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Abstract

We have measured the cross sectigate™ — 777~ y) at an energy = mg =1.02 GeV with the KLOE detector at the
electron—poisron collider DA®NE. From the dependence of the cross section on the invariant mass of the two-pion system, we
extracto (¢te™ — w7 7) for the mass range.85 < s < 0.95 Ge\. From this result, we calculate the pion form factor and
the hadronic contribution to the muon anomaly,

0 2004 Elsevier B.V. All rights reserved.

PACS:13.40.Gp; 13.60.Hb; 13.66.Bc; 13.66.Jn

Keywords:Hadronic cross section; Initial state ration; Pion form factor; Muon anomaly

1. Hadronic cross section at DA®NE K (s), which behaves approximately likg/st
1 o0
1.1. Motivation
= o [ o st K51 s &

.. 2
The recent precision measurement of the muon Az

anomalya, at the Brookhaven National Laboratory The procesgte™ — 77~ below 1 GeV accounts
[1] has led to renewed interest in an accurate measure-for 62% of the total hadronic contributiofd]. The
ment Of the Cross SeCtion f@ﬁe’ annihilation into most recent measurementsme+e* — 7-[+7-[*) for
hadrons. Contributions to the photon spectral func- values of,/s between 610 and 961 MeV come from
tions due to quark loops are not calculable for low- the CMD-2 experiment at VEPP-2M where the quoted
hadronic-mass states by perturbative QCD at low en- systematic error is 0.6% and the contribution of the
ergy. However, they can be obtained by connecting statistical error omﬂad is ~ 0.7% [5,6]. These data,
the imaginary part of the hadronic piece of the polar- together witht and ete~ data up to 3 GeV, have
ization function by unitarity to the cross section for  peen ysed to produce a prediction for comparison with
e*e” — hadrong?2,3]. A dispersion relation can thus e BNL result[7]. There is however a rather strong
be derived, giving the contribution tg, as an integral disagreement between th@29 value obtained using
over the hadronic cross section multiplied by a kernel decay data after isospirrdmking corrections and
ete™ — ntn~ data. Moreover, thete™ — 7 tm~

P . based result disagrees by3o with the direct mea-
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of-mass energy of the colliding beams. In this case, 2. Measurement of o (ete™ — T~ y)
there are complications from final-state radiation
(FSR). For a photon radiated prior to the annihila-
tion of the eTe™ pair, the mass of thet7~ sys-
tem i my+,- = ,/W2 - 2WE,. Instead, for a pho-
ton radiated by the final-state pions, the virtual pho-
ton coupling to thert7~ pair has a mas$v. By
counting vertices, the relative probabilities of ISR
and FSR are of the same order. This requires care-
ful estimates of the two processes in order to be
able to use the reactioate™ — 7T~y to ex-
tracto (eTe™ — mTm ™). The Karlsruhe theory group
has developed the EVA and PHOKHARA Monte
Carlo programs which are fundamental to our analy-
sis [8-13]. In particular, the PHOKHARA Monte
Carlo simulation has been used to evaluate the con-
tribution for the ISR process (via the radiation func-
tion H) in order to derive the hadronic cross sec-

2.1. Signal selection

The KLOE detector consists mainly of a high
resolution drift chamber with transverse momentum
resolutiono,, /pr < 0.4% [14] and an electromag-
netic calorimeter with energy resolutiong/E =
5.7%// E(GeV) [15]. In the current analysis, we have
concentrated on events in which the pions are emitted
at polar angle®, between 50 and 130. The direc-
tion and energy of the photon is reconstructed from
the pion tracks by closing the kinematics; explicit
photon detection is not required. As a consequence,
a requirement on the di-pion production anglg,
smaller than 15 (or greater than 169 is performed
instead of a requirement on the photon ar@jleThe
acceptance regions are shownhig. 1, left. These

tion: T .
specific acceptance requinents reduce background
4 contamination and the relative contribution of final-
o. — P .
Sor % = 0yt - (52) H(sx), ) state radiation fr_om the pions to very low I_e\_/éilﬁ].
Sx It will be shown in the following that an efficient and

