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1. Introduction

Precise measurements of #fee~ — hadrons cross-section are needed for various phenomeno-
logical studies, which motivated the BABAR extensive program for mé&aguhem [1-17]. In
particular, they are used to evaluate dispersion integrals for calculatidhe badronic vacuum
polarization (VP). A well known example is the hadronic contribution to the monagnetic
moment anomalya@,ad), requiring data in the low mass region. It is dominated by the process
e"e” — m"m (y) which provides 73% of the contribution, bringing also the dominant contribu-
tion to the uncertainty.

Recent measurements of ther cross section, previous to the BABAR publications, have a
systematic precision of.8% for CMD2 [18] and 15% for SND [19]. These two measurements are
in good agreement. The first measurement using the ISR method [20]pgidieOE [21], had a
guoted systematic precision 0f3%. However, some significant deviation in shape was observed
when comparing to the Novosibirsk data. The KLOE data were reanal@8¢drid the agreement
with the Novosibirsk data is improved. For the updated measurement, a systentaitainty of
0.9% is quoted.

When previous'e data [18, 19, 22] are used, the comparison of the theoretical and mea-
sured [23] values oy, shows a discrepancy of about three standard deviations. This isi@lposs
hint at new physics. When using an approach based on hadrdeicay data, corrected for isospin-
breaking effects, a smaller difference is observed [24].

In these proceedings we present the BABAR() result, published in [1,2]. This study
yielded a measurement of the contribution of thechannel to z@[}ad) with a precision better than
1%. This implies a control of systematic uncertainties at the’ 1€vel. We also discuss thé2y)
measurement, presented as preliminary result at the conference, bbshpd in [3], as well as
several BABAR measurements of multihadronic channels.

2. The BABAR ISR ", KTK~ and u™ u~ analyses

The measurements of tlrer and KK cross sections presented here are performed using the
ISR method [20] fore™ e~ annihilation events collected with the BABAR detector, at a center-of-
mass energy/s near 1058 GeV. We consider evenes'e — X)isr, WhereX can correspond
to any final state, and the ISR photon is emitted by dheor e~. Theete™ — mm(ysr) and
e"e” — KK (yesRr) cross sections are obtained as a function of the invariant mass of thstfitel
V9. The advantage of the ISR method (compared to an energy scan) is tiat miass spectrum
is covered at once (from threshold td® GeV for riir (KK) in BABAR) with the same detector
conditions and analysis.

In this BABAR study therm™ ™ yis(Vesr), K"K Visr(Vesr) and ™ u~ yisr(VesR) Spectra are
measured. These are the first NLO measurements, a possible additiiatibrebeing taken into
account in the analysis, instead of being corrected a posteriori (&doosther experiments). The
measured muon spectrum is compared with the NLO QED prediction. Thisespisean important
cross check of the analysis, called the QED test. The cross section fprabesse™e™ — X is
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related to the/s spectrum oe*e~ — Xy events through

ff

dv/s  dvs
wherech is the bare cross section (excluding VP), arglis the detection efficiency (acceptance)
determined by simulation with corrections obtained from data. The effe@Réuminosity L2 is
derived using the muon spectrum. The contribution of leading order FSRudons (smaller than
1%, below 1 GeV) is corrected for, while additional FSR photons are medsdhen(ys)
and KK(ysr) cross sections are obtained from the ratio of the corresponding hadpectra and
LfsﬁR. Theete™ luminosity, additional ISR effects, vacuum polarization and ISR photociefity
cancel in the ratio, hence the strong reduction of the systematic uncertainty.

This analysis is based on 232 thof data recorded at the PEP-II asymmetric-enextg—
storage rings, with the BABAR detector [25]. The energy and directigohotons are measured
in the CsI(TI) electromagnetic calorimeter (EMC). Charged-particle tracksreeasured with a
five-layer double-sided silicon vertex tracker (SVT) together with a #@rldrift chamber (DCH)
inside a 1.5 T superconducting solenoid magnet. The identification of ahpagticles (PID) uses
ionization loss & /dx in the SVT and DCH, the Cherenkov radiation detected in a ring-imaging
device (DIRC), and the shower deposit in the EMEg() and in the instrumented flux return (IFR)
of the magnet.

