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Why PDFs?

(1) basic interest to under stand hadron structure
e perturbative & non-perturbative QCD

e. g. spin isafundamental quantity

(7) practical purpose: to describe hadron cross sections precisely
For hadron reactions with Q%>1 GeV?, accurate PDFs are needed.
For example

e exoticeventsat largeQ  2: physics* beyond QCD”
e heavy-ionreadions : quark-gluon plasma signature

e neutrinoreactions : v+ O (neutrino properties)
...



Situation of PDFs?

(1) unpolarized PDFsin the nucleon
3 major groups (CTEQ, GRV, MRST)
— well establisned from small x to large x

(2) polarized PDFsin the nucleon

several groups
— not established

(3) PDFsin nuclel
only afew papers



| ntroduction: current status

Parton distributions are deter mined by fitting
various experimental data.

* electron/muon pH+p—->p+X

* Neutrino Vptp—->p+X
e Drell-Yan p+p—->ppu +X
e direct photon Wp+p—-y+X

(1) assume parton distributions at QZ(-1Gev?)
eg. fi(xQp)=A xu(1-x)"(1+yx)
where i =u,d, 0,d,5¢g
(2) calculate structure functions
at experimental Q® points
(3) then, A, o, P, aredetermined
INn comparison with data



Recent unpolarized distributions
see http://durpdg.dur.ac.uk/hepdata/pdf.ntml

CTEQ®6, JHEP 0207 (2002) 012; , Eur. Phys. J. C5 (1998) 461,
MRSTO02, Eur. Phys. J. C28 (2003) 455.
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Deter mination of
Polarized Parton Distribution Functions

AAC (Asymmetry Analysis Collaboration) Studies
on the polarized PDFs

Y.Goto et al., Phys. Rev. D62 (2000) 034017.
M. Hiral et al., to be submitted for publication.

http://spin.riken.bnl.gov/aac/
(Polarized PDF codes could be obtained from this site.)



e proton-spin issue
polarized e/u-proton scattering1
— measurement of g, 9;° == > €/(Aq, +Aq)

proton, deuteron, *He g, data
with isospin symmetry
— valence and sea polarization Au,,Ad,,Aq

quark spin content  AY = Au, + Ad, + 6- AQ

experimentally joldxAZ(x) ~0.1-0.3

rest of the spin ???



Paperson the polarized PDFs
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Experimental data

Target| Exp. X Q® GeV? | Data #
EMC 0.015-0.466 3.5~29.5 10
SMC 0.005-0.480 0.25~72.07 59
Proton E130 0.18-0.70 3.5~10.0 8
E143 0.022-0.847  0.28~9.53 81
HERMES  0.028-0.66 1.01~7.36 19
SMC 0.005-0.480 1.3~54.4 65
Deuteron| E143 0.022-0.847  0.28~9.53 81
E155 0.015-0.75 1.22-34.79 24
E142 0.035-0.466 1.1~55 8

Neutron [ E154 0.0174-0.5643 1.21~15.0 11
HERMES 0.033-0.464  1.22~5.25 9
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| nitial distributions
Afi(X1QS) = A X% (1 4+, xM) fi(Xng)
I=u,d,89 A, o, v, A paameters

x 2fit tothedata[p, n (3He), d] Xzzz(Aiafa—Aia‘f’)z
" (o@)?
ZX(éJrR) ~- h__F-2xF
2 2XF; 2XF;
We analyzed with the following conditions.

A1“—“%:91

e unpolarized PDF GRV98

e initial Q2 Q°=1GeV?

* number of flavor N;=3

o positivity ‘Af(x) ‘sf(x) (tobeprecise, | Ac|< o)
e antiquark flavor: A0 =Ad =As



Results

Total y 2

LO x?/d.o.f.=0.896

NLO «x24d.o.f.=0.834
Total data 375

Spin asymmetry AP
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Q2 dependence of AP

Parton distributions
(Q%=1 GeV?)
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First moments (Q2 =1 GeV?)
Au Ad AQ AgQ

Vv Vv

LO 0.926 |-0.341 |-0.064 |0.831
NLO 0926 |-0.341 |-0.089 |0.532

Spincontent AX LO :0.201 NLO: 0.051

rather small spin content in the NLO, AX=0.1~-0.3?
— check the antiquark distribution
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“Spin content” AX

AX(X

min) —

jl AZ(x) dx
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AAC studiesin progress

(Dre-analysis
with SLAC-E155 (proton)

(2) errorsof the polarized PDFs

by M. Hirai €t. al.



