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Results on two-photon physics obtained in experiments at the B factories are discussed.

BaBar used single-tag γγ collisions to measure the transition form factor of the π0 meson.

Belle studied no-tag γγ collisions to measure cross sections of exclusive production of two

baryons and two mesons. Experimental results are confronted with QCD predictions.

1 Introduction

Two experiments at B factories (BaBar at SLAC and Belle at KEK) collected huge integrated
luminosities: about 560 fb−1 at BaBar and 950 fb−1 at Belle. In addition to copiously produced
B meson pairs, this statistics gives access to studying two-photon physics including processes
with small cross sections.

It is worth mentioning some special features of two-photon collisions:

• it is a clean source of hadrons with positive C-parity;

• peculiar kinematics: the final e± fly in the same direction as the initial e± and lose little
energy; the products of γγ have small transverse momentum;

• the cross section grows as ln3 ECM;

• different types of experiments are possible: no-tag – both e± undetected, single-tag – one
e± detected, double-tag – both e± detected;

• it is an excellent laboratory for QCD tests in γγ production of hadrons.

2 π
0 Transition Form Factor

BaBar used 442 fb−1 collected at 10.54 and 10.58 GeV to study the π0 transition form factor
in the single-tag mode, i.e. when one of the photons is almost real while the second is strongly
off-shell with a momentum transfer q2 ≡ −Q2, 4 < Q2 < 40 GeV2 [1]. This is serious progress
compared to the previous experiments in which CELLO studied the momentum range from 0.7
to 2.2 GeV2 [2] and CLEO from 1.6 to 8 GeV2 [3]. The distribution of the invariant mass of
two photons shows a clear peak from the π0, Fig. 1.

About 13200 events of γγ∗ → π0 were selected at BaBar compared to 127 at CELLO and
1219 at CLEO. The main background comes from virtual Compton scattering, e+e− → e+e−γ,
with one final e± at small angles, while the other e∓ and γ scatter at large angles. The major
peaking background – e+e− → e+e−π0π0, ∼ 1600 events detected.
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Figure 1: Invariant mass of two photons.
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Figure 2: Q2 dependence of the π0 transition form factor.

To describe the Q2 dependence, they fit the form factor using the function Q2|F (Q2)| =

A
(

Q2

10 GeV2

)β
and obtain A = 0.182±0.002 GeV, β = 0.25±0.02. The effective Q2 dependence

of the form factor (∼ 1/Q3/2) differs significantly from the leading-order pQCD prediction
(∼ 1/Q2) [4], demonstrating the importance of higher-order pQCD and power corrections in
the Q2 region under study.. The horizontal dashed line in Fig. 2, left, indicates the asymptotic
limit Q2|F (Q2)| =

√
2fπ ≈ 0.185 GeV for Q2 → ∞. The measured form factor exceeds the

limit for Q2 > 10 GeV2 contradicting most models for the pion wave function φπ , which give
form factors approaching this limit from below. Fig. 2, right, shows some theoretical predictions
obtained using the light-cone sum rules [5] at NLO pQCD with twist-4 for three types of φπ:
that of Chernyak-Zhitnitsky (CZ) [6], the asymptotic (ASY) [7] and the one derived from QCD
sum rules with non-local condensates (BMS) [8]. For all three φπ the Q2 dependence is almost



flat for Q2 > 10 GeV2, whereas the data show significant growth between 8 and 20 GeV2. This
indicates that the approximation mentioned above is not adequate for Q2 less than ∼ 15 GeV2.
In the Q2 range from 20 to 40 GeV2, where uncertainties due to higher-order pQCD and power
corrections are expected to be smaller, the BaBar data lie above the asymptotic limit and are
consistent with the CZ model.

Several papers appeared after the BaBar result: in Ref. [9] it is shown that the form factor
growth above 10 GeV2 can not be explained in terms of NNLO higher-order perturbative
corrections while in Refs. [10, 11] it is argued that the Q2 dependence observed by BaBar can
be explained with the flat pion wave function.

3 Results from Belle

For the exclusive pair production γγ → h1h2 in the leading order (quark-counting rule)
dσ
dt ∝ f(cos θ∗)

sn−2 , where s = W 2
γγ = W 2 and n is the number of “elementary” fields [12].

Scaling behaviour is expected in the QCD asymptotic regime (s → ∞): σ ∝ 1/s3 for
mesons and σ ∝ 1/s5 for baryons. The handbag model predicts that at intermediate energies
amplitudes are dominated by soft non-perturbative terms [13].

Belle studied various two-body final states γγ → pp̄, π+π−, K+K−, K0
SK0

S , π0π0, ηπ0 at
W up to 4 GeV [14, 15, 16, 17, 18]. These studies allow various QCD tests to be performed of
which we’ll discuss the energy dependence of the cross section.

The γγ → pp̄ cross section was measured for W between 2.025 and 4.0 GeV with an
integrated luminosity of 89 fb−1 [14]. If they fit the data with a power law σ ∝ W−n with n
floating (Fig. 3, left), they obtain n = 15.1+0.8

−1.1 at 2.5 < W < 2.9 GeV and n = 12.4+2.4
−2.3 at 3.2 <

W < 4.0 GeV. In Fig. 3, right, we show the results of the fits with n fixed at 10 and 15. Although
for both ranges a good fit can be obtained at n=15, a smaller power, n=10, describes the data
above 3.2 GeV reasonably well. This may imply that lower power terms become dominant at
higher energies, which is an indication for the transition to asymptotics.
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Figure 3: W dependence for the process γγ → pp̄.