The selection of two-body ISR events is done requiring a photon &jth- 3 GeV and
laboratory polar angle in the range88— 2.4 rad, as well as exactly two tracks of opposite charge,
each with momenturp > 1 GeV/c and within the angular range4D— 2.45 rad. The events with
one single charged track are also recorded and used for in-situ rdfiaieeasurements.

The simulation of signal and background ISR processes is done with Namke (MC) event
generators based on Ref. [26]. The structure function method [23¢bt0 generate additional ISR
photons, whilePHOTOS[28] is used for additional FSR photons. The simulation of the BABAR
detector is done witiGEANT4 [29].

Background events frora"e~ — qg (q = u,d,s,c) are generated usintETSET[30]. They
are due to events with low-multiplicities and an energgticom a ri° mistaken as the ISR photon
candidate. The data/MC comparison of thtyield (obtained by pairing the ISR photon with
other photons in the event) is used to normalize this rate ffBMBET The contributions from
ete” — mtm nPyandete” — 2Py ISR backgrounds are dominant for tiié T~ channel.

In the KTK~(y)yisr Sample backgrounds stem mainly from other ISR eventsmy, utu-y,
K+*K-ny, KtK- Py, mt Py, " 2Py, ppy, andKsK, y. The background level from thed

ISR process, is calibrated usingand signals, following an approach similar to that ff. The

MC estimate for the 827y process is used, with an assigned systematic uncertainty of 10%. For
the uu spectrum background contributions are found to be negligible.

The simulation is used to compute the acceptance and mass-dependemicégfdier trigger,
reconstruction, PID, and event selection. Specific studies, as degt@ow, are use to determine
the ratios of data and MC efficiencies, which are then applied as masseligpieorrections to the
MC efficiency. They amount to at most a few percent and are knowneaw @érmil level or better.

Tracking and PID efficiencies are determined with a tag-and-probe mdtiadg advantage
of pair production. Two-prong ISR candidates are selected for trgatirdies, on the basis of the

exy(VS) oR(VS) (2.1)
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ISR photon and one track. The expected parameters of the secondreatekived with a kinematic
fit. The track reconstruction efficiency is measured from the unbiasedlsaf candidate second
tracks. A large effort was required by the study of 2-particle overlajnéndetector, in order to
reach the per mil accuracies.

Two kinematic fits to the™ e~ — Xy hypothesis (wher¥X allows for possible additional radia-
tion) are performed for each event. The parameters and covariande ofi@ach charged-particle
track, as well as the ISR photon direction are used in these fits. The matramt (2C) ‘ISR’ fit
allows an undetected photon collinear with the collision axis. The 3C ‘FSR’fierormed only
when an additional photon is detected. Most events have gatilues for both fits. An event
with only a smallx?g (X2s) indicates the presence of additional ISR (FSR) radiation. Events
where both fits have large? values result from multi-hadronic background, track or ISR photon
resolution effects, or the presence of additional radiated photonscctorenodate the expected
background levels, different criteria in thgng,xég?) plane are applied. In tharmy channel, a
loose 2D cut is used for the centgakegion and a tighter cut for the tails. For KKy the tight cut
is used, while the region between tight and loose is exploited in efficiencigstuthe loose cut is
also used in theruy analysis. Thetrr, KK and pu masses are calculated from the corresponding
best ‘ISR’ or ‘FSR’ fit.

