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Motivation: The Factorization Hypothesis

Search for exotic resonances
Study photoproduction of mesons

Photoproduction of mesons at

Does the target decouple at JLab energies ?

Factorization ?

Special interest in mesons:

E� = 6� 12 GeV

� �

p p p p

JPC
JPC
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Production of ‘Exotica’

γ π0

p p

ω, ρ, b, h

In photoproduction, the production of 
is similar to the production of  

γ π0

p p

ω, ρ, b, h

n

γ π0

p p

ω, ρ, b, h

γ π0

p p

ω, ρ, b, h

n

⇡+
1

⇡0
1

⇡1
⇡

⇡+

⇡0

JPCIG = 1�+1�

= 0�+1�

⇢/!

b/h

⇢/!

b/h

⇢/a2

⇡/b

⇢/a2

⇡/b

C = �1

I = 0, 1

C = ±1

I = 1

Neutral partner

Charged partner

start by photoproduction of pions

, ⌘1 , ⌘
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Factorization
γ π0

p p

ω, ρ, b, h

��

�p �p0

�M

t

s-channel helicity of particle i�i =

Trajectory

Angular momentum conservation for the reaction implies:

A
���M

�p�p0
= �(t)(

p
�t)|(����M )�(�p��p0 )| ⇥ 1± e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)

JPC
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Factorization
γ π0

p p

ω, ρ, b, h

��

�p �p0

�M

t

s-channel helicity of particle i�i =

Trajectory

Angular momentum conservation for the reaction implies:

A
���M

�p�p0
= �(t)(

p
�t)|(����M )�(�p��p0 )| ⇥ 1± e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)

Factorization implies angular mom, conservation at each vertex:

top vertex bottom vertex

A
���M

�p�p0
= �(t)(

p
�t)|����M | ⇥ (

p
�t)|�p��p0 | ⇥ 1± e�i⇡↵(t)

2 sin⇡↵(t)
s↵(t)

JPC
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Production: A Simple Example

p

resonances ?

⇡

�

p

⇡

exchange
s

t

s = c.-of-mass energy squared 
t = mom. transfered squared

A / �(t)s↵(t)

simple form  for production  
via Regge exchange
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Production: A Simple Example

p

⇡

⇡

⇡

⇡

⇢

f2

P

⇢

⇠ s1+0.2t

⇠ s0.5+0.9t

Pomeron exchange

vector exchange

resonances ?

⇡

�

p

⇡

exchange
s

t

s = c.-of-mass energy squared 
t = mom. transfered squared

A / �(t)s↵(t)

simple form  for production  
via Regge exchange
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Effective Trajectoryγ π0

p p

ω, ρ, b, h A / �(t)s↵(t)

d�

dt
/ 1

p2
�2(t)s2↵(t)
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Effective Trajectoryγ π0

p p

ω, ρ, b, h A / �(t)s↵(t)

d�

dt
/ 1

p2
�2(t)s2↵(t)

↵e↵ =

1

2

log

 
p2 d�

dt

p20
d�0
dt

!
log

�1

✓
s

s0

◆
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�p ! ⇡0p diff cross section [SLAC Anderson et al. 1971]

⌃ =
�? � �k

�? + �k
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|⇢+ !|2 � |b+ h|2

|⇢+ !|2 + |b+ h|2

d�

dt
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both have dip at t0 ⇠ �0.5 GeV2

↵⇢,!(t) ⇠ 0.5 + t

↵⇢,!(t0) = 0
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Model based on factorization

γ π0

p p

ω, ρ, b, h⇢/!

b/h

with parameters fitted

axial-vector exchanges strength  
decreases with energy
More precise data@JLAB could confirm
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Beam Asymmetries @ GlueX

same production as 

⇡0, ⌘(0�+)

⇡0
1 , ⌘1(1

�+)

have
γ π0

p p

ω, ρ, b, h

⇡0, ⌘

VM et al (JPAC) PRD92 (2015)

SLAC data

⌃ =
|⇢+ !|2 � |b+ h|2

|⇢+ !|2 + |b+ h|2
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Beam Asymmetries @ GlueX

same production as 

⇡0, ⌘(0�+)

