmentation still a problem

20 — S 173N | .}
18 | T0IN. b1as evem chhfdn
16 | Q¥(p:y=0) =0.67 GeV’ }
14 ~ Qﬁ(A;}’m@} =0.95 GeV?
12 |

10 |
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Color Glass Condensate: confronting the data

a2 -

Loes s
Py (Gel)

The effects of quantum
Evolution in the CGC

set in very rapidly

RHIC energy is ideal

talk by K. Tuchin/Yu.Kovchegov
W DK, Yu. Kovchegov, K. Tuchin,

To appear
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Phase diagram of high energy QCD and RHIC

s RHIC at y=3
'RHIC at y=0




Open Charm Production in Heavy-lon
Collisions and High Density QCD

Kirill Tuchin (BNL)
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The color filed of a high energy hadron (nucleus) is quasiclassical
(McLerran & Venugopalan, Kovchegov). The typical transverse
momentum of a parton in a high energy hadron (nucleus) is
Qs ~ 8% (Gribov, Levin, Ryskin). The chromoelectric field is

s
g

E

It can produce gg pairs from vacuum if
m
gEZ-XNm2 = Q§>m2

Thus, at large s transverse structure of hadrons is of crucial
importance. |

For pp it can still be factorized in the transverse momentum plane

docc
d?k, dy; dysz

2 AP oA 2 2
/d QLI/d2QL2 d(y1,911) Agg (3, t,1,497 1,91 3) P(y2,912),

where o(y,qL) = ii_“’_qd__(qy?;—q;__)_ (Levin at. al. , Catani et. al. , Collins &

Ellis).
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Q
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Suppression of the charm yield is clearly seen at the forward
rapidity. This is the universal feature of all semihard processes
(saturation).
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D—mesons spectrum

O 0 — 10 % central
§ 10 2 1 s = 200 GeV
0?2 2 Vs = 130 Gev X 100
~ -3 i .
§10 E. dots: PYTHIA
& 10
i 5
S 10
£10°
g 10"
q 8
% 10 "‘o..
B o U E SO S SR S
0 2 4 6 8 10

Dots: results of PYTHIA model for the same parameters as used
by PHENIX.

Due to N, scaling at 7 ~ O shown spectra coincide with open
charm spectra in pp.
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. In the midrapidity (Js ~ m, therefore open charm spectrum
in AA and dA scales with number of binary collisions.

. At forward rapidity the spectrum scales with Ny,.¢. Therefore,
RG%™ and RS%™ decrease with centrality at y = 2:

R 1/AY3 ~1/4/ N3 ~ 0.5

part

REF™  1/AY% ~ 1/, /NAY, ~ 0.75

part

. The open charm spectrum calculated in CGC is significantly
harder than that in the parton model.

. The quenching of the open charm spectrum is almost pr
independent at 2 < pr < 15 GeV due to the dead cone
effect.
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Proton Nucleus Collisions at High Energy

J. Jalilian-Marian, University of Washington

for
“High pT Physics at RHIC”
Workshop
December 2-6, 2003
RIKEN BNL Research Center
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Summary

e CGC in pA collisions
— Shadowing + Cronin
— Classical — suppression and enhancement
* Mid rapidity RHIC
— Quantum evolution — suppression
+ Forward rapidity at RHIC

% Mid to Forward rapidity at LHC

¢ Probing the “phase” diagram of QCD

— Hadrons
— Photons, vdileptons, etc.

- — Photon 4 jet (direct probe of og;po1c )

e Rapidity, p; and centrality dependence

e Correlations
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PA and the CCC

e Proton: dilute system of quarks and_ gluons

s

e Nucleus: Calor Giass Condensate
— Gluons at small =
x Quarks are subdominant
— Classical approximation (“Glauber”)

— Quantum evolution

* aglogl/x: included

% aslogQ?: not included
— Unified treatment of shadowing and “Cronin”

¢ Predictions: mid rapidity vs. forward rapidity

— Classical

— Quantum
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Quark “production”

doPA
dy d2b; d2k;

2 1kt
~ / dry et O'dipole(gzs 7, bt)

Gluon production

doPA / d2r,

zk T
dy dzbt d2kt ~ o Gdipoie(CC T, bt)

2
Tt

Dipoles (fundamental and adjoint): universal
ingredients

No fragmentation functions yet
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PA and the CC

e Photon production

SRS G {

do?7 20em [14 (1 - 2)7]
dz d2byd2ky  (2m)4k? 2

2,28, by, |
/  Thog — 212 G dipole(T, bt, It)

with z =k~ /p~ and Iy = ¢ +

F.G. and J.J-M. (PRD66, 014021, 2002)
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pA and the CCC

e Dilepton production

doA—al X 202 d21,
- c ipole\ &3 b ,l
P P dlog M2~ n ) (amys Jtwe(mbel)
{[1 + Q- 2)2] 2212
z [k2 4+ M2(1 — 2)][(ks — 28:)2 + M2(1 — 2)]

1 1 2
—#(1-2) MQ[[k-? FM2(1-2)] (ke — 22 + M2(1 - 2’)]] }
with I = ¢ + k¢

F.G. and J.J-M. (PRD66, 094014, 2002)
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Cronin effect vs. geometrical shadowing
in d 4+ Au collisions: pQCD vs. CGC
A. Accardi and M. Gyulassy (Columbia U.)

‘The Cronin effect consists in the nuclear modification of the transverse momentum
spectrum of hadrons with respect to what is to be expected from a naive superposition
of nucleon-nucleon collisions. This effect has been attributed to multiple scatterings of
the projectile partons, see Ref. [1] for a review of theoretical models. The effect of semi-
hard parton rescatterings on the transverse momentum distribution of minijets has been
computed in [2] to all orders in the number of scatterings.

The Cronin effect was studied in Ref. [3] in the context of GE models. These mod-
els incorporate parton multiple scatterings and unitarity in pQCD in a consistent way.
Moreover, they include a detailed parton kinematics and reproduce, in the limit of A =1
or at high-pr, the hadron transverse spectra as computed in the pQCD parton model.
The analysis of pp spectra allows to fix the free parameter of the model, and to compute
the spectra in pA collisions without further assumptions. In Ref. [4], this formalism was
shown to be equivalent to computations in the McLerran-Venugopalan model, Ref. [5].

We tested our computation of the Cronin effect in minimum bias collisions at /s =
27.4 GeV. The same formalism applied to the recently measured PHENIX d + Au data
at /5 = 200 AGeV tends to overestimate by ~ 20 — 30% the Cronin effect for 7° at
y =0, pr = 3 GeV. This suggest that dynamical shadowing effects begin to play a role
in suppressing the parton and hadron spectra already in d + Au collisions.

Our results are surprisingly similar to predictions based on approximated GE phe-
nomenological models [6], in spite of the inclusion of geometrical shadowing in our GE
approach. This provides further evidence for the possible existence of moderate shadow-
ing in the z ~ 0.01 — 0.1 range as explored in those references. However, radical gluon
shadowing as predicted in [7] is not supported by the data. It remains to be seen if the
most recent variations of saturation models can be fine tuned to account to the thusfar
featureless R4, ~ 1 RHIC data. Analysis of the centrality dependence of the Cronin ef-
fect at RHIC 5 = 0 confirms the absence of strong dynamical shadowing. Measurements
in the foreward pseudorapidity region will explore the z 2> 1072 region, where dynamical
shadowing may play a dominant role. Comparison of the GE model baseline computation
with experimental data will allow to measure its magnitude.

1. A. Accardi, arXiv:hep-ph/0212148.

A. Accardi and D. Treleani, Phys. Rev. D 64 (2001) 116004.

A. Accardi and M. Gyulassy, arXiv:nucl-th/0308029.

A. Accardi and M. Gyulassy, arXiv:nucl-th/0304083.

A. Dumitru and J. Jalilian-Marian, Phys. Rev. Lett. 89 (2002) 022301, and Phys.

Lett. B 547 (2002) 15; F. Gelis and J. Jalilian-Marian, Phys. Rev. D 67 (2003)

074019.

6. X. N. Wang, Phys. Rev. C 61 (2000) 064910. Y. Zhang, G. Fai, G. Papp, G. G. Bar-
nafoldi and P. Levai, Phys. Rev. C 65 (2002) 034903. I. Vitev and M. Gyulassy,
Phys. Rev. Lett. 89 (2002) 252301; 1. Vitev, private communication.

7. D. Kharzeev, E. Levin and L. McLerran, Phys. Lett. B 561 (2003) 93; D. Kharzeev
Y. V. Kovchegov and K. Tuchin, arXiv:hep-ph/0307037.

CUR o
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Cronin effect vs. geometric shadowing
in dA collisions: pQCD vs. CGC

Alberto Accardi (Columbia U.)

Based on
A.A., M..Gyulassy, nucl-th/0308029

Part I - Minijet production in pA collisions:
Glauber-Eikonal models
a pQCD + Glauber rescatterings of partons
» From pp to pA collisions
@ Geometric shadowing and saturation

Part II - Cronin effect on 7 in pA / dA collisions
@ Fermilab and RHIC data
@ pQCD vs. CGC
s Centrality dependence

§ Saturation models - a broad category

MYV model ("classical" YM)
Kovchegov = see talk
Dumitru, Gchs Jalilian-Marian
Jalilian-Marian, Nara, Venugopalan

log(t/x)

MYV model plus BK evolution

Kovchegov, Tuchin see talle ™= -% Parton Gas
Albacete, Salgado et al. Xort |3
i
CGC = MV + quantum evolution g
Jancu, Itakura, McLetran + ... o log(@?)
CGC inspired models QUESTIONS...
Kharzeev, Levin, McLerran o .
Kharzegw\Kovchegov, Tuchin gvt;w smail ISI:::C o
ere does stand?
\k see talk
A, Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page3

pQCD models for Cronin effect in hA .

