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ABSTRACT

We describe the low energy physics of the Yy — nx reaction. Then we discuss new high-
luminosity experiments that will provide the opportunity to measure the 2-loop effects, within
chiral perturbation theory, for the 770 case.

1. INTRODUCTION

We show in the following how the cross-section for the reaction Yy — nr is predicted on
the basis of the SU(3); ® SU(3)g approximated invariance. The theoretical results are
confronted with the experimental data presently available. An important observation is that the
production of a pair of charged pions is dominated by the Born amplitude. We also show how
the contribution of chiral loops to first order has been included. The corresponding cross-
section fits quite well the data from the MARK-II group. The process Yy — n°n? is of great
interest as a test of the chiral loop structure. In this case the cross-section is not yet predicted
with enough precision to confront the present data from the Crystal Ball collaboration. The
calculation of the two-loop amplitude is under way and its inclusion in the cross-section will
give presumably a sizeable effect. Also the opportunities for new measurements are described.
With the luminosity planned at DA®NE there appears the exciting possibility of measuring two-
loop effects in the reaction Yy — 1. An interesting addition to this discussion concerns the
study of the cross-section dependence on small values of the photon invariant masses. This can
be achieved by detecting the outgoing electron (positron) at small angles.
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2. THE TWO-PHOTON PRODUCTION OF CHARGED PION PAIRS

The leading contribution to the Yy — w*n~ cross-section arises from the tree-level
Feynman graphs. Choosing the frame '

81-K1=81’k2=82-k1=82-k2=0 s (1)

the Born amplitude reads'

‘£ £ ‘£ €
A(B)(W_) 7t+75”)=2i€2!:81'82 _ P+ €1 D€ ) P+€2 D 1} .

(2)
Pk Pk
Here €, , are the photon polarization vectors, k; , are the momenta of the incoming photons

and p, , p_ are the momenta of the outgoing pions. Also the O(p*) chiral corrections have been
computed(z)

‘€1 p_-€ ‘€ P_-E
AD(yy > n*n‘)=2ie2[a e,e, - brLP-72 Pl P 1} , 3)

p+ky p.+ks

where a is given by
28
a=1+;—§(L9‘+L10r)+L(S)‘ )
T

The first (second) contribution to g arises from the tree graphs with vertices in the O(p2) (O(p4))
term of the perturbative expansion of the chiral effective lagrangian L® (L™, see ref. (3)). The
last term in eq. (4) represents the contribution of the 1-loop graphs with vertices in L®). The
pion decay constant is denoted by F_ =93.15 MeV. For the pion and kaon masses we take
the values m_= 137 MeV, my =494 MeV.

The complex loop-function L(s) has been calculated® in chiral perturbation theory
including pion and kaon loops to O(p*)

.1 3 2, 1 2
L(s)= 32n2F2[25+(mn1nQu)+2(mK1nQK) ]. 5)
n
where
4m?
1- 1 +1
Q= i=m, K. (6)
4mi2
1 - S -1

The differential cross-section is readily obtained from the amplitude A (yy — n*r)

_do _®
d(cos9) 28
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where 6 is the scattering angle and f is the velocity of the pions in the center of mass frame.
Integrating over 9 yields the total cross-section in the range Icos 8 1<Z

o(s,lcos 81<7) =

(1-BH*

T a2 2
- 27 lal 2(6 -2Z2) R 47 + 27
. Ba I: al® + 2( ) Re(a) + + O (BZ)2

(3+ P23 ] (8)

with

6=1'len1+BZ.
B 1-BZ

The Born total cross-section corresponds to setting a=1 in 6(s, Icos 6 | £ Z). Both cross-
sections are plotted in Fig. 1, where we integrated over the values of 6 in the range determined
by Z=0.6.

