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NN-interaction as a motivation for deuteron studies

NN-intro: Phenomenological Fits

V NN = V NN
π + V NN

R

V NN
R = V c + V tS12 + V LSL · S + V l2L2 + V ls2(L · S)2

V i = V i
int,R + V i

core, i = c, t, LS, l2, ls2

Vcore =

[

1 + e
r−r0

a

]

−1

60’s
Paris

Argonne



NN-intro: (O)BEP 47’s

Bonn
Potential



NN-intro: Effective Theories end of 70’s

Goldson boson character 
of pion

Q

Λχ
, Λχ ∼ 1GeV Q < 1GeV/c



NN-intro: QCD - Quark_Gluon mid  70’s

Goldson boson character 
of pion

Q > 1GeV/c



NN-intro: Experiments

Last Relevant Experiment, 1994AGS

JPARC

FAIR

JLAB

pA, pp

p(p)A,

e+d      e’ + p + n

...............



How to get nucleons close together Probing at large relative momenta
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r, Fm

k = 100 MeV/c , r
rms

 = 2.36 Fm

k = 200 MeV/c , r
rms

 = 2.21 Fm

k = 300 MeV/c , r
rms

 = 1.72 Fm

k = 500 MeV/c , r
rms

 = 1.07 Fm

k = 700 MeV/c , r
rms

 = 1.65 Fm

k = 1000 MeV/c , r
rms

 = 2.12 Fm

r ∼
1

k

ψ(r, k) ∼
∫

Θ(k − p)ψ(p)e−iprd3p



  We study Deuteron Electrodisintegration

e + d       e’ + p + n       

in knock-out kinematics

at

(b) !pf ≈ !q

(c) pf ! pr ≥ 300 MeV/c

knock-out

recoil

M.Sargsian, arXiv:0910.2016v2,(a) Q2 > M2
N GeV2

efforts to cover also the intermediate range

(a) Q2 > M2
N GeV2 S.Jeschonnek, J.W.  Van Orden, 2008,2009



Generalized Eikonal Approximation Frankfurt, 
Greenberg, Miller, 

MS, Strikman, 
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High Energy  Photo/Electro-Nuclear Reactions 
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Kinematics

I. Momenta involved in the reactions 
q ≈ pf > few GeV/c.

pr

A new small parameter
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−

pf
+

≡ Ef − pf
z

Ef + pf
z

≈ m2

4pf,2
z

$ 1

xBjm2

Q2
! 1



PD

ΓDNN
Ps

P

P T T T1 P21 3

4

3

PD
ΓDNN Ps

P4

P3P1 NNF

j

j

PA PA−1

p +q p

p

p
p’

p
p

F F F F...

1
2

p

n+2 2

p’

k+1

n+1
n+1

k11

A

n f
q

Effective Feynman Diagram Rules MS, Int. J. Mod. 
Phys 2001, 



P
P

P

s

fq

!

!

DNN

 N"

D

!DNN

PD
s Ps

P f
q !" N

P’

(a) (b)

3P

Γ
NNNHe

He3P

He3P
3P

2P P2

NN
F bF a

NN

3P
+

NN
Γ

fP

fPF a

NN

Pr

+
NN

Γ
3P

NN
F b

P2

q

q

2

1

1

P

P

P

Γ

3

3He NNN

(a)

(b)

+

Γ

Γ

γ∗   N

γ∗   N

P

Pr

r

Pr

2

2

3

3

P3

P2

fP
P1

He3P

He3Γ
NNN

Γ    N

r3

r2

q γ∗

+
P

P

ΓNN

He3

fP

He3

fP

2P

3P

r 3

r 2

r3

2r

+

P

P

q

NN

NN

+

+

NN

NN

2

3

q

P

F

3

2

1

1

P

P

P

P

P

P

ΓΓ

Γ

F

(a)

(b)

Γ

3

3He

NNN

NNN

He

a

bΓ

γ∗Γ

P

P

P

γ∗   N

   N

e + d        e’ + p + n

e + 3He        e’ + p + p + n



pd
p
′

r
pr

pfpd − p
′

r
pd − p

′

r + q

Aµ
1

= −

∫
d4p′r

i(2π)4
ū(pf )ū(pr)FNN [p/′r + m][p/D − p/′r + q/ + m]

(pD − p′r + q)2 − m2 + iε

Γµ
γ∗N [p/D − p/′r + m]ΓDNN

((pD − p′r)
2
− m2 + iε)(p′2r − m2 + iε)

.