Glauber-Eikonal models
- hard partonic -

Kuhn '76; Kryzwwky 79 Lev-Petersson '83;

S T By

€ A.A., M.Gyul
TAA MOy D
Colour dipole model colour dipole h
- soft partonic - . multi scattering

e = (connection with
KOpehovwhet\al\ soe talk  Saturation” models)
Glauber-Eikonal Approximated '

- soft partenic/hadronic -
X.N. Wang et al.
LVitev et al.
P.Levai et al.
G.Fai, X.F.Zhang

A.A. and M.Gyulassy, nucl-th/0308029
Review and refs.: A.A. hep-ph/0212148

A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page2

First act: pp collisions

Single scattering

ren101m.;1117at10n scale fragmentation scale

=LO in pQCD
doP? @ dmzf . ) \.) pQCD dD\
d2P: f e/h.(:n7 )/ L Z fJ/A(T 7 f & 1—*’5(%@
K-factor /
(stmulates NLO) e m pp

IR regulator
1

do.iN
where For /im o' fiale’, Q%)

a8

1 - parton-nucleon
(p% + 9% cross section

a) CHOOSE the scales: Qg = Qg =my/2 (or Qp = Qy = my)
b) Intrinsic <kq2> = 0.52 GeV2 from PHENIX and low-E pp data

¢) FIT K:-:-K(e) to the high~pT tail of the hadron spectrum
(X fit - sensitive to the ch01ce of scales)

d) FIT pd=p0(s) to the low-pT hadron spectrum
(rather stable against the choice of scales)

A, Accardi RIKEN high-pT workshop, Dec 4th, 2003
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Edo/d®*q (mbarn/Geve)

Results of the fit
GRS
o) e E
v\ pp—=nX 3 5
1G4t } I Qp:qu.r/z -. , '_2 |3
10 - QpEQuEmy ~ 2‘11 Lk
3 (K3y=0.52 Gev® 3 § 't
10-3 ;" _ -! o0
2 ] .;.:
tos | 70 V5=200 GeV 1 %.F
.- PHENIX 3§ © '
1o 3 1 1_ [ - <k'>-0 52 cm
4 T ] o W T SN 1 ' x JELE T SO T B
107 E o 10. 16
"% Fermilab ! qT [Gev]
T E \/3“37;4 Gev [ 3 Fit procedure: Eskola, Honkanen 02
o_m I WY B P TR S SN MY S S W - . e
o 5 10 Mo VEE ."s-—?ﬂDGeV
gy [GeV] IR _='/,.Qr; : 001 Ge
mrf2 N .03 .
052Gv2 Cmr | K=d3tolr. Ko v
fi PHENIX prelim, ] mT/> K =4.044011. - «B’,: 1.04 3:0.06
ro(lll:uclne;l;:ﬁﬂg)‘;ll)m ° gew mr 4 K=132404 K=32040.18
A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page5
Dipole representation:

2174

Glauber-Eikonal pQCD "is" saturation

Resummation of pt-spectrum possible in coordinate-space: same as Jal-Ma. et al.

dott d? a’ry _iET.;T [e_aiN (re) Ta () _ e_'aiNT A(b)] ,/ see A.Mueller's talk
d‘sz 4 ©
. =, 1 do™N . .
where 7V (m«) = / &k [1 — etk *"’] — is a dipole cross-section
T, _
1 rr{ o dip
po il - | EEEEEEEICPRS
= 2 G(ry)=r;Q’+..
“ ., 87N,
(05 G (x: 0P)T.(b)
i —=> Iy i

@ pA collisions as multiple scatterings of a colour dipole (with DGLAP)
@ Universality: can be used also for DIS, photons, dileptons...

A, Accardi RIKEN high-pT workshop, Dee 4th, 2003 Page7

Second act: pA collision and Cronin effect

Multiple parton scattering Calucci, Treleani '90-'91 & A.A.. Treleani '01 / A

Assuming: generalized collinear faciorization .
factorization of the n-body cross-section
only elastic parton scattenngs

‘,.am K‘é / &b [ &k - . ) \

x %o N 5 do” ¢~ N po)Ta ) 3
(3 k; ~
IA(b) X X =y T}a(b) ~ x 03 ki~ py)

n-fold parton rescattering

umt'mty factor (probability conserv.)
h

d 4!
and: dg;‘ Z.fs/p d?‘l ®Dz—rh+AZf7/A® d"Pi ®D]—rh

# pA = unitarized multiple parton scatterings on free nucleons

h h
@ Spectra in pp coll. as limiting case (high-pT or A->1) Aoy, - A doy,
@ No extra free parameters a*phy pow  dph

3 "Geometric" shadowing included by Glauber rescatterings
@ "Dynamical’’ shadowing NOT included (no geom.scaling, no gluon, no EKS98, ...)

A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page 6

Saturation vs. Glauber-Eikonal
Saturation models:
a prefactors not under control:
y-dependence of Qsat, not absolute value .
width of geom.scaling window: Qgs=Q2sat/Qj

N 1
@ spectra stricly = 1/py } can't reproduce hadron

a . . .
no qparks c e spectra in pp collisions
a no kinematic limits

Glauber-Eikonal model:
"equivalent to saturation models" - with the difference that:
# Kinematics + q&g: # spectra in p+p OK
# Cronin at low energy OK
a8 DGLAP evolution included in PDF's
a includes "geometric shadowing" = unitarization of DGLAP nuclcons
8 does not include "dynamical shadowing"

Baseline to measure dynamical shadowing and xerit

A, Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page8



Cronin effect on pions at Fermilab

vdam: Antreasyan - PRD '79 ,

2_ LIS B B B L LR P

e P¥/phe = X | I - theoretical error due to
- g VeETAGSlm=Oy fit of p,=0.8+0.1 GeV
15 G E 1 (it's max. at the peak,

dies away far from it)

LI LER {nu o .i-‘
T ',]

Rowpene: -~

,. o ST 01 With Q=mn/2 we reproduce the

T e 0 4 data quite well.

osl o e Fermileb. ]

SR o= geqEmy/2 ) NOTE: Q=mn/2 was the optimal
CE e REEm choice also in pp coll's
0 L L Au:.- I 1 1- 3 1 TRRNRY ) ]

0 e 10
T gy e .

A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page 9

N

=3

X

Details do matter!

Cattaruzia, Treleani, in preparation
B N Elastic energy loss:

Ty .
V=200 Ge¥ y=0 Q,~0,=%=m/Z |{ parton energy is conserved, but x is not!
1 1 @ x-x+Ax
| @ negligible at high-pt
L
el D] ] ¢ large correction at low-py
i ot L SRR s i
' I | Details ignored in CGC models, like
1/pr+n, kinematic boundaries,
elastic energy loss, are quantitatively
e : n9 PHOENIX . o as e
—ew. i scat. no loss important: may turn an indication of
e © 800L with loss CGC into a null signal...
0.5 s ) 1 1 1 1
[} 2 4 8 8
q, (GeV)
A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Pagell

Cronin effect on pions at PHENIX

data: PHENIX - PRL 91(2003)072303
—— T

. . . .
. omsom o y’;’é {1 Computation compatible with data
<h§>=0.52 Gevt ' ' inside exper. and theor. errors

<kg>=0 Gewt

1.6

Tends to overestimate the data

e S S B A R A

4y s b

Possible indication
of dynamical shadowing

Ry (6=5.7 tim)

However:

radiative and collisional en. loss.
(here neglected) may slightly
suppress the spectrum at low pr,
barring shadowing...

Beware: Theoretical errors ~10% at the peak.
Large experimental systematic errors

A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page 10

Where does RHIC stand?

,“.
" gy

&

log{ 1/} jogl/x) .,;g
F<3
o

o
.

xait [ dAu at y=0 A 1 &5 handle
’ .‘f": - e Parten Gas —-—-——-—-—a——b_—_—-. N cton Gas
g H pr handle
4
1o Q™) toy(@™)
We have handles to move inside and outside of the saturation region
A. Accardi RIKEN high-pT workshop, Dec 4tis, 2003 Page 12



Let's use a handle:
the central/peripheral ratio

2 T Y [ AL |
s 0-20%/60-85% .
1.5 In exp. data, part of ystematic errors
1 B drop out: shape and height of peak
are better measured.
0.5 .
0 apmaer If dynamical shadowing is at work,
Pe =s stronger suppression in central than
15 g in peripheral collisions
)
g 1 ,
0.5 dAu = som of pp + unitarity
0 Not much reom for saturation
1.5
1 Bl I o (Rgay DOt in S0 nice agreement:
0.5 systematic errors need better understanding)
& PHENIX PRELIMINARY |
[ i L I [} 1 £ i3
0 i3 ) . gt
0 5 10 Exp. data -~ T,Awes, DNP Tucson
A. Accardi Qr 18Vl ke high-pT workshop, Dee 4th, 2003 Page13
=
= What aboutn=3?

R.Debbe - DNP Tucson
16
. dAun=0 M Bias PRL 91072305 (2003)

14
e dAul y~3.2 MinBiag ..;_:-'}—1-{—«
LS l
[oas 2

- just blackness of nucleus ?

1.2

| R, Bt o e e et e -'or some novel exciting QCD?
© e
2os -
< -
T 0.6 wm"" { + {
W
o4 jH
it
02

L BRAHMS preliminary
b B I B TR S YR N TR S YN

4 45
p; [GeVic]

"We began to appreciate (11=3 & CGC models),
now it's time to compute (GE pQCD)!"

(freely adapted from J.H.Lee)

A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page 16

What did BRAHMS discover?

Conclusions

The Glanber-Eikonal model (= pQCD + rescatterings)
allows to compute pA cellisions starting from pp spectra

@ Correct hadron spectrum in the "pp" limit
@ Correct magnitude of Cronin effect for pions,

no extra "ad hoc" phenomenological parameters
@ Flavour dependence still to be understood

dAu = unitarity + sum of pp = "geometric shadowing + Cronin"

can find "dynamical shadowing"
by comparing GE baseline with exp. data

Little room for new dynamics at RHIC n=0,
what about n=3?

A. Accardi RIKEN high-pT workshop, Dec 4th, 2003 Page 14
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QQ production in high-energy
hadronic interactions

Francgois Gelis

Abstract

In recent years, the color glass condensate picture has known many
successes in the study of very high-energy pp, pA and AA interactions.
This approach describes the colliding projectiles in terms of classical
color sources, which generate a classical color field which is used to
describe the small-z content of the projectiles wave function. This has
been used for instance in order to calculate inclusive gluon production
in high-energy collisions.