For the O(p“) correction (a -1) in eq. (4), we input the value of the chiral lagrangian
coefficient predicted by chiral perturbation theory

&)

(Lo"+ LoD = (1.43 £ 0.27)-103 . (10)

This value is obtained from the ratio between the measured value of the axial vector coupling
constant F, = 0.0117 £ 0.0020 and the CVC value of the vector coupling constant Fy, = 0.0259
+0.0005 in the radiative pion decay®

F
FA =0.452 + 0.086 . (11)
A\

The use of the CVC prediction in place of the measured value Fy, = 0.023_+0%01135 may be
motivated by observing that the data on F,, have been analyzed assuming the value of Fy; based
on the CVC assumption®. From ref. (3) we find that the ratio in eq. (11) depends on the sum
of the two renormalized parameters Lo" and L, as follows:

Fo .,
By = 200y + Lyg) (12)

It has been noticed® that the surn of the unrenormalized coefficients of the effective lagrangian
(Lg + L) is ultraviolet finite

(Lo"+LigHh =(Lg+ Ly . (13)

Hence, this sum is renormalization scale independent, even though the individual tree-level
parameters are not. The size of the corrections to the lowest order cross-section of the reaction

YY — ®™R~ does not depend very much on the precise value of this sum within the errors quoted
in eq. (10).
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FIG. 1 - a) Present available data for (do/d cos 6)W _ ntr- 8t Oy = 907 in the Mg <0.5
GeVregion. The experimental points are: DM1O) 0), DM2®) (@), PLUTOUO (m). The
theoretical predictions are: Born (dashed line); chiral theory with (Lg" + L") = 1.4-1073
(full line); b) MARK-TI® total cross section data for My <0.5 GeV. The theoretical curves
are the same as in 1a).In both cases the dotted lines indicate the continuation of the chiral
predictions above My 5 =0.5GeVwhere unitarity effects are important.



This reaction can be studied at DA®NE by measuring the process e*e™ — e*e™n*n™ . This
cross-section is related to the Yy — n*n™ cross-section as follows:

do)
(HEJC’“e‘ et o mtn ) LYY(S) ’ (14)
where the vy luminosity function reads
Lw(s)=-—;-n2 [+ 2)2Inz+26+2)01-2)], (15)
with
=%, (E =S
n—-nln(m), 2= (16)

Here m denotes the electron mass and E (= 0.51 GeV) is the energy of each lepton beam. An
important consequence is borne of the fact that the cross-section for yy — n*n~ is dominated by
the tree-level contribution (at e.g. Vs = 0.4 GeV, the Born amplitude contributes about 90% of
the value of the cross-section, including the O(p*) correction). Owing to the smallness of the
correction, even a measurement of the cross-section with high statistical accuracy yields a value
of (Lg + L) affected by sizeable uncertainties. Assuming the value of (Lg + L) obtained from
only the experimental point at Vs = 0.4 GeV, one needs a 0.6% statistical accuracy on the
measured cross-section, in order to have a 5% statistical error on this measurement of (Lg +
L,¢)- This corresponds to the integrated luminosity L. = 2:10* cm . In the hypotesis that
the DA®NE luminosity will have the value 5-10°2 cm2 s'!, we get a running time of 0.4 year
(4-1085). In fact, we can obtain an independent measurement of the (Lg+ L;o) coefficient
(which is a constant in s) for each experimental point. Accordingly, the statistical error on (Lg +
L,o) can be further reduced. One should bear in mind that the chiral perturbation theory
prediction of eq. (10) is affected by a 20% uncertainty. Additional information may be obtained
by measuring the shape of the angular distribution and comparing with eq. (7).

The prediction in eq. (8) is based on a perturbative expansion in external momenta and
quark masses. In order to establish the region of validity of this result, one needs to calculate
the amplitude A®(yy — n*n") to the next order O(p®). This information is still lacking. It is
generally expected that this result be valid up to a center of mass energy of 0.5 GeV. This low
energy bound stems from two criteria. Firstly, there is a general agreement of the data on kaon
decays with the predictions of chiral perturbation theory, indicating that the arguments based on
chiral symmetry would be reliable up to this bound. Then, the relative magnitude of the
contribution of resonance exchange is usually considered as an indicator for the breakdown of
the low energy expansion. In the reaction yy — n*n~ the mass of the lowest lying resonance is
of the order of 1 GeV. Hence it is quite reasonable that its contribution to the cross section
would not be sizeable in the abovementioned low energy region. Empirically, one remarks the
smallness of the corrections to the Born cross-section, a fact that confirms the validity of the
perturbative expansion of the effective lagrangian in the momenta and quark masses, at least in
the low energy region Vs < 0.5 GeV.



