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Consider high Q2 (e,e’) process at fixed large x >1 in the many nucleon 
approximation for the nucleus

The on-shell condition for the struck nucleon

γ* q

Onset of LC dominance in high  Q2A (e,e’) processes

(Vertex function)2 is the spectral function of the nucleus

116

FIG. 8.4:

8.3.1. “y”-scaling

In the impulse approximation (corrections to this approximation due to the final state interaction will be briefly
discussed below) the process is described by the diagram in fig. 8.4, where the virtual photon is absorbed by a nucleon
with momentum k. In the kinematic region described in eq. (8.3) the difference between the invariant mass of the
produced system, W , and MA is small as compared to Q2 and |q|. To produce such a state the momentum k of
the struck nucleon in the wave function of the nucleus should be large (in the rest frame of the nucleus), roughly
k ∼ −q/2 (for γ∗ scattering of the two-nucleon correlation), cf. eq. (8.29) below.

Another characteristic feature of the reaction discussed is that the intrinsic energy E of the residual system X is
comparable with W −MA. (By definition E = MX −MA− 1, where MX and MA− 1 are the invariant masses of X and
of a nucleus consisting of A − 1 nucleons.) For example, in the two-nucleon correlation approximation E ≃ q2/8m.
As a result the closure approximation is inapplicable here and therefore the cross section of reaction (8.1) could not
be expressed through the ground state wave function of nucleus A. One should use instead the spectral function of
the nucleus, PA(k,E), which accounts for the probability of removing a nucleon with momentum k from the target
nucleus A, leaving the final nuclear system X with excitation energy E. By definition102 (see, e.g., ref. [458])

PA(k,E) = ⟨ψA|a+
N(k)δ(E + ER − EfX)aN(k)|ψA⟩, (8.25)

where ER ≃ k2/2m2
X is the recoil energy of the residual system X. a+

N(k) and aN(k) are the creation and annihilation
operators of a nucleon with momentum k. It follows from the definition (8.25) that PA(k,E) and the single-nucleon
momentum distribution nA(k) are related as

nA(k) =
∞∫

0

PA(k,E)dE. (8.26)

In the plane wave impulse approximation the cross section of the (e, e′) reaction is given by

σA(ν, q) ≡ dσ

dE′
e′ dΩe′

=
∫

d3k dE σeNPA(k,E)

× δ(ν + (mA − mA− 1 − mN) − E(kN) − E(k) − ER(k))δ(kN − k − q). (8.27)

Here ν = q0 = Ee−E′
e′ is the photon energy and σeN = 1

2(σep +σen) denotes the cross section for the scattering of the
electron from a nucleon with momentum k times the flux factor (1 + k3/mN) [458]. To avoid difficulties with gauge
invariance (due to off-energy-shell effects) the component j3 of the electromagnetic current is usually reconstructed
from the j0 component using the gauge invariance of the whole amplitude. (The 3-axis is chosen in the direction of
the photon momentum.)

Digression. This approach enables us to illustrate many of the basic qualitative features of the process, avoiding
a more cumbersome light-cone quantum mechanical formulation. However, to obtain quantitative results in the
kinematic region considered in this section (Q2 ≥ 1 GeV2, k > 0.3 GeV/c) it is necessary to take into account
relativistic effects resulting from the relativistic space-time development of the scattering process characteristic for
a quantum field theory, QCD. This requirement is naturally fulfilled in light-cone quantum mechanics but not in
approaches which use the Schrödinger wave functions of nuclei and therefore arbitrarily neglect the production of NN̄
pairs from the vacuum by γ∗. This is not a small effect even at q2= 0 [459, 460] and this is more true for processes
due to the high-momentum nucleon component in the wave function of the nucleus.

