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Abstract

This proposal presents our plan to make a precision measurement of the cross
section for γγ → π0π0 via the Primakoff effect using the GlueX detector in Hall D.
The aim is to significantly improve the data in the low π0π0 invariant mass domain,
which is essential for understanding the low energy regime of Compton scattering on
the π0. In particular, the aim is to obtain a first accurate experimental determination
of the neutral pion polarizability απ − βπ, which is one of the important predictions of
chiral perturbation theory and a key test of chiral dynamics on the π0. Our goal is to
measure σ(γγ → π0π0) to a precision of ∼1%, which would determine the combination
of απ0−βπ0 to a precision of 10%. We expect this experiment to run concurrently with
the previously approved experiment to measure the charged pion polarizability (CPP)
[1] in Hall D.

1 Introduction

Electromagnetic polarizabilities are fundamental properties of composite systems such
as molecules, atoms, nuclei, and hadrons [2]. Whereas form factors provide information
about the ground state properties of a system, polarizabilities provides information
about the excited states of the system, and are therefore determined by the system’s
dynamics. Measurements of hadron polarizabilities provide an important test point for
Chiral Perturbation Theory, dispersion relation approaches, and lattice calculations.
Among the hadron polarizabilities, the neutral pion polarizability ranks of paramount
importance because it tests fundamental symmetries, in particular chiral symmetry and
its realization in QCD. Indeed, the non-trivial (non-perturbative) vacuum properties
of QCD result in the phenomenon of spontaneous chiral symmetry breaking, giving
rise to the Goldstone Boson nature of the pions. In particular, the Goldstone Boson
nature of the π0 manifests itself most notably in its decay into γγ and also in its
electromagnetic polarizabilities, which according to ChPT can be predicted to leading
order in the expansion in quark masses.

Hadron polarizabilities are best measured in Compton scattering experiments where,
in the case of nucleon polarizabilities, one looks for a deviation of the cross section from
the prediction of Compton scattering from a structureless Dirac particle.

In the case of pions, the long lifetime of the charged pion permits experiments of
low energy Compton scattering using a beam of high energy pions scattering on atomic
electrons. On the other hand, the short lifetime of the neutral pion requires an indirect
study of low energy Compton scattering via measurements of the process γγ → π0π0,
a method that can also be applied to the charged pion (CPP) and for which a proposal
in Hall D is already approved [1].
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This proposal presents a plan to make a precision measurement of the γγ∗ → π0π0

cross section using the GlueX detector in Hall D. The measurement is based on the
Primakoff effect which allows one to access the low Wπ0π0 invariant mass regime with a
small virtuality of the γ∗ representing the Coulomb field of the target. The central aim
of the measurement is to drastically improve the determination of the cross section in
that domain, which is key for constraining the low energy Compton amplitude of the π0

and thus for extracting its polarizability. At present, the only accurate measurements
exist for invariant masses of the two π0s above 0.7 GeV, way above the threshold 0.27
GeV. The existing data at low energy were obtained in e+e− → π0π0 scattering in the
early 1990’s with the Crystal Ball detector at the DORIS-II storage ring at DESY [3].

Meanwhile, theory has made significant progress over time, with studies of higher
chiral corrections ([4], [5], [6]) and with the implementation of dispersion theory anal-
yses which serve to make use of the higher energy data [7, 8, 9, 10]. It is expected that
the experimental data from this proposal, together with those theoretical frameworks,
will allow for the most accurate extraction of the π0 polarizabilities to date.

2 Theoretical predictions for the neutral pion

polarizability

The low energy properties of pions are sensitive to their nature as the Goldstone Bosons
of spontaneously broken chiral symmetry in QCD, and are described in a model in-
dependent way by the framework of Chiral Perturbation Theory (ChPT) (Gasser and
Leutwyler [11]), which implements a systematic expansion in low energy/momentum
and in quark masses. In particular the pions’ low energy electromagnetic properties can
serve as tests of their Goldstone Boson (GB) nature. One such a case is the π0 → γγ
decay, which at the same time tests its GB nature and the chiral anomaly. Another
case is low energy Compton scattering on pions: at low energy the Compton differential
cross section can be expanded in powers of the photon energy and expressed in terms
of the corresponding pion charge and the electric and magnetic polarizabilities, where
the latter give the order ω2 terms in the Compton cross section. The polarizabilities
appear as deviations of the pions from point like particles, and thus result from carry-
ing out the chiral expansion to the next-to-leading order. For both charged an neutral
pions the polarizabilities are fully predicted at leading order in quark masses, and thus
represent a sensitive test of chiral dynamics. For the charged pions, at O(p4) ChPT
predicts that the electric and magnetic polarizabilities (απ+ and βπ+) are related to
the charged pion weak form factors FV and FA in the decay π+ → e+νγ

απ+ = −βπ+ ∝ FA
FV

=
1

6
(l6 − l5), (1)
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where l5 and l6 are low energy constants in the Gasser and Leutwyler effective La-
grangian [11]. Using recent results from the PIBETA collaboration for FA and FV [12],
the O(p4) ChPT prediction for the charged pion electric and magnetic polarizabilities
is given by:

απ+ = −βπ+ = (2.78± 0.1)× 10−4 fm3. (2)Polarizabilities in ChPT
originate at order     in chiral expansion p4

predicted at this order: ᾱπ + β̄π = 0

ᾱπ0 − β̄π0 = − α

48π2F 2
πMπ

∼ −1.0 [Bijnens & Cornet]

