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We report on a precision measurement of the cross section for the reaction e™e™ — 7

+x~ in the mass range

0.30 < M,, < 1.00 GeV/c? with the initial state radiation (ISR) method, using 817 pb~! of data at e*e™
center-of-mass energies near 3.77 GeV and 586 pb~! of data at e T e~ center-of-mass energies near 4.17 GeV,
collected with the CLEO-¢ detector at the CESR ete™ collider at Cornell University. The integrated

cross sections in the range 0.30 < M,, < 1.00 GeV/c? for the process e

Te~ — ntn~ are determined

with a statistical uncertainty of 0.7% and a systematic uncertainty of 1.6%. The leading-order hadronic
contribution to the muon anomalous magnetic moment calculated using these measured et e~ — 77~ cross
sections in the range M, = 0.30 to 1.00 GeV/c? is calculated to be (500.6 4= 3.6(stat) + 8.0(syst)) x 10710,
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I. INTRODUCTION

Magnetic moments of leptons offer among the most
promising opportunities to provide critical tests of the
standard model (SM) of particle physics because both the
experimental measurements and the theoretical predictions
can be made with very high level of precision. The
magnetic moment of the electron has been measured by
the Harvard University group of Gabrielse [1], and
expressed in terms of the “anomaly,” az" = (g, — 2)/2,
which is a;® =1, 159, 652, 180.73(28) x 10~'2. The
theoretical prediction based on 10th-order QED calculation
is a2®P = 1,159, 652, 179.936(764) x 1012 [2]. Because
electrons do not decay, the non-QED corrections to a, are
extremely small, al*™V* =1.707(16) x 1072 [3-8],
bringing the Standard Model prediction to a$M = 1, 159,
652, 181.643(764) x 107!2, and the difference, Aa, =
atM — a2 = 0.91(82) x 107'2. This superb level of agree-
ment is rightly considered the crowning achievement for
both QED and the SM. An even higher level of achieve-
ment can be realized by considering the magnetic moment
of the next heavier lepton, the muon, because lepton
universality is considered to be well established, and
sensitivity to “beyond the standard model (BSM)” effects
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is expected to increase with lepton mass. However, the
non-QED contributions to a, are much larger than for a,,
and some of them can not be reliably calculated theoreti-
cally; they need to be experimentally measured with
precision, so that the experimental results from the
Brookhaven measurement of a, [9], and the planned
Fermilab measurement with expected 4 times greater

precision [10], can be compared with the latest theoretical

prediction for a,(,QEDﬂon'QED). In this paper we report on a

precision measurement of the largest such non-QED
contribution to the anomalous magnetic moment of the

muon, aEM, the contribution af,ad’LO due to hadronic
contributions at low energy.

The QED prediction for the muon magnetic moment
(in units of 10~'!) calculated to the 10th-order [11] is
ad™® = 116, 584, 718.846(36). Unlike the electron, the
muon magnetic moment receives substantial contributions
from higher-order contributions involving virtual weak and
hadronic particles. The largest of these is the lowest-order

hadronic contribution, a,}}ad’LO, which can not be calculated
reliably by theory and needs to be measured experimen-
tally, as we do in the present paper. Other contributions are
smaller, and have been theoretically calculated. These are:

electroweak contributions, a}** = 153.6(10) [12], higher
order hadronic contributions, ay*"® = —98.4(7) [13], and
“light-by-light” contributions, a**B" = 116(39) [14], so

that a;M = 116, 584, 890(39) + a,;**". In this paper we

report the results of our measurements of a*C.

The anomalous magnetic moment contribution, aj*"°
is related to the measured Born-level cross section,

oo(eTe™ — hadrons) via the dispersion relation [15]
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K(s)oo(s)
s o(pt)’ M
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hadLO _ @ (0) [e
ay =32 /4m,2[ ds
where s is the center of mass energy, K(s) is the QED
kernel [16],

K(s) :x2<1—xz—2) +(1+x)2<1+x—12>

2
1

x (ln(l—l—x)—x—l—%) +(17+x)x2lnx, (2)

- X

x=1=B)+pB,), B, =(1—4m’ls)", and o(pt) =
4za?/3s. In principle, to calculate this integral, the hadronic
cross sections should be measured at all center-of-mass
energies (v/s), and for all possible hadronic decay final
states, beginning with the lowest-mass final state of two
pions. However, cross sections generally decrease with
increasing s, increasing multiplicity and hadron masses,
and the QED kernel also decreases monotonically with s.
As a result, most of the contribution to a***° comes from
the hadronic cross section at small center-of-mass energy,
with ~91% of it coming from \/E < 1.8 GeV, and 73%
from the z*z~ final state [17]. In view of this, most
experimental measurements of a}*“"® have been focused
on /s <1 GeV, and especially on 7z~ decays. These
consist of measurements by the Novosibirsk Collaborations
CMD-2 [18] and SND [19] by varying primary e*e~
collision energies in the region 0.36 < /s < 1.4 GeV, and
by using the initial state radiation (ISR) method to obtain
varying effective center-of-mass energies by BABAR [20]
(26 final states, /s <5 GeV), by KLOE [21] (z"7",
/s £ 1.0 GeV), and most recently by BES-III [22]
(ztx~, in the limited range 0.6 < /s < 0.9 GeV).

In this paper, we also use the ISR method to measure
o(ete” - nx™) in the region 0.30 < /s < 1.00 GeV.
We use data for ete™ annihilations taken at the CESR
collider, 817 pb~! at /s = 3.77 GeV, and 586 pb~! at
\/s = 4.17 GeV. The resulting particles were detected in
the CLEO-c detector which has been described in detail
elsewhere [23]. The detector has a cylindrically symmetric
configuration, and it provides 93% coverage of solid angle
for charged and neutral particle identification. The detec-
tor components important for the present measurements
are the vertex drift chamber, the main drift chamber, the
CsI(T1) crystal calorimeter (CC), and the Ring Imaging
Cherenkov detector (RICH), which are illustrated in Fig 1.
Simulated event samples of the signal ISR process
ete” - n7n ygr, the main background ISR process
ete™ = utuysr, and other background multihadronic
ISR processes are generated using the Monte Carlo (MC)
event generator Phokhara [24]. Background ISR processes
ete” - yw(1S,28)ysr are simulated with the MC event
generator EvtGen [25], and background events from
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FIG. 1. Schematic representation of important components of
the CLEO-c detector.

ete” - qq(q=u,d,s) are generated using the
LUNDCHARM model [26] implemented in EvtGen. In
each case, the events are then passed through a GEANT-
based [27] detector simulation of the CLEO-c detector,
where the simulated detector response is reconstructed
in the same way as for the actual data. We have made
extensive tests comparing Phokhara-generated MC with
data for energy and momentum distributions, and angular
distributions of the photons and charged particles detected
in our measurements, and find uniformly excellent agree-
ment, well within the 0.5% claimed uncertainty of
Phokhara [24]. An example is shown in Fig. 2 for the
invariant mass distribution of 77z yr and pTp YR
events.