102 To simplify the discussion spin and isospin labels are omitted here.

QCD analog - fully unintegrated parton density -
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⇒ 0    ∝ 1/q+

In high energy limit σ depends only on  the spectral function integrated over 
all variables but α - LC dominance, in particular no dependence on the mass 
of the recoil system. Relevant quantity is LC nucleon density matrix - ⇒
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⇢NA (↵, kt) ⇡ a2(A)⇢ND(↵, kt) for1.3  ↵  1.6Expectation:

For larger α three nucleon correlations  decreases slower with increase of α. Effects of 3N 
correlations can be seen in  PA(k,E)  but no simple relation is known (exists?) with ρA(α > 
1.6, pt)
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Determine  α(x,Q) based on dominance of two nucleon correlations in the recoil 
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Used observation that distribution over αNN around  αNN =2  is symmetric   
function of  αNN - 2. Allows to take          in average point corresponding to m̃2

αNN = 2. Maximum of the spectral function distribution over Erec.
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two nucleon system. Hence it will be interesting to check at which values of x the
scaling of the ratios as a function of ↵3N will set in for x > 2. At the same time
it is worth emphasizing that for the region of ↵3N < 2 and x > 2 the cross section
is not related directly to the LC density matrix but to the integral of the spectral
function for approximately constant ↵3N over a restricted range of the recoil masses.
These masses will exclude values typical for two nucleon correlations and therefore
will not allow a closure approximation. A comparison of the x > 2 and 1 < x < 2
data for ↵2N = ↵3N would provide a unique information about relative importance of
di↵erent contributions to the spectral function for ↵i ⇠ 1.5÷ 1.7. Such experiments
are planned in JLab though the current plans for 6 GeV do not cover su�ciently
high values of Q2.

2N

Figure 18: The x and ↵2n dependence of the ratio R = 2�
56

56�d for di↵erent values of
Q2 = 1.2÷ 2.9 GeV2.

4 Breaking SRCs in Hard Semi-Exclusive Reac-

tions

We explained in Sec.2 that a removal of a nucleon from type 2N-I SRC leads to an
emission of a nucleon in the direction opposite to the direction of initial momentum of
struck nucleon. Therefore if projectile removes say a proton from 2N SRC the decay
function mechanism leads to an emission of a neutron with momentum distribution
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⇒

kmin=0.3 GeV
kmin=0.25 GeV

W − MD ≤ 50 MeV

Masses of NN system produced in the 
process are small - strong suppression 

of isobar, 6q degrees of freedom.

=
a2(A1)
a2(A2) |1.6>��1.3

Frankfurt et al, 93

Right momenta for onset of scaling of ratios !!!
extracted ratios 
from SLAC data
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A=Cu

From N.Fomin thesis

Universality of 2N SRC is confirmed by Jlab experiments!
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Probability of the high momentum component in nuclei per nucleon, 
normalized to the deuteron wave function
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at large x, where scattering from nucleons below the
Fermi momentum is forbidden. If these high-momentum
components are related to two-nucleon correlations (2N-
SRCs), then they should yield the same high-momentum
tail whether in a heavy nucleus or a deuteron.
The first detailed study of SRCs in inclusive scattering

combined data from several measurements at SLAC [12],
so the cross sections had to be interpolated to identical
kinematics to form the ratios. A plateau was seen in the
ratio (σA/A)/(σD/2) that was roughly A-independent for
A ≥ 12, but smaller for 3He and 4He. Ratios from Hall B
at JLab showed similar plateaus [13, 14] and mapped out
the Q2 dependence at lowQ2, seeing a clear breakdown of
the picture for Q2 < 1.4 GeV2. However, these measure-
ments did not include deuterium; only A/3He ratios were
available. Finally, JLab Hall C data at 4 GeV [15, 16]
measured scattering from nuclei and deuterium at larger
Q2 values than the previous measurements, but the deu-
terium cross sections had limited x coverage. Thus, while
there is significant evidence for the presence of SRCs
in inclusive scattering, clean and precise ratio measure-
ments for a range of nuclei are lacking.
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FIG. 2: Per-nucleon cross section ratios vs x at θ=18◦.

