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Abstract

The polarizabilities of the pion have been predicted in several different theoretical
frameworks. The status of these is reviewed.

1 Introduction

The concept of polarizability first appeared in the realm of particle physics twenty years ago
[TE73, TE74, FR75, BT76] as a quantity which characterizes an elementary particle, like its
charge radius, magnetic moment, etc. In classical physics the polarizability of a medium (or
a composite system in general) is a well known concept related to the response of the system
to the presence of an external electromagnetic field, representing a measure of how easy it
is to polarize it. The translation of this quantity into quantum physics involves Compton
scattering on the corresponding target. For an electrically charged system, scattering at
threshold is determined by the charge of the system. This is the Thompson limit. The
polarizabilities give the corrections to Thompson scattering —corrections to the next order
in the energy of the photons. For neutral targets, the corrections parameterized by the
polarizabilities are the leading answer.

Since the introduction of this new quantity, considerable work has been performed both
theoretically and experimentally, largely on the nucleon and pion polarizabilities. In this

article we focus attention on the theoretical predictions for the pion polarizabilities.

!Supported by the INFN, by the EC under the HCM contract number CHRX-CT920026 and by the
authors home institutions
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All the numerical results about polarizabilities given in this paper are expressed in units

of 107*3¢m?® = 10~*fm?, which are not quoted.

2 Definition of pion polarizabilities
Let us consider Compton scattering on a pion

Y(q1) m(p1) — v(q2) 7(p2) (1)

where ¢; are the 4-momenta of the photons and p; those for the pions. The amplitude for

this process can then be expanded in powers of the energies of the photons near threshold:

« A A% A ~ A ~
Ay = ym) = | ——0mpt + Qrwiwy | €1 - €5+ Brwiwa (€1 X G1) - (€5 X G2) + ... (2)
where ¢; = w; (1,¢;) for © = 1,2 and ¢ is the polarization vector of the photon with
momentum ¢;. d,.+ = 1 for charged pions and is zero for neutral ones. Note that some

authors define o, and 3, with a factor 47, so care must be taken in comparing results and
predictions.
In Eq. (2) a, and 3, are the electric and magnetic polarizabilities, respectively, and «

is the fine structure constant. Let us note:

1.- At zeroth order in the energies of the photons only the point-like structure of the

target survives and it is accordingly zero for a neutral pion.

2.- There is no linear term in the energy of photons. This is because we are dealing with
a spinless target. In the case of the nucleon, for example, there is a non—vanishing

linear term.
3.- The polarizabilities are not specified by symmetry arguments alone.

As can be seen from their definition, the polarizabilities carry information about the elec-

tromagnetic structure of the target in the Compton process.

3 General remarks on pion polarizabilities

Before detailing various theoretical predictions, there are results we know about the

pion polarizabilities on quite general grounds:
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Chiral dynamics demands that in the exact chiral limit the relation

ar+ 3. =0 (3)
must be obeyed [DH89].
A dispersion relation for the forward scattering amplitude gives [TE74, HO90]

Utot(w)

w?

1 00
aw‘l’ﬁr: W[; dw 5 (4)

where o;.; is the total photoproduction cross section on pions; this, of course, implies
ot B >0 (5)

Crossing symmetry relates the polarizabilities to the helicity amplitudes of the process
vy — mw at the crossed—channel threshold. If we call > M, the helicity 0 amplitude
and M, _ the helicity 2 amplitude [KS86, BG94] for vy — 7,

(an £8:)° = e | M, — Mporv ] L:O’t:m%
N _ @ N
+ —M
(OMr ﬁﬂ') - m +F |5:07t:m3\_ )

where the superscript C' or N denotes charged or neutral pions, respectively. In the
charged case, the Born amplitude must be subtracted first to obtain the corresponding
combination of electric and magnetic polarizabilities. The relations, Eq. (6), allow
us to see that the combination (o, — ;) is pure S—wave, while (o, + 3;) is pure

D—wave in the vy — 77 channel.