II. EVENT SELECTIONS

In order to reconstruct ete™ — 7Tz ygg events, we
select events with only two reconstructed oppositely-
charged tracks and at least one reconstructed calorimeter
shower. The highest energy shower is assumed to be due to
the ISR photon. This shower is required to have an energy
larger than 0.5 GeV, and have a transverse energy distri-
bution consistent with that of an electromagnetic shower. In
this analysis, pions are primarily identified by their energy
deposition in the crystal calorimeter (CC). For charged
particles we select events with polar angle |cos 8| < 0.75
for which the CC has the most uniform response and is best
understood. The efficiency of pions to pass the CC criteria
is calculated using a sample of inclusive pions from
~48 pb~! of data taken at the y(2S) resonance. To ensure
high precision in determining efficiency, we require the
momenta of both tracks to be p < 1.6 GeV/c. In addition,
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FIG. 2. Mass distributions of 7z~ ygr + # "1 7isr €vents for
(top) w(3770) data and (bottom) y(4170) data after all selections
except m/u separation have been applied. The points are data
and the shaded histograms are sums of Phokhara z 7~ ygg and
U yisg MC simulations.

for events in the M, region below 0.5 GeV/c? we require
the transverse momentum of the charged particle tracks to
be pr > 0.2 GeV/c in order to reduce the contribution of
poorly reconstructed tracks in this region.

A. Particle identification

For particle identification the observables are: p, the
momentum measured in the drift chambers; Ec, the energy
deposited in the central calorimeter; dE/dx, the ionization
energy deposited in the main drift chamber, and for
p > 0.5 GeV/c the Cherenkov photons detected in the
RICH detector.

The main backgrounds to the zt 7z ygg final state are
similar reactions, with the charged pions replaced by
charged kaons, electrons, or muons.

1. n/K separation

We distinguish between charged pions and kaons using
only the energy loss in the drift chamber (dE/dx) at low
momentum (p < 0.5 GeV/c), or a combined likelihood

variable using dE/dx and LLRCH at higher momentum

(p > 0.5 GeV/c), where LLRCH is the log-likelihood
that a particle corresponds with a given hypothesis based
on Cherenkov photons detected in the RICH detector.
We reject any event with a track that is found to be
more ‘“kaonlike” than “pionlike” using these criteria.
Specifically, for low momentum tracks, we separate kaon
candidates from pion candidates by requiring |6¢£/%| < 3
and |o4E/4x| < |g4E/4x|, For high momentum tracks, we use
the combined likelihood variable

ALK,IT — (LL%ICH _ LLEICH) + ((G;i(E/dx)Z _ <6gE/dx)2)'

(3)

We reject events that have a track with ALk , < 0.

2. ni/e separation

The ratio Ec¢/p for electrons is ~1.0, while for pions it is
generally much smaller because pions do not electromag-
netically shower. Therefore we can efficiently reject elec-
trons by removing events with a charged track which has
corresponding Ecc/p > 0.8.

3. ©/u separation

7/u separation by dE/dx in the drift chamber is challeng-
ing because the pions and muons have nearly equal masses
and therefore deposit similar amounts of electromagnetic
energy. However, because pions do also interact by the
strong interaction, they deposit additional energy in the CC,
which shows up as a long tail in the energy deposited. This is
illustrated in Fig. 3. A good rejection of muons is achieved
by rejecting events in which both charged particles have
Ecc < 0.3 GeV. This requirement rejects ~98% of p*u~
events, but unfortunately it also results in the loss of nearly
50% of n*z~ events. For some events at low M, the two
tracks produce overlapping energy deposits in the CC,
which add up to Ecc > 0.3 GeV. These events amount to
about 1% of our total event sample, and 5% of the events in
the 0.4 < M,, <0.55 GeV/c? region. We reject these
events because utu~ysg events would be misidentified
as 7"~ ysr events with the overlapping energy deposits of
two muons appearing to be energy loss due to a single pion.

B. 7° rejection

To reduce the contribution from hadronic decays contain-
ing photons from z° — yy decays, where the 7° decays
asymmetrically and one of the photons may be confused with
the ISR photon, events are rejected if a pair of photons in the
event forms a z° candidate with mass within 20 MeV/c? of
the nominal z° mass of 135 MeV/c?. The M,, distribution
and the 7° rejection cut are illustrated in Fig. 4.

C. Kinematic fit

In order to measure eTe™ — mtaTygr Cross sections
down to a percent-level accuracy, it is necessary to include
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FIG. 3. Monte Carlo simulation of energy deposit in the CC by

muon and pion tracks. Top: linear plot; bottom: log plot.

the next-to-leading order (NLO) correction. So we keep
events which have a radiative photon in addition to the
primary ISR photon. The additional photon can be either an
ISR or a final-state radiation (FSR) photon. Figure 5 shows
the Feynman diagrams of LO and NLO ISR processes
which are selected in this study.

To reconstruct the full z+ 7~y gr event including a possible
additional radiative photon from ISR or FSR, following
BABAR [20] we perform two types of kinematic fits con-
straining the final state particles to have the e e~ collision
center-of-mass four-momentum. These two kinematic fits are

(1) Fit#1 (additional FSR fit): If the additional photon is

detected in the electromagnetic calorimeter, we call
it an “additional FSR” fit, although the extra photon
could be generated either from FSR or from ISR at
large enough angle to be detectable in the CC. We
set the energy threshold for the additional photon at
30 MeV. In case of several extra detected photons,
we perform the kinematic fit using each photon in
turn and the fit with the smallest ;(ﬁdd‘ Fsr 18 retained.
In practice we plot y7 = In(y2,, psg + 1) so that we
can see the long tail.