nearly background free signal selection can be done
wheres, = m§+n,, which coincides with the invari-  without explicit photon tagging.
ant masss of the intermediate photon for the case The selection okte~ — nt7~y events is per-
of ISR radiation only. The equation above is correct formed with the following steps:
at leading order if FSR emission can be neglected.
The case of NLO terms, with the simultaneous emis- o Detection of two charged tracks connected to a
sion of ISR and FSR photons, is discussed in Sec- vertex Two charged tracks with polar angles between
tion3.1 50° and 130 connected to a vertex in the fiducial
The present analysis is based on the observation ofyolume, R,, < 8 cm, |z| < 7 cm, are required. Addi-
Ref. [8] that for small polar anglé, of the radiated  tjonal requirements on transverse momentym,>
photon, the ISR process vastly dominates overthe FSR160 MeV, and on longitudinal momentunp,| >
process. In the following we restrict ourself to study- 90 MeV, reject spiraling tracks and ensure good re-
ing the reactiorete™ — 7T+]T_)/ with 9)/ < 15° or construction conditions.
6, > 165°. For smalls,, the di-pion system recoil- e Identification of pion tracksSeparation of pi-
ing against a small angle photon will result in one or ons from electrons is performed using a PID method
both pions being lost at small angle as well. We are pased on approximate likelihood estimators. These es-
therefore limited to measuring(z ™) for /sz > timators are based on the comparison of time-of-flight
550 MeV. In the future extension of this work we will versus momentum and on the Shape and energy depo_
be able to measure the cross section near thresholdsition of the calorimeter clusters produced by charged
This is very important, since there are no good mea- tracks. The functions have been built using control
surements ob (7 +7 ™) at low masses, which weigh samples ofr Tz~ 7% andete~y events in data, in or-
strongly in the estimate aff/. der to obtain the calorimeter response for pions and
electrons. An event is selected as signal if at least one
of the two tracks is identified as a pion. In this way,
4 Neglecting the small momentum of the the content of"e~y events in the signal sample is
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Fig. 1. Left: schematic view of the KLOE detector with the angular acceptance regions for pmimoftally hatched ardaand photons
(vertically hatched are The photon angle is evaluated from the two pion tea¢kight: 2-dimensional requirement in the planengf/MeV

ands; /GeV2.

drastically reduced, while ¢hefficiency for retaining b e

7 +m—y events s still very high% 98%). 50000 - 5 ¢
e Requirement on the track maskhe track mass [ 3 s

(myk) is a kinematic variable corresponding to the 40000 |- %— s .

mass of the charged tracks under the hypothesis that L= . .

the final state consists of two particles with the same

mass and one photon. It is calculated from the recon- 30000 o

structed momenta of thet and=x~ (p, p_) and .'

the center-of-mass energy. Requiring a value larger I . \V
.0

T

than 120 MeV rejecta* 1~y events, while in order to 20000
rejectrt~ 70 events, an,-dependent requirement

is used (se€ig. 1, right). i
e Requirement on the di-pion angle,,. The 10000 I ’
aforementioned requirement on the di-pion angle I /"
0z < 15° or > 165 and 50 < 6, < 130 is per- P T A N T T TR T T
01 02 03 04 05 06 07 08 09 1

formed. 2
s, [GeV7]

The data used for the analysis were taken from July _. o ) -
- . . . Fig. 2. Distribution of counts as a function of;, in bins of

to December 2001, yieldingn integrated luminosity 0.01 Ge\2, after applying the acceptance and selection require-

of £ = 1414 pbL. After the selection requirements ments.c — 1414 pb~L: data from 2001.

mentioned above, we find.855 x 10° events, cor-

responding to~~ 11000 evenigpb~. Fig. 2 shows demonstrating the excellent momentum resolution of

the distribution of thex™7~y events in bins of the KLOE detector. To obtain the cross section for

0.01 Ge\? for s;. The p peak and theo—w inter- 0° <6, < 180 andb,, < 15°, 6, > 165 we sub-

ference structure are clearly visible, even without tract the residual background from this spectrum and

unfolding the spectrum from the detector resolution, divide by the selection efficiency, acceptance, and in-
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Fig. 3. Left: fit of the mass peak for muons. Righ® mass fit. These fits are used to estimateyttig.~y andz *x ~ 70 backgrounds to the
7+t7~y channel. Points are data, solid line is Monte Carlo simulation. Dashed line and hashed area represent the Monte Carlo evaluation of
background £~y in the left plot andr 7~ 70 in the right one) andr 7~y contributions, respectively.