⇡0
1 , ⌘1(1

�+)

have
γ π0

p p

ω, ρ, b, h

⇡0, ⌘

VM et al (JPAC) PRD92 (2015)

constant with

⌃ ! 1 as E� increases

E�grow with E�

SLAC data

⌃ =
|⇢+ !|2 � |b+ h|2

|⇢+ !|2 + |b+ h|2

⇢,! ⇠ s0.5 b, h ⇠ s0.0



9

2 -t (GeV/c)
0 0.5 1 1.5 2 2.5

Σ  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Preliminary

<9.0 GeVγGlueX 8.4<E
=10 GeVγSLAC E

0π p→p γ
(a)

2 -t (GeV/c)
0 0.5 1 1.5 2 2.5

Σ  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

JPAC
Donnachie
Laget

η p→p γ(b)

Beam Asymmetries @ GlueX

Nys et al (JPAC) PRD92 (2017)

same production as 

⇡0, ⌘(0�+)

⇡0
1 , ⌘1(1

�+)

have
γ π0

p p

ω, ρ, b, h

⇡0, ⌘

VM et al (JPAC) PRD92 (2015)

constant with

⌃ ! 1 as E� increases

E�grow with E�

GlueX, VM and J. Nys PRC (2017)

⌃ =
|⇢+ !|2 � |b+ h|2

|⇢+ !|2 + |b+ h|2

⇢,! ⇠ s0.5 b, h ⇠ s0.0
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γ π0

p p

ω, ρ, b, h

⌘, ⌘0

Beam Asymmetries @ GlueX

Beam asymmetry Difference probes  
strange exchanges contribution

VM et al. (JPAC) arXiv:1704.07684

blue and green models represent   
the estimation of systematic errors

⌃(⌘0)

⌃(⌘) GlueX Preliminary results expected at the 
APS meeting (October 25-27th 2017)

⌃(⌘) =
|⇢+ !|2 � |b+ h|2

|⇢+ !|2 � |b+ h|2

= ⌃(⌘0)
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γ π0

p p

ω, ρ, b, h

⌘, ⌘0

Beam Asymmetries @ GlueX

Beam asymmetry Difference probes  
strange exchanges contribution

VM et al. (JPAC) arXiv:1704.07684

blue and green models represent   
the estimation of systematic errors

⌃(⌘0)

⌃(⌘) GlueX Preliminary results expected at the 
APS meeting (October 25-27th 2017)

⌃(⌘) =
|⇢+ !+�|2 � |b+ h+h0|2

|⇢+ !+�|2 � |b+ h+h0|2

6=⌃(⌘0)
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Finite Energy Sum Rules
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1
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Z ⇤
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Im A(⌫, t)⌫kd⌫ =
�(t)⇤↵(t)+1

↵(t) + k + 1

Low energy: SAID High energy: Regge

3 GeV 5 GeV 6 GeV

High energy fit determines 

�(t) and ↵(t)

FESR provides constraint 
on the low energy fit  
(that determines  
resonances parameters)

VM et al. (JPAC) PRD92 (2015)
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Let’s compare both side of the sum rule

VM et al (JPAC)  PRD92 (2015) ; arXiv:1506.01764

Regge (RHS)
SAID (LHS)

⇡±p ! ⇡±p



Combined Fit of FESR and Observables

VM et al (JPAC) in preparation
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Future Projects

J. Stevens et al.

M. Mikhasenko et al.

T. Skwarnicki et al.

⇡�p ! ⌘⇡�p

⇡�p ! ⇡�⇡+⇡�p

⇤b ! J/ K�p

arXiv:1707.02848 

�p ! !p

�p ! ⇡�

�p ! ⌘⇡0p

R. Mitchell et al. e+e� ! ⇡+⇡�J/ PLB772 (2017)



27

�p ! ⇢0p

⇡

⇡⇢0

P/f2
⇡/b

p

�

p

At leading s, one can separate natural  and unnatural exchanges

Use beam polarization to extract  
spin density matrix elements: 

natural exchange: Pomeron

⇢N00 =
1

2

�
⇢000 � ⇢100

�

⇢N10 =
1

2

�
⇢010 � ⇢110

�
⇢N11 =

1

2

�
⇢011 + ⇢111

�

⇢N1�1 =
1

2

�
⇢01�1 + ⇢111

�

⇢1MM 0 =
1

N

X

���p�p0

A���p�p0MA⇤
����p�p0M

0

⇢0MM 0 =
1

N

X

���p�p0

A���p�p0MA⇤
���p�p0M

0

N =
X

�

|A�|2



27

�p ! ⇢0p

⇡

⇡⇢0

P/f2
⇡/b

p

�

p

At leading s, one can separate natural  and unnatural exchanges

Use beam polarization to extract  
spin density matrix elements: 

