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Final-state radiation in the process ete™ — 7F

m~ is considered for the cuts used in the analysis of KLOE

data at large angles. By means of the Monte Carlo event generator FEVA, effects of non-point-like behavior of
pions are estimated in the framework of the resonance perturbation theory. An additional complication related
to the ¢-meson intermediate state is taken into account and the corresponding contributions (the direct decay
¢ — w77~ and the double resonance decay ¢ — p*7T — 7777 4) are added to FEVA. A method to test
effects of non-point-like behavior of pions in a model-independent way is proposed.

PACS: 13.25.Jx, 12.39.Fe, 13.40.Gp

1. INTRODUCTION

The ongoing experiments on precise measurements
of the cross section of ete™ annihilation into hadrons
aim at the precision at the 0.5-1.0 % level [1-3]. Such
an accuracy is crucial for various tests of the Standard
Model [4], e. g., by comparing the experimentally mea-
sured value of the muon anomalous magnetic moment
a, [5] with the theoretical prediction. The accuracy
of the theoretical calculation of a, is currently limited
by the hadronic contribution a{/"*®. This contribution
cannot be reliably calculated in the framework of per-
turbative QCD because the low-energy region domi-
nates. Fortunately, the leading-order part aLh“d;Lo) of
this contribution can be estimated from the dispersion
relation using the experimental cross sections of eTe™

annihilation as an input [4],
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(had; LO) _ (QMpu)? R(PA)K(¢?)

a1 = (35) T
37 4m/?, q W
o (a2

where 0}(¢?) is the total hadronic cross section,
0,(¢?) is the total cross section of the process
efe” — v = putu~, and K(¢?) is a smooth function
that increases from 0.63 at the threshold (s = 4m?2)
to 1 as ¢> — oo. The quantity ¢> is the total
four-momentum squared of the final hadrons.

This behavior of the integrand results in that the
largest contribution (about 70 %) to the leading-order
hadronic part of the muon anomalous magnetic mo-

(had; LO) .
ment a,, comes from the energy region below or
about 1 GeV. Due to the presence of the p-meson, the
main contribution is related to the 777~ final state.

Experimentally, the energy region from the thresh-
old to the collider beam energy is explored at the ®-fac-
tory DA®NE (Frascati, s = 4E> = mj) [6, 7] and the
B-factories PEP-2 (SLAC, s = m73,q)) and KEKB
(KEK, s = m3 ) [8, 9] using the method of radia-
tive return [10-12]. This method relies on the factor-
ization of the radiative cross section into the product
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of the hadronic cross section and a radiation function
H(¢?,0maz,Omin) known from QED [12-14]. The large
luminosity of the ® and B-factories allows compensat-
ing the additional factor a/27 caused by the hard pho-
ton emission. For a two-pion final state considered here,
this means that the radiative cross section ¢™™7 corre-
sponding to the process

(2)

et (p1) + e (p2) = 7 (py) + 77 (p-) +(k),

can be written as

5 do™™
dg?
q

aﬂ-ﬂ(qz)H(QQa emaxa emzn)a

(3)

P+ +p—,

where the hadronic cross section ¢™" is taken at a
reduced centre-of-mass energy. This factorization is
valid only for photon radiation from the initial lep-
tons (initial-state radiation, ISR). This is not possible
for final-state (FS) radiation (FSR), which is an irre-
ducible background in radiative return measurements
of the hadronic cross section [2, 15]"). Indeed, the
FSR cross section calculation has an additional com-
plication compared to the ISR case. In principle, ra-
diative corrections caused by ISR, i.e., the function
H(q%, 0maz,Omin), can be calculated in QED, although
the accuracy is technically limited. But the situation
is different for the FSR cross section because its eval-
uation relies on models describing the pion—photon in-
teraction. Usually, the combined sQED+«VMD (scalar
QED=Vector meson dominance) model is assumed as
a model for calculating the FS bremsstrahlung pro-
cess [12, 17]. In this case, the pions are treated as point-
like particles (the sSQED model) and the total FSR am-
plitude is multiplied by the pion formfactor estimated
in the VMD model. Unfortunately, the sQED+*VMD
model is an approximation that is valid for relatively
soft photons and can fail for high-energy photons, i. e.,
near the 77~ threshold. In this energy region, the
contributions to FSR beyond the sQED*«VMD model
become important. As shown in Ref. [18], the res-
onance perturbation theory (RPT) is an appropriate
model to describe photon—meson interactions in the en-
ergy region about 1 GeV, and we use this model to es-

