
dropping the superscripts related to the target helicities and collapsing the sums over external and

internal spins because both the target and resonance are 0+ objects:

I =
∑
εε′

εV0 Y
0

0 ρεε′
ε′V ∗0 Y

0∗
0 (34)

= 1
2 |Y 0

0 |2
(

1V0
−1V0

) ( 1 −Pe−2iφππ

−Pe2iφππ 1

)(
1V ∗0
−1V ∗0

)
(35)

= 1
2 |Y 0

0 |2
[
|1V0|2 − P 1V0

−1V ∗0 e
−2iφππ − P 1V ∗0

−1V0 e
2iφππ + |−1V0|2

]
(36)

Noting that 1V0 = −ηc −1V0, we obtain the following expression:

I = 1
4π |1V0|2 (1 + ηcP cos 2φππ) , (37)

where φππ is the angle of the polarization vector relative to the production plane. For the case of

σ production, ηc = +1, but for the case of π0 production we have the opposite sign, ηc = −1. For

the Primakoff production of π+π− in S-wave, ηc = (−1)(−1)(−1)0 = +1. See Ref. [1] Eq. 8.

The intensity distribution in Eq. 34 may be written in a more convenient form for use with

AmpTools, namely

I = (1−P
4 )|A+|2 + (1+P

4 )|A−|2 (38)

A± = Y 0
0 (1V0 ± −1V0 e

2iφππ) (39)

A± = Y 0
0

1V0 (1∓ ηc e2iφππ), (40)

which can be written more symmetrically taking advantage of an arbitrary phase as

A± = Y 0
0

1V0 (e−iφππ ∓ ηc eiφππ). (41)

D Scale factors for Primakoff, nuclear coherent, and

nuclear incoherent cross sections

Fig. 14 shows 208Pb data from the PrimEx experiment [23]. NPP will run on the same target

and the same approximate incident beam energy, ≈ 6 GeV, as PrimEx. Using known analytical

forms for the processes shown in the figure, known photo-nuclear cross sections, and estimates

for nuclear attenuation from the PrimEx 208Pb analysis, we estimate numerical factors for scaling

the Primakoff, nuclear coherent and nuclear incoherent total cross sections seen in PrimEx to the

conditions for NPP.

D.1 Scale factor for the Primakoff cross section

The standard equation for Primakoff π0 production is given by:
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d2σPrimEx
dΩ

= Γπ0→γγ
8αZ2

M3
π

β3E4
γ

Q4
F 2
EM (Q2)sin2θ

where Γπ0→γγ = 7.7 eV is the π0 radiative width. The cross section for Primakoff ππ production

with Pγ = 0 is given by:

d2σNPP
dΩππdMππ

=
2αZ2

π2

E4
γβ

2

Mππ

sin2θ

Q4
F 2
EM (Q2)σ(γγ → ππ)

The above equation can be reorganized so that it has a structure similar to the standard Primakoff

equation:
d2σNPP
dΩππ

≈
[ 1

4π2

M2
ππ

β
σ(γγ → ππ)∆Mππ

]8αZ2

M3
ππ

β3E4
γ

Q4
F 2
EM (Q2)sin2θ

d2σNPP
dΩππ

≈ Γπ0π0→γγ
8αZ2

M3
ππ

β3E4
γ

Q4
F 2
EM (Q2)sin2θ

where Γπ0π0→γγ is the effective radiative width for π0π0 → γγ,

Γπ0π0→γγ =
[ 1

4π2

M2
ππ

β
σ(γγ → ππ)∆Mππ

]
Taking Mππ ≈ 0.4 GeV, ∆Mππ ≈ 0.4 GeV, and σ(γγ → π0π0) ≈ 10 nb gives,

Γπ0π0→γγ ≈ 42 eV

The angular dependence of the Primakoff differential cross section for single and double-pion

production is given by,
dσ

dΩ
∼ sin2θ

Q4
|F (Q2)|2

It can be shown (see notes from R. Miskimen) that the peak of the Primakoff differential cross

section is at the angle,

θmax =
s

2E2
γ

where s is the invariant mass of the π or ππ system. The factor |F (Q2)|2 has a negligible effect on

the position of the peak.

The total cross section is given by the integral

σ ∼
∫ Cθmax

0

sin2θ

Q4
|F (Q2)|22πsinθdθ
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where C is a dimensionless scale factor. Working in the small angle limit the total cross section is,

σ ∼ 2π

∫ Cθmax

0

θ3(
s2

4E2
γ

+ E2
γθ

2
)2

[
1− 1

6
< r2 >charge

(
s2

4E2
γ

+ E2
γθ

2

)]2
dθ

σ ∼ 2π

∫ Cθmax

0

θ3(
s2

4E2
γ

+ E2
γθ

2
)2

[
1− 1

3
< r2 >charge

(
s2

4E2
γ

+ E2
γθ

2

)]
dθ

Making a change of variable and performing the integration leads to the result,

σ ∼ π

E4
γ

[(
ln(1 + C2)− C2

1 + C2

)
− 1

12
< r2 >charge

s2

E2
γ

(
C2 − ln(1 + C2

)]
For C=4 the term on the left within the brackets sums to +1.89, and the term on the right (

proportional to < r2 >) sums to -0.008 (-.61) for the π(ππ) final state. Then the ratio of integrals

for double pion to single pion Primakoff production is approximately Iππ/Iπ ≈ 0.68 The total cross

section is approximately proportional to 1/E4
γ , nearly canceling the E4

γ factor in the Primakoff

equations, and leading to the result that the total cross section is approximately independent of

incident photon energy.

