


Part I	



Tensor structure of deuteron	



in terms of quark and gluon	



degrees of freedom 	







Introduction	







(1)  Neutron information
     •  Polarized PDFs in the neutron 

(2)  New structure functions
     •  Tensor structure function b1

          →  (1)  Test of our hadron description in another spin
                 (2)  Description of tensor structure in terems of
                        quark-gluon degrees of freedom

(3)  Asymmetries in polarized light-antiquark distributions
     •  Δu / Δd ,  ΔTu / ΔTd



Naïve Quark Model	



Almost none of nucleon spin	


is carried by quarks!	



Sea-quarks and gluons?	

 Orbital angular momenta ?	



Nucleon spin crisis!?	



only S wave	

 S + D waves	



Tensor-structure crisis!?	







Hoodbhoy-Jaffe-Manohar (1989)	



Motived by the following works.	



Polarized deuteron acceleration at RHIC:	


E. D. Courant, Report BNL-65606 (1998)	



HERMES measurement on b1 (2005)	



Future possibilities 	


at JLab, J-PARC, RHIC, …	



JLab PAC-38 proposal, PR12-11-110, 	


J.-P. Chen et al.  (2011).	





Wµν = −F1gµν + F2

pµ pν
ν

+ g1
i
ν
εµνλσq

λsσ + g2
i
ν 2 εµνλσq

λ p ⋅ qsσ − s ⋅ qpσ( )
         − b1rµν +

1
6
b2 sµν + tµν + uµν( ) + 1

2
b3 sµν − uµν( ) + 1

2
b4 sµν − tµν( )

rµν = 1
ν 2 q ⋅ E∗q ⋅ E − 1

3
ν 2κ⎛

⎝⎜
⎞
⎠⎟ gµν  ,     sµν = 2

ν 2 q ⋅ E∗q ⋅ E − 1
3
ν 2κ⎛

⎝⎜
⎞
⎠⎟
pµ pν
ν

tµν = 1
2ν 2 q ⋅ E∗ pµEν + q ⋅ E

∗ pνEµ + q ⋅ EpµEν
∗ + q ⋅ EpνEµ

∗ − 4
3
ν pµ pν

⎛
⎝⎜

⎞
⎠⎟

uµν = 1
ν
Eµ

∗Eν + Eν
∗Eµ +

2
3
M 2gµν −

2
3
pµ pν

⎛
⎝⎜

⎞
⎠⎟

ν = p ⋅ q,   κ = 1+ M 2 Q2 ν 2 ,   E2 = −M 2 ,   sσ = − i
M 2 ε

σαβτ Eα
∗Eβ pτ

P. Hoodbhoy, R. L. Jaffe, and A. Manohar, NP B312 (1989) 571.	


[ L. L. Frankfurt and M. I. Strikman, NP A405 (1983) 557. ]	



Note:  Obvious factors from qµWµν =  qνWµν = 0 are not explicitly written.

spin-1/2, spin-1

spin-1 only

2xb1 = b2  in the scaling limit ~ O(1)

b3 ,  b4 = twist-4 ~ M
2

Q2

Eµ =  polarization vector

b1 ,⋅ ⋅ ⋅,  b4  tems are defined so that 
they vanish by spin average.

b1 ,  b2  tems are defined to satisfy
2xb1 = b2  in the Bjorken scaling limit.



Calculate W µν  in hadron models  →  need to extract structure functions b1,  b2,  ⋅ ⋅ ⋅
Projection operators are needed to extract them from the calculated W µν .
For F1  and F2 , they are well known: 

         F1 = − 1
2
g µν − κ −1

κ
pµ pν

M 2
⎛
⎝⎜

⎞
⎠⎟
Wµν ,    F2 = − x

κ
g µν − κ −1

κ
3pµ pν

M 2
⎛
⎝⎜

⎞
⎠⎟
Wµν ,   κ = 1 + Q

2

ν 2

Try to obtain projections
in a spin-1 hadron by combinations of 

        gµν ,   p
µ pν

M 2 ,  ε µναβqαsβ , ... 

Results on a spin-1 hadron 

Bjorken scaling limit

F1 =
1
2x
F2 = −

1
2
gµν 1
3
δλ f λi

Wµν
λ f λi

g1 = −
i
2ν

ε µναβqαsβδλ f 1δλi 1Wµν
λ f λi

b1 =
1
2x
b2 =

1
2
gµν δλ f 1δλi 1 − δλ f 0δλi 0( )Wµν

λ f λi

For the details, see 	


T.-Y. Kimura and SK, PRD 78 (2008) 117505.	





F1 ∝ dσ

g1 ∝ dσ ↑,+1( ) − dσ ↑,−1( )

b1 ∝ dσ 0( ) − dσ +1( ) + dσ −1( )
2

q↑
H x,Q2( )⎡⎣ ⎤⎦

F1 =
1
2

ei
2

i
∑ qi + qi( ) qi =

1
3
qi

+1 + qi
0 + qi

−1( )

g1 =
1
2

ei
2 Δqi + Δqi( )

i
∑ Δqi = qi↑

+1 − qi↓
+1

b1 =
1
2

ei
2 δTqi + δTqi( )

i
∑ δTqi = qi

0 −
qi
+1 + qi

−1

2

note:  σ (0) − σ (+1) + σ (−1)
2

= 3 σ −
3
2

 σ (+1) + σ (−1)[ ]



 
dxb1(x) = dimensionless∫  QM 2   ???