In Fig. 1 we compare the predicted cross-section with the available data. The cross-
section results for Yy — n*n~ obtained by the DM1, DM2 and PLUTO groups are reviewed in
ref. (5). Additional experimental results have been gathered by the MARK-II collaboration at
SLAC®), A general property of the experimental points in Fig. 1 is that the measured cross-
section in the low energy region is higher than the Born model prediction. All experiments but
the SLAC one obtain-a large enhancement of the cross-section at low energy. This could be the
result of a systematical error® in subtracting (with low statistics) the e*e™ and iy~ background
signals, which are large compared to the n*n~ signal in the low-energy region. This
interpretation is confirmed by the high statistics MARK-II results, whose uncertainties are
dominated by systematic errors. These data exclude a large enhancement at low energy and are
consistent with the chiral prediction, including the O(p*) corrections. In the low energy region
there are no results from the TPC(” and CELLO® experiments. In ref. (9) a crossing
symmetry is used to relate the Yy — ©r reaction to the Compton scattering formulae. This
allows to obtain independent information on the pion polarizabilities (customarily derived from
the Compton and Compton-like processes) also from the reaction yy — mm. A large
enhancement effect at low energy would be consistent with an electric pion polarizability much
larger than the value oyt = (2.65  0.50)-10* fm3 expected, on the basis of the relation valid
to O(p*) in chiral perturbation theory®

4Q
t = Lo+ Lig) . 17
o m nFn2 ( 9 10 ) (17)
In order to investigate this possibility, in ref. (9) we fitted all the available data with the cross-
section formulae predicted by chiral perturbation theory, including the O(p*) corrections, in the
restricted energy region v's < 0.5 GeV. The results obtained for the combination (Lg + L) and
for at are reported in Table .

TABLEI - a) Values of (Lg"+ L") and ax* obtained from the Yy — n*n~ data with
Vs <0.5GeV. (Systematic errors are not included.)

L'+ L") x 10° | ot x 104 (fm3) No. of points
pLUTOUY) 103+ 2.6 19.1+ 4.8 2
DM1©) 93 +25 17.2% 4.6 3
pM20) 142+ 4.0 26.3+ 7.4 4

TABLEI - b) Values of (Lg* + L") and ay* obtained from the MARK-II data
(Fig. 2b) for yy — n*n~, including systematic errors, with Vs < 0.5 GeV.

(Lo" + L) x 10°

ot x 104 (fm3)

No. of points

MARK-I®

1.2+ 0.9

22% 1.6

5




The differential cross-section values at 90° for the DM1 and DM2 experiments have been
inferred from the data analysis of ref. (5). Additional problems are associated with the
interpretation of the PLUTO results. In the energy range between 0.5 and 0.7 GeV the PLUTO
data lie consistently below the Born cross-section and they rise above it only for very low
energy values'!9). Since this suggests the effect of modifications of the Born model that we do
not consider in the present analysis, the experimental points in this energy range are
disregarded. Taking into account only the two lowest energy points (at Vs = 0.38 and 0.42
GeV) the corresponding PLUTO result agt = (19.1 £ 4.8)-104 fm3 is consistent with the
DM1/DM2 values. The PLUTO estimated systematic uncertainty below 0.5 GeV is £ 20%. As
a result, a systematical error (+ 5.7)-104 fm3 must be added to the PLUTO value for ag*.
Systematical uncertainties not included in the quoted errors very likely affect all the data of
Table Ia. Nevertheless, the DM1 and DM2 data seemingly indicate that the pion polarizability is
much larger than the chiral prediction ot = (2.65 £ 0.50)-10 fm? . Conversely, the value for
ot deduced from the MARK-II measurements is in good agreement with the chiral prediction
(see Fig. 2b), in evident contrast to the DM1/DM2/PLUTO results. However, the systematic
errors which have been included in the analysis of the MARK-II data are still too large to
provide a useful constraint. This experimental situation clearly needs further investigations
before drawing any definitive conclusions about the possibility to interpret the enhancement of
the vy — ©*n~ cross-section near threshold as evidence for some unpredicted dynamical effect
in this energy region, or rather as simply reflecting a systematical error in the identification of
pion pairs by missing mass in the DM1/DM2/PLUTO analysis. It is worth noticing that the
existence of the basic connection between pion polarizability and radiative pion beta decay
expressed by eqs. (12), (17) can be otained, independently from the chiral approach, by simply
using soft-pion techniques, PCAC, and current algebra(1 L12) Thus, an evidence for a violation
of the predicted values (10) and ozt = (2.65 * 0.50)-10 fm? could have consequences that
are not only connected with chiral perturbation theory.

