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Motivations and outline

◮
A large fration of nulear struture funtion data falls into a resonane

region of W 2 . 4 GeV

2
and we need to understand how to ompute nulear

e�ets in this region.

◮
An approah to alulate nulear struture funtions requires both (i) the

model of the proton and neutron struture funtions and (ii) a theoretial

framework to relate proton and neutron struture funtions and the nulear

struture funtions. The latter should onsistently aount for �nite Q2

e�ets. We ertainly have to avoid the Bjorken limit.

◮
Disuss �rst the light nulei suh as

2
H and

3
H for whih the resonae

struture is more pronouned and less a�eted by in-medium interations.
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Nuleon resonane region

At low Q2 . 1 GeV

2
and W 2 < 4 GeV

2
the inelasti ross setions/struture

funtions are dominated by the resonane prodution.

◮
3 distintive resonane enhanements in ross setion. There are almost 20

established nuleon resonanes whih ontribute to these enhanements.

◮
The 1st resonane region is due to a single ∆33(1232) state

◮
The 2nd resonae region involves ontributions from S11(1535) and D13(1520)
states. Note that the data ontain the tails of the higher-mass resone strutures as

well as non-resonae ontributions.

◮
The 3d resonane region is a omposition of many resonane states.

An empirial �t to resonane ross setion data by Christy & Bosted:

◮
SLAC and JLab proton and deuteron data inluded for Q2 < 10 GeV

2
and

M +mπ < W < 3 GeV

◮
The �t inludes both Breit-Wiegner resonane ontributions and non-resonane

bakground

◮
Separation of L and T ross setions for the proton and the neutron. A smooth

transition to Q2 → 0.

◮
The �t desribes data at the 3% or better level
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Christy & Bosted proton and neutron struture funtions

◮
Resonanes move with Q2

(reall the relation x = Q2/(W 2 −M2 +Q2
) )

◮
Strength of resonanes falls o� quikly with Q2
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High W DIS region

Theory approah is based on the operator produt (twist) expansion in QCD:

F2(x,Q
2) = FLT,TMC

2 (x,Q2) +
H2(x,Q)

Q2
+ · · ·

The leading term is given in terms of PDFs onvoluted with oe�ient funtions:

Fµ,LT
2 = Cq(αS)⊗ x

∑

q

e2q(q + q̄) + · · ·

The HT terms involve interation between quarks and gluons and lak simple

probabilisti interpretation.

In the region of high Bjorken x and/or low Q2
one has to worry about target mass

orretion Georgi & Politzer, 1976

FLT,TMC
2 (x,Q2) =

x2

ξ2γ2
FLT
2 (ξ,Q2) +

6x3M2

Q2γ4

∫ 1

ξ

dz

z2
FLT
2 (z,Q2) +O(Q−4)

ξ = 2x/(1 + γ) is Nahtmann variable and γ2 = 1 + 4x2M2/Q2
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Saling�Resonane orrespondane (Proton)

BC parametrization of resonane data and NNLO DIS struture funtions in terms

of Alekhin PDFs (2008 analysis, HT and TMC inluded).
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Neutron
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Isosalar nuleon (p+ n)/2
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Integral saling�resonane duality
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Bloom & Gilman (1970s): Saling and resonane desriptions of eletro-prodution are

dual in an integral sense:

∫ W 2

R

(M+mπ)2
dW 2 F Saling

2 =

∫ W 2

R

(M+mπ)2
dW 2 FResonane

2
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◮
The integral duality between saling SF (Alekhin08 PDFs) and resonane SF

(BC09 parametrization) holds with W 2
R = 4.5 GeV

2
at the level of 3% and

better for all 1 < Q2 < 10 GeV

2
for the proton and the isosalar ombination

(p+ n)/2.

◮
Somewhat worse agreement for the neutron. This is likely beause of di�erent

treatment of nulear orretions for the deuteron in Alekhin's and BC's �ts.

◮
The BG duality allows to onstrain the low-W (i.e. large Bjorken x)
behaviour of SF in DIS region from the studies of the resonane region at

muh lower Q2
. This also should be true in the reverse diretion.
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◮
The studies of the resonane region in eletroprodution ould be a useful

tool to onstrain the neutrino interation in a similar kinematial region.

◮
IF the duality holds for both the eletron and neutrino sattering

THEN relations between resonane eletron and neutrino prodution

Example:

IF in Saling region FµN
2 =

5

18
F νN
2

THEN in Resonane region

∫
dW 2FµN

2 =
5

18

∫
dW 2F νN

2

Note this relation may be modi�ed by higher-twist terms as they may be

di�erent for eletromagneti and weak urrents.
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Calulating nulear e�ets at large Bjorken x
A reasonable starting point is approximation of nulear sattering amplitude as a

sum of inoherent sattering o� bound protons and neutrons.

WA
µν(PA, q) =

∑

τ=p,n

∫
d4p Tr

[
Ŵτ

µν(p, q)A
τ (p;A)

]

Aτ
αβ(p;A) =

∫
dtd3reip0t−ip·r〈A|Ψ

τ

β(t, r)Ψ
τ
α(0)|A〉

◮ Ψτ
α(t, r) the nuleon Dira �eld operator.

◮
The o�-shell nuleon tensor Ŵµν(p, q) is the matrix in the Dira spae.

On the mass shell p2 =M2
, averaging Ŵµν(p, q) over the nuleon polarizations

we have 2 struture funtions:

W τ
µν(p, q) =

1

2
Tr
[
(6 p+M)Ŵτ

µν(p, q)
]
= F1 g̃µν + F2 p̃µp̃ν/p · q,

g̃µν = gµν −
qµqν
q2

, p̃µ = pµ −
pq

q2
qµ
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How many struture funtions do we have o�-mass-shell p2 6= M2
?

