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Mesons produced by beam dissociation  
on fixed target at high energies. 

Photon energy @JLab: 8-10 GeV 

Motivations: Meson Production @JLab



Motivations: Meson Production @JLab
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Production parameters can be, in principle, 
determined with other reactions
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Known energy dependence 
Need to extract angular (or t) dependence

γ π0

p p

ω, ρ, b, hSimplest case:

http://www.indiana.edu/~jpac/Resources.htmlSlides, data, etc:

Mesons produced by beam dissociation  
on fixed target at high energies. 

Photon energy @JLab: 8-10 GeV 
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p

⇡0

S-Channel Kinematics
�(p1, µ1) + p(p2, µ2) ! ⇡0(p3, 0) + p(p4, µ4)

pion mass: 
nucleon mass:

µ
m

s = (p1 + p2)
2 = (p3 + p4)

2

t = (p1 � p3)
2 = (p2 � p4)

2

u = (p1 � p4)
2 = (p2 � p3)

2

s+ t+ u = 2m2 + µ2
z

x

E� =
s�m2

2
p
s

Ep =
s+m2

2
p
s

E⇡ =
s+ µ2 �m2

2
p
s

Ep0 =
s� µ2 +m2

2
p
s

q2s = E2
� = E2

p �m2

q02s = E2
⇡ � µ2 = E2

p0 �m2
initial momentum: 
final   momentum:

cos ✓s =
s(t� u) +m2

(m2 � µ2
)

4sqsq0s
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What can be exchanged in the t-channel ?
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γ π0

p p

ω, ρ, b, h

T-Channel Quantum Numbers
[Anderson et al. 1973]

cos ✓s = 0.73

cos ✓s = 0.90

IGJPC

G = C(�1)I
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What can be exchanged in the t-channel ?

6

C = � I = 0, 1

exotic no observation

dominant

T-Channel Quantum Numbers

(1, 3, 5, . . .)��

(1, 3, 5, . . .)+�

(0, 2, 4, . . .)��

(0, 2, 4, . . .)+�

P = (�)

L+1 ! L odd

C = (�)

L+S ! S = 0

~J =

~L+

~S ! Jodd
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— ar = 0.5+0.9 t
— aB = 0.7 t
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tHGeV2L

a

A ⇠ �(t)s↵(t)

IG = 0� : !

IG = 1+ : ⇢

IG = 0� : h

IG = 1+ : b
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• Ratio 6 GeV to 12 GeV
• Ratio 9 GeV to 12 GeV
• Ratio 15 GeV to 12 GeV
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⇡�p ! ⇡0p

↵ = 0.5 + 0.9t
Correct energy dependence 

BUT  
multiple contributions
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T-Channel Kinematics

pion mass: 
nucleon mass:

µ
m

�(p1,�1) + ⇡0(�p3, 0) ! p̄(�p2,�2) + p(p4,�4)

�

p

⇡0

z
x

p̄

✓t

t = (p1 � p3)
2 > 0

s = (p1 + p2)
2 < 0

initial momentum: 
final   momentum:

Et
� =

t� µ2

2
p
t

Et
⇡ =

t+ µ2

2
p
t

cos ✓t =
s� u

4qtq0t

q2t = Et2
� = Et2

⇡ � µ2

q02t = t/4�m2 = Et2
p �m2

Et
p =

t

2
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Mandelstam Plane

γ π0

p p

ω, ρ, b, h

γ
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s > 0

t < 0

s < 0

t > 0

Build a model for  
vector production  
in the t-channel 

Continue it to the 
s-channel
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i✏↵�µ⌫ p
�
3 pµ1"

⌫(p1,�1)

Vector Pole Model

ū(p4,�4)
h
g4�

↵̄ + g1�
[↵̄��](p2 � p4)�

i
v(�p2,�2)

1

2
⌦ 1

2
= 1� 0

γ
π
0

p
p

ω
,ρ
,b
,h

�

p

p̄

⇡0

�

�g↵↵̄ + (p1 � p3)↵(p1 � p3)↵̄

m2
V � t
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CGLN Basis [CGLN Phys. Rev. 106 1345 ]

