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| ntroduction; current status

Parton distributions are determined
by fitting various experimental data.

e electron/muon p+p - p+X

* neutrino V,+p - P+ X
e Drell-Yan D+p - PR+ X
e direct photon wp+p - y+X

(1) assume parton distributions at Qy(~1 Gev?
eg. fi(x,Q9)=A;x%(1-x)"(1+yx)
where i=u,d,0,d,39

(2) calculate structure functions
at experimental Q° points

(3) then,A.,q., B,y aredetermined
IN comparison with data



Avallable data for determining

parton distributions
(Ref. MRST, hep/ph-9803445)

Process/ Leading order | Parton behaviour probed
Experiment subprocess
DIS (uN — pX) Tq—q
Fi ppe i) per Four structure functions —
(SLAC, BCDMS, U+
NMC, E665)* d+d
u+d
DIS (vN — pX) W*q— ¢ s (assumed = 3),
FyN xFYN but only [zg(z,Q3)dz ~ 0.35
(CCFR)* and [(d —u)dr ~ 0.1
DIS (small z) Y(Z*)q — ¢ A
Fy? (H1, ZEUS)* (2 ~ 37, 39 ~ 2™)
HERA | oo CACIE
NMC, HERA
LN — ccX Y*c — ¢ c
Fs (EMC; H1, ZEUS)* (x 2 0.01; = < 0.01)
vN — ptpu=X W*s — ¢ s~ H(u+d)
(CCFR)* — ut
pN — vX a9 = 7q g at x>~ 2pp//s =
(WA70%, UAG, ET06, ...) 2 ~02—06
pN — ptu—X qq — " g=..(1—z)s
(E605, E772)*
pp,pn — ptpu~X uit, dd — v* a—d (004 <250.3)
(E866, NA51)* ud, dic — v*
E ep,en — et X 7'q — ¢ with a—d (004 S250.2) E
= | (HERMES) q=u,d,u,d -
pp > WX(ZX) ud = W u,d at x ~ My /\/s —
(UA1, UA2; CDF, D0) z~0.13; 0.05
— £+ asym (CDF)* slope of u/d at z ~ 0.05 — 0.1
pp — ttX qq, 99 — tt ¢, 9 at x 2 2my//s ~ 0.2
(CDF, D0)
pp —jet + X 99,949,949 > 2j | ¢,9 at x = 2Er/\/s —
(CDF, D0) z~0.05-0.5




Used datafor MRSTO1

(Ref. MRST, hep/ph-0110215)

HERA
Data set No. of | MRST MRST MRST MRST
data pts 0.117  0.121 J
H1 ep 400 382 386 378 377

ZEUS ep 272 254 255 258 253

BCDMS 6p 167 193 182 208 183
BCDMS 6d 155 218 211 226 219

NMC 6p 126 134 143 127 135
NMC 6d 126 100 108 95 100
SLAC ep 53 66 71 63 67
SLAC ed 54 56 67 A7 58
G665 6p 53 51 50 52 5l
E665 6d 53 61 61 61 61
CCFR F,¥ 74 8% 8 8 89

CCFR Fy N 105 107 103 112 110
NMC n/p 156 155 155 153 161
E605 DY 136 232 229 247 273

Tevatron Jets 113 170 168 167 118

Total 2097 2328 2346 2345 2337




Determination of each distribution

Valencequark note q,=q-7

neutrino deep inelastic scattering X
) !
Vytp-> p+X
W+

\Y
- g P
L* = Spizns (k) Y (1 —ys) u(k) [O(k) v’ (1 —ys) u(k’)

=2| k'K + KK — gk + igek K ]

W, =-W, (9, — “q“) VE L(p— %ﬁé'q“) (e Z?QV)

_ml W3 eu\)pc pp q

do"~ _ GeE”
dE dQ 212 (1+Q3¥M2)?