timate the bremmstrahlung FS contributions beyond
sQED.

D In fact, the process of FSR cannot be excluded from the anal-
ysis. It can be suppressed by choosing the small-angle kinematics
(64 < bmar < 1), but increases to 40 % of the ISR for large an-
gles and should then be estimated very carefully. (For some ad-
vantages of the large-angle analysis compared to the small-angle
one, see [16].)
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At the ®-factory DA®NE, there is an additional
complication related to the possible intermediate ¢-
meson state; the corresponding contributions should be
included in the Monte Carlo event generator.

In this paper, we present the results obtained by
the Monte Carlo event generator FEVA that simulates
process (2) for the DA®NE accelerator setup. Our
computer code FEVA was inspired by MC EVA [12].
The previous version of FEVA was described in [19],
where the bremsstrahlung process (in the framework of
both RPT and sQED) and the ¢ direct decay (only the
fo parameterization) were considered. In addition, the
current version of FEVA includes the double resonance
contribution and a more sophisticated parameteriza-
tion for the ¢ direct decay.

This paper is organized as follows. In Sec. 2, we give
a general description of the FSR process and present
the FSR models that are already included in our pro-
gram FEVA. In Sec. 3, numerical results for the KLOE
large-angle analysis are presented. Because most of the
effects arising in the FSR, are model-dependent, we con-
clude this paper by suggesting a way to test possible
effects beyond sQED, in a model-independent way (see
Sec. 4). A conclusion is given in Sec. 5.

2. FINAL-STATE RADIATION MODELS

The cross section of the FSR process can be written
as

1
dor = m/54(Q—p+—p— — k) x

o dPp_d*k

o |M(FSR)|2
+ —

G
where Q = p; + p2, s = @2, and

(5)

M TSR = SN0 a(—py)yu(ps e
s
and where the FS tensor M*" describes the transition

Y(Q) = 7t (py)m (p=)y(k).

It is convenient to parameterize the FS tensor in terms
of three gauge invariant tensors (see [20] and refer-
ences [21, 22] therein):

MM (Q, k,1) = —ie* ME(Q, k,1) =

= —ie*(r{"" fr + T8 f2 + T4V f3),

(6)
T{‘V = liQV - gukaa L= P+ —pP—,

= RI(IMQY — g™ kL) + 1Y (KM kL — 1MEQ)
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Y = QAg kL~ K1) + QU(IURQ — QD).
We emphasize that this expansion is totally model-
independent. The model dependence is related only
to the explicit form of the scalar functions f; (we call
them structure functions).
Here is the list of the FSR processes included in
FEVA MC:

et +e” — 7t 47 44, bremsstrahlung process, (7)

efteT =0 (forfoto)y=at +17 +7,
¢ direct decay, (8)

et +e 5 ¢—ptrT s at 0 44,
VMD contribution, (9)

et +e = ptnaT sat 417 4. (10)

In the next sections, we present the models describing
these processes. The presence of (8) and (9) is due to
the energy at which KLOE is running (s = mj3).

2.1. Bremsstrahlung process

As mentioned in the Introduction, the sQED*VMD
model is an approximation for describing soft photon
radiation by pions. To estimate the contributions be-
yond the sQED*VMD model, we use the RPT. The
model is based on the chiral perturbation theory (xPT)
with the explicit inclusion of the vector and axial-
vector mesons po(770) and a;(1260). Whereas the yPT
gives correct predictions for the pion formfactor at very
low energy, the RPT is an appropriate framework to
describe the pion formfactor at intermediate energies
(E ~m,) [18]» and satisfies the QCD high-energy be-
havior.