180F :
160F y(3770) DATA
140 :
120
100
80
60F-
40F
20

GO 0.05

Counts / 1 (MeV/c?)

ol nfnnoMannollonnnillonos
0.1 0.15 0.2 0.25 0.3
2

M,, (GeV/c?)

FIG. 4. Two-photon invariant mass distribution from data,
illustrating the 7° peak. The #° rejection cut of M,, = Mo +
20 MeV/c? is indicated by the vertical lines.

(i1) Fit #2 (additional ISR fit): This kinematic fit is done
assuming an additional photon which is not detected
in the electromagnetic calorimeter. The events which
are fit using this method include both those in which
only one photon is generated in the final state, and
those in which an additional photon is an ISR photon
produced at an angle too small to the beams to be
detected in the CC. Any other additional photon
candidate measured in the electromagnetic calorim-
eter is ignored in this fit. Single photon events fit by
this procedure will yield a good y2,, ;g With an
additional undetected photon energy near zero.
Similar to y3, we use 3 = In(y2y g + 1)
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s Y1 ot
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Y A
: 3 .
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FIG. 5. The Feynman diagrams for the ISR processes relevant
to this study: 1. LO ISR, 2. NLO with additional ISR, 3. NLO
with additional FSR.
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The momenta of the charged particle tracks and the direction
of the main ISR photon are used in both fits. In the case that
the main ISR photon is the only photon detected in the event,
we perform only the additional ISR fit to the event, and reject
events with In(y? + 1) > 6. Figure 6 shows two dimensional
plots of y? versus y3 for the w(4170) data and its MC
simulation. These plots show large enhancements when both
x3 and y3 are small. There are also enhancements parallel to
both ISR and FSR axes. These indicate events with additional
radiation, and are included as signals. The events in the large
boxed regions include multihadron events which are not
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FIG. 6. The 2D distributions for In(y> + 1) for #* 77 yigg plus
utuysr for w(4170) data and signal MC. The vertical and
horizontal lines denote the boundaries for the ;(2 selection; events
to the left of the vertical line, and below the horizontal line are
accepted as signal events. Background events in the box region
are rejected. A similar plot for the y(3770) data is not shown.

simulated by MC, and events along the diagonals. These are
considered as being due to backgrounds and are rejected. In
the following studies and in final distributions, the 7™z
invariant mass is obtained using the fitted parameters of the
two charged particles from the additional FSR fit if y} < 3,
and from the additional ISR fit if 3 < y3.

III. EFFICIENCY STUDIES

In order to precisely measure the eTe™ — zz~ cross
sections, the event reconstruction efficiency is considered
in detail. We determine the most important parts of the
efficiency, egy, for n/e discrimination and ecc for z/u
discrimination from our y(2S) data, while the efficiency
due to acceptance and all other selections, ey, is deter-
mined by MC simulations together with small correction
factors Cyig, Ciack» Cy» and Cg (all 20.99). The overall
efficiency € is determined as

€ = €pp X €cc X €ye X Cig X Cyrer X C, X C, (4)

where egy, and ecc are the efficiencies for /e and n/u
separations determined by using data samples from y(2S)
inclusive decays as described in Sec. IIID, ey is the
MC-determined efficiency for all criteria except the z/e and
7/p separation criteria, and the factors Ciiy, Cypoer» €y, and
Ck are small correction factors to take into account of
differences between the data and MC samples, as described
below in Secs. IIT A, III B, III C, and III D.

We have carefully studied the differences between data
and MC simulation for various event selection criteria
using a sample of #7777 ygr and pTu"ygr events from
both y(3770) and w(4170) data sets. All MC efficiencies
are compared to the efficiencies obtained from the data
sample, and small corrections are applied to the efficiencies
accordingly. Generally, the corrections to the MC-
determined efficiency are found to not have any significant
dependence on M,, and to be consistent between both
w(3770) and w(4170) data sets.

A. Trigger efficiency

There are 16 Level 1 (L1) hardware trigger lines in the
CLEO-c trigger system. Of these, our 7z ygr Signal
events are primarily selected by three different trigger lines.
The definitions of these trigger lines contain partially
overlapping criteria, and the efficiency for signal events
in MC simulations to pass any one these three trigger lines
is > 99%. To estimate the overall efficiency of the hard-
ware trigger, we select events in data and signal MC
samples which pass one of these triggers, and then look at
the efficiency of these events to pass one of the other two
triggers. The results are found to be consistent between data
and MC within statistical uncertainties, and we apply no
correction to the efficiency from this source.
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B. Track reconstruction efficiency

We calculate the efficiency for charged particle tracks to
be reconstructed using a dedicated sample of events. We
select one reconstructed track and a photon (assumed to be
the ISR photon), and apply a 1C kinematic fit assuming that
there is a missing particle with the mass of the charged
pion. A sample of events with 1 to 4 tracks and y7q, < 10
is selected to estimate the tracking efficiency. The fraction
of the predicted tracks that are actually reconstructed in
the tracking system, with a charge opposite to that of the
primary reconstructed track, yields one track reconstruction
efficiency. The predicted track is required to lie within the
tracking acceptance, but because of subsequent decays or
secondary interactions its momentum and angles do not
have to match the expected values. The average one-track
reconstruction efficiency correction of the two data sets is
0.993(4). Since there are two tracks in our event selections,
we apply Cyac = [0.993(4)]> = 0.986(6) to the ztz~
cross section calculated in this analysis.

C. ISR photon reconstruction efficiency

We calculate the ISR photon reconstruction efficiency
using a method similar to that described above for the track
reconstruction efficiency. Instead of one reconstructed track
and the ISR photon, we select two oppositely-charged
tracks and apply a 1C kinematic fit assuming that there
is a missing particle of zero mass, i.e., a photon. A sample
of events with 2 tracks and any number of showers with
Xiom <5 is selected to estimate the ISR photon
reconstruction efficiency. The fraction of the predicted
photons that are actually reconstructed in the CC and
identified as a photon, yields the ISR photon reconstruction
efficiency. The predicted photon is required to lie within the
shower acceptance, but its momentum and angles do not
have to match the expected values. The average values of
C,x = 0.992(6) are applied to the calculation of the z* 7~
cross section.