∫
d0p′

r

p′2
r
− m2 + iε

= −

i(2π)

2E′
r

e + d → e + p + n

Frankfurt, MS, 
Strikman, PRC1997 , 

Frankfurt, 
Greenberg, Miller, 

MS, Strikman, ZPhys 
1995 , 

Interested only in 
Final State Interaction



(pD − p′r + q)2 − m2 + iε = m2

D − 2pDp′r + p′2r + 2q(pD − p′r) − Q2
− m2 + iε.

From Energy-Momentum conservation

(pD − pr + q)2 = m2 = m2

D − 2pDpr + m2 + 2q(pD − pr) − Q2

(pD − p′r + q)2 − m2 + iε = 2|q|

[

p′rz − prz +
q0

|q|
(Er − E′

r) +
mD

|q|
(Er − E′

r)

]

.

Aµ
1

= −
√

2(2π)
3

2

∑

λ1

∫

d3p′r
(2π)3

1
√

2E′
r

√

s(s − 4m2)fpn(pr⊥ − p′r⊥)

(pD − p′r + q)2 − m2 + iε

×Jµ
γ∗N (λf , pD − p′r + q;λ1, pD − p′r) ·

ψD(p′r)

N(p′r)
.



Aµ
1

= −(2π)
3

2

∑

λ1

∫

d3p′r
(2π)3

1

2|q|
√

E′
r

√

s(s − 4m2)fpn(pr⊥ − p′r⊥)

p′rz − prz + ∆ + iε

×Jµ
γ∗N (λf , pD − p′r + q;λ1, pD − p′r) ·

ψD(p′r)

N(p′r)
.

where ∆ = q0

|q| (Er − E′
r) + Md

|q| (Er − E′
r)

∫

dp′rz

(2π)

Ψd(p′r)

p′rz − (prz − ∆) + iε
= −

i

2

[

Ψd(p̃r) + iΨ̃d(p̃r)
]

where p̃r ≡ (p′
r⊥

, prz − ∆)

Aµ
1

= −
√

2(2π)
3

2

4i

∑

λ1

∫

d2k⊥
(2π)2

√

2E′
r

√

s(s − 4m2)

2|q|E′
r

[

fon
pn (k⊥)Jµ,on

γ∗N ΨD(p̃r) + ifoff
pn (k⊥)Jµ,off

γ∗N Ψ̃(p̃r)
] 1

N(p′r)
.
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Next7years, June 04 K. Egiyan

Recoil-Neutron Angular Distributions; Hall A Exp.
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Luminita Coman, PhD 2007
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Recoil-Neutron’s Angular Distributions - I
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Single Rescattering
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1a = −

∫
d4p2

i(2π)4
d4p3

i(2π)4
ū(pr3)ū(pr2)ū(pf )

Γ+
NN (p′2, p3)(p̂′2 + m)

p′22 − m2 + iε
×

×
F a

NN (p′2 − p2)(p̂1 + q̂ + m)

(p1 + q)2 − m2 + iε
· Γµ

γ∗N ·
p̂3 + m

p2
3 − m2 + iε

×

×
p̂2 + m

p2
2 − m2 + iε

·
p̂1 + m

p2
1 − m2 + iε

· Γ3HeNNN (p1, p2, p3) χA. (1)

Aµ
1a = −

F

2

∑

s1′ ,s2′ ,s1,s2,s3

∑

t1,t2′ ,t2,t3

∫

d3p2

(2π)3
d3p3Ψ

†pr2,sr2,tr2;pr3,sr3,tr3

NN (p′2, s2′ , t2′ ; p3, s3, t3)