The evaluations of the acceptance aridselection efficiency are sensitive to the description of
radiative effects in the generator. The difference of the FSR rate batdega and MC is measured
and results in a small correction for the cross section. For additional i ®®ps, more significant
differences are found between data and the generator, since thedatiex collinear approximation
and an energy cut-off for very hard photons. The study of induceenkatical effects has been
performed with the NLAPHOKHARA generator [31] at four-vector level, with fast simulation. The
differences occuring in acceptance yield corrections to the QED testewmysince radiation from
the initial state is common to the pion, kaon and muon channelsrg) (KK (y)) cross section,
obtained from thetr/uu (KK/ up) ratio, is affected and corrected only at a few permil level. The
X2 selection efficiency determined from muon data is applied to pions and kafbeiscorrecting
the effect of secondary interactions, ttigu (K /) difference for additional FSR, and kaon decays.
The measuredrrt(y) and KK(y) cross sections are almost insensitive to the description of NLO
effects in the generator.

3. The QED test

The QED test involves two factors which cancel in thg/pp (KK/ pu) ratio: Lee and the
ISR photon efficiency, measured usingtgy sample selected only on the basis of the two muon
tracks. This test is expressed as the ratio of data to the simulated spectiemgoafecting for
all known detector and reconstruction data-MC differences. Thergemds also corrected for
its NLO deficiencies, using the comparisonRHOKHARA. As shown in Fig. 1 (a), the ratio is
consistent with unity from threshold to 3 Gg¥. A fit to a constant value yieldsx€/ngs =

55.4/54)
O-data

S~ 1 = (40+20455+94) x 10, (3.1)
Tuuy(y)
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Figure 1: (a) The ratio of the measured cross sectionefog™ — p™ = y(y) to the NLO QED prediction.
The band represents a fit to a constant value (see text). éiyiBasured cross section 8re™ — " 1 (y)
from 0.3 to 3 GeV. (c) Enlarged view of thgregion in energy intervals of 2 MeV. The plotted errors are
from the sum of the diagonal elements of the statistical gstesnatic covariance matrices.

where the uncertainties are statistical, systematic from this analysis, anchatisttomLe (Mmea-
sured using Bhabha scattering events), respectively. The QED tessisdtisfied within an overall
precision of 1.1%.

4. The rmrand KK cross sections

An unfolding of the background-subtractet;; (mkk) distribution (corrected for data/MC
efficiency differences) is performed to correct for resolution ani E8ects. A transfer matrix,
obtained using simulation, provides the probability that an event generagegiven/s interval
is reconstructed in m,;; (Mkk ) interval. The matrix is corrected to account for the larger fraction
of events with bag(? values (and consequently poorer mass resolution) in data compared to MC,
because of the approximate simulation of additional ISR. The performamteoaustness of the
unfolding procedure have been assessed using data-driven tessifR4].

Fig. 1 (b, c) shows the results for tlege™ — " (y) bare cross section including FSR,
agn(y)(\/?). The main features are the domingntesonance, the abrupt drop at® GeV due
to p — w interference, a clear dip atdLGeV resulting from highep state interference, and some
additional structure near2GeV. The systematic uncertainties do not exceed statistical ones over
the full spectrum, for the chosen energy intervals. In particular, arsysie uncertainty of only
0.5% has been achieved in the cenpakgion.

A VDM fit of the pion form factor [33] was exploited to compare the BABARa@#o other
experiments. The BABAR data are described well by this fit in the regiontefast for the com-
parison. There is a relatively good agreement (within uncertainties) edraparing to the Novosi-
birsk data [18, 19] in thp mass region, while a slope is observed when comparing to the KLOE
'08 data [22]. A flatter shape is observed when comparing to the moretr€E©E [34, 35] data,
obtained by the analysis of events with a detected, large angle ISR photmodfagreement is ob-
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Figure 2: The measuredte™ — KTK~(y) bare cross section (including FSR). Systematic and Statist
uncertainties are shown, i.e., the diagonal elements dbtiaécovariance matrix. The contributions of the
decays of the/yp and(2S) resonances tK K~ have been subtracted.

served when comparing to the Novosibirsk and KLOE data, in the mass fiegiion Q5 GeV/c?.
There is a good agreement between the BABAR data and the most recspir{ibreaking cor-
rected)r data from Belle [36], while some systematic differences are observed @dmeparing to
ALEPH [37] and CLEO [38].