Using the result in Ref. [20], we write the contri-
bution to the functions f; (see Eq. (6)) caused by the
bremsstrahlung FS process as

fi= fiOFP + AFRPT, (11)

s0pp _ 2kQF:(Q?)

N R "
sQED _ _2F7T(Q2)
? (kQ)> — (k1)*’

2) Tt was shown in [20] that the coupling constants of the effec-
tive chiral Lagrangian at the order p* are essentially saturated

by the meson resonance exchange.

J9EP =0, (13)
where

rer _ P2 —2FyGy

Afi JE:
1 Fi
X <m_;2> + m2— s _impfp(3)> D g
(kD)?
X {2 * oDt
R sl
8D(1)D(—1) ’
AgRPT — _ _FAAmg — (s 414 2kQ)
* T TRmz sDODCD (1)
l=py—p-.
RPT __ F“Q‘ K
Afh = 2m2 2D(1)D(-1)’ (16)
D) = 2 — AE LA 2O AH

@ 4
For the notation and the details of the calculation, we
refer the reader to [20]. Fy, Gy, and F4 are param-
eters of the model. According to the RPT model, the

pion formfactor that includes the p—w mixing can be
written as

FvG@ I,
Fald") = 1+ =5~ B,(@") (1— 30 Bw<q2>>., (17)

2

q
. 18
) = T AT T ) "

¢® is the virtuality of the photon, fr = 92.4 MeV,
and the parameter II,, describes the p-w mixing. An
energy-dependent width is considered for the p meson:

m2
Fp(‘]?) =TI, _gp (

q

3/2
2_4 2
w) O —4m?), (19)

242
my—4mz

and a constant width is used for the w meson,
', = 8.68 MeV and m, = 782.7 MeV. We assume
that the parameter II,, that determines the p—w mix-
ing is a constant related to the branching fraction
Br(w — ntnr™) as

M|

B Tro)y= 2 20
rw—rr7) Fp[‘wm% (20)
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The values of Fy and Gy as well as the mass of the p
meson (m,) and the p—w mixing parameter II,, were
estimated by the fit of Novosibirsk CMD-2 data for the
pion formfactor [1]:

m, = 7749+ 1.4 MeV, TI,, = —2774 £ 291 MeV?,

I, =1452+£2.6 MeV, Fy =154.24+0.5 MeV.

Then Gy = 64.6 £ 0.3 MeV and Br(w — 77 ) =
= (0.96 £ 0.19) %.

For the a; meson, we take m, = 1.23 GeV and
Fy = 0.122 GeV, which corresponds to the mean
value of the experimental decay width T'(a; — 7v) =
= 640 £ 246 keV [23].

We note that the contribution of any model describ-
ing the bremsstrahlung F'S process can be conveniently
rewritten as in Eq. (11), and the results should coincide
with the SQED+*VMD model prediction in the soft-pho-

ton limit.

2.2. ¢ direct decay

For the DADNE energy (s = mi) there are contri-
butions to the final state 7™ 7~ related to the inter-
mediate ¢ meson state. In this section, we consider the
direct rare decay ¢ — 7w~ .

The ¢ direct decay is assumed to proceed through
the intermediate scalar meson state (either fo or fo+0):
¢ = (fo; fo +0)y = wta~y, and its mechanism is
described by a single formfactor f,(Q?%). As shown
in [21,24], this process affects the formfactor f; in

Eq. (6):

scal _ g¢’¥f¢(Q2) (21)
! s — mi +imely’

First, we consider the case of the fy interme-
diate state. To estimate this contribution, we use
the Achasov four-quark model described in [22]: the
¢ — foy decay amplitude is generated dynamically
through the loop of charged kaons. The formfactor f,
is given by

KYK~= /2 JpK+K-
= — X
To (@) 2m2m?;