D. Charged pion identification efficiency

Charged pions are identified by separating them from
other charged hadrons (primarily charged kaons), and
charged leptons (electrons and muons), as described in
Sec. II A. The efficiency for the #/K separation criteria is
studied using samples of data and MC, while the z/e and
#/u separation efficiencies are directly determined from
the data.

1. Efficiency of n/K separation

The efficiency of the #/K separation criteria for one
track is determined as the fraction for the track to pass the
kaon rejection criteria, while the other track is already
selected as a pion or a muon. The average kaon rejection
efficiency correction for one track of the two data sets is
(99.8 £ 0.5)%. Again, since there are two tracks in the

event selections we apply Cx = [0.998(5)]> = 0.996(7) to
the 7zt 2~ cross section in this analysis.

2. Efficiency of n/e separation

As described in Sec. I A, we separate pions from
electrons using the ratio Ecc/p. Since the nuclear inter-
action of pions in a calorimeter, and therefore the energy
that they deposit, is difficult to accurately simulate, we
determine ey, the efficiency of n/e separation using
~48 pb~! of data taken at the w(2S) resonance. We first
reject all but electron and pion tracks as follows:

(i) events must have at least three tracks,

(ii) kaon-like or protonlike tracks are rejected using

dE/dx and LLYCH a5 described in Sec. IT A,
(iii) tracks with hits in the muon chambers are rejected,
(iv) muons from the high-rate decay y(2S) — z 7~ J/y,
Jlhy — utu are rejected as events with 3 or 4 total
tracks and 2 tracks with a recoil mass within
5 MeV/c? of M(Jly).
The remaining tracks are mostly pions and electrons
with electrons having Ecc/p > 0.8. To determine the
efficiency of pions which survive the Ecc/p cut we fit
the Ecc/p distributions separately for positive and negative
tracks in each 50 MeV/c momentum bin of our y(2S)
sample to separate the pion tail from the electron peak near
Ecc/p ~ 1. For all of our events, €E/p = €E/p(ﬂ'+>€E/p(7l'_)
is averaged in each bin of M,,, as shown in Fig. 8(a).

3. Efficiency of n/u separation

For z/u separation we use the same (2S) data and
criteria as described above for z/e separation to determine
the efficiency of the Ecc-based muon rejection. The
electrons are rejected using the criteria of Ecc/p > 0.8.
The remaining tracks are mostly pions.

For illustration, the momentum distributions of pions
from y(2S) data and generic MC are shown in Fig. 7(a),
together with the MC-estimated residual contributions from
electrons, muons, kaons, and protons shown in Fig. 7(b).
These particles are mostly pions. The estimated residual
contributions from electrons, kaons and protons are neg-
ligible. The residual contribution from muons is ~0.02%.
We have compared the results with and without subtracting
the residual contribution from muons using an estimate
from simulated y(2S) decays. The difference of a, (7" 7™)
is small (~0.1%).

For each 50 MeV/c momentum bin in these data, we form
Ecc distributions for both positive and negative pion
candidates. From these distributions we calculate the prob-
ability, ecc(7*), for a single pion candidate to meet the
muon-like criteria, Ecc < 0.3 GeV. Thus for each event the
efficiency of n/u separation of pions from muons is

ecc = 1 —ecc(n)ecc(n7). (5)
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These final ecc efficiencies are averaged in each bin of
M (zr), as shown in Fig. 8(b).

4. Analysis of w(2S) —» n*a~Jly, Jly — ntn-n’

Our determination of the z/u separation efficiency ecc
from y(2S5) inclusive decays can be confirmed by analysis

of the exclusive decay y(2S) — n*z~Jly, Jhy — n*n~7°.

1

We reconstruct this decay by selecting events with only
four tracks and at least two showers that pass standard
CLEO quality criteria for photons. The net charge of the
tracks is required to be zero, and at least one pair of photon
candidates should form a z° candidate with mass within
15 MeV/c? of the nominal z° mass of 135 MeV/c?. We
obtain our J/y sample from y(2S) by tagging events
with two oppositely charged tracks, which are assumed
to be pions, and have a recoil mass in the range
M (Jly) £ 10 MeV/c?. Events are rejected if any of the
other two tracks from the J/y decay is identified as a kaon
or a proton in the same way described in Sec. I A. These
two tracks should also meet the requirements of | cos 0| <
0.75 and pr > 0.2 GeV/c in the M,, region below
0.5 GeV/c?. We perform a 4C kinematic fit constraining
the 2(z" 77 )x° to a common vertex with y2.., < 50, and
e e~ collision energy and momentum with x5, < 50. We
select pions from the decay of J/y and compare the Ecc
distributions with those determined from the inclusive
decay of w(2S) as described above. The results are
consistent within statistical uncertainty.

IV. BACKGROUND SUBTRACTION

After the cuts shown in the 2D plots of Fig. 6, small
amounts of backgrounds remain, particularly near the boun-
daries of the cuts. To estimate these residual backgrounds, and
to remove them from the 7" 7~y sample, we estimate the
contributions of individual background sources separately
using data and MC samples in three different regions of M ;:
the low M, range below M(p) (0.30-0.65 GeV/c?), the p
peak region (0.65-0.85 GeV/c?), and the high M, range
above M(p) (0.85—-1 GeV/c?). The results are presented in
Table L.

(1) Background from e* e~ — gg — light hadrons arises
from those decays in which z°’s are produced, and
photons from 7z° — yy decays are mistaken as ISR
photon candidates. This background is considerably
reduced by the kinematic fit y? selections and the z°
veto cut. The contribution of this background in our
analysis is estimated using simulated samples of
the ete™ — gg — light hadrons process. To avoid

<o ; E(»a) . & 0.9 f(b)|°we" y(3770) data ‘S 0 ; ,(c)lower: y(3770) data
R S © upper: y(4170) data 2 upper: y(4170) data
% 0.8f lower: y(3770) data > 08F S osf

2 upper: y(4170) data % S

< o7} < o7f S o7l

o s *h, Z

= 06f < 0.6[ . pose

P05 8 %2 0.5

¢ o. v 05 2o

0.4 | | | | | | U 0.4 | | | | | |
0.30.40.50.60.70.80.9 1 0.30.40.50.60.70.80.9 1

M(n*) (GeV/c?)