The 0£+K,(y)(\/§) cross section is shown in Fig. 2, from tke K~ production threshold up

to 5 GeV. The cross section spans more than six orders of magnitude. tGldseshold it is
dominated by thep resonance, while other structures are clearly visible at higher madsesom-
tributions from the decays of the narrdyy and(2S) resonances to th€ K~ final state have
been subtracted for the cross section measurement and for the detenmamatiparametrization

of the kaon form-factor. The systematic uncertainty ingiregion is of only 07%.

We fit the kaon form factor with a model [39] based on a sum of res@wrior purposes of
measuring the resonance parameters and providing an empirical parametrization of thésfo-
tor over the full range of the measurement. The parametrized form factonvgniently compared
with the results of experiments at fixed energy values. The fit is also sege® extract the res-
onance parameters in the presence of other small contributions that neetaten into account.
SinceK ™K~ is not an eigenstate of isospin, both:10 and I= 1 resonances are considered. Good
agreement is found between thg@arameters obtained from the BABAR fit and the world average.

The measured charged kaon form factor is compared to data publishee\wgus experi-
ments [33]. While the uncertainty of the BABAR cross section atghe 7.2 x 10~3, systematic
normalization uncertainties 0of2% and 71% are reported by CMD2 and SND, respectively. The
BABAR result, as well as the Novosibirsk measurements, are also affegtegstematic uncer-
tainties on mass calibration. The observed mass differences are fourcctonipatible with the
BABAR and CMD2 (SND) calibration uncertainties. However, the normalizatifferences are
not consistent by large factors with the quoted systematic uncertainties.

The comparisons with the SND [40], OLYA [41], DM1 [42], and DM2 [48fasurements is
performed at higher masses too. The systematic negative differencedmeBABAR and SND
persists up to about15 GeV, where a crossover occurs. At higher masses, the SND \aleles
consistently larger than the ones from BABAR. The BABAR data are in ragthed agreement with
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data from OLYA and DM1, while a systematic difference is obtained when aoimgpto DM2.

5. The mmrrand KK contributions to ay,

The lowest-order contribution of thert(y) intermediate state to the muon magnetic anomaly
is given by the integral

TITT l r
a0 _ R/ds’K(S’) %) (S) . (5.1)
4mg

whereK(s) is a known kernel [44]. The integration uses the measured cross santiche com-
putation of the uncertainties is done using the full statistical and systematidarm& matrices.
Each source of systematic uncertainties is taken to be fully correlated eviellltass range. The
result of the integral from threshold to8lGeV is

a0 _ (5141422431)x1010, (5:2)

where the uncertainties are statistical and systematic. This value is largeh#tdrom a combi-
nation of previoug™ e~ data (50364 3.5), but is in good agreement with the updated value from
T decays (512 =+ 3.4) [24]. When using ther" ir data from BABAR only, the deviation between
the BNL measurement [23] and the theoretical prediction is reduced tst@ndard deviations.

The bareete™ — K™K~ (y) cross section obtained in the BABAR analysis is also used to com-
pute the contribution of th& ™K~ mode to the theoretical prediction of the anomalous magnetic
moment of the muon, following Eg. 5.1. The result of the dispersion integral is

alK L0 — (22,934 018401 0.225y51% 0.03,p) x 10722, (5.3)
» y

for the energy interval of interest, between #e&K~ production threshold and.8 GeV. The
first uncertainty is statistical, the second is the experimental systematic, whitkirthes from
the @ parameters used in the VP correction. The precision achieve@ds, the total error being
dominated by the systematic uncertainties. This is the most precise result #r Kie channel,
and the only one covering the full energy range of interest. For congpatise combination of all
previous data [46] for the same range yie(@4.63+ 0.27sa+ 0.68ys) x 10710,

6. A fit to the BABAR K™ form factor in the high mass region

At large masses (i.e. above52GeV/c?), the charged form factor can be compared to the
asymptotic QCD prediction [47,48]:

Fx(s) = 16mas(s) fK? (6.1)

The result of the fit of the squared form factor betwedighd 5 GeVwith the functioAa2(s)/s" (A
andn being free parameters) is shown in Fig. 3. The contributions of the nakfgnand (2S)
resonances decaying ko' K~ are subtracted from the mass spectrum before performing the fit.
The fit describes the data welk{/ngs = 23.4/32). It yieldsn = 2.04-+0.22, which is in good
agreement with the QCD prediction= 2. The extrapolation of the fit to lower masses follows



Measurement of hadronic cross sections at BaBar with | SR and implications for the muon (g-2)
Bogdan Malaescu

L 10 3

% s CLEO 3
L

= 10 * BABAR =

Fit 3

1 —— asymptotic QCD prediction -

10t =

102 Bt =

T %m%« 3

10° =

10* =

5
10 15 2 25 3 35 4 45 E
Vs (GeV)

Figure 3: Fit (green band) of the squared BABAR charged kaon form faotthe high mass region, using

a function that has the shape of the QCD prediction (blueesgwe text). The extrapolation of the fit at low
energy is indicated by the dotted green line. We also indioagasurements from CLEO data (red squares),
close to the(2S) mass and above. Systematic and statistical uncertaimgeshawn for data points (i.e.,
the diagonal elements of the total covariance matrices).

the average shape of the spectrum down to abouiGeEV. However, the fitted form factor is
about a factor of 4 larger than the perturbative QCD prediction of EQd).(6This confirms the

normalization disagreement observed with the CLEO measurements [48}50§sses near the
Y(2S) and above.

7. Conclusions and perspectives

BABAR has analyzed the" m, K"K~ andu*u~ ISR processes in a consistent way, from
threshold to 85) GeV/c?. The absolutg:™ u~ cross section has been compared to the NLO QED
prediction, the two being in agreement withil%. Theete™ — " (y) (e"e” — KTK™(y))
cross section, derived through the ratio of thier (K"K ~) andu™* i~ spectra is rather insensitive
to the detailed description of radiation in MC. A strong point of the preseai/ais, comparing to
previous ISR studies, comes from the fact that several uncertaintieslda this ratio. It allows us
to achieve our precision goal: the systematic uncertainty in the cgntegjion (06 — 0.9 GeV/c?)
is only 0.5%, and for thep (1.01— 1.03 GeV/c?) it is 0.7%.

The contribution toa, computed from the BABART" i1~ spectrum, in the range.Z8 —

1.8 GeV, has a precision of D%. This is similar to the precision of the combined previous mea-
surements. For the contribution &g from theKTK~ channel, the BABAR result is almost three
times more precise compared to the previous world average.

In the comparison between the BABAR 17 () cross section and the data from other experi-
ments, there is a fair agreement with CMD2 and SND, while the agreementrisshen comparing
with the various KLOE measurements. In order to make progress on thieah#me first priority
should be to clarify the BABAR/KLOE discrepancy, the most important ¢ff@a,, being due to
the difference on the peak. The origin of the slope in this comparison is also to be understood.
The slope was very pronounced when comparing with the 2004 KLOHtseand it is reduced
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with the more recent KLOE data. The same slope is also observed in the ¢eompafrthe KLOE
andr data, while BABAR is in good agreement with the most recergsults.

A fit of the charged kaon form factor has been performed using a $wontributions from
isoscalar and isovector vector mesons. Besides the dominaesonance and small and w
contributions, several higher states are needed to reproduce thergsumbserved in the measured
spectrum. Precise results for the mass and width ofpttesonance have been determined, and are
found to agree with the world average values. In ¢ghesgion, discrepancies with CMD-2 and
SND results are observed in the normalization of the cross section, theeddtes exceeding the
uncertainties quoted by either experiment. The results are in agreementevitbys data at large
energy, confirming also the large normalization disagreement with the asyn@@Dexpectation
observed by the CLEO experiment.
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