Jforntrn—Jfo K+ K- eMB(QQ)
m?fo — @*+ Relly, (m?fo) — 10z, (Q%)

2
x I (m—;’ Q—§> . (22)

my My

X

where I(.,.) is a function known in analytic form [24, 25]

and 65(Q?) = by/Q? —4m2, with b = 75°/GeV. The
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term ReTly, (m3 ) — Tl (Q*) takes the finite-width cor-
rections to the fo propagator into account [22]. A fit
to the KLOE data ¢ — 7%7%y 3) gives the following
values of the parameters [26]:

2
9fo K+ K-

my, = 0.962 GeV, =1.29 GeV?,

(23)

2
Ipor+K— — 399

2
gfoﬂ*ﬂ*

In a refined version of this model, which includes the
o meson in the intermediate state [27], the formfactor
fo can be written as

KYK= 2y _ 96K+K= (5,0 (Q%)+0x x (Q>
f¢ (Q)_Tm%\’e( (@) +ixk(Q%)

2 2
m Q _
x I <—¢-, W) E gRK+I\’—GR}%'9R’ﬂ+ﬂ‘v

2
my R,R/

where Grpr is the matrix of inverse propagators [27].
Such an extension of the model improves the descrip-
tion of the data at low Q2 (see Fig. 1a) and gives the
following values of the model parameters [28]:

2
forc+ K-

mys, = 0.977 GeV, =1.12 GeV?,
2 (24)
I K+ K-
AT = 6.9,
gfoff*fr*
92K
my = 0.462 GeV, % = 0.024 GeV?,
" (25)

2
o K+K-
TeK* K= 0 052,
ontn—

2.3. VMD contribution

Another contribution producing the intermediate ¢
meson state is the double resonance contribution in (9).
In this case, the off-shell ¢ meson decays to p* and 7 ¥,
which is followed by p — 7. The explicit value of the
functions fVMP for this decay can be found in Ref. [21].
To maintain correspondence with the KLOE analysis
in [28], we also added the additional phase between

3IT(fo — ntn—) = %F(fo — 7).
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o fo only +
Al

—10

300 400 500 600 700 800 900 1000
m, MeV
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e FSR = RPT ;
¢ FSR — sQED
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09 10
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Fig.1. a) The dependence of the branching ratio of the ¢ direct decay on the intermediate scalar states. b) Contribution
to the FSR cross section dor/dQ? in the region 0 < 4., < 180°, 0 < 6, < 180° at s = mi. RPT is represented by circles,
sQED by crosses, ¢ by triangles, and the difference between RPT and sQED is indicated by squares

VMD and ¢ direct contributions, the factor IT) 2 4)
and the phase of the w—¢ meson mixing [,4:

1 3
VMD
=_ 142
) —— (14524 0) (gla1)+g(a2)+
1
+ (@1 = 22)(g(r) = g(@2)) )
1 (26)
VMD _
> =~ o (g(@) +g(22)),
1
VMD __ _
3 = " Sras? (9(z1) = g(x2)),
where
oy it
4F¢ S — mi + iM¢F¢
SQHVMD
x —L (27)
(1 —2)s —m32 +impl,((1 — z)s)
with
2y _
= Berdpe) o

S

1) Including HXMD, we rescale the coupling constant. In our

opinion, this rescales the constant g?,, that cannot be directly
determined from any experimental decay width.

The quantities gg’,r and g% are the respective coupling
constants determining the ¢ — pm and p — 7y vertices,

r te~
F, = 30 (¢p — ete )’
QM¢
and e = 4ra. A fit to the KLOE data for

¢ — 770 [28] gives

9%, =0811 GeV™', g2 =0.295GeV !,
Fy =425, TyMP =0.58195,
B, =32.996°, Pue = 163°.