. - F+F' .
x | W, coszg + 2W, sng ¥ EME W, sng

parity violation: W, [0 -0, , F,=vW,
In parton model
Fr=2(d+s-0o-0), F’=2 (u+c—-d-53

FaP+F;P .
FP=—_-2 =u,+d, ifss c=C

2



Sea quark
e/l scattering

FP= g X (u+0) + % X (d+d+s+3)

' = g X (d+d) + l X (U+0+s+3)

p n
F' = F ZFZ = 158 X (u+o+d+d) + 5 2 5 X (st9)
= 158 XV + 148 xS if SU(3) symmetrlcsea

Drell-Y an (lepton-pair production)

0, N
P1+pP, - WU +X (QZ)M
1 i

do U q(x1)q(xz) +a(x1)a(Xy)

a large Xg =X; —X;
£% do Da,(x)ax,)
projectile target /‘

q(Xx,) can be obtained if qg,(x4) Isknown



Gluon

scaling violation of F;

a(in aQ)O'( =2 %/- P3f) AY,Q) + Pe(3) G(y,QZ)]

i Sk =5 [ dy: () G0:Q9) + Pec(3) Gy QZ)]

oF, _10aq,
a smalx Fingy ~ 27 @

)ijV
——00

direct photon -

p+p-y+X %
J——




Recent unpolarized distributions

* CTEQS, Eur. Phys. J. C12 (2000) 375
* GRV9S, Eur. Phys. J. C5 (1998) 461

« MRST99, Eur. Phys. J. C14 (2000) 133
(MRSTO1, hep-ph/0110215)

1
1N MRST99
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HERA data are important for determining

small-x distributions in the nucleon.




Polarized
parton distributions

Refs. (1) Y. Goto, N. Hayashi, M. Hirai, H. Horikawa,
S. Kumano, M. Miyama, T. Morii, N. Saito,
T.-A. Shibata, E. Taniguchi, T. Yamanishi
Asymmetry Analysis Collaboration (AAC)
Phys. Rev. D62 (2000) 034017.
(2) AAC, research in progress.

A library for polarized parton distributions

can be obtained from
http://spin.riken.bnl.gov/aac.



e polarized parton distributions

status of proton-spin issue

polarized e/u-proton scattering
— Mmeasurement of g,

1 —
0.° == 2 € (Aq; + A7)

proton, deuteron, *He g, data
with 1sospin symmetry
— valence and sea polarization
Au, ,Ad,,AQ

guark spin content
A2 = Au, + Ad, + 6 [AQ

1
experimentally [dxAZ (x)= 0.1~ 0.3

rest of the spin 77?



Initial parton distributions

AT, (xQg) = A X7 (1+ ) f, (XQ:D)
(=u,.d,, 0.0 A,a, ), A: fres

positivity |af,(x,02) < f,(x,Q2), |A,] <1

flavor-symmetric distributions at initial Q,?
Au(x) = Ad(x) = As(x)
first moments n,, , 14, arefixed
F=0.463+ 0.008, D=0.804+ 0.008

n,, = 0.986, n,=-0.341
¥, and ), aredetermined so as
to satisfy these conditions.

N, = Il Af(x,y)dx,

We determine 14 parameters by they 2-fitting !

a )\ Adv’adv’)\dv’

AUV’ uv? uv?

AaiaaivaiAaiAg1ag1 yg’ Ag



x 2fitting to the data
[proton, neutron (*He), deuter on]

T T
O il 0]
1/ 2 3/ 2 gl 2x(1+R)
A1 = ~ — = g
O'T + O'T F1 1 F2
1/ 2 3/2
F F —2XF
(R(X, QZ): L —_2 1)
2XF, 2XF

2
data cal
2 Z_gAl,i ‘Al,i)
- |
(data )2
O

which isminimized by the subroutine MINUIT

We analyzed with the following conditions.

