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-Can be Studied in Hard Exclusive NN Scattering Reactions 

-Last Experiments were done at early 90’s at AGS, BNL
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- Large CM angle disintegration of nuclei:    

s = (kγ + pd)
2 = 2MdEγ + M2

d

t = (kγ − pN )2 = [cosθcm − 1]
s − M2

d

2

Eγ = 2 GeV, s = 12 GeV2, t |900≈ −4 GeV2, Mx = 2 GeV

Eγ = 12 GeV, s = 41 GeV2, t |900≈ −18.7 GeV2, Mx = 4.4 GeV

Mxγ N

ND

Brodsky, Chertock, 1976

Holt,  1990

Gilman, Gross, 2002

γ D, 3He(pp, n)

N,�, ...R

N,�, ...R

(⇤)
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Consider  A+B    C + D
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Brodsky, Farrar 1975
Matveev, Muradyan, Takhvelidze, 1975
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Exclusive large-momentum-transfer
scattering

•Dimensional  counting  rule:

)f( S    s
t)2-n(N- A DCB nnn

CDABdt
d +++=

→

∝
σ

N = 1 + 6 + 3 + 3 – 2 = 11

)  (     ) (  tt phighnphighpd +→γ
For

Notice:

410  GeV/c) 4( / GeV/c) 1( ≈== γγ

σσ E
dt
dE

dt
d

scaling

γd → pn
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γd → pn
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Hard Rescattering Mechanism
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Eγ ≥ 2.5 GeV
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T = −

∑

eq

∫

(

ψ†
N (x′

2, pB⊥, k2⊥)

x′
2

ū(pB − p2 + k2)
[

−igTF
c γν

]

u(k1 + q)ū(k1 + q)

(k1 + q)2 − m2
q + iε

[

−ieqε
⊥
· γ⊥

]

u(k1)
ψN (x1, p1⊥, k1⊥)

x1

)

{

ψ†
N (x′

1, pA⊥, k1⊥)

x′
1

ū(pA − p1 + k1)
[

−igTF
c γµ

]

u(k2)
ψN (x2, p2⊥, k2⊥)

x2

}

Gµν Ψd(α, p⊥)

1 − α

dx1

1 − x1

d2k1⊥

2(2π)3
dx2

1 − x2

d2k2⊥

2(2π)3
dα

α

d2p⊥
2(2π)3

, (1)

  k  + qpd
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We use the reference frame where
pd = (pd0, pdz, p⊥) ≡ (

√
s′

2
+ M

2

d

2
√

s′
,
√

s′

2
−

M
2

d

2
√

s′
, 0),

with s = (q + pd)2, s′ ≡ s − M2
D

,

and the photon four-momentum is q = (
√

s′

2
,−

√
s′

2
, 0).

-The knocked-out quark propagator.

(k1 + q)2 − m2

q = x1s
′

[(

1 +
1

s′
(M2

d −
m2

n + p2

⊥

1 − α
)

)

α

−
x1m2

R + k2

⊥
+ m2

q(1 − x1)

(1 − x1)x1s′
−

p2

⊥
− 2p⊥k1⊥

x1s′

]

(1)

-We are concerned with momenta such that p2

⊥
" m2

N " s′ and α ∼
1

2
so we

neglect terms of order p2

⊥
, m2

N/s′ " 1 to obtain:

(k1 + q)2 − m2

q + iε ≈ x1s
′(α − αc + iε),

αc ≡
x1m2

R + k2

1⊥

(1 − x1)x1s̃
. (2)

Here s̃ ≡ s′(1 + M2

d

s′ ) and mR is the recoil mass of the spectator quark-gluon
system of the first nucleon.

- The integration over k1⊥ in the region k2
1⊥ ∼

(1−x1)x1s̃

2 " x1m
2
R

does
provide αc = 1

2 .

looking for αc ∼
1

2
contribution
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αc =
1

2

Nature’s Delta Function
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- Keeping only the imaginary part of the quark propagator (eikonal approx-
imation) leads to α = αc and corresponds to keeping the contribution from the
soft component of the deuteron wave function.