(28)

2.4. Other contributions

We included in our program the channel y* —
— pErF = 7tr "), whose amplitude has been eval-
uated in RPT model. To write this part of FSR, we
used the results in Ref. [20] for the function fipi:

5) In the energy region s < mi, this direct transition

v* — pEaF can be regarded as the tail of the double resonance

contribution of the p’ meson decay: v* — p' — pm for s = mi
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+ 2
A = G {(’“Q”%ﬁ * C<1—Z>> *
1 1 64H?2
~ (- o)+ o @
+ SH?2 1 1
A =5 <c<l> * C(—l>>’ (30)
+ SH2 1 1
o =S (ew - ern)
where

C(£l) = m,Zy —(k "'p:I:)2 —im,T,((k +pﬂ:)2)
with
Q%+ 17+ 2kQ £ 4kl
= 1 )

The value of the constant Hy is determined by the
width of the p — 7y decay

(k+ ps)?

4am3H‘2/ mz_ 3
Pt =7 =~ (1 m—>
w P

and can be related to the constant g7, as

_ 3f7l'g7€'7

42
This gives Hy = 0.0144. In agreement with the cal-
culation in [20], we found a negligible contribution of

this channel; for simplicity, we discard its effects on the
numerical results presented in the next section.

Hy

3. NUMERICAL RESULTS

In this section, we present the results for the differ-
ential cross section and the forward-backward asym-
metry [12, 29| for the reaction ete™ — nt7~v, where
the FSR amplitude (M pgsg) receives contributions from
both RPT (Mgpr) and the ¢ — ntn~v decay (My).
The last one is a sum of the ¢ direct decay (M;C’”) and
VMD (M(XMD) contributions. Thus, the total contri-
bution dor of process (2) can be written as

dor = doy +dop +dorp ~ |Misg + Mpsgr|®, (32)

dor ~ |Misgr|?,
dop ~ |MRPT‘2 + ‘M¢|2 + QRG{MRPTMg},
dorp ~ 2Re{Mrspr(Mrpr + Mg)"},

where doj corresponds to the ISR cross section and
dor to the FSR one. The interference term dojrp is
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equal to zero for symmetric cuts on the polar angle of
the pions [7].

The different contributions to the FSR differential
cross section dop, evaluated at s mi, are shown
in Fig. 16 for the full angular range 0 < 6, < 180°,
0 <6, <180°. Good agreement between the results of
the Monte Carlo simulation (points) and the analytic
prediction (solid line) is found. It can be noted that
at low Q2, the contribution from the direct ¢ decay
(i.e., the term proportional to \M;C’ll|2 in Eq. (32))
is quite large, and therefore the additional contribu-
tion beyond sQED can be revealed only in the case
of destructive interference between the two amplitudes
(Re(MrprMj) < 0). Published data from the KLOE
experiment [30] are in favor of this assumption, which
we use in what follows.

We first consider the case s = mé. In Fig. 2, we
show the values of the differential cross section doy/do;
and the forward-backward asymmetry for the angular
cuts of the KLOE large-angle analysis [16, 30]:

50° < 6, < 130°,
50° < 6, < 130°

(33)

for the bremsstrahlung FS process in the framework of
the sSQED*VMD model and with the ¢ decay contribu-
tions (VMD and the ¢ direct decay), for a hard photon
radiation with energies £, > 20 MeV.

Figure 3 shows the effects of RPT and ¢ direct de-
cay terms on the total differential cross section and
their contribution to the FSR cross section for angu-
lar cuts (33). Several distinctive features can be noted:
1) the peak at about 1 GeV?2 corresponds to the fg
intermediate state for the direct ¢ — wmy amplitude;
2) the presence of RPT terms in the FSR is relevant
at low @2, where they make an additional contribu-
tion up to 40 % to the ratio dorprie/dosoep+s (as
shown in Fig. 3a,b); 3) the destructive interference be-
tween the ¢ decay and the bremsstrahlung FS process
reduces the visible cross section in the whole Q? range
and its dependence on FS bremsstrahlung model at low
Q? (see Fig. 2b). We also draw attention to the VMD
contribution. As we can see from Fig. 2, the VMD
contribution leaves the value of the differential cross
section almost unchanged (Fig. 2a,b), but it essentially
changes the value of the forward-backward asymme-
try (Fig. 2¢) and follows the experimental data for it.
Last but not least, all contributions beyond sQED are
large enough near the threshold to make the analysis
difficult.