FIG. 8.

0.4 L L L L L L
0.30.4 0506070809 1
M(r*) (GeV/c?)

M(n*) (GeV/c?)

(a) Efficiency of n/e separation as a function of M (z" 7). (b) Efficiency of z/u separation as a function of M(z*z~). (c) The

combined efficiency of z/e and z/u separations as a function of M(z"z™).
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TABLE L

Estimated background fractions (in %) in the ntz~yig sample for the low M,, range

(0.30-0.65 GeV/c?), the p peak (0.65-0.85 GeV/c?), and the high M, range (0.85-1 GeV/c?). The first errors
are statistical and the second errors are systematic.

Bkg source

Low M,, range

p peak

High M, range

w(3770) qq
U YisR
7t sk
T x27% )
K*K~yisr
Jhpyisr
w(28)71sr

total

w(4170) qq
K YisR
7t 7%k
ata27% sr
K*K~yisr
etey
Jhyyisr
w(28)r1sr

total

1198 £0.12£0.11
4.17 £0.04 £0.05
2.87£0.03 £0.09

0.06 = 0.01 £ 0.01
0.02 £ 0.01 £ 0.01
<0.01
0.10 £ 0.02 £ 0.01
0.05 £0.01 £0.01

19.25 £0.13 £0.15

5.75£0.10 £ 0.07
4.21 £0.05 £0.06
323 £0.04 £0.11

0.12 +£0.02 £0.01
0.02 +£0.01 £0.01
<0.01
0.06 £ 0.01 £0.01
<0.01

13.39+£0.12 £0.14

3.21 £0.04 £0.03
0.37 £0.01 £0.01
0.32+£0.01 £0.01

0.01 +0.01 +0.01
<0.01
<0.01
0.154+0.01 £0.01
0.03+0.01 +0.01

4.09 £0.05 +0.04

1.92 +£0.03 £0.02
0.28 £ 0.01 £0.01
0.34+£0.01 £0.01

0.02 +0.01 +0.01
<0.01
<0.01

0.124+0.01 +0.01
<0.01

2.68 +0.04 +0.03

11.83 £0.16 £0.11
1.16 £0.02 £ 0.04
0.50 £0.01 £0.02

0.04 +0.01 £ 0.01
<0.01
<0.01
0.30 £0.04 +0.01
0.07 +0.02 - 0.01

13.90 £ 0.17 £0.12

7.12 4+ 0.15+£0.09
1.01 £0.03 £0.04
0.56 £ 0.02 £ 0.02

0.04 +0.02 £ 0.01
<0.01
<0.01

0.26 +0.04 - 0.01
<0.01

8.99+0.16 £0.10

@

additional uncertainties in the cross section for
ete™ — gg — light hadrons, we normalize the si-
mulated gg sample to our data in the following way.
In the background region of the 2D y? plot, i.e. for
events in the large box, we pair the primary ISR
photon candidate with all detected additional pho-
tons and keep the pair with yy mass closest to the
nominal 7° mass of 135 MeV/c?. The normalization
factor f = N(data)/N(MC) is then obtained by
fitting the 7° — yy yield in data and in the simu-
lation, as shown in Table II.

We find that three processes of the type eTe™ —
visr 1 light hadrons  contribute  non-negligible

TABLE II.  Scale factors normalized from data for background
processes.

Bkg source Scale factor

w(3770) qq 0.0434 £ 0.0004

K"K yisr 0.0128 £ 0.0003

T 1% R 0.0092 =+ 0.0003

T 27% sr 0.0697 =4 0.0020

Jlhwyisr 0.1305 £ 0.0002

w(2S)7isr 0.1373 £ 0.0001

w(4170) qq 0.0329 £ 0.0004

K"Ky 0.0098 £ 0.0003

T 1% R 0.0089 =+ 0.0003

T 27% sr 0.0871 +0.0019

Jhwyisr 0.0505 £ 0.0001

w(2S)7isr 0.0378 £ 0.0001

amounts to the background. Their contributions

are estimated as follows using MC-simulated events

in a similar way to the gg process.

(i) For the K™K~ ISR process, we normalize the
MC yield to data by fitting the ¢ peak.

(i) For the 777~z ISR process, we normalize the
MC yield to data using the yields of @ and ¢
resonances.

(iii) For the 7 7~2x° ISR process, we estimate the
normalization factor by comparing the total
yields at 1 < M(z"72722°) < 2 GeV/c? in data
and MC.

And the resulting scale factors are listed in Table II.

(©)

“

032012-8

Background from e*e™ — yw(1S,28)ygg is esti-
mated from MC. The scale factors are estimated
as the ratio of the number of the expected events and
of the generated events. They are also listed in
Table II.

Radiative Bhabha events (eTe™ — ete™y) are very
strongly suppressed by the requirement Ecc/p > 0.8.
The number of remaining events due to this process
is estimated as the production of the expected
number of radiative Bhabha events and the effi-
ciency for these events to pass our event selections.
The efficiency for radiative Bhabha events to pass
the electron rejection cut is estimated using data. We
reconstruct events with the ISR photon candidate
and two oppositely-charged tracks, requiring that
one track is an electron (0.9 < Ecc/p < 1.1), and
determine the probability that the other track would
pass our electron rejection cut. This gives the
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FIG. 9. Contributions of the background from ete™ — gg,
ete™ = ypataa’, and ete™ — putTpuygr in the M, distri-
bution. Contributions of other backgrounds are too small to show
in the plots.

probability for a single electron. Assuming the two
electrons are uncorrelated, we get the total efficiency
by squaring the one-electron probability. The effi-
ciency for radiative Bhabha events to pass our event
selection criteria except the electron rejection cut is
estimated using simulated radiative Bhabha events.
The estimated number of radiative Bhabha events is
below the 107* level of the total background.

(5) Background processes ppyisg and 77 contribute
significantly only at z*z~ masses much higher than
the range of interest for the present analysis. We
estimate the contributions of these channels using
simulated events generated by EvtGen. Neither
exceeds the 107 level in the fraction of the total
background.

As we note in Table I, the main background processes are
qq, pT " yisr and 7t 7 7% sg. Figure 9 shows contribu-
tions from these main background processes.