Next we calculate the photon-quark hard scattering vertex– ū(k1+q)[γ⊥]u(k1)
and use Eq. (2) to integrate over α
-By taking into account only second term in the decomposition of struck quark
propagator: (α − αc + ε)−1 ≡ P(α − αc)−1 − iπδ(α − αc):

x1 = (1 −

m
2

R

αcs
′
) → 1

ūβ(k1 + q) [−ieεµ(λγ)γµ] uα(k1) = ieq2
√

2E2E1(−λγ)δβ,αδλγ ,α

  k  + qpd
p

p

p

p2

1

B

q

A

  
  k 2

  k 1

1
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∑
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. (1)
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NN        NN

np       npγ

Brodsky,Carlson,Lipkin Phys.Rev.D 1979
Farrar, Gottlieb,Sivers,Thomas Phys.Rev.D 1979  

Frankfurt, Sargsian, Strikman, Phys.Rev. Lett 2000

〈λA, λB , | AQi
| λγ , λD〉 =

∑
(η1,η2),(ξ2),(λ1,λ2)

∫
eQif(θcm)√

2s′
×

〈η2, λB |〈η1, λA|Ai
QIM (s, l2)|λ1, λγ〉|λ2ξ2〉 × ΨλD,λ1,λ2(αc, p⊥)

d2p⊥
(2π)2

(1)

〈a′b′|AQ
QIM |ab〉 |a,b∈D =

1

2
〈a′b′|

∑

i∈a , j∈b

[IiIj+!τi!·τj ](Qi+Qj)Fi,j(s, t)|ab〉 = (Qu+Qd)〈a
′b′|Apn

QIM |ab〉

(Qu + Qd)〈a
′b′|Apn
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1

3
〈a′b′|Apn|ab〉.

〈a′b′|ANN
QIM |ab〉 =

1

2
〈a′b′|

∑

i∈a , j∈b

[IiIj + !τi!·τj ]Fi,j(s, t)|ab〉

A
pn
QIM ≈ Apn

Notation used | λnucleon, λquark〉

Assuming λ1 = λγ

SU(6)
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ΨλD,λ1λ2 = (2π)
3

2 ΨJD,λ1,λ2
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√

m = [u(k) + w(k)
√
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8
S12]ξ
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=
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∣

∣

∣
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∣

∣

∣
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∑
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3
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〉
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d2p⊥
(2π)2

(1)

s = (k� + pd)
2 = (pp + pn)

2
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2 = (pd � pn)

2
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2

� pp)
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2
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2
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11

FIG. 8: (Color) Same as Fig. 7 for photon energies 1.7 − 3.0 GeV.

10

FIG. 7: (Color) Angular distributions of the deuteron photodisintegration cross section measured by the CLAS (full/red circles)
in the incident photon energy range 0.50 − 1.70 GeV. Results from Mainz [26] (open squares, average of the measured values
in the given photon energy intervals), SLAC [5, 6, 7] (full/green down-triangles), JLab Hall A [10] (full/blue squares) and
Hall C [8, 9] (full/black up-triangles) are also shown. Error bars represent the statistical uncertainties only. The solid line and
the hatched area represent the predictions of the QGS [18] and the HRM [27] models, respectively.

Mirazita, et al, Phys. Rev. C 2004
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Specifics of Hard Rescattering Model

- Photon selects nucleon in the nucleus with helicity = to its own

Helicity Selection Rule

- Due to dominance of Helicity Conserving amplitudes in NN 
scattering, photon helicity will  propogate to the helicty of

 one of the final nucleons.  

  k  + qpd
p

p

p

p2

1

B

q

A

  
  k 2

  k 1

1
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Polarization Observables

Py

Cz
′Cx

′

〈pλA
, nλB

| A | λγ , λD〉 =
∑

λ2

f(θcm)

3
√

2s′
×

(

〈pλA
, nλB

|Apn(s, tn)|pλγ
, nλ2

〉− 〈pλA
, nλB

|Apn(s, un)|nλγ
pλ2

〉
)

∫

ΨλD,λγ ,λ2(αc, p⊥)
d2p⊥
(2π)2

(1)

Gilman, Gross, 2002
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Py = −
2Im

{

φ†
5
[2(φ1 + φ2) + φ3 − φ4]

}

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2

Cx′ =
2Re

{

φ†
5
[2(φ1 − φ2) + φ3 + φ4]

}

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2

Cz′ =
2|φ1|2 − 2|φ2|2 + |φ3|2 − |φ4|2

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2

Σ =
2Re

[

|φ5|2 − φ†
3
φ4

]

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2
, (1)

φ1(s, tn, un) = 〈+,+ | Apn | +,+〉

φ2(s, tn, un) = 〈+,+ | Apn | −,−〉

φ3(s, tn, un) = 〈+,− | Apn | +,−〉

φ4(s, tn, un) = 〈+,− | Apn | −,+〉

φ5(s, tn, un) = 〈+,+ | Apn | +,−〉. (1)

|φ1| ≥ |φ3|, |φ4| > |φ5| > |φ2|.
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Jiang et al, PRL2007
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Break up of pn from the deuteron Break up of pp from Helium 3
Brodsky,  Frankfurt, Gilman, Hiller, Miller 