M1 =
1

2
�5 �

µ�⌫ Fµ⌫

M2 = �5 p
µ
3 (p2 + p4)

⌫ Fµ⌫

M3 = ��5 �
µ p⌫3 Fµ⌫

M4 =
i

2
✏↵�µ⌫ �

↵ p�3 Fµ⌫

Fµ⌫ = "µ(p1,�1)p
⌫
1 � "⌫(p1,�1)p

µ
1

= ū(p4,�4) [g1(tM1 �M2) + g4M4] v(�p2,�2)

= At
�2�4;�1

(s, t)

⇥ 1

t�m2
V

γ
π
0

p
p

ω
,ρ
,b
,h⇡0

�

p

p̄



Crossing from t- to s-channel

γ π0

p p

ω, ρ, b, h

γ
π
0

p
p

ω
,ρ
,b
,h

s > 0

t < 0

s < 0

t > 0

12

ū(p4,�4) [g1(tM1 �M2) + g4M4] v(�p2,�2)
1

t�m2
V

⇠ s

t�m2
V

ū(p4, µ4) [g1(tM1 �M2) + g4M4]u(p2, µ2)

⇥�(t)

s

(s)↵(t) � (�s)↵(t)

2 sin⇡↵(t)

s

t�m2
J=1

+
s3

t�m2
J=3

+ . . .
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ū(p4, µ4) [g1(tM1 �M2) + g4M4]u(p2, µ2)

Residues

γ
π
0

p
p

ω
,ρ
,b
,h⇡0

�

p

p̄

M = 1 ! ↵ 6= 0

! �(�0.55) = 0

! �(t) / ↵(t)

⇥�(t)
1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1

Trajectory is the spin of the particle exchanged
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↵ = 0.5 + 0.9t

↵(0.752) = 1

↵(�0.55) = 0

↵(�1.66) = �1

Sinus produces poles at ↵ = 0,±1,±2, . . .

↵ = 0,±2,±4, . . .Signature produces zeros at

Amplitudes has poles at

Amplitudes is finite at

↵ = ±1,±3, . . .

↵ = 0,±2,±4, . . .

�(t) / ↵(t)(↵(t) + 1)
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ū(p4, µ4) [g1(tM1 �M2) + g4M4]u(p2, µ2)
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

ÊÊ

Ê

Ê

• 6 GeV
• 9 GeV
• 12 GeV
• 15 GeV

-1.4 -1.2 -1. -0.8 -0.6 -0.4 -0.2 0.
0.01

0.05
0.1

0.5
1

t HGeV2L

ds
êdtm

bêG
eV

2

Ê

Ê

Ê

Ê

Ê
ÊÊÊ

ÊÊ
Ê

ÊÊ

Ê

ÊÊ
Ê

Ê

Ê

Ê

ÊÊ

‡

‡

‡
‡

‡‡
‡

‡‡
‡

‡

‡‡
‡

‡

‡

‡
‡

‡

‡

‡
‡

ÏÏ

ÏÏÏÏÏÏ
Ï

Ï
Ï

Ï
Ï

ÏÏ
Ï

Ï

Ï

ÏÏ

Ï

Ï

ÚÚÚÚÚÚÚÚ
ÚÚ

ÚÚ
Ú

Ú
Ú

Ú

Ú

Ú

Ú

Ú

Ú

Ú

ÙÙÙÙ
ÙÙÙÙ

ÙÙ
Ù

Ù
Ù

Ù
Ù

Ù

Ù
Ù

Ù

Ù

Ù

Ù

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

-0.4

-0.2

0.0

0.2

0.4

0.6

t HGeV2L
aHtL

⇡�p ! ⇡0p

↵ = 0.5 + 0.9t
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�(t) / ↵(t)(↵(t) + 1)
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model

� p✓s

p

⇡0s-channel frame

�

p

⇡0

p̄

✓t

t-channel frame

Helicity Amplitudes

As
µ4;µ2µ1

= ū(p4, µ4)

"
4X

i=1

AiMi

#
u(p2, µ2) At

�4�2;�1
= ū(p4,�4)

"
4X

i=1

AiMi

#
v(�p2,�2)

Observables can be expressed in  
either frame. 
Choose the t-channel for simplicity 