In this talk, I use the same approach in order to calculate the
production of quark-antiquark pairs. In order to perform this calcu-
lation, one has to compute the quark propagator in the classical color
field that describes the collision. The time-ordered quark propagator
can be used to obtain the exclusive probability to produce exactly
one pair, while the retarded quark propagator gives the average pair
multiplicity in a collision.

Applied to pp collisions, where we can limit the calculation to the
first order in the hard color sources, this method enables to recover
easily the well-known results obtained in 1991 by Collins and Ellis.
I'm also discussing the same calculation for pA collisions, where one
should perform the calculation to all orders in the source describing
the nucleus, in order to take into account its larger density of partons.
In this case, the central question of & -factorizability is still uncertain.

Finally, I explain how one could perform the same calculation in
the case of AA collisions (i.e. to all orders in both sources), by first
reformulating the problem in terms of finding retarded solutions of the
Dirac equation in an external classical color field.
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() production in a field A(t)

Baltz, FG, McLerran, Peshier (2001)

» Probability to create (exactly) one pair:

B d2g
= [(0in[Oort)| / om)32E, (21)32E,

(@) Tv(B)|"

> 7, is the t-ordered quark propagator in the external field
> (0in|Oous) 1S the vacuum-to-vacuum transition amplitude
(sum of vacuum diagrams), required by unitarity

o Average pair multiplicity:

— d31_5 dgc.—i e [ -\ |2
1~ [ G s, @)

> 7, is the retarded quark propagator in the external field

@QQ pair production... — P. 11
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Dilute regime: pp (1/5) '
FG, Venugopalan (2003)

o At leading order in the hard sources p1, p2:

Arg Alo
k, &
M=u@To@) =+ P+ amC
KL p
AY AY

0,1

A\ / \ - >
Y

- —

— Mabelian(qyp> -+ Mgg((-_l"? ﬁ)

e Notes:
o Al o, Agy, AT, are the color fields at order p1, pa, p1p9

e P, = 7n at this order (retarded = time ordered)

QQ pair production... — p. 16
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Semi-dense regime: p A (1/3)
Blaizot, FG, Venugopalan (work 1n progress)

o pp is a weak source, pp 18 a strong source
= we want the pair production amplitude to first

order in p; and to all orders in p
> Required steps:
o find the gauge field Af
o find the quark propagator (Note: P, = 7)
o k| -factorization 7
° it is known to work at this order for gluon production
o does it work for Q@) production ?

o with an universal “unintegrated gluon distribution” ?

QQ pair production... — P- 21
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Dense regime: A A (1/7)

FG, Kajantie, Lappi (work in progress)

o Alternate representation of the amplitude:

T [ 54 e
(10— gh(z) —m)hp(x) = 0, Pp(t, f)'t—joo v(p)e??
Pq(t, @) = u(q)e1®

> On a surface of constant proper time:

T—+00

- ~n.0.3 - _n.0.3
¢QE€ 277¢Q7¢p56 zvva

“t=rTcosh(n), z = 7sinh(n)

W) T,0(5) = lim 7 / dnd?E . § (7,1, &) (7,1, %)

QQ pair production... — p. 24
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Saturation and BFKL dynamics in the
HERA data at small z

K. Itakura (SPhT, CEA /Saclay)

based on E. Iancu, KI, S. Munier, hep-ph/0310338

We show that the HERA data for the inclusive structure function Fy(z,@?) for x |
0.01 and 0.045 < Q% < 45GeV? can be well described within the color dipole picture,
with a simple analytic expression for the dipole-proton scattering amplitude, which is an
approximate solution to the non-linear evolution equations in QCD. For dipole sizes less
than the inverse saturation momentum 1/Q,(z), the scattering amplitude is the solution
to the BFKL equation in the vicinity of the saturation line. It exhibits geometric scaling
and scaling violations by the diffusion term. For dipole sizes larger than 1/Q,(z), the
scattering amplitude saturates to one. The fit involves three parameters: the proton
radius R, the value zy of £ at which the saturation scale (s equals 1 GeV, and the
logarithmic derivative of the saturation momentum A. The value of A extracted from the

fit turns out to be consistent with a recent calculation using the next-to-leading order
BFKL formalism.
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Physics required in z < 0.01, Q* < 50GeV?

« " ¥ 2 3 -
Satmatgm for @2 < ng‘iﬂ} [Levin-Tuchin, fancu-Mclerran]
asymptotic form of the scattering amplitude

1

N(z,r1)~1—exp {—Z—Cln2 riQ?(az)}

as solutions to BK and JIMWLK equations.

. . X 2 A 7oA D ~ . /9
BFKL dynamics in @2 < @2 < 5/A* ~ 50GeV?
[lancu-Ki-Mclerran, Mueller-Triantafyliopoulos]
saddle point approx. + saturation boundary,
expand w.r.t. In1/r2 Q? =In1/r2 A2—In Q2/A*

L \2
N(z,r1) ~ (T?LQE)7 €Xp —ZﬁiY <IHT?LQ§) }

>4

geometric scaling ~
diffusion, scaling violation

e Leading: scaling is valid in Q2 < 1/r2 < Q%/A?
with “Anomalous dimension” v~ 0.63 <1
saddle point satisfying saturation condition

o k=p/c=x"(7)/x(7) ~ 48.5/4.88 ~ 9.9
x(7): Mellin transform of the BFKL kernel

e \: saturation exponent Q%(Y) x e’ (Y =1n1/xz)

'SACLAY K. Itakura, “High pr Physics at RHIC", BNL, December 2003 °
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A CGC fit to the HERA data

lancu, KI, Munier, hep-pih /0310338
OdiPOIG(xa I') = 27TR2N(TQ87 )r Qg( ) — (CEo/.’lC)AGEV2,
r2Q2 y- 24 Qe)
N(QuY) = N; ( ¢ ) for 1@, <2
N(rQ,Y) = 1-— e~eln’(brQs) for rQ, > 2

v=0.63, k=99 | |
(fixed by LO-BFKL, but don’t change a lot in resummed NLO)
a, b fixed by continuity at 7Q), = 2 where N' = N,.

3 parameters R, zo and A (The same as in GBW. g = 27R?)

R : proton radius. non-perturbative. |

xg : the value of 2 at which ¢J, becomes 1 GeV. non-perturbative.
A saturation exponent. Perturbatively computable. Known
up to resummed NLO X ~ 0.3 [Triantafyliopoules] but left

to be fitted (due to ambiguity in the resummed NLO).

Fit to the new ZEUS data for Fy(z, Q?) within
7 < 102 and 0.045 < Q2 < 45GeV?

" CEAJSPRT
SACLAY K. Itakura, “High py Physics at RHIC", BNL, December 2003 7
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A CGC fit to the HERA data

(2=0.25

oAbt Q=011 | % @=0.15 Q=02

1111 111 L1011 430 lllld ||Id |l|ld BT
10510010 1072 1077 1001001074 100 1072

*,@P=0.65

2

@=15 [, @=2

| R 1 '-..‘.
[+ _Hmi ||"J ||ll¥‘ ||||J 11 II|ld ||"J l""ﬂ‘ ll“JJl" II\IIJ L2l ||||KI‘ llll‘ 1111 :
1071040 104102107 100162101 16710 10210 10 4101072 [

~ 2

Q*=2.5 @¥=2.7 L Q=35

o*=12

1] _Illld III|J III\’J Illd 1l IIIHIJ IHH IIIIlI’I Ill"d (&1} Illll“ ||||J A1 IRkt RA A1l |lll!\‘ ”II(J |||Vd Illll‘ 14 1311 1111 LAV 1L 1
102104 10162 102107510 10040 2407510 107+ 102 10210 010010 1072107210710~ 10674 16 1072
b~4
ZEUS 1996 low &* — CGC with Ny=0.7 ond mg=140 MeV
O Hitee6 X105 BFKL without saturation
® ZEUS 1996

F5 as a function of z in bins of Q? < 15GeV?2.
red line: CGC with N = 0.7 and m, = 140MeV
blue line: BFKL without saturation
R = 0.641fm (0o = 27 R? = 25.8mb), zo =0.267x 1074,
A = 0.253 with x2/dof = 0.81 (156 data points)

T CEABPRT |
SACL‘?&Y K. Itakura, “High pr Physics at RHIC", BNL, December 2003 8
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A CGC fit to the HERA data

[
1:— ’
L @*=18 Q=20 =22 O*=25 X
o
i \ \ \ \
[ Q=27 =35 S F=a5 3 Q=60 s
o v
L \ \ \ \
[ Q=70 @*=90 = | a*=120 = | @*=150 .
o 13
= \\ \\
P o200 N 959 A BT B et "

ol 1ol Lol R

10 107 1074 107 105t 107 107" 107
~  CGC with N;=0.7 and mg=140 MeV
E ;gu??g;é s BFKL without saturatior:

Larger Qzl (The fit is extrapolated in bins Q? > 60GeV?2.)

o &~ 0.25+0.29 (dep. on Np) is in agreement with the resummed
NLO BFKL result

e Scaling violation is essential (4 param. fit w/o diffusion doesn't
work well %2 /dof ~ 1.4, where the 4th param is .)

e BFKL w/o saturation cannot reproduce the data well

o Good agreement even for % < 1 GeV? (quark-hadron duality)

e Deviation at high Q? is due to the absence of DGLAP evolution

SACLAY K. ltakura, "High pz Physics at RHIC", BNL, December 2003 9
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The Small-z Message from HERA

J.Bartels, Hamburg University and BNL Nuclear Theory

Abstract: An attempt is made to summarize the main results of small-z
physics at HERA. For the proton structure function, we discuss the idea of
saturation in the low-Q?/small-z region, and we review the arguments in
favor of this attractive hypothesis. We emphasize the importance of a direct
measurement of the longitudinal structure function 7. The investigation of
diffraction in deep inelastic scattering allows to adress the dependence of y*p
scattering cross section on impact parameter. As to the theoretical develop-
ments which have been initiated by the HERA measurements, highlights of
recent BFKL studies are briefly summarized. This includes the NLO correc-
tions to the photon impact factor, and to the jet vertex used for the forward
jets at HERA and for the Mueller-Navelet jets at the Tevatron and for the
LHC. Finally, we briefly discuss recent attempts to find b-dependent dipole
cross sections.
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HERA

The Small-z Message from

Jochen Bartels

[ A T I FRGE N En'ﬂaﬂ
Hamburg University and BNL Nucleas

This talk: two ‘messages’

e Structure Functions
e Diffraction (more work to be done)

Has stimulated (ongoing) theoretical work, e.g.