e Unpolarized PDF GRV98

« Initial Q2 Q2=1GeV ?
« Number of flavor N;=3
* Noco N o =204 MeV

Ay o= 299 MeV



Experimental data

Target | EXxp. 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
Total 375
100
] E130(p) n
E143(p) P
o
EMC(P) e n e n 4
SMC(p) s a s 2
HERMES(p) 8 e 2 4
E143(d) a 2 ° 2 & E-A- A
104 E155(d) n D n ” -
o sMc(d) p 0 O N . 5 dﬂaﬂﬁb °
E142(n) n 2 &4 0 éﬁ Qcﬂo A Be
E154 [A] fA) é é [ | QAEQQA A JAYA
N Q2 & Ag°ﬂ L ,,.ggﬂﬁ
HERMES(n) S8 ¢ , g0 a0 ge :Oagﬂﬁa
[4) [ AN ga -. P
1) (W A n a2 a2
A °, - N » aaﬂ
(AT AN n? [ ¢ n? PAYAYAS
n AR c? ® mnl AnDOR
1 ——P —e® N N o -
0.001 0.01 0.1 1




Results
Totaly 2 LO y ?4/d.o.f =0.896
NLO yx 24/d.o.f=0.834

Total data 375

Spin asymmetry AP

1 .- 2 2 o T
0.8- LO Q =5GeV !_ /
| —NLO l;*%
» E130 .1!£b
061 | E143 . WIL
| < EMC | wﬂu
0.4+ « SMC g ”l/‘ A
— 7 \'l o llE
| s HERMES ] Lwi
] ! T, L.
0.2 | 1 # L]
: I ;' --‘ -Ii‘i
30t Gt
. E— i T I
O 2 T T T L T T T T T
0.001 0.01 0.1




08 ---LO 2 2
T Q =5GeV
06{ - E142 Neutron (3He)
s E154

04{ © HERMES

-0.2{

0.4 — —— e
0.001 0.01 0.1 11
X 1
0.8 ) )
| " LO Q' =50Gev
06] —NLO Deuteron
_ » E143 T !
| i; A
M e [ 0L
© o | . ik -I ";A i A
< 02‘ SMC ! A :: z:AA:‘E AA:!l AT
- 3 A7 3 2aaons 1
. %] & Sy e v ks /IR 4
O % 1 i‘y 'A y AIA A ill‘ ? %l lli li ]
_ *t | |
1 |
-0.21
1 A
_04- T T T T T T T T T — T T

0.001 0.01 Y



Q? dependence of AP

0.41
0.35-
0.3-
o _ 3
< 0.25]
0.2-

0.15-

— LO

— NLO

. E143

e SMC
o HERMES

.____~__~——~——"_'—-

0.5

0.1+—

Q%(GeVv?)

. 10C



Parton distributions (Q%=1 GeV?)

-0.2 ————— ————s —
0.001 0.01 0.1 1



e First moments (Q?=1GeV?)

Au Ad AQJ Ag

Vv Vv

LO 0.926 |-0.341 [-0.064 |0.831

NLO 0926 |-0.341 |-0.089 |0.532

e Spin content A
LO :0.201
NLO : 0.051

rather small spin content inthe NLO
A>=0.1~0.3 ?

— check the antiquark distributon



Antiquark distribution Aq

= 5 T T T T L | T T T T L
0.001 0.01 0.1



Error estimation

Hessian method

X?(a) isexpanded around its minimum a,

X230+ ®) = x(ao)+z“a°)da 1zaX(a°)5a5a+mm

2i] 6316
where Hessian matrix is defined by
2
_l0x(a) -
i 7 0a,0a, ”

& Iserror matrix
diagonal elements
squar e r oot of parameter errors
non-diagonal elements
correlation effectswith other parameters

In the ¥? analysis, 1o standard error isgiven by
Xz(ao + da) _Xz(ao) = ZaaiHijJaj =N
N
where N isthe number of parameters.

Uncertainty of a distribution F(x) is given by

[F O] = ZaF(X)E 0F(x)

0a ' Oa,




Results preliminary

0.57]

xAu

0.0001 0.001 0.01 0.1
X

xAd

0.0001 0.001 0.01 0.1



preliminary

0.167

0.067

-0.147]

'é‘ -0.04-;\/

-0.24
0.0001

0.001 0.01 0.1 1

X

1.57

0.0001

0.001 0.01 0.1 1

X



- Summary -

X 2 analysis of available DIS data

— NLO x 2 issignificantly smaller than LO ¥ 2.
— NLO analysisis necessary.