ᾱπ+ − β̄π+ =
α

24π2F 2
πMπ

(�6 − �5) ∼ 5.6

LECs from                      and< r2 >π+ π+ → e+νγ

[Teren’tev; Donoghue & Holstein]

�6 − �5 = 3.0 ± 0.3

Figure 1:

In the case of the neutral pion, the polarizabilities are determined by the one loop
chiral contributions (see Fig. 1) which are calculable, free of unknown parameters, and
given only in terms of the fine structure constant, the pion mass and the pion decay
constant:

απ0 + βπ0 = 0

απ0 − βπ0 = − α

48π2MπF 2
π

' −1.1× 10−4 fm3 (3)

However, there is a range of predictions beyond NLO and the experimental test of these
important predictions is very challenging. In the first place, the polarizabilities drive
the very low energy regime of Compton scattering on the π0 as there is no Thomson
term, so one would expect that it would be easier to determine them than in the charged
pion case. However, in the first place Compton scattering on the π0 is experimentally
inaccessible due to its short lifetime, and therefore it is necessary to resort to the
process of this proposal. In addition, ChPT indicates that the polarizabilities are
smaller in the case of the neutral pion, about a third of their value for the charged
pion, i.e. somewhere between −1.7 × 10−4 fm3 and −1.9 × 10−4 fm3, depending on
the model. The challenge is therefore to measure the cross section for γγ → π0π0 with
sufficient accuracy at low invariant mass Wππ so that one can infer the low-energy
Compton amplitude and extract the polarizabilities. For this purpose, the theoretical
foundations have been laid in works studying γγ → π0π0 both using ChPT (Bellucci
et al [13, 4], Gasser et al [5], Aleksejevs and Barkanova [6]) and dispersion theory
(Oller and Roca [7], Dai and Pennington [8, 9], Moussallam [10]). In particular, in
ChPT at the next-to-next to leading order, which provides the higher order quark
mass corrections to the polarizabilities, some of the low energy constants need to be
fixed and for that a significantly more accurate measurement of the γγ → π0π0 cross
section is needed than available presently.
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Accurate measurements of the cross section near threshold combined with data
for Wππ > 0.7 GeV will provide the necessary input for performing a full theoretical
analysis, combining dispersion theory with and without inputs from ChPT at low
energy. This is a well established method which has been used to analyze ππ scattering.
Through such an analysis it will be possible to determine, via combination with ChPT,
the low energy Compton amplitude and extract the polarizability combination απ −
βπ. The latter extraction represents some challenge as shown in Fig. 2, where the
polarizabilities have a small effect on Wππ below 0.5 GeV. Calculations by Dai and
Pennington (Table II) [14] indicate that a 1.3% determination of σ(γγ → π0π0) will
determine the combination of απ0 − βπ0 to a precision of 10%. The preliminary study
done by Aleksejevs and Barkanova for this proposal in relativistic ChPT with SU(3)
input indicate that sensitivity could be even better depending on specific kinematics;
the full evaluation is in progress. In general, the determination of the accuracy one can
get for απ−βπ based on a more accurate measurement as the one proposed here is still
an issue to be further studied theoretically, with J. Goity and A. Aleksejevs forming
a group to take a lead on the project. However, even 10% precision would still be
sufficient to difference between various models and facilitate extraction of low-energy
constants, and thus a highly desirable result for theory.

3 Past Measurements

Past measurements of the γγ → π0π0 cross section can be summarized as follows:

1. In the early 1990’s measurements were made in e+e− collisions at DESY with the
XBall detector at the DORIS-II storage ring, which are the only available data
for Wππ < 0.6 GeV [3].

2. In 2008-9, measurements were carried out by BELLE for 0.6 GeV < Wππ <
4.0 GeV [15, 16, 17].

Several works have made use of dispersion theory methods (Oller and Roca [7], Dai
and Pennington [14], and in particular Moussallam [10] who performed the dispersive
analysis where one of the photons has non vanishing virtuality, which is particularly
important for our case.) with those available data. In particular these methods give
results for the cross section at small Wππ, but the poor accuracy of the data in that
region does not serve as a useful constraint that could improve those analyses. On
the other hand, the ChPT calculations carried out at NNLO (Bellucci et al [13, 4] )
can only be fitted to the low Wππ data, and thus the uncertainty in the fixing of low
energy constants is rather large. It is therefore expected that accurate data at low
Wππ < 0.6 GeV will have a very big impact on both theoretical approaches, which
together may allow for an accurate description of the low energy Compton amplitude,
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Problem with 
need for higher order in ChPT

γγ → π0π0

206 J.A. Oller et al. / Physics Letters B 659 (2008) 201–208

Fig. 5. Final results for the ! ! ! "0"0 cross section. Experimental data are
from the Crystal Ball Collaboration. [1], scaled by 1/0.8, as | cos # | < 0.8 is
measured and S-wave dominates. The solid line corresponds to CGL and the
dashed one to PY. The dot-dot-dashed line results after removing the axial vec-
tor exchange contributions. The band along each line represents the theoretical
uncertainty. The dotted line is the one loop $PT result [4,5] and the dot-dashed
one the two loop calculation [6].

