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Introduction

In general pion photoproduction cross section 	


in terms of amplitudes could be presented as: 

d�

d⌦
=

q

k
| < 2|F|1 > |2

For given isospin configuration there are four amplitudes: 

F = i� · ✏F1 +
� · q� · (k⇥ ✏)

qk
F2 +

i� · kq · ✏
qk

F3 +
i� · qq · ✏

q2
F4

G.F. Chew, M.L. Goldberger, F.E. Low, and Y. Nambu, Phys.Rev. 106, 1345 (1957)	


 called CGNL amplitudes

At low energies these amplitudes could be expanded in terms of 
linear combinations of associated Legendre polynomials and partial 
waves.
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At higher energies number of relevant waves increases and it 
becomes very difficult to perform expansion of amplitudes. 

In this case one can use crossed-channel Regge expansion.
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II. THEORETICAL FORMALISM

A. Regge Approach

The amplitude for the photoproduction of a meson on a nucleon target can be decomposed in four independent
scalar amplitudes. A convenient choice is a decomposition in a covariant basis [3]

T�2�4 = ū4(p4,�4)
4X

i=1

AiMiu2(p2,�2) (1)

The four tensors structures M1, . . . ,M4 can be found in Ref. [3]. There are two equivalent representations of an
amplitudes: the partial wave (or multipole) expansion and the Regge representation. If the center of mass energy is
small, only a small number of waves will contribute to the amplitudes. The partial waves series is therefore suitable.
However as the energy increases the number of relevant waves increases and the implementation of the partial waves
become di�cult. At high energy, the Regge representation can be well approximated by the leading singularities in
the complex angular momentum plane, i.e. the Regge poles. As we are considering beam energies above plab = 3 GeV,
we will use the latter representation.

In the Regge expansion the behavior of the amplitudes is controlled by the exchange poles in the crossed-channel,
also called the t�channel. The possible exchanges, or trajectories, correspond to the quantum numbers of both �⇡0

and pp̄. The isospin I and the naturality ⌘ = P (�1)J can takes two values I = 0, 1 and ⌘ = ±1. The four possibilities,
depicted in Fig. 1, are then labeled by the lightest meson on the trajectory. They are !(I⌘ = 0+), ⇢(1+), h(0�) and
b(1�).

� ⇡0

p p

�, �, b, h

FIG. 1: Regge exchanges for neutral pion photoproduction.

A trajectory contribues only to a particular combinaison of invariant amplitudes Ai. The association between
trajectory to combination of invariant amplitudes requires to compute to parity conserving t�channel helicity ampli-
tudes. For the details of the methodology we refer to the textbooks [21, 22]. The combinaison of CGLN amplitudes
having good quantum numbers in the t�channel are

F1 = A1 � 2mA4, F2 = A1 + tA2, (2a)

F3 = 2mA1 � tA4, F4 = A3. (2b)

The vector trajectories ! and ⇢ both contribute to F1 and F3. The axial vector trajectories b and h both contribute
to F2. In the leading Reggeon exchange approximation, the amplitude is modeled by the form

Fi(s, t) = �i(t)
⇡

�(↵)

1 � e�i⇡↵

2 sin⇡↵
s↵�1. (3)

↵ is the Regge trajectory. The energy dependence s↵�1 and the phase given by the factor 1 � e�i⇡↵ (the residues
�i(t) are real) are completely fixed by the theory. These remarks have yielded simple qualitative pictures well verified
in various processes [23]. The vector and axial vector trajectories are

↵V (t) = 0.9(t�m2
⇢) + 1, ↵A(t) = 0.7(t�m2

b1) + 1. (4)

Regge trajectories contribute only to a particular combinations of 
invariant amplitudes     .Ai
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The combination of CGNL amplitudes with good quantum numbers 
for neutral pion production are: 

F1 = A1 � 2mA4, F2 = A1 + tA2,

F3 = 2mA1 � tA4, F4 = A3.

The vector          trajectories contribute to (!, ⇢) F1, F3.

The axial-vector           trajectories contribute to(b, h) F2, F4.

In the leading Reggeon exchange approximation

Fi(s, t) = �i(t)
⇡

�(↵)

1� e�i⇡↵

2 sin⇡↵
s↵�1

↵ is Regge trajectory.

↵V (t) = 0.9(t�m2
⇢) + 1, ↵A(t) = 0.7(t�m2

b1) + 1.