Current Algebra and PCAC demand that the polarizabilities of the charged pion be
directly related to the axial (h4) and vector (hy) structure-dependent form factors
of the radiative pion decay 7+ — ety as [TE73, DH89]

(87 hA

Apt = —5———5—
87T2m7rF7f hy

(7)

where F, ~ 93MeV is the decay constant of pion. At O(p®) in Chiral Perturbation
Theory (xPT) this relation no longer holds and there can be additional contributions
to either side of Eq. (7) .

ZNote that these Myy differ from the helicity amplitudes called M4 of [PE92] by kinematic factors.
3We thank J. Gasser for pointing this out to us.
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5/ A sum rule for the electric polarizability was proposed by Petrun’kin [PE64] (see also
[EH73, BH88]) using a classical approach. This sum rule says that a, can be split
into two parts

o = o —I—O/”“" . (8)

{

The term «af is related to the electromagnetic pion size (it is proportional to the

charge radius squared)

- «
of = 5o —{r2)

: (9)

i is the intrinsic polarizability associated with possible excited states of the

while o

pion accessed by electric dipole transitions and vacuum polarization effects:

zntr_Q Z|

n#0 n

n|D|0)|*
, 10

! (10
where D is the electric dipole operator. This description has been criticized by Ter-
ent’ev [TE74] (on grounds that assumptions involved in taking the non-relativistic

i relating it to

limit are dubious), but Holstein [HO90] gives an interpretation of o
the spectral functions of vector and axial-vector mesons, p¥(s) and p?(s), respec-

tively, by comparing with the known current algebra result [DM67]. This gives,

|1i|OE>1c|) 4mwF2/d5 ()5_2/0 (S) (11)

Bernard et al. [BH88] have computed the intrinsic electric polarizability, Eq. (10),

3 |(n

n#0 n

and the analogous intrinsic magnetic polarizability in a valence quark model (MIT
bag). However, they obtain the opposite sign for the magnetic polarizability com-
pared to that given by phenomenology. This result the authors claim means that the
pion cannot be regarded as a single bound ¢¢q valence pair, but rather the pion must

be treated as a collective degree of freedom to obtain consistent results.

4 Experimental situation

It is evident that experimentally Compton scattering on pions is not easy. Fortunately,
there are processes, when properly analyzed, that allow information about pion polarizabil-
ities to be extracted. In this section we comment briefly on the status of these experimental

determinations and refer the reader to the reference [BB92] for a more complete discussion.
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The experimental situation is very different for charged and neutral pions:

Charged pion polarizabilities

All the experimental results (except when otherwise stated) are analysed assuming the
constraint on the sum of polarizabilities, Eq. (3). The experimental sources of information

and results are:

1/ Radiative pion nucleon scattering (Primakoff effect) |7~ 7 — n~ 7]
The SERPUKOV group gives [AN83]

apr = 6.8+ 1.4(stat) £ 1.2(syst) . (12)
When they relax the condition Eq. (3), they find [ANS85]
(ar 4+ 8.)° = 1.4+ 3.1(stat) £ 2.5(syst) (13)
which is consistent with Eq. (3).

2/ Pion photoproduction in photon-nucleon scattering [yp — yntn]
The LEBEDEV group obtains [AI86]

art = 20 + 12(stat) ) (14)
3/ Photon-photon into two pions [yy — n¥tn~ ] in xPT.
The data of the MARK 1T group [BO90] have been fitted in [BB92] using O(p*) xPT.

This gives
apt = 2.2+ 1.6(stal + syst) . (15)

As can be seen the results are far from consistent with each other. Clearly more experi-
mental effort is needed.
Neutral pion polarizabilities in xPT

There are no real experimental measurements of neutral pion polarizabilities. However,
Babusci et al. [BB92] have analyzed data on vy — 7°7° taken by the Crystal Ball Col-
laboration [MA90] using the theoretical calculation in Chiral Perturbation Theory to be
discussed in Sect. 5.1 (with the constraint on the sum of polarizabilities Eq. (3)) and find,

|are| = 0.69 + 0.07(stat) £+ 0.04(syst) . (16)
Other analyses involve parameterizations using dispersion relations [KS86, KS92] and then

fitting the data. We will comment on these in Sect. 5.4.
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5 Theoretical predictions

In spite of the fact that the concept of the polarizability of an elementary particle was
introduced long ago [PE64, TE73, TE74], only after the first measurement of charged pion
polarizabilities was this issue taken up by theorists. In the last two years there has been
a burst of theoretical predictions on charged and neutral pion polarizabilities. These we
collect here. We detail the theoretical frameworks employed, their respective results and

give a brief analysis of these.