M = hadron mass Q = quadrupole moment

↔
dxb1

D (x)∫ = dx 4
9

δuD + δuD( ) + 19 δdD + δ d D + δsD + δ sD( )⎡
⎣⎢

⎤
⎦⎥∫

=
5
9
dx δuv (x) + δuv (x)[ ]∫ +

1
9

δQ + δQ( )sea

ΓH ,H = p,H J0 (0) p,H = ei dx qi↑
H + qi↓

H − qi↑
H − qi↓

H⎡⎣ ⎤⎦∫
i
∑

1
2

Γ 0,0 −
1
2

Γ1,1 + Γ−1,−1( )⎡
⎣⎢

⎤
⎦⎥
= ei dx δqD − δ qD⎡⎣ ⎤⎦∫

i
∑ =

1
3
dx δuv (x) + δdv (x)[ ]∫

dx
                             

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟∫

q→ 0

δQ + δQ( )sea
= dx 5 δu + δu + δdD + δ d D( ) + 2 δsD + δ sD( )⎡

⎣
⎤
⎦∫ sea

F.E.Close and SK, 	


PRD42, 2377 (1990).	





dxb1
D (x) = 5

6
Γ 0,0 −

1
2

Γ1,1 + Γ−1,−1( )⎡
⎣⎢

⎤
⎦⎥
+
1
9

δQ + δQ( )sea∫

Γ 0,0 = limt→0
Fc (t) −

t
3M 2 FQ(t)

⎡
⎣⎢

⎤
⎦⎥

Γ+1,+1 = Γ−1,−1 = limt→0
Fc (t) −

t
6M 2 FQ(t)

⎡
⎣⎢

⎤
⎦⎥

dx∫ b1
D (x) = lim

t→0
−
5
12

t
M 2 FQ(t) +

1
9

δQ + δQ( )sea
⇒ lim

t→0
−
5
12

t
M 2 FQ(t)

dx
x
F2
p (x) − F2

n(x)⎡⎣ ⎤⎦∫ =
1
3
dx uv − dv[ ]∫ +

2
3
dx u − d⎡⎣ ⎤⎦∫

t→ 0

If the sum-rule violation	


is shown by experiment,	


it suggests antiquark 	


tensor polarization. 	



Note:  FQ (t) in the unit of 1
M 2



Polarized electron-deuteron	



deep inelastic scattering	







deuteron	

positron	



27.6 GeV/c	

  ,  0

b1  measurement in the kinematical region
0.01 < x < 0.45,   0.5 GeV2 < Q2 < 5 GeV2

b1  sum rule

dx
0.002

0.85

∫  b1(x) = 1.05 ± 0.34(stat) ± 0.35(sys)[ ] × 10−2

        at  Q2 = 5 GeV2

In the restricted Q2  range Q2 > 1 GeV2

dx
0.02

0.85

∫  b1(x) = 0.35 ± 0.10(stat) ± 0.18(sys)[ ] × 10−2

        at  Q2 = 5 GeV2

dx∫ b1
D (x) = lim

t→0
− 5

12
t
M 2 FQ (t)+ 1

9
δQ + δQ( )sea

= 0 ?

dx
x
F2
p (x)− F2

n (x)⎡⎣ ⎤⎦∫ = 1
3
dx uv − dv[ ]∫ + 2

3
dx u − d⎡⎣ ⎤⎦∫ ≠ 1 / 3

A. Airapetian et al. (HERMES), PRL 95 (2005) 242001.	



Drell-Yan experiments probe	


these antiquark distributions.	





↔dx
                             

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟∫

q→ 0 F.E.Close and SK, 	


PRD42, 2377 (1990).	



dx b1
D (x)∫ = 5

18
dx δTuv + δT dv[ ]∫ + 1

18
dx 8δTu

D + 2δT d
D + δT s

D⎡⎣ ⎤⎦∫

ΓH ,H = p,H J0 (0) p,H = ei dx qi↑
H + qi↓

H − qi↑
H − qi↓

H⎡⎣ ⎤⎦∫
i
∑

1
2

Γ 0,0 −
1
2

Γ1,1 + Γ−1,−1( )⎡
⎣⎢

⎤
⎦⎥
= 1
3
dx δTuv (x)+ δT dv (x)[ ]∫

Γ 0,0 = lim
t→0

Fc (t)−
t
3
FQ (t)⎡

⎣⎢
⎤
⎦⎥

,    Γ+1,+1 = Γ−1,−1 = lim
t→0

Fc (t)+
t
6
FQ (t)⎡

⎣⎢
⎤
⎦⎥

1
2

Γ 0,0 −
1
2

Γ1,1 + Γ−1,−1( )⎡
⎣⎢

⎤
⎦⎥
= − lim

t→0

t
2
FQ (t)

dx∫ b1
D (x) = 5

9
3
2

Γ 0,0 −
1
2

Γ1,1 + Γ−1,−1( )⎡
⎣⎢

⎤
⎦⎥
+ 1

18
dx 8δTu

D + 2δT d
D + δT s

D⎡⎣ ⎤⎦∫
                = − 5

6
lim
t→0
tFQ (t)+ 1

18
dx 8δTu

D + 2δT d
D + δT s

D⎡⎣ ⎤⎦∫
                = 0 (valence)+ 1

18
dx 8δTu

D + 2δT d
D + δT s

D⎡⎣ ⎤⎦∫
Constraint on tensor-polarized

valence quarks:  dx∫ δT qv (x) = 0

Intuitive derivation without calculation:

dxb1 (x)∫ =  dimensionless quantity
          =  (mass)2 ⋅ (quadrupole moment)



Assume flavor-symmetric antiqurk distributions:  δq D ≡ δuD = δd D = δ sD = δ s D

   b1
D (x)LO = 1

18
4δTuv

D (x)+ δT dv
D (x)+ 12 δT q

D (x)⎡⎣ ⎤⎦

   At  Q0
2 = 2.5 GeV2 ,    δT qv

D (x,Q0
2 ) = δTw(x)qv

D (x,Q0
2 ),    δT q

D (x,Q0
2 ) = α qδTw(x)q D (x,Q0

2 )
             Certain fractions of quark and antiquark distributions are tensor polarized and 
             such probabilities are given by the function δTw(x) and an additional constant α q  
             for antiquarks in comparison with the quark polarization.

   b1
D (x,Q0

2 )LO = 1
18

4δTuv
D (x,Q0

2 )+ δT dv
D (x,Q0

2 )+ 12δT q
D (x,Q0

2 )⎡⎣ ⎤⎦

        = 1
36

δTw(x) 5 uv (x,Q0
2 )+ dv (x,Q0

2 ){ } + 4aq 2u(x,Q0
2 )+ 2d (x,Q0

2 )+ s(x,Q0
2 )+ s (x,Q0

2 ){ }⎡⎣ ⎤⎦

                  δTw(x) = axb (1− x)c (x0 − x)

Two types of analyses
     Set 1:  δT q

D (x) = 0  Tensor-polarized antiquark distributions are terminated  (α q = 0),

     Set 2:  δT q
D (x) ≠ 0  Finite tensor-polarized antiquark distributions are allowed  (α q ≠ 0).