— Ag(x) determination is rather difficult.

e A2 =200, A% | o=5~28%
— small-x behavior of IS not uniquely
determined. AG(X)

- heed small-x measurements
polarized-HERA, eRHIC ?

e proposethree AAC distributions:
LO, NLO-1 (a,=free),
NL O-2 (a,=1.0 fixed)
— see Phys. Rev. D62 (2000) 034017,
http://spin.riken.bnl.gov/aac for the details.



Nuclear
parton distributions

Ref. M. Hiral, S. Kumano, M. Miyama,
Phys. Rev. D64 (2001) 0340083.

A library for nuclear parton distributions
can be obtained from
http://hs.phys.saga-u.ac.jp/nuclp.html.



e parton distributions in nucle ‘

Nuclear modification of F,A/F.,Pis
well known in electron/muon scattering.

FA=Llyx [4 u,(x) + dv(x)]A + 2 x SA(X)

o) 9
Fermi motion
1.3 \
® EMC (1990)
1.2-{ @ NMC (1995)
| @ SLAC (1994)
QU:, 1.1+ [ E665 (1995) - & u
e
[f]
i |
o

: original EMC finding
shadowing (binding, subnucleon?)



Nuclear parton distributions (per nucleon)
If there were no modification

Aur=ZuP+Nu", Ad*=zd"+Nd"

Isospinsymmetry: u"=d°=d, d"=uP=u

ZU+Nd dA:Zd+NU
A ’ A

—)UA:

Take into accont the nuclear modification
by the factors w;(x,A)

Z u,(x) + N d,(x)
A
Zd,(x) + N u,Xx)
A

Uz (X) = wy, (X,A)

di'(X) = wy (X,A)

q°(X) = wy(X,A) a(x)
9" (X) = Wy(x,A) g(x)



A dependence

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

A

Pl “volume’ “surface”
_R: rOA1/3_

>

roughly speaking o,=A o, +A%*oq

Op _ 1

— __O-V+WO-S

A

~ ﬁ dependence

17
0.98
0.96-
- o 0.941
LL |
~ 0.92]
<|_|_N o.9—f
: 5 5 Ag
088 x=0.5, Q°=5 GeV
0.86-
..+
0.3 0.4 0.5 0.6 0.7 0.8

1-1/AY3

0.9




Functional form of w,(x,A)

1CiA(X) = Wi(X’A) 1Ci(x)1 I=u,d,0,9
first, assume the A dependence as VA" °

then, use
wi(x,A) =1+ (1-1/A™) a+h

X+cC, x*+d, x3
(1-x)P

a, b;, ¢, d;, B;: parameters to be determined
by x2 analysis

1

Fermi motion:;
(1—x)P

L, 0 asx-1 if B;>0

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

Fine tuning: b;, Cc;, d.



Constraints

* Nuclear charge

Z=A ] ax [ Zur-0") - - - 1=~
=A [ o (Fu-4d)

e Baryon number

A = A[dx%(ué+d€)

e Momentum

A = A/dxx(u6+d6+6qA+gA)

Three parameters can be determined
by these conditions.



Experimental data on F,A/F.P

Q> (GeV?)

NMC: He, LI, C, Ca
SLAC. He, Be C, Al,Ca Fe, Ag, Au
EMC.: C, Ca Cu, on
E665: C, Ca, Xe, Pb

BCDMS:. N, Fe
500
| = NMC
SLAC
1007 QDEE
| 4 EMC ==
O
* E665 2% el
0 BCDMS . Dfi i‘
A A
10- capll
|
A tlg ..
1® N
I" s 4
1 A T
0.001 0.01 0.1



Analysis conditions
e parton distributions in the nucleon
MRST98 -LO (A cp=174 MeV)

« Q’ point at which the parametrized
distributions are defined: Q °=1 GeV?

