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The PrimEx (Primakoff Experiment) Collaboration is currently preparing to perform a high precision (1.4%)
measurement of the two photon decay width of the neutral pion,Γπo→γγ . The proposed 12 GeV upgrade of the
CEBAF accelerator will enable a significant enlarging of the scope of these studies to include measurements
of the two photon decay widths of theη andη

′
mesons, as well as of the transition form factors of all the

light pseudoscalar mesons (πo, η, η′). These precision measurements would have a significant impact on the
experimental determination of the ratios of the light quark masses (mu, md, ms), and on our understanding of
some fundamental issues in QCD.

1 The Radiative Widths

The two-photon decay mode of theπ0 involves the explicit
breaking of a classical symmetry by the quantum fluctua-
tions of the quark fields coupling to a gauge field[1]. This
phenomenon, called anomalous symmetry breaking, is of
pure quantum mechanical origin, and in this case involves
the coupling of the quarks to photons[2]. In the limit of van-
ishing quark masses, the anomaly leads to theπ0 → γγ
decay width[1, 2]:
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M3

πα2
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64π3F 2
π

= 7.725± 0.044eV (1)

where Fπ = 92.42 ± 0.25MeV is the pion decay
constant[3]. The current experimental value, summarized
in figure 1, is7.84 ± 0.56 eV[3] and is in good agreement
with the predicted value in the chiral limit. Stimulated by
the PrimEx proposal, next to leading order calculations have
been performed givingΓπ0→γγ = 8.10 eV with an esti-
mated uncertainty of less than 1%[4][5]. With its 1.4% level
of precision, such effects will be tested in the PrimEx exper-
iment.

The availability of 12 GeV beams at Jefferson Lab will
also enable measurements of theη radiative width. One de-
cay that is particularly important is the decayη → πππ,
which is driven by isospin breaking, and thus gives access
to the quark mass ratio(mu − md)/ms. In a very elegant
analysis, Leutwyler[11] constructed a relation, now called
Leutwyler’s ellipse, given by:
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where the semi-major axisQ is given by the ratio:
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with m̂ = (mu + md)/2. One way to determineQ is given
by a ratio of meson masses:
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Figure 1. πo → γγ decay width in eV. The dashed horizontal
line is the leading order prediction of the axial anomaly (equation
1)[1, 2]. The shaded band is the recent next-to-leading order pre-
diction. The experimental results with errors are for : (1) the direct
method[7]; (2,3,4) the Primakoff method [8, 9, 10]; (5) the ex-
pected error for the PrimEx experiment, arbitrarily plotted to agree
with the leading order prediction.
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The chief problem in extractingQ from this relation arises
from the uncertainties in the electromagnetic contributions
to theK0 −K+ mass difference. Another way to extractQ
is by means ofη → πππ decays which have negligibly small
electromagnetic corrections due to chiral symmetry. As em-
phasized by Leutwyler[11], the main errors in determining
Q usingη → πππ decays is due to the experimental uncer-
tainties in the partial widthΓη→πππ, which are in turn deter-
mined by the two-photon widthΓη→γγ and branching ratio.
Fig. 2 shows the significant improvement that a Primakoff
η production experiment at Jefferson Lab could make in the
determination of this quark mass ratio.
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Figure 2. The importance ofΓη→γγ in the measurement ofQ. The
l.h.s. indicates the values ofQ corresponding to the Primakoff and
collider experimental results for theΓη→γγ . The r.h.s. shows the
results forQ obtained with four different theoretical estimates for
the electromagnetic self energies of the kaons. Taken from Ref.
[11].