After applying the event selections described in Sec. II
and rejecting all other backgrounds, we determine that the
event sample only consists of 777 ygr signal events and
~1.5% residual u*u~ygr background events. We separate

1800
1600% ¥(3770) {}
G 14005 ;
o 1200F ;
£ - ;
< 10001 ;
q C i
~ 800
2 o 3 ¢
S 600 , i
O 400 4 ¢
N .Q ’!
200~ e ‘..
Gi.l.m"“'\"""‘\HH\HH\HH\HH\HH°
0. 04 05 06 07 08 09 1
M(m*r) (GeV/c?)
1000
900E  \,(4170) }
«~ 800F t
L E {
S 700F
o g {
= 600F t
& 500 : t
@ 400F .
c o L]
3 300 13 4
[¢] E 3
© 200} it :
3 : s
1001~ . e,
G%l.“"""\"“".‘mH‘\HH\HH\HH\HH'
0. 04 05 06 07 08 0.9 1

M(m*r) (GeV/c?)

FIG. 10. The invariant mass distribution M, for y(3770) and
w(4170) data sets.

the u* p~yisr events from the final z+ 7~y g sample in each
bin by the following procedure:

We denote the numbers of z+z~ and u*u~ produced as

N,(,?,) and Nf,?) respectively, and as N,, and NW as the

measured numbers after the z/u separation criteria are
applied. We denote by e the efficiency for pions to have

1.2

1.1

\\\\‘\\\\‘\\\\

data/QED
T \_\‘,
——
——
—r
i.

154
‘\\\\“o\\

o
)

Lo b v e b e b b e Ly

3 0.4 0.5 0.6 0.7 0.8 0.9 1
M(u*w) (GeV/c?)

OrTTT

FIG. 11. The ratio of the invariant y "~ mass spectrum in data
over the NLO QED prediction from Phokhara using the lumi-
nosities of the w(3770) and y(4170) data sets.
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FIG. 12. The total efficiency to select 77z ygg events as a
function of M,,. The small discontinuity near the p — @ inter-
ference region is caused by resolution effects. The dip at M, ~
0.5 GeV/c? region is due to the additional p; > 0.2 GeV/c
requirement for tracks in the M,, region below 0.5 GeV/c?,
and the rejection of the events in which two tracks merge in the
CC and produce overlapping Ecc.

survived this separation procedure using the y(2S) data
as described in Sec. III D. We denote by €/ the efficiency
for pions to have survived this procedure using ete™ —

u " ysr events generated by Phokhara. The numbers of

pions and muons produced, N 5,9,) and N ,(,(,),) are then obtained

by solving the equations:

Nz = Ngf?f)eg(rj + N;(t%)%'f:
0 ox 0
NW:N;”)(I—GCC)—G-N/S)(I—EQE) (6)

Thus, the number of these 7z 7~ ysg events which pass all

. . 0 . . .
our event selections is N,(m) €¢c- The invariant mass dis-

tributions for 7z~ are shown in Fig. 10 for the y(3770)
and the y(4170) data sets. We have confirmed that for our
large bin size, unfolding resolution effects does not change
our results for a;” by more than 0.1%.

The validity of our n/u separation procedure is con-
firmed by the general agreement of the observed utp~
event distribution with the QED prediction for the same
distribution. The number of u*pu~ygg events which are
rejected by the z/u separation procedure is N ,(2,) (1-¢efe).
The NLO QED prediction for the invariant y*u~ mass
spectrum is obtained from the Phokhara generator,
normalized to the data luminosity. Figure 11 shows the
ratio of the invariant gy~ mass spectrum in data and the
QED prediction. Good agreement is found at the level
of (0.8 +1.3)%.

Figure 12 shows the total efficiency of our final event
selection. Contributions from individual sources are listed
in Table III.

TABLE III.  Efficiencies for selecting the zz~ (y)yisg events.

Cuts Requirements e(w(3770))(%) e(w(4170))(%)
Acceptance Standard CLEO quality criteria 10.93 10.53

N =2

20=0

Esg > 50 MeV
E9/E25 cut on ygr

7° rejection |M,, — M| > 20 MeV/c? 97.33 97.98
| cos 0] of tracks | cos Oy | < 0.75 50.59 51.41
pr of tracks pr > 0.2 GeV/c for low M, region 99.87 99.92
|p| of tracks |p| < 1.6 GeV/c 90.49 76.97
1D 4?2 In(y>+1) <6 96.84 96.83
2D »? Signal region definition 70.18 71.02
Overlapping tracks Reject overlapping tracks in the CC 99.33 99.21
K rejection ALk, >0 97.49 97.09
e rejection Ecc/p <0.8 92.69 93.91
4 rejection Ecc > 0.3 GeV 59.94 63.90
bkg rejection Residual bkg rejection 91.69 94.45
Total 1.63 1.53
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V. SYSTEMATIC UNCERTAINTIES

We estimate systematic uncertainties in o, and a;;" for
the combined results for the y(3770), /s = 3770 MeV,
and y(4170), /s = 4170 MeV data sets. As described
in previous sections, we evaluate corrections to our
efficiency determination using data where possible. As it
is not possible to evaluate systematic uncertainties reliably
in regions of small event statistics, we evaluate the
systematic uncertainties due to each source for the full
range of M(zz) wherever possible. These systematic
uncertainties described in detail below and are summarized
in Table IV.

Efficiency corrections for triggering, tracks recon-
struction, ISR photon reconstruction and z/K separation
have been described in Sec. III. The finite statistical
precision in these efficiency determinations is taken to
be the corresponding systematic uncertainties due to these
sources.

The efficiencies for n/e and z/u separations are deter-
mined using w(2S) data, as described in Sec. III D. The
systematic uncertainty in the determination of these effi-
ciencies can arise from the following sources:

(1) Bin size: The efficiencies are determined in
50 MeV/c bins of momentum. To estimate the effect
of this choice of bin size, we reanalyze the data using
20 MeV/c bins as well.

(2) Muon subtraction: We have subtracted the contri-
bution from muon tracks in these efficiency deter-
minations as shown in Fig. 7. Since this muon track
background only contributes to ~0.02% of the total
tracks, we determine this contribution by determin-
ing a;” without subtracting it.

(3) Electron subtraction: The contribution from electron
tracks is obtained by fitting the peak at Ecc/p ~ 1 in
the Ecc/p distribution of the tracks. To determine the

TABLE IV. Systematic uncertainties on aj;”.