◮
Expand in the Dira basis:

Ŵµν =
∑

n

W n
µνΓn

Γn = I, γα, σαβ, γαγ5, γ5

◮
Require the symmetry under P and T transformations AND keeping ONLY

urrent-onserving terms (qµWµν = 0) we have 7 independent struture funtions

Melnithouk, Shreiber & Thomas, 1994; SK, Piller & Weise, 1994

2 Ŵsym
µν (p, q) = − g̃µν

(
f
(0)
1

M
+

f
(1)
1 6p

M2
+

f
(2)
1 6q

p · q

)

+
p̃µp̃ν
p · q

(
f
(0)
2

M
+

f
(1)
2 6p

M2
+

f
(2)
2 6q

p · q

)
+

f
(3)
2

p · q
p̃{µg̃ν}αγ

α,

◮
Contribution of eah of these struture funtions is goverened by orresponding

matrix element 〈ΨΓnΨ〉.

◮
On the mass shell p2 = M2

we only have 2 independent struture funtions

F1 = f
(0)
1 + f

(1)
1 + f

(2)
1 ,

F2 = f
(0)
2 + f

(1)
2 + f

(2)
2 + f

(3)
2
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Weak binding approximation (WBA)

SK, 1984

◮
Assume the nulear ground state to be nonrelativisti:

• |p| ≪M, |p0 −M | ≪M
• No strong salar and vetor �elds in nulei

◮
Redue the four-omponent relativisti �eld Ψ to a two-omponent

nonrelativisti operator ψ Landau & Lifshitz, Field theory

Ψ(p, t) = e−iMtZ

(
ψ(p, t)

(σ · p/2M)ψ(p, t)

)

◮
The renormalization operator Z = 1− p

2/8M2
provides a orret

normalization of the nonrelativisti two-omponent nuleon �eld ψ:∫
d3pΨ†Ψ =

∫
d3pψ†ψ to order p

2/M2
.

◮
Separate the nuleon mass M from the energy p0, p = (M + ε,p). Examine

and redue all the Lorentz�Dira strutures of Ŵµν . The result to order ε/M
and p

2/M2
an be summarized as
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Nulear hadroni tensor:

WA
µν(PA, q)

MA

=
∑

τ=p,n

∫
d4p

M + ε
Pτ (ε,p)W τ

µν(p, q),

Nulear spetral funtion: P(ε,p) =

∫
dt e−iεt〈ψ†(p, t)ψ(p, 0)〉

In the WBA regime (a "weak"o�-shellness of bound nuleons) we do not have to

onsider all possible f
(j)
i inelasti struture funtions independently. Their

ontribution ombine into 2 bound nuleon struture funtions SK, Piller & Weise,

1994; SK & Petti, 2004:

W τ
µν(p, q) = F1 g̃µν + F2 p̃µp̃ν/p · q,

F1(x,Q
2, p2) = f

(0)
1

(
1 +

p2 −M2

2M2

)
+ f

(1)
1

p2

M2
+ f

(2)
1 ,

F2(x,Q
2, p2) = f

(0)
2

(
1 +

p2 −M2

2M2

)
+ f

(1)
2

p2

M2
+ f

(2)
2 + f

(3)
2 ,
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Relations beween A & bound p, n struture funtions

FA
T (x,Q2) =

∑

τ=p,n

∫
dεd3p

(2π)4
Pτ (ε,p)

(
1 +

γpz
M

)(
F τ
T +

2x′
2
p
2
⊥

Q2
F τ
2

)
,

FA
L (x,Q2) =

∑

τ=p,n

∫
dεd3p

(2π)4
Pτ (ε,p)

(
1 +

γpz
M

)(
F τ
L +

4x′
2
p
2
⊥

Q2
F τ
2

)
,

γ2FA
2 (x,Q2) =

∑

τ=p,n

∫
dεd3p

(2π)4
Pτ (ε,p)

(
1 +

γpz
M

)(
γ′

2
+

6x′2p2
⊥

Q2

)
F τ
2 .

xFA
3 (x,Q2) =

∑

τ=p,n

∫
dεd3p

(2π)4
Pτ (ε,p)

(
1 +

pz
γM

)
x′F τ

3 .

The o�-shell nuleon struture funtions Fi(x
′, Q2, p2) depend on

x′ = Q2/(2p·q) = x/[1 + (ε+ γpz)/M ], momentum transfer square Q2
and the

virtuality p2 = (M + ε)2 −p
2
as additional variable, γ = |q|/q0 = 1+4M2x2/Q2

.
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Struture funtions in the resonane region
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Nulear ratios in resonane region
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Summary

◮
The resonane struture in nulear ratios is largely smeared out. However the

resonanse struture is present at large x for JLab E03-103 kinematis.

◮
The results on the nulear ratios with Res and DIS models in our approah

are onsistent for W > 2 GeV and desribe data very well. Also we have a

good agreement with data in the 3d and the 2nd resonane regions.

◮
The nulear ratios alulated with Res and DIS struture funtions are not

idential for W < 2 GeV with notiable di�erene at large Bjorken x (low

W ). The resonane struture in nulear ratios appears mainly beause of the

deuterium in the denominator.

◮
While the higher resonane region is desribed well, the ∆(1232) region is

not yet fully understood. We antiipate a notiable orretion from QE

ontribution in the ∆(1232) region.
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