T I=0
I (s " i%) = T I=0

II (s + i%). Then, Eq. (3.6) can be rewrit-
ten as

(3.7)F̃0(s) = F0(s)
!
1 + 2i&(s)T I=0

II (s)
"
.

Around the ' pole, s' ,

(3.8)T I=0
II = g2

'""

s' " s
, F̃0(s) =

#
2
g'! ! g'""

s' " s
,

with g'"" the ' coupling to two pions such that ( =
|g'"" |2)/16"M , for a narrow enough scalar resonance of
mass M . Notice as well the

#
2 factor in F̃0(s) to match with

the g'"" normalization used (the so-called unitary normaliza-
tion [42–44]). Then from Eqs. (3.7) and (3.8) it follows that

(3.9)
g2

'! !

g2
'""

= "1
2

#
)(s' )

8"

$2

F0(s' )2.

Let us stress that this equation gives the ratio between the
residua of the S-wave I = 0 ! ! ! "" and "" ! "" am-
plitudes at the ' pole position.

In order to derive specific numbers for the previous ratio in
terms of our dispersive approach one needs to introduce s' . We
take two different values for s' = (M' " i(' /2)2. From the
studies of unitary $PT [42–45] one has M' and (' around the
interval 425–440 MeV. The other values that we will use are
from Ref. [46], Mccl

' = 441+16
"8 MeV and ( ccl

' = 544+18
"25 MeV,

where the superscript ccl indicates, in the following, values that
employ the ' pole position of Ref. [46]. The corresponding ra-
tios of the residua given in Eq. (3.9) are:
%%%%
g'! !

g'""

%%%% = (2.10 ± 0.25) $ 10"3, s' from Ref. [45],

(3.10)
%%%%
g'! !

g'""

%%%% = (2.06 ± 0.14) $ 10"3, s' from Ref. [46].

Both numbers are very similar despite that the imaginary parts
of the two s

1/2
' differ by % 20%. The result of [17], with which

we shall compare our results later, corresponds to the ratio in
Eq. (3.10) being 20% bigger at (2.53 ± 0.09)$ 10"3 with s' of
Ref. [46].

These ratios of residua at the ' pole position are the well
defined predictions that follow from our improved dispersive
treatment of ! ! ! ("")I . However, the radiative width to ! !

for a wide resonance like the ' , though more intuitive, has ex-
perimental determinations that are parameterization dependent.
This is due to the non-trivial interplay between background and
the broad resonant signal. An unambiguous definition is then
required [17,19]. We employ, as in Ref. [17], the standard nar-
row resonance width formula in terms of g'! ! determined from
Eq. (3.9) by calculating the residue at s' ,

(3.11)( (' ! ! ! ) = |g'! ! |2
16"M'

.

Nevertheless, the determinations of the radiative widths from
this expression and those from common experimental analyses
can differ substantially. The following example makes this point
clear.

From Ref. [45] one obtains |g'"" | = 2.97–3.01 GeV, corre-
sponding to the square root of the residua of the I = 0 S-wave
"" amplitude, as in Eq. (3.8). If similarly to Eq. (3.11), one
uses the formula,

(3.12)(' = |g'"" |2)(M' )

16"M'
,

the resulting width lies in the range 309–319 MeV, that is
around a 30% smaller than (' & 430 MeV from the pole po-
sition of Ref. [45]. This is due to the large width of the '

meson which makes the |g'"" | extracted from the residue of
T I=0

II , Eq. (3.8), be smaller by around a 15% than the value
needed in Eq. (3.12) to obtain (' & 430 MeV. Similar effects
are then also expected in order to extract ( (' ! ! ! ) from
the Eq. (3.11). Equations similar to this are usually employed
in phenomenological fits to data, e.g. see Ref. [47], but with
|g'! ! | determined along the real axis. As a result of this dis-
cussion, one should allow a (20–30)% variation between the
results obtained from Eq. (3.11) and those from standard exper-
imental analyses that still could deliver a ! ! ! "" amplitude
in agreement with our more theoretical treatment for physical
values of s.

We shall employ the following values for |g'"" |. First we
take |g'"" | = 2.97–3.01 GeV [42–45]. With this value the re-
sulting two photon width from Eqs. (3.10) and (3.11) is

(3.13)( (' ! ! ! ) = (1.8 ± 0.4) KeV.

We also consider a larger value for |g'"" | since ( ccl
' [46] is

larger by a factor % 1.3 than (' from Ref. [45]. One value is

|g'"" |ccl(1) & |g'"" |
#

( ccl(' ! "")

( (' ! "")

$1/2

= (1.127 ± 0.022)|g'"" |
(3.14)= (3.35 ± 0.08) GeV.

Page 18 of 28 Eur. Phys. J. C (2011) 71:1743

where the increase in uncertainty compared to (113) is due to
the ChPT uncertainty in (!2 !"2)

#0
. In the remainder of the

paper we will make use of the improved value (114) when
referring to the ChPT predictions for pion polarizabilities.
Note that, as expected given the results of Table 6, our sum-
rule value of (!2 ! "2)

#±
is consistent with the first ChPT

number quoted in Table 4, but it is not consistent with the
larger number found when the LECs of [68] are taken as
input.

