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@ Abstract

1
O _Using the KEDR detector at the VEPP-4&le~ collider, we have measured the valuespds andR at seven points of the center-

@ 'of-mass energy between 3.12 and 3.72 GeV. The total achamaedacy is about or better thar83 at most of energy points with
- a systematic uncertainty of aboutl2. At the moment it is the most accurate measuremeR(%)fin this energy range.

1. Introduction 2. VEPP-4M collider and KEDR detector

67v2

The quantityR is defined as the ratio of the radiatively cor- Theete™ collider VEPP-4M |L_1]4] was designed to operate
rected total hadronic cross section in electron-positrotita-  in the wide range of the beam energy5l5 GeV in the 2
C\J lation to the lowest-order QED cross section of the muon paibunches mode. The peak luminosity of VEPP-4M is about 2
(O ‘production. The precisB(s) measurements are critical for de- 10°°cm2s71 in the vicinity of /(2S).
CD- termination of the value of the strong coupling consiagb) The collider is well equipped for a precise beam energy de-
and heavy quark masses [1], the anomalous magnetic mometermination. The beam energy in dedicated calibration fsins
of the muon ¢ - 2), and the value of the electromagnetic fine measured using the resonant depolarization method (RDE) [1
] structure constant at the? peaka(M%) [E,B]. |E] with the relative accuracy of about 0 The results of
. Several experiments contributed to ) measurementin  RDM calibrations can be interpolated to determine the gnerg
.= the energy range between 3.12 and 3.72 Cﬁéﬂ [4/5]6] 7.8, 9, 18uring data taking with the accuracy of about 10 kM [17, 18].
>< |J._Jl,|ﬂ]. The precision of these measurements does not exce@dntinuous energy monitoring is performed using the irfdar
= 5% for all experiments except BES-ﬂlZ], in which the accu-light Compton backscattering [19] with the accuracg0 keV.
racy of about 3.3% was reached at 3.07 and 3.65 GeV, but ththe Compton backscattering also allows for the beam energy
is not enough for reliable calculation of the dispersioegnals  spread determination with the accuracy about 5%.
in the whole energy range. It should be noted that systematic The KEDR detector is described in Réf.[13]. The detec-
uncertainties dominate in aR(s) measurements, thus there is tor consists of the vertex detector (VD), drift chamber (DC)
good motivation for new experiments on the precise determitime-of-flight (TOF) system of scintillation counters, fiale
nation of R(s) in this energy range, particularly important for identification system based on the aerogel Cherenkov cajnte
a(M2). electromagnetic calorimeter (liquid krypton in the barpert
In 2011 the region of thd/y andy(2S) resonances was and Csl crystals in the endcaps), superconducting solemuid
scanned in the KEDR [13] experiment with an integrated lumi-muon system inside the magnet yoke. The superconducting
nosity of about 1.4 pt}. In the data analysis presented below solenoid provides a longitudinal magnetic field of 0.6 T. Thee
we tried to minimize correlations of systematic unceriamt tector is equipped with a tagging system of scattered elpstr
with those in similar experiments by BES. for two-photon studies. The on-line luminosity measurenigen
provided by two independent single bremsstrahlung maositor
The trigger has two hardware levels: the primary (PT) and
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the secondary one (STIHZO]. The PT operates using signals The energies of the points in two scans are not the same
from the TOF counters and fast signals from the Csl and LKbecause of the inaccuracy of the collider energy settinighley
calorimeters, whereas the ST uses optimally shaped cadteim are close enough to allow for summation of data samples.
signals and the information from VD, DC and the TOF system.

3. Experiment

The goal of the experiment was a measurement of the total

4, Dataanalysis

4.1. Analysis procedure
The observed hadronic annihilation cross section was-deter

hadronic cross section at seven equidistant points bet®&@n  mined from

and 3.72 GeV. Two scans of the region were performed. The
actual energies determined using the Compton backscegteri
method and the integrated luminosity at the points are ptede
in Table[1. The table also presents the relative contribstaf

Nmh — Nres.bg. (1)
[Ldt

whereNy, is the number of events that pass hadronic selection

U'Obs(s) =

the J/w andy/(2S) in the observed cross section dominated bycriteria,Nres_bg,is the residual machine background evaluated as

their radiative tails. To determine them without externafed
the additional data samples of about 0.4'plvere collected at

discussed in SeE 4.6, arffddt is the integrated luminosity.
For the given observed cross section Bhealue was calcu-

ten points in the peak regions. The data points and the reséfited as follows:
nance fits are shown in Figl 1.