tegrated luminosity: myk IS obtained directly from data, using a dedi-
J cated sample of 152 pB. An example of such a
On+ny _ ANobs— ANBkg 1 1 ?) fit to determine the background fraction far =y
dsx Asz eseleacc [ Ldt events is shown irFig. 3, left. Background from
—_0 .
The background subtraction, the evaluation of the se- 7 7 7~ €vents appears at higheryx values and

. - i 2 _ 2
lection efficiency andhe acceptance, the measure- (N€ Missing massif, o= (py — p+ — p-)*°, peaks

ment of the integrated luminosity, and the unfolding &t mZ2,. The number ofr*z~7° events in the sig-
of the experimental resolution af, (omitted from nal region is obtained by fitting themiss distribution
Eq. (3) for clarity) are discussed below. Detailed in- with the shapes obtained from the Monte Carlo sim-
formation on all the aspects of the analysis is available ulation; an example is shown iRig. 3, right. The

in [17]. shape of the background distribution is well repro-
duced by the Monte Carlo simulation, ensuring that
2.2. Background subtraction systematic uncertainties are smaller than the fit errors,

which are considered as systematic errors of the pro-
After applying the requirements on the fiducial vol- cedure.

ume, the likelihood, andyk, a residual background The contribution of all backgrounds to the ob-
of etey, utu=y, and w7~ 7% events remains.  served signal is below 2% above5@Ge\?, while it
The population of signal and background events in the increases up te- 10% ats, = 0.35 Ge\2. Other pos-
[sz, muk] plane is illustrated irFig. 1, right. Back- sible sources of background for which the contribu-
ground fromete~y and ut "y events is concen- tions have been evaluated are the procgss —
trated at low values ofnyx. The amount of back-  ete~ w7~ with the electrons emitted along the beam
ground in the signal region is obtained by fitting the pipe[18] and the NLO corrections to the FSR in the
myk spectra of the selected events (except for the processte™ — utu~y [19]. The systematic uncer-
myk requirement) in slices of,. The myx spec- tainties associated with the background estimates for
tra for signal andu™ "y events are obtained from all these sources have been added in quadrature; the
Monte Carlo simulation, while forete~y events, results are shown ifable 1
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Table 1 ple of 77~y events that were rejected by the filter
Bin-by-bin correlated systertia error in % due to background sub- jtself. Since the filtering procedure is very sensitive
traction in 0.01 Ge¥ intervals. The indicated values forepresent to the presence of accidental clusters in the electro-
the lower bin edge . . . . .
magnetic calorimeter, the efficiency of this filter was

s@eV) 0 1 2 3 4 5 6 7 8 9 parametrized as a function of the background condi-
03... 08 07 06 06 05 tions during data taking and averaged over time. The
04... 05 04 04 04 04 04 04 04 04 04 filter efficiency was found to be uniform is, and
812::: gg gg 8I§ 8:2 gg gg 812 8:2 gg gg 96.6%ona_1verag_e_,with aflatsysFemati_c_errorofO.G%.
07... 03 02 03 03 03 03 03 02 02 02 ° TracklngeffICIenC.yThetraCklngeffICIency(96%
08... 02 02 02 02 02 02 02 02 02 02 and uniform ins,;) was evaluated using* 7 ~7° and
09... 02 02 02 02 02 7T~ events identified by caloneter information

plus the presence of one fitted track. The single-track
efficiency as a function op, andé, was compared
2.3. The selection efficieneye| with Monte Carlo simulation; the difference, on the
order of 03% and flat in momentum, was taken as the
The selection efficiency is the product of the effi- systematic error of this procedure.
ciencies associated with the trigger, the event recon- e Vertex efficiencyThe efficiency of the vertex
struction, the background filtering and the track mass finding algorithm has been evaluated via Monte Carlo

requirement: simulation and checked with a sample of 7~ 7°
andz 7~y events obtained from data. The absolute
e Trigger efficiency Events in ther ™7~y sam- vertex efficiency at low energies is 91% and is increas-