To reduce the background from the ¢ decay in the
measurement of the pion formfactor at the thresh-
old, KLOE has taken more than 200 pb~! of data
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dor/do; F.B.Asymmetry
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. | t
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Fig.2. The ratio dor/do; of the total cross section to the ISR one (a,b) and the forward—backward asymmetry (b,c) as
a function of the invariant mass of the two pions, when the ¢ contribution is taken into account and the bremsstrahlung
process is in the framework of the SQED*VMD model. The angular region is 50° < 6, < 130°, 50° < 6, < 130° and

5= m?ﬁ
dor/dor
2.6 T T T T T T T T 22 T T T T
& FSR = sQED .ﬁ'
2.2 ¢ FSR = sQED + ¢ 4 1 920 §+ ¢ dorpr4¢/dosQEn e
1.8 e FSR — RPT + ¢ ‘f & | +++ ¢ dorpr/dosQED
i f f 181 +~<}- i
] +++
4
i 1.6 | ++¢ i
0.1 0I2 0I3 0I4 0I5 0I6 0I7 0I8 0I9 1.0 ++ s
. ) ) . ) ) . . ) ) i S |
dor/do; Q% Gev? ML *os ]
2.2 T T T T -.-‘_
20F ¢ FSR = sQED 1 12F *. .
18l v FSR — sQED + ¢ ] ‘.
e FSR = RPT + ¢ 1.0} * . T
1.6 | .-+- E .- c
'Y'%¢ b *++
1.4+ B
- _:?-i++¢'¢¢-.¢. AP 0.8 -.-"'-0- 0o 000900
1.2+ S g o S NN b
”“"'*-'-:&-_ . . ]
10 . . RCian e o fuenan nen 2 T ) ) ) )
0.10 0.15 0.20 0.25 0.30 0.35 0.10 0.15 0.20 0.25 0.30 0.35
Q?, GeV? Q?, GeV?

Fig.3. The ratio dor/dor (a,b) as a function of the invariant mass of the two pions for different models describing

the bremsstrahlung FS process (either RPT or sSQED+VMD) and the ratio of the FSR cross section in the framework of

RPT to the sQED cross section, when the ¢ direct decay contribution is (or is not) taken into account (c), in the region
50° < 6, < 130°, 50° < 6, < 130° at s = m;,
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dor/dor
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Fig.4. The same ratio as in Fig. 3 at s = 1 GeV?

at 1 GeV [31]. In this case, the ¢-meson intermedi-
ate contributions are suppressed (in Fig. 4¢, the val-
ues of dor with and without the ¢ decay almost co-
incide) and the main contribution to FSR comes from
the bremsstrahlung process (see Sec. 2.1), allowing a
model for it to be studied.

4. MODEL-INDEPENDENT TEST OF FSR
MODELS

Contributions to the bremsstrahlung FS process be-
yond sQED, as in the case of RPT, can lead to size-
able effects on the cross section and asymmetry at the
threshold, as shown in Figs. 2-4. Precise measurement
of the pion formfactor in this region is needed to control
them at the required level of accuracy. This looks like
a rather difficult task, considering that effects beyond
sQED, as well as the contribution from ¢ — 7T77,
are model-dependent.

One can think of constructing a general amplitude
for ete™ — 7t 777 in accordance with some underly-
ing theory and then try to determine the free parame-
ters by a constrained fit on specific variables (like the
mass spectrum, charge and forward—backward asym-
metry, angular distribution, etc.). In particular, the
charge asymmetry has been proved to be a power-
ful tool to discriminate between different models of
¢ — mtm v [29]. However, when the number of the
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parameters is large, correlations between the parame-
ters of the model can arise and spoil the effective power
of these fits. The situation becomes even worse if the
pion formfactor also has to be extracted from the same
data. As an example, if we consider only the p and w
contribution to the pion formfactor and the p and ay
contribution to FSR in the case of the RPT model, the
number of free parameters is already six. The presence
of the ¢ direct and VMD decays results in additional
free parameters.