×

√

sNN
2 (sNN

2 − 4m2)

2qm

fNN (p′2, s2′ , t2′ , pf , sf , tf ; |p2, s2, t2, p1 + q, s1′ , t1)

pmz + ∆0 − p1z + iε

× jµ
t1(p1 + q, s1′ ; p1, s1) · Ψ

sA

A (p1, s1, t1; p2, s2, t2; p3, s3, t3). (1)

∆0 = q0

q
(Tr2 + Tr3 + |εA|)



 Double  Rescattering
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b3 )f
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e + d       e’ + p + n       

extending range of the recoil nucleon momenta

Virtual Nucleon Approximation

Main Assumptions  

- we consider only pn component of the deuteron

TN < 2(m∆ −mN ) ∼ (mN∗ −m) ∼ 500 MeV

- neglect the negative energy projection of virtual nucleon 

Md −
√

m2 + p2 > 0
√

a + b p ≤ 700 MeV/c

- neglect by meson exchange currents Q2 ≥ 1 GeV2
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〈sf , sr | Aµ
0 | sd〉 = −ū(pr, sr)Γµ

γ∗p
/pi+m

p2
i−m2 · ū(pf , sf )ΓDNN · χsd

pi = (Ed − Er, !pd − !pr) = (Md − Er,−!pr) |LaB .

/pi + m = /pon
i + m + (Eoff

i − Eon
i )γ0, Eoff = Md −

√
m2 + p2, Eon =

√
m2 + p2

〈sf , sr | Aµ
0,on | sd〉 = −ū(pr, sr)Γµ

γ∗p
/pon
i +m

p2
i−m2 · ū(pf , sf )ΓDNNχs

d,

〈sf , sr | Aµ
0,off | sd〉 = −ū(pr, sr)Γµ

γ∗p
(Eoff

i −Eon
i )γ0

p2
i−m2 · ū(pf , sf )ΓDNNχs

d.
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Ψsd
d (s1, p1, s2, p2) = − ū(p1,s1)ū(p2,s2)Γ

sd
DNN χsd

(p2
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√
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q
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si

u(pi, si)ū(pi, si)

〈sf , sr | Aµ
0 | sd〉 =

√
2
√

(2π)32Er
∑
si

Jµ
N (sf , pf ; si, pi)Ψsd

d (si, pi, sr, pr)

Jµ
N (sf , pf ; si, pi) = Jµ

N,on(sf , pf ; si, pi) + Jµ
N,off (sf , pf ; si, pi).

Jµ
N,on(sf , pf ; si, pi) = ū(pf , sf )Γµ

γ∗Nu(pi, si).

Jµ
N,off (sf , pf ; si, pi) = ū(pf , sf )Γµ
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Forward Elastic Final State Interaction Amplitude

〈sf , sr | Aµ
0 | sd〉 = −ū(pr, sr)Γµ

γ∗p
/pi+m

p2
i−m2 · ū(pf , sf )ΓDNN · χsd〈sf , sr | Aµ

1 | sd〉 = −
∫

d4p′
r

i(2π)4
ū(pf , sf )ū(pr, sr)FNN [/p′

r + m][/pd − /p′
r + /q + m]

(pd − p′
r + q)2 −m2 + iε

× Γγ∗N [/pd − /p′
r + m]ΓDNNχsd

((pd − p′
r)2 −m2 + iε)(p′2

r −m2 + iε)
, (1)

∫
d0p′

r

p′2
r −m2 + iε

= −i
2π

2E′
r

〈sf , sr | Aµ
1 | sd〉 = −

√
2(2π)
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2

∑

s′
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∫
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√
2E′
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√
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〈pf , sf ; pr, sr | fNN (t, s) | p′
r, s
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′
f , s′

f 〉 · Jµ
N (s′

f , p′
f ; si, pi) · Ψsd

d (si, p
′
i, s

′
r, p

′
r).
(1)
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Forward Elastic Final State Interaction Amplitude

〈sf , sr | Aµ
0 | sd〉 = −ū(pr, sr)Γµ

γ∗p
/pi+m

p2
i−m2 · ū(pf , sf )ΓDNN · χsd

〈sf , sr | Aµ
1 | sd〉 = −

√
2(2π)