8.2 Total cross section

Before performing the analytic continuation to the $ pole,
we wish to make sure that the amplitude on the real axis
is reasonably well described—at least up to

"
t = 1 GeV,

which we assess to be the region which will influence the
analytic continuation to the $ pole. The results for the cross
section are depicted in Figs. 5 and 6. Below the matching
point, the results for the once- and twice-subtracted formu-
lation are provided for both ChPT and GMM polarizabil-
ities. The uncertainty due to ## input, represented by the
grey band, is estimated by the variation between CCL and
GKPRY phases and proves to be very small. The low-energy
region is totally dominated by the Born terms in the charged
process, but it is very sensitive to the $ in the neutral reac-
tion. The prediction of the twice-subtracted dispersion rela-
tion is in especially good agreement with % % # #0#0 data
(see Fig. 6), with the level of agreement comparable to that
obtained in the coupled-channel fit of [32].

Above the matching point, we exploit the fact that the
cross section is dominated by the f2(1270), and thus can be
well approximated by employing a Breit–Wigner descrip-
tion of this resonance in hI=0

2,! (t) and putting all other partial
waves to zero. In this way, (108) alone yields a good descrip-
tion of the neutral cross section above the matching point.
In contrast, in the charged case an additional background
is necessary. As observed in [26], this can be most easily
achieved by adding the Born terms and the off-shell contri-
butions dropped in the transition from (107) to (108) back
into the charged-channel amplitude for h2,!(t). Moreover,
after the transition to the isospin basis, we add a constant
background phase to ensure matching with the ## phase
below the matching point. However, if C#

f2
C

%
f2

is chosen to
be negative, the mismatch of the phases is very small: we
find a correction of &corr = !0.09 and &corr = !0.04 in or-
der to obtain agreement with the CCL and GKPRY phases,
respectively.

Finally, we comment on the analyticity properties of the
partial waves at the matching point. As shown in the ap-
pendix of [52], the solutions in terms of Omnès functions
automatically fulfill continuity at the matching point, but
the derivative at tm is not determined. Therefore, in general,
strong cusps can occur at the matching point. For example, if

Fig. 5 (Color online) Total cross section for % % # #0#0 [6, 11] and
% % # #+#! [7–9] for |cos ' | $ 0.8 and |cos ' | $ 0.6, respectively

Fig. 6 (Color online) Total cross section for % % # #0#0 for
|cos ' | $ 0.8 in the low-energy region

the background in the charged reaction is dropped, the neu-
tral cross section above tm is still correctly reproduced, but
the input for the I = 0 component changes, which affects
the neutral cross section below tm: the result for |hI=0

2,! (t)|
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very low-energy region. This analysis favoured the follow-
ing value for the neutral pion polarisability difference:9

(!"0 ! #"0) = !(1.25 ± 0.16) · 10!4 fm3 (87)

while the charged polarisability difference was constrained
to lie in the range predicted by the two-loop calculation plus
resonance modelling of the LEC’s performed in Ref. [64].
The data favoured values in the lower part of that range

(!"+ ! #"+) " 4.7 · 10!4 fm3. (88)

Using the determinations (87), (88) for the couplings C̃V

gives the following values for the subtractions functions at
q2 = 0:

b0(0) = !(0.66 ± 0.20) GeV!2,

b2(0) = !(0.54 ± 0.14) GeV!2
(89)

(we have ascribed an error ±1.4 · 10!4 to the charged polar-
isabilities difference).

The result for the $ $ # "0"0 cross section derived from
our amplitudes using the values (89) for bI (0) is shown on
Fig. 8 and compared to the experimental measurements from
Refs. [54, 66]. Note that the cross section displays a cusp at$

s = 4m2
"+ , due to the "0 ! "+ mass difference, which

was discussed in Ref. [67] using ChPT.

5.3 Case q2 %= 0: Fv
" , F%" , F&" form factors

In order to address the case with q2 %= 0 we must specify
the q2 dependence of the three form factors which enter

Fig. 8 Comparison of the $ $ # "0"0 cross sections using the am-
plitude Hn

++ as derived from Eq. (76) and Hn
+! = Hn,V

+! with experi-
ment. The influence of varying the polarisability difference !"0 ! #"0

is shown

9In the fit, the dipole and quadrupole polarisabilities of the "0 were
allowed to vary subject to the constraint that the combination 6(!"0 !
#"0 )dipole + m2

" (!"0 ! #"0 )quadrupole is given by a chiral sum rule.

into the expression of the amplitude (76). They were defined
from the relevant matrix elements of the electromagnetic
current operator by Eqs. (27), (38). We will employ usual
phenomenological descriptions based on superposition of
Breit–Wigner-type functions associated with the light vector
resonances. We give some details on these in Appendix D.
The pion form factor, of course, is known rather precisely
from experiment. Some experimental data exist also for the
%" form factor in two kinematical regions surrounding the
peak of the & meson. The data in these two ranges are com-
patible with the simple model used except, possibly, in a
small energy region (see Appendix D for more details). The
F&" form factor, finally, is more difficult to isolate experi-
mentally than F%" , because of the width of the &. We used
the same type of modelling together with symmetry argu-
ments to fix the parameters.