ple must satisfy the calorimeter trigger, i.e., there must ing up to 97% at high values of,. An uncertainty of
be at least two trigger sectors with energy deposi- 0.3%, uniformins,, is taken as the contribution to the
tion above threshold (for details on the KLOE trigger systematic error for this efficiency.
see[20]). The trigger also includes a cosmic-ray veto: e Pion identification The efficiency forr /e sepa-
events with energy deposition above a certain thresh- ration has been evaluated by selectirigrz ~y events
old in the outermost layer of the calorimeter are re- on the basis of one track and examining the distri-
jected online. While the calorimeter trigger itself is bution of the likelihood estimator for the other one.
rather efficient for signal events-(95%), the cosmic- In the analysis, only one track is required to satisfy
ray veto rejects a significant fractionof 7~y events the likelihood requirement, for which the efficiency
since such events mimic cosmic rays. The cosmic- is > 99.9%. Therefore, no correction for the inef-
ray veto inefficiency is on the level of few percent ficiency on pion identification needs to be applied,;
at small values of, < 0.4 Ge\? but reaches up to  the contribution to the systematic error is taken to
30% ats, = 0.95 Ge\2. The overall trigger efficiency,  be Q1%.
including the effect of the cosmic-ray veto, was evalu- e Track massThe efficiency of thenyy require-
ated from the probability for single pions to fire trigger ment is obtained as a by-product of the background
sectors intt7~y events wherein part of the event evaluation; the result of the fit provides the efficiency
could be ascertained to have satisfied the trigger alone.in eachs,; bin. However, this efficiency depends upon
The fractional uncertainty associated with this proce- the treatment of multi-photon processes in the Monte
dure was estimated to b¥Trg(s;) = [exp(0.43 — Carlo simulation. Thenyy efficiency has been ob-
4.95,[GeV2]) + 0.08] (expressed in percent), and is tained with our reference Monte Carlo simulation,
dominated by the systematics of establishing the cor- which uses PHOKHARA. To check the efficiency
rect track-to-triggesector association. determination we have compared PHOKHARA with
e Background filter efficiencyDuring reconstruc- BABAYAGA [22], which is the generator used for
tion, an offline filtering procedure identifies and re- the luminosity measuremenn the latter generator,
jects background events as soon as they have beerlSR is treated using the parton-shower approach. The
reconstructed in the calorimetf21]. The efficiency resulting value for themyy efficiency differs from
of this filter has been studied using a dedicated sam- that evaluated with PHOKHARA by .0%. Effects
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Fig. 4. Left: smearing matrix representing the correlation between genesatgge] and reconstructed{ ong) values forsy ; the high precision
of the DC results in an almost diagonal matrix. Right: track-massilaligion expected from the Monte Carlo simulation compared to the

experimental one.

Table 2

Bin-by-bin correlated systematic error in % afv(ete” —

atn~y)/dsy and o(ete” — ntx~) due to unfolding in
0.01 Ge\? intervals. The indicated values ferepresent the lower
bin edge

s (GeV?)

Sunt

0.58 0.59 0.6
04 09 14

0.61 0.62 0.63 0.64 0.65
36 09 08 05 04

on the efficiency from the simultaneous emission
of an ISR and a FSR photon are discussed in Sec-
tion 3.1

2.4. Unfolding of the mass resolution

To obtaindo,,, /dsy as afunction of the true value
of s, we unfold the mass resolution from the mea-
sureds, distribution. The measured value ®f obs
is related to the true value via the resolution matrix
G(sx.true — S7.0bs/Sx true), Which has been obtained by
a Monte Carlo simulation carefully tuned to reproduce
the data. The resolution matrix is nearly diagonal, as
can be seen ifig. 4, left. A comparison of the track-
mass distribution for data and Monte Carlo events is
shownFig. 4, right.

Unfolding of the spectrum is performed using
GURU [23], an unfolding program based on the sin-
gular value decomposition (SVD). We found that the

systematic error due to unfolding is dominated by the
uncertainty on the value chosen to regularize the pro-
cedure itselfTable 2shows the systematic uncertainty
as function ofs,, introduced into ther ™7~y spec-
trum due to the unfolding. These values are taken to
be correlated errors, and translate into a 0.2% system-
atic uncertainty om,, .>

In addition, the unfolding procedure correlates the
statistical errors in ther ™7~y spectrum (see also
Sectiond).