The possibility to determine some of the parame-
ters by external data can strongly help, as in the case
of the ¢ — 7=~ amplitude, which can be determined
by the %79y channel copiously produced at DA®NE.,
An additional source of information to be used for de-
termining the contributions to FSR beyond sQED in
a model-dependent way is the dependence of the FSR
amplitude on the ete™ invariant mass squared s.

We write the differential cross section for the emis-
sion of one photon in the process ete™ — 771~ as a
function of the invariant mass of the two pions:

( ),

d
where (d;QI;) is the differential cross section for the
Bl

dO’F

Q>

dO’T

a0° (34)

) = 1 @)PH(Q) + (

emission of a photon in the final state and the ISR func-
tion H,(Q?) was defined in the Introduction. We use a
subscript s to indicate the dependence of each quantity
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on the ete™ invariant mass s. Because we consider only

symmetric angular cuts for pions, the interference term

between initial- and final-state radiation is neglected.
At relatively high @2, the FSR differential cross sec-

. dopy . . o .
tion (TQQ) . is dominated by the contribution coming
from sQED (M,grp) and ¢ direct decay (Mgy):

dosQED+¢ 2
(TQQ)S ~ |Msorp + Ms|*. (35)

Contributions beyond sQED (AM) are expected to be
important at low Q2. They introduce an additional
term (AM) in the above expression:

dO’F
(TQZ’)S ~|Msqep + AM + My[* = (36)
= |Msgrp + My|> + |AM|? +
+2Re {AM(MSQED + M¢)*}. (37)

We now consider the quantity

(daT) _ (d"sQﬂ)

aQ? dQ?2
Y,(Q?) =
@) 7,(Q)
= [F=(QY)* + AFS(Q%), (38)
where
REN!
AF, ~ (\AM\2+2Re{AM(MsQED+M¢) })F
If no contribution beyond sQED 1is present

(AM = 0), Y5(Q?*) coincides with the square of the
pion formfactor, independently of the energy /s at
which it is evaluated, while any dependence on s
is only due to an additional contribution to FSR
beyond sQED. In particular, the difference of Y;(Q?)
computed at two beam energies s; and ss can only
come from FSR beyond sQED:

AY(Q*) = Y5, (@) — Vi (Q%) =
= AF, (Q%) - AF,(Q%). (39)

Therefore, before extracting the pion formfactor at the
threshold, we suggest to look at the difference AY (Q?),
which can be used to estimate the contribution beyond
sQED to the FSR amplitude in a model-independent
way.

As a realistic application of this procedure, we con-
sider the case of DA®NE, where KLOE has already
collected more than 200 pb~! at 1 GeV? and 2.5 fb~!
at mi., which, in the range Q2 < 0.35 GeV?, respec-
tively correspond to O(10%) and O(10*) events, in the

region 50° < 6, < 130°, 50° < 60, < 130°. We consider
RPT as a model for the effects beyond sQED.

Figure 5a, shows the quantity Y;(Q?) at s; =
=1 GeV2 and at s9 = mﬁ) when no additional RPT
term is included in FSR. As expected, each of these
quantities coincides with the square of the pion form-
factor |Fr(Q?)|?, shown by a solid line. The difference
AY (Q?) is shown in Fig. 5b, which is consistent with
zero as expected. In the region s < 0.35 GeV?2, we can
expand the pion formfactor as in [4]:

Fo(¢®) = 1+ pig® + pag™. (40)

Using the same experimental data for the pion form-
factor [1] as before, we have p; = 1.15 £ 0.06 GeV =2,
p2 = 9.06 £0.25 GeV™, and x?/v ~ 0.13. A com-
bined fit of Y,(Q?) to the pion formfactor gives the
values p1 = 1.4 £0.2 GeV™2, py = 8.8+ 0.7 GeV ™4,
and x?/v = 0.25, which are in a reasonable agreement
with the results in (40).