The vector and axial-vector trajectories are:
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In these terms the differential cross section is represented as: 

d�

dt
(s, t) =

1

32⇡


|F3|2 � t|F1|2

4m2 � t
+ |F2|2 � t|F4|2

�

This model was applied by  V. Mathieu and A. Szczepaniak	


to describe neutral pion photoproduction cross section    
at high energies (to be published).

Regge exchange model was used by M. Guidal, J.-M. Laget 
and M. Vanderhaeghen in PLB 400, 6 (1997) to describe 
pion photoproduction. 	


!
Later Regge model of GLV was modified in J.M. Laget, PLB 
695, 199 (2011) and includes pion rescattering as well as 
u-channel exchange.
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Experiment

� + p ! p⇡0 ! pe+e��

Photoproduction cross section in the reaction 

was measured in CLAS using data from g12 run period. It is reported in M.Kunkel’s Ph.D. Thesis.

54

CHAPTER 3

THE g12 EXPERIMENT

The g12 experiment ran during March - June 2008 with a total of 44 days of good

beam time. It collected over 128 TB of raw data that consisted of 26 · 109 events,

with an integrated luminosity of 68 pb�1. A detailed explanation of the CLAS data

reconstruction and explanation of the DAQ for g12 can be found in [41]. This chapter

will briefly overview aspects of the g12 running conditions and data retrieval found

in [41]. Table 5 lists the general running conditions of g12.

TABLE 5: Running conditions for g12

Electron Beam Energy 5.714 GeV

Electron Beam Current 60-65 nA (production) & 24 nA(single-prong)

Electron Beam Polarization Circular

Radiator Material/Density Au / 646µg/cm2

Radiator Thickness 10�4�
0

Radius of Photon collimator 6.4 mm

Photon Beam Energy Range 1.142-5.425 GeV

Target Shell Material Kapton

Target Length/Diameter 40 cm/4 cm

Target Inside Material `H
2

Target Position -90 cm from CLAS center

Target Polarization None

Torus Magnetic Current 1

2

B
max

= 1930 A

3.1 g12 DATA ACQUISITION AND TRIGGERING

As described in previous sections, CLAS is a detector comprised of several sub-

systems. Each subsystem in CLAS has its own electronics package to monitor its
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⇡0 Decay Modes

P
p

✏µ

1p�

✏�

2k
�

M

(a)

✏�k�

P
p

M

1/q2

��

e�µ

ū(p�, s�)

v(p+, s+)

(b)

Feynman diagram of ⇡0 two photon decay (a). Feynman
diagram of ⇡0 Dalitz decay (b).

⇡0 ! �� 98.8%

⇡0 ! e+e�� 1.2%

We choose e+e� for cleaner signal and trigger

7 / 43

Decay Modes⇡0

⇡0 ! ��(Br = 98.8%)

⇡0 ! e+e��(Br = 1.2%)

Dalitz decay

From the trigger point of view we choose Dalitz decay mode.

The lepton pairs could be produced from the conversion 
in LH target as well. From MC simulation the final sample 
contains roughly equal number of events coming from 
Dalitz decay and pair production in LH target.
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CLAS Detector

CLAS Detector

9 / 43

CLAS Detector
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Event Selection

-Event are selected with � + p ! pq+q�(X)

final state using CC and EC and TOF 

final state

-Identify pe+e�(X)

-Use kinematic fit to identify missing photon

-Use kinematic fit to cut out � + p ! p⇡+⇡�(X)
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Missing energy vs Missing Mass
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Reconstructed peak of ⇡0 ! e+e�� 124
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FIG. 79. Number of data events plotted vs. missing mass M
x

(�p ! pX) after the
1-C, 4-C and 75 MeV missing energy cut. Top plots depicts the data. Bottom plot
depicts the MC. For both panels, the top plots illustrate events with beam energies less
than 3.6 GeV, while the bottom plot illustrates events with beam energies greater
than 3.6 GeV. The red solid line are fits using the Crystal Ball Function, while the
black line illustrates the 3rd order polynomial background function.
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FIG. 3: (Color online) π0 photoproduction cross section, dσ/dt, off the proton at E = 1275 – 1975 MeV (W = 1810 –
2140 MeV) versus t, t is the squared four-momentum transfer between the incident photon and E, while the center-of-
mass total energy is indicated by W . Red solid (blue dashed) lines correspond to the SAID KU14 (DU13 [7]) solution,
which terminates at W = 2.5 GeV. Black dotted lines give the BG2014-02 BnGa [8] predictions. It terminates at W
= 2.75 GeV. Magenta long dashed lines give BG2015 fit (included new CLAS data). Experimental data are from the
current (red filled circles), CLAS [9] (black open circles), GRAAL [10] (magenta open triangles), LEPS [11] (blue plus),
CB-ELSA [12] (green crosses). The plotted points from previously published experimental data above E = 2 GeV [13]
(black filled squares) are those data points within ∆E = ±3 MeV of photon energy in laboratory system indicated on

each panel.