QCD dipole picture
concept of saturation

®
o
e concept of unintegrated parton densitites
e BFKL field theory
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Seen: strong rise of Fy at small 2 and low Qz
(new kinematic regime).
Question: what does it mean?

(i) How far down in Q? and/or = can we describe Fb by (leading twist)
DGLAP evolution:
the picture of quasi-free (dilute) partons inside the proton?

Fits seems to work well even at rather low Q2 and small z, but there are
several warnings and doubts: |

small (even negative) gluon at low Q2
sensitivity to higher order corrections
positive curvature of DGLAP not seen in the data

higher twist studies indicate potential cancellation of twist four in Fy =
Fr + F, but not in Fy,.
Needs more theoretical work.

Need for 2 measurement of F:

® interesting per se

e potentially very useful for testing validity of leading twist DGLAP: large
variations even within DGLAP ‘

e theoretical argument from above: F could have large twist four
correction
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What has HERA contributed to ‘proof of existence’ of BFKL:

e (i) BFKL in F3 (?)
e (ii) BFKL in forward jets
e (iii) BFKL in diffractive vector production at large ¢

Ad (ii): Data show rise of the jet cross section (weaker than LO BFKL).
So far: LO calculation only
Status of NLO corrections:

e jet vertex: NLO calculations finished
novel type of pQCD calculation:
interface between collinear and BFKL approximation
(subtraction of collinear poles and central region)

Wait for numerical analysis: Mueller-Navelet jets at Tevatron and at
LHC.

e photon impact factor: virtual and real corrections
analytic part complete; numerics of real corrections
need to simplify virtual corrections

Ad (iii): successfull agreement of LO BFKL with data.
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DIS on nuclei
polarized structure functions at small x

More theoretical work
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RHIC initial conditions with the QCD sphalerons:
a reduced shadowing and enhanced jet quenching

Edward Shuryak, Stony Brook

e “Small gluonic spots” in DIS and diffraction
e The instanton/sphaleron mechanism of high energy col-
lisions (pp, DIS ~v*p, double DIS ~*~*)

~ o AA collisions (at RHIC): a CGC with a topological struc-

ture? | |

e —> prompt quark production

e =>reduced shadowing due to “lumpy glue”

e => enhanced jet quenching due to stronger field
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Classical Glue in pp and AA (at RHIC?)

e Color Glass Condensate (CGC): due to high parton den-
sity at small x => large occupation numbers => classical
YM field => nonperturbative dynamics
Mcl.erran-Venugopalan model: a saturated random Gaus-
sian field. |
venugopalan, Krasnitz et al: explosive behavior, 1/2 gluons
gets physical

small perturbative quark production .

e The CGC can also be made of topological clusters —
sphalerons, or interrupted instantons. (A jump from under
the barrier on the barrier.) Leads to prompt production
of quarks: “uddss produced per cluster, plus few gluons:

Maybe this is the Rapid Entropy Generator we badly need
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Quantum Mechanics of the tunneling glue

® The energy of Yang-Mills field
versus the

V(N)

sphaleron

Chern-Simons number Npog = [d3zK

’,
s a

is a periodic function, with zeros

o o e o g e e am e e

0 instanton 1 N cs

at integer points.
e The instanton (the lowest dashed line) describes tunneling between

vacua. It is a path at E=0, it starts and ends at no field strength
e If energy is deposited, the paths (the dashed lines) goes up h
and emerge from ‘‘under the barrier’’ into real (Minkowskian) world

at the turning points, where momenta (in the Ag = 0 gauge) ‘P’ =

%ti = F =0 => the field is magnetic

® Real time motion outside the barrier (shown by horizontal dotted
lines) => explosions
oThe maximal cross section corresponds to the top of the barrier,

called the sphaleron =‘‘ready to fall’’ in Greek, according to.
Klinkhammer and Manton
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- at low normalization u~ 1GeV

¢‘Small gluonic spots’’ in DIS and diffraction

e myths of 1970’s: all glue in the nucleon is radiated off the

valence quarks, by DGLAP/BFKL pert. process
e Not true at all: D €

(i) there is a lot of glue even

(ii), most important,
its Rrm.s. ~ .3—.4 fm is smaller

Snapshots of the
nucleon: ‘‘large

than for quarks. Obviously a

glue cannot be radiated from

o ) ] 2D €<
quarks as size never decreases pizza’’ vs "“small gluon

in a random walk spot’’
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Jet quenching in Color Glass Condensate the energy loss of a quark

during the CGC time period Atpoqgc

AFEcaco H 2/3 Atoao.,1GeV 1/3
~.I(——
E (1 GeVz) ( 5 fm )( E )

The gluon loss is about twice that.

eJet (uenching on the Exploding Sphalerons
At t=0 sphalerons form a

dilute gas and thus cannot
affect most of the jets.
This however must happen
later: exploding shells
=> foam-like structure at

t=.6—-.8fm

AE s H 2/3,-V¢EV 1GeV 1/3
— 2 21—

As usual, the gluon energy loss is about twice larger



232



C él’f % !/ éf}’ﬂamz&s and Fhe fmmﬂwrm S/pe
G/’ ﬂ?s | ;fm ‘dﬁkfwﬁ#?%n mf Somrall X

S o 4 x R . )
s x4 # £ s mm A N fp‘ 1 SR S F ¢
/ W t‘i’c; L o BFELTE -y T § LA oy
F . ——— T < ¥

W ) f
e SR TN N
f v : _e__:g::::"‘"& o fi‘?g _,
L T pion
VR tlovd ¥
g.0x, b (ﬁc ~ 107" 1573)
) 7
Glvon aés/néw‘/m m Ws/ean fzr‘ b j goremned by
v , .

f{;sﬁ’” / ‘,ﬂsw &5 *“f;& 5

2 Tncrease of  Fransverse wize <HES for s Mr
| | " My

-
/fmﬁer.jgé;mf hard Crchusive frocesses
VTN = 22+ 3 T [HErg om0

e [&f/ﬁc‘m‘;ﬂﬁgf | )4;‘ jﬁ'/g at  Trusiecs
. PR aF {lz’f B ie

3 R O e N 7
£ i o zpc & aa?.‘ a Fl B
i;m If ;’f'{yx T ?, ; ¥ 5‘ 14 q P (v“; o

233




@ Gloon distrdetion ot b2 Fg: Chial dynasiis

3 éi’f‘ﬁ*w ,“;?gva xwﬁ:f;a $6g,

; £ Y j;# 123
B
}5) "{pwn dishribotian

m nucleon,
(calcvlabte T)

f
yoav) =I5 26 fen )

[ﬂ/fs;/@::r‘ Yintrinsre” Fransverse Sike of prom (« 6) ]

4 (}’/ é) ~ i

Vokora far)”

plan 15t ribotron

!

{

i & & v
E {i?ﬂi‘? o f*

{

! i Bwg feg,

oMy

. Twe :"?;}ws J

234




£l

— Gluon density nueteon vz xlt)

ff!’mzw ;f‘fjv | | ﬁ}?%‘% ff%*”’f

ﬂﬂf@/a/en " o
:,afrgr? € ,_aaf?wd Bins

7’#&;«; ﬁfau/ Kf 575‘#57" fmm avzra
only /m X & f‘?,fﬂ?'

Q

g Vl.ff,é ie

/4 | ﬁﬁn/ /argﬁﬁu&

235




Ef/'aof“ on overall”

65>

@7" 7‘?@:—&5%: K12

?‘&ﬁfﬂ.{} |

Framsverse SIEC gyz" Mt le o,

<>, PR TEAN
. P F. ol e Py
\ btk bR P teerel

. . ; N
s &3’ ;4’1 "ég'%ﬁ?ﬂhgﬁ‘
“'fx‘@*&wg 7"‘&-;;

TV

01 Ty
. gNonly ~——

- EN+TA

EREFL 15 1

o1 1

0.001 001

x

J‘fac o ﬂu;/ean for X« ’%/ o/

sas« éz’éua’ Causes ™ ?5‘32 m«.:wase |

236



2 a{ffw/p.ezly'aﬁctz ! hard exclysive fprecesses
wifh, plow Knockovt

?/‘f’ (£ & )

#

P
ke o 3;,3 Ej K LA

/QZ smell (%05 GeV)

Ty e ) oy
N ST iy - g
SRS oY a4 E
SIS S o, FH ; 7 g

’ 4 ™ ¥

ot y

V3.
Supe resseq/ T

Gy
% .
%
g

SofF TAN
verfex

Im}bﬁéf 7 arameser ﬁ'ﬂﬂ{;’*’fﬁ : f’{@ — 4

YT ngﬂf_:?‘ fa? & ﬁ&%ﬁu&ex 1‘_‘;; % ‘i?ﬂg

o sﬁ?e‘és&m s "-/Zxaa. -M&fa’é&ﬁ&m :
lin pren {mﬁf%;;,; Tt depensence)

237

-f‘ e, oy "@. . ,.;‘E: ‘_%
el Gelr) ¥



238



PHYSICS, PLANS AND STATUS OF eRHIC

Abhay Deshpande
RIKEN BNL Research Center

Addition of a high intensity and high energy electron/positron beam facility to the RHIC
complex will significantly enhance RHIC’s ability to investigate fundamental and
universal aspects of QCD. A 10 GeV electron/positron beam facility is presently being
planned, although collisions with low energy beams as low as 5 GeV are also envisioned.
The facility will consist of a full energy linac (~ 500 m long) injecting in to a storage ring
(173 the size of the RHIC) [slide 1] . Synchrotron radiation in this ring will enable the
electrons/positrons to achieve up to 70% polarization in about 22 minutes. The
electrons/positrons will then collide with either the polarized proton beams of RHIC and
study the nucleon spin in a completely new kinematic range, or they will collide with the
heavy ion beams of the RHIC and investigate hard scattering in nuclear media for the
first time in high center of mass energy [slides 2,3].