 

(1)   Tensor-polarized valence quarks:  dx∫ δTqv(x)= 0

(2)   Standard convolution approach

Convolution model:  AhH ,hH (x) = dy
y∫ fs

H

s
∑ (y)Âhs ,hs (x / y) ≡ fs

H

s
∑ (y)⊗ Âhs ,hs (y)

               AhH , ′h ′H = ε ′h
*µWµν

′H Hεh
ν ,     b1 = A+0,+0 −

A++ ,++ + A+− ,+−

2
     

               Â+↑,+↑ = F1 − g1 ,              Â+↓,+↓ = F1 + g1

b1 = A+0,+0 −
A++ ,++ + A+− ,+−

2
= dy

y∫ f 0 (y)− f
+ (y)+ f − (y)

2
⎡

⎣
⎢

⎤

⎦
⎥

s
∑ F1 (x / y)     where  f H (y) ≡ f↑

H (y)+ f↓
H (y)

               Momentum distribution of a nucleon:  f H (y) = d 3 p φ H ( p)∫
2
δ y −

E + pz
M

⎛
⎝⎜

⎞
⎠⎟

               D-state admixture:    φ H ( p) = φ H ( p)=0 cosα + φ H ( p)=2 sinα
                                                            = cosα  ψ 0 (p)Y00 ( p̂)χH + sinα 2mL :1mS 1H

mL
∑ ψ 2 (p)Y2mL ( p̂)χmS

Numerical estimates indicate 

the oscillatory function with dx∫ b1 (x) = 0.

D	


N	



q	



γ *	



x



Two-types of fit results:

•  set-1:   χ 2 / d.o.f. = 2.83
    Without δTq ,  the fit is not good enough.

•  set-2:   χ 2 / d.o.f. = 1.57
    With finite δTq ,  the fit is reasonably good.

Obtained tensor-polarized distributions
δT q(x),  δT q(x) from the HERMES data.

→ They could be used for
        •   experimental proposals,
        •   comparison with theoretical models.

Finite tensor polarization for antiquarks:
     dxb10

1

∫ (x) = 0.058

                     = 1
9

dx
0

1

∫ 4δTu(x)+ δT d (x)+ δT s (x)⎡⎣ ⎤⎦



(1)  The tensor-polarized distributions: δTq(x),  δTq(x) 
       were obtained from the HERMES data on b1.

(2)  Finite tensor polarization was obtained 
       for antiquarks:  dx∫ δTq(x) ≠ 0.

Physics mechanism of  δTq(x)  ?



Drell-Yan 	



with polarized deuteron	



M. Hino and SK, Phys. Rev. D59 (1999) 094026.	


M. Hino and SK, Phys. Rev. D60 (1999) 054018.	


SK and M. Miyama, Phys. Lett. B497 (2000) 149.	





c.m.	


frame 	



 

QT

 

After integration over 

QT

(or  

QT → 0)

See Ref. PRD59 	


   (1999) 094026.	





dσ =
1

4 PA ⋅ PB( )2 − MA
2MB

2
2π( )4 δ 4

X
∑

S
l−
S
l+

∑ PA + PB − kl+ − kl− − PX( )  l+l−X T AB
2 d 3kl+

2π( )3 2El+

d 3kl−
2π( )3 2El−

l+l−X T AB = u kl− ,λl−( )eγ µυ kl+ ,λl+( ) gµν

kl+ + kl−( )2
X eJν 0( ) AB

dσ
d 4QdΩ

=
α 2

2sQ4
LµνW

µν

W µν ≡
d 4ξ
2π( )4

eiQ⋅ξ PASAPBSB J
µ 0( ) Jν ξ( )∫ PASAPBSB

Possible vectors to expand Wμν 	


• Xµ = PA

µQ2Z ⋅ PB − PB
µQ2Z ⋅ PA

          + Qµ Q ⋅ PB Z ⋅ PA − Q ⋅ PA Z ⋅ PB( )
• Yµ = ε µαβγ PAαPBβQγ

• Zµ = PA
µQ ⋅ PB − PB

µQ ⋅ PA

W µν( )QT =0
= −gµνA −

ZµZν

Z2 ′B + Z {µTA
ν }C + Z {µTB

ν }D + Z {µSAT
ν } E + Z {µSBT

ν } F − SBT
µ SBT

ν ′G − SAT
{µSBT

ν } ′H

    + TA
{µSBT

ν } ′I + SBT
{µTB

ν }J + QµQνK + Q {µZν }L + Q {µSAT
ν } M + Q {µSBT

ν } N + Q {µTA
ν }O + Q {µTB

ν }P

Expand Wμν by possible combinations	



 

Qµ = photon  momentum

QT 
<

1
R
 hard scale,     R = hadron size

As QT → 0,   Xµ = Yµ → 0

T µ = ε µαβγ SαZβQγ                Q {µZν } ≡ QµZν + QνZµ



Use current conservation:  QµW
µν = 0

W µν( )QT =0 = − gµν −
QµQν

Q2
⎛
⎝⎜

⎞
⎠⎟
A −

ZµZν

Z2
−
1
3
gµν −

QµQν

Q2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥B + Z {µTA

ν }C + Z {µTB
ν }D + Z {µSAT

ν } E + Z {µSBT
ν } F

− SBT
µ SBT

ν −
1
2
SBT ⋅ SBT gµν −

QµQν

Q2
−
ZµZν

Z2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥G − SAT

{µ SBT
ν } − SAT ⋅ SBT gµν −

QµQν

Q2
−
ZµZν

Z2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥H

+ TA
{µSBT

ν } − TA ⋅ SBT gµν −
QµQν

Q2
−
ZµZν

Z2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥ I + SBT

{µTB
ν }J

 