5.1 Chiral Perturbation Theory (yFPT)

The study of the cross—section for the process vy — 7 in x PT gave the first predictions.
The leading contribution is O(p*) in the chiral expansion and was computed by Bijnens
and Cornet [BC88] using the SU(3)r, @ SU(3)r chiral Lagrangian [GL85]. At this order,
even with m, # 0, they found that

(ar + B2) N |epriogey = 0 (17)
and the results
4
0t = ?2 (LL+ L) = 2.68 +0.42
(18)
(04
7o = — e = —050 )
“ 0672, 2

where the error in a,+ comes from the phenomenological determination of L§ and Lfj,. It
is worth emphasizing that there is no contribution from the 1-loop graphs to a,+ and that
only the pion loop contributes to ayo.

Recently the next—to-leading order corrections to vy — 7°7° in SU(2);, @ SU(2)r x PT
have been calculated by Bellucci et al. [BG94]. The authors have computed the O(p®)
contribution that involves a full two-loop calculation *. In order to handle the divergences,
the £ contact terms of the effective Lagrangian must be included. The strengths of these
terms are given by coupling constants, the values of which are extracted by saturating with
vector mesons (177), C-odd axial vector mesons (117), scalars (07+) and tensors (2*7F).

At this order Eq. (3) is no longer satisfied. Now

(o + 5)S}JJVT[O(p6)] #0 . (19)

The complete results are shown in Table I. The errors in the total predictions come from

the uncertainties in the phenomenological determination of the coupling constants in the

4See S. Bellucci, J. Gasser and M.E. Sainio in this Handbook.
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chiral Lagrangian.

Table I Predictions of xPT for pion polarizabilities

Polarizability | O(p*) O(p°) [BGY4] Total
[BC8S] | tree [two — loop
Qo —0.50 | 0.21 —0.07 —0.354+0.10
Do 0.50 0.79 0.24 1.50 + 0.20
(ar+8)% | 0 | 100 017 1.15 + 0.30
(ar — BN —1.00 | —0.58 —0.31 —1.90 4+ 0.20
i 268 | — - 2.68 + 0.42

5.2 Lowest order YPT with explicit resonance contributions

Another less systematic way to incorporate corrections to the leading order result comes
from explicitly computing the resonance contributions. This is the approach taken by Ko
[KO90, KO93] and by Babusci et al. [BB93]. In order to take into account the momentum
dependence of the resonance propagators chiral power counting establishes that only axial
vector mesons (1171) start to contribute to O(p*), while vectors (177), C-odd axial vectors
(1*7), scalars (07F) and tensors (2F1) start at O(p®). Such calculations mean that part
of the higher order corrections are automatically included in these resonance terms. They
serve as a guide, but not a substitute, for higher order corrections, the O(p®) having been
computed in [BG94].

As the leading order is O(p*) and in order to avoid double counting the contribution of
axial vectors ai(17) is not included. This is because these resonances only contribute to
a,+, but the combination L] + L7, in Eq. (18) comes from pure a; annihilation in the s—

channel for vt — vzt [DH93] °. We now enumerate the contribution of these resonances

5This is so when the Weinberg relation of masses m,, = \/imp 1s used.
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in turn:
Vector mesons (177) [p,w]

These resonances only affect the value of ;. The contribution of their direct channel
exchange in ym — y7 has been calculated in [KO90, BB93] and found to be:

(ar+B:)[5 = 0.07
(20)
(an +53:) 1Y, = 083

P

Since the couplings of the light vector mesons are well-known , the calculation of their

contributions should be reliable.
C-odd azial vector mesons (1177) [by, by ]

