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Introduction: current status

Parton distributions are determined
by fitting various experimental data.

• electron/muon   
• neutrino 
• Drell-Yan 
• direct photon
• ...  

µ + p → µ + X
νµ + p → µ + X

µ/p + p → γ + X
p + p → µ+µ– + X

  assume parton distributions at Q0
2(~1 GeV2)

e.g. fi(x,Q0
2) = A i xα i (1 – x)β i (1 + γix)

where i = uv, dv, u, d, s, g

(1)

(3)

(2)

  then, A i , α i , β i , γi are determined
in comparison with data

 calculate structure functions
at experimental Q2 points



Available data for determining
parton distributions
(Ref. MRST, hep/ph-9803445)

HERA



Used data for MRST01
(Ref. MRST, hep/ph-0110215)

HERA



Determination of each distribution

Valence quark note: qv ≡ q – q

neutrino deep inelastic scattering

νµ

µ–

 W+

p

X

  
F3

p = F3
νp+F3

νp

2 = uv + dv if s=s, c=c

   Lµν = u(k) γµ (1 – γ5) u(k) ⋅ u(k' ) γν (1 – γ5) u(k' )Σ
spins

= 2 kµk' ν + kνk' µ – gµνk⋅k' + iεµνρσk ρk' σ

  Wµν = – W1 (g µν – qµqν

q 2 ) + W2
1

M2 (pµ – p⋅q
q 2 qµ) (pν – p⋅q

q2 qν)

– i
M W3 εµνρσ pρ qσ

  parity violation: W3 ∝ σ L – σR , F3 = νW3

  in parton model
F3

νp = 2 (d + s – u – c) , F3
νp = 2 (u + c – d – s)

   dσW ±

dE ' dΩ
= GF

2 E'2

2 π2 (1+Q2/MW
2 )2

× W2 cos2 θ
2 + 2W1 sin2 θ

2 + E+E'
M W3 sin2 θ

2

 νµ + p → µ– + X



Sea quark

e/µ scattering
 

F2
p = 4

9 x (u+u) + 1
9 x (d+d+s+s)

F2
n = 4

9 x (d+d) + 1
9 x (u+u+s+s)

 
F2

N = F2
p+F2

n

2 = 5
18 x (u+u+d+d) + 2

18 x (s+s)
 = 5
18 x V + 4

18 x S if SU(3) symmetric sea

Drell-Yan (lepton-pair production)

(q1)
q1

q2

µ–

µ+

(q2)

  dσ ∝ q(x1)q(x2) + q(x1)q(x2)

projectile target
dσ ∝ qv(x1)q(x2)

 q(x2) can be obtained if qv(x1) is known

  p1 + p 2 → µ+µ– + X

 at large xF = x1 – x2



Gluon

scaling violation of F2
  ∂

∂(ln Q2)
qi(x,Q2) = α s

2π
dy
y

x

1

Pqq
x
y q i(y,Q2) + PqG

x
y G(y,Q2)

∂
∂(ln Q2)

G(x,Q2) = α s
2π

dy
y

x

1

PGq
x
y qi(y,Q2) + PGG

x
y G(y,Q2)

direct photon
  p + p → γ + X

  q q

G γ

 
at small x ∂F2

∂(ln Q2)
≈ 10 α s

27π G



Recent unpolarized distributions
• CTEQ5, Eur. Phys. J. C12 (2000) 375

• GRV98, Eur. Phys. J. C5 (1998) 461

• MRST99, Eur. Phys. J. C14 (2000) 133
(MRST01, hep-ph/0110215)

HERA data are important for determining

small-x distributions in the nucleon.
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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.



polarized e/µ-proton scattering
→ measurement of g1

g
1

LO =
1
2

e i
2 (∆q i

i
� + ∆q i )

proton, deuteron, 3He g1 data
with isospin symmetry

→ valence and sea polarization
∆uv ,∆dv ,∆q 

∆Σ = ∆u v + ∆d v + 6 ⋅ ∆q 
quark spin content

experimentally dx
0

1

� ∆Σ (x ) ≈ 0.1 − 0.3

rest of the spin ???

status of proton-spin issue

• polarized parton distributions



Initial parton distributions

∆ fi (x,Q0
2) = Ai xαi (1+γi xλi) fi (x,Q0

2)
(i=uv , dv , q, g) Ai , αi , γi , λi : free

positivity ∆fi (x, Q 0
2 ) ≤ fi (x, Q 0

2 ), A1 ≤ 1

flavor-symmetric distributions  at initial Q0
2

first moments ηηηηuv , ηηηηdv are fixed
F = 0.463 ±±±± 0.008,  D = 0.804 ±±±± 0.008

ηηηηuv = 0.986, ηηηηdv= -0.341
γγγγuv and γγγγdv are determined so as

to satisfy these conditions.