2 The Primakoff method

We plan to use quasi-monochromatic photons at Jefferson
Lab to measure the absolute cross section of small an-
gle pseudoscalar meson photoproduction from the Coulomb
field of nuclei. The invariant mass and angle of the meson
will be reconstructed by detecting the decay photons from
the P → γγ reaction, whereP represents theπo, η, or η′

meson. For unpolarized photons, the Primakoff cross sec-
tion is given by[9]:

d3σP

dΩ
= Γγγ

8αZ2
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whereΓγγ is the decay width,Z is the atomic number,m,
β, θP are the mass, velocity and production angle of the
meson,E is the energy of incoming photon,Q is the mo-
mentum transfer to the nucleus, andFe.m.(Q) is the nuclear
electromagnetic form factor, corrected for final state inter-
actions of the outgoing meson. Some care must be taken to
isolate the Primakoff mechanism from competing processes.
In particular, the full cross section is given by:
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(6)
The nuclear coherent cross section is given bydσC

dΩ , and the
incoherent cross section isdσI

dΩ . The relative phase between
the Primakoff and nuclear coherent amplitudes without final
state interactions is given byφ1, and the phase shift of the
outgoing meson due to final state interactions is given byφ2.

Kinematical considerations enable one to separate the
Primakoff effect from other photoproduction mechanisms.
(See Fig. 3.) We are currently constructing a detector with
good angular resolution to characterize nuclear coherent
production, and good energy resolution in the decay pho-
ton detection will enable an invariant mass cut to suppress
multi-photon backgrounds.

Figure 3. Angular behavior of the electromagnetic and
nuclearπo photoproduction cross sections for12C in the
6.0 GeV energy range.

3 Transition form factor measure-
ments

Using Primakoff electroproduction it is also possible to mea-
sure the transition form factorsFγγ∗P for one off shell pho-
ton. So far, the transition form factors have been deter-
mined in collider experiments[12] with relatively largeQ2

(Q2 ≥ 0.6 GeV2), except for the recent measurement for the
η′ measured by the L3 collaboration[13] where the momen-
tum transfer is as low as 0.05 GeV2 but with big error onQ2.
Measurements of theπ0, η andη′ transition form factors at
very lowQ2 (∼ 0.001–0.5GeV 2) are particularly important
in the extraction of the slope of the transition form factor,
and to measure the size of the meson’s electromagnetic in-
teraction radius model independently. Currently, there is no



Brazilian Journal of Physics, vol. 34, no. 3A, September, 2004 985

first principles theoretical determination of the form factors.
In ChPT there are two sources of contributions [14], one is
the long distance contribution from meson loops, and the
other is a counterterm or short distance contribution. ChPT
pins down the first, and for the second a model is needed.
The long distance contributions are small, as they only pro-
vide a small fraction of the fall off of the form factor. A de-
termination of the slope of theπ0 andη form factors would
allow one to uniquely fix a low energy constantO(p6) in the
effective chiral Lagrangian[5][14]. In addition, one impor-
tant reason to better understand the transition form factors
of theπ0, η andη′ is that pseudoscalar exchange is the ma-
jor contribution to the hadronic light-by-light scattering part
of the muon anomalous magnetic moment[15] and is thus
clearly crucial for measurements ofaµ that search for “new
physics” beyond the Standard Model. Expected results on
theπo using 12 GeV beams at Jefferson Lab are shown in
figure 3.
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Figure 4. Theπo transition form factor. The proposed points
are projected to the VMD prediction with expected total errors.
CELLO data are from reference[12]

4 Summary

We have described a comprehensive program to measure
the two photon widths and transition form factors of the

light pseudoscalar mesons at Jefferson Lab. Precise mea-
surements of these quantities will have a significant impact
in the experimental determination of fundamental parame-
ters of QCD. The proposed measurements of the transition
form factors at very lowQ2 (∼ 0.001–0.5GeV 2) would
provide a first measurement of these important quantities.
Physically, these can be approximately thought of as mea-
suring the spatial distribution of the axial anomaly for each
of the mesons. In addition, one important reason to better
understand the transition form factors of theπ0, η andη′ is
that pseudoscalar exchange is the major contribution to the
hadronic light-by-light scattering part of the muon anoma-
lous magnetic moment[15].
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