Figure 2 shows the A/D cross section ratios for the
E02-019 data at a scattering angle of 18◦. For x > 1.5,
the data show the expected near-constant behavior, al-
though the point at x = 1.95 is always high because the
2H cross section approaches zero as x → MD/Mp ≈ 2.
This was not observed before, as the previous SLAC ra-
tios had much wider x bins and larger statistical uncer-
tainties, while the CLAS took ratios to 3He.
Table I shows the ratio in the plateau region for a range

of nuclei at all Q2 values where there was sufficient large-
x data. We apply a cut in x to isolate the plateau region,
although the onset of scaling in x varies somewhat with
Q2. The start of the plateau corresponds to a fixed value
of the light-cone momentum fraction of the struck nu-
cleon, αi [1, 12]. However, αi requires knowledge of the

initial energy and momentum of the struck nucleon, and
so is not directly measured in inclusive scattering. Thus,
the plateau region is typically examined as a function of
x or α2n, which corresponds to αi under the approxi-
mation that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [12]. We
take the A/D ratio for xmin < x < 1.9, such that xmin

corresponds to a fixed value of α2n. The upper limit is
included to avoid the deuteron kinematic threshold.

TABLE I: r(A,D) = (2/A)σA/σD in the 2N correlation re-
gion (xmin < x < 1.9). We choose a conservative value of
xmin = 1.5 at 18◦, which corresponds to α2n = 1.275. We use
this value to determine the xmin cuts for the other angles.
The last column is the ratio at 18◦ after the subtraction of
the estimated inelastic contribution (with a systematic uncer-
tainty of 100% of the subtraction).

A θ=18◦ θ=22◦ θ=26◦ Inel.sub
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10
Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12
C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16
Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20
Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22
⟨Q2⟩ 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

At these high Q2 values, there is some inelastic contri-
bution to the cross section, even at these large x values.
Our cross section models predicts that this is approxi-
mately a 1–3% contribution at 18◦, but can be 5–10% at
the larger angles. This provides a qualitative explanation
for the systematic 5–7% difference between the lowest Q2

data set and the higher Q2 values. Thus, we use only the
18◦ data, corrected for our estimated inelastic contribu-
tion, in extracting the contribution of SRCs.
The typical assumption for this kinematic regime is

that the FSIs in the high-x region come only from rescat-
tering between the nucleons in the initial-state correla-
tion, and so the FSIs cancel out in taking the ratios [1–
3, 12]. However, it has been argued that while the ratios
are a signature of SRCs, they cannot be used to provide
a quantitative measurement since different targets may
have different FSIs [17]. With the higher Q2 reach of
these data, we see little Q2 dependence, which appears
to be consistent with inelastic contributions, supporting
the assumption of cancellation of FSIs in the ratios. Up-
dated calculations for both deuterium and heavier nuclei
are underway to further examine the question of FSI con-
tributions to the ratios [18].
Assuming the high-momentum contribution comes en-

tirely from quasielastic scattering from a nucleon in an
n–p SRC at rest, the cross section ratio σA/σD yields
the number of nucleons in high-relative momentum pairs
relative to the deuteron and r(A,D) represents the rela-
tive probability for a nucleon in nucleus A to be in such

Per nucleon cross section ratio at Q2=2.7 GeV2

E2-019  -2011

Amazingly good agreement between 
the  three (e,e’) analyses for a2 (A) 7
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Figure 2 shows the A/D cross section ratios for the
E02-019 data at a scattering angle of 18◦. For x > 1.5,
the data show the expected near-constant behavior, al-
though the point at x = 1.95 is always high because the
2H cross section approaches zero as x → MD/Mp ≈ 2.
This was not observed before, as the previous SLAC ra-
tios had much wider x bins and larger statistical uncer-
tainties, while the CLAS took ratios to 3He.
Table I shows the ratio in the plateau region for a range

of nuclei at all Q2 values where there was sufficient large-
x data. We apply a cut in x to isolate the plateau region,
although the onset of scaling in x varies somewhat with
Q2. The start of the plateau corresponds to a fixed value
of the light-cone momentum fraction of the struck nu-
cleon, αi [1, 12]. However, αi requires knowledge of the

initial energy and momentum of the struck nucleon, and
so is not directly measured in inclusive scattering. Thus,
the plateau region is typically examined as a function of
x or α2n, which corresponds to αi under the approxi-
mation that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [12]. We
take the A/D ratio for xmin < x < 1.9, such that xmin

corresponds to a fixed value of α2n. The upper limit is
included to avoid the deuteron kinematic threshold.