2.5. Acceptance correction

After all corrections discussed above, we obtain the
spectrum forr T ~y events defined by the acceptance
requirements 50< 6, < 13, 6, < 15° Or O, >
165, pr > 160 MeV, andp, > 90 MeV. To derive
the cross section for the procesSe™ — 7 7~y
with 6, < 15° or6,, > 165, the effects of the other
requirements on the momentum and polar angle of the
pions have been evaluated using PHOKHARA. The
systematic error of 3% on the acceptance fraction

5 This value should be considered as an overestimate of the real
effect introduced by thenfolding procedure on,,, as discussed in
[17].
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has been estimated by a comparison of data and Montetive Bhabha cross sectioas been compared with that

Carlo distributions. from BHAGENF[24,25], a full ordere event genera-
tor. We find agreement to better thar2@.
2.6. Luminosity measurement VLAB events are selected with requirements on

variables that are well reproduced by the KLOE Monte

The integrated luminosity is measured with the Carlo simulation. The electron and positron polar an-
KLOE detector itself using very-large-angle Bhabha gle requirements, 55< 6, _ < 125, are based on
(VLAB) events. The effective Bhabha cross section the calorimeter clusters, while the energy require-
at large angles (55< 04 _ < 125) is about 430 nb. ments, E4 _ > 400 MeV, are based on drift cham-
This cross section is large enough so that the statisti- ber information. The background from™*u=(y),
cal error on the luminosity measurement is negligible. 7tz ~(y) and 7tz 7% events is well below 1%
The number of VLAB candidate®\y ag, is counted and is subtracted. All selgon efficiencies (trigger,
and normalized to the effective Bhabha cross section, EmC cluster, DC tracking) are- 99% as obtained
ouiG g » Obtained by Monte Carlo simulation, after sub- by Monte Carlo simulation and confirmed with data.

traction of the backgroundgg: We obtain excellent agreement between the experi-
 Nuias ) mental distributions@,,, E+,,) and thos_e obtair_1ed

/E —i=—(1— 8Bkg)- (4) from Monte Carlo simulation, as seen kig. 5. Fi-
GVLAB ) nally, corrections are applied on a run-by-run basis

The precision of the luminosity measurement de- for fluctuations in the center-of-mass energy of the
pends on the correct inclusion of higher-order terms machine and in the detector calibrations. The experi-
in computing the Bhabha cross section. We use the mental uncertainty in the acceptance due to all these
Bhabha event generator BABAYAGR?2], which has effects is 0.3%. We assign a total systematic error
been developed explicitly for DANE. In BABAYA- on the luminosity of6£ = 0.5%n @ 0.3%exp. The
GA, QED radiative corrections are taken into account luminosity measurement is independently checked
in the framework of the parton-shower method. The using ete™ — yy events. We find agreement to
precision quoted is .8%. The result for the effec-  within 0.2%.

14000 - = 2
L 2 40000 =
- | ]
z e Data P
12000 —— Monte-Carlo 35000 |7
F (BABAYAGA)
o000 L 30000 |- e Data
25000 | — Monte-Carlo
000 F (BABAYAGA)
[ 20000 |-
6000 -
15000 [
4000 L
r 10000
2 - L
000 L 5000 -
0_..|....|....|....|....|....|....|....|....|.. o L L arsardll EPRPRPE PR [P B B
50 60 70 80 90 100 110 120 130 400 420 440 460 480 500 520 540 560 580 600
Polar Angle [*] Track Momentum [MeV]

Fig. 5. Data—Monte Carlo comparison of the _ (left) and EL. _ (right) distributions for Bhabha events selected at large angle as described
in the text.
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Fig. 6. Left: differential cross section for tké e~ — 7+ 7~y process, inclusive if; and withd,, < 15° (6, > 165°). Right: cross section

forete™ > nta—.

2.7. nt 7~y cross section be considered as a background to our measurement.
Our event selection strongly suppresses the contribu-
Our results for the differential cross section tion of such events to well below 1% over the entire
do(ete™ — ntm~y)/ds; with 0° < 6, < 180° and range ofs; .