A = ′A1 +
MAMB

sZ2
Z ⋅ SA Z ⋅ SBA2 − SAT ⋅ SBT A3 +

8MB
2 Z ⋅ SB( )2

s2 Q ⋅ PB( )2
′A4 +

MB

Z2Q ⋅ PB
Z ⋅ SB TA ⋅ SBT A5

= A1 +
1
4
λAλBA2 +


SAT


SBT cos φA − φB( )A3 + 23 2


SBT

2
− λB

2( )A4 + λB

SAT


SBT sin φA − φB( )A5

 

•

Z = 0,0,


Z( )                                    •


k =

k sinθ cosφ , sinθ sinφ , cosθ( )

•

SAT =


SAT cosφA , sinφA ,0( )            •


SBT =


SBT cosφB , sinφB ,0( )

•

TA = Q


Z

SAT sinφA ,− cosφA ,0( )   •


TB = Q


Z

SBT sinφB ,− cosφB ,0( )

• SA
µ = λA PA

µ MA + SAT
µ − δ−

µ λAMA PA
+( )

• SB
µ = λB PB

µ MB + SBT
µ − δ+

µ λBMB PB
−( )

• ST
µ = gµν −

QµQν

Q2
−
ZµZν

Z2
⎛
⎝⎜

⎞
⎠⎟
Sν

• T µ = ε µαβγ SαZβQγ

 a
µ = [a− ,  a+ ,  aT ],   a± = (a0 + a3 ) / 2

 δ+
µ = [0,  1,  


0T ],   δ−

µ = [1,  0,  

0T ]

The coefficients A,  B, ... still contain spin
factors in scalar and pseudoscalar forms. 

Expand B,  C,  ⋅ ⋅ ⋅   in the same way ⋅ ⋅ ⋅



 

B = B1 +
ZµZν

sZ2
Z ⋅ SA Z ⋅ SBB2 − SAT ⋅ SBTB3 −

8MB
2 Z ⋅ SB( )2

s2 Q ⋅ PB( )2
+
4
3
SB
2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
B4 +

MB

Z2Q ⋅ PB
Z ⋅ SB TA ⋅ SBTB5

= B1 +
1
4
λAλBB2 +


SAT


SBT cos φA − φB( )B3 + 23 2


SBT

2
− λB

2( )B4 + λB

SAT


SBT sin φA − φB( )B5

 

C = −
1
QZ2

C1 −
8MB

2 Z ⋅ SB( )2
s2 Q ⋅ PB( )2

+
4
3
SB
2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
C2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
= +

1
Q |

Z |2

C1 +
2
3
2

SBT

2
− λB

2( )C2⎡
⎣⎢

⎤
⎦⎥

 

D = −
1
QZ2

D1 +
MAMB

sZ2
Z ⋅ SA Z ⋅ SBD2 − SAT ⋅ SBTD3

⎡
⎣⎢

⎤
⎦⎥
= +

1
Q

Z
2 D1 +

1
4
λAλBD2 +


SAT


SBT cos φA − φB( )D3⎡

⎣⎢
⎤
⎦⎥

 
E =

QMB

Z2Q ⋅ PB
Z ⋅ SBE1 = −

1

Z
λBE1

 
F = −

QMA

Z2Q ⋅ PA
Z ⋅ SAF1 +

QMB

Z2Q ⋅ PB
Z ⋅ SBF2 −

1
Z2Q

TA ⋅ SBT ′F3 = −
1

Z

λAF1 + λBF2 +

SAT


SBT sin φA − φB( )F3⎡⎣ ⎤⎦

 
G = 2G1 , H = H1 , I = −

MB

Z2Q ⋅ PB
Z ⋅ SBI1 =

λB
Q

Z
I1 , J = −

MA

Z2Q ⋅ PA
Z ⋅ SAJ1 =

λA
Q

Z
J1

Expand B,  C,  ⋅ ⋅ ⋅   in the same way



 

dσ
d 4Q  dΩ

=
α 2

2sQ2 2 W0,0 +
1
4
λAλBV0,0

LL +

SAT


SBT cos φA − φB( )V0,0

TT⎡
⎣⎢

⎧
⎨
⎩

+
2
3

2

SBT

2
− λB

2( )V0,0
UQ0 +


SAT λB


SBT sin φA − φB( )V0,0

TQ1 ⎤
⎦⎥

+
1
3
− cos2θ⎛

⎝⎜
⎞
⎠⎟
W2,0 +

1
4
λAλBV2,0

LL +

SAT


SBT cos φA − φB( )V2,0

TT⎡
⎣⎢

+
2
3

2

SBT

2
− λB

2( )V2,0
UQ0 +


SAT λB


SBT sin φA − φB( )V2,0

TQ1 ⎤
⎦⎥

+2sinθ cosθ sin φ − φA( ) SAT U2,1
TU +

2
3

2

SBT

2
− λB

2( )U2,1
TQ0⎛

⎝⎜
⎞
⎠⎟

⎡
⎣⎢

+ sin φ − φB( ) SBT U2,1
UT +

1
4
λAλBU2,1

LQ1⎛
⎝⎜

⎞
⎠⎟

            + sin φ + φA − 2φB( ) SAT

SBT U2,1

TQ2 + cos φ − φA( ) SAT λBU2,1
TL + cos φ − φB( ) SBT λAU2,1

LT + λBU2,1
UQ1( )⎤⎦

+ sin2θ cos 2φ − 2φB( ) SBT
2
U2,2
UQ2⎡

⎣ + cos 2φ − φA − 2φB( ) SAT

SBT U2,2

TT

     + sin 2φ − φA − 2φB( ) SAT λB

SBT U2,2

TQ1 + sin 2φ − 2φB( )λA

SBT

2
U2,2
LQ2 ⎤

⎦}

spin-1/2, spin-1
spin-1 only

A1 =W0,0 , A2 = V0,0
LL , A3 = V0,0

TT , A4 = V0,0
UQ0 , A5 = V0,0

TQ1 ,
B1 =W2,0 , B2 = V2,0

LL , B3 = V2,0
TT , B4 = V2,0

UQ0 , B5 = V2,0
TQ1 ,

C1 = U2,1
TU , C2 = U2,1

TQ0 ,   D1 = U2,1
UT , D2 = U2,1

LQ1 , D3 = U2,1
TQ2 ,

E1 = U2,1
TL ,  F1 = U2,1

LT ,     F2 = U2,1
UQ1 ,

H1 = U2,2
TT ,    G1 = U2,2

UQ2 ,    I1 = U2,2
TQ1 , J2 = U2,2

LQ2

W          for unpolarized structure functions
V,  U     for polarized structure functions

