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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 seven 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 pesitions in the first academic
year, 1999-2000. This program had increased to include ten theorists and one
experimentalist in academic year, 2001-2002. With recent graduations, the
program presently has eight theorists and two experimentalists. Beginning last
year a new RIKEN Spin Program (RSP) category was implemented at RBRC,
presently comprising four RSP Researchers and five RSP Research Associates.
In addition, RBRC has four RBRC Young Researchers.

The Center 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-two 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 2003.

T.D. Lee
November 22, 2002

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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Introduction

The RIKEN School on QCD titled “Topics on the Proton” was held on March 26th,
2003 at the Nishina Memorial Hall of RIKEN, Wako, Saitama, Japan, sponsored by
RIKEN (the Institute of Physical and Chemical Research). The school was the third of a
new series with a broad perspective of hadron and nuclear physics.

The organization and the size of the school were a little different from those of the
previous ones.

Prof. John Ellis, known as the world best theorist in particle and nuclear physics,
has been appointed in RIKEN as an Eminent Scientist, which enables us to plan a col-
laboration with him for coming three years. As the first year activity, we asked him to
give a keynote talk in the JPS spring meeting focussing on the structure of proton, and
also to give lectures in RIKEN for younger Japanese scientists on the subjects related the
structure of the proton. He kindly agreed on both and we then decided to have a one-day
school by supplementing his course with a course on experimental aspects of the proton
structure. One of us (N.S.) agreed to give the latter.

This time, Theoretical Physics Laboratory joined Radiation Laboratory to organize
the school.

" The purpose of the school was to offer young researchers an opportunity to learn theo-
retical aspects of the proton structure with a broad perspective including supersymmetry
and the related experimental aspects.

We had a theoretical course consisting of 3 one-hour lectures by Prof. Ellis and a
experimental course consisting of 2 one-hour lectures by Prof. Saito. The titles of their
lectures are given below.

Lecturers
J. Ellis (CERN/RIKEN) “From the Mass and Spin of the Proton to
the Dark Matter in the Universe”
N. Saito (Kyoto Univ.)  “Physics with the Precise Measurements
of the Proton Spin Structure”

At the beginning of his first lecture, Prof. Ellis informed us of the sad news about
Prof. Vernon Hughes and he dedicated his lectures to the memory of Prof. Hughes.
Totally 46 participants including 20 graduate students attended the school. The titles as
well as the lecturers attracted not only young researchers but also relatively senior ones,
who contributed greatly to activating and clarifying the discussions.

The lecturers gave excellent courses which were both pedagogical and inspiring. The
two courses, one theoretical and one experimental, matched nicely, giving a broad but
unified perspective of the proton structure. There were relatively long intervals between
the lectures and the lecturers were kind enough to talk to students and respond to their
questions during the breaks.

We are grateful to RIKEN for the financial support which enabled us to organize this
school. The school was held as an activity related to the collaboration with the RIKEN-
BNL Research Center and we thank the director of the Center, Professor T.D. Lee, for the
approval of publishing this proceedings as a volume of the RBRC Workshop Proceedings
Series and general support. We are obliged to the lecturers and the students, both young
and senior, for making the school exciting and frmitful.




Special thanks are due to Ms.N. Kiyama and Ms.K. Sakuma, who did most of the
administrative works and took care of drinks and snacks during the breaks, and Dr.M.
Hirai, who prepared the poster of the school.

Hideto En’yo, Masashi Hayakawa, Hikaru Kawai, Naohito Saito

Toshi-Aki Shibata, T'sukasa Tada, Yasushi Watanabe and Koichi Yazaki

RIKEN,
June, 2003



From the Mass and Spin of the Proton to the Dark
Matter in the Universe

John Ellis

Theory Division
CERN

Geneve, Switzerland

Abstract

]

The naive non-relativistic quark model works very well to describe the hadron
spectrum and some decays, but it has never been derived from QCD. It is thought
that the u, d and s quarks weigh much less than the typical QCD scale, leading to
an approximate chiral symmetry in low-energy dynamics. According to this picture,
baryons should be described by solitons, as in the Skyrme model. The predictions
of the naive non-relativistic quark model do not work very well for polarized struc-
ture functions, whereas the chiral soliton model successfully predicts a small net
contribution of quarks to the baryon spin. An alternative interpretation invoking
polarized gluons may be tested in the forthcoming polarized RHIC and COMPASS
experiments. If the baryon wave function contains s quarks, as suggested by the
chiral soliton model and by measurements of polarized structure functions, these
may also manifest themselves via production of phi mesons in excess of the naive
Okubo-Zweih-Tizuka rule, as reported in several experiments at CERN’s LEAR ring.
Polarization of the s quarks in the baryon wave function may reveal itself in the
polarization of Lambda baryons produced in deep-inelastic neutrino, muon and elec-
tron scattering, measured in the NOMAD, COMPASS and HERMES experiments.
As an example of the possible importance of s quarks in the baryon wave function
for searches for physics beyond the Standard Model, we note that s quarks influence
theoretical predictions of the matrix elements for the scattering of supersymmetric
relic particles on nuclei. The constraints from searches for supersymmetric particles
at LEP and elsewhere can be combined with calculations of the supersymmetric
relic density and WMAP limits on it to suggest that supersymmetric relic particles
may be detectable in forthcoming experiments.
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Applications of the Chiral U(6) @U(6) Algebra of Current Densities*

J. D. BjoRKEN
Stewford Lincar Accclerator Cenicr. Stanford University, Stanjford, California
{Received 14 NMarch 1966)

Consequences of ihe Jocal commutation relations of vector and zxial currents proposed by Gell-Mann are
explored: (1) A recipe for detccting and isolating Schwinger terms in the commutators, proportional to
derivatives of the § junction, is discussed. (2) Under assumptions of smooih asymptotic behavior of form
faciors for forward sczttering of the isovector current from 2 prolon, we show that the U3)RU (3) algebra
for the time components of the currents implies the U (6)GOU (6) algebra for space components, at Jeast for
spin-averaged diagona a1 single-particle states. (3) The derivation of the Adler-Weisberger formula for G4/Gr
is sn"r')e'xcd by "mrg arﬂ.mems 1hat at fixed enerpy. the forward =-» Green’s function satisfies an un-

Dlracled dispersion relation in.t

high momentum trangfer is dcn\'ed A the basis of U (6)&U (6). {5) The contribution of very virtual
photons 10 the hyperfine anomaly ogen i€ shown 16 Be’r‘é‘ﬁféﬁ' 10 an equal-time commutator of cur-
rents; this contribution is crudely esiimaied to be <4 parts per million (ppm). (6) The logarithmically
divergent part of eleciromagnetic mass differences of hadrons is shown 1o be proaoruonzl 10 matrix elements
of .ke equal-lime commutator cf the electromagnetic current with its time derivative. It is suggested that
this “civergent”” part be identified with the Coleman-Glashow “tadpoles™; this suggestion is discussed in
the framework of 2 simple nuark model. (7) The logarithmicaily di\'ergem part of the eleciromagnetic
correciion 10 the process =~ — =9-2¢~-+F is, on the basis of the U{(6)&U (6) current zlgebra, shown to be
nonvarishing. 2nd is computed. (8) A speculative argument is presented that the rate ¢~ =-¢~ — hadrons
is comnarable 1o the rate 7= ¢~ — g7+~ in the limit of large energies.