3. LEARNING FROM vy — n%x°

In order to get further insight in the problem discussed above, we now bring into focus the
low energy vy — n’=® production. This process involves only neutral particles. This entails
that the tree-level diagrams contribute to the amplitude only with terms of sixth order, or higher,
in the external momenta and quark masses. Summarizing, the perturbative expansion of the
amplitude yields the following result. The O(p?) amplitude vanishes. The only contribution to
the O(p“) amplitude comes from the 1-loop diagrams. Since there are no counterterms available
to this order, these diagrams have cancelling divergences and the 1-loop amplitude is finite. In
this respect, the production of neutral pions in photon photon collisions is very different from
the charged pion case, where the O(p?) contribution to the amplitude is only a small correction
to the leading order. Furthermore, the actual value of this correction depends on a free
parameter, i.e. the sum of the tree-level coefficients (Lg + Lig) in the chiral lagrangian, a



quantity which must be taken from the measurements in radiative pion beta decay. Conversely,
the O(p*) correction to the current algebra value (i.e. zero) of the Yy — n’x® amplitude does not
depend on the free value of the low-energy constants in the effective lagrangian and is
completely specified in terms of the known quantities m,, F, and the proton electric charge.

For real photons, the transition amplitude can be expressed in terms of two gauge-
invariant functions A(s,t,u), B(s,t,u)

Aty — 110 = AG.t) [- Sepe, + ek e0k |

+ B(s,tu) £ ext-u)?+2(t-u) (e A £k -1 ky £2A)-258-A €A, (18)
where A = p;-p, is the difference of the 4-momenta of the pions in the final state. Since B(s,t,u)
has the dimensions of an inverse mass to the fourth power, whereas A(s,t,u) has the
dimensions of an inverse mass squared, only the function A receives a contribution at the O(p*)
level (which is proportional to Eli ), while B starts only at the next order. By squaring and
averaging over the photon helicitjlxes, assuming the cut Icos 0 | < Z for the scttering angle, the

total cross-section for unpolarized photons is readily obtained from eq. (18) in terms of the

functions A, B

o(s,lcos 81<2Z)=

t

L fa [ |A +2(4m,2- )B|" + % (m* - tw)? IBP ] , (19)
2567 t, §

where

2m_2 4m_2
ti=-%s[l- S" iZ\/l- S" } (20)

In deriving the cross-section we have assumed the state normalization such that

(pp) = 2po2n)’ &' - P) 1)

as well as the following relation between the S-matrix and the Lorentz invariant amplitude d

(rnmiStyy) = m)* 8%(qy + qp - py -2 4. @

The 1-loop amplitude is the sum of the diagrams with pion and kaon loops. The contribution of
these diagrams to eq. (18) readst>



A(1)= A (mt-loops) + A(K-loops) ’

(23)
(rc-loops) 1 m,’ 1 2
n-loops) _ ;.2 . _=n 1
A =ie 411’,21:2[1 S ][1+S(mnann) ], (24)
n
AKdoops) g2 L 4 L 1nQe)? ], 25)
1672F 2 [ s (Mg 1n Qg ) ]
BV = g(n-loops) _ g(K-loops) _ (26)

The expressions of Q_and Qg are given in eq. (6). The kaon-loop correction is very small
compared to the pion-loop contribution. Yet, for the sake of completeness, we keep this
contribution both in the analytic expression of the cross section and in the numerical
calculations.

The exchange of vector mesons in the t-channel produces a contribution of order O(p®) to
the scattering amplitude. This has been calculated in refs. (14,15). However the calculations of
refs. (14) include terms contributing to orders higher than O(p6). To be rigorous, such terms
should be dropped, in order that the result be consistent with chiral symmetry to O(p®).
Nonetheless the numerical results obtained ior the cross-section in refs. (14,15) are in
agreement, as should be expected.