 

Q0    for the term  3cos2θB − 1  Y20

Q1                         sinθB cosθB  Y21

Q2                         sin2θB          Y22

d∫ Ω  YL,M
dσ

d 4Q  dΩ
∝WL,M

 
λB =


SB cosθB ,   


SBT =


SB sinθB



σ , ALL , ATT , ALT , AT

σ , ALL , ATT ,  ALT ,  ATL ,
AUT , ATU , AUQ0

, ATQ0
, AUQ1

,
ALQ1

,    ATQ1
,   AUQ2

, ALQ2
, ATQ2

pp Drell-Yan	



pd Drell-Yan	





q in A( ) + q in B( )→ l+ + l−

• Φa A PASA;ka( )ij ≡
d 4ξ
2π( )4 e

ika ⋅ξ PASA ψ j
a( ) 0( )∫  ψ i

a( ) ξ( ) PASA

• Φa B PBSB;ka( )ij ≡
d 4ξ
2π( )4 e

ika ⋅ξ PBSB ψ i
a( ) 0( )∫  ψ j

a( ) ξ( ) PASA

 

•W µν =
1
3

δ baea
2 d 4ka∫a,b∑ d 4kbδ

4 ka + kb − Q( )Tr Φa A PASA;ka( )γ µΦb B PBSB;kb( )γ ν⎡⎣ ⎤⎦

= −
1
3

δ baea
2 d 2


kaTd

2

kbT∫a,b∑ δ 4


kaT +


kbT −


QT( )

× Φa A γ +⎡⎣ ⎤⎦Φb B γ −⎡⎣ ⎤⎦ + Φa A γ +γ 5⎡⎣ ⎤⎦Φb B γ −γ 5⎡⎣ ⎤⎦( ){ gT
µν

+Φa A iσ
i+γ 5⎡⎣ ⎤⎦Φb B iσ

j−γ 5⎡⎣ ⎤⎦ gTi
{µgTj

ν } − gTij gT
µν( )} + O 1

Q
⎛
⎝⎜

⎞
⎠⎟

The details are in PRD60  (1999) 054018.	



4 γ µ( ) jk γ ν( )li = 1 ji1lk + iγ 5( ) ji iγ 5( )lk − γ α( ) ji γ α( )lk − γ αγ 5( ) ji γ αγ 5( )lk⎡
⎣ +

1
2
iσαβγ 5( ) ji iσαβγ 5( )lk ⎤⎦⎥ g

µν

                  + γ {µ( ) jk γ ν }( )li + γ {µγ 5( ) ji γ ν }γ 5( )lk + iσ α {µγ 5( ) ji iσ ν }γ 5( )lkΦa A Γ[ ] ≡ 12 dk−Tr∫ ΓΦa A⎡
⎣

⎤
⎦

Φb B Γ[ ] ≡ 12 dk+Tr∫ ΓΦb B⎡
⎣

⎤
⎦

Φa A( )ij γ µ( ) jk Φb B( )kl γ ν( )li
We use Fierz transformation for γ µ( ) jk γ ν( )li
so that the index summations are taken
separately in hadrons A and B.



unpolarized:  qa ,                           longitudinally polarized:  Δqa ,
transversely polarized:  ΔT qa ,     tensor polarized:  δqa

dσ
dxAdxBdΩ

=
α 2

4Q2
1 + cos2θ( ) 13 ea

2 qa xA( )qa xB( ) + qa xA( )qa xB( )⎡⎣ ⎤⎦
a
∑

Unpolarized cross section	



Spin asymmetries	



ALL =
ea
2 Δqa xA( )Δqa xB( ) + Δqa xA( )Δqa xB( )⎡⎣ ⎤⎦a∑
ea
2 qa xA( )qa xB( ) + qa xA( )qa xB( )⎡⎣ ⎤⎦a∑

ATT =
sin2θ cos 2φ( )
1 + cos2θ

ea
2 ΔTqa xA( )ΔTqa xB( ) + ΔTqa xA( )ΔTqa xB( )⎡⎣ ⎤⎦a∑

ea
2 qa xA( )qa xB( ) + qa xA( )qa xB( )⎡⎣ ⎤⎦a∑

AUQ0 =
ea
2 qa xA( )δqa xB( ) + qa xA( )δqa xB( )⎡⎣ ⎤⎦a∑
ea
2 qa xA( )qa xB( ) + qa xA( )qa xB( )⎡⎣ ⎤⎦a∑ ALT = ATL = AUT = ATU = ATQ0 = AUQ1

= ALQ1 = ATQ1 = AUQ2 = ALQ2 = ATQ2 = 0
Advantage of the hadron reaction  (δq  measurement)

AUQ0 large xF( ) ≈ ea
2qa xA( )δqa xB( )a∑
ea
2qa xA( )qa xB( )a∑

Note:  δ ≠ transversity in my notation



 

•  108 (48) structure functions exist in the pd  (pp) Drell-Yan

•  22 (11) structure functions by the 

QT  integration or by the 


QT → 0 limit

•  New polarized structure functions →  associated with the tensor structure

•  Tensor polarizations and spin asymmetries

•  Only 4 structure functions are finite in the parton model

•  The tensor distributions δq and δq  can be measured by AUQ0

•  The pd  Drell-Yan suitable for measuring δq

•  Future experimental possibilities:  J-PARC,  COMPASS,  ⋅ ⋅ ⋅

•  Numerical analysis has not been done about feasibility at  J-PARC, etc.