A1 = �tA2

A2 = �g1↵(t) (↵(t) + 1)
1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1

A3 = 0

A4 = g4↵(t) (↵(t) + 1)
1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1
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model

�

p

⇡0

p̄

✓t

t-channel frame
Helicity Amplitudes

At
�4�2;�1

= ū(p4,�4)

"
4X

i=1

AiMi

#
v(�p2,�2)

γ
π
0

p
p

ω
,ρ
,b
,h⇡0

�

p

p̄

At
++,1 =

p
2qt

sin ✓t
2

hp
t (A1 � 2MA4)� 2q0t (A1 + tA2)

i

At
��,1 =

p
2qt

sin ✓t
2

hp
t (A1 � 2MA4) + 2q0t (A1 + tA2)

i

At
+�,1 =

p
2qt sin

2 ✓t
2

h
� (2MA1 � tA4) + 2q0t

p
tA3

i

At
�+,1 =

p
2qt cos

2 ✓t
2

h
� (2MA1 � tA4)� 2q0t

p
tA3

i

helicity flip at the gamma-pion vertex

correct angular  
dependence

d1�2��4,�1
(✓t)

not in this model 
(vector pole)

A1 = �tA2

A2 = �g1↵(t) (↵(t) + 1)
1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1

A3 = 0

A4 = g4↵(t) (↵(t) + 1)
1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1



17

Differential Cross Section: Model I
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2 sin⇡↵(t)
s↵(t)�1

A3 = 0

A4 = g4↵(t) (↵(t) + 1)
1� e�i⇡↵(t)

2 sin⇡↵(t)
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Differential Cross Section: Model II
model

Add another contribution:

RP

�

p p

⇡0

⇢,!

γ π0

p p

ω, ρ, b, h
+⇢,!
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A1 = �tA2

A2 = �g1↵(t) (↵(t) + 1)

1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1 � gc1

log(s)
↵c(t) (↵c(t) + 1)

1� e�i⇡↵c(t)

2 sin⇡↵c(t)
s↵c(t)�1

A3 = 0

A4 = g4↵(t) (↵(t) + 1)

1� e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)�1

+

gc4
log(s)

↵c(t) (↵c(t) + 1)

1� e�i⇡↵c(t)

2 sin⇡↵c(t)
s↵c(t)�1
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CLAS Preliminary Data

Data from M. Kunkel
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CLAS Preliminary Data

Data from M. Kunkel
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γ
π
0

p
p

ω
,ρ
,b
,h⇡0

�

p

p̄

What can be exchanged in the t-channel ?

C = � I = 0, 1

(1, 3, 5, . . .)��

(1, 3, 5, . . .)+�

(0, 2, 4, . . .)��

IG = 0� : !

IG = 1+ : ⇢

IG = 0� : h

IG = 1+ : b

T-Channel Quantum Numbers
γ

π
0

p
p

ω
,ρ
,b
,h

�

p

p̄

⌘

γ
π
0

p
p

ω
,ρ
,b
,h

� p̄

⇡+
n
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T-Channel Quantum Numbers

⌘ = P (�1)J IGJPC

�⇡0 �⌘ �⇡±

⇢,!
b, h
⇢,!
⇢̄, !̄

⇢ : 1+(1, 3, . . .)��

! : 0�(1, 3, . . .)��

⇢̄ : 1+(0, 2, . . .)��

!̄ : 0�(0, 2, . . .)��

b : 1+(1, 3, . . .)+�

h : 0�(1, 3, . . .)+�
⇡ : 1�(0, 2, . . .)�+

a : 1�(0, 2, . . .)++

ā : 1�(1, 3, . . .)++

a

a

ā

⇡, b
⇢,!
b, h
⇢,!
⇢̄, !̄

G = C(�1)I

⇢̃ : 1+(2, 4, . . .)��

!̃ : 0�(2, 4, . . .)��

ã : 1�(1, 3, . . .)��

⇢̃, !̃ ⇢̃, !̃ ã
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Eta Photoproduction

γ π0

p p

ω, ρ, b, h

, ⌘

Same exchanges

no dip at alpha=0 
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Summary
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Improvements
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