Our final result for the ratio of Primakoff cross sections σπ0π0 to σπ0 is given by,

σπ0π0

/
σπ0 ≈

(
Γπ0π0→γγ

/
Γγγ

)
×
(
Mπ

/
Mππ

)3
×
(
Iππ

/
Iπ

)
≈ 0.14

D.2 Scale factor for the nuclear coherent cross section

The nuclear coherent cross section for π0 photo-production is given by:

dσγA→Aπ0

dt
≈ ηA2dσγN→Nπ0

dt
sin2θF 2(t)

where η is the nuclear absorption factor for π0 production, A is the atomic mass number, dσγN→Nπ0/dt

is the π0 photo-production cross section on the nucleon, and F (t) is the nuclear matter formfactor.

The nuclear coherent cross section for π0π0 photo-production has a similar form:

dσγA→Aπ0π0

dt
≈ η2A2d

2σγN→Nπ0π0

dtdMππ
∆Mππsin

2θF 2(t)

where d2σγ→Nπ0π0/dtdMππ is the π0π0 photo-production cross section on the nucleon. In the

near threshold region the dominant channel for π0π0 is through f0(500) photo-production. Cross

sections for f0(500) have been measured in γp→ π+π− at 3.6-3.8 GeV [26]. The s-wave t and Mπ+π−

distributions are shown in Fig. 30, the former at Mππ = 0.4 GeV, and the latter at t = 0.5GeV 2.
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Note that dσ2/dtdMπ+π− is relatively flat versus Mππ in the threshold region. The relevant cross

section for this analysis is dσ2/dtdMπ+π− |t=0 ≈ 1.0µb/GeV 3 multiplied by an isospin factor of 1/2

to account for the f0(500) branching fraction to π0π0, giving dσγN→Nπ0π0/dtdMππ ≈ 0.5µb/GeV 2.

The cross section for γp → pπ0 at 6 GeV has been measured at SLAC [40], with cross sections

shown in Fig. 31; dσ/dt|t=0 ≈ 1.5µb/GeV 2 . Estimates from the PrimEX 208Pb analysis give

η ≈ 0.55.

Assuming an exponential behavior for the differential cross section on the nucleon,

dσγN→NX
dt

= σ0e
−kt

the coherent angular distribution is given by

dσcoherent
dΩ

= σ0sin
2θ|F (t)|2e−kt dt

dΩ

For CPP and NPP we have,
2k

< r2 >matter
<< 1

and
1

6
< r2 >matter

s2

4E2
γ

<< 1

To leading order in θ2 the peak coherent cross section is at angle

θmax =
1

Eγ

√
2

< r2 >matter
.

The total cross section is given by,

σcoherent ∼ σ0

∫ Cθmax

0
sin2θ|F (t)|2e−kt dt

dΩ
2πsinθdθ

where C is a dimensionless scale parameter. Working in the small angle approximation and using

the condition,

k
( s2

4E2
γ

)
<< 1

we can reduce the total cross section to this form,

σcoherent ∼
8σ0

< r2
charge >

2 E2
γ

∫ C

0
y3
[
1− 1

3
y2
]2
dy

Since the integral depends only on C, the integral cancels out in taking the ratio σγA→Aπ0π0

/
σγA→Aπ0 .

Here we give our final result for the ratio of π0π0 to π0 coherent cross sections:

σγA→Aπ0π0

/
σγA→Aπ0 ≈ ηd

2σγN→Nπ0π0

dtdMππ
∆Mππ

/dσγN→Nπ0

dt
≈ 0.07
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D.3 Scale factor for the nuclear incoherent cross section

The incoherent cross section for π0 photo-production is given by:

dσγA→π0

dt
≈ ηA

(
1−G(t)

)dσγN→Nπ0

dt

where G(t) is a Pauli suppression factor, with G(0)=1 and G(t) → 0 for t > kF , where kF is

the nuclear Fermi momentum, kF ≈ 260 MeV/c. The incoherent cross section for π0π0 photo-

production has a similar form:

dσγA→π0π0

dt
≈ η2A

(
1−G(t)

)d2σγN→Nπ0π0

dtdMππ
∆Mππ

The photo-production cross sections on the nuclon are identical to those used in the estimation of

the coherent cross section.