The scientific frontier [slides 4,5,6,7] open to eRHIC includes investigations of the
nucleon structure including un-polarized and polarized spin structure of the nucleon, the
understanding of which presently is extremely limited (especially the nucleon spin
structure). Because eRHIC would allow us to collide the electron beams with various
different heavy ion beams and at different energies, it will allow us to study in addition
the meson structure, the nuclear structure and phenomena, the phenomenon of
badronization, and study in detail gluon matter under extreme condistion predicted by
some some theories of nuclei in the recent literature [slide 7]. Evidence of existence of
such medium has already surfaced during the recent d-A physics runs of the RHIC
[BRAHMS preliminary results in this workshop]. If discovered at RHIC, this will need a
detailed study in future to understand this state of matter using eRHIC.

The design of the electron beam complex is such that it does not interfere with the RHIC
running until the very last year or so of its completion when the interaction region would
have to be built. The electron beam complex is planned out side of the RHIC tunnel.
When eRHIC runs, the two experiments at RHIC, PHENIX and STAR, would be able to
take data simultaneously, completely normally; this is a precondition under which eRHIC
design is being developed. The choice of the yellow beam species in RHIC would have to
be decided amongst the three detector collaborations (PHENIX, STAR & eRHIC).

The detector for eRHIC is expected to be hermetic, have good particle identification
capability, central and forward tracking detector systems, and compensated
electromagnetic and hadronic calorimetry. Special attention is being given to include
capability to do low x and low Q2 physics to investigate new and interesting physics
which is emerging from present HERA data. A close cooperation between the physics,
the IR design and the accelerator groups is going to be crucial for the success of this
project, and is being pursued.
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Proposal under consideration
eRHIC at BNL

A high energy, high intensity polarized electron/positron
beam facility at BNL to collide with the existing RHIC
heavy ion and polarized proton beam would
significantly enhance RHIC’s ability to
probe fundamental and universal aspects of QCD

T :,,it.mg

up to 10 GeV

e-cooling };

Abhay Deshpande 1

high pT workshop ="

eRHIC vs. Other DIS Facilities (1)

- New kinematic region

o 2 (CEV) . E,=5-10GeV
1 - E,=30-250GeV
- HERA P
w' — Fixed target u-DIS - Sqri(s) = ~25 - 100 GeV

5
i

- - Fixed target e-DIS il |1
0k NNeRHIC !+ Kinematic reach of eRHIC
g X =104%>~0.7 (Q2>1GeV?)

Q2 =0->10%GeV

}aﬁ‘;‘,. . Polarized e, p and light ion beams
L — ~70%
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X - High Luminosity
L > (at least) 103 cm-2 sec!
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- Heavy ion beams of ALL elements!

high pT workshop

eRHIC vs. Other DIS Facilities
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Scientific Frontiers Open to eRHIC

Nucleon Structure: polarized & unpolarized e-p/n scattering
~- Role of quarks and gluons in the nucleon
>> Unpolarized quark & gluon distributions, confinement in nucleons
>> Spin structure: polarized quark & gluon distributions
—- Correlation between partons
>> hard exclusive processes leading to Generalized Parton Distributions (GPD's)

Meson Structure:
-- Mesons are goldstone bosons and play a fundamental role in QCD

+ Nuclear structure: unpolarized e-A scattering
-- Role of quarks and gluons in nuclei, confinement in nuclei
-- e-p vs. e~A physics in comparison and variability of A: from d>U

Hadronization in nucleons and nuclei & effect of nuclear media
-- How do partons knocked out of nucleon in DIS evolve in to colorless hadrons?

Partonic matter under extreme conditions
-~ e~A vs, e-p scattering; study as a function of A

high pT workshop Abhay Deshpande . 4
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Unpolarized DIS e-p at eRHIC

Large(r) kinematic region already covered at HERA but additional
studies at eRHIC are possible & desirable

Unigqueness of eRHIC: high luminosity, variable Sqrt(s), He3 beam,
improved detector & interaction region

Will enable precision physics:
—-- He3 beams - neutron structure = d/u as x>0,

dbar(x)-ubar(d) [11
-- precision measurement of 0lg(Q?) [1]
-- precision photo-production physics [1]
-- precision gluon distribution in x=0.001 to x=0.6 [1]
-- slopes in dF,/dInQ2 (Transition: QCD~to-pQCD & low [1]
-~ flavor separation (charm and strangeness) [2]
-~ exclusive reaction measurements [2,3]
-- nuclear fragmentation region measurements [2,3]
: Luminosity
high pT workshop Abhay Deshpande Requi ]f:ement

Polarized DIS at eRHIC

Spin structure functions g, (p,n) at low x, high precision [1]
-= g;(p-n): Bjorken Spin sum rule better than 1% accuracy
Polarized gluon distribution function AG(x,Q?) [1]

-- at least three different experimental methods

Precision measurement of Q((Q2) from g, scaling violations [1]

Polarized s.f. of the photon from photo-production [1]
Electroweak s. f. g via W*/- production [1,2]
Flavor separation of PDFs through semi-inclusive DIS [1]
Deeply Virtual Compton Scattering (DVCS) [1,2]
>> Gerneralized Parton Distributions (GPDs) [3]
Transversity [
Dreli-Hern-Gerasimov spin sum rule test at high v []
Target/Current fragmentation studies 23]
... etc.... ’
, Luminosity

high pT workshop Abhay Deshpande Requir.ement

Highlights of e-A Physics at eRHIC

Study of e-A physics in Collider mode for the first time
QCD in a different environment

Clarify & reinforce physics studied so far in fixed target e-A & ©~A
experiments including target fragmentation

QCD in: x> [1/2myRy 1 ~ 0.1 thigh x)
QCD in: [1/2mRY]I < x < [1/2mRY] ~ 0.1 (medium x)
Quark/Gluon shadowing

Nuclear medium dependence of hadronization

.... And extend in to a very low X region to explore:

saturation effects or high density partonic matter also called the Color
Glass Condensate (CGQ)

QCD in: % <1 /<2mNRl\)] ~0.01 ' (low x)

high pT workshop

5-10 GeV \

Present Lay Out of the Collider at BNL

+ Proposed by BINP & MIT/Bates + BNL

10GeV with input from DESY

e T « E-ring is 1/3 of RHIC ring; linac ~500m

) Collisions in one interaction region

>> Multiple detectors under consideration
Collision energies Ee=5-10 GeV

Injection linac 10 GeV

Lattice based on “superbend” magnets

Self polarization using Sokolov Ternov Effect:
(14-22 min pol. Time)

+ P12, 1P2 and IP4 are possible candidates for
\ collision polints -

g-cooling — R&D needed & started

OTHER ; Ring with 6 IPS, Linac~Ring,
Linac~-Re-circulating ring

high pT workshop Abhay Deshpande 8
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A Detector for eRHIC = A 4x Detector

Scattered electrons to measure kinematics of DIS
+ Scattered electrons at small (~zero degrees) to tag photo production

Central hadronic final state for kinematics, jet measurements, quark
flavor tagging, fragmentation studies, particle ID

Central hard photon and particle/vector detection (DVCS)

« ~Zero angle photon measurement to control radiative correctlons and
in e~A physics to tag nuclear de~excitations

+ Missing E; for neutrino final states (W decays)
Forward tagging for 1) nuclear fragments, 2) diffractive physics

“At least one” second detector could be “rolled” in from time to time....

...under consideration

eRHIC will provide: 1) Variable beam energies 2) different hadronic
species, some of them polarization, 3) high luminosity

high pT workshop Abhay Deshpande 9

Present Activiti.es

¢ Accelerator & IR Design WG:
— BNL-MIT/Bates collaboration on e-ring design
BNL-JLAB collaboration on linac design
Weekly meetings, monthly video meetings
Constant communication with Detector/Physics WG
— ZDR Ready by January 2004: Outside BNL Review March04
+ Physics & MC WG: (Theorists/Experimentalists: Welcome to Join!)
— BNL, Colorado U., Jlab, LBL, MIT, UIUC (researchers+students)
— Meet every three months

—~ Setup MC generators start studies of physics processes including
available detector acceptances

— Will iterate with the detector/IR design and provide input guidance on the
final detector design

+ Detector Design: Will be taken up in detail in the coming year

[

¢ 2004 Meetings: January(BNL), April{(Jiab), August(??), Nov/Dec(BNL)

high pT workshop Abhay Deshpande 10

QCD & Hadronic Physics Experiments
around the world

 HERA: H1, ZEUS, HERMES
— End data taking ~2006
— End analysis ~2008/9

-~ Groups looking for construction & physics projects, of course
there is LHC... but...

* CERN: COMPASS
— Future beyond 2007/8 uncertain for polarized DIS program
— Results ready by 2007/8

* SLAC: EXXX
~ 8pin & parity violation programs nothing beyond 2003
* RHIC II: RHIC Spin
— Up to 2012/13(?)
— RHIC Il heavy ion program how much beyond this date?

eRHIC constructzon 20172221

Abhay Deshpand 11
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possible time line for eRHIC... “‘D’"

‘“Absolutely Central to the field...” NSAC 2007 -2 Long Range Planning
document summary; high on R&D recommendation projects.

Highest possible scientific recommendation from NSAC Subcommittee
February/March 2003, Readiness Index 2

One of the 28 “must-do” profects in the DOE’s list

eRHIC: Zero-th Design Report (Physics + Accelerator Lattice)
- Requested by BNL Management: January 2004
- e-cooling R&D money started (with RHIC 1) some DOE-+some BNL internal

FOLLOWING THIS TIME LINE FOR GETTING READY:

Expected “formal” approval 2005-6 Long Range Review (Ready CDO)
+ Detector R&D money could start for hardware 2008 (CD1)
+ Ring, IR, Detector design(s) 2009(CD2)

Final Design Ready 2010 (CD3) - begin construction

~3/5 years for staged detector and IR construction without interfering with
the RHIC running

First col/lsions with partial detector 2012/13(777)

high pT workshop Abhay Deshpande 12




RHICII

Y. Akiba, RIKEN / RBRC

for
“High pT Physics at RHIC”
Workshop
December 2-6, 2003

RIKEN BNL Research Center
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Summary

Rare probe physics is the next step in the study of the high
density matter created at RHIC

— VERY high p; measurement

— Heavy Quark and Quarkonium

— Thermal radiation (photon and di-lepton)

With the present RHIC (Ldf ~ 1/nb (Au+Au) max.)
— High p; up to ~20 GeV/c (n? and direct photon)
— Good J/y measurement.
— Charm measurement
— Thermal dilepton and photon (systematics and detector limited)

" RHIC 1I (x10 of RHIC)
— High p; up to ~30 GeV
— Very rare physics
 Upsilon, high statistics J/y, y’, direct y+jets, etc
— High p; physics and rare probe physics in lower energy
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Future direction — rare probes
RHIC NOW

e A very dense matter is formed
e The matter formed is very opaque, and appears to be partonic
 The matter appears to be thermalized rapidly

NEXT STEP at RHIC
 Quantitative investigation of the high density matter formed at RHIC.