Table 1: Center-of-mass energys, integrated Iuminositnydt and relative

O'Obs(s) -2 Sbg(s) O'bg(s) -2 5(//(5) o:,,(S)
&(9) (1+6(9) opu(9)

(s)isthe Born cross section fete™ — u*u~ ande(s)

R= . (2

0
Whereo-w

contribution of theJ/y and ¢(2S) resonances to the observed multihadronic is the detection féiciency for the single photon annihilation to
Cross section.

Point s MeV  [Ldt,nb! ZX00 X 0p
Scan 1

1 31198+ 0.2 6431+0.72 59.6

2 32224+ 0.2 7479+080 22.9

3 33152+ 0.2 8325+0.87 14.8

4 34181+ 0.2 9568+097 10.9

5 35210+ 0.2 11236+ 1.08 8.3

6 36197+ 0.2 3472+061 5.6

7 37204+ 0.2 5557+080 3.6 29.7
Scan 2

1 31201+ 0.2 5446+063 58.3

2 32236+ 0.2 6577+0.88 23.0

3 33139+ 0.2 5093+0.61 14.9

4 34184+ 0.2 6688+088 104

5 35203+ 0.2 5933+0.67 7.9

6 36176+ 0.2 8335+095 5.6

7 37189+ 0.2 10366+1.05 3.5 30.5

hadrons. The second term in the numerator corresponds to the
physical background fromne*e™, u*u~ production,r*r~ pro-
duction above threshold and two-photon processes. The thir
term represents a contribution of tlgy andy(2S). Unlike

Refs. EJIDEJEIIZ], we considered them explicitly inste&d
including in the radiation correctiaf(s).

The detection fiicienciese andepg were determined from
simulation. The #icienciese, were found by fitting the res-
onance regions. The resonances were fitted separatelylhin eac
scan, the free parameters were the detecti@iniency at the
world average values of the leptonic widilg, and its prod-
uct by the hadronic branching fracti@y, the machine energy
spread and the magnitude of the continuum cross section ob-
served at the reference point below the resonance. Catmaat
of a narrow resonance cross section and fits are described in
more detail in Refsmﬁl]. Th&y andy(2S) detection &i-
ciencies obtained and the probabilities of the fits are pre-
sented in Tabl€l2. The fitted values of the collision energy
spread are also presented. They are not the same for the two
scans because of variation of the accelerator regime, hawev
the energy spread is stable during a few days of operatidrein t
resonant regions. The quoted values agree with the redults o
the energy spread determination using Compton backsicafter
within the accuracy provided by this method.

It should be noted that the tail cross sectigis) o, (s) de-
pends on the,I'eeBn product and thus is not sensitive to the
world average values of the leptonic widtl and the hadronic
branching fractior, employed.

In our approach the radiative correction factor can be writ-
ten as

R(1-X)s) &((1-X)s)
R(s) &(9)

dx F(s X
1+6(9) = | ——
+ (S) fl_x ll—]:[((l—X)S)lz

. (3)
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Figure 1: The observed multihadronic cross section as diumof the c.m. energy for the two scans. The curves are thdtref the fits of the narrow resonances.
The inserts show closeup of tigy andy(2S) regions.
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Table 2: Hiiciency, energy spread ard probability of the fits of thel/y andy/(2S) resonances (statistical errors only are presented).

Ey ow(J/¥), MeV P(/\/Z), % Ey(29) ow(¥(2S)), MeV P(XZ), %
Scanl 0760+ 0.013 Q741+ 0.005 77.6 0838+ 0.023 0961+ 0.033 44.9
Scan2 0751+ 0.014 Q761+ 0.007 18,5 (8B30+0.020 1049+ 0.054 73.3

where¥ (s, X) — the radiative correction kernéﬂZZ]. The vari- The results are presented in Hig. 2, where the most impor-
ablex is a fraction ofs lost due to initial state radiation. The tant event characteristics obtained in the experiment ane c
vacuum polarization operatdf and the quantityR do not in-  pared with those in simulation. Good agreement is observed.
clude a contribution of thd/y andy(2S) resonances, details Bhabha events required for the precise luminosity determi-
of the calculation are presented in Secfiod 4.7. nation were simulated using the BHWIDE genera@ [27]. The

It should be noted that in the approach described above waetection éiciencies foru*u~ andr*r~ events were obtained
obtain theR,ys value. To get the quantitig, it is necessary to using the MC generator described E[ZS] and the KORALB
add the contribution of narrow resonances. In the followireg  event generator [29], respectively.