jon mags.J(3) A Jower bound jor inelastic ¢l CLron-nucleon. SCAtering, J

AUGUST

%
<

1966

1. INTRODUCTION

I.\' this papcr w e apply the chiral U(6)&L (6] algebra
of current densities proposed by Gell-Mann® and by
Fexnman. Geli-Mann, and Zweig® 10 various processes.
We propose ¢ cmiterion for detecting and isolating
singular terms p-c-'»or‘.ionai 10 gradients of delia func-
tions. These S« winger terms® have inhibited the use
of the full :niormaztion co:._lned in the algebra of
current densities In particuizr. the behavior of matrix
elements ¢f current: 23 the momenium ¢ carried by the
Currenis approzches itv can be determined

terms of the corrent algebrz. Some applications in-

«
s

né
ahn

volving e‘ec:rom::’ne“\. correciions 1o hadron processes
have been found Theprogranof the paper iz as follows:

Section 1{: \We propose = criterion for identification
of Schwinger term::

The cro- of the matter is that the

SR.Feimman. M Ge M
13,678 1196+,
* 1. Schwinger, Pare Re.

11

T product of currents used in making sum rules is in
general not covariant. This was recognized znd dis-
cussed® by Johnson in 1961. We give a rule for construct-
ing the T product from the corresponding covariant
amplitude. The difference of the two objects is the
Schwinger term.

Section III: The claims of Sec. II are illustrated for
the vacuum expectation value of the T product of two
currents. This section is essentially 2 summary of
Johnson’s paper.

Section IV: We next take the T product of two iso-
VECLor currenis between protons at rest and show that
the only Schwinger terms are in the disconnected
graphs, provided certain form factors behave reasonably
at infinity. If this is the case, we can furthermore show
that if the time components of the current densitles
satisfy a U(3)R(3) zlgebra, the space components
satisfy the I7(6)Q1°(6) algebra, at least for diagonal
matrix elements between single-particle states, spin
averaged.

Nucl. Phys. 25, 431

* K. Johnsoxn. (1961,
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of M,,, defined as in (2.3)
by

Jwith j, replacing j,=, is given

Mo =32{[yne]Pu—[v.a1P+ Ly dP g} uGalg, o)

(6.4)

3l (7,905~ 72000+ 757 J7 4G le?0) .

From crossing symmetry,

_&jyy(cx)(q,... = jw(a)(._a )-— _’[jy’(l:.‘(_g’...)
and
G;(gi,—-y}=G;(gﬂv3, 6.5)
Gg(l_l‘,— V)= —Gz<9',x') .

We assume unsubtracted dispersion relations {or both
G; and Gz.

For ¢*=0, M ' is related to the spin-dependent
part of the forward Compton-scattering amplitude;
for <0, the absorptive part of 3/,,!¢ is related to the
spin-dependent part of inelastic electron-proton scat-
tering. Specifically,

dott dott
dPdE d@dE E

X[M(E+E' cost) ImGi+¢* ImG,],

(6.6)

where do 7 is the cross section when the spins of electron
and proton are parallel and zlong the direction of motion
of incident electron, and de*® is the cross section for
antiparallel spins. E, E’, and 8 are energies and scatter-
ing angle of the electron, ¢*=—4EE’sin%(6/2), and
v=FE~FE’. We have set », equal to 0.

The photoproduction cross seciion for a--—O is given
by the optical theorem:

¢ ImGy= (1/2M)[ct— o't (6.7)

where ¢ft is the cross section for photon and proton !
spins aligned. The Born terms zre given by

—27F\(Fy+F.)

BJORKEN

148

Upon identification of this with the 2sympiotic behuvior
of Gy and G. we find that
GJ -— —?.Z/'J‘fg: .

G 0Q/0) (gi—i=). O

On the other hand, we may evaluaie G, by uvsing zn
unsubtracted dispersion relation

&'y’ ImGy(¢*,v")

I'I

G;(gz,v)=—- (6]2\)

2/"
wJo

—_—

and!? as gy— foz

2 y '
Gilg=- [ = ImGi)=6:20), (613
wJo v

or

= dy' -
~ImG,(¢*') —— (6.12)
o ¥ F——= 3{0’ .

Using Eq. (6.6) 2s E— = at fixed ¢*
¢E ra’o'” deis
Se2MLdgdy dgdy

ImGi () — J (6.1

and we find

N '
=dy'rdott  dei1y —8&me’Z _
Im  lim / ———[ :[= (6.16)
g—-—wE—=]y Y iLde*dy' dg*dy’ ¢E 5"'"?§"

|
|

i
t
i
J
5
i

G]Bom = R
M (¢~ 422
(6.8) |
—2F(Fy+Fa) 1
GPomm

— AN

We extract a useful result by considering the limit
go— 1= of M .,'®. Using (2.6) and (6.1) we find

Ll€urte
(P{7:5(0)| P)

lim M@=

go—i= o

—Zigmed®

=——(P{j7(O)iP). (69

&

We define
r@s 1 (0) ps)=Zaysy u= —Zs* ‘ (6.10)
Dy !

3

It will be 2 long time before these cross sections ard
measured. Fi ._m we do not know the value of Z,°
although SU (6)pred1cts Z,=3/9 and Z,=0.However,
if we take the difference between proton and neuiron;
we know from (6.2), assuming alwzays the U (6)EU \0
current algebra, that .

!
i

o

Z,—Zn=-<——) : 617
. \Gr ;
Thus, 3

=dy d '
o o dgdy i

0
—one

(G
Gy

worihless equa- %

‘) (6.181 | ﬁ]

Xepttmcpttmaatttoait]—

3¢*E

Somethmz ma\v be salvaged from this

uon by constructing an inequality?s:

12

de, don 7
m  lim e‘E/ [ -+ J
g—~—=L—=« 0 P do-dv dcfdv’
S‘Fa'z;G,q,E .
>—I—;. {6.19
3 Gy!

CCﬁpa—e Eas. (3.7)-(3.9).
Mo menTTeyTh
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Sum rule for deep-inelastic electroproduction from polarized protdns“

John EMIg+

Laxritsen Laboratovy of Physics, Calife ns

e of Technology, Pasadewa, California 91109

and Stanford Lisear Accelevator Center, Stanford 'Uniuésity, Stanford, California 94305

‘Robert J. a!fei !

Laboratory for Nuclear Science and Dzvpcrhnent of Physics,
Massackusetts Institute of Technology, Cambridge, Massachusetts 02139
and Stanford Lisear Accelerator Center, Stanford University, Stanford, California 94305
' (Received 20 August 1973)

A sum rule is derived for the asymmetry in deep-inelastic scattering of polarized electrons
from polarized pestons: [}d: g (f)~0.15g,. The result follows from the quark light-cons
algebra and the assumption that strange quarks do not contribute to the asymmetry. The
latter 1s justified by conventional parton-model arguments.

Meagsurements of the asymmetry in the inelas-
tic scattering of polarized electrons from polar-
ized protons will begin soom.> Several years ago
Bjorken® derived a sum rule for the difference in
polarization asymmetry in deep inelastic scatter-
ing from protons and neutrons, The sum rule has
been rederived recently using the parton model®
and the quark light-cone algebra.®** Unfortunately,
testing the Bjorken sum rule would require data
on scattering from polarized deuterons which will
be unavailable for some time. Here we derive a
sum rule for the asymmetry in scattering from
polarized protons alone, We use the standard
quark light-cone algebra, the usual parton-model
assumptions that the only isosinglet (A-type)
quarks in the proton are in the “sea” (Pomeran-
chukon) and that the spins of partons in the “sea”
are paired. These are discussed further later.