We determine 14 parameters by theχχχχ2-fitting !

∆ u(x) = ∆d(x) = ∆s(x)

η i = ∆ f x , γ( )
x min

1

� dx ,

A uv , α uv, λ uv , A dv , α dv , λ dv ,

A
q
, α

q
, γ

q
, λ

q
, Ag, α g, γ g, λ g



χχχχ2-fitting to the data 
[proton, neutron (3He), deuteron]

which is minimized by the subroutine MINUIT

We analyzed with the following conditions.

• Unpolarized PDF GRV98
• Initial Q2 Q0

2 = 1 GeV 2

• Number of flavor Nf = 3
• ΛΛΛΛQCD ΛΛΛΛLO   = 204 MeV

ΛΛΛΛNLO = 299 MeV

χ
2

=
A 1 , i

data
− A 1 ,i

cal( )2

σ i
data( )2i�

A1 =
σ

1 / 2

T − σ
3 / 2

T

σ
1 / 2

T + σ
3 / 2

T
≈

g
1

F1

= g
1

2x(1 + R)

F2

R x, Q2( )=
FL

2xF1

=
F2 − 2xF1

2xF1

� 
� 
� � 

� 
� 



Experimental data
Target Exp. x Q2 GeV2 Data # 

EMC 0.015-0.466 3.5~29.5 10
SMC 0.005-0.480 0.25~72.07 59
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
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 1.1~5.5 8
E154 0.0174-0.5643 1.21~15.0 11

HERMES 0.033-0.464 1.22~5.25 9
Total 375
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Spin asymmetry A1
p

-0.2

0

0.2

0.4

0.6

0.8

0.001 0.01 0.1 1

A
1p

x

LO
NLO
E130
E143
EMC
SMC
HERMES

Q
2 

= 5 GeV
2

Results

Totalχχχχ2 LO    χ2/d.o.f = 0.896
NLO  χ2/d.o.f = 0.834

Total data 375
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Q2 dependence of A1
p
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Parton distributions (Q2=1 GeV2 )
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• First moments  (Q2 =1 GeV2)

• Spin content ∆Σ∆Σ∆Σ∆Σ
LO  : 0.201

NLO : 0.051

0.532-0.089-0.3410.926NLO
0.831-0.064-0.3410.926LO

∆g∆q∆dv∆uv

rather small spin content in the NLO
∆Σ=0.1~0.3 ?

→ check the antiquark distributon



Antiquark distribution ∆q
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Error estimation
Hessian method
χχχχ2(a) is expanded around its minimum a0

where Hessian matrix is defined by

εεεεij is error matrix
diagonal elements

square root of parameter errors
non-diagonal elements

correlation effects with other parameters

χ 2 (a0 + δa) = χ 2(a0 ) +
∂χ 2(a0 )

∂ai

δai
i
� +

1
2

∂2 χ 2 (a0 )
∂ai∂aj

δaiδaj
i , j
� + ⋅⋅⋅

Hij =
1
2

∂2 χ 2(a0)
∂ai∂aj

= ε ij
−1

In the χχχχ2 analysis, 1σσσσ standard error is given by

where N is the number of parameters.

Uncertainty of a distribution F(x) is given by

χ 2 (a0 + δa) − χ 2(a0 ) = δaiHijδaj
i, j
� ≈ N

δF(x)[ ]2 =
∂F(x)

∂ai

ε ij
∂F(x)
∂aji , j

�



Results                      preliminary
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- Summary -

• χ 2  analysis of available DIS data
– NLO χ 2  is significantly smaller than LO χ 2 .

→ NLO analysis is necessary.
– ∆g(x) determination is rather difficult. 

• ∆Σ∆Σ∆Σ∆Σ LO=20％％％％, ∆Σ∆Σ∆Σ∆Σ NLO=5 ~ 28%
– small-x behavior of is not uniquely 

determined.
→ need small-x measurements

polarized-HERA, eRHIC ?