The unambiguous inclusion of vector meson resonances in the effective low-energy chiral
lagrangian was obtained taking into account the QCD asymptotic structure!!®). The effective
coupling relevant for the decays of a vector field V into a photon and a pseudoscalar is produced

by the lagrangiant!?)

L3 =hy €,y56 Tr V{0, £,P°} , 27
where we use the same notation as ref. (17) and define

u, =iuD,Uu , £¥=uFMu+uF"u , (28)
with the covariant derivative D, U and the.corresponding nonabelian field strengths as in ref.

(3). Exchanging a field V* between two couplings (27) yields the O(p®) terms in the chiral
effective lagrangian

ho?
L= 25 Te [, £ WO £ ) + 20w 222 D], @

where My = M is the common mass of the octet and singlet vector mesons. This gives rise to
the O(p6) scattering amplitude of the form (18), with the form factors

AM=_iC(3s-8m2), (30)
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=-i%C. (31)

Here we denote

2

h
320 \
C= =5 no [———-——MV Fn} 32

The value of hy, can be fixed using the data for the decays p* — 7™y and ©° — 7%. These

decays have the rates with the smallest experimental errors. From the expression (27), one gets
directly(”)

_3 12My° T(p* > 7*y)
Ihvl_4pn—\/ IR (33)

Following ref. (17), one can make for the ® the nonet assumption

8 .
_ 1 i 1 0
=D WY

, (34)
2i=1 V3 #
yielding the formula for hy,
Ihyl=1F_ AREC 2. (35)
4 o (MVZ _ mn2)3

Taking the measured masses and widths from ref. (4), we get from eq. (33)

Ihy I =(3.62+0.24)-102 , (36)

which can be taken as the resulting value of | hy |. In addition, the o? decay yields the value
obtained from eq. (37)

thy = (3.93 £ 0.14)-102 . G7)

The consistency (within the quoted experimental errors) of the two numbers obtained above
provides evidence in favour of the nonet assumption. hence, making the nonet assumption as in
ref. (17), one may take the weighted average of these two numbers

lhy 1= 373205102 . (38)

However, we note that the agreement between the two numbers in egs. (36) and (37) is not
great. Thus, in the numerical evaluation of the cross-sections in the present work, we prefer to
stick to the value of the coupling constant obtained in eq. (36) from the p* decay.

The total cross-section in the range Icos 6 | < Z for unpolarized photons, including the
contribution of vector resonance exchange, reads
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o(s,lcos B81<Z)= om(s, lcosB1<7Z)+ c(v)(s, lcos 1< 2Z)
Vs, Icos B 1< Z) (39)

where the first two terms denote, respectively, the 1-loop and the vector meson cross-sections
and the last contribution represents the interference effect. Plugging eqgs. (23-26) and eqgs.
(30,31) into eq. (19) yields the results

ey
) | Bl<?)=
G (s, lcos ) 128n3F { [f(s)
m_* m 2
2{1 - 5 )1+ Tg (s)
2 2 4 2
Lol o]}
4m 2 ’
_1 K : S
fs) —4[ - = (arcsm pge } , (41)
g (®=m"1Q,_I-n?, (42)
—— —_ 1
()
IQel={1+7\ 1- — 1-\ 1- , (43)
2
1 amg”
GO=EZS 1- Sn 9\ (44)

O(V)(s, lcosBi<Z)=

Clo, I, + + I~ In , (45)
16ns* [ 0 ( A g, € bleo,?
5.2 1 1 m
_S52 1 _2.12(, ,®n_
I,=5b"-30,"+3s (3 4 — |, (46)

2 2 4
m m m
3 T 4f S 3Vm L3
- bs (1-2—S )+s(—-—16-2——+2 ) ), 47
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4 m ’
S5 37" n
'b(32 4s+s2j’ (48)
b= 2,1 2
=My t5s-m;”, (49)
) M. .2 b2-g.2
0(1 V)(s, lcosB1<Z)=- Y __aC 20, + MV2 In 3 02
32n%F 2 b*+o,

mn2 m_°
x[f(s)+(1- T)(l+ S g(s)ﬂ . (50)

Here the value of the constant C is obtained from eqs. (32), (36). The numerical evaluation of
the total cross-section leads to Figs. 2,3.
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FIG. 2 - The 1-loop contribution(® to o(yy — ©°x°) including: i) both © and K loops (full
line); ii) ® loops only (dot-dashed line). The data are taken from the CB experiment(lg).
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FIG. 3 - The cross-section for Yy — ®°r° including: i) both the 1-loop diagrams and the 0%
contribution due to the vector-meson resonance exchange in the t-channel (full line); ii) the 1-

loop contribution only (dashed line).