shall useR instead ofR,4s until Sectiof 5.b. The y(2S) and J/y decays were generated with the tuned
version of the BES generat30] based on the JETSET 7.4
4.2. Monte Carlo simulation code. The decay tables were updated according to the PDG edi-
Simulation of the experiment was performed in the frametion 2010 (L. Details of simulation af(2S) hadronic decays
of the GEANT package, version 3.41[23]. are discussed in Ref. [21]. _ o
Single-photon annihilation to hadrons bel®D thresh- Simulation reproduces most important event charactesisti

old (uds continuum) was simulated using the JETSET 7.4 cod@f the J/y hadronic decays. That allows us to introduce minor
[Q, ] with the parameters tuned at each energy point. As aforrections to the detectiorfieiency of J/y hadronic decays
alternative, we employed the LUARLW [26] generator which Presented in Tablel 2 required in the upper edge of the experi-
was kindly provided by the BES collaboration. ment energy range.



The two-photon processese” — e*e X are simulated

with the generators described in Refs] 32,33, 34]. only).

4.3. Event selection and detection efficiencies

Both experimental and simulated events pass the software
event filter during the filine analysis. That allows us to reduce

Table 4:

Detection féiciency for the uds continuum in % (statistical errors

Point ejeTser

ELUARLW ocle

Scan 1l

systematic inaccuracy due to trigger instabilities anceutadn- 1 755+01 750+£01 -07+02
ties in the hardware thresholds. The software filter redates 2 769+01 762+01 -09+02
the PT and ST decisions with stringent conditions using & dig 3 770+01 770+01 00+02
tized response of the detector subsystems. 4 781+01 774+01 -09+02
To suppress the machine background to an acceptable level, 5 783+01 782+01 -0.1+02
the following PT conditions were used by OR: 6 796+01 786+01 -1.3+02
e signals from> two non-adjacent scintillation counters, 7 808+01 792+01 -20+02

e signal from the LKr calorimeter, Scan 2
e coincidence of the signals from two Csl endcaps. 1 753+01 749+01 -05+02
2 759+01 751+01 -11+0.2
Signals from two particles with the angular separatip2(® 3 775+01 773+01 -03+02
should satisfy numerous ST conditions. 4 787+01 780+01 -09+02
. 9Tr;e MC §|mulat|og yleldj th(_a trlggerﬂ“emgnlcy qf abqut _ 5 788+01 78701 —01+02
.95 for continuum uds production. election criteria 6 800101 790101 —13:02
7 809+01 794+01 -19+0.2

Table 3: Selection criteria for hadronic events which weseduby AND.

Variable | Allowed range
N > 1 events at low center-of-mass energies through initiaé stadi-

track = ation and thus reduce the uncertainty of radiative cowasti
Eobs > 16Gev The total calorimeter energy?, is defined as a sum of the en-
E)"®/Epeam| < 0.8 ergies of all clusters in the electromagnetic caloriméfae cut
Egl > 0.75 GeV on it suppresses background from cosmic rays. The cut on the
Ha/Ho <085 ratio of Fox-Wolfram momentsl,/H is efficient for suppres-

e sion of theete™ — e*e"y background, that of cosmic rays and
IPz"™/Eqbd | < 0.6 some kinds of the machine background. The background from
Eike/ED) |>0.15 two-photon and beam-gas events is suppressed by the cut on
|Zverted <200cm the ratio|PTSS/ Eqpd, WherePT"ss is the z component of miss-

ing momentum . The background from beam-gas events was
also suppressed by the cut on the r&jq, /Ec4 of the energy
deposited in the LKr calorimeter and total calorimeter gger
The event vertex positioB erex IS the weighted average of the
Zy's of the charged tracks. The cut on tfZgered SUPpPresses
background due to beam-gas, beam-wall and cosmic rays.