Ko has worked out [KO93] their contribution to y7° — y7°, and hence to the neutral pion

polarizabilities. These resonances do not modify 3, and Ko finds ¢
a7r°|bl,h1 =0.21 (21)

to be added to
a7r°|xPT[O(p4)] = —0.50 . (22)
We note that since this resonance sector is not so well known, the result in Eq. (21),

which is obtained assuming no mixing and exact nonet symmetry, could change when

more realistic approximations are made. 7

Tensor mesons (271) [aa, f2]

After [AB92], Babusci et al. [BB93] have considered the contribution of tensor resonances
to ym® — ym°. However a problem arises here. Since these exchanges contribute in the
t—channel, an ambiguity results in the phenomenological determination of the signs of the

couplings. The contribution given by tensor exchange is thus
|a7ro|T = 0.04 5 |57r°|T =0.07 . (23)

Since we only know the magnitudes, both these contributions must be included as an
uncertainty in the chiral prediction.
In Table IT we collect the different resonance structure contributions. It is worth em-

phasizing that the final results in Table II are not directly comparable with those in Table

5A numerical error has been corrected here (we thank S. Bellucci for pointing this out).
"By the way this warning must be extended also to the O(p®) calculation in x PT [BG94] that model
the C—odd axial vector mesons in the same way.
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I because of differences in the order of chiral powers included (though individual contribu-

tions may be comparable).

Table II Lowest order xPT with explicit resonance contributions
to pron polarizabilities

Polarizability | xPT|ogy |[177 | 117 | 2%7F Total
Qo —0.50 0 |0.21 | £0.04 —0.29 £0.04
Do 0.50 0.83] 0 |=+0.07 1.33 £0.07
foms 2.68 +0.42 0 —* —* 2.68 + 0.42
Ot —2.684+£0.4210.07| O —* —2.61 £0.42

(%)This contribution has not been calculated

5.3 Generalized Chiral Perturbation Theory (GxFPT)

The cross—section of y7° — y7° has recently been studied in the framework of Gx PT
[SS93] by Knecht et al. [KM94]. This has allowed predictions to O(p®) for the neutral pion
polarizabilities to be calculated. The authors have also worked out an O(p*) result for the

charged pion polarizability. To these orders, they still find
(ar+B)N =0 . (24)

The neutral pion polarizability depends on 5 unknown parameters : o, 8. (related to
O(p®) tree level mr scattering), oy, Brx (velated to O(p?) tree level m K scattering) and a
combination of the coupling constants of the £, py contact term they call ¢. Disregarding
the kaon contribution (i.e. setting a,x = B.x = 0), taking values for @, B, from a fit
to w7 scattering data [SS93] and constructing a low energy sum rule for ¢ evaluated by

saturating with the vector resonances, p,w and ¢, they obtain
ars o = 347 , Qmlogs) = +0.44 (25)

Let us note that the prediction to O(p°) of GxPT for aye has a different sign than the
prediction to O(p®) in x PT (Table I).
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5.4 Dispersive descriptions

The S—wave isospin amplitudes for the processes vy — 77 were worked out by Morgan

and Pennington [MP91] using twice-subtracted dispersion relations

fi(s) = Qus) {pj(s)ﬂfl(s) + o1+ sdy — / de P17 ﬁm[ﬂ (@) } (26)
am2 (2 — So)*(x — s — 1€)

for I = 0,2, where Q(s) is the Omnes function, p;(s) gives the structure of the left hand
cut, and ¢y, d; are two subtraction constants which depend on the subtraction point s,.
Analogous relations hold for higher waves, their known threshold behaviour fixing their
subtraction constants [MP88].

Once the fi(s) are determined it is possible to deduce the combination (e, — ;) (since
it is pure S—wave, Eq. (6)). Thus

N
(ar = B2)Y = iﬁ lim ! 8(5)
27)
(ar — 3,)° = fn_o‘ lim [/ (s) _SfBORN]

with
P =S - R e =5 2RE RG] o8)

The Omnes functions, Q(s) in Eq. (26), can be determined from experimental phase
shifts. The nearby structure of the left hand cut p;(s) and the subtraction constants
can be worked out from QFE D at low energy and chiral dynamics: PCAC zeros [PE92],
matching with yPT [DH93] or Gx PT [KM94], respectively.