Source Systematic uncertainty (%)
Cig 0.5
Ctrack 0.6
C, 0.6
Cg 0.7
€cc and egy, determination 0.2
Tracks |pl|/ cos 6 resolution 0.5
CC energy calibration 0.1
CC 6/¢ resolutions 0.2
Background subtraction 0.1
7¥ rejection 0.2
Kinematic fit y selections 0.4
Phokhara modeling 0.5
Luminosity 0.6
Radiator function 0.1
Sum 1.6

systematic uncertainty in this yield determination, we
vary the fit range and the order of the polynomial fit.
The largest change in resulting a;;” is taken as the
systematic uncertainty due to this source.

(4) Finite statistics: We include the statistical uncer-
tainty in the determination of these efficiencies from
w(2S) data.

These individual contributions are all ~0.1% and their sum
in quadrature is taken to be the systematic uncertainty due
to the efficiency determination for z/e and z/u separation.

The charged particle momentum calibration was confirmed
to be excellent as determined by the invariant mass dis-
tributions of J/y and Kg mesons in our sample of y(25)
decays, with the peak fit results: M(J/y) = 3096.23 +
0.03 MeV/c?, FWHM(J/y) = 28.10 + 0.07 MeV/c?,
M(Kg)=497.607 £0.007 MeV/c?, FWHM(K) = 3.82 +
0.02 MeV/c?, ie., with mass within 0.0216% and
0.0008% of their accepted values [28].

The systematic uncertainties due to the determination
of the charged particle momentum scale and uncertainties
in the angular resolution are estimated by systematically
varying these values by +41c. An estimation of the
systematic error in the absolute energy scale, separately
in the CC barrel and endcap, is taken into account to
estimate the systematic uncertainty due to this source.

The systematic uncertainty due to the background
rejection method is estimated by varying the normalization
scale factor in each background channel by the of its
uncertainty. The largest deviation is taken as the systematic
uncertainty due to this source.

The systematic uncertainty due to z° rejection is esti-
mated by varying the z° rejection cut by 5 MeV/c?. The
largest deviations are selected as the systematic uncertainty
due to 7° rejection. Similarly, for kinematic fit we vary
In(y?> + 1) around the nominal values by 2 for 1D dis-
tribution and by 0.5 for 2D distribution. The largest
deviations are selected as the systematic uncertainties
due to kinematic fit y* selections.

The systematic uncertainty due to the e e~ luminosity is
determined to be 0.6% in Ref. [29]. The given accuracy of
the radiator function is 0.1% [30].

VI. RESULTS FOR CROSS SECTIONS,
(AN AF
The event distributions shown in Fig. 10 lead to the

cross section for ete™ — 7tz at the energy Vs’ = M,
6,:(V/s'), calculated through

AN gy JAVS
(dLSE1dVs ) (e(VS))

6, (Vs') = ; (7)

where dN,,,[mR/d\/E7 is the number of 777 ygg events
in the observed M,, mass spectrum, dL{{b/dV/s" is the
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v(3770) and y(4170)

TABLE V. Bare cross section of ete™ — 7z~ in 0.02 GeV/c? 16001
intervals for data y(3770), w(4170) and the combination of the n
two data sets. Only statistical errors are shown. 1400;_
1200F
0z (nb) e E
5 £ 1000
M, (GeV/c?) w(3770) w(4170)  wtd average i -
0.30-0.32 36478 236495 296460 k 800F
0.32-0.34 49.1+94 64.9 +14.0 54.0+7.8 % 6001
0.34-0.36 71.2+£11.2 79.0 £ 13.8 743 £ 8.7 v C
0.36-0.38 7284109 8044140 757486 4001~
0.38-0.40 958+ 123 106.8 £16.5 99.7+9.9 200F
0.40-0.42 1105+ 135  113.0£17.7  111.4+107 i T
0.42-0.44 116.7 £ 16.0  133.0+19.1 123.4 + 12.3 03 04 05 06 07 08 09 1
0.44-0.46 1352+ 148 1297+17.6 1329+ 113 M() (GeVIc?)
0.46-0.48 157.7+15.6 141.2+18.6 1509 +12.0
0.48-0.50 163.6 £ 154 1759 £21.1 1678 £ 124 FIG. 13. The fit of the measured cross section for ete™ —
0.50-0.52 18734159 15734203 17604125 iz~ in 20 MeV/c? bin for combined data of y(3770) and
0.52-0.54 21924185 21694217 2182+ 141 1,(4170). Statistical errors only.
0.54-0.56 2223 +£16.1 2282+214 22454129
0.56-0.58 2273 £15.1 266.1 £22.5 2394+12.6
0.58-0.60 289.6 £17.7 3133+243 297.8+143
0.60-0.62 3285+ 18.6 3694 +249 343.1+149
0.62-0.64 407.0 £20.3 447.0+£28.0 420.8+16.5
0.64-0.66 507.2£22.2 5293+30.8 514.7+18.0 60
0.66-0.68 642.5+£24.8 579.7+30.3 617.3+19.2 r
0.68-0.70 768.0 £26.8 756.9 £36.5 764.1 +21.6 a0 BaBar
0.70-0.72 941.5£29.3 983.0+38.3 956.8+23.3 r + NU
0.72-0.74 1194.0 £32.5 1146.2+41.2 11756 +25.5 20
0.74-0.76 1281.0 £33.2 1269.2 £43.3 1276.7 +£26.3 = -]- + L +
0.76-0.78 13552 4+33.6 1349.9+459 1353.3+27.1 < 4, E
0.78-0.80 85724257 91254362 87584210 g ° _]_']'-]-'l'-]-‘]‘H ++ﬂ+}+++ Y +.H.
0.80-0.82 681.4£22.8 699.5+31.2 687.7+184 © 20 _l_
0.82-0.84 539.8 £20.2 495.6+26.1 523.34+16.0 [
0.84-0.86 366.1 £16.5 396.2+233 37624135 40—
0.86-0.88 3009 +£14.7  2635+19.0 2869+11.6 F
0.88-0.90 218.8 £ 124 1823+ 155 2045+9.7 60 L L
0.90-0.92 1748+ 124 1660+ 148 171789 03 04 05 06 07 08 09 1
0.92-0.94 1166 +89  1263+13.0 119.7+73 M) (GeV/c?)
0.94-0.96 91.1 +7.8 943+ 11.1 922 +64
0.96-0.98 713+7.0 80.4+ 100  743+57 60r
0.98-1.00 472+5.5 63.1 £8.8 51.8+£4.7 r KLOE
40—
r + NU
201
effective ISR luminosity, and e(v/s') is the total efficiency T _]_ + brbgat At +
to reconstruct these events, determined through Eq. (4). The v o ‘H H_]_H+ -H- ++ REcdt s it
effective ISR luminosity function is given by 8 20:
dLsth L dw <a(s’))2 (8) -40-
d\/? eed\/‘? a(O) ’ -60:”‘m"H\HH\HH\HH\HH\HH
03 04 05 06 07 08 0.9 1
where L,, is the e e~ luminosity, dW/dv/s' is the radiator M(r*m) (GeV/c?)