The total cross section is given by,

σ ∼ σ0

∫ CE2
γθ

2
max

s2/4E2
γ

(
1−G(t)

)
e−ktdt

where we integrate up to a multiple of E2
γθ

2
max, where θmax is the angle of the peak coherent cross

section, and s2/4E2
γ is the minimum t in the reaction. Because s2/4E2

γ << k2
F and 1−G(s2/4E2

γ) ≈
0, the lower limit on the integral can be replaced with zero,

σ ∼
∫ CE2

γθ
2
max

0

(
1−G(t)

)
e−ktdt

For π or ππ photo-production

CE2
γθ

2
maxk ≈ C

2

< r2 >matter
k << 1

provided that C ≤ 5. In this case we can neglect the exponential in the integral,

σ ∼
∫ CE2

γθ
2
max

0

(
1−G(t)

)
dt

Since the integral depends only on the upper integration limit, the integral cancels out in taking

the ratio σγA→π0π0

/
σγA→π0 . Our final result for the ratio of π0π0 to π0 incoherent cross sections

is given by:

σγA→π0π0

/
σγA→π0 ≈ ηd

2σγN→Nπ0π0

dtdMππ
∆Mππ

/dσγN→Nπ0

dt
≈ 0.07
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Figure 30: CLAS data for s-wave π+π− photoproduction on the proton at 3.2 < Eγ < 3.4
GeV [26].

D.4 Summary

NPP will take data on the same target, 208Pb, and the same approximate incident beam energy,

≈ 6 GeV, as PrimEx. Using known analytical expressions for the Primakoff, nuclear coherent, and

nuclear incoherent cross sections, known photo-nuclear cross sections, and estimates for nuclear

attenuation from the PrimEx 208Pb analysis, numerical factors are calculated to scale the total

cross sections seen in PrimEx to the conditions for NPP. Assuming Mπ0π0 ≈ 0.4 GeV, and a width

∆Mπ0π0 ≈ 0.4 GeV, the scale factors for Primakoff, nuclear coherent, and nuclear incoherent total

cross sections are approximately ×0.14, ×0.07, and ×0.07, respectively.
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Fig. 4. Values of the effective a are plotted versus
[t ~
. The dashed line indicates the a(t) expected for

pure ~ exchange. The solid line is from the model of
Fr/yland.

pie, the solid curve shows the model of Frf(yland. '
As mentioned above, the fits do/dt-(s -M~e)'o '

provide a good representation of the data. To pro-
duce angular distributions at standard energies,
and as an average over the numerous individual
points, values of d&r/df were taken from these
straight-line fits at fixed values of Ee = 6, 9, lg,
and 15 GeV. The results are listed in Table I and
plotted in Fig. 5. The distributions show a "dip"
around t =—0.5 (GeV/c)', not changing much with
energy. The slight change from our earlier publi-
cations is due to the improved subtraction of the
Compton contribution. The extracted m' cross sec-
tion in the dip depends very critically on this cor-
rection. For example, at 15 GeV and t = -0.5
(GeV/c)', two-thirds of the observed yield is due
to Compton scattering. Whereas we earlier had to
rely upon a theoretical estimate for this correc-
tion, experimental values can now be used direct-
ly. It is important to note that the experimental
setup was nearly the same for the two experi-
ments, hence there are practically no systematic
errors attached to this correction. However,

O.ol

0 0.4 0.8
—t t(GeV/c) ]

l.2 l.6

Fig. 5. dc/dt in pb/(Gev/c)~ is plotted versus }t( for
incident photon energies of 6, 9, 12, and 15 GeV. The
dashed lines are only to guide the eye.

since the dip region at the highest energies is dif-
ficult to fit and requires such a large Compton
subtraction, we have made coincidence measure-
ments using the technique described in the next
section (but with unpolarized photons). Figure 6
shows coincidence yields across the hodoscope at
1V-GeV average photon energy and momentum
transfers both in the dip and on the secondary
maximum, where single-arm measurement is
fairly easy. It is clear that the / cross section
does not vanish at t = -0.5 (GeV/c)a, and in fact
the coincidence result is in very good agreement
with the single-arm results in Fig. 5.

TABLE I. da'/dt(p+ p x +p), pb/(GeV/c)'.

)t[, (GeV/c) Ep=6 GeV Ep=9 GeV Ep = 12 GeV Ep=15 GeV

0.1
0.15
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.1
1.38

1.13
0.86
0.67
0.34
0.130
0.078
0.095
0.122

+ 0.11
+ 0.06
+ 0.05
+ 0.04
+O.O14
+ 0.010
+ 0.012
+ 0.010

0.140 + 0.007
0.129 + 0.005
0.0849+ 0.0045

0.59 +0.07
0.47 +0.05
0.33 +0.04
0.138 +0.020
0.058 +0.008
0.039 +0.006
0.045 +0.008
0.054 +0.005
0.066 +0.013
0.063 +0.004
0.051 +0.003
0.0321+0.0024

0.37 + 0.05
0.30 + 0.04
0.20 + 0.03
0.073 + 0.013
0.033 +0.006
0.024 + 0.004
0.027 + 0.006
0.030 +0.003
0.038 +0.003
0.036 +0.003
0.027 + 0.002
0.0161+ 0.0013

0.22 +0.03
0.137 +0.020
0.045 +0.009
0.021 + 0.005
0.016 + 0.003
0.018 + 0.004
0.019 +0.003
0.024 + 0.003
0.0231+0.0025
0.0160+0.0013
0.0094 +0.0009

Figure 31: SLAC data for π0 photo-production on the proton [40].
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