New (preliminary) CLAS and World Data 
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FIG. 4: (Color online) π0 photoproduction cross section off the proton at E = 2025 – 2725 MeV (W = 2165 – 2450 MeV)
versus the squared four-momentum transfer. Notation as in Fig. 3.

New (preliminary)  CLAS and World Data (cont.) 
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FIG. 5: (Color online) π0 photoproduction cross section off the proton at E = 2775 – 3675 MeV (W = 2470 – 2790 MeV)
versus the squared four-momentum transfer. Notation as in Fig. 3. Regge fit results [18] (no CLAS data in the fit) is
given by green long dash-dotted lines. Regge theoretical calculations [21] is shown by blue short dash-dotted lines.

New (preliminary) CLAS and World Data (cont.) 

Laget

MS
BG old

BG new
New state:	


JP=13/2+  	



M=2560 MeV	


 =220 MeV�
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FIG. 6: (Color online) π0 photoproduction cross section off the proton at E = 3725 – 4425 MeV (W = 2810 – 3030 MeV)
versus the squared four-momentum transfer. Notation as in Fig. 5.

New CLAS and World Data (cont.) 
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FIG. 7: (Color online) π0 photoproduction cross section off the proton at E = 4475 – 5175 MeV (W = 3050 – 3255 MeV)
versus the squared four-momentum transfer. Notation as in Fig. 5.

New CLAS and World Data (cont.) 
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FIG. 8: (Color online) π0 photoproduction cross section off the proton at E = 5225 – 5425 MeV (W = 3270 – 3330 MeV)
versus the squared four-momentum transfer. Notation as in Fig. 5.

New CLAS and World Data (cont.) 
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Handbag Model 

4

p = p−
∆

2
p′ = p+

∆

2

kj = kj −
∆

2
k′j = kj +

∆

2

q q′ = q −∆

FIG. 2: The handbag diagram for photoproduction of mesons. The large blob represents a baryon GPD, while the small
one stands for meson photoproduction off partons. The momenta of the various particles are indicated.

III. DATA ANALYSIS

Applied to WACS is very successful

Underestimates neutral pion cross section significantly

P. Kroll et al.
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B. Comparison with Theory

Handbag model calculations by Kroll et al. [17]...

FIG. 9: (Color online) Differential cross section of π0 photoproduction. Experimental data at s = 11.09 GeV2 are from
the current experiment (red filled circles). The theoretical prediction within Handbag model at s = 10 GeV2 by Kroll et
al. [17] (Regge fit [18] at s = 11.09 GeV2 and Redge model at s = 11.05 GeV2 [21]) is given by blue double solid (green

long dash-dotted and blue short dash-dotted) line.

Kroll

Laget MS

Scaling ins7 � + p ! p⇡0

CLAS g12
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Scaling: Future Prospects

13

C. Scaling

FIG. 10: (Color online) Differential cross section of γp → π0p at 90◦ in CM as a function of the center of mass energy
squared. The red filled circles are results from the current analysis of the CLAS g12 data [19]. The recent data are from
CLAS g1c [9] (black open circles) and MAMI [23] (magenta open dymonds with crosses). While black open filled squares
are data from old measurements above E = 2 GeV [13]. The plotted points from previously published experimental
data within ∆θ = ±2◦ of pion center-of-mass production angle. The blue dashed line corresponds to the SAID DU13
solution (no new CLAS data are in the fit) [7]. At high energies (above s = 5.9 GeV) and and large angles (90◦) in CM,
the results are consistent with the s−7 scaling expected from the quark counting rule [25]. The black dash-dotted line
is a result of the fit of new CLAS data only, performed at 90◦ with power function ∼ s−n, leading to n = 6.89±0.26.

Projected results from the JLab Hall C proposal are given by green open stars [22].

CLAS g12

Hall C projected

SAID

MAMI-B

CLAS g1c