For additional suppression of the background induced by
cosmic rays a veto from the muon system was required in the
cases when more than two tracks did not cross the interaction
region or the event arrival time determined by TOF relative t
ratio of the energy deposited in the calorimeter to the meaksu the%l:nch crossing was less than -7 nsor larger than 12 ns.

e detection giciency for hadronic events corresponding

momentum of the charged particle. The multiplicaricies tp the selection criteria described above is presentedbfeFa
is a sum of the number of charged tracks and the number g L : .
or seven data points in which tleratio was measured. It was

neutral particles detected in the calorimeters. determined using two versions of the event simulation
The observable enerdypns is defined as a sum of the pho- 9 '

ton energies measured in the electromagnetic calorimatér aya Luminosity determination

charged particle energies computed from the track momenta ) o ) ]
assuming pion masses. The observable energy cut and limi- 1he integrated luminosity at each point was determined us-

tation on the ratio of the energy of the most energetic phton N9 Bhabha events detected in the LKr calorimeter in therpola
the beam energg"™®) Epeamsuppress production of hadronic angle range 419 <159. For the cross check we used Bhabha

NparticIeSZ 4 or Ntler;ck >2

for multihadron events are listed in Talple 3, and their dpscr
tion is provided below. Herd\!", is the number of tracks
from a common vertex in the interaction region defined by:
p<5 mm, |2 <130 mm, where is the track impact param-
eter relative to the beam axis amg-coordinate of the closest
approach point. ThE*EIt'rF;lck is the number of tracks satisfying the
conditions above witlt/ p less than 0.6, wherg/p means the

4
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Figure 2: Properties of hadronic events produced in udsraamh at 3.12 GeV. Her#l is the number of event§.y, is sphericity,H, andHg are Fox-Wolfram

moments. Integrals of all distributions are normalized ridyu



events in the endcap Csl calorimeter with® 200 < 32° and
148 <9< 160.
The criteria fore" e~ event selection are listed below:

Table 5: The residual machine background in % of the obserxeshs section

Point Scan 1 Scan 2

e two clusters, each with the energy above 20% of the beam 1 13+£02+04 13+02+04
energy and the angle between them exceeding,162 2 24+04+05 27+04+05

e the total energy of these two clusters exceeds the beam 3 27+05+04 30+05+04
energy, 4 29+05+04 36+06+04

e the calorimeter energy not associated with these two clus- 5 31+06+05 33+05+05
ters does not exceed 20% of the total. 6 27+05+04 37+06=+04

7 21+04+02 22+03+0.2

The tracking system was used only to reject the background
from ete” —»yy ande*e” — hadrons.

4.5. Physical background To calculate the operatdf and the quantityR for Eq. [3)

To measureR values, we took into account the physical we have subtracted analytically the contribution of ¢ and
background contributions from the QED processes — e*e”, (2S) from data obtained by the CMD-2 group.
ete” — utu~ andete” — vr~. The sum of contributions from The dependence of the detectioffi@ency on the energy
e'ec — e'e andeer — utu~ production to the observed radiated in the initial state was simulated with the LUARLW
cross section is less than 0.1 nb. The uncertainties in the dgenerator which allowed us to simulate uds continuum below
tection dficiency ofe'e” — e"e” ande'e” — u*u~ processes 3.12 GeV. Thexdependence of the detectioffieiency is shown
introduce about A% uncertainty in th& value. in Fig.[3.

The contributions ot*r~ production are about 0.2 nb and
0.3 nb at two highest energy points, respectively, whicluasd e(z)
a systematic uncertainty of less that% in theR ratio.

The two-photon interactions, which are the main source ¢
background after*r~ production, were studied with a simula- 0.7
tion ofete” — e"e" X events. We found that the contribution of 0.6
two-photon events to the continuum cross section grows fror
0.2% at 3.12 GeV to B% at 3.72 GeV. The estimated uncer- %5

0.8

tainty in theR value due to this contribution varies fronil@o 0.4
to 0.2%.

0.3
4.6. Correction for residual background 0.2

The contribution of residual machine backgroundtotheob o1
served cross section was estimated using runs with sefd@'ate
ande™ bunches.

The residual background was evaluated and subtracted u.
ing the number of events which passed selection criteriaén t Figure 3: Hadronic detectiorfieciency versus variable of Eq. [3) at 3.52 GeV
background runs under the assumption that the backgrotand ran the first scan.
. s e bk TaDD Conas s o et coreton and e
rate is proportional to the current only. Thefdrence between systematic uncertainties which are discussed infSek. 5.3.
the nu_mbers of back_ground events obtair_1ed With the two a1 g, J/ v and ¢/(2S) contributions
sumptions was considered as an uncertainty estimate at give
energy point. The background values and their uncertaiatie
each energy point are presented in Table 5.