• propose three AAC distributions:
LO, NLO-1 (ααααq=free), 

NLO-2 (ααααq=1.0 fixed)
– see Phys. Rev. D62 (2000) 034017,

http://spin.riken.bnl.gov/aac for the details. 

∆q (x)



Nuclear
parton  distributions

Ref.  M. Hirai, S. Kumano, M. Miyama, 

Phys. Rev. D64 (2001) 034003.

A library for nuclear parton distributions
can be obtained from

http://hs.phys.saga-u.ac.jp/nuclp.html.



• parton distributions in nuclei

Nuclear modification of F2
A / F2

D is
well known in electron/muon scattering.

 
F2

A = 1
9 x 4 uv(x) + dv(x)

A
+ 2

9 x SA(x)

shadowing original EMC finding
(binding, subnucleon?)

Fermi motion



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

A uA = Z up + N un, A dA = Z dp + N dn

Isospin symmetry: un = dp ≡ d , dn = up ≡ u

→ uA = Z u + N d
A , dA = Z d + N u

A

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

uV
A(x) = wuV

(x,A)
Z uV(x) + N dV(x)

A

dV
A(x) = wdV

(x,A)
Z dV(x) + N uV(x)

A
qA(x) = wq(x,A) q(x)
gA(x) = wg(x,A) g(x)

�

�



A dependence

ρ

R= r0A1/3

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

  roughly speaking σA = A σV + A2/3 σS

→ σA
A = σV + 1

A1/3 σS

~ 1
A1/3 dependence

“volume” “surface”
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   Functional form of wi(x,A)

fi
A(x) = wi(x,A) fi(x), i = uv, dv, q, g

first, assume the A dependence as 1/A1 / 3

then, use

wi(x,A) = 1 + (1–1/A1/3) ai+b i x+ci x2+di x3

(1 – x )β i

ai, b i, ci, di, β i: parameters to be determined
by χ 2 analysis

  
Fermi motion: 1

(1 – x )β i
→ ∞ as x→1 if β i > 0

Shadowing: wi(x→0, A) = 1 + (1–1/A1/3) ai < 1

Fine tuning: b i, c i, d i



   Constraints

• Nuclear charge

Z = A dx [ 2
3(uA –uA) – 1

3(dA – dA) – 1
3(sA – sA) ]

= A dx ( 2
3 uV

A – 1
3 dV

A)

• Baryon number

A = A dx 1
3 (uV

A + dV
A )

• Momentum

A = A dx x ( uV
A + dV

A + 6 qA + gA )

Three parameters can be determined
by these conditions.



Experimental data on F2
A/F2

D

NMC: He, Li, C, Ca
SLAC: He, Be, C, Al, Ca, Fe, Ag, Au
EMC: C, Ca, Cu, Sn
E665: C, Ca, Xe, Pb
BCDMS: N, Fe
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   Analysis conditions

• parton distributions in the nucleon
MRST98 – LO (Λ QCD=174 MeV)

• Q2 point at which the parametrized
distributions are defined: Q 2= 1 GeV2

• used experimental data: Q 2≥ 1 GeV2

• total number of data: 309

• number of flavor: nf = 3

• subroutine for the χ 2 analysis: CERN – Minuit

χ 2 = (Ri
data – Ri

calc)2

(σi
data)2Σ

i

R = F2
A

F2
D , σi

data = (σ i
sys)2 + (σ i

stat)2

→ obtained χmin
2 /d.o.f. = 583.7 / 302 (quadratic)

= 546.6 / 300 (cubic)



Analysis results
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Weight functions and
parton distributions for Ca
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Future possibilities

• Valence: F3 at ν factories
F2 at eRHIC, HERA-eA

• Antiquark: Drell-Yan at RHIC, LHC,
Fermilab

F2 at eRHIC, HERA-eA

• Gluon: direct γ etc. at RHIC, LHC
dF2/ln(Q2) at HERA-eA



Summary
   • first χ2 analysis

for the nuclear parton distributions
Computer codes could be obtained from

http://www–hs.phys.saga–u.ac. jp.

• nuclear PDFs are still premature
→ need analysis refinement

• reasonably good fit with
χmin

2 / d.o.f. = 1.93 (quad.), 1.82 (cubic)

• gA(x) ? qA(x) at medium x ?

• qV(x) in the nucleon is determined
by ν–Fe scattering at this stage

→ reinvestigate with nuclear modification

• relation to heavy–ion physics ?
• future experiments ?