Piasetzky, M.S.,  Strikman
Phys. Lett. B 2004
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Break up of pp from Helium 3
Brodsky,  Frankfurt, Gilman, Hiller, Miller 

Piasetzky, M.S.,  Strikman
Phys. Lett. B 2004
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- Hard Photodisintegration of pp pair:    

- Three Body Processes are Dominant

γ +3 He → pp + n

What is known?

for Eγ ≤ 0.5GeV

σγpp ! σγpn

π ∼ 0

Laget, Nucl.Phys. 1989

p

p

p

p

p
p

p

nn

p

σ(γ3He→pp)
σ(γ3He→pn) ≈ 1%

Info from Lower Energies
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p

n

p

n

∼ s
−13 ∼ s

−11

(I)  Transi*on,from,30step,to,20step,processes,
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Considering γ +3 He → (NN) + N
M. S., C.Granados
Phys. Rev. C 2009
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< +,+|TQIM
NN |+,+ > = φ1

< +,+|TQIM
NN |+,− > = φ5

< +,+|TQIM
NN |−,− > = φ2

< +,−|TQIM
NN |+,− > = φ3

< + − |TQIM
NN |− + > = −φ4. (1)

¯|M|
2

=
(e)22(2π)6

2s′
NN

1

2

[

2Q2
F |φ5|

2S0 + Q2
F (|φ1|

2 + |φ2|
2)S12 + (|Q1φ3 + Q2φ4|

2 + |Q1φ4 + Q2φ3|
2)S34

]

,

QF = Q1 + Q2 =
Nuu(Qu + Qu) + Ndd(Qd + Qd) + Nud(Qu + Qd)

Nuu + Ndd + Nud

φ3 ≈ −φ4 For pp
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¯|M|
2

=
(e)22(2π)6

2s′
NN

1

2

[

2Q2
F |φ5|

2S0 + Q2
F (|φ1|

2 + |φ2|
2)S12 + (|Q1φ3 + Q2φ4|

2 + |Q1φ4 + Q2φ3|
2)S34

]

,

φ3 ≈ −φ4 For pp

S12(t1, t2,↵, ~ps) = NNN

1
2X

�1=�2=� 1
2

1
2X

�3=� 1
2

����
Z
 

1
2
3He,NR(~p1,�1, t1; ~p2,�2, t2; ~ps,�3)mN

d2p?
(2⇡)2

����
2

,

S34(t1, t2,↵, ~ps) = NNN

1
2X

�1=��2=� 1
2

1
2X

�3=� 1
2

����
Z
 

1
2
3He,NR(~p1,�1, t1; ~p2,�2, t2; ~ps,�3)mN

d2p?
(2⇡)2

����
2

and
S0 = S12 + S34.
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dσ

dtd3ps

Es

= αQ2
F,PP 16π4Spp

34
(α =

1

2
, $ps)

2C2β2

1 + 2C2

sNN (sNN − 4m2
N )

(sNN − p2
NN )2(s − M2

3He
)
×

dσpp→pp(sNN , tN )

dt
, (1)β =

2(|φ3|− |φ4|)

|φ1|

at 4GeV⇥(�3He�pp)
⇥(�3He�pn) � 0.1
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dσ

dtd3ps

Es

= αQ2
F,PP 16π4Spp

34
(α =

1

2
, $ps)

2C2β2

1 + 2C2

sNN (sNN − 4m2
N )

(sNN − p2
NN )2(s − M2

3He
)
×

dσpp→pp(sNN , tN )

dt
, (1)β =

2(|φ3|− |φ4|)

|φ1|

at 4GeV⇥(�3He�pp)
⇥(�3He�pn) � 0.1 ⇥(�3He�pp)

⇥(�3He�pn) � 0.01 at 0.5 GeV

J-M.Laget, Nucl.Phys. 1989

p

p

p

n

n

p

p

Meson Exchange Picture 
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What’s Now:

p-d break–up 3He and scaling of 

γ D, 3He(pp, n)

N,�, ...R

N,�, ...R

(⇤)

s17 d�
dt !