The structure functions for scattering polarized
electrons from polarized protons are defined as
follows:

. *n®
%(Wuu - vu)"‘euvxa q—luTGx(Vy q%)

. .
+i€un,g ;q{-l(w'a ~nqp°)G,(v, q%),

where v=p +q, n° is the proton’s polarization vec-
tor (n*=<M?, p -n=0) and

Wt 2)= 5 [ d'zet @, n|[4f2), 4,0)] 15, 7).

1t is expected that vG, and »*G, should scale in the
Bjorken limit (v, g2~ «, £ 2-g2/2v fixed):

lm 7 Gy(e?, v =g(8),

ngx;,—. Gi(q, v)=g,(8).

(-]

15

Conventional quark light-cone algebra® yields the
followirg expressgion for g,(£):

g2 [ dtepletts
1
x 453002+ e Sitep)

+ (%)"’s,‘,(x-p)],
@
g7 (E)=g5 [ dtepler

x [—%s:(x-mg—}? S5x+)

+ (@ISt

where the S (xp) are defined from the bilocal op-
erators:

(b,n I qu(xl 0)Ip, n) lxzso""‘os: (xp)+--- ’
where 5% (x/0) is the axial-vector bilocal which is

symmetric under interchange of x and 0, and has
the following form in free-field theory:

Seo(x]0}=3(x) %'Yonw(o) +$(0)-A2= :V,,Ys#’(x) .

Bjorken’s sum rule follows from inverting the
Fourier transform in Eq. (1), setting x -4 to zero,
taking the ep, en difference and noting that

(¢ ,,(OIO)Ip, n) =234na
since the local limit of the bilocal is just the neu-
tral isovector axial-vector current.
In trying to derive a sum rule for scattering off
polarized protons it is necessary to know
(0, 1| 53,(010)| p, n) and (p, n} S3,(0]0){p, n). The
first of these can be estimated using SU(3) for the

1444
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baryon matrix elements of the axial charges. Hy-
peron decays are known to agree well with SU(3)
and the Cabibbo theory, and the F/D ratio for
axial charges is well deterimined.” However, noth-
ing is known a priori about (p, z|S3,(0{0)| 5, #). To
evaluate it we argue on the basis of the parton
model that the matrix elements of the combination

7"5 (x{0) -83,(x]0) @)

between nucleons are expected to be small.
The combination (2) gets contributions only from

> 2 'yoccurinthe
“gea” associated with the Pomeranchukon. The
Pomeranchukon does not contribute to the spin-
dependent structare functions G, and G,,* so one
might suspect that the (A, X) contribution to them
should be small. In fact

- <b,n (1] |ﬁs ">
« j "dE D X B -2 (B -3,

where A, () are the distributions of A quarks in the
nucleon with helicities parallel (antiparallel) to the
helicity of the micleon itself,® and X, (£) are defined
similarly. The wsual spin and charge conjugation
properties of the Pomeranchukon imply

2, 0)=X(0)=2_{0)=X_(0).

Our assumption is that this remains at least ap-
proximately valid for £+0 for the “sea” of 7
pairs:

[Lo=X 0= m=x10. | ®

Assuming that the “sea” has the property (3) it fol-
lows that?®

(b, n| Sgeq (310)“’: n) =VZ (Pyn lsﬁu(zlo)“’: n)

and separate sum rules for the proton and neutron
asymmetries follow immediately:

7z %:0/0)-53,

SUM RULE FOR DEEP-INELASTIC ELECTROPRODUCTION...

1445
]; £0"(8)s =f§( g i) ®

The difference of Eqs. (4) and (5) is just Bjorken’s
sum rule? In writing (4) and (5) we have used
SU(3) to reexpress the ratio
| S3_(0]0)| p, =

(b, 1| 55,(0[0){ p, n)
in terms of the F/D ratio of the axial charges.
Since the axial charges seem to form an excellent
octet” we regard this as a minor assumption. Us-
ing the currently accepted value”

< -0.581+0.029,

we obtain'!
[aser-am), = 019 ©

[#ere-Beom,e-0223] ®

where
e do not expect the sum rules, Eqs. (6) and
(7), to be exact because of SU(3) breaking, the un-
certainty in the F/D ratio, and the parton-model

ever, as long as m of strange quarks
extracted from neutrino experiments (see foot-
note 8) remains small, we expect Egs. (6) and (7)
to be quite accurate estimates of polarization
asymmetries in scattering off protons and neut.ons
separately. The proton sum rule (6) is particular-
1y interesting because experiments using polarized
proton targets will soon be performed, and be-
cause (following Bjorken') it predicts that a large
mean asymmetry of the order of 35% will be ob-
gerved.
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assumed in that paper 1o the QCD value of R. Fig. 3
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Fig. 3. The guantity xgf (x) (right-hand axis and solid circles)
versus xX. The left-hand axis and the crosses show the values of

8% (x)dx where x,, is the value of x at each lower bin edge.
The inner error bars are statistical and the outer error bars are
the total errors obtained by combining the statistical and system-
atic errors (table 1) in quadrature. The curves are described in
the text.

derived from the fitted function to A% (x). The inte-
gral of g% (x) over the measured region was found to
be

0.7

f g0 (x)dx=0.111%0.012(stat.) £0.026 (syst.) .

0.01

The convergence of this integral is also shown in fig.
3 where [},
the value of x at the lower edge of each bin. It can be
seen that the integral converges well towards x=0.
The dashed curve is the integral of the solid curve
and this was used to extrapolate to x=0. The data
covered 98% of the value of the integral. The value

obtained at amean Q° of 10.7 GeV?> was

!

Jg',’ (x)dx=0.114+0.012(stat.) +0.026(syst.) .
0

Here the systematic error was obtained from the in-
dividual systematic errors, added in quadrature and
includes a further uncertainty of 10% on the value of
the integral to allow for possible errors on the value
of F for the proton. The uncertainty due to the ex-
trapolation outside the measured range of x is smail
providing that xg,(x) is well behaved and ap-
proaches zero reasonably as x tends to zero. It is ex-
pected from Regge theory ([30] that xg(x)

2% (x)dx is plotted as a function of x,, .
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IMPLICATIONS FOR DARK MATTER PARTICLES
i OF SEARCHES FOR ENERGETIC SOLAR NEUTRINOS

\John ELLIS, R.A. FLORES {
CERN, CH-1211 Geneva 23, Switzerland

Physzcs Department University of Wisconsin, Madison, WI 53706, USA

Received 28 August 1987

: ‘We investigate whether recent searches for energetic solar neutrinos give new constraints on candidate dark-matter particles
- - such as photinos ¥ and higgsinos fi, in view of the astrophysical and particle physics uncertainties. Previous quark model estimates
of the elastic cross sections nsible for 7 or b capture in the sun m,be improved using hyperon deca data, but are thrown

into doubt by
estimate of o(¥P) by a factor up to four. We emphasize the need to include charm and bottom quark fragmentation éffects when
calculating the flux of n®atrinos from dark matter annihilation events, which may reduce the observable flux by a factor ~2. Even

the most stringent upper limits from the Fréjus experiment still allow a local 7 or | density considerably above the range of

0.20-0.43 GeV/em? favoured byvmrophysim, and no range of m; or mj can yet be excluded.