5.4 Case q2 %= 0: subtraction functions

The values of b0(q2), b2(q2) when q2 %= 0 are a priori
not known and must thus be determined from experiment.
Given detailed experimental data on e+e! # $"0"0 and
e+e! # $ & # $"+"!, one could determine these func-
tions for each q2 by performing a fit of the differential
d'/ds cross sections. In practice, one expects that a sim-
ple parametrisation of q2 dependence should be adequate.
We adopted the following form, which involves two arbi-
trary parameters:

bn
!
q2" = bn(0)F

!
q2" + #&

!
GS&

!
q2" ! 1

"

+ #%

!
BW%

!
q2" ! 1

"
,

bc
!
q2" =bc(0) + #&

!
GS&

!
q2" ! 1

"
+ #%

!
BW%

!
q2" ! 1

"
(90)

with

F
!
q2" = 192"2 m2

" (J̄" (q2) ! Ḡ" (q2))

q2 . (91)

The relation between b0, b2 and bn, bc is given in Eq. (78).
This form (90) is motivated by the discussion concerning
the chiral limit. Assuming that the parameters #& , #% are
O(m2

" ) ensures that bn(q2), bc(q2) have the correct chiral
limit behaviour at q2 %= 0 as well as q2 = 0 (see Sect. 4.3).

We consider the experimental data in the region
$

s '
0.95 GeV where it is an acceptable approximation to ignore
the effect of inelasticity in "" scattering. We also ignore the
effect of "" rescattering in D or higher partial waves, since
the corresponding "" phase-shifts are small in this region.
Note, however, that J ( 2 partial waves in the $ & # $""

amplitudes are not necessarily small, except very close to
the "" threshold. They are included via HBorn

(() (for charged
amplitudes) and HV

(() . The results of performing fits to the
data of Refs. [4] and [5] are shown in Table 1 and illustrated

ı

Figure 2: Left panel: experimental status; right panel: results from the 1990 XBall experi-
ment. The lower panel shows the effect of π0 polarizabilities on the cross section (

√
s = Wππ)

[10] .

and for a first time experimental determination of the polarizability.

4 Experimental conditions

The measurement of the neutral pion polarizability is expected to run concurrently
with the experiment to measure the charged pion polarizability (CPP) [1] in Hall
D. Essentially all the optimizations for that experiment are expected to improve the
sensitivity of this experiment also. We briefly summarize the configuration for CPP,
which is compared in Table 1 to nominal GlueX running.

The diamond radiator will be adjusted to set the coherent peak of the photon
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Table 1: Configuration of the CPP experiment compared to nominal GlueX. This experiment
is expected to run concurrently with CPP. Detectors not identified in the table are assumed
to be operated under the same conditions as in the nominal configuration.

Configuration Nominal GlueX CPP

Electron beam energy 12 GeV 11.6 GeV
Emittance 10−8m rad 10−8m rad
Electron current 220 nA 20 nA
Radiator thickness 20µm 50 µm diamond
Coherent peak 8.4 – 9.0 GeV 5.5 – 6.0 GeV
Collimator aperture 3.5 mm 5 mm
Peak polarization 44% 72%
Tagging ratio 0.56 0.72
Flux 5.5-6.0 GeV 11.7 MHz
Flux 0.3-11.3 GeV 74 MHz
Target position 65 cm 1 cm
Target, length H, 30 cm 208Pb, 0.028 cm
Start counter nominal removed
Muon identification None Behind FCAL

beam between 5.5 and 6 GeV. This enhances the polarization significantly and also
the tagging ratio. The experimental target will be placed upstream of the nominal
GlueX target by 64 cm (z=1 cm in the Hall D coordinate system). These changes
benefit the present experiment. In addition, the CPP experiment will add multi-wire
proportional chambers downstream for muon identification, but these do not impact
this measurement one way or another.

4.1 Expected signal

In order to estimate rates, resolution and acceptance due to the Primakoff reaction on
lead, γ208Pb → π0π0 Pb, we take the reaction process to be the same as for charged
pion production and given in Eq. 8 of the Proposal for the Charged Pion Polarizability
experiment [1], which is reproduced here for convenience:

d2σ

dΩππdWππ
=

2αZ2

π2
E4
γβ

2

Wππ

sin2 θππ
Q4

|F (Q2)|2σ(γγ → π0π0)(1 + Pγ cos 2φππ). (4)
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The γγ cross section for charged pions has been substituted with the cross section for
neutral pions, namely σ(γγ → π0π0). In this expression, Ωππ is the solid angle in the
laboratory frame for the emission of the ππ system, Wππ is the ππ invariant mass,
Z is the atomic number of the target, β is the velocity of the ππ system, Eγ is the
energy of the incident photon, F (Q2) is the electromagnetic form factor for the target
with final-state-interactions (FSI) corrections applied, θππ is the lab angle for the ππ
system, φππ is the azimuthal angle of the ππ system relative to the incident photon
polarization, and Pγ is the incident photon polarization.1
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Figure 3: Parameterization of the σ(γγ → π0π0) cross section as a function of the 2π
invariant mass compared to the data from Crystal Ball [3].

The cross section for σ(γγ → π0π0) has been measured by the Crystal Ball Col-
laboration [3], albeit with limited statistical precision. We have parameterized the
cross section for Wππ < 0.8 GeV, which is of specific interest to this program as
shown in Fig.3. Using this parameterization and Eq.4, we can calculate the photopro-
duction cross section on lead, which is shown in Fig.4. The integrated cross section is
0.35µb/nucleus. For reference, we note that the cross section for charged pions (π+π−)
production is 10.9µb, a factor of 30 larger.