)2s (GeV
10 11 12 13 14 15

)
32

/d
t (

G
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,pd)aHe(3

° = 90p c.m.e
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� +3 He ! p+ d D. Maheswari, M.S., 2016

p p

d d
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� +3 He ! p+ d D. Maheswari, M.S., 2016
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� +3 He ! p+ d D. Maheswari, M.S., 2016
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� +3 He ! p+ d

d�

dt
=

3⇡4↵Q2
eff

s03He

⇣ s0N
s03He

⌘d�pd

dt
(s, tpd) ·mNSNR

3He/d(P1z = 0)

SNR
3He/d(P1z) =

1

2

X

�3He;�1,�d

����
Z
 

�3He:�1,�d
3He/d,NR (P1z, P1?)

d2P1?
(2⇡)2

����
2

d�pd!pd

dt
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= 4.1⇥ 10�4GeV

⇠ µbn/GeV 2
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d�pd!pd

dt
(s, t̃)
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� +3 He ! p+ d D. Maheswari, M.S., 2016� +3 He ! p+ d
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Baryon-Baryon Scattering         

before after

before

then after

Generalizing to the Baryon-Baryon  hard scattering
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What Next?

Break – up reactions to the deuteron break-up  
 of other 2Baryons 

Extraction of hard Baryonic Helicity Amplitudes from 
    Polarized measurement  

γ D, 3He(pp, n)

N,�, ...R

N,�, ...R

(⇤)
� + d ! �+� M. S., and  C.Granados

Phys. Rev. C 2011

h�1f ,�2f | M | �� ,�di = ie[�� ]⇥(
X

i2N1

X

�2i

Z
QN1

ip
2s0

h�2f ;�1f | TQI
(pn!B1B2),i

(s, tN ) | �� ;�2ii �d
d (p1i,�� ; p2i,�2i)

d2p?
(2⇡)2

+
X

i2N2

X

�1i

Z
QN2

ip
2s0

h�2f ;�1f | TQI
(pn!B1B2),i

(s, tN ) | �1i;��i �d
d (p1i,�1i; p2i,��)

d2p?
(2⇡)2

)
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What Else ?

Hard Break–up of proton to nucleon-meson pair

Extraction of hard Baryon-Meson
Helicity Amplitudes from 
Polarized measurement 

γ D, 3He(pp, n)

N,�, ...R

N,�, ...R

(⇤)
� +N ! N +meson N

N

⇡, ⇢, ⌘, . . .

M�N!NM ⇠ Qp
s
M

�Nf
,�M ;�Ni��

MN!MN (s, t̃)
R
 MN (↵N = 1, pt)

d2pt

(2⇡)2

,B

Py = −
2Im

{

φ†
5
[2(φ1 + φ2) + φ3 − φ4]

}

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2

Cx′ =
2Re

{

φ†
5
[2(φ1 − φ2) + φ3 + φ4]

}

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2

Cz′ =
2|φ1|2 − 2|φ2|2 + |φ3|2 − |φ4|2

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2

Σ =
2Re

[

|φ5|2 − φ†
3
φ4

]

2|φ1|2 + 2|φ2|2 + |φ3|2 + |φ4|2 + 6|φ5|2
, (1)
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Outlook
- Hard Rescattering Mechanism consistent with major
   observations of the break-up reactions
   including deuteron and 3He targets  

- Within this framework one can try to extract helicity
  amplitudes of NN-> BB hard scattering

- This approach can be extended to proton break-up reactions
  probing helicity amplitudes of meson-nucleon elastic
  amplitudes 

- We didn't see yet the proton decay, but we can break it...
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!1.!Generaliza,on!of!break!–!up!reac,ons!to!the!deuteron!break9up!of!other!2Baryons!!

γ

N,�, ...R

N,�, ...R

d

d⌅�d!��(s, ⇥c.m.)

dt
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4
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What’s Next: Studying Hard Hadronic Processes

∆-isobar production in QIM

p + n −→ p + ∆0

ct = cu

p + n −→ n + ∆+

p + n −→ ∆+∆0 ct #= cu

p + n −→ ∆++∆− cu = 0
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0.08

0.09

0.1

60 70 80 90 100 110 120

θ
c.m.

s
1
0
d
σ
/d
t

p + n −→ ∆++ + ∆−

dσ
dt proportional to
F (θc.m.)2

Backward supression will
test QIM.
Same angular distribution
is expected in
corresponding
photodisintegration
process,
γ + d −→ ∆++ + ∆−.
At large angle

0.1 < σγd−→∆++∆−

σγd−→pn < 0.5

Carlos Granados Angular Distributions in Hard Photodisintegration Processes ∆
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Compared With 

In the world where chiral symmetry is unbroken

ψ6q
t=0,s=1 =

√

1
9
ψNN +

√

4
45

ψ∆∆ +

√

4
5
ψCC

⇥(�d���)
⇥(�d�pn) � 1
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