TABLE I: r(A,D) = (2/A)σA/σD in the 2N correlation re-
gion (xmin < x < 1.9). We choose a conservative value of
xmin = 1.5 at 18◦, which corresponds to α2n = 1.275. We use
this value to determine the xmin cuts for the other angles.
The last column is the ratio at 18◦ after the subtraction of
the estimated inelastic contribution (with a systematic uncer-
tainty of 100% of the subtraction).

A θ=18◦ θ=22◦ θ=26◦ Inel.sub
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10
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At these high Q2 values, there is some inelastic contri-
bution to the cross section, even at these large x values.
Our cross section models predicts that this is approxi-
mately a 1–3% contribution at 18◦, but can be 5–10% at
the larger angles. This provides a qualitative explanation
for the systematic 5–7% difference between the lowest Q2

data set and the higher Q2 values. Thus, we use only the
18◦ data, corrected for our estimated inelastic contribu-
tion, in extracting the contribution of SRCs.
The typical assumption for this kinematic regime is

that the FSIs in the high-x region come only from rescat-
tering between the nucleons in the initial-state correla-
tion, and so the FSIs cancel out in taking the ratios [1–
3, 12]. However, it has been argued that while the ratios
are a signature of SRCs, they cannot be used to provide
a quantitative measurement since different targets may
have different FSIs [17]. With the higher Q2 reach of
these data, we see little Q2 dependence, which appears
to be consistent with inelastic contributions, supporting
the assumption of cancellation of FSIs in the ratios. Up-
dated calculations for both deuterium and heavier nuclei
are underway to further examine the question of FSI con-
tributions to the ratios [18].
Assuming the high-momentum contribution comes en-

tirely from quasielastic scattering from a nucleon in an
n–p SRC at rest, the cross section ratio σA/σD yields
the number of nucleons in high-relative momentum pairs
relative to the deuteron and r(A,D) represents the rela-
tive probability for a nucleon in nucleus A to be in such

Universality of 2N SRC is confirmed by Jlab experiments✺

Probability of the high momentum 
component in nuclei per nucleon, 
normalized to the deuteron wave 
function

Per nucleon cross section ratio 
at Q2=2.7 GeV2 - E2-019-2011

Very good agreement between   three (e,e’) analyses for a2 (A)

E2-019-2011
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Two types - FSI interaction within SRC  and knockout of low momentum nucleon 
with FSI with the whole nucleon. 

FSI and the scaling of rations

FSI of first type maybe large up to a factor of 2 for σ(e,e’), cancels in the ratio of σ’s

Second - is few % . One would  come to an opposite if one does  does not take into 
account off mass- shell effects

If  |pint|    is  small,  the struck nucleon has large virtuality 

�M2 = m2 � p2 ⇥ m2
N �Q2(�1 +

1
x

)� p2
int

Sargsian, Frankfurt, MS 2008.

p’

q

p
p

p
p

A
A−1

1

+ q1

p
A−1

Figure 15: General diagram representing final state interaction.

the virtuality of struck nucleon becomes large. Indeed on can estimate the virtuality
of struck nucleon as follows:

�M2 ⌘ m2 � (p1 + q)2 ⇡ m2 + Q2(1� 1

x
)� m̃2, (27)

where m̃2 = p2
1 = (pA � p0

A�1)
2 and p0

A�1 is the four momentum of the recoil nucleus
at the intermediate state (see Fig.15). For small momenta of the initial nucleon,
p1 ⇡ 0 (m2 � m̃2 ⇠ 0) the virtuality grows linearly with Q2 at fixed x 6= 1. It grows
also with x moving away from x = 1. Thus for kinematics of Eq.(19) the rescattering
amplitudes of Fig.15 for a struck nucleon with small initial momenta are suppressed
due to large virtuality of the struck nucleon in the intermediate state. For example,
for x = 1.5 and Q2 = 2 GeV2 virtuality is ⇠ 1 GeV2.