Results preliminary

e Total y2 New :y?(/d.o.f.)=346.33(0.900)
AQ(x)=0: y4(/d.o.f.) = 355.01 (0.922)
e First moments (Q?=1Gev? MS scheme)

Au, Ad, Aqg Ag A

New -0.062+ | 0499+ | 0.213 +
0926 | -0.341 | 0.023 1.268 0.138

Ag(x)=0 | (fixed) | (fixed) | _go54+ | 0.00 | 0259+

0.011 0.063
AACO0 -0.057x | 0532+ | 0.241 +
(NLO-2) 0.038 1.949 0.228

LSSO1 (MS) : Ag=0.680, AX=0.210

GRSVO01 . 0.427, 0.204
BB02 (SET4) :  0.931, 0.150



Proton spin asymmetry A" Treliminary!
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New resultsvs. AAC2000

e Ad,(x) Is almost the same as AAC2000
* Au,(X), Agq(x) and Ag(x) are slightly changed
by the E155 proton data

preliminary!
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Errorsof the PDFs
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reduction of the error band
due to the E155 data
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AnalysiswithA g(x)=0

The error band shrinks
due to the correlation
with Ag(x).

preliminary!

05 0.1

04]  — Ag(x) - O

. 03 === New

=
= 02
=
0.1
-0.2
0
_01 T T T T T _03 T T T T T T T T T T T T
00001  0.001 0.01 01 1 0.0001  0.001 0.01 0.1
X X
01 2
15| A9(X)=0 at 1 GeVP
0 2
. 200 GeV-
= \
- -01
-
-0.2] O]
-11
IJ3 15—
00001  0.001 0.01 01 1 00001  0.001 0.01 0.1

X X



Summary: AAC determination of the polarized PDFs

(1) 2000 version
e Q dependence of A , especially at small Q?
* positivity condition is taken into accout (unless, unphysical result: | Ac | >
e issue of Ag(x) at small and large x
AQ(X— 0) issue — the quark spin content AX
¢ The obtained PDFs are available from http://spin.riken.bnl.gov/aac/.
(2) new analysis (2003)
e include E155 (p) data, errors of the polarized PDFs
— Errors of Ag and Ag become smaller; however,
AQ and Ag are not well determined (especially Ag).
Ag error is correlated with Ag error, AX =0.213+ 0.136, Ag=0.468 =+ :
e analysiswith RHIC y pseudo-data

— Including the pseudo-datain our y 2 analysis,



Prospects

(1) new data are needed for the PDF deter mination

e fortunately, experiments are going on
JLab, RHIC-Spin, COMPASS, HERMES, ...
e these new data should lead to accur ate determing
of the polarized PDFs (bright prospects!)

(2) possibilitiesin Japan

e J-PARC (Japan Proton Accelerator Research Complex
primary proton beam: largex physics

e Neutrino Factory (also in Europe/ US)
valence polarization, spin content, strange,



Commentson polarized PDFs

In v scattering



Polarized neutrino-proton scattering (CC)

P, P A po . .
W/.Lv :(—g‘uv+—2—) F + S qv F,—i uvxo%qu 3 where p, = pﬂ—%qu

), A o
- QP s° q*(p-q s° —s-q po)
+1 € gl+| AG 0N

uvio Pp-Q (p-q)2
p‘u S\/+S pv S-q p/,L pv S-q f),u ﬁv . q‘uqv
2p-q pa? | (par W) p %

new structure functions gs;, 9,4, O
be careful about “various’ definitionsof g,, g,, gs!
d(G,(ljcz—l_Gfl:C:ﬂ) G2 Q2

e =n(1+Q5,MV%)2 {[-2,y— e —a-y)ge —yxeee] |

+2xy [l X2Y*geC + A, 2x2ngC+[1 y—xzyzl\g—ijggC

—X(l—f’y 5% szgffc X2y? gé’c]}

0 at Q&>>M?2



0, 94, §s IN parton model (CC)

Ag=q'-¢g'
0,=2X0g

gP=+Ad+As+AU+AC, g'P=+Au+AcC+Ad+AS

gP=—Ad—AS+AU+AC, ¢P=—Au—Ac+Ad+AS

'

0P +g"P=—(AuU,+Ad,)— (As— AS)—(AC—AT)
determination of valence polarization

g/ (P2 gV (P2 = _(As+ AS)+(AC+AC)




Possibilities at v factory
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Quark spin content
e/u scattering — AX = 0 ~ 30% 0-25'2 T
It isnot uniquely determined. 4% SuCe v factory
0.15: >
| 005 AS(Xpn) = [, AZ(x) dX
v matter I ng 0.0%OOOi 0.06001 0.0601 0.601 - O.bl O:l

gy + giP = (Au + AD) + (Ad + Ad)
+ (As+ AS) + (Ac + AT)

inLO f dx (g¥P + g¥P) = AS.

min

Independent deter mination of
guark spin content AX !




Deter mination of

Nuclear Parton Distribution Functions

http://hs.phys.saga-u.ac.] p/nuclp.ntml

(Nuclear PDF codes could be obtained from this site.)

Refs. (1) M. Hirai, SK, M. Miyama,
Phys. Rev. D64 (2001) 034003.
(2) to besubmitted for publication.