e used experimental data: Q °> 1 GeV*
o total number of data: 309
e number of flavor: n, =3

e subroutine for the x* analysis. CERN - Minuit

Xz — Z (R?ata_ Ricalc)z

i (Q'.df’“:"")2
— FZA d 2 2
R= =5 oda = /(%)% + (o)
2

— oObtained X3,;/d.o.f. =583.7 / 302 (quadratic)
= 546.6 / 300 (cubic)



Analysisresults

1.2]
1_1_: e NMC Be
A ;
(Q\
LL
~
()]
m
(Q\
LL
08 cubic fit at F=5 GeV?
T guadratic fit
07 ' T T T w — T T
0.001 0.01 0.1

F,C/F,P

0.8

R ——— S
0.001 0.01 0.1 1




0.8
: Ca
07 ‘ T T T —
0.001 0.01 0.1
1.2
" BCDMS
| = Es7
111 4 E139
7 E140




E139
1T 5 EF140




Example of x? contributions

1.2

0.7 T L
0.001 0.01 0.1 1
1.2
| ® BCDMS A A
A E87 {

0.001 0.01 0.1 1



Weight functions and
parton distributionsfor Ca

1.2

—— cubic
= === guadratic

0.6
| 2 2
Q=1 GeV valence
gluon

AO.4——’____‘_‘~\ // ’
® | \
@) N
>< NS
~— 1. Sea \
Y024 TS

0 T T

0.001 0.01 0.1 1



Future possibilities

e \Valence: F; at v factories
F, at eRHIC, HERA-eA

o Antiquark: Drell-Yan at RHIC, LHC,
—ermilab
F a eRHIC, HERA-eA

e Gluon: directy etc. at RHIC, LHC
dF./In(Q?) at HERA-eA



Summary

o first x? analysis
for the nuclear parton distributions
Computer codes could be obtained from
http://www-hs.phys.saga-u.ac. |p

* nuclear PDFs are still premature
- nheed analysis refinement

e reasonably good fit with
X2,/ d.o.f.=1.93 (quad.), 1.82 (cubic)

e gA(X) ? g°(X) at medium x ?

* Jy(X) In the nucleon is determined
by v-Fe scattering at this stage
- reinvestigate with nuclear modification

e relation to heavy-on physics ?
o future experiments ?



Comments

on selected topics

o flavor asymmetry Ao —Ad
e spin-1 structure, e.g. b,

e neutrino factory



0/d asymmetry

e Gottfried sum (NMC S =0.235 + 0.026)

So= | OX [FP(x) — ()]

=1+2 ] dx [0(x) —d(x)]

Drell-Y an, semi-inclusive DIS

Fermilab E772/E866, NA51, HERMES

2.25 12 -
5 b ® E866/NuSea —— CTEQ5M
2 1= [ Hermes --- MRST
175 £ e T
= 0.8 —
1.5 L
E 0.6 —
. 1.25 . = -
S ' C
1 E © 04—
- ® E866/NuSea -
0.75 — O NAS5I 0.2 [
- — CTEQ5M --- CTEQ4M T
05— -- MRST  — - MRS(12) B -
Coee GRV98 0 i = .
= —— = ®
0.25 Systematic Uncertainty N i i
- ?‘zf"%ﬂv i
0 I NN T E A A N 02 T T T
0 005 0.1 015 02 025 03 0.35 0 005 01 015 02 025 03 035
X X

(from hep-ex/0103030)

see SK, Phys. Rep. 303 (1998) 183



0/d asymmetry

e unpolarized: well established

e polarized ?
measured in the near future
W*, semi-inclusiveDIS, ...

theory — unclear
(1) pQCD
(2) nonperturbative models
meson clouds, soliton,
Pauli exclusion, ...

AU/Ad and A.0/A.d could be appropriate
guantities for testing nonperturbative models.