The analysis of Morgan and Pennington [MP91, PE92] inputs the appearance of a
near threshold zero in the S—wave vy — 7°7° amplitude from chiral dynamics at s =
sy to fix subtraction constants in Eq. (26). The remaining input information is taken
from experiment. The S—wave amplitudes for vy — 77 are thereby determined and so
predictions can be made for the neutral pion polarizability (a, — 3,)". Not surprisingly,
given Eq. (27), this combination is found to be directly proportional to how far the chiral

zero is from s = 0. (Note that at O(p*) in xPT , this zero is at sy = m2, while at O(p°)

™
is at ® sy ~ 1.1m?).

Alternatively, others [DH93, KM94], rather than inputting experimental information,
have attempted to match these dispersion relations with detailed predictions of xyPT (to
a given order) for a range of energies about some point. Donoghue and Holstein [DH93]

use s, = 0, while Knecht et al. [KM94] try a range from s, = 0 to s, = 4m2. Knecht et

8This can be seen in Fig. 8 of [BG94].
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al. find that the resulting neutral pion polarizability depends strongly on the subtraction
point chosen for this matching ®. Indeed, even the sign of the combination of neutral pion
polarizabilities, Eq. (27), changes as s, is varied. This implies that the yPT predictions for
0 < s < 4m? must have a significantly different dependence on energy than given by the
other inputs to Eq. (26). This problem requires further work to isolate the source of the
discrepancy. We note that the dependence is far softer for the charged pion polarizabilities.

In these approaches, predictions are not just made for the polarizabilities but for the
amplitudes for vy — 77 scattering at low energies too. Pennington [PE92] illustrates that
an equally good description of low energy data is obtained whether the sub—threshold zero
isat sy = %mfr or 2m?2, not just m2, given by lowest order xPT. However, the combination
(ar — B,)N varies by a factor 4 in this range of sy. Similarly, the O(p®) xPT prediction
of [BG94] and the O(p®) GxPT prediction of [KM94] describe low energy vy — 7°7° data
equally well, yet can have (a, — 3,)" with opposite signs.

In a related way Kaloshin et al. [KS86, KS92, KS94| directly parameterize the disper-
sion relations of Eq. (26) in terms of polarizabilities as the subtraction constants. Then by
fitting the charged and neutral channel data [BO90, BE92, MA90] they find the results for
(ar — B-)9YN summarized in Table I1I. Note the large uncertainty in the neutral combina-
tion reflects the insensitivity of the low energy data to the exact position of the chiral zero
already mentioned. In [KP94], Kaloshin et al. have attempted a similar analysis for the
D-wave combination (o, + ﬁﬂ)C’N and claim to have determined these with remarkable
precision —again their results are tabulated in Table ITI. In view of the detailed amplitude
analysis of the same data by [MP90] which shows the D-wave cross—section may be uncer-
tain by as much as 50 % even in the f(1270) region, the errors quoted by Kaloshin et al.
[KP94] appear unbelievably small [PE94] 1°.

°In doing this Knecht et al. assume the combination (a, + 3;)" is saturated by vector and C—odd
axial vector mesons.

10 Note added in proof: The above remarks refer to [KP94]. Kaloshin et al. now have a new analysis of
vy — mr data [KP95], from which we quote: (ar + )¢ = 0.41 4 0.08(stat.) + 0.01(syst.) (CELLO) ,
(ar +B)¢ = 0.2840.09(stat.) +0.05(syst.) (MARK-IT) and (o + 3z)" = 1.4340.10(stat.) +0.20(syst.)
(Crystal Ball).
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Table III Results of fils to the experimental data on vy — w1 by
Kaloshin et al. [KS94, KP94] to determine the pion polarizabilities

Data fitted

Polarizability| CELLO | MARK — 11 Crystal Ball

(ar + 3-)¢ 10.30 £0.04 | 0.22 £ 0.06 —

(ar — B3:)C - 53+1.0 -
(ar + B)V - - 1.00 -+ 0.05*
(ar — Be)N - - —0.6+138

x See text for discussion of these errors

5.5 Quark Confinement Model (QCM)
The QCM developed by Efimov et al. [IM92, EI93] has also been employed to predict

values for the pion polarizabilities. The basic characteristic of the model is a confinement
ansatz that allows loop calculations to be made finite, avoiding the need for a regularization
procedure.