Comments

on selected topics

  • flavor asymmetry ∆u – ∆d

• spin–1 structure, e.g. b 1

• neutrino factory



• Drell-Yan, semi-inclusive DIS

(from hep-ex/0103030)

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

• Gottfried sum (NMC SG = 0.235 ± 0.026)
  

SG = dx
x

0

1

[F2
µp(x) – F2

µn(x)]

= 1
3 + 2

3 dx
0

1

[u(x) – d(x)]

Fermilab E772/E866, NA51, HERMES

 u/d asymmetry



 u/d asymmetry

   • unpolarized: well established

• polarized ?
measured in the near future

W±, semi–inclusive DIS, ...

theory → unclear
(1) pQCD
(2) nonperturbative models

meson clouds, soliton,
Pauli exclusion, ...

∆u/∆d and ∆ Tu/∆Td could be appropriate
quantities for testing nonperturbative models.



Meson-cloud model
  

unpolarized : e.g. π+(ud)

� d excess : u – d < 0

  
∆q(x,Q2)

MNB
= dy

y ∆fMNB(y) ∆qM(x/y,Q2)
x

1

  
polarized : e.g. ρ+(ud)

� ∆d excess : ∆u – ∆d < 0

  ρ contribution to ∆u – ∆d

γ*

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



Status: spin-1 physics

  • e + d → e' + X

theoretical studies: some
experimental: near future (HERMES)

• p + d (e.g. p + d → µ+µ– + X)

theoretical studies: a few ...
experimental: no (fixed target ?,

RHIC ??)
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  tensor polarization
↔ longitudinal/transverse polarization

     
σσσσ (0) – σσσσ ( + 1) + σσσσ ( – 1)

2
= 3 < σσσσ > – 3

2 [ σσσσ ( + 1) + σσσσ ( – 1) ]

tensor polarization

unpolarized longitudinally or 
transversely polarized

  proton–deuteron Drell–Yan

σ(• ,0) – 1
2 [σ(• ,+1) + σ(• ,–1)]

∝ eq
2 [ f1

q(x 1) b1
q(x2) +f1

q(x1) b 1
q(x2) ]Σq

Tensor polarized distributions
could be measured. 



Role of ν measurements

new parity-violating
polarized structure functions

Polarized valence-quark and sea-quark
(strange, charm) distributions can be
investigated in detail.

  in parton model
g4+5

νp / 2x = g3
νp = – (∆d + ∆s – ∆u – ∆c)

g4+5
νp / 2x = g3

νp = – (∆u + ∆c – ∆d – ∆s)

  g3
ν(p + n) – g3

ν(p + n) = – 2 (∆s + ∆s) + 2 (∆c + ∆c)

 also νp → µ–µ+X (µ –c X, c →µ+X')

for finding s / (u +d)

  g3
νp + g3

νp = – (∆uv + ∆dv)
– (∆s – ∆s) – (∆c – ∆c)



Quark spin content at a ν factory

   e/µ scattering → ∆Σ = 0 ~ 30%
• not uniquely determined
• issue of using low–energy data

for fixing dx∆u v, dx∆dv

  g1
νp + g1

νp = (∆u + ∆u) + (∆d + ∆d)
+ (∆s + ∆s) + (∆c + ∆c)

  in LO dx (g1
νp + g1

νp) = ∆Σ

in NLO = ∆Σ – n f
α s
2π∆G

  independent determination of
quark spin content ∆Σ !

  ν scattering
g1

νp = ∆d + ∆s + ∆u + ∆c
g1

νp = ∆u + ∆c + ∆d + ∆s in parton model



Valence-quark distributions in nuclei

Nuclear modification of F3 cannot be 
investigated at this stage due to lack of 
accurate deuteron data.

accurate F3
A/F3

D data are valuable

• for determining the shadowing model

• for determining accurate nuclear parton
distributions → application to heavy-ion
physics
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Summary

  • unpolarized PDFs (parton distribution functions)

are now relatively well understood.

• polarized PDFs : q is not known at small x
→ quark spin content ?

HERA–like facility is needed.

• nuclear PDFs : only a few papers!
nuclear G(x) ? → J/ψ suppression

should be determined by ∂F2
A/∂(lnQ2)

at a HERA–like facility.

• other topics
spin–1 physics
flavor asymmetry ∆u – ∆d
neutrino factory, ...