To understand what physical phenomena cause this suppression, it is convenient
to represent the FSI amplitude of Fig.15 within noncovariant theory in which time-
ordering is explicitly present which allows to consider space-time evolution of the
process11. In this case the FSI amplitude can be represented as follows:

AFSI,µ(eA! eX) ⇠
Z

d3p1 A(p1)J
µ

em
(p1, q)

1

�E + i✏
tN(p1 + q, pf ), (28)

where Jµ

em
is the electromagnetic current, tN represents the rescattering amplitude

of struck nucleon and �E is the energy di↵erence between intermediate and initial
states:

�E = �q0 �MA +
q

m2 + (q + p1)2 +
q

M̃2
A�1 + p2

1. (29)

11
Note that relativistic e↵ects in this case can be included within light-cone non-covariant theory.

29
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We used non-covariant  technique where energy is not conserved and momentum is 
conserved to determine what longitudinal distances, r,  fsi can contribute 
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the virtuality of struck nucleon becomes large. Indeed on can estimate the virtuality
of struck nucleon as follows:

�M2 ⌘ m2 � (p1 + q)2 ⇡ m2 + Q2(1� 1

x
)� m̃2, (27)

where m̃2 = p2
1 = (pA � p0

A�1)
2 and p0

A�1 is the four momentum of the recoil nucleus
at the intermediate state (see Fig.15). For small momenta of the initial nucleon,
p1 ⇡ 0 (m2 � m̃2 ⇠ 0) the virtuality grows linearly with Q2 at fixed x 6= 1. It grows
also with x moving away from x = 1. Thus for kinematics of Eq.(19) the rescattering
amplitudes of Fig.15 for a struck nucleon with small initial momenta are suppressed
due to large virtuality of the struck nucleon in the intermediate state. For example,
for x = 1.5 and Q2 = 2 GeV2 virtuality is ⇠ 1 GeV2.

To understand what physical phenomena cause this suppression, it is convenient
to represent the FSI amplitude of Fig.15 within noncovariant theory in which time-
ordering is explicitly present which allows to consider space-time evolution of the
process11. In this case the FSI amplitude can be represented as follows:

AFSI,µ(eA! eX) ⇠
Z

d3p1 A(p1)J
µ

em
(p1, q)

1

�E + i✏
tN(p1 + q, pf ), (28)

where Jµ

em
is the electromagnetic current, tN represents the rescattering amplitude

of struck nucleon and �E is the energy di↵erence between intermediate and initial
states:

�E = �q0 �MA +
q

m2 + (q + p1)2 +
q

M̃2
A�1 + p2

1. (29)

11
Note that relativistic e↵ects in this case can be included within light-cone non-covariant theory.

29

Jμ is the electromagnetic current, tN represents the rescattering amplitude  of struck 
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Figure 15: General diagram representing final state interaction.

the virtuality of struck nucleon becomes large. Indeed on can estimate the virtuality
of struck nucleon as follows:

�M2 ⌘ m2 � (p1 + q)2 ⇡ m2 + Q2(1� 1

x
)� m̃2, (27)

where m̃2 = p2
1 = (pA � p0

A�1)
2 and p0

A�1 is the four momentum of the recoil nucleus
at the intermediate state (see Fig.15). For small momenta of the initial nucleon,
p1 ⇡ 0 (m2 � m̃2 ⇠ 0) the virtuality grows linearly with Q2 at fixed x 6= 1. It grows
also with x moving away from x = 1. Thus for kinematics of Eq.(19) the rescattering
amplitudes of Fig.15 for a struck nucleon with small initial momenta are suppressed
due to large virtuality of the struck nucleon in the intermediate state. For example,
for x = 1.5 and Q2 = 2 GeV2 virtuality is ⇠ 1 GeV2.