Efimov et al. [EI93] consider the contribution to pion polarizabilities coming from pure

loop terms and vector, axial vector and scalar resonances. Their results are given in Table

IV.

590



Table IV Predictions of QCM for the pion polarizabilities

by Tvanov et al. [IM92]

Polarizability | Loops | 0T+ | 17— | 1+ Total
Qo —3.01 | 3.76 0 0 0.75
Bro 295 | =3.76 051 O —0.30
Qe —0.14 | 3.76 0 ]0.02 3.64
Bt 0.30 | —3.76 | 0.05| O —3.41

As can be seen the most important contribution in this model is given by the scalar reso-
nances. Moreover, in the case of neutral pion polarizabilities, there is a strong cancellation
between loops and the scalar contribution. The contribution of vector mesons is quite sim-
ilar to that found in x PT, but not for axial vector mesons. As mentioned earlier the main
contribution to the leading order in y PT to a,+ comes from these axial-vector resonances,

but in the QCM scheme their contribution is negligible.

Let us comment on these predictions of the Quark Confinement Model :

1/ As stated before, the charged electric pion polarizability is related to the quotient of
axial and vector structure-dependent form factors of the radiative pion decay Eq. (7).

In the QCM o+ and h4/hy are independent quantities. How this model legitimately

avoids this constraint of Current Algebra and PCAC is unclear.

2/ There is a large model dependence in the scalar sector of QCM. Moreover, the ex-
perimental parameters used in their model have changed significantly [PD94]. The
authors themselves consider that the contribution of scalars has an error of at least

30%. It could easily be bigger. However, the scalar contributions cancel in (a + 3),

giving

(ar + B2) lonm = 0.22
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3/ Finally, there remains the question of double counting between loops and meson
resonances. This is an unresolved issue for models that consider contributions at

both the quark and meson level simultaneously.

5.6 QCD sum rules

Recently a calculation of the electric polarizability for the charged pion has been per-
formed using QCD sum rules [LN94]. The authors take the current algebra sum rule of
Das, Mathur and Okubo [DM67],

o ha a <T72r> + > /Oo ds%[pA(S) - PV(S)] ) (30)

87r2m7rFf hy 3m, QmwFf am2 S

where the spectral functions are defined as in Eq. (11). They input the experimental
[AMS6] pion charge radius (r2) = (0.439 4 0.008) fm? and then compute the integral of
the vector and axial spectral functions using QCD sum rule methods. Identifying the left

hand side of Eq. (30) with Eq. (7), they obtain
At |QODsr =56=+0.5 5 (31)

the integral in Eq. (30) largely cancelling the charge radius term. Fortunately, Lavelle et
al. find that their calculation depends little on the poorly known quark condensate and
so they deduce a rather precise value for a,+. This value, Eq. (31), is in good agreement
with Eq. (12), but not with the prediction of one loop xPT, Eq. (18).

6 Pion polarizabilities at DAONE

The DA®NE electron—positron collider at /s ~ 1.02GeV provides the opportunity to
study 7y — 77 processes at low energy. This is due to the possibility of double tagging of
ete™ — ete~mm in the KLOE multi-particle detector [AL93] that will eliminate much of
the background.