HH‘HH‘HH‘HH‘\\H‘HH‘HH‘\HFI\H

o b b b b b b L gl
0.1 0.2 0.3 0.4 0.5 0.6 0.7 O.Sx

OO

To calculate contributions of narrow resonances to the ob-
served cross section we used the detectiboiencies obtained
from the fits. The values presented in Table 2 were corrected
for the presence of ISR photons. The corrections were adxdain
via simulation ofJ/y andy(2S) hadron decays at each energy
The radiative correction factor was calculated according t point. These results are presented in Table 7. The systemati
Eq. (3) using the compilation of the vacuum polarizatioredat yncertainties of thd/y andy(2S) detection éiciencies are due
by the CMD-2 group [36] and the relation betweR(s) and the (o the uncertainty in the beam energy determination andehe d

4.7. Radiative correction

hadronic part of the vacuum polarizatidifad(s): tector instability.
3 Simulation ofJ/y hadron decays yields the detectidfi-e
R(s) = - IM IThaddS). (4) ciencies of 0771+ 0.001 and 0767 + 0.001 for two scans, re-

spectively. The detectiorfliciencies obtained from simulation



Table 6: Radiative correction factor+ls

Point Scan 1

Scan 2

1 10941+ 0.0066

11074+ 0.0066

10949+ 0.0055

11049+ 0.0055

10959+ 0.0055

11100+ 0.0056

10982+ 0.0044

11094+ 0.0044

11032+ 0.0044

11102+ 0.0044

11021+ 0.0044

11098+ 0.0044

N[O~ WIN

11049+ 0.0055 11067+ 0.0055

Table 7: Detection ficiency for thel/y andy(2S) hadronic decays of interest

and its variation in the experiment energy range.

Resonance Detectiofffeiency, % Ae/e, %

Scanl
J/ 761+13+05 +1.2+0.1
U(2S) 838+23+0.9 +01+0.1
Scan 2
J/w 751+14+05 +1.3+0.1
U(2S) 830+20+0.9 +01+0.1

of (2S) hadronic decays are®16+0.001 and B17+0.001 for

two scans, respectively. For both resonances the detestfion

ciencies obtained by simulation agree with the fit resulthiwi

the estimated errors.

4.9. Results of energy scans

in Table®.

Table 9: Systematic uncertainties of the luminosity deteation.

Source Uncertainty, %
Calorimeter response 0.7
Calorimeter alignment 0.2
Polar angle resolution 0.2
Cross section calculation 0.5
Background 0.1

MC statistics 0.1
Variation of cuts 0.6

Sum in quadrature 1.1

The uncertainty due to the imperfect simulation of the dater
ter response was estimated by variation of relevant simonlat
parameters such as the accuracy of the electronic charlirel ca
bration, the geometrical factor controlling sensitivitythe en-
ergy loss fluctuations between calorimeter electrodes etc.

The LKr calorimeter was aligned with respect to the drift
chamber using cosmic tracks reconstructed in the DC. The in-
teraction point position and direction of the beam line wage
termined using the primary vertex distribution of multilnaal
events. The luminosity uncertainty due to inaccuracy of the
alignment is less than 2%.

The diterence in the polar angle resolutions observed in
experiment and predicted by simulation causes an uncgyrtain
in the luminosity measurement, because events migrateimnto
out of the fiducial volume.

The uncertainty of the theoretical Bhabha cross section was

The results oR measurement obtained in energy scans aré&stimated comparing the results obtained with the BHWI(DH [2

presented in Tablg 8.

Table 8: ResultindR values with their statistical errors for two scans.

Point Scan 1 Scan 2

2194+ 0.122

2239+ 0.131

2195+ 0.078

2148+ 0.082

2233+ 0.072

2152+ 0.089

2152+ 0.066

2190+ 0.078

2173+ 0.062

2247+ 0.086

2209+ 0.110

2198+ 0.070

N OO WINE

2195+ 0.116

2183+ 0.084

5. Systematic uncertaintiesand results

5.1. Systematic uncertainty of absolute luminosity determina-

tion

and MCGPJI[35] event generators. It agrees with the errors
quoted by the authors.

The background to the Bhabha process from g and
¥(2S) decays and reactiorse™ — uu(y) andete” — yy
was estimated using MC simulation. It contributes less than
0.2% to the observeel e cross section at seven energy points
presented in Tab[g 1. At the auxiliary points of the scanisgrv
for the determination of thd/ys andy/(2S) signal magnitude the
contributions of the resonance decayste  were accounted
for in the fits. We also considered a contribution of residual
machine background to Bhabha events which is abdlf0
The residual luminosity uncertainty due to background ahaes
exceed (L%.

To evaluate theféect of other possible sources of system-
atic uncertainty, the variation of the cuts was performetthimi
the fiducial region in which good agreement between the MC
simulation and experiment is observed.