The number of neutral-pion-Primakoff-signal events produced during 20 PAC days
is shown in Fig.5. The impacts of detector trigger, acceptance and resolution are
discussed in the next section.

1The expression for the cross section in terms of invariant quantities can be found in Ref. [18].
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Figure 4: Primakoff cross section for γPb→ Pb π0π0 using the parameterization of σ(γγ →
π0π0) in the previous figure. The integrated cross section is 0.35µb/nucleus.
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4.2 Detector resolution

The response of the GlueX detector to neutral pion Primakoff events was simulated
using the standard GlueX generation and reconstruction tools, but with the specific
geometry for the CPP experiment. The schematic of the detector configuration is
shown in Fig. 6. The primary differences between the standard GlueX geometry and
CPP are summarized in Table 1. For this experiment, the main differences include
a) coherent peak position at 5.5-6 GeV and re-positioning of the microscope to cover
the coherent peak, b) solid 208Pb at z=1cm, and c) Start counter removed. For the
CPP experiment, the addition of muon identification chambers behind the FCAL is
critical. However, for neutral pions this addition plays no role because the photons
are detected in the FCAL. The GEANT3 simulation, which is used for these studies,
includes most changes except for the addition of the muon chambers, which are not
needed. In addition, the microscope geometry has not been modified and we use the
tagger hodoscope for that region in the simulation. The slightly reduced energy of the
hodoscope relative to the microscope has little impact and the gaps between counters
is ignored by simulating the tagged flux.
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Figure 6: Diagram of the GlueX detector including the additional muon chambers for the
CPP experiment.

The Primakoff signal was generated according to the cross section described in the
previous chapter, using a modified version of the gen 2pi primakoff event generator to
generate π0’s instead of charged pions. By default, the production amplitudes are sym-
metrized between the two identical π0’s by AmpTools. One hundred thousand events
were generated with Mππ <0.5 GeV and with no background, fed to GEANT3 to track
particles, and subsequently processed using mcsmear to simulate the detector response.
The simulated events were then analyzed using the GlueX event filter to analyze the
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reaction γPb→ π0π0 with a missing Pb nucleus and constraining the detected photon
pairs to the π0 mass. The output of the reconstruction, both kinematically fit and
“measured” quantities, were available for inspection.

In the following we show various reconstructed quantities as well as estimated res-
olutions. The distribution of generated photon energy and the unconstrained recon-
structed momenta of the two pions are shown in Fig. 7. The missing mass, 2π mass
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Figure 7: Left: Generated photon energies. Center: Reconstructed momentum distribution
of one π0. Right: Reconstructed momentum distribution of the second π0.

and −t distributions are shown in Fig. 8. The reconstructed momentum relative to its
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Figure 8: Left: Missing mass distribution minus the mass of the recoil nucleus. Center:
Kinematically fit 2π mass distribution. Right: Kinematically fit -t distribution.

generated value is shown in Fig.9. The central peak of the kinematicall fit momentum
is about 2%, similar to that for charged pions. However, there are long uniform tails
that will effect the final reconstruction. The resolution of the azimuthal angle, φππ,
between the production and the photon polarization planes is quite poor owing to the
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fact that the pion pairs are produced at very shallow angles. Nevertheless it is sufficient
to measure the asymmetry due to the photon beam polarization. The resolution of the
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Figure 9: Left: Difference between measured and generated momentum. Center: Difference
between kinematically fit and generated momentum. The central peak has a width of about
2%. Right: Difference between the kinematically fit azimuthal angle φππ and its generated
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2π invariant mass is shown in Fig. 10, along with the resolution of Mandelstam −t, and
the reconstructed time resolution. The mass resolution is about 8 MeV.
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Figure 10: Left: Difference between kinematically fit and generated 2π mass. The central
2π-mass σ is about 8 MeV. Center: Difference between kinematically fit and generated -t.
Right: Difference between kinematically fit and generated 2π polar angle. The resolution σ
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4.3 Trigger and acceptance

The Primakoff reaction will transfer all the energy of the beam into four photons, which
are going forward. All this energy will be deposited in the FCAL, except for leakage
down the beampipe. We expect a simple trigger with an energy threshold in the FCAL
should have very high efficiency for any events that can be reconstructed.

The acceptance of the signal events can be determined by comparing the kinemat-
ically fit to the generated distributions. The generated and kinematically fit 2π mass,
φππ and −t distributions are shown in Fig. 11. The reconstruction was described in the
previous section. The acceptance is quite high at about 60%. However, there is also
significant slewing due to resolution in most variables of interest. The main effect of
resolution in the 2π mass happens at threshold and the distortions above that are not
very great. The relatively poor resolution in φππ results in dilution of the measured
azimuthal dependence, which will need to be adjusted based on simulation. Finally
the −t resolution softens the measured t-slope due to the smearing of high rate regions
down to low rate regions.