In the threshold region (Vs < 0.5 GeV), the Crystal Ball experiment(lg) yields results for
the total cross-section that are consistently higher than the 1-loop chiral perturbation theory
prediction. This puzzling discrepancy could be resolved, within chiral perturbation theory, by
calculating the 2-loop effects, which turn out to give a sizeable contribution to the cross-section
in the threshold region(lg). This may improve the agreement with the Crystal Ball data, but this
still needs to be confirmed. Notice that the contribution of the vector meson resonances in
Fig. 3 is rather small in the threshold region and could be completely neglected for Vs < 0.4
GeV.

Recent results support the conjecture that the bulk of the yy —» ©
related to the phase-shifts for the n*n~ — 7°r® process®>?"). These analyses yield an

0.0

m” cross-section can be
estimated o(yy — n%r®) in good agreement with the Crystal Ball measurements. In the paper by
Im, as the result of an expansion in the number of « fields, a cross-section is produced which
agrees qualitatively with the cross-section given in the paper by Morgan and Pennington. This
agreement is not surprising indeed, since in both papers the authors use similar techniques
where the result is dominated by the right-hand cut. The two procedures may still differ by the
left-hand cut, which however is only a small contribution. So, there exists three results

1(19)

(including the preliminary ones obtained at the 2-loop level' ”') which predict a sizeable
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enhancement of the cross-section in the range from threshold up to 450 MeV, with respect to
the lowest order prediction of chiral perturbation theory.

The estimated cross-sections of refs. (20,21) depend on the choice of the phase-shift
parametrization. Unfortunately this dependence cannot be fully explored, given the large errors
affecting the Crystal Ball data. For instance, changing the cross-section estimated by Morgan
and Pennington by one standard deviation of the Crystal Ball points corresponds to a change of
0.15 in the pion scattering length, i.e. 75% of the central value a, = 020 (see Fig. 3 in ref.
(20)). This is obtained neglecting other sources of potential uncertainty, in addition to the value
of ag, in the Morgan-Pennington estimate, such as the position of the Adler zero. Thus, it is
urgent to measure the cross-section with higher precision. This will provide independent
information to be compared with the input of the pion phase-shifts and/or appreciate the
contribution of higher order effects in chiral perturbation theory.

The reaction yy — nt°

70 can be studied with great detail in the threshold region with high
luminosity e*e™ machines, such as DA®NE. The number of ¥ pairs N

range s + As can be obtained from the integrated luminosity L

70n0 produced in the

ete

N:t‘)ft(’:(ow——) o () LYY(S) >AsLe+e*AS . (51)

Here we are averaging over the As range. Assuming a 5 MeV bin in the n° n° center of mass
energy, it is straightforward to see that the integrated luminosity L .- = 5-10% cm2 is
sufficient, in order to obtain a 1-2% statistical accuracy on the measurement of the generalized
polarizability of ref. (9), with an improvement of almost one order of magnitude with respect to
the CB experiment. If the DA®NE luminosity is set to be 5-10°? cm? s°1, then the time of
running is 1 year (107 s). In fact, with the quoted integrated luminosity, almost 10 events
should be collected (see the second ref. (14)). A statistical accuracy of a few % is very small
with respect to possible systematical error of the order of a few tens %. For the production of
charged pion pairs, having a systematical uncertainty of this order of magnitude would prevent
to measure the coefficient (Lg" + L") of section 2 with the needed accuracy. Hence a very
careful control of the sources of systematical errors is absolutely necessary, in order to exploit
the DA®NE opportunity to test the chiral symmetry predictions for the vy physics at low
energy. The best way to achieve this goal is by tagging the lepton beams. At the DAONE
energies this should not reduce too much the yy luminosity
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