To understand what physical phenomena cause this suppression, it is convenient
to represent the FSI amplitude of Fig.15 within noncovariant theory in which time-
ordering is explicitly present which allows to consider space-time evolution of the
process11. In this case the FSI amplitude can be represented as follows:

AFSI,µ(eA! eX) ⇠
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is the electromagnetic current, tN represents the rescattering amplitude

of struck nucleon and �E is the energy di↵erence between intermediate and initial
states:
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Note that relativistic e↵ects in this case can be included within light-cone non-covariant theory.
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Within this representation we can estimate the characteristic distances that struck
nucleon propagates as:

r ⇡ v

�E
, (30)

where v is the velocity of the struck nucleon in the intermediate state. Averaging
momentum p1 over the p1  pF region and using realistic nucleon momentum dis-
tribution one obtains the characteristic length, for x > 1 kinematics in which struck
nucleon with small initial momentum propagates before it rescatters with nucleons
from the residual nucleus. For 27Al target the Q2 dependence of r for di↵erent values
of x are presented in Fig.16.
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Figure 16: Characteristic distance from �⇤N interaction point which struck nucleon
(having p1  pFermi) can propagate before reinteraction that contributes to the total
cross section of �⇤A scattering.

This estimate demonstrates that FSI in kinematics of Eq.(19) overwhelmingly
takes place at distances which are within SRC. Additionally, since the rescattering
amplitude, tN for p1 ⇠ 0 is highly o↵-energy shell (this is equivalent to large virtu-
ality of interacting nucleon in the covariant formalism) it is strongly suppressed as
compared to the on-shell amplitude.
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Within this representation we can estimate 
the characteristic distances that struck  
nucleon propagates as:  



At x> 1.3, Q2 > 1 GeV2 fsi is local  (r < 1fm)  
and hence should cancel in the A/D ratios if  
one neglects pp SRC.

Other way to probe locality of FSI is to consider the correlator of the two e.m. currents. 

3.2 Space-time structure of high Q2
and x > 1 quasielastic

scattering

For a more formal analysis of the process it is convenient to start with consideration
of the expression for the cross section as a Fourier transform of the commutator of
electromagnetic currents Jµ between wave functions of the nucleus in its rest frame:

2mAq3�
(r) =

Z
eiqyhA | [Jµ(y), J�(0)] | Ai✏(r)

µ
✏(r)
�

d4y. (25)

where q3 =
q

Q2 + Q4/4m2x2, and ✏(r) is the polarization vector of the virtual photon.
Strong oscillations in the exponential lead to the condition that in the discussed
kinematic range

y+ ⇠ 1

q�
< 1 fm, y� ⇠

1

q+
< 0.2 fm, (26)

where we introduced the LC variables y± = y0 ± yz. Also it follows from causality
(i.e. from condition that commutator of electromagnetic currents is 0 for space-like
intervals) that y2

t
 1/Q2. To reach this we use an approximation in which nucleons

are point-like and nucleon structure is accounted for in terms of form factors. Account
of meson currents leads to a nonlocality of electromagnetic current at Q2 = 0 and
restricts the size of the probed region to the radius of a nucleon. Challenging question
is how this nonlocality depends on Q2. The analysis of quark models of a nucleon
shows that a selection of Q2 ⇡ few GeV2 squeezes an e↵ective size of the nucleon
[39]. It is quite di�cult to observe this phenomenon directly because of an expansion
of small size configurations[40] after it was produced in a hard subprocess.

3.3 SRCs and Final State Interaction

From the general considerations of Sec.3.2 one observes that the interaction between
the knock out nucleon and residual system which may contribute to the total cross
section in the kinematics of Eq.(19) is dominated by distances less than about 1 fm
which corresponds to the interaction within the SRC and therefore it is canceled in
the ratios like Eq.(23).