3
2

∑

s′
f ,s′

r,si

∫
d3p′

r

i(2π)3

√
2E′

r

√
s(s− 4m2)

2E′
r((pd − p′

r + q)2 −m2 + iε)
×

〈pf , sf ; pr, sr | fNN (t, s) | p′
r, s
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r; p

′
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f 〉 · Jµ
N (s′

f , p′
f ; si, pi) · Ψsd
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′
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r, p

′
r).
(1)

using condition of quasielastic scattering (q + pd − pr)2 = p2
f = m2

(pd − p′
r + q)2 −m2 + iε = 2|q|(p′

r,z − pr,z + ∆ + iε)
∆ = q0

|q| (Er − E′
r) + Md

|q| (Er − E′
r)

〈sf , sr | Aµ
1 | sd〉 =

i
√

2(2π) 3
2

4
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s′
f ,s′

r,si

∫
d2p′

r

(2π)2

√
2Ẽ′

r

√
s(s− 4m2)

2Ẽ′
r|q|

×
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r; p̃

′
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f 〉 · J
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N (s′

f , p′
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d (si, p̃
′
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′
r, p̃
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−
√

2(2π) 3
2
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∑
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f ,s′

r,si

P
∫
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2π

∫
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√
2E′
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√
s(s− 4m2)

2E′
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×
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Charge -Exchange Final State Interaction Amplitude
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√
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The Deuteron Wave Function 

Ψsd
d (s1, p1, s2, p2) = − ū(p1,s1)ū(p2,s2)Γ

sd
DNN χsd

(p2
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q
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2
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  p   p 
1 2

1
4Md
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〈p′d, s′d | Aµ=0(Q2) | pd, sd〉 |Q2→0= GC(0) = 1,

1∑

sd=−1

∫
| Ψsd

d (p) |2 2Eoff

Md
d3p = 1

Ψd(p) = ΨNR
d (p)

Md

2(Md −
√
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Numerical Estimates

Ψsd
d (s1, p1, s2, p2) = − ū(p1,s1)ū(p2,s2)Γ

sd
DNN χsd

(p2
1−m2)

√
2

q
(2π)3(p2

2+m2)
1
2

JLab Experiment  P.E. Ulmer et al. Phys. Rev. Lett. 89, 2002 Q2 = 0.665GeV 2 and x ≈ 1
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Earlier
S.Jeschonnek and J.W.Van Orden, Phys. Rev. C 78, 2008



Numerical Estimates
JLab Experiment  K.Sh. Egiyan et al. Phys. Rev. Lett. 98 2007 

Q2 = 2± 0.25; 3± 0.5; 4± 0.5; 5± 0.5 GeV2
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- Starting Q2 ≥ 4 GeV2 off-shell effects in the current and FSI
are sufficiently well confined

See also J.M.Laget’s calculation in 
the same article



Numerical Estimates
JLab Experiment  K.Sh. Egiyan et al. Phys. Rev. Lett. 98 2007 

400 < pr < 600 MeV/c
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Where we go from here ?

- Isobar Contribution in Virtual Nucleon Approximation

- moving beyond 700 MeV/c Region

- Accounting for vacuum Fluctuations

- Wishing for New high Q2  Experimental Data 

- One Just Approved by JLAB PAC to measure 
up to 1500 MeV/c missing  momenta



New Phenomenon ?
JLab Experiment  P.E. Ulmer et al. Phys. Rev. Lett. 89, 2002 Q2 = 0.665GeV 2 and x ≈ 1
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JLab Experiment  P.E. Ulmer et al. Phys. Rev. Lett. 89, 2002 Q2 = 0.665GeV 2 and x ≈ 1
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New Phenomenon ?
S.Jeschonnek and J.W.Van Orden, Phys. Rev. C 78, 2008
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New Phenomenon ?
W. Boeglin et al  Phys. Rev.  C 78, 2008 (Mainz Data) Q2 = 0.33 GeV2