HOW?

A. Study the early stage of the collision = Rare Probe physics
— Very hight P,
¢ high pT hadron, high pT hadron pairs
— Heavy Quarks
* open charm, open beauty, J/'Y,Y
— Direct EM radiations
* Direct photon, gamma-+jets
» Thermal photon, thermal di-leptons
B. Systematic study - multiple beam modes
— AutAu (U+U), light ion, p+A (d+A), and p+p
— Energy scan

- Both requires a high luminosity
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p. (GeVic)

pr reach in RUN4 (100/ub) will be ~17 GeV/c

pr reach of max. RHIC(1/nb) is ~24 GeV/c

pr reach of RHIC-II (10/nb) is ~ 30 GeV/c
(y/m° separation becomes an issue in pT>20 GeV/c in PHENIX)
Q: How hagh pr do we want to reach?



y + jets (fragmentation in medium)

» A direct way to measure the modification

~1000  for 10/nb (RHIC-II)

XNVE&;“gl o7 | of jets in the dense matter |
A Auth=ty &' =200 Gey e The pT of the direct photon fixed the pT of
1} . withuw ot dquenching the scattered quark
-0 ¢« Requires a very large integrated luminosity
F to measure
§ " | s A rough estimate of event rate (in
T o . PHENIX)
5;- o ',_ " p-(y)=10 GeV/c
§ PR ~1000 for 1/nb
s HANY ~10,000 for 10/nb (RHIC-II)
ol i pr(Y)=15 GeV/c
, |
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Bolek Wyslouch
MIT

RIKEN BN LhResearch Center V%o.rkshop

igh pt Physics at RHIC'
December 5, 2003

-Hea Ins ex te n e fter staw rotons
(2008‘),y P y P

e Each year expect 10° seconds of beam (p+p 107s)

mNew accelerator territory: nuclear electromagnetic
interactions in peripheral collisions limit luminosity and
beam lifetime

mExact schedule and ramp up is being discussed but there
is a possibility of one or two years of “Early” mode of
operation with reduced number of bunches -

Parametfer Nominal Early
Energy/nucleon 2759 2759
lons/bunch 7 107 7 107
Bunches 592 62
Transverse beam size (RMS) 16 um 23 um
Longitudinal bem size{RMS) 8 cm g cm
Peak Luminosity 110%7 5.4 102
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A multipurpose experiment, with excellent
tracking and secondary vertex capability,
electron and muon detection and high
resolution y spectrometer. Unique Particle
identification complex.

TPC+ITs  HE_mK

(dE/dx) E R el
TOF el 5
HMPID
(RICH)
)
TRD e/n
PHOS v/

i 10 100 p(GeVicy,

mHigh Resolution and High s DAQ and Trigger

Granularity Calorimetry « High rate capability for A+A,
» Hermetic coverage up to Ini<5 p+A, ptp
(I71<7 proposed using CASTOR) o High Level Trigger capable of
o Zero Degree Calorimeter full reconstruction of most Hi
{proposed) events in real time
mTracking p from 29, J/y, Y
g L from 25 JYs i chambers
« Wide rapidity range [nj<2.4
« Efficient suppressionofz, K— ; 2 J
background ; . LN N
o Excellent M, mass resolution ~50
MeV@Y

aSilicon Tracker

¢ excellent resclution and low
fake rate at very high
multiplicities

Si Tracke;
including Pixels -
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Muon chambers The liquid argon

eleciromagnetic
calorimeter The TILECAL -
~ hadron calorimeter

; 4 m
Superconducting colls The Inner detector with pixels,
creating the toroidal field  shrips and finally the transition

for muon system radiation tracker inside of ... ... the superconducting
’ solenoid

m Compared to RHIC

« Increased cross sections for high p; particle production
¢ Experimenially accessible hadrons or jets and photons with p,>20 GeV and more

o Large cross sections for production of heavy quarks and guarkonia
¢ Upsilon cross section ~50-100 times larger
< Possibility of studying relative produciion of different members of quarkonium family
¢ b-iefs identfiable using standard b-lagging technicuas

= Unique to LHC

e Clearly identified jets
¢ Jets with energiss extending fo few 100 GeV
¢ Correlated jet-iet, gty production
¢ Experimentally accessible production of vector hosons (2%, W)
¢ Single Z, W production
¢ Corralation with jsts (Z%jel)

m Before LHC starts
¢ Develop theoretical tests and models
¢ Develop experimental technigues
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mLHC will collide heavy ions at unprecedented
energies

e Plasma hotter, larger and longer lived

¢ More hard probes available to study hot nuclear matter
mExperiments are being readied

e Wide spectrum of capabilities, complementary

mThe knowledge gained at RHIC will be extended
to new energy domain

e Confirm, match and extend RHIC resulis

mDevelopment of new tools and methods
e Experimental
e Theoretical

10
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‘Glauber Symposium

P. Steinberg, BNL

for
“High pT Physics at RHIC”
Workshop
December 2-6, 2003
RIKEN BNL Research Center
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Simple assumptions
*  Woods-Saxon nuclel
o Nucleons travel in straight lines (eikonal
approximation)
e TInteractions controlled by NN inelastic cross
section measuted in pp collisions

 First collision does not change cross section

Glauber is the

real 1nitial state!
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In optical Glauber, we average over the nuclear density independent of its interaction

w/ another hadron or nucleus

In MC, fluctuations at edge
reduce crose cectinnl
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Let’s tecall Boris® discussion of Gribov’s
inelastic shadowing corrections

In his context, the hA cross section 1s

* “lO'iTA(b)

c,=2|d’b|1-{e?

i

- —{oT(®)

<2|d’bh|1-e?

So we average ovet the hadron configurations
befote it hits the nucleus

» No “hiding”, so larger cross section

3400} n—Pb

~ -
~ -
- -
- " -

PMB(GEV/C)

- Real consequences
0.2 L ford+A measurements!

PT_(_GeWc)
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* A ratio that expresses the
relative likelthood of a hard

process, given a certain
ovetlap of nuclear matter

Phard (b)C>C I, (b)Ph

e Want to remove dependence

ard

on precise cross section

* Questions arose about

X
do, dN
Ry(b)=—e-Br - L
dp T dp;
dN ,;
1 dp,
N, coll dNNN
dap;

“Cronin” RHIC PHOBOS
Pure cross — ‘
sections, nuclear | “Process independent” No Cross;ecuon
masses needed!

Impossible at _
RHIC, also Requires d_(S/de N_; still needs it!
from Vernier scan co

“minbias” only

normalization

* For me, what about N__, = 1

or morer
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‘¢ Glauber model is an important part of our
understanding of the initial state

* Miller: Details of the implementation matter (MC
vs. Glauber). N__, is linearly sensitive to Gy

* Kopeliovich: The details are most important when
considering the edges! Nuclet are more transparent
on average than naive expectations

* Cole: N 1s a fiction, only the average density can
allow model-independent conclusions

* Thanks to all for great discussions!




Andrei Belitsky
Summary
High pT Physics at RHIC Workshop, December 2-6, 2003

Since the discovery of the spin crisis by the EMC, the spin physics has become a topic of
intensive theoretical and experimental studies in the last decade. At this meeting there were two
sessions dedicated to this field. The two extensive review talks held on Tuesday were concerned
with the RHIC spin program, while the whole morning session on Thursday was devoted to the
discussion of spin asymmetries. Let us briefly sketch the main issues addressed there. Spin
asymmetries in pion electroproduction in DIS and hadron collisions were discussed and two
competing mechanism which generate them were addressed: the Sivers effect and the Collins -
effect. On the microscopic level the former arises from a phase in a parton distribution while the
latter from a phase in a fragmentation function. In the latter case it is a consequence of a
correlation of the transverse momentum of the outgoing hadron and the spin of the fragmenting
quark. It existence complies with fundamental symmetries in QCD. On the otherhard, the
Sivers effect requires the presence of non-canceling final state interactions in an unintegrated
parton distribution. This was long thought to be in contradiction with the time-reversal
invariance and thus forbidden in QCD. The breakthrough in understanding and establishing a
firm ground for the existence of this phenomenon is due to Stan Brodsky and his collaborators,
who discovered a non-vanishing result in a field-theoretical calculation for the asymmetry.
Among other topics Stan Brodsky discussed this fascinating subject in his talk. John Collins
addressed this question in his talked and explained Brodsky's result in terms of Wilson lines
present in a gauge-invariant definition of parton distributions. Piet Mulders reviewed and
extended this discussion to physical gauges where the light-cone gauge links apparently is absent
and emphasized the singular nature of the light-cone gauge as a clue to unravel the puzzle.
Matthias Burkardt gave a physical picture which unfolds via measurements of the Sivers
function and what information on the nucleon structure one can probe via this novel function.
Yuji Koike reviewed his work on spin asymmetries in electroproduction of hadrons with large
transverse momentum and the how to describe them in a consistent twist-three formalism.
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Spin talks at this meeting

Tuesday, December 2 .

11:00 - 11:45 M. Stratmann: Spir physics
11.45 - 12:30 B. Surrow:  Experimental aspects of the RHIC SPIN program

Thursday, December 4

9:00-9:45 1.C Collins: Single spin asymmetries and QCD

9:45-10:15 Y.Koike: - Single transverse spin asymmetry for the pion
production at RHIC and EIC

10:15 - 10:45 M. Burkardt: Quark correlations and single spin asymmetries

11:00 - 11:45 P. Mulders:  Universality of T-odd effects in single spin azimuthal
asymmetries

11:45 - 12:15 S.1. Brodsky: Novel spin effects in QCD

Much ado about ...final state interactions

Brodsky’s critique of parton probability interpretation of QCD PDFs: Compute
structure functions in the aligned-jet kinematics which must correspond to twist-
two parton distributions,

- i
. - . m 2
Fxg)= | |- ;%;, ‘ ;‘; LB Al
s
4, 4,

-They find that in the light-cone gange, the diagrams A, contribute though one
would expect that they won’t if one naively assumes that the aligned-jetisa
light-like Wilson line. Conclusion:

et s Fx) #q(xp) SiBrodstyetal’0o
€ — . Ty
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Other sources of leading spin asymmetries?