4.4 Backgrounds

4.4.1 Coherent and incoherent backgrounds in the reaction

Coherent ρ0 photo-production is not a background for this experiment because ρ0 decay
into the π0π0 channel is prohibited by I-spin conservation. The largest coherent back-
ground is from f0(500) and f0(980) photo-production. The width of the f0(980) is from
10 to 100 MeV, and can be eliminated from the data by a cut on π0π0 invariant mass.
The f0(500) width is much broader, from 400 to 700 MeV, with significant overlap in
the invariant mass region of interest. Since the f0(500) is a scalar particle with the same
spin-parity as the γγ → π0π0 final state near threshold, the azimuthal distribution of
the π0 momentum or the π0π0 c.m. momentum relative to the photon polarization
plane does not differentiate between coherent f0(500) production and the Primakoff
reaction. This is similar to the Primex-π0 experiment, where the dominant back-
ground was nuclear coherent π0 photo-production. The approach used in the Primex
analysis was to measure the π0 angular distribution, effectively the t-distribution, then
use theoretical calculations of the angular distributions to separate out contributions
from Primakoff and nuclear coherent. The analysis of the π0π0 (NPP) reaction will
approximately parallel what was done for the Primex-π0 analysis.

Primex data also showed that the nuclear coherent process is highly suppressed for
heavy nuclei. The reason for the suppression is π0 absorption in the nuclear interior,
making the coherent production primarily a surface effect, i.e. proportional to A and
not A2. For NPP it is expected that suppression of the nuclear coherent will be stronger
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Figure 11: Top left: Generated and kinematically fit 2π mass distribution. Top right:
Acceptance as a function of 2π mass. Events above Mππ >0.5 GeV were eliminated from
the analysis. The acceptance is about 60%. Bottom left: Generated and kinematically fit
azimuthal angle φππ. Bottom right: Generated and kinematically fit −t distribution. There
is significant slewing of the measured distribution to large −t.
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than that seen in Primex because two pions are produced in NPP as compared to a
single π0 in Primex. NPP plans to run on a heavy nuclear target such as 208Pb.

The inelastic and incoherent reactions that might contribute to the data include

(i) nuclear coherent production of η followed by η → π0π0π0 → γγγγ(γγ), where
two of the six decay photons go unobserved

(ii) γN → Nπ0π0

The first reaction is an inelastic, coherent process, and as such could produce a
significant rate for a heavy nuclear target. Rejecting events with extra gammas in
the final state would suppress this background. The second reaction is an incoherent
process, and is small relative to coherent processes. The Primex analysis showed that
incoherent reactions generally peak at large angles relative to the Primakoff peak, and
had a small effect on the extraction of the Primakoff π0 cross sections.

4.4.2 Analysis of existing data

We investigated the challenges of reconstructing 2π0 final states with a missing recoil
proton using the 2017 GlueX data taken with a Hydrogen target.2 We selected and
reconstructed events that matched the topology of the reaction γp→ γγγγ (p) with a
missing proton. A kinematic fit was performed that conserved energy and momentum
and imposed a vertex constraint at z=65 cm (CL > 10−6). We note that even though
the vertex was fixed at 65 cm to perform the fit, the actual target extends from 50 to
80 cm. Several other nominal selections were imposed to clean up the event sample,
including no charged tracks and no missing energy. No constraints were imposed on
the π0 mass in order to study backgrounds. Accidental background subtractions were
performed to obtain the resulting mass distributions.

The invariant mass distributions of two photon pairs each show a strong π0 peak,
as shown in the top of Fig. 12. There are background events that fall under the two π0

peaks, which requires further study, nevertheless, using the selection of photon pairs
that reconstruct to the π0, we can plot the 2π0 mass spectrum (bottom of Fig. 12).
The mass spectrum has recognizable features, in particular the prominent f2(1270)
that decays to π0π0 85% of the time. The structure at Mππ ∼0.8 GeV appears too
low for the f0(980) and is present in a location where the Crystal Ball data [3] shows
a low yield. The yield for Mππ <0.5 GeV is consistent within a factor of two of the
relative yield compared to the f2(1270 peak in the Crystal Ball data. This analysis
demonstrates that these neutral events can be analyzed in our detector under significant
more challenging circumstances than we anticipate for the Primakoff experiment. In

2GlueX has not taken any data with a nuclear target.
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particular, for the Primakoff experiment, we will have a point nuclear target that will
allow valid geometrical constraints and limit the amount of missing momentum in the
reaction. This will make the kinematic fitting more effective.

It is evident from top plot in fig. 12 that a cut on the invariant mass of one recon-
structed π0 will reduce the background on the other π0 significantly. This is shown in
fig. 13 where a cut on the invariant of one π0 significantly reduces the background in
the other while keeping the main signal mostly undisturbed.
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Figure 13: Invariant mass of the two photon system with(red) and without(blue) a cut on
the invariant mass of the second pair of photons.

These photons are detected by the lead-glass calorimeter and are the main contri-
bution to the resolution of the reconstructed pi0 mass. A lead-tungstate calorimeter
with a substantially better energy resolution would yield a significant improvement in
the signal to noise ration as the width of the reconstructed π0 would be smaller by
about a factor of 2.

17



Figure 14: GlueX PS acceptance extracted from TAC data analysis (blue points); red points
– Monte-Carlo simulation

5 Photon beam flux

5.1 Photon beam flux accounting with the GlueX pair
spectrometer

The photon beam flux can be directly extracted by analyzing the pair spectrometer
(PS) data with the thin beryllium converter installed in the beam in from of it. The
absolute normalization of the PS performed with the total absorption counter (TAC)
during the dedicated run.