Assuming full acceptance of the detector and with a machine luminosity of . ~ 5 x

1032 cm™2%s71, the expected rates are
o N[yy — m°m°] ~ 10* events/year
o N[yy — ntm~] ~ 1.8 x 10° events/year

Such event rates will allow the low energy cross—sections to be measured with much higher

statistics than previously.
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However, the pion polarizabilities are still likely to be poorly known. The maximum
mm mass that can be realistically attained is ~ 0.6 GeV. This will allow the S—wave cross—
sections to be accurately measured, but not the difference of the D-wave from its Born
component without precise azimuthal correlations. Even then, we have seen that knowing
the low energy vy — @71 cross—section accurately still allows large uncertainties in the
polarizabilities [PE94]. Only measurements of Compton scattering will resolve these.

In principle, there are two ways of studying Compton scattering on a pion. Both
involve ym production, initiated by either a photon or a pion beam. The idea is that
N — ym N proceeds by one pion exchange at small momentum transfers allowing Chew—
Low extrapolation to extract the Compton cross—section, while 77 — y7Z will occur by
one photon exchange if the scattering is on a heavy target, Z, and the photon is almost
real. Such a Primakoff production experiment, £781, is planned at Fermilab for 1996 with
an initial pion momentum of 600 GeV /c, when the virtual photon can have a 4-momentum
squared of —2 x 107 GeV? very close to zero [M092, FE94]. The radiative corrections have
already been computed [AG94]| and are estimated to affect polarizability determinations
at the level of ~ (3 — 10)% (for nuclei C' to Pb). This experiment will also provide
data on the radiative width ay (1260) — 7y [MO94] that, as we discussed in Sect. 5.2,
is expected to be directly related with the polarizabilities. Therefore, the consistence of
this relationship will be checked. Finally, the process yN — 47N may prove possible at
the GRAAL facility at the Grenoble electron storage ring (ESRF) using a back—scattered
laser [DA94, RE94]. These experiments are for the future; they are much needed if we are

to learn more of the pion’s polarizabilities.

Acknowledgements

We thank J. Gasser and M. Moinester for discussions. This work has been supported
in part by EC Human and Capital Mobility programme EuroDA®NE network under grant
ERBCMRXCT 920026. JP is also partially supported by DGICYT PB091-0119 at the
University of Valencia (Spain).

References

[AB92] L1. Atmeller, J. Bijnens, A. Bramon, F. Cornet, Phys. Lett.. B276, 185 (1992)

[AG94] A. A. Akhundov, S. Gerzon, S. Kananov, M.A. Moinester, Preprint “Radiative
Corrections for Pion Polarizability Experiments”, 1C/94/203, TAUP-2183-94, hep-
ph/9410251 (1994)

593



[AI86] T.A. Aibergenov et al., Czech. J. Phys., B36, 948 (1986)

[AL93] G. Alexander el al., Preprint “Two-photon physics capabilities of KLOE at
DA®NE”, LNF-93/030 (1993)

[AMS6] S.R. Amendolia et al., Nucl. Phys., B277, 168 (1986)
[AN83] Yu. M. Antipov et al., Phys. Lett., B121, 445 (1983)
[AN85] Yu. M. Antipov et al., Z. Phys., C26, 495 (1985)

[BB92] D. Babusci, S. Bellucci, G. Giordano, G. Matone, A. M. Sandorfi, M.A. Moinester,
Phys. Lett., B277, 158 (1992)

[BB93] D. Babusci, S. Bellucci, G. Giordano, G. Matone, Phys. Lett., B314, 112 (1993)
[BC88] J. Bijnens, F. Cornet, Nucl. Phys., B296, 557 (1988)

[BE92] H. Behrend et al., Z. Phys. , C56, 381 (1992)

[BG94] S. Bellucci, J. Gasser, M.E. Sainio, Nucl. Phys., B423, 80 (1994)

[BH88] V. Bernard, B. Hiller, W. Weise, Phys. Lett., B205, 16 (1988)

[BO90] J. Boyer et al., Phys. Rev., D42, 1350 (1990)

[BT76] J. Bernabeu, R. Tarrach, Ann. of Phys., 102, 323 (1976)

[DA94] A. D’Angelo, talk at the MIT Workshop on ”Chiral Dynamics: Theory and Fu-
periment”, (July 1994)

[DH89] J.F. Donoghue, B.R. Holstein, Phys. Rev., D40, 2378 (1989)
[DH93] J.F. Donoghue, B.R. Holstein, Phys. Rev., D48, 137 (1993)
[DM67] T. Das, V. Mathur, S. Okubo, Phys. Rev. Lett., 19, 859 (1967)
[EH73] T.E.O. Ericson, J. Hufner, Nucl. Phys., B57, 604 (1973)

[E193] G.V. Efimov, M.A. Ivanov, “The quark confinement model of hadrons”, Inst. of
Phys. Pub., Bristol, (1993)

594



[FE94] T. Ferbel, private communication.