Consider single proton-spin asymmeiry in semi-inclusive DIS ep—e’7X:

A~§8[G%xP,]

requires amplitudes
with different phases

> Conventional calculation: twist-3 effect - power sappressed in scaling limit.
» Brodsky et al.’s calculation: asymmetry scales in Bjorken limit,

8.5 Brodsky, DS Hwang,
LSchmidt "02

Non-canceling final state interactions? Failure of factorization?
Stan Brodsky: Is the handbag approximation for DVCS accurate?

Gauge invariant parton distributions

‘Final state interactions of struck quark with target remnants:
q
P;
o
p 1 gk ‘
- T X

q(x,k, ) =% % %;%’5641; Hat(p ‘W(g_ Eleo00 38 B, 167 [o0,00, 20,0, 14(0,0,)] P)

{oo,00,) "(°°V°°.L)

c H

{0..0,) (=0 &
f-#«----* (=.8)

4.6)

P
[oo,00 18 _LE, 1o =Pex (il ~-..,f{ {0,z 1\‘1Pex (—i rd" Az, ))
_ 0,386,610 =4 exp(\ lgfz_.ia"* o=z} P 8, 424025,

AB, XK, F¥uan "02

Final state interactions generate a non-rivial phase!
5.Boer, P.ulders, F Piman 02
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T-odd structures

Lorentz decomposition:

g(x,k, )= P, fxk )~ ik, xS, 1F5(x.k.) B.Sivers "898

Sivers function

v Imagmary part of the distribution function generates the Sivers function
and mimics the T-odd effects.

o Light-cone GPDs, which arise in DVCS and hard exclusive meson pro-
duction, are real and there no final state interaction phases resulting from
them. . »

Twist-two vs. twist-three asymmetries

Large-kT: Twist-three ' Small-KT: ‘“Twist-two”’
(power suppressed) -+ (scales)
ucl/ay (7v)
Q in light-cone gauge g’

T

A{ss)
3
P
A phase in the ' A phase in the
coefficient fimction parton distribution
¥. Kotke (this conference} S.1. Brodsky, J.Collins, P, Mulders

{this conference)
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ark correlations and SSA

Average transverse momentum of quarks in the proton:

(l&_) = [ax[d’k, k,q(xk,)

Transverse momentum (to lowest order in QCD coupling) is a (quark) density-
density correlation with Coulomb gluon-exchange The gluon degrees of freedom
are “mtegrated out”,

(£.)~ [a*x. (o’ <o> [ pt 650 p)=

s;srith quark density operator:

P (x) =g (x)7"t"q(x)
Message: use to evaluate the magnitude of the Sivers effect in gluon-free models,
like yQSM.

Collins and Sivers effects @ HERMES _,_,

b & HEHMES p’:E‘ m@‘%ﬁv E /§.7E’ HERMES | PRE’ 455 “‘“f‘PV
o2 k- matcomecdtor " acoep 0z - nokoonrewd for smpaizg s nd socepRnce etk
. £ [ — " Pr——
P . A
2 oar PoE 01 | - l
‘5<’5 i é §< 5 4‘

Fag s PRk TEIE I U G

“Bivers” angle

“Collins" angle

01 02 03 0304050607 91 02 03 03040506 07
Xg 2 xg z

From N, ’akins (qreac= (012003} Analysis by G.Schaell, R.Seidl, U Elscherbroich’03
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Collins effect: models, modsls, models, ...

= Previous analyses of longitudinal HERMES data neglected the Sivers effect;
» Good description of the data in terms of Collins effect alone;

Transverse-spin asymmetries:

Collins effect in yQSM (Sivers function is zero in yQSM: no gluons)

Def: 2 x HERMES

Ai}‘-i!’wg(z) proton A{,‘!}(MS)(Z) Fpioton A{#MS)(Z) proten
03 i— z 0.3 o 3 S
f P B % -
02 | R i : :
| ’ 2 - &
0.1 —~ 01 T : ;
t T D e : ; :
[[_, M i . 0.3 - -

0 L . ; 0l i ; H . e
0 82 04 06 =z 1] 02 04 06 =z ¢ 02 84 06 =z

P.Schweitzer, A Baccheita "03

Not consistent with the-data for o~ and #°!

Sivers: models, models, models, ...

o Scalar-diquark--quark model: ¢ Scalar- and axial-diquark--quark model:
SJ.Brodsky 8t 2l 02

ABacchetts & al.’(3
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Phase diagram of high energy QCD and RHIC
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data: PHENIX - PRL 91(2003)0723(]9:__

Cronin effect on pions at PHENIX
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X ‘ L Tends to overestimate the data

Possible indication
~ of dynamical shadowmg
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Beware: Theoretical errors ~10% at the peak.

A. Accardi

suppress the spectrum at low pr,
barring shadowing...

Large experimental systematic errors

RIKEN high-pT workshop, Dec 4th, 2003 Page10



o' Shadowingl

— Parameterization: initial condition + DGLAP

— Calculation: use relation to diffraction

Armesto

From N. Armesto and C.A. Salgado
(hep-ph/0301200)
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Color Glass Condensate: confronting the data
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The effects of quantum o
Evolution in the CGC
set in very rapidly
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Outlook*
Stanley J. Brodsky, SLAC
RIKEN BNL Research Center
RHIC High pr Workshop, December 2003

One of the most remarkable observations at RHIC [1] is the nearly complete
quenching of away-side hadrons produced opposite a detected high pr hadron in cen-
tral AuAu collisions at /sy = 200 GeV. This strong suppression implies a jet energy
loss dE/dz ~ 15 GeV/fm, some 30 times larger than the jet energy loss seen in pp,
dA, and peripheral ion-ion collisions [2]. The observation of anomalous jet quenching
at RHIC is perhaps the strongest evidence that a new phase of hot, dense hadronic
matter has been produced in high energy ion-ion collisions. A possible dynamical
mechanism for initiating this phenomenon in QCD is illustrated in transparency [2}:
a soft gluon produced from an initial hard nucleon-nucleon collision can Compton
back-scatter from the quark of another nucleon, efficiently converting its quark en-
ergy to gluonic energy in analogy to laser back-scattering on a high energy electron
beam. The back scattering of soft gluons can occur repeatedly as the heavy nuclei
approach, producing a gluon “avalanche” and a dense field of quark and gluon guanta
which finally coalesce to a high multiplicity of hadrons.

In this talk, I also discussed a number of other novel aspects of high pr hadron
production at RHIC, including (1) the formation of hadrons and the suppression
of quarkonium due to the coalescence of comoving partons; (2) the importance of
higher twist and semi-exclusive hard scattering subprocesses in pp — HX, such as
uu — pd and up — up reactions; despite their relative suppression in inverse powers
of pr, such subprocesses can nevertheless dominate over conventional quark and gluon
scattering reactions. This is especially important for high pr baryon production—
because of the more effective use of hadron energy by higher twist subprocesses; (3) the
effects of color transparency in direct high pr hadron production; (4) the interesting
effects of high z intrinsic charm quarks including s¢ — W~ production subprocesses;
(5) the elimination of the renormalization scale ambiguities; (6); unusual aspects of
diffraction, nuclear shadowing, and antishadowing; and (7) the use of single-spin high
pr asymmetries as signals for initial and final state QCD interactions.

The upcoming RHIC experimental program, including polarized pp collisions is
extraordinarily interesting and diverse. The central challenge is to quantify the con-
ditions and identify the specific signals of novel nuclear QCD matter and phenomena,
such as anomalous direct photon and lepton pair production, anomalous heavy quark
and quarkonium signals, and the anomalous production of anti-nuclei.

[1] An excellent summary of recent results from RHIC on hard scattering pro-
cesses in Au+Au, p+p, and d+Au collisions is given in D. d’Enterria, arXiv:nucl-
ex/0309015.
 [2] M. Gyulassy, I. Vitev, X. N. Wang and B. W. Zhang, arXiv:nucl-th/0302077. -

* Work supported by the Department of Energy, contract DE-AC03-76SF00515.
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RIKEN BNL Research Center Workshop
High pT Physics at RHIC
December 2-6, 2003
Physics Dept., Brookhaven National Laboratory

All talks to be held in the Large Seminar Room, first floor, Physics Bldg. 510

Tuesday, December 2

Morning Session

08:30 — 09:00 Registration

09:00 — 09:15 Welcome — S. Aronson, BNL

09:15 — 10:00 Opening Talk — A. Mueller, Columbia University

10:00 — 10:45 High pt Results — D. d’Enterria, Columbia University

10:45 - 11:00 COFFEE BREAK

11:00 — 11:45 Spin Physics — M. Stratmann, University of Regensburg

11:45 —12:30 Experimental Aspects of the RHIC Spin Program — B. Surrow, BNL/MIT

12:30 - 14:15 LUNCH

Afternoon Session

14:15 - 15:00 Highlights from the DNP Meeting —J. H. Lee, BNL

15:00 — 15:30 COFFEE BREAK

15:30 — 16:30 Lattice Gauge Theory and Heavy Ion Collisions - Colloquium by F. Karsch
16:45 — 17:30 Production of Heavy Quarks & Quarkonium — E. Braaten, Ohio State University
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Wednesday, December 3

Morming Session

09:00 — 09:45 pQCD for High pT Reactions — G. Sterman, SUNY Stony Brook

09:45 — 10:15 QCD Hard Scattering and Massive Hadron Pair Production — J. Owens, Florida
State University

10:15 ~10:45 CTEQ Global Analysis — J. Pumplin, Michigan State University

10:45 — 11:00 COFFEE BREAK |

11:00 — 11:45 Low Mass Dilepton Production at High p_T as a Probe of Gluon Density - J. Qiu,
Towa State University