Orn < 15°, 6, > 165 are plotted inFig. 6, left, and However, events with the simultaneous emission
are presented in numerical form in the second column of one photon from the initial state and one photon
of Table 3 from the final state must be included in our selection

in order for theeTe™ — 777~ cross section to be
inclusive with respect to FSR (see R§T] for de-

3. Extraction of o (ete™ — ntx~) and | Fy (5)]? tails). More specifically, since the radiator functiéih
only describes the ISR padf the radiative correc-

In order to extract the+e~ — w+7~ cross sec-  tions, the process™e™ — y* — w7~ yisR(yFsR),

tion, the radiation functior is needed (see EQ)). with one photon from initial state and possibly another

This function is obtained from PHOKHARA, setting rom the final state, corresponds ée™ — y* —

Fx (s) = 1 andswitching offthe vacuum polarization 7 7 (vFsR) after the division by .

of the intermediate photon in the generator. Applying ~ 1herefore,

Eq.(2), and taking the FSR contribution into account, U(e+e— N n+n—(VFSR))

as described in the following section, the hadronic

cross section as a function of the invariant mass of  _ ”_0‘2/33 o777 PSR (5)

the virtual photons = mf, is obtained, as shown in 3s "y, sAS)doTTY (Fr =1)°

Fig. 6, right. wheredo ™7 (F, = 1) is the NLO cross section for
ete™ — T~y (initial state radiation only), inclu-

3.1. FSR corrections sive in6,, andf, under the assumption of pointlike

pions, and corresponds to the quantifyof Eq. (2);
Events with one or more photons emitted by the pi- A(s) is the fraction ofx ™7~ ysr(yrsr) events se-
ons (FSR) without any photons in the initial state must lected by the angular cuts,, < 15° or 6, > 165,
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Table 3
Cross sectionglo (ete™ — ntn~y)/dsy, o(eTe
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~— — 77 7) and the pion form factor in 0.01 GéMntervals where the value given

indicates the lower bound. Note that while thé =~y cross section is given as a functionsgf, thesw cross section anf,; 12 are given as

functions of the invariant massof the intermediate photop™

S n*n*y atg— |F7,(s)|2 S n*n*y atg— \Fn(s)\z
(GeV?) (nb/GeV?) (nb) (Ge\?) (nb/GeV?) (nb)

0.35 1340+ 0.24 330+7 7.68+0.16 065 5940+ 0.28 714+ 4 2469+ 0.15
0.36 1459+ 0.24 349+ 7 826+0.16 066 5638+ 0.24 657+ 4 2305-+0.14
0.37 1578+ 0.24 370+7 892+0.16 067 5304+ 0.23 595+ 4 2118+0.13
0.38 1704+0.24 392+6 960+ 0.16 068 4987+ 0.26 543+ 4 1957+0.13
0.39 1863+ 0.23 416+6 1035+ 0.15 069 4698+ 0.22 4932+3.1 1802+0.11
0.40 20344027 450+7 1140+ 0.17 070 4416+ 0.21 4470+2.9 1654+ 0.11
0.41 2264+0.24 489+6 1259+ 0.16 071 4154+0.19 4050+2.6 1517+0.10
0.42 2456+ 0.27 521+ 7 1363+0.18 072 3905+ 0.21 3671+2.6 1392+ 0.10
0.43 2707+0.28 564+L7 1501+0.18 073 3687+0.17 3333+2.2 1278+ 0.08
0.44 2999+ 0.27 608t 7 1643+0.18 074 3520+0.18 3046+2.0 1181+0.08
0.45 3265+ 0.28 649+ 7 17.82+0.19 075 3322+0.16 2778418 1089+ 0.07
0.46 3624+0.27 710£7 1979+ 0.18 076 3199+ 0.16 2572417 1019+ 0.07
0.47 4010+ 0.29 769+7 2178+0.20 077 3051+0.17 2338+17 9.37+0.07
0.48 4434+0.31 8307 2386+ 0.20 078 2960+ 0.16 2177+16 882+ 0.06
0.49 4894+ 0.28 895+7 2611+0.20 079 2852+0.13 2003+1.3 820+ 0.05
0.50 541+ 0.4 967+8 2860+ 0.23 080 2753+0.14 1845+1.3 7.63+0.05
051 5977+ 0.32 10417 3123+0.22 081 2700+ 0.14 1721412 7.20+0.05
0.52 6493+ 0.32 1102+7 3350+ 0.22 082 2648+0.13 1600+1.1 6.76+ 0.05
053 7024+ 0.35 11748 3605+ 0.23 083 2584+ 0.15 1484+1.1 6.33+0.05
0.54 756+ 0.4 1226+8 3820+ 0.26 084 2545+ 0.13 1385+1.0 597+ 0.04
0.55 802+ 0.4 1279+8 4032+0.24 085 2516+0.13 129240.9 563+ 0.04
0.56 83474035 1288+7 41074024 086 2496+ 0.12 1203+0.8 529+ 0.04
057 8606+ 0.34 1302+7 4198+0.23 087 2481+0.15 111840.9 497+0.04
0.58 8785+0.34 1297+7 4236+0.23 088 2509+ 0.14 1063+0.8 4,774-+0.035
0.59 895+ 0.4 1282+7 4246+0.24 089 2517+0.12 995+0.7 4516+ 0.030
0.60 9031+0.35 1266+7 4258+ 0.23 090 2537+0.13 931+0.6 4.269-+ 0.030
0.61 7420+ 0.35 1006+ 6 3243+0.20 091 2586+ 0.12 876+0.6 4,059+ 0.027
0.62 6549+ 0.28 857+5 27.99+0.16 092 2687+0.14 830+0.6 3886+ 0.026
0.63 6414+ 0.28 817+5 27.32+0.16 093 2794+0.14 791405 3.741+0.025
0.64 6209+ 0.26 7724 2627+0.15 094 2949+ 0.16 753405 3599+ 0.025