There is an emerging consensus that non-dissipa-
tive dark matter is prevalent in galactic halos {1].
One of the prime possibilities is that the halo dark
matter consists of some species of massive, non-re-

“Iativistic, nevtral, weakly-interacting particle. A pos-

sible candidate for this dark-matter particle is the
lightest supersymmetric particle (LSP), which could
be a photino ¥, higgsino 1 or sneutrino ¥ [2]. Meth-
ods of detecting dark-matter particles are now being
ctively pursued [3]. The most convincing would be
irect.detection of the elastic scattering of dark-mat-

L ’ﬁ‘ {
¢ -0

[5]. An elegant but less direct method [6] is based
on the observation that certain candidate dark-mat-
ter particles have some probability of being trapped
in the sun after losing energy through elastic scat-
ring {7,8]. Evaporation is megligible for masses
bove 2.5 GeV [9,10], in which case the solar pop-
ation is stabilized by annihilations. Such annihi-

‘North-Holland Physics Publishing Division)

uclei in the laboratory {4], unsuc- -
* essful searches for which have already been used to
‘exclude sneutrinos in the range 16 GeV <m,<1 TeV

10-2693/87/$ 03.50 © Elsevier Science Publishers B.V.

Iations, e.g., 77 —1f, can produce energetic neutrinos
via the prompt decays of heavy flavours: f==1,c,b,t.
This idea has been pursued extensively [11-15] and
varying estimates given of the resulting v flux.

" Data are now becoming available from under-
ground detectors [ 16-18], most recently the Fréjus
experiment [18], both on contained v interactions
and on upwani-gomg muons induced by v, inter-
actions in rock. These provide upper limits on the
energetic solar v flux which can be confronted with
different dark-matter predictions. Some candidates
seem to be clearly excluded by such analyses, eg,
¥, and ¥, with masses >4 GeV [13,14]. However,
the confrontation is much more delicate for some
candidates, such as the 7 and h, for which the ex-
perimental upper limits can be comparable with the
v event estimate. For ¥¥ annihilation, this &
approximately

393
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Recent EMC data [26] on polarized up scattering
cast doubt on the assumption that As=~0. They mea-
sure the spin-dependent structure function

&P (x,0?), for which there is a QCD sum rule

jdxg.(x,QZ) (;QﬁAq)[HO(asmn-

~3(3Au+{Ad+34s) . (16)

TheO(a,/7) correction in (16) is (~ 1-a/x) for non-
smg[et combinations [34] of the Aq, and (—4-a./7)
for tljp singlet combination {35]: these do not give
a large Q°-dependence for @%>3 GeV>2. Note that
EMC measures the same combination of the Aq as
appears in o(Yp—¥p) (7a) if all the m, are approx-
imately equal as we expect. The prediction using Hp
(15) is

- 1
ol f dxgf(x,0%)=0.20
0

=~} (5Au+3Ad+3As) (17)
whereas the EMC measure {26]
1 . ™ ‘
| dng(x.@l :
° O »3GeV?
=0.113+0.01210.025. (18)

If one neglects any possible dependence on the re-
normalization scale u ~ Q, this can be combined with

(14) 1o yield
Ad= —0.54(2)1
(19)

EMC: Au=0.70(8) .
As=—0.25(7),

= ~..cach with errors +0.08(4) if the statistical and sys-

';% etatic errors in (18) are added in quadrature ¥,

%2 Different estimates of the factor ($Q2Aq)? ap-'
pearing in eq. (7a) are shown in table 1. The re-

" duction in the observed value (18) compared to tha
previously expected (17) suggests ajreduction in the
prediction of o{Yp-7p} by a Tactor ~4. fAs already

-.. ¥ The estimates (19} comespond to a fraction
..~ =0.09(1)£0.24(2) of the proton spin being carried by quarks,

" They also correspond to a singlet/octet matrix element ratio of
—0.13(3)£0.37(1) umes the quark model value previously
. estimated assuming As=0.

PHYSICS LETTERS B

26 November 1987

mentioned, we do not expect significant renormali-
zation scale (1) dependence that decouples the EMC
measurements at 4 ~ 32> 3 GeV? from the values of
the Aq at u* ~m3i ~10* GeV? required in yp scat-
tering. Moreover, the EMC Collaboration sees no
evidence for any Q>-dependence . Until the EMC
result is confirmed, one should nevertheless perhaps
regard the range (15), (19) as a legitimate uncer-
tainty in dark-matter detection estimates.

We now consider the possibility that the dark-mat-
ter particle is a higgsino h, for which [21]

o(hp-Tp)

- m? 2
=”(—§ZL+% 2 cosz(Zﬁ)( lequ) . (20)
where I;, = +§, I;,, = — }, Aq is given by (7b), (15)
and (19) as before, and f is given by tan f=uv,/1,
where v, (v,) is the VEV of the Higgs giving masses
to the u (d,s) quarks. Notice that the squark masses
do not affect g(hfi~1F) or o(hp—hp) (20),but it is
possible [2] to find an acceptable choice of § which
gives r=1 whenever mz >m, =6 GeV.

The factors a; in (1) are simple numerical con-
stants in vN scattering cross sections. For a and p
targets they are [15]

ap=42, ayp=4.,

3e=9.5, an=22, (21)

/'t':t.)rresponding to

isoscalartarget: a,=6.85, a,=3.15,

Fe=26p+30n: '2,27.04, a,=3.09,
O=10p+8n: a,=6.56, a,=3.26. (22)

The factors By in (1) are the branching ratios for
XX -1f which are determined by the couplingsin the
particular model studied. We use the Monte Carlo
procedure detailed in ref. [15] to model the anni-
hilation events in the sun and calcunlate the factors

*8 Jaffe [27] has pointed out that there could in principle:be sig-
nificant sdependence between #°=3 GeV? and 12 «3 GeV?2,
This is iredevant to ¢(7p—7¥p), but could invalidate the deri-
vation of the individual Aq in (19). This introduces a-uncer-
tainty in the subsequent estimate of a( Rp—hp), shich is
fortunatelynot large.
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Proton spin fraction carried by quarks vs. order of QCD pert. theory
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— Light sea quarks are not significantly polarized
— Strange sea appears to be positively polarized

J

Aram Kotzinian hanism and A polarization March 4, 2003
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Leading $(1020) mesons in the current region
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B.Levchenko (SINP MSU): Strange quark physics

 Any additional gluon emissions are not im-

portant for x, >0.8 and the scattering
is given by the well-understood process
'y 8§ — 8

Cross seetions' are for the inclusive DIS

~and with removed a dlﬂ’ractlve contrlbutnon

(nmaa: > 2)

The hatched bands represents uncertain-
ties in - the simulation of the ¢(1020)
mesons production (A;=0.2-0.3) with the

- CTEQS5D parton density

High-momentum ¢ mesons (z, >0.8 )
in the current region of the. Breit frame:
give clear evidence for. the strange sea m :
the proton. : :
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Figure 6: Invariant mass distributions of the K*K~ (middle columns) and K*n° (left)
systems and Dalitz plots (right) for reaction pp — K+ K~ at three different target densities:
for the liquid target (up line), for the gas target at NTP (middle line) and for the gas target

at 5 mb (bottom line) [48].
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Table 1: The ratio R = ¢X/wX of the cross sections for production of ¢ and w - mesons in
pp, p and 7p interactions. Py, is the momentum of the incoming particle. Z is the parameter
of the OZI-rule violation. No corrections on the phase space volume difference were made
except the cases marked *).