Future prospects	





 

Spin asymmetry in  p +

d→ µ+µ − + X

AUQ0
=

ea
2 qa xA( )δT qa xB( ) + qa xA( )δT qa xB( )⎡⎣ ⎤⎦a∑
ea

2 qa xA( )qa xB( ) + qa xA( )qa xB( )⎡⎣ ⎤⎦a∑

Unpolarized quark distribution 
in a tensor-polarized deuteron:

δT qi = qi
0 −
qi
+1 + qi

−1

2

1st measurement of b1 (δTq):	


(HERMES) A. Airapetian et al., 	


PRL 95 (2005) 242001.	



Polarized proton-deuteron Drell-Yan	


(Theory) Some	


(Experiment) None → J-PARC?	



Unique advantage of J-PARC 
          (δq  measurement)

AUQ0 large xF( ) ≈
ea
2qa xA( )δT qa xB( )a∑
ea
2qa xA( )qa xB( )a∑

dx∫ b1
D (x) = − 5

24
lim
t→0
tFQ (t)+

1
9
dx 4δTu + δT d + δT s( )∫

Gottfried:  dx
x
F2
p (x) − F2

n(x)⎡⎣ ⎤⎦∫ =
1
3
+

2
3
dx u − d⎡⎣ ⎤⎦∫

Unpolarized proton+ Tensor polarized deuteron	



→ Jefferson Lab PAC-38 	


      proposal, PR12-11-110	







E866	



E906	



J-PARC	


Drell-Yan:   p + p→ µ+µ − + X,   p + d→ µ+µ − + X

            σ DY (pd)
2σ DY (pp)

≈ 1
2

1+ d (x2 )
u(x2 )

⎡

⎣
⎢

⎤

⎦
⎥

E866:   existing measurements by the Fermilab-E866
E906:   expected measurements by the Fermilab-E906 
J-PARC:   proposal

μ+	



μ 
–	



γ*	



q	



q	





Part II	



Nuclear structure functions	





M. Hirai, S. Kumano, K. Saito, and T. Watanabe 	


Phys. Rev. C83 (2011) 035202.	



Motivated by a large x-slope of 9Be  d(F2
9 Be / F2

D )
dx



Nuclear binding 	


(+ Nucleon modification)	



Fermi motion	


of the nucleon	



Shadowing 	



Anti-shadowing	





J. Seely et al.,  	


Phys. Rev. Lett. 103 (2009) 202301.	



Slope:  dREMC
dx

,     REMC =
σ A

σ D

9Be anomaly = EMC slope is too large 	


          to be estimated from its nuclear density	







 

Charged-lepton deep inelastic scattering from a nucleus
        dσ ~ LµνWµν

A ,    Lµν = Lepton tensor,   

        Hadron tensor:  Wµν = 1
4π

d 4ξ  eiq⋅ξ∫ p Jµ
em (ξ),   Jν

em (0)⎡⎣ ⎤⎦ p

Convolution:  Wµν
A (pA ,q) = d 4∫ p  S(p) Wµν

N (pN ,q)
        S(p) = Spectral function = nucleon momentum distribution in a nucleus

        In a simple model:  S(pN ) = φ( pN ) 2 δ pN
0 − MA + MA−1

2 + pN
2( )

F2  needs to be projected out from Wµν  by the projection operator  P̂2
µν = −

MN
2ν

2 p2 gµν − 3 pµ pν

p2
⎛
⎝⎜

⎞
⎠⎟

:

        Wµν = −F1
1
MN

gµν −
qµqν
q2

⎛
⎝⎜

⎞
⎠⎟
+ F2

pµ pν
MN

2ν
,   pµ = pµ −

p ⋅ q
q2 qµ ;      P̂2

µνWµν = F2  

        F2
A (x,Q2 ) = P̂2

µν (A)Wµν
A (pA ,q) = d 4∫ p  S(p) P̂2

µν (A)Wµν
N (pN ,q)

We obtain  F2
A(x,Q2 ) = d∫ y f (y)F2

N (x / y,Q2 ),       f (y) = d 3∫ pN  y δ y− pN ⋅q
MNν

⎛
⎝⎜

⎞
⎠⎟

 φ( pN ) 2  

             f (y) = lightcone momentum distribution for a nucleon

              y = pN ⋅ q
MNν

=
pN

0ν − pN ⋅
q

MNν


pN ⋅ q
pA ⋅ q / A


pN
+

pA
+ / A

 lightcone momentum fraction,    p± = p
0 ± p3

2

M. Ericson and SK, Phys. Rev. C 67 (2003) 022201.
including Q2 / MN

2  effects.

k

k '

p

pX

q

A
N

q	



γ *	





F2
A(x,Q2 ) = d∫ y f (y)F2

N (x / y,Q2 ),     f (y) = d 3∫ pN  y δ y − pN ⋅ q
MNν

⎛

⎝⎜
⎞

⎠⎟
ρ(pN ) 

A
N

q	



 

Simple shell model

       ψ nlm (r,θ ,φ ) = Rnl (r)Ylm (θ ,φ )

       Rnl (r) =
2κ 2+3 (n− 1)!

[Γ(n+  + 1 / 2)]3 r
e

− 1
2
κ 2r2

Ln−1
+1/2 (κ 2r 2 )

       κ 2 ≡ MNω ,      V = 1
2
MNω

2r 2

 

AMD:   variational method with effective NN potentials

       Slater determinant:  Φ(r1 , r2 , ⋅ ⋅ ⋅, rA ) = 1
A!

ϕ1 (r1 ) ϕ1 (r2 ) ⋅ ⋅ ⋅ ϕ1 (rA )
ϕ2 (r1 ) ϕ2 (r2 ) ⋅ ⋅ ⋅ ϕ2 (rA )

⋅ ⋅ ⋅ ⋅ ⋅ ⋅
ϕ A(r1 ) ϕ A(r2 ) ⋅ ⋅ ⋅ ϕ A(rA )

       Single-particle wave function:  ϕ i (
rj ) =

2ν
π

⎛
⎝⎜

⎞
⎠⎟

3/4

exp −ν rj −

Zi
ν

⎛
⎝⎜

⎞
⎠⎟

2⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

       Parameters are determined by a variational method
       with effective NN potentials.