The γγ → π+π−, K+K− cross sections were measured for W between 2.4 and 4.1 GeV with
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Figure 4: W dependence for the processes γγ → π+π− (left) and γγ → K+K− (right).
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Figure 5: The ratio of the cross sections γγ → π+π− and γγ → K+K−.

an integrated luminosity of 87.7 fb−1 [15]. Fig. 4 shows the observed cross sections for γγ →
π+π− (left) and γγ → K+K− (right) and compares them to the ALEPH measurement [19].
Above 3 GeV ALEPH data as well as much more precise data from Belle (more than 6000
events for each of the processes) agree with σ ∝ 1/W 6. Direct fits of the Belle data to σ ∝ W n

for W between 3.0 and 4.1 GeV give somewhat steeper dependence n = −7.9 ± 0.4 ± 1.5 for
π+π− and n = −7.3± 0.3± 1.5 for K+K−, but still not contradicting to the W−6 dependence.

Fig. 5 shows the ratio of the cross sections σ(γγ → K+K−)/σ(γγ → π+π−) as a function
of W . The ratio is energy independent above 3.0 GeV in accordance with the QCD prediction.
The obtained value of the ratio is 0.89± 0.04± 0.15 consistent with 1.08 predicted in Ref. [20]
and significantly lower than 2.23 following from Ref. [12]. The value predicted in [20] is based
on consistent consideration of SU(3) breaking effects using different wave functions for pions
and kaons derived from the QCD sum rules whereas in [12] the same wave functions are used
so that the ratio behaves as the fourth power of the ratio of the kaon and pion decay constants.

Belle has also measured for the first time the cross section of γγ → K0
SK0

S cross sections for
W from 2.4 to 4.0 GeV using a data sample of 397.6 fb−1 [16]. Fig. 6, left, shows the observed
cross section. The fit to the data gives a W−n dependence with n = 10.5 ± 0.6 ± 0.5 and
suggests that the values of W are not yet large enough to neglect power corrections not taken
into account in Refs. [12, 20]. The ratio σ0(K

0
SK0

S)/σ0(K
+K−) shown in Fig. 6 decreases from

∼ 0.13 to ∼ 0.01. Such energy dependence is inconsistent with the prediction of Ref. [13] that
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Figure 6: The cross section of γγ → K0
SK0

S and its ratio to the cross section of γγ → K+K−.

the ratio should be ≈ 2/25 in the SU(3) symmetry limit.
Finally, Belle used a data sample of 223 fb−1 to measure the cross sections of γγ → π0π0

for W from 0.6 to 4.1 GeV [17] and of γγ → ηπ0 for W from 0.84 to 4.0 GeV [18].

Figure 7: The ratio of the cross sections of γγ → π0π0 and γγ → π+π−.

Fig. 7 shows the ratio of the cross sections of γγ → π0π0 and γγ → π+π−. The ratio is
falling at low energies, but above 3.1 GeV is almost constant with an average of 0.32±0.03±0.05
that is significantly larger than the leading-order QCD prediction [12, 20] and lower than 0.5
suggested by isospin invariance [13].

For γγ → ηπ0, a fit with W−n gives n = 10.5 ± 1.2 ± 0.5 compatible with K0
SK0

S , but



higher than for π0π0. A fit of the ratio of the γγ → ηπ0 and γγ → π0π0 cross sections gives
0.48± 0.05± 0.04 with 0.46 predicted in QCD.

We summarise all results on the W dependence in Table 1.

Mode n
∫

L dt, fb−1 W range, GeV | cos θ∗| range
π+π− 7.9± 0.4 ± 1.5 87.7 [3.0,4.1] < 0.6
K+K− 7.3± 0.3 ± 1.5 87.7 [3.0,4.1] < 0.6
K0

SK0
S 10.5± 0.6 ± 0.5 397.6 [2.4,3.3],[3.6,4.0] < 0.6

π0π0 6.9± 0.6 ± 0.7 223 [3.1,3.3],[3.6,4.1] < 0.6
π0π0 8.0± 0.5 ± 0.4 223 [3.1,3.3],[3.6,4.1] < 0.8
ηπ0 10.5± 1.2 ± 0.5 223 [3.1,4.1] < 0.8

pp̄ 15.1+0.8
−1.1 89 [2.5,2.9] < 0.6

12.4+2.4
−2.3 89 [3.2,4.0] < 0.6

Table 1: W dependence of the cross sections of various processes

4 Conclusions

• Huge integrated luminosity collected at the B factories has already resulted in high-
statistics studies of some rare phenomena

• BaBar measured the γγ∗ → π0 transition form factor from 4 to 40 GeV2; below 15 GeV2

the NLO pQCD with twist-4 is inadequate, above 20 GeV2 the data lie above the asymp-
totic limit; the ηc form factor will appear soon; the η, η′ form factors are under study.
These results can be important for models of form factors in the light-by-light contribution
to the muon anomaly.

• Belle performed tests of QCD at 3 < W < 4 GeV with
γγ → pp̄, π+π−, K+K−, K0

SK0
S, π0π0, ηπ0;

for σ(W ) ∼ W−n n follows pQCD

• There were also many interesting studies of hadronic resonances: f0’s in π+π−, π0π0, a0’s
in ηπ0, f2’s in K+K− at Belle; ηc and ηc(2S) at BaBar and Belle, χc2(2P ) was discovered
at Belle in γγ → DD̄

• High-statistics γγ production has good potential for discovering new states, measuring
transition form factors and B’s, testing QCD predictions
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