M
Initial P Final R=¢X/wX [Z] Refs.

state (GeV/c) state X -10® (%) )

atn 1.54-2.6 p 21.0£11.0 8+4 [26],127]

ntp 3.54 7tp 19.04£11.0 744 [28]

Tp 5-6 n 3.5+1.0 0.5+08 [29]

Tp 6 n 32404 0.8+04 [30]

Tp 10 TP 6.0+ 3.0 1.34+20 [31]

Tp 19 27~ atp  5.08 0.6+25 [32]

Tp 32.5 n 2.9+0.9 1.1+£08 [33]

Tp 360 X 14.0 + 6.0 5+3 [34] |
PP 10~ pp 20.0 £5.0 8§42 ENR i
PP 24 PP 26.5+188 106  [35] .
pp 24 atnTpp 12408 3+1 [35] |
PP 24 ppmrtr, 190+£7.0 743 [35] ;

m=0,1,2

PP 70 pX 16.4 £ 04 [36]

PP 360 X 4.0+5.0 01+4 [37] .
7p 0.7 Thw 19.0 £ 59 T£2 [38]

p 0.7 o° 13.0 + 4% 542 [38]
P 1.2 ntn= 110+ 441 {39]

P 2.3 atrs 175434 T#1 [40]

7p 3.6 ate= 9.0+ 343 [39]

Table 2: The ratio B = f3(1525)X/ f,(1270)X of the cross sections for production of f,(1270)
and f3(1525) - mesons. Py, is the momentum of the incoming particle. In some cases, marked
by *) , the cross section of f,(1270) was not separated from the production of a5(1320) and
the sum of these cross sections is given.

Initial state Pp , GeV/c Final state X R(f}/f2)-10° Ref

xp 100.0 n 1.5+0.7 [42]
p 10.0 n 44 £ 10 [43]
r 0 70 26 £ 10 (3]
pp 2.32 ate 21 +10% [44]
pn 2.3 . <15 [45])
p 1.5—2.0 atm~ 28 + 9% [46]
Bp 7.02 — 7.57 m° 64 =+ 28%) [47]
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Figure 3: Our model predictions (model A - solid line, model B - dashed
line) for polarization of A hyperons produced in v, charged current DIS
interactions off nuclei as functions of W2, Q2, zp;, yp;, Tr and z (at
zp > 0). The points with error bars are from NOMAD.
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Fig. 3. Comparison of approved experiments for measurement of AG/G. Shown are the
expected ervors, except for HERMES, where the first measurement is shown. The curves
show the parameterizations A, B and C of Gehrmann and Sterling {14].

been performed by the HERMES experiment for zg; values down to 0.02 [7]. With
the COMPASS experiment these data will be complemented in a z; range down
to 0.003 with an improved precision compared to the SMC experiment, which has
measured flavor dependent quark polarizations for the first time.

Having the possibility to rotate the polarization of the target from longitudi-
nal to transverse direction allows to determine the transverse structure function
hy(z,Q?) in COMPASS. In addition to the structure functions f; and g; the struc-
ture function Ay is required for a complete description of the nucleon. A; has not
been measured before. The HERMES experiment is performing a measurement of

Czech. 3. Phyé. 52 (2002) AS
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Figure 1: The (my/3,mo) planes for {a) tanB = 10,p > 0, (b) tanB = 10, < 0, (c)
tan g = 35,4 <0, and (d) tanB = 50,4 > 0. In each panel, the region allowed by the older
cosmological constraint 0.1 < Qh* < 0.3 has medium shading, and the region allowed by the
newer cosmological constraint 0.094 < Q,h% < 0.129 has very dark shading. The disallowed
region where m;z, < my has derk (red) shading. The regions excluded by b — svy_have medium
(green) shading, and those in panels (a,d) that are favoured by g, — 2 at ithe 2o level have
medium (pink) shading. A doi-dashed line in panel (a) delineates the LEP constraini on the
€ mass and the conlours myz = 104 GeV (m), = 114 GeV) are shown as near-vertical black
dashed (red doi-dashed) lines in panel (a) (each panel). o
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Figure 1: Spin-independent cross sections in the (mye, mo) planes for (e)tan f =10, < 0,
(b) tan B = 10,p > 0, (c) tan B = 35,1 < 0 and (d) tan B = 50,p > 0, assuming Ao =
0,m; = 175 GeV and my(m;)45 = 4.25 GeV [14]. The double dot-dashed (orange) curves
are contours of the spin-independent cross section, differing by factors of 10 (bolder) and
interpolating factors of 3 (finer - when shown). For ezample, in (b), the curves to the right
of the one marked 102 pb- correspond to 3 x 107 pb and 10~1° pb. The near-vertical lines
are the LEP limits m,+ = 103.5 GeV (dashed and black) [29], my = 114.1 GeV (dotied and
red) [9]. In the dark (brick red) shaded regions, the LSP is the charged 71, so this region
is ezcluded. The light {turquoise) shaded areas are the cosmologically preferred regions with
0.1 < QA% <0.3 [14]. The medium (dark green) shaded regions that are most prominent in
panels (a) and (c) are excluded by b — sy [18]. The sloping shaded (pink) regions in panels
(b) and (d) delineate the 2 — o ranges of g, — 2 [12].
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Figure 2:  Spin-dependent cross sections in the (myy2,mo) planes for (a) tanB = 10,4 <
0, (b) tanp = 10,p > 0, (c) tanfB = 35,1 < 0 and (d) tanfB = 50,u > 0, assuming
Ao = 0,m; = 175 GeV and my(my)%5 = 4.25 GeV [14]. The dot-dashed (blue) lines
are contours of the spin-dependent cross section, differing by factors of 10 (bolder) and
interpolating factors of 3 (finer - when shown). The near-vertical dashed lines are the LEP
limits mys = 103.5 GeV (black) [29], mp = 114.1 GeV (red) [9]. In the dark (brick red)
shaded regions, the LSP is the charged 7y, so this region is ezcluded. The light (turquoise)
shaded areas are the cosmologically preferred regions with 0.1 < 0, h? < 0.3 [15]. The medium
(dark green) shaded regions are excluded by b — sy [18].
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Figure 3. Allowed ranges of the cross sections for tan 8 = 10 and (a,b) p>0, (¢, d) p <0,
Jor (a, ¢i spin-independent and (b, d) spin-dependent elastic scattering. Panel (e) shows the
sptn-independent cross section for tan 8 = 35 and p < 0, and panel (f) the spin-independent
cross section for tan 3 = 50 and p > 0. The solid (blue) lines indicate the relic density
constrawnt 15, the dashed (black) lines the b — sy constraint [18], the dot-dashed (green)
lines the m, constraint [9], and the dotted (red) lines the gu — 2 constraint [12]. The shaded

(pale blue i reqion 1s allowed by all the constraints.
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Physics with Precision Measurements

of the Nucleon Structure

Naohito SAITO
Kyoto University/RIKEN
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Outline of Lectures

* Lecture |
— Motivation of Structure Studies
— Methodology of Structure Studies

— Structure Functions and Parton Distribution
Functions

— Scaling and its violation

e Lecture Il
— Polarized extension of structure studies

2003/6/10 Naochito SAITO (Kyoto/RIKEN)
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Particle Physics = Reductionism

Efforts to understand the complex system
(e.g. matter) in terms of simpler elements
—What is the ultimately elementary particle?
—No more substructure?