50° < 6, < 130 as a function of the invariant mass

of the virtual photon; and;, , is a correction which
must be applied due to the fact that, in the presence of
simultaneous emission of initial- and final-state pho-
tons,s, is not identical tas, as it is in the case of ISR
only. BothA(s) andcy,  have been obtained using the
PHOKHARA Monte Carlo generat$t 3], which sim-
ulates the simultaneous emission of initial- and final-
state photons.

Note thato (eTe~™ — 777 7) is obtained under the
assumptions of (i) radiation emission from pointlike
pions (the scalar QED model for FSR) and (ii) fac-
torization, i.e., the abseamf interference effects be-
tween the initial and final statg43]. We have used
an alternative method which provides some test of

the validity of the factorization ansatz and a valuable
cross-check of the entire analysis. In this method, we
correct the observedr y cross section for the relative
amount of FSR expected from PHOKHARA, obtain-
ing, in this way, a cross section that correspondsto ISR
emission only. Next, we perform the event analysis, in
which the acceptance correction and track-mass effi-
ciency are taken from a Monte Carlo sample in which
only ISR events are simulated. After dividing by the
radiator functionH , the full (i.e., real and virtual) FSR
corrections to the cross sectiehe™ — 777~ are ap-
plied[26,27]

The results folo (ete™ — 717 ~) obtained with
the two methods agree to withia 0.2%. Taking into
account the additional unceimy arising from the as-
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45
- o Table 4
40 F ;.= * List of completely bin-by-bin correlated systematic effects
.. Onmy Onm ‘Fn|2
35 E . . Acceptance 0.3% flat in,
30 E . Trigger ex[0.43 — 4.9s [GeV2])% + 0.08%
E o N Reconstruction filter 0.6% flat iy
25 _ . % Tracking 0.3% flat ins;
F . °, Vertex 0.3% flat ins;
20 _ 4 . Particle ID 0.1% flat ins,,
F S °. Trackmass 0.2% flat iy
[ . .
15 | R ° Luminosity 0.6% flat ins;
Ky ‘e, FSRresummation 0.3%
10 ;'..’ ".. Radiation function — — 0.5%
o,
[ .'-... (H (sz))
5 F el LR Vacuum polarization - - 0.2%
0 :. P P PRI PRI P P
04 0.5 0.6 0.7 0.8 0.9
s, [GeV7]

the di-pion systems,, in the angular regiod,, <
15° or6,, > 165, 0° <6, < 180;

o the physical cross sectiom(ete™ — 777 7),
sumption of radiation from pointlike pions, we assign which includes FSR and vacuum polarization effects,
an error of 03% due to the FSR corrections discussed as a function of the invariant mass of the virtual pho-
in this section. tons;

e the pion form factor with FSR and vacuum po-
larization effects removed, as a functionsofequal to
sz in this case).

Fig. 7. Pion form factor.

3.2. Vacuum polarization corrections

To obtain the pion form factor and thmare cross
section, leptonic and hadronic vacuum polarization
contributions in the photon propagator must be sub-
tracted. This can be done by correcting the cross sec-
tion for the running ofx as follows:

0 2
Obare= Udresse(%) . (6)

While the leptonic contributiom\oep(s) can be an-
alytically calculated, for the hadronic contribution,
Aanad(s), we have usednaq(s) values measured pre-
viously [28].