Pur poses

e nuclear mechanismsin the high-energy region
e heavy-ion reactions. quark-gluon plasma signature
e neutrinophyscs nuclear effectsin v+ %0

Today’stalk on

e y°analysis method, used data
e results



Nuclear modification

F =X e?x|q(x) +a(x)|,
Nuclear modification of FA/F,Pis

well known In electron/muon scattering.

Fermi motion

1.2

e EMC /
| e NMC
ML ez
=38 7 + E665
1
S
H~ 0.9
0.8
| shadowing 4 \original
I Bt LU S | EMC finding
0.001 0.01 0.1 1
sea quark’ X valence quark



Nuclear parton distributions (per nucleon)
If there were no modification
Aur=ZuP+Nu", Ad*=ZdP+Nd"

| sospin symmetry: u"=d=d, d"=uP=u
ZU+Nd dA:Zd+NU

A =
—> U A A

Takeinto accont the nuclear modification
by the factorsw,(x,A)
Zu,(x)+Nd,/(x)
A
Z d,(x) + Nu,X)
A

ui(x) = w, (X,A)

di(x) = Wy, (X,A)

g°(x) = wq(x,A) O(x)
g*(x) = wWy(x,A) 9(x)



A dependence

P

“volume’
_R: rOA1/3_

“surface”

Ref. 1. Sick and D. Day, Phys. Lett. B 274 (1992)

A

roughly speaking o6, =A o, +A%*c,
Oa _ 1

GV+WGS

~ ﬁ dependence
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Functional form of w;(x,A)

00 = wi(x,A) fi(x), i=u.da.g
first, assumethe A dependenceas 1/A*'°

then, use

- 3
wi(x,A) =1+ (1-1/A ") ai+bi(1<+c;(x) +dX

a.b.c,d, B, parametersto be determined by x 2 analysis

Fermi motion: 1 -—o00 asx—1 If ;>0
(1—-x)P

Shadowing:  w,(x—=0,A) =1+ (1-1/A") a <1

Finetuning: b, c,d.



Constraints

e Nuclear charge

2= A [ x| 2009 - 2@ - 459

=A 0dx(%u©—%d©)

[ %

e Baryon number
A= Afdx%(u§+d©)
e Momentum

A= Afdxx(u6+d’v*+6qA+gA)

Threeparameterscan be deter mined by these conditions.



Experimental data

(1) FA/FP

NMC: “He Li, C, Ca

SLAC: “He, Be, C, Al, Ca,
Fe, Ag, Au

EMC: C, Ca, Cu, S

E665: C, Ca, Xe, Pb

BCDMS:. N, Fe

HERMES: °3He, N, Kr

(9 FAIFA
NMC: Be/C, Al/C, CalC,
Fe/C, Sn/C, Pb/C,
C /Li, CallLi

(B) o/ O™
E772: C /D, Ca/D, Fe/D, W/D
E866: Fe/Be, W /Be

Q* (Gev?)
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Analysisconditions

e parton distributionsin the nucleon
MRSTO1-LO (Aqcp=220MeV)

e Q° point at which the parametrized PDFsaredefined: Q =1 GeV”

e used experimental data: Q > 1 GeV?
e total number of data: 1106

761 (F,IFY) + 293 (F/FS) + 52 (Drell-Yan)

e subroutinefor they? analysis CERN - Minuit

g (R R’
X i (G_data) 2
_F F oy

T D! Al A

— 2 2
of = /(679 + (07




Analysisresults small nucle
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medium-size nuclg
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lar ge nuclel
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B B°

FAIFA
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Drell-Yan
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Nuclear correctionsfor Ca

Ca/ Nucleon
1.2
valence
1.1
1 SR \
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Comments on

Future Experimental Studies
of Nuclear PDFs



Valencequark — J[FN+FyN] .= u,+d,

w(Ca x)

1.0
2] valence | Fe/Dratios
1.1 N 0.5
L / \ ] _ : {
F// \j 3 06 ’ {
0.9 < ' }
] < 1 )
0.8 0.4 ]
- < > | |
0.77
. v factory, NuM| 0.2
%001 o001 ) 01 o NuMI proposal

e test of shadowing models
F5 (valence) vs. F, (sea) shadowing

e accurate deter mination of nuclear PDFs



es=(p;+P)° RHIC: vs=0.2 TeV
LHC: vsS=55 TeV

e pQCD: Q*>afew GeV?

vmye o1 _
& 2 555=0.005 RHIC

1 _
> EEQ0 0.0002 LHC

X =




1.2

Antiquark distributions Ali’/amqy,a\rk\J
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e ]
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Gluon distributions

w (Ca, X)




Summary

(1) x?analysisfor the nuclear PDFs

Computer codes could be obtained from
http://hs.phys.saga-u.ac.jp/nuclp.ntml.

(2) Nuclear PDF studiesare still premature.
— analysisrefinements
— experimental effors:

RHIC, LHC, eRHIC, JPARC, v factory, ...