M eson-cloud model M/
unpolarized : e.g. t*(ud)
— dexcess:u—-d<0

_ N
p contribution to At — Ad

80 e = [ F Bu¥) 80,095.Q)

polarized : eg. p*(ud)

= Adexcess: Au—-Ad<0

0.0027

0 \\
-0.002]

-0.004

-0.006

o =1.0GeV

-0.008

x [Au(x) - Ad(x)]

-0.0

-0.012

0,014 ONN4ONA

_0'0160‘ 01 02 03 04 05 06 07 08 09 1
X

Ref. SK and M. Miyama
hep-ph/0110097, Phys. Rev. D in press.



Status. spin-1 physics

—

°_é+d—>e'+X

theoretical studies: some
experimental: near future (HERMES)

—

ePp+d (eg. P+d- pp +X)
theoretical studies: afew ...

experimental: no (fixed target ?,
RHIC ??)

References
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Structure functions for spin-one hadrons

F o< (do) e>”w<

g, ocdo(T,+1)-d

e

do(+1) +dG >MN<
D

0, +

bl < dG(O) —
in parton model | qH(x,Q?) |

F =%;eiz(%+(_h) 1
9 =73 (Ch L+ qir + g Tlli)
g1 = % ZI: e’ (A% + A(-Eh)
Aq;=q;% - q7
b,= % Z e’ (5% + 5(_]1)
! +1 -1
Sqi — Clm(ﬁ _ i1+l ; i1+l




tensor polarization
~ longitudinal /transverse polarization

tensor polarization

NCPECICHELIES

=3<0>-3[a(+1)+0(-1)]
/ ; /
unpolarized longitudinally or
transversely polarized

proton-deuteron Drell-Y an
0(+.0) =5 [0 +1) + o+ ~1)]
0 2 eq [ f1(xq) byl(x,) +1Y(xy) bii(x,) ]

Tensor polarized distributions
could be measured.



Role of v measurements

d* (o — o), _ GLME, Ly y  ayM N z’yM
dxdy m 2 2F E

5 xM xyM xM

1+ — 1 —y— 14+ —
+yz(l+ E>93+( Y= 5F (L + E)94+95]}

g2

new parity-violating
polarized structure functions

In parton model
s [ 2X =g¥ = —(Ad + As—Au —AC)
g%/ 2x = g% = —(Au + Ac —Ad —A3)
93" + 93 = —(Au, +Ad,)
—(As—AS) —(Ac —AT)

P+ _gye+n = _2 (As+ A3) + 2 (Ac + AT)

Polarized valence-quark and sea-quark
(strange, charm) distributions can be

Investigated in detail.
aso Vp - |,l_|J.+X (ucX,c -uX)
for finding s/ (0 +d)




Quark spin content at av factory

e/u scattering —» AX =0~ 30%
* not uniquely determined
e issueof using low-energy data

for fixing [ &xAu,, [ &xAd,

V scattering
g =Ad+ As+ AU + AC
g =Au+Ac+Ad+As inparton model

gyP + g¥P = (Au + AU) + (Ad + Ad)
+ (As+ AS) + (Ac + AC)

inLO [ dx (g¥P + g%P) = A
inNLO = AT — N ASAG
2Tt

Independent determination of
guark spin content A2 !



Vaence-quark distributions in nuclel

Nuclear modification of F; cannot be
Investigated at this stage due to lack of
accurate deuteron data.

accurate F;A/F,P data are valuable
o for determining the shadowing model

« for determining accurate nuclear parton
distributions — application to heavy-ion

physics

shadowing or
anti-shadowing ?,

valence

. ' o ' o ' o
0.001 0.01 0.1 1

X
Phys. Lett. B354, 465 (1995)



Summary

e unpolarized PDFs (parton distribution functions)
are now relatively well understood.

e polarized PDFs: g is not known at small x
— guark spin content -
HERA-like facility is needed.

* nuclear PDFs: only afew papers!
nuclear G(x) ? — J suppression
should be determined by dF,*/0(InQ?)
a aHERA-like facility.

e Other topics
spin-1 physics
flavor asymmetry At —Ad
neutrino factory, ...