The pion form factol F,, (s)|2 obtained after addi-
tional subtraction of FSR is shown iig. 7. Note that
in this case, since the FSR effects have been removed
Sz =S.

The errors given imable 3are statistical only, while
the common systematic error is shownTables 1, 2,
and 4 It should be noted that the statistical errors ac-
count only for the diagonal elements of the covariance
matrix. The bin-by-bin errors are correlated as a result
of the unfolding procedure; for error propagation, as
for example in the calculation af, (see below), the
covariance matrix must be used.

The unfolding procedure is necessary in order to
provide a table of data points at meaningful values of
sz . However, the procedure itself introduces additional
systematic uncertaintieebause of the numerical in-
stability of the problem. For the comparison of our
‘data with a specific theoretical prediction, we strongly
recommend fitting our observed spectrum with a con-
volution of the theoretical curve and the detector re-

4. Results sponse matrix, which is available upon requfest.

Our results are summarizedTable 3 which lists:

6 The covariance matrices far(xt7~y), o(r7), |Fx (s)?,
the detector matrix, and thet sz~ observed spectrum are avail-
able from the corresponding authors.

e the differential cross sectiondo(eTe™ —
7tn~y)/ds, as a function of the invariant mass of
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Table 5 A similar analysis, applied to events with, at larger

List of systematic errors omy, angles, can probe the energy region down to threshold.
Acceptance B% Moreover, improved Monte Carlo generators both for
Trigger Q3% the luminosity measurement and for the ISR process
Reconstruction filter ®%

are expected to be available in the near future, which

Tracking 03% . . . .
Vertex 3% will help 'Fo reduce the theoretical contribution to the
Particle ID 01% SyStemath error.
Trackmass 2%
Background subtraction 8%
i 0,
Unfolding 0.2% Acknowledgements
Total exp systematics 9%
Luminosity Q6% We would like to thank Carlo Michel Carloni
Vacuum polarization 2% Calame, Henryk Cz; Axel Hofer, Stanislaw Jadach,
1l 0, . .
FSR resummation 8% Fred Jegerlehner, Johann Kiihn, Guido Montagna, and
Radiation function f (s5)) 0.5% . . . .
] Germéan Rodrigo for numerous useful discussions.
Total theory systematics D

We thank the DAPNE team for their efforts in
maintaining low background running conditions and
Theo(ete~ — 7t7~) cross section, divided by  their collaboration during all data-taking. We want to
the vacuum polarization, has been used to evaluate thethank our technical staff: G.F. Fortugno for his ded-
contribution thEad due to ther ™7~ channel in the  icated work to ensure an efficient operation of the
KLOE Computing Center; M. Anelli for his con-
tinuous support to the gas system and the safety of
the detector; A. Balla, M. Gatta, G. Corradi, and
aZ”(o_35, 0.95) = 3887 = 0.8stat £ 3.56yst% 3.5th. G Papalino fqr the mainte_nance of the el_ec_:tron—
ics; M. Santoni, G. Paoluzzi, and R. Rosellini for
@) the general support to the detector; C. Pinto (Bari),
The various contributions to the systematic erronpn  C. Pinto (Lecce), C. Piscitelli, and A.Rossi for their
are listed inTable 5 help during major maintenance periods. This work
was supported in part by DOE grant DE-FG-02-
97ER41027; by EUROD&HNE, contract FMRX-
5. Conclusions CT98-0169; by the German Federal Ministry of Edu-
cation and Research (BMBF) contract 06-KA-957; by
We have measured the cross section for the processGraduiertenkolleg ‘H.E. Phys. and Part. Astrophys.’ of
ete” — ntn~y with the pion system emitted at Deutsche Forschungsgemeinschaft, Contract No. GK
small polar angles with respect to the electron or 742 and ‘Emmy-Noether Research group’, Contract
positron beam, < 15°, 6, > 165°) in the en-  No. DE839/1; by INTAS, contracts 96-624, 99-37; and

ergy region B5 < s, < 0.95 GeV?. Using Eq(2), we by TARI, contract HPRI-CT-1999-00088.
have derived the cross section for the proegss —
7T ~, as listed irTable 3 These values, corrected for
the vacuum polarization, can be used to derive part of References
the hadronic contribution to the muon anomalous mag-
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