This conclusion can be reinforced by considering the rescattering diagram (Fig.15)
and treating it as a Feynman diagram. In this case one can calculate the virtuality
of struck nucleon at the intermediate state (before the FSI blob). We find [11] that
if the momentum of struck nucleon p1 is significantly di↵erent from the momentum,
~pi = ~pf � ~q, corresponding to the initial momentum in impulse approximation, then
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Strong oscillations in the exponential lead to the condition that in the discussed 
kinematic range y0 and yz are small. For example for Q2=1.5 GeV2, x=1.5 

y� =
1

q+
⇠ 0.1 fm, y+ =

1

q�
⇠ 0.3 fm,

!12



☀

Open questions:

 testing scaling of ratios for larger Q2 ~ 6 
GeV2- graduate onset of new regime 
where inelastic contribution becomes 
significant (dominates - outside 12 GeV 
range? )

x< 2 

☀

☀

differential Isotopic structure of correlations  (pn vs pp)
no inel

SRC +inel

SRC +inel +EMC

R(x=1)=5 in DIS limit

☀ Testing tensor structure of SRC: e ~D ! e+X, e+ p+ n
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� + ~D ! ⇡� + p+ slow proton

onset of α2N scaling - plot ratios at fixed   α2N    as a function of Q2. 



Before 

Removal of a quasiparticle

Long range interactions

Short−range interactions After q

Knockout of a nucleon

−k

q+k

Before 

After

Low Q2 
scale

High Q2 scale

Experience of quantum field theory - interactions at different resolutions (momentum 
transfer) resolve different  degrees of freedom - renormalization,.... No simple 
relation between relevant degrees of freedom at different scales. 

Possible to describe low energy nucleon-nucleon (nucleus) interactions, main 
characteristics of nuclei (radii, binding,...) using effective interactions where high 
momentum interactions are absent  - Landau - Migdal Fermi liquid logic, Effective Field 
theory
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Onset of  high energy picture and nuclear transparency
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Q2 dependence of the spectroscopic factor

Lapikas,   van der Steenhoven, 
Frankfurt, MS Zhalov, Phys.Rev. C, 
2000

Rather rapid transition from  regime of interaction with 
quasiparticles to regime of interaction  with nucleons 

Q2transition ≈0.8 GeV2 
Still need to study transition in a single  experiment.



Glauber model ( Frankfurt, MS, Zhalov) with HFS wave function

 : very small suppression at large Q2 :  
Quenching factor Q > 0.9 
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blue curves include 
soft rescatterings
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Comparison of 
transparency  calculated 

using HFS spectral function 
with the data.  No room 

for large quenching, though 
10-15% effect does not 
contradict to the data.

Small quenching is consistent 
with a small strength at large 
excitation energies for the 

momentum range of the NE-18 
experiment (R. Milner - private 

communication)
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Need data on (e,e’p) for small k and large Er  and Q2 ~ 2 GeV2

Alternative possibility - 10-15% chiral transparency effect

Confirms conclusion of Lapikas et al 
of Q2 dependence of Q factor



In the calculation we checked that normalization of the spectral function is 
correct using (e,e’) data at x=1 and moderate Q2. classical mechanics 
calculation of transparency gives similar result. 


So in (e,e’p)  one can use QM for 2N fsi  (Misak’s talk) and classical for the 
nucleons  at distances > 1.5 fm.

Open question: how much down in Q one can go in calculation of transparency?  - 

Glauber approximation for pA elastic scattering had problems at T_p  ~ 600 MeV (LAMPF) - 
(straight line  geometry  breaks down) expect similar problems for GEA.

Also, elastic rescaterings produce via elastic rescattering forward nucleons with 

relatively large pT   - mimic  SRCs   with larger internal momenta. 
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Evidence for 2N SRC from (anti) neutrino scattering (BEBC, 1988)

Solid curve is “Doppler effect”prediction  (FS77)    

v=xy - related to muon angle, measured better than x &y  

hV i↵ / hV i = 2� ↵
Data with selection of events with one proton (to suppress two step 
processes). In early FNAL data where all events were included, the effect is a 
factor of two smaller - 1/2 protons from two step processes.
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Studies of (eA->e’ backward  +X) are necessary at the very least to understand  
possible role of the fsi in the tagged structure function  search for the EMC effect,  
Is it still the best  experiment (FS 85) for revealing origin of the EMC effect?