11:45 — 12:30 Multijet Production as a Centrality Trigger for pp Collisions — M. Strikman, Penn
State University

12:30 - 14:00 LUNCH

Afternoon Session

14:00 — 14:20 Hadron Production at RHIC at Intermediate and High p_T: Recombination and
Fragmentation — R. Fries, University of Minnesota

14:20 — 14:40 The Dihadron Fragmentation Function and its Evolution — A. Majumder, LBNL

14:40 - 15:00 Nuclear PDFs at Next to Leading Order — D. de Florian, Universidad de Buenos
Aires

15:00 - 15:15 COFFEE BREAK

Glauber Symposium — Chair: D. Morrison

15:15-16:00 Gribov’s Corrections to the Normalization of High-pT Data / Space-time

Development of in-medium Hadronization — B. Kopeliovich, Max-Planck-Institut
16:00 — 16:45 TBA — B. Cole, Columbia University / BNL
16:45 — 17:30 Application of the Monte Carlo Glauber Model in d+Au Collisions — M. Miller,
Yale University
17:30 - Discussion — P. Steinberg, BNL
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Thursday, December 4

Morning Session

09:00 — 09:45 Single Spin Asymmetries and QCD - J. Collins, Penn State

09:45 - 10:15 Single Transverse Spin Asymmetry for the Pion Production at RHIC and EIC - Y.
Koike, BNL / Niigata University

10:15 — 10:45 Quark Correlations and Single Spin Asymmetries — M. Burkardt, NMSU

10:45 — 11:00 COFFEE BREAK

11:00 — 11:45 Universality of T-odd Effects in Single Spin Azimuthal Asymmetries — P.
Mulders, Vrije Universiteit

11:45 — 12:15 Novel Spin Effects in QCD — S. Brodsky, SLAC

12:15 - 14:00 LUNCH

Afternoon Session

14:00 — 14:45 The High pT View of the QGP at RHIC — M. Gyulassy, Columbia University

14:45 — 15:30 Photons and Gluons at RHIC, some aspects — R. Baier, Universitaet Bielefeld

15:30 — 15:45 COFFEE BREAK

15:45 - 16:30 Why Jet Quenching is Caused by Parton Energy Loss — X.-N. Wang, LBNL

16:30 — 17:00 Separating the Process-Dependent and Process-Independent Dynamics at RHIC —
I. Vitev, Iowa State University

17:00 — 17:30 Energy Loss of High p_T Partons — G. Moore, McGill University

17:30 — 18:00 Production of High-pt Particles in AuAu and dAu Collisions at RHIC —C.
Salgado, CERN

15:00 Banquet — Atlantis Marine World Aquarium, Riverhead
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Friday, December 5

Morning Session

09:00 — 09:45 Color Glass Condensate at RHIC — D. Kharzeev, BNL

09:45 —10:30 Cronin Effect Versus High-p_T Suppression — K. Tuchin (BNL) and Y.
Kovchegov (University of Washington)

10:30 — 11:00 Proton Nucleus Collisions at High Energy — J. Jalilian-Marian, University of
Washington

11:00-11:15 COFFEE BREAK

11:15 - 11:35 Cronin Effect Versus Geometrical Shadowing in dAu Collisions at RHIC — A.
Accardi, Columbia University

11:35 — 11:55 Quark-antiquark Production in High-Energy Hadronic Interactions — F. Gelis,
SPhT/CEA

11:55 - 12:15 Saturation and BFKL Dynamics in the HERA Data at Small x — K. Itakura, SPhT/
CEA

12:20 - 14:00 LUNCH

Afternoon Session

- 14:00 - 14:40 The “Small-x Message” from HERA — J. Bartels, BNL

14:40 — 15:20 Initial Conditions with the QCD Sphalerons: the Modified Shadowing and Jet
Quenching — E. Shuryak, SUNY Stony Brook

15:20 — 15:45 Chiral Dynamics and the Transverse Size of the Gluon Distribution at Small x —
C. Weiss, Regensburg University

15:45 —16:00 COFFEE BREAK

16:00 — 16:30 eRHIC Physics, Design Status — A. Deshpande, BNL

16:30 - 17:00 RHIC I1-Y. Akiba, BNL/RIKEN

17:00 — 17:30 LHC — B. Wyslouch, MIT
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Saturday, December 6

Morning Session — Summary Talks

09:00 — 09:30 Rapporteur on the Glauber Symposium — P. Steinberg, BNL

09:30 — 10:00 Rapporteur on Spin Physics — A. Belitsky, University of Maryland

10:00 — 10:30 Rapporteur on Initial and Final Stage High pT Physics — A. Dumitru, University
of Frankfurt

10:30 — 11:15 Outlook — S. Brodsky, SLAC

11:15 - 12:00 Discussion

12:00 Workshop Adjourns
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Additional RIKEN BNL Research Center Proceedings:

Volume 60 — Lattice QCD at Finite Temperature and Density — BNL -

Volume 59 — RHIC Spin Collaboration Meeting XX1, January 2004 — BNL-

Volume 58 — RHIC Spin Collaboration Meeting XX — BNL~71900-2004

Volume 57 — High pt Physics at RHIC, December 2-6, 2003 — BNL-

Volume 56 — RBRC Scientific Review Committee Meeting — BNL-71899-2003

Volume 55 — Collective Flow and QGP Properties — BNL-71898-2003

Volume 54 ~ RHIC Spin Collaboration Meetings X VII, X VIII, XIX — BNL-71751-2003

Volume 53 — Theory Studies for Polarized pp Scattering — BNL-71747-2003

Volume 52 — RIKEN School on QCD “Topics on the Proton” — BNL-71694-2003

Volume 51 — RHIC Spin Coliaboration Meetings XV, XVI—-BNL-71539-2003

Volume 50 — High Performance Computing with QCDOC and BlueGene ~ BNL-71147-2003

Volume 49 — RBRC Scientific Review Committee Meeting — BNL-52679

Volume 48 — RHIC Spin Collaboration Meeting XIV — BNL-71300-2003

Volume 47 — RHIC Spin Collaboration Meetings XII, XIII - BNL-71118-2003

Volume 46 — Large-Scale Computations in Nuclear Physics using the QCDOC — BNL-52678

Volume 45 — Summer Program: Current and Future Directions at RHIC — BNL-71035

Volume 44 — -RHIC Spin Collaboration Meetings VIII, IX, X, XI - BNL-71117-2003

Volume 43 ~ RIKEN Winter School — Quark-Gluon Structure of the Nucleon and QCD —~ BNL-52672

Volume 42 ~ Baryon Dynamics at RHIC — BNL-52669

Volume 41 — Hadron Structure from Lattice QCD — BNL-52674

Volume 40 — Theory Studies for RHIC-Spin — BNL-52662

Volume 39 ~ RHIC Spin Collaboration Meeting VII — BNL-52659

Volume 38 — RBRC Scientific Review Committee Meeting — BNL-52649

Volume 37 — RHIC Spin Collaboration Meeting VI (Part 2) — BNL-52660

Volume 36 — RHIC Spin Collaboration Meeting VI — BNL-52642

Volume 35 — RIKEN Winter School — Quarks, Hadrons and Nuclei — QCD Hard Processes and the
Nucleon Spin — BNL-52643

Volume 34 — High Energy QCD: Beyond the Pomeron — BNL-52641

Volume 33 — Spin Physics at RHIC in Year-1 and Beyond — BNL-52635

Volume 32 — RHIC Spin Physics V — BNL-52628

Volume 31 — RHIC Spin Physics III & IV Polarized Partons at High Q"2 Region — BNL-52617

Volume 30 — RBRC Scientific Review Committee Meeting — BNL-52603 ‘

Volume 29 — Future Transversity Measurements — BNL-52612

Volume 28 - Equilibrium & Non-Equilibrium Aspects of Hot, Dense QCD — BNL-52613

Volume 27 — Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC
Spin Physics Il — Towards Precision Spin Physics at RHIC — BNL-52596

292



Additional RIKEN BNL Research Center Proceedings:

Volume 26 — Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics — BNL-52588

Volume 25 ~ RHIC Spin — BNL-52581

Volume 24 — Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RIKEN
BNL Research Center — BNL-52578

Volume 23 — Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC
Energies — BNL-52589

Volume 22 — OSCAR II: Predictions for RHIC — BNL-52591

Volume 21 — RBRC Scientific Review Committee Meeting — BNL-52568

Volume 20 — Gauge-Invariant Variables in Gauge Theories — BNL-52590

Volume 19 — Numerical Algorithms at Non-Zero Chemical Potential — BNL-52573

Volume 18 — Event Generator for RHIC Spin Physics — BNL-52571

Volume 17 — Hard Parton Physics in High-Energy Nuclear Collisions — BNL-52574

Volume 16 — RIKEN Winter School - Structure of Hadrons - Introduction to QCD Hard Processes —
BNL-52569

Volume 15 — QCD Phase Transitions — BNL-52561

Volume 14 — Quantum Fields In and Out of Equilibrium — BNL-52560

Volume 13 — Physics of the 1 Teraflop RIKEN-BNL-Columbia QCD Project First Anniversary
Celebration — BNL-66299 '

Volume 12 — Quarkonium Production in Relativistic Nuclear Collisions — BNL-52559

Volume 11 — Event Generator for RHIC Spin Physics — BNL-66116

Volume 10 — Physics of Polarimetry at RHIC — BNL-65926

Volume 9 — High Density Matter in AGS, SPS and RHIC Collisions — BNL-65762

Volume 8 — Fermion Frontiers in Vector Lattice Gauge Theories — BNL-65634

Volume 7 — RHIC Spin Physics — BNL-65615

Volume 6 — Quarks and Gluons in the Nucleon — BNL-65234

Volume 5 — Color Superconductivity, Instantons and Parity (Non?)-Conservation at High Baryon
Density - BNL-65105 _

Volume 4 — Inauguration Ceremony, September 22 and Non -Equilibrium Many Body Dynamics —
BNL-64912

Volume 3 — Hadron Spin-Flip at RHIC Energies — BNL-64724

Volume 2 — Perturbative QCD as a Probe of Hadron Structure — BNL-64723

Volume 1 — Open Standards for Cascade Models for RHIC — BNL-64722
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