natural exchange: Pomeron

⇢N00 =
1

2

�
⇢000 � ⇢100

�

⇢N10 =
1

2

�
⇢010 � ⇢110

�
⇢N11 =

1

2

�
⇢011 + ⇢111

�

⇢N1�1 =
1

2

�
⇢01�1 + ⇢111

�

Factorization:  
test t-dependence of top vertex 

non-flip

single-flip

double-flip

/ �0

�p
�t

�0

/ �1

�p
�t

�1

/ �2

�p
�t

�2

⇢1MM 0 =
1

N

X

���p�p0

A���p�p0MA⇤
����p�p0M

0

⇢0MM 0 =
1

N

X

���p�p0

A���p�p0MA⇤
���p�p0M

0

N =
X

�

|A�|2



27

�p ! ⇢0p

⇡

⇡⇢0

P/f2
⇡/b

p

�

p

At leading s, one can separate natural  and unnatural exchanges

Use beam polarization to extract  
spin density matrix elements: 

natural exchange: Pomeron

⇢N00 =
1

2

�
⇢000 � ⇢100

�

⇢N10 =
1

2

�
⇢010 � ⇢110

�
⇢N11 =

1

2

�
⇢011 + ⇢111

�

⇢N1�1 =
1

2

�
⇢01�1 + ⇢111

�

Factorization:  
test t-dependence of top vertex 

non-flip

single-flip

double-flip

/ �0

�p
�t

�0

/ �1

�p
�t

�1

/ �2

�p
�t

�2

Expectation: �0 > �1 > �2

⇢1MM 0 =
1

N

X

���p�p0

A���p�p0MA⇤
����p�p0M

0

⇢0MM 0 =
1

N

X

���p�p0

A���p�p0MA⇤
���p�p0M

0

N =
X

�

|A�|2



Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

0.0 0.2 0.4 0.6 0.8 1.0
-0.05

0.00

0.05

0.10

-t HGeV2L

r 0
0N Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

0.0 0.2 0.4 0.6 0.8 1.0
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

-t HGeV2L

r 1
-
1

N

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.05

0.10

0.15

-t HGeV2L

r 1
0N

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

-t HGeV2L

r 1
1N

/ 1

2
+O(t)

Expectation: �0 > �1 > �2

�p ! ⇢0p : SDME for Natural Exchange

/ �2
1(�t)

/ �0�1

p
�t

[SLAC Ballam 1973 Eg = 9.3 GeV]

/ �0�2(�t)

�0 : �1 : �2 = 1.00 : 0.14 : �0.09Fit: 



29

Red points: Data from CLAS (preliminary)Blue line: Predictions from VM et al 

cos ✓ cos ✓

�p ! ⇡0p

Courtesy of M. KunkelPhys. Rev. D92 074013
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Parametrizing data constrained  
by S-Matrix principles: 

• unitarity 
• crossing symmetry 
• analyticity
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HASPECT (HAdron SPEctroscopy CenTer) 
M. Battaglieri et al.

Collaborations
PRD80, PRL102 (2009)

J. Stevens et al.

M. Mikhasenko et al.

T. Skwarnicki et al.

�p ! ⇡⇡p

�p ! KK̄p

�p ! ⇡0p, ⌘p

�p ! !p

�p ! ⇡�

⇡�p ! ⌘⇡�p

⇡�p ! ⇡�⇡+⇡�p

⇤b ! J/ K�p

under CLAS review

PRC95 (2017) 

arXiv:1707.02848 
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Monday PM 
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Photoproduction Reactions 

Wednesday AM 
Spectroscopy of Mesons 
Tensor resonances in            using COMPASS data 

Tuesday PM 
Analysis Tools 
A resonance-like phenomenon a1(1420)

⌘⇡

Monday PM 
Analysis Tools 
Covariant and helicity 
formalisms

Tuesday PM 
Spect. Mesons 
Three-body decays of 
quarkonium states at BABAR 

Wednesday AM 
Exotic states 
Multiquark states

Monday PM 
Spectroscopy of Baryons 
Regge phenomenology and the nature of the                     resonance ⇤(1405)