γ *	





Density distributions	


in 4He and 9Be 	


by AMD	



4He	

 9Be (~ 4He + 4He + n )	



However, if the densities are averaged	


over the polar and azimuthal angles, 
differences from shell structure are not	


so obvious although there are some 
differences in 9Be in comparison with 4He.	



Space ( r ) distributions	





Momentum ( p ) distributions	



Cluster effects	



4He	

 9Be	



Convolution model	







Original figure	

 Plotted by the maximum local densities	



The 9Be anomaly can be explained 	


by the high-densities, which are created	


by clustering in the 9Be nucleus. 	





F2
A =  (mean part)+ (part created by large densities due to cluster formation)

Convolution model indicates
clustering effects are small in this term.

JLab data could be related to 
this effect due to the nuclear cluster.







p 

X ' 
L, T 

 Longitudinal and transverse components   Wλ = ελ
µ * ελ

ν Wµ, ν

  WT = 1
2 (Wλ = + 1 + Wλ= – 1) = W1

  WL = Wλ = 0 = (1 + ν 2

Q2) W2 – W1

(2000)                                                 (2003)	


Q2 (GeV2)	



RA /RD	





Nuclear effects on R by CCFR/NuTeV	



U.-K. Yang et al., PRL 87 (2001) 251802.	



CCFR	

 HERMES	


SLAC	



No significant deviation is measured	


from the nucleon case   (                  ).	



No large nuclear modification	


of R is observed in ν+Fe !	


(note: CCF/NuTeV target is Fe)	



note	







 
Wµν

A,N = −W1
A,N gµν −

qµqν
q2

⎛
⎝⎜

⎞
⎠⎟
+W2

A,N 1
MN

 2 pµ
A,N pν

A,N

F1 = MNW1 ,   F2 = νW2 ,   FL =
Q2

ν
WL = 1 + Q

2

ν 2

⎛
⎝⎜

⎞
⎠⎟
F2 − 2xF1

Projection operators of W1
A and W2

A	



 
P̂1

µν = −
1
2
gµν −

pA
µ pA

ν

p2

⎛
⎝⎜

⎞
⎠⎟

,    P̂2
µν = −

pA
2

2 pA
2 gµν −

3 pA
µ pA

ν

p2

⎛
⎝⎜

⎞
⎠⎟

P̂1,2
µνWµν

A =W1,2
A

 
pµ = pµ −

p ⋅ q
q2
qµ

Convolution:  Wµν
A (pA ,q) = d 4∫ p  S(p) Wµν

N (pN ,q)

W1,2
A (pA ,q) = d 4∫ p  S(p) P̂1,2

µνWµν
N (pN ,q)

Longitudinal and transverse components	

 Wλ
A,N = ελ

µ*ελ
νWµν

A,N

WT
A,N =

1
2
(Wλ=+1

A,N +Wλ=−1
A,N ) =W1

A,N WL
A,N =Wλ=0

A,N = 1 +
ν A,N
2

Q2
⎛

⎝⎜
⎞

⎠⎟
W2

A,N −W1
A,N

ν A
2 = ν 2 = (pN ⋅ q)

2

pN
2



  pN⊥

 pN

 q

Scaling variables:  xA =
Q2

2pA ⋅ q
=
MN

MA

x,    xN =
Q2

2pN ⋅ q
=
x
z

,    x = Q2

2MAν
,    z = pN ⋅ q

MAν
 

Longitudinal structure functions F1  and F2 :   FL
A,N = 1 + Q2

ν A,N
2

⎛

⎝⎜
⎞

⎠⎟
F2
A,N − 2xA,NF1

A,N

Transverse-longitudinal ratio: RA,N =
FL
A,N

2xA,NF1
A,N

  Calculating W1,2
A = P1,2

µν Wµν
A = P1,2

µν d4pN S(p N) Wµν
N ,

2 xA F1
A = d4pN S(pN) z M N

pN
2 [ (1 + pN⊥

2

2 pN
2) 2 xN F1

N(xN, Q2) + pN⊥
2

2 pN
2 FL

N(xN, Q2) ]
FL

A = d4pN S(p N) z MN

pN
2 [ (1 + pN⊥

2

pN
2 ) FL

N(xN, Q 2) + pN⊥
2

pN
2 2 xN F1

N(xN, Q 2) ]
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admixture effects	



   • Spectral function (M A – i = M A – MN – ε i)

S(p N) = φ(p N) 2Σ
i

δ (p N
0 – M A + M A – i

2 + pN
2) for 14N

• Transverse–longitudinal ratio: R1990

• F2
N (PDFs): MRST98–LO



In the kinematical region of	


our prediction, data does not	


exist.	


Need future experimental	


investigations at	


       JLab, EIC, ν factory, …	



After the HERMES (CCFR/NuTeV)	


re-analysis,  people tend to lose interest	


in the nuclear effect on R. 	


However, we claim that nuclear	


modification should exist in medium	


and large-x regions.	



Physical origins	


� transverse-longitudinal admixture	


   due to the transverse Fermi motion	


� binding and Fermi motion effects	


   in the spectral function	





Ee = 2.301,  3.419,  5.648 GeV
  0.007 < x < 0.55,   0.06 < Q2 < 2.8 GeV2

  proton, deuteron

x = 0.32x = 0.07





Paschos-Wolfenstein (PW) relation	


  

R– = σNC
νN – σNC

νN

σCC
νN – σCC

νN = 1
2 – sin2θW

 N = isoscalar nucleon
  → nuclear effects should be carefully taken into account

  Charged current (CC) cross sections for νA and νA:
dσCC

νA

dx dy = σ0 x [ dA(x) + sA(x) + {uA(x) + cA(x)} (1 – y)2]

dσCC
νA

dx dy = σ0 x [ dA(x) + sA(x) + {uA(x) + cA(x)} (1 – y)2]
  where σ0 = GF

2 s / π

� 

NuTeV target: 56Fe (Z = 26, N = 30)
 not isoscalar nucleus

  Neutral current (NC):
dσNC

νA

dx dy = σ0 x [ {uL
2 + uR

2 (1 – y)2}{uA(x) + cA(x)}

+ {uR
2 + uL

2 (1 – y)2}{uA(x) + cA(x)}
+ {dL

2 + dR
2 (1 – y)2}{dA(x) + sA(x)}

+ {dR
2 + dL

2 (1 – y)2}{dA(x) + sA(x)}

  dσNC
νA

dx dy = dσNC
νA

dx dy (L↔ R)