The situation is different as soon as the brems-
strahlung FS process is modeled by RPT. In this case,
as shown in Fig. 6b, the difference AY(Q?) # 0 and
the quantities Y5(Q?) can no longer be identified with
Fr(Q?))? (see Fig. 6a) 9.

Before concluding, we list the main points of our
method.

d
1. The quantity (M

dQ@?

ter of our procedure and can be computed numerically
by Monte Carlo simulations.

2. The amplitude for ¢ — 77~ is taken from the
7970y channel.

) is an input parame-
s

3. The missing ISR multi-photon radiative correc-
tion can be added to Hs and does not spoil the effective
power of the method.

4. A clear advantage of the procedure based on a
Monte Carlo event generator is that it allows keeping
control over the efficiency and resolution of the detector
and fine tuning of the parameters.

Even if the main limitation of the method could
come from the uncertainty on the parameters of the
¢ — mtm~~ amplitude, especially at low @2, we be-
lieve that the KLOE data on ¢ — 7%7%y will allow a
precise description of this amplitude. In any case, in
agreement with [29], we strongly recommend to check
the amplitude by using charge asymmetry and to com-
pare it with the spectrum of 7t 7=, at least at high

6) Destructive interference between the RPT and ¢ —=mtmy
amplitudes tends to cancel the effects beyond sQED at s = mi
(see Fig. 3a,b). Therefore, the quantity Ys(Q?) almost coincides

with the pion formfactor.
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Fig.5. a) Y:(Q”) at s =1 GeV* (triangles) and at s = m (circles), when FSR includes only the sQED and ¢ contribution.
The pion formfactor |F,(Q?)|? is shown by a solid line. b) The difference AY(Q?)
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Fig.6. a) Y;(Q’) at s =1 GeV” (triangles) and at s = m} (circles), when FSR includes the RPT and ¢ contributions. The
pion formfactor |F,(Q?)|? is shown by a solid line. b) The difference AY (Q?)

Q?, where the point-like approximation is safe (as done
in [30]).
5. CONCLUSION
A test of FSR at the threshold in the process
ete™ — mT7~~v is a rather important issue, not only
for the role of FSR as a background to the measure-
ment of the pion formfactor but also to obtain infor-
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mation about pion—photon interactions when the in-
termediate hadrons are far off the mass shell. At
s = mé, an additional complication arises: the pres-
ence of the decay ¢ — w7+, which occurs either
through the intermediate scalar (the direct ¢ decay) or
the vector state (VMD contribution), whose amplitude
and relative phase can be described according to some
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model. By means of the Monte Carlo event genera-
tor FEVA, which also includes the contribution of the
rare ¢ — mT 7w~ decay, we estimate the effects beyond
sQED in the framework of RPT for angular cuts used
in the KLOE analysis of the pion formfactor at the
threshold. We show that the low-Q? region is sensitive
both to the inclusion of additional terms in the FSR
amplitude given by the RPT model and to the ¢ decay
contribution (especially its VMD part).

We also propose a method that allows estimating
the effects beyond sQED in a model-independent way.
We found that the deviation from sQED predicted by
RPT can be observed within the current KLOE statis-
tics.

We emphasize once again that this work was
motivated by the ongoing experiment on precise mea-
surements of the muon anomalous magnetic moment
[32], which allows testing the Standard Model with a
fabulous precision.

It is a pleasure to thank all our colleagues of the
“Working Group on Radiative Corrections and MC
Generators for Low Energies” for many useful discus-
sions [33]. We are especially grateful to S. Eidelman
for the useful discussion and careful reading of the
manuscript. This work was supported by the INTAS
(grant Ne05-1000008-8328). G. P. also acknowledges
support from EU-CT2002-311 Euridice contract.
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