- electron

e

atom " nucleus nucleon quark

T [ : —

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 3
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Why Proton Structure Studies?

+ Understand the proton in terms of simpler
elements = quarks and gluons

- — QCD describes how quarks and gluons interplay in
their evolution in O? or energy scale; test of pQCD

— (7 evolution also determines strong coupling constant
Oy
« With the knowledge of quark and gluon
distributions in the proton

— proton-proton collider will become quark-quark, gluon-
quark, and gluon-gluon colliders

— it would provide further test of the SM in the quark
sector

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 4
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Structure Studies

» Classical ways to study structure
~ Break-up | |
— Expose to a light source

1d@275 B@
-4,

S e,
- N

/7 I ;3»," .
fooeo - :

Detector x%’ :

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 5
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Electron-Proton Elastic Scattering

» Observables
~ Incoming electron 4-momentum k
— Target proton initial 4-momentum P
— Scattered electron 4-momentum £’
- Recoil proton 4-momentum P’

k P+g=P (g=k—-k')
& P 42P-g+q° =P”

q P’ ©2Pq=0" (0" =-¢")

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 2P - q - 6




Electron-Proton Deep Inelastlc
» Observables: Soattermg k{,, e

— Measured variables:
* Incoming electron 4-momentum %
+ Qutgoing electron 4-momentum £’
* Incoming proton 4-momentum P
— Unmeasured variables:
= * Incoming parton 4-momentum p
* Outgoing parton 4-momentum p’

prg=p (g=k-k")
& pP+2Pg+q’ =p”? .
S2pq=0" (Q*=—-¢*)  =2xP-q=2p-gq
% = xP; O |

— #1 unless P = p = P = P
20036110 2 P+ ¢f Naohito SAITO (Kyoto/RIKEN) pP-q 7




What are being scattered in DIS?

» Cross section for DIS includes unknown functions
representing structure of the proton :F,;(x,0?) & and

F ? (/x? Ql?/) ) 9 ” y
d 20 = 47?? E F, (x)’cos‘?g+ _Qq ~2xF, () sinz—g 1
dQ%dx Q" E\ 2 °X 2 )x

« Compare with the formula for spin-1/2 [, .
s spin-1/2 scattering cross section Ifspin 2
do  4na’z* (EY( .0 O . .6 2)(3}71 (»X)
PP ( :ﬂ) (COS —t—=-5sIn ~-) v =1
dQ Q )L 2 2m F (.X) »
« If partons are spin-1/2, angular 2 |
distribution should follow spin-1/2 If spin 0
pattern | ' - |
—>Ratio of the coefficients in front of 2XFI (x) —0

the cos?6/2 and sin?6/2 should be F
ideatdedido above Naohito SAITO (Kyoto/RIKEN) 2 (x)

pe g

\



Experimental Verification of CGR

- Early experimental

data verified £ ()
Callan-Gross 14
Relation .
—0.1<x<0.8 L0 -1 H}
~1.5<0?< 16 GeV2 [ ﬁ

» Scattered Partons 0.

are spin Y2 |

2x1(x)

o

- Quarks a .

2003/6/10 Naohito SAITO (Kyoto/RIKEN)
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Probability to find a parton with xP

= Parton Distributiorl Eunc‘uon
L Jx)

o |f quarks are
free...

* They are
bound

. And there are
sea-quarks

2003/6/10

x=1/3
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Example: Up Quark Distribution

* Obtained through Global QCD Analysis by CTEQ

CTEQ6E

i 0>=10 GeV?
Up Quark

o

0?=10 GeV?

Up Quark
CTEQ6E




Normalization of PDFs

» The proton comprises 2 u-quarks,1 d-quark and O s-
quark; (no ¢, b, 1 ...of course )

ﬁ dx[u(x) — ()] =2, f) dld(x)—d(x)|=1, £ dx]s(x)—5(x)]=0
« Momentum Sum Rule

f dx x Z Je) =1 «Some neutral

f=all . .
. Experlmentany object carry a half
- momentum of the

f) dx .x[u(,x) +u (_x)]+ f cx [d (x)+ d(x )] proton! Indeed.
ﬁdx xg(x) 0.5

+ f) dx x|s(x) + ST(JC)] = 0.5

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 12




Q- Evolution — changing resolution

* Low O ~ 200 MeV

— Proton is still seen as a
whole

. Mid O ~ 1 GeV

— Quarks are seen

* Higher O ~ 10 GeV

— Sea-quarks are seen

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 13
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X}

5§
h-aT1

0 Evolution
of F,

5 -k

)

-Data well described by
NLO QCD: DGLAP
evolution

Frep
dr’

[N}

48

dinQ®> 2

sdF,/dInQ?> 0 at x <<
odF, /dinQ” < 0 at x ~1

*Turn over ~x = 0.1
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&

]

Neutrino-Proton Deep Inelastic
Scattering

Charged Current
d*o(vp or p) G

9] 6} ) . 6 2
_ —| W, (Q%,v)cos® —+ 2, (O ,v)sin® — + W, (O, v
d0%dv oz /([ Jeos S HINQTV)sin” S W (Q7,v)

Flavor Sensitive — Weak charge strongly correlates
with flavor I
Observables: k L
— Outgoing charged lepton 4-momentum &’ -~ e 7
— Target proton 4-momentum P o
— Qutgoing quark momentum p° 1 i
~ Incoming neutrino momentum P p
poorly known %

Usually subject to nuclear dependence
2003/6/10 Naohito SAITO (Kyoto/RIKEN) 16
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Drell-Yan Lepton Pair Production

* Observables:
— 4-momentum of each lepton k, k

— Incident beam proton 4- Soopyr ky

momentum P, Do e

— Target proton 4-momentum P, P L

* Reconstruction of Partonic = ;¢ | 4z

' i = S 2 ) () + 15 2)
Kinematics dedv, 3 3M Zc, g (x)g(x,) it

— MP=(k,+k,)?; s=(P,+P,)%; t=M/s
- }f transverse component of (k;+#,) = xx,:y = 1 (L)
Is negligible ) 2 x,

x, =T exp(y), 3, = VT exp(-y)

2003/6/10 Naohito SAITO (Kyoto/RIKEN) o 16
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Scaling in Drel

» Cross section
scales with vt
independent of
beam energy

el

o FB1 22 OV wt LLA
¥, | %’

253 )

sacihd ﬁ R + . JL,

s EATS 252 Gev wT b {

[T R SO

2003/6/10

B et SRt STV NP DUV SR SR S

- g e g g
@% 45 D

-Yan Cross Section

Ea)

A8 Tto et al,
PRD23(81)604

b

& nunieon

¢ o e
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Prompt Photon Production