The systematics from the photon beam flux accounting by pair spectrometer is
originated from few main contributions: overall spectrometer calibration with TAC
quality; accuracy of the Monte-Carlo simulation of this process; long term stability of
the spectrometer performance; and change of conditions between low intensity beam
(TAC calibration) and production intensity. There are few other less significant con-
tributions. GlueX PS acceptance [19] shown on Fig. 14. For the proposed experiment
PS magnetic field should be reduced to cover the beam energy range 5− 6GeV . The
methodology and accuracy of the PS analysis is the same as in PrimEx-D experiment,
currently running in Hall-D, and has value ∼ 1− 1.5 % [20].
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Figure 15: Exclusive π0 production yield at forward angle on lead target observed in the
PrimEx experiment [21]. Curves show production mechanisms input: 1 – Primakoff, 2 –
strong coherent, 3 – interference of first two mechanisms, 4 – strong incoherent

5.2 Cross section verification with the exclusive single π0

photoproduction

The extracted cross section can also be normalized on or independently from PS analy-
sis verified with the π0 radiative decay width extraction. Fig. 15 shows exclusive single
π0 photoproduction yield at forward angle obtained by the PrimEx experiment and
used for π0 radiative decay width extraction. The photon beam flux in PrimEx was
0.725 × 1012 for 4.9-5.5 GeV bremsstrahlung spectrum part on 5% rad. len. lead tar-
get. The distance between calorimiter and target was ∼ 7.3m and the central square
part of the calorimeter, used in analysis was ∼ 70 × 70 cm. These conditions have
to be compared with the proposed experiment conditions: 20 days of 107 collimated
beam photon/sec (i.e. 20 times more than PrimEx lead target beam flux), the dis-
tance between target and FCAL ∼ 6.2m and active calorimeter part diameter ∼ 2m.
The central hole with one calorimeter modules layer around which should be excluded
from the analysis for PrimEx case was ∼ 8× 8 cm and for FCAL ∼ 20× 20 cm, which
is decreasing FCAL acceptance at forward angle. Comparison of these experimental
conditions allows us expecting an order of magnitude higher exclusive single π0 pho-
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toproduction statistics. Thus PrimEx statistical uncertainty for lead will be decreased
from ∼ 2.5 % down to ∼ 1 %. For the systematical uncertainty, in PrimEx it was
∼ 2.1 % and has two major contributions: yield extraction (∼ 1.6 %) and photon beam
flux accounting (∼ 1.0 %). The first contribution is partly statistically driven and re-
duces with increasing of statistics; and the second one cancels out since it is the same
photon beam flux for the single and double exclusive π0 photoproduction. The main
factors increasing systematics for the proposed experiment are: the angular resolution
of FCAL is about a factor of two worse than for PWO crystals used in the PrimEx
analysis; and the magnetic field is not swiping out charged background like it was in
PrimEx. As a result we can expect slightly worse systematical uncertainty than in
PrimEx and statistical precision of ∼ 1 %, i.e. total error 2.5 − 3.5 % for π0 radiative
width extraction (excluding absolute photon beam flux accounting, target number of
atoms and partly FCAL trigger efficiency contributions to the systematics which are
canceling out). The expected total beam flux uncertainty for such a normalization
should also include the PrimEx total error of the π0 radiative width, which was re-
cently reported as 1.5% [22]. All this gives ∼ 3− 4 % error for photon beam flux from
normalization to the re-exctracted π0 radiative decay width.

5.3 Muon pair production

In addition to these normalization channels, production of muon pairs, which has a
known cross section, can be used as a measurement of photon flux. Since the ex-
periment will be running concurrently with the Charged Pion Polarizability (CPP)
experiment, the photon flux on target will be the same by definition. CPP plans to
use muon pair creation by beam photons as its main normalization channel, and so
those measurements will be available for normalization of the neutral pion channel as
well. In the case of CPP, the GlueX track finding and fitting efficiency will have to be
determined for muon pairs, but any systematic error in that determination will largely
cancel when applied to charged pion pairs. That will not be the case for the neutral
pion channel and will have to be taken into account when evaluating systematic errors
due to this method of normalization. In any case, muon pair production should provide
a useful check on the other methods mentioned above.

6 Summary

We have investigated the possibility of determining the neutral pion polarizabilities
απ0 − βπ0 by making a measurement of the cross section of the Primakoff reaction
γPb → π0π0Pb. We propose to make this measurement using data taken simultane-
ously with the CPP[1] experiment in Hall D. The existing GlueX detector has sufficient
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Figure 16: Estimated statistical uncertainties on determining σ(γγ → π0π0) in the absence of
background during 20 PAC days running simultaneously with the approved CPP experiment.
The data points from the single previous measurement are shown for comparison.

resolution and high acceptance for this process. We expect to collect approximately
3000 signal events during the approved 20 PAC days. The anticipated statistical uncer-
tainties on the signal represent a significant improvement over existing data as shown
in Fig. 16.

The current estimate by Dai and Pennington [14] indicates that a 1.3% determina-
tion of σ(γγ → π0π0) will determine the combination απ0 − βπ0 to a precision of 10%,
but this estimate may be improved in the future with more kinematic-specific analysis.
The theoretical work to model and to understand the backgrounds, such as hadronic
t-exchange involving ρ0 and ω, is ongoing.
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