[FG82] L.V. Filkov, I. Guiasu, E.E. Radescu, Phys. Rev., D26, 3146 (1982)
[FR75] J.L. Friar, Ann. of Phys., 95, 170 (1975)

[GL85] J. Gasser, H. Leutwyler, Nucl. Phys., B250, 465 (1985)

[HO90] B.R. Holstein, Comments Nuel. Part. Phys., 19, 221 (1990)

[IM92] M.A. Ivanov, T. Mizutani, Phys. Rev., D45, 1580 (1992)

[KM94] M. Knecht, B. Moussallam, J. Stern, Nuel. Phys., B429, 125 (1994)
[KO90] P. Ko, Phys. Rev., D41, 1531 (1990)

[KO93] P. Ko, Phys. Rev., D47, 3933 (1993)

[KP94] A.E. Kaloshin, V.M. Persikov, V.V. Serebryakov, Preprint “First estimates of the
(oo + )" from two—photon experiments”, ISU-TAP.Th94-01 (1994), hep-ph/9402220

[KP95] A.E. Kaloshin, V.M. Persikov, V.V. Serebryakov, Preprint “Another look at the
angular distributions of the vy — 77 reactions”, ISU-IAP.Th95-01 (1995), hep-
ph/9504261

[KS86] A.E. Kaloshin, V.V. Serebryakov, Z. Phys., C32, 279 (1986)
[KS92] A.E. Kaloshin, V.V. Serebryakov, Phys. Lett., B278, 198 (1992)

[KS94] A.E. Kaloshin, V.V. Serebryakov, Preprint “r* and 7° polarizabilities from vy —
nm data 7, Z. Phys. C; ISU-IAP.Th93-03, hep-ph /9306224

[LN94] M.J. Lavelle, N.F. Nasrallah, K. Schilcher, Phys. Lett., B335, 211 (1994)
[MA90] H. Marsiske et al., Phys. Rev., D41, 3324 (1990)

[MO92] M.A. Moinester, Proc. of the 4th Conference on the Intersections between Particle
and Nuclear Physics, Tucson, Arizona, AIP Conf. Proc. 243, 1992 | (ed. W. Van Oers),
p.H53

595



[MO94] M.A. Moinester, Contribution to the Workshop on Chiral Dynamics, MIT (July,
1994), TAUP-2207-94, hep-ph /9410215

[MP88] D. Morgan, M.R. Pennington, Z. Phys., C37, 431 (1988)
[MP90] D. Morgan, M.R. Pennington, Z. Phys., C48, 623 (1990)
[MP91] D. Morgan, M.R. Pennington, Phys. Lett., B272, 134 (1991)
[PD94] Particle Data Group, Phys. Rev., D50, 1173 (1994)

[PE64] V.A. Petrun’kin, Nuel. Phys., 55, 197 (1964)

[PE92] M.R. Pennington, Contribution to the DA®NE Physics Handbook, p. 379, ed. by
.. Maiani, G. Pancheri, N. Paver, Frascati (1992)

[PE94] M.R. Pennington, “What we learn by measuring vy — 77 at DA®NE”, this Hand-
book.

[RE94] D. Rebreyend, private communication.
[SS93] J. Stern, H. Sazdjian, N.H. Fuchs, Phys. Rev., D47, 3814 (1993)
[TE73] M.V. Terent’ev, Sov. J. Nuel. Phys., 16, 87 (1973)

[TE74] M.V. Terent’ev, Sov. J. Nuel. Phys., 19, 664 (1974)

596