Dominated by Gluon Compton -

Observable 5
— Incoming Proton 4-momentum P, P,
- Target Proton 4-momentum £,

- Qutgoing photon 4-momentum £,
— Outgoing Jet momentum or Jet P
AXxis k, or n, o,
Subject to x,- x, ambiguity

(Good energy resolution can
be achieved for photon

Higher order correction &
intrinsic &, will smear
resolution

2003/6/10 Naohito SAITO (Kyoto/RIKEN)
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Two-Jet Production

o

Observables:

— Incoming Proton 4-
momentum

—~ Target Proton 4-momentum =
— Qutgoing jet momentum
Mixture of ge, g¢, qq

scattering

Subject to x,-x, ambiguity
Higher order correction

and Intrinsic &, will smear
resolution

2003/6/10 Naohito SAITO (Kyoto/RIKEN .
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Processes used for Structure Studies

* NC-DIS is the major source; supplemented by hadronic

processes

process |/,(x) |f;(x) |comment

NC DIS |¢x)+q(x) |- B Flavor msens;tlve

CCDIS |gx)-q(x) |- Flavor sensitive; Nuclear

| dependence

Drell-Yan |a¢x) g(x) |Co-linearassumption ~
needed for x~reoonstruc’uon

Prompty |g) q(x) Co-linear assumption
needed for x-reconstruction

Twojet |g g(x) Co-linear assumption

| q(x) g(x) needed for x-reconstruction
2003/6/10 q(x) ?\iz&ﬁizi@@ggi'?{}{ 11;%rgely mixed pl‘OC@SS@S ‘.’%‘ -
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Parton Distributions

* Up, Down,
Strange
quark
distributions
and gluon
distribution
evaluated at
0°=100 GeV?

2003/6/10 -



" Hadron Production in pp Collisions

» 3 stepsto |
produce hadron

1) Emit Partons f(x)

2) Partons Scatter
o

3)PartonFragmens
into hadron D(z
» Universality of
f(x), 0, D(z), if
Factorization
Proven

2003/6/1 O Nau. IS R RV e R S uz.\.;vi PUOOVELE Y
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Fragmentation Function : D(z)

Probability to have hadron with
e=z[-from a scattered parton

e.g. ﬂ:’*‘_frc:)m uquark D, (z)

LAy
)
&
do 0wy
&5 e
Rl ey

Can be measured in Two-jet E."
production in e'e experiments e
Already many data points from f %«

PETRA, LEP etc. but precision
s limited

BELLE@KEK is producing
precision data with ultra high
statistics

2003/6/10 Naohito SAITO (Kyoto/RIKEN)
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Fragmentation Functions

H " ol [T [N - I 1 N o |

Fragmentati()n po - iw"' R AR ]r,-1-,-1;-',,],:k,]i!.,l,.,.,,..,,,_l
functions for ,1

T s ”%,.',
T s B

charged hadron =

. 'I
“d‘&&?%w ;

obtained from | R

& S =

‘ ' e E
experimen ' Tmecn 3

I tedeo i ticl ]

E e E

b g, E

N ok =

~: G&:ﬂ::*m'«c._ E

T CHER e S ]
‘,fH—r—H«HfiHHH‘i—H—*—HiFH—PH-H*H#fI!—f—k—}«H—%ﬂ—HH—

Ji1 : ¥;\' y;, " "%

4 £A E:

3 ﬁm&ﬁ‘&ﬁ%% ;

s m%:“%::% é

Tk e fad o =

.' A.l LLL ‘ G JOU U U0 | l Lt ‘!Illlllll ' b L. ] G JOU SO 3 § ‘ b I !‘"Y:I":’S:FH lE
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7tV Productlon in pp collisions

* Theory explains
cross sections

PHENIX Preliminary
3 PHERIN 20005 porpeoa e X

8 b ML Dy
fOr 1 O ' W E. Aversa otal MPBZIFOGET 05
' R ca AR CTEQEM pofPEK frag
N o = Y Bualen: pspd3 pop, 2pe
=
10
-1
10

0

i
o
T T raﬂ T T T T

[ epe iisz?i sSysfemaiic error

2003/6/10 Naohito T yy )3 P 1‘(} 15 Tqa
. pGeV i)
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Summary

» Hadron structure studies are important for
— QCD studies

— FFor any physics signals in hadron related
processes -- hadron colliders

» Quark and gluon distributions and
fragmentation functions are extracted

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 26
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Polarized extension of structure studies

k’

F,and F, are measured in unpolarized cgse k e

a’:O“ :472-'? (]._“y)f%‘(;xi,q“_)hiﬁvg 2F(x,q’)
dgdy ¢ _

X . X

Partonic interpretation | P

Fo(x)= JCZ e(‘;“ [q( x)+ Z]”(X)}

In polarized case, g, and g, are measured

4M
2xg,(x, 0O’ )-~~wx vgz(rQ )

o ( );._..J; -

d*e™ " Sma’ ME 5 , Mn
dxdy  dxdy 0

g,can be written using g to a good precision

g,(x g., )=-g(x, ()) J‘OIU;W dy+ g, (x, Q)

X

Partonic interpretation &%) =7 2 |Aq(x) + A7 (x)]
24




Comparison of Unpolarized and polarized DIS
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“Proton Spin Crisis’”

. Proton spin % should be understood in terms of quark-
spin, gluon-spin and their orbital angular momentum

L s ing+ L

2 proton

AY = Au+ Ail + Ad + Ad + As + A5
- If the proton spin is fully carried by the quark-spin AX=1.0

131

However experimental data were interpreted as

AX = ()

J. Ashman ct al., Phys.Lett.B206:364,1988
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u"}(}y g}z 1 A&](’( () IE "‘“"5/@\[)()- (}\}

From g,(x) to AX

. Observables: gl x, 0%) for proton and neutron
1{4

~ AS( X, s
) | A=t 05, AD=Ad A
4 ) AS=AAS

g/ (x,0 }-‘“iji/v/(\ O +- /&f) (x, 0" )+~ A’%(x O )f

* We need to know the 18* moment of AX(x)
A3, = j‘) dx AZ(x) = f) dx (AU + AD(x) + AS(x))

» Actually we can extract AU, AD, and AS

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 30



Determination of AU, AD.and AS '

* The 1t moment of g,(x):T", I
-

=LAy e AD -

18 18 (3

€y
A TS

U f )
)

* From Octet Baryon beta
decay constant

— Neutron a, =AU = AD
— Hyperon

ay =AU +AD—=2AS

AU

0.8

i =N

g 02

L6

= e <
ey S~ - I S SR SO =Y

RRRRTARETS RIT) IETRINNY)

200¢

0.6

0.75

NaOhitu [ \t\_y“u';.un ML N

L
WERTRNEEIN (R AU |N?| L

|
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Quark spin content in the proton spin

« AUAD, and AS are extracted
AU =0.8;AD =-0.4;AS =-0.2
o => AX=0.2
* Various approaches:

— Gluon spin contribution: requires gluon sensitive
processes

— Verify quark contribution: requires flavor sensitive
processes

— Orbital angular momentum: Deeply Virtual
Compton Scattering

2003/6/10 | Naochito SAITO (Kyoto/RIKEN) .32
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Quark-Gluon Distributions

* Quark Distributions

unpalammd dxsm bmmﬂ

e} ,;-/'"""-n.,w\
(JC Q )m ‘::: J[—Ja}—%ﬁ“j + “‘::ijﬂ % ({:‘}{\)\1 —
- sw,,,,kw} ------ y & e J } o —
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Polarized Parton Distributions

» Detailed analysis of lepton scattering experiments
revealed. ..