Others: sin2θW = 1 − mW
2/mZ

2 = 0.2227 ± 0.0004	



NuTeV: sin2θW
 = 0.2277 ± 0.0013 (stat) ± 0.0009 (syst)	



  
uL = + 1

2 – 2
3 sin θW

2 , uR = – 2
3 sinθW

2

dL = – 1
2 + 1

3 sin θW
2 , uR = + 1

3 sinθW
2

sin2θW anomaly	





  
RA

– = σNC
νA – σNC

νA

σCC
νA – σCC

νA = {1 – (1 – y)2} [ (uL
2 – uR

2){uv
A(x) + cv

A(x)} + (dL
2 – dR

2){dv
A(x) + sv

A(x)}]
dv

A(x) + sv
A(x) – (1 – y)2{uv

A(x) + cv
A(x)}

 Nuclear effects are in the weight functions: wuv
and wdv

uV
A(x) = wuV

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

A , dV
A(x) = wdV

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

A

Expand in εv, εn, εs, εc << 1	

 We investigate this term.	



  qv
A ≡ qA – q A

  (2) Neutron excess: εn(x) = N – Z
A

uV(x) – dV(x)
uV(x) + dV(x)

 (1) Difference between nuclear modifications of uV and dV:
  

εv(x) =
wdV

(x) – wuV
(x)

wdV
(x) + wuV

(x)

  

RA
– =

(12 – sin2θW) {1 + εv(x) εn(x)} + 1
3 sin2θW {εv(x) + εn(x)}

+ (12 – 2
3 sin2θW) ε s(x) + (12 – 4

3 sin2θW) εc(x)

1 + εv(x) εn(x) + 1 + (1 – y)2
1 – (1 – y)2

{εv(x) + εn(x)} + 2{εs(x) – (1 – y)2 εc(x)}

1 – (1 – y)2

  RA
– = 1

2 – sin2θW + O(εv) + O(εn) + O(εs) + O(εc)

  
(3) Strange, Charm: εs(x), εc(x) =

2 sv
A(x) or 2 cv

A(x)
[wuv(x) + wdv(x)][uV(x) + dV(x)]

qv (x) ≡ q(x) − q(x)



εv (x) effects on sin2θW	


SK, Phys. Rev. D66 (2002) 111301.	



  
Z = dx A eqΣ

q
(q A – q A) = dx A

3 ( 2 uV
A – d V

A)

A = dx A 1
3Σq (q A – q A) = dx A

3 (uV
A + dV

A)

Constraints of	


baryon number and charge	



We discuss this point in the following.	



2002 version	



  
(A) dx (uv + dv) [ Δwv + wv εv(x) εn(x) ] = 0

(B) dx (uv + dv) [ Δwv {1 – 3 εn(x)} – wv εv(x) {3 – εn(x)} ] = 0

where wv =
wuv

+ wdv

2 , Δwv = wv – 1

  Prescription 1. Neglect O(ε2), then integrand (B) = 0

εv
(1)(x) = – N – Z

A
uv(x) – dv(x)
uv(x) + dv(x)

Δwv(x)
wv(x)

Prescription 2. χ2 analysis of NPDFs

εv
(2)(x) =

wdv
(x) – wuv

(x)
wdv

(x) + wuv
(x)



 
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)

Global analysis of F2 and Drell-Yan data for εv(x)	



2004 version	



   in the NPDF analysis

wuv = 1 + (1–1/A1/3) auv+b v x+cv x2+dv x3

(1 – x )βv

wdv = 1 + (1–1/A1/3) adv+b v x+cv x2+dv x3

(1 – x )βv

in the current analysis

wuv + wdv = 1 + (1–1/A1/3) av+bv x+cv x2+dvx3

(1 – x )βv

wuv – wdv = 1 + (1–1/A1/3) av
'+b v

' x+cv
' x2+dv

' x3

(1 – x )βv



  RA
– = 1

2 – sin2θW

  
– εv(x) {(1

2 – sin2θW) 1 + (1 – y)2

1 – (1 – y) 2 – 1
3 sin2θW} + O(εv2)

  
εv(x) =

wdv
(x) – wuv

(x)
wdv

(x) + wuv
(x)Analysis result for εv(x)	



 av
' , b v

' , cv
' , dv

' are determined
by the analysis

  
wuv – wdv = 1 + (1–1/A1/3) av

'+b v
' x+cv

' x2+dv
' x3

(1 – x )βv

large uncertainties	



M. Hirai, SK, T.-H. Nagai,	


Phys. Rev. D71 (2005) 113007.	



It is very difficult to determine	


the difference between nuclear	


modifications of uv and dv	


distributions at this stage.	





Comparison with the 2002 results	





 G. P. Zeller et al. Phys. Rev. D65 (2002) 111103.	



 NuTeV kinematics	



at Q2=20 GeV2	



   PDFs↔ NuTeV PDFs (*)

xuV
A = wu v

Z xuv + N xdv
A =

Z uvp
* + N uvn

*

A

xdV
A = wd v

Z xdv + N xuv
A =

Z dvp
* + N dvn

*

A
→ uvp* =wuvxu v , u vn* =wu vxdv , dvp

* =wdvxd v , d vn
* =wd vxuv

→ δuv
* = uvp

* – dvn
* = – εv (wu v + wd v) xuv

δdv
* = dvp

* – uvn
* = + εv (wu v + wd v) xdv

Δ sin2θW = – dx { F [δu v
*, x] δuv

* + F [δd v
*, x] δdv

* }

x  	



= 0.0004 ± 0.0015	





Summary on NuTeV sin2θW  

(1)  χ2 analysis for the difference between nuclear modifications	


       of uv and dv distributions.	


            It is very difficult to determine it at this stage.	



(2)  Effect on NuTeV sin2θW  	



            Δ(sin2θW ) = 0.0004 ±  0.0015        (with a large error)	