function calculated up to order a2, in Ref. [30], and
(a(v/s")/a(0))? is the vacuum polarization correction to
the fine structure constant [31].

In Table V we list our measured cross sections o(z"7~)
as measured separately at y/(3770) and y(4170), and also
for the weighted average. Figure 13 shows a plot of the

FIG. 14. Fractional difference, 5(c)/o(%) between our (NU)
results and those of BABAR [20] (top) and KLOE [32] (bottom).
The statistical and systematic uncertainties have been combined
in quadrature. The yellow bands show the bounds of BABAR
and KLOE uncertainties. The systematic uncertainties in the NU
measurements are discussed in Sec. V.
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TABLE VI. The parameters for fitting eTe™ — ztz~ cross section and comparison to those from other
experiments and PDG. Statistical errors only.

Data M, (MeV/c?) r, MeV/c?) lco| x 103 ¢,, (rad)
NU 7749 £ 0.4 154.1 £ 0.8 1.8+0.2 0.23 £0.12
BABAR [20] 775.02 £0.31 149.59 £ 0.67 1.644 +0.061 —0.011 +£0.037
BESIII [22] 776.0 £ 0.4 151.7+0.7 1.7+0.2 0.04 £0.13
CMD-2 [18] 77597 £0.84 145.98 +0.90 - 0.182 £ 0.067
SND [19] 774.6 £ 0.6 146.1 = 1.7 - 1.984 +0.042
PDG [28] 775.26 £0.25 149.1 £0.8 - -

average cross sections. Both statistical and systematic
errors are included in the average cross sections listed in
Table V and plotted in Fig. 13.

In Fig. 14 we plot the differences between our measured
cross sections ¢(NU) + o as percentage differences from
the cross sections measured by BABAR [20] [left] and
KLOE [32] (right). The percentage errors in the cross
sections measured by BABAR and KLOE are indicated by
shaded error bands for each. In the p resonance region
where o(z*7~) make the largest contribution to 3™ the
differences are small in both cases.

As Fig. 13 shows that the cross section is dominated by
the well known vector hadron resonances, p(770) and
®(782). Although it is not the object of this measurement,
we can try to fit our ete™ — mtz~ cross sections and
derive the parameters of these resonances. We do so in
the framework of the so-called Gounaris-Sakurai (GS)
formalism [33], but since our data are confined to
M,, < 1.0 GeV/c?, we take account of only the first p-
resonance, p(770). The limited statistics of our data do not
allow us to keep the parameters of both p and w free. We
therefore fix the parameters of @ to their PDG values [28].
The fit results are listed in Table VI, along with results from
other measurements. The masses of the p resonance
obtained from our data are in agreement with the values
obtained in other experiments and the PDG. The width
of p is somewhat larger. The p—w interference phase ¢,,
differs from that obtained by BABAR using higher p
resonances [20].

VII. RESULTS FOR CONTRIBUTION a;f”’l‘o TO
MUON MAGNETIC MOMENT ANOMALY

Our measured cross sections o(e"e™ — ztz7) lead to
the determination of the low energy contribution to the
muon magnetic moment anomaly using the dispersion
relation in Eq. (1). Our results are
ax™ 0 % 1010 = 499.1 + 4.5,

=503.1 £5.9,

= 500.6 £ 3.6,

for w(3770),
for y(4170),

for weighted average.

©)

Including systematic uncertainties, our final result is

az™© x 10" = 500.6 + 3.6(stat) + 8.0(syst)
= 500.6 £ 8.8(in quadrature). (10)

Our total uncertainty amounts to +1.8%.

VIII. SUMMARY AND CONCLUSIONS

In summary, we have made an independent precision
measurement of the low energy contribution to the muon
magnetic moment anomaly a, = (g—2)/2 using the
initial state radiation method with the e*e™ — 7z~ data
taken at CLEO at the w(3770) and w(4170) resonances.
For the range 0.30 < M,, < 1.00 GeV/c*> we measure
a™ 0 % 10" = 500.6 £ 8.8. In Table VII we compare
results obtained by other measurements in this range.
All results are seen to be in agreement within their stated
errors, with the largest difference being in the KLOE result.

As mentioned in the introduction (Sec. I) the most
extensive measurements of a,’f”’LO have been made by
BABAR [20]. They reported:

Vs = 0.28-1.80 (GeV): a,’f”’LO x10'°=514.09+3.82,

V5 = 0.30-1.00 (GeV): a2 © x10'°=503.56+3.38.

The average value of a™"° in the region /s = 0.30—
1.00 (GeV) which we have summarized in Table VII is

V5 = 0.30-1.00 (GeV): ai™© x 10'0 = 498.7 + 2.1.

This is smaller than BABAR’s value and has
smaller error.

TABLE VII.  Evaluation of 2™ in the range of 0.30 < M, <

1.00 GeV/c? from different experiments. The errors are from
both statistical and systematic sources. The results from BABAR,
KLOE, CMD-2 and SND are adjusted by BABAR [20].

Experiment ar™0(x1071%) M, range (GeV/c?)
NU 500.6 + 8.8 0.30-1.00
BABAR 503.6 £3.4 0.30-1.00
KLOE 492.6 £ 6.9 0.30-1.00
CMD-2 496.1 £3.5 0.30-1.00
SND 494.6 £ 6.5 0.30-1.00
Weighted Average 498.7+£2.1 0.30-1.00
BESIII 368.2 £4.1 0.60-0.90
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