.1t
0.4{ up (]llﬂl’k |

| v Ay , ( )L) N

sea quark

RIS
.3 ‘

Lo

Ag

T T

g

o
[

X

0.2

’’’’’

" ) ;X:6Aq5'@a (

A o . ey <24 vy
w00 Y 0.1 l el il b '

.2 o

.. down quark 4] gluon

NRE ) “'7"5"‘-«_&5“;. e F HE S

xAd

RURS

3.2
M. Hirai et al. y
hni;fnm ‘ (;‘E” o "l(;:l l ﬁx@ B 1 {HNH {14 {1 X |
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Dig out Ag(x) and Ag = £dxAg(.x)

« Current Experlments

— HERMES
» High-pT hadron pair  sesssss=="""
— RHIC Spin
¢ Prompt Photon (+ jet) "
» Jet
+ Inclusive hadron

+ Heavy flavor (Char
bottom, JAy ...) ™

-~ COMPASS

* Open Charm
* High-PT hadron pair

20083/6/10 Naohito SAITO (Kyoto/RIKEN) 35
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Prompt Photon Production: 4,,

*Gluon Compton Diminates \Sﬁ‘ ,
*small contamination from annihilation \*
*Measured quark polarization in polarized DIS %

Can be used Z
: e Ag.(x,)

g(‘f

Ay, = { ® a, (gq —>qv).
Z ¢ q,(x,)

Ko=004, [y, | =i 3n 1 1 fr b =nas
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sSensitivity Comparison

04l

3

HERMES(~2005) %

COMPASS
2.0 fb-1

4) b6 o 06 o ¢§,+RI——HCSTAR

0.2 { 100 fb-1 |,
1 AR
et E R e e

H TEST.A-N

. g T

0 s o o vt 2n w0 v

.....

(.Jf:) B

oA sm wes was mR s B

yvHet 320 pb-1

i

& f?
~GS-A

’e&\

e, \”«'}\_
vty e

T e vew pen NS W SW W wa

gluon




Jet Production

*Mixture of various processes, but very high

statisticsl

0.08 |-

,l*‘q] < 1.0

A

ACG/C

0.04 -

Ars

002"

D‘“)‘"*Q
~:-.~.-r..m !..“ T

0.00

Ve = 500 GeV

- T

C.:R%\f %TD

D‘?”l A

umnluunun-ln
G-

20

BU 40

W. 'Vogelsanvg et al.

pp(GeV/e)

Fe WA
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Hadron Production

* For example, nY production
- Considered as a result of jet fragmentation
— Easy to identify
— Mixture of processes but high statistics

Ly : C - : 1006,

S . Lo -1 0o oot
Contributions from each process 0 | A7 5 pb " and 50% p01a1 1zation
Evaluated for pp collisions | S

005 GROV-max -

L atvs=200 GeV g
g o SN\ Model 11

fref S efihT %, Ags RYEN
AR R v o Pt k'S I
o ;‘ T ('é?" ORI :

fe 003 : GREV-ald

Versus
noLp s

i t
H
¢ |

300 SR AP IS W vt et
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Kinematical Coverage

* Ag probed x-0?
regions are
compared with DIS
coverage

QE{QeWcBE

102
ﬁ

i:ff:?

10 o

1 T
| i i
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i i !
| I
Lo AT
aromng ;i% s;&;‘%;i%: 4
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i +
— i} @ ; é /
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Ve

o

ED P e e

Pp 200 GeV Only!
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Quark Polarization

* Two approaches
— Semi-inclusive DIS: next slide

— Polarized W production
* V-A nature ensure
quark polarization
* Weak charge highly
correlated with flavor

-y
1
Versus A
£

2003/6/10 Naohito SAITO (Kyoto/RIKEN)
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Semi-Inclusive DIS

Using final state hadron to tag
quark flavor

Detect ' - u probability high
Detect - = d probability high

Still maintain x and O
reconstruction

Need large O? to ensure
factorization works

Subject to precision of
fragmentation function D(z)

2003/6/10 Naohito SAITO (Kyoto/RIKEN)

42



LS
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Comparison of Sensitivity for Ag(x)

» W is sensitive to 1.0
each flavors | |

— No fragmentation

ambiguity

— x-reconstruction is
not superb _ |

- SI-DIS sensitivity e
IS good especially 0] o) Lty i
for up quark Ko S8
— Subject to b ‘
fragmenfatlon N | !E]IHJERY\IW% Seand-Inclusive \[}]fe%*f}f {"@ B
alﬂblgUIty —0.5 P (AT Data by Ang. 2000) Ie.;@i}g J -

- RHIC pp Vs = 500 GeV
£ dt = 800 pt5!

g

. . - 2 2

— x-reconstruction is - O= My
superb e (3S95L0O(A)
- BS(Ag=0)

| —~1.0 ‘ _
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Possibility for New P

e Anomalous Parity Violation o
in Jet Production
— Contact Interaction (Scale A)
e CDF A>1.8 TeV

e DO A>2.4 TeV
e RHIC Spin Reach A~3.3 TeV A,

— New Gauge Boson Z’

0.04

2003/6/10

I R

- Pp—jet X\s =500 GeV
vi<0.5, L dr = 800 pb'
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Possibility for New Physics Studies (lI)
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Summary

* Polarized studies are catching up
Unpolarized studies; some surprises

- HERMES, COMPASS, and Polarized
RHIC are producing new results

» Detailed knowledge of the spin structure of
the nucleon would open new possibilities
In Particle-Nuclear Physics

2003/6/10 Naohito SAITO (Kyoto/RIKEN) 48
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Program of the School

March 26 (Wed)

9:30 - 9:50 Registration
Beginning of School

9:50 - 10:00 Orientation
10:00 - 11:00 Ellis (1)
11:30 - 12:30 Saito (1)
Lunch

14:00 - 15:00 Ellis (2)
15:20 - 16:20 Saito (2)
16:40 - 17:40 Ellis (3)
18:00 - Discussion with refreshments
End of School
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Volume 41 — Hadron Structure from Lattice QCD — BNL-52674
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Volume 38 — RBRC Scientific Review Committee Meeting — BNL-52649

Volume 37 —~ RHIC Spin Colaboration Meeting VI (Part 2) — BNL-52660
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Volume 27 — Predictions and Uncertainties for RHIC Spin Physics & Event Generator for RHIC
Spin Physics III — Towards Precision Spin Physics at RHIC — BNL-52596

Volume 26 — Circum-Pan-Pacific RIKEN Symposium on High Energy Spin Physics — BNL-52588

Volume 25 — RHIC Spin — BNL-52581

Volume 24 — Physics Society of Japan Biannual Meeting Symposium on QCD Physics at RIKEN
BNL Research Center — BNL-52578

Volume 23 — Coulomb and Pion-Asymmetry Polarimetry and Hadronic Spin Dependence at RHIC
Energies — BNL-52589

Volume 22 — OSCAR II: Predictions for RHIC — BNL-52591

Volume 21 — RBRC Scientific Review Committee Meeting — BNL-52568

169



Additional RTIKEN BNL Research Center Proceedings:

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 35 — 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

170