Differences of integrated luminosities obtained using the
LKr and Csl calorimeters in two scans ar& @ 0.5% and 00 +
0.5%, respectively. That is consistent with the estimatesain T
ble[3.

The major contributions to the uncertainty of the absolute

luminosity determination with the LKr calorimeter are prated
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5.2. Uncertainty due to imperfect simulation of continuum was calculated by Monte Carlo. It was estimated compariag th
The imperfect simulation of uds continuum contributes sig-"ésults obtained using the linear interpolation and theicatic

nificantly to the systematic uncertainty R Considering the ©Nne€.

detection @iciencies reported in Tal[é 4 obtained with the JET-

SET and LUARLW hadronic generators one can evaluate the Table 11: Systematic uncertainties of the radiative ctioec

systematic uncertainty related to the detectifiiciency. The

maximal deviation of 3% is taken as the systematic uncer- Uncertainty, %
tainty for the energy range 3.12-3.62 GeV. Our estimate ®f th Point Contributions Total
systematic uncertainty due to the uds continuum generator i IT approx. 6R(S) 02(S) Jcac

more conservative than the valus®% used in Ref.[[12] with
the LUARLW generator in this energy range. At the energy of
3.72 GeV our estimation of this uncertainty is 2%.

There is a systematic uncertainty in the observed multiplic
ity related to the track reconstructioffieiency, which is not
exactly the same for the experimental data and simulatibe. T
multiplicity together with other event parameters was eyt
for the JETSET parameter tuning limiting the tuning accyrac
The reconstructionficiency was studied using Bhabha events
and low-momentum cosmic tracks and the appropriate correc-
tion was introduced in the MC simulation. The uncertainty of o
the correction introduces the additional systematic uagey -4 Detector-related uncertaintiesin R
of about 0.5%. The systematic uncertainties related to thecency of the

The contributions to the detectiofiieiency uncertainty due track reconstruction were considered in $ed. 5.2.
to imperfect simulation of uds continuum are summarized in ~ The main source of the triggeffieiency uncertainty is that
Table[T0. of the calorimeter thresholds in the secondary trigger. d$ie
timate of about % was obtained varying the threshold in the
software event filter.

The trigger éiciency and the event selectioffieiency de-
pend on the calorimeter response to hadrons. The uncertaint
related to the simulation of nuclear interaction was edtha

0.3 05 02 02 06
0.1 04 02 02 05
0.1 04 02 02 05
0.1 03 02 02 04
0.1 03 02 02 04
0.1 03 02 02 04
0.4 03 02 02 05

N[OOI~ WIN|F

Table 10: Systematic uncertainties of the detectifiitiency due to uds con-
tinuum simulation.

Source Uncertainty, % X o ) X
Points 1-6 Point 7 by comparison of thef@ciencies obtz_ilned W|_th the packages
. . GHEISHA [ﬁ and FLUKA Eﬁ] which are implemented in
uds simulation i 13 2.0 GEANT 3.21 [23]. The relative dlierence was about 0.2%.
Track reconstruction 0.5 0.5 The dfect of other possible sources of the detector-related
MC statistics 0.2 0.2 uncertainty was evaluated by varying the event selectids cu
Sum in quadrature 1.4 2.1 that are presented in Talle]12. All variationsRbbserved

were smaller than their statistical errors and can origiffiam
the already considered sources of uncertainties or thistgtat
fluctuations, nevertheless we included them in the totaénc

. . - . tainty to obtain conservative error estimates.
5.3. Systematic uncertainty of the radiative correction

The main sources of systematic uncertainty in the radiative ) o ) o ,
correction factor at each energy point are listed in TEBlerhe Z\a/lgﬁslz: R uncertainty due to variation of the selection criteria fadionic
four contributions were evaluated and summed up in quadra-
ture.

To estimate the uncertainty related to a choice of the vac-

Variable Range variation Rvariation in %

uum polarization operator approximation, that from CMOBE][ Eobs >14+18GeV 03
was replaced with the approximation employed in the BES gen- E)*/Ebeam < 0.6+ 0.9 0.3
erator [30]. The variation reaches 0.4% at the points ctdses ES > 0.5+ 0.75 GeV 0.2
J/y andy(2S) and drops down t0.0% at the other points. The H2/Ho <0.75+0.9 0.3
contribution denoted asR(s) is related to thdR(s) uncertainty. |PT'SS/Eqpd < 0.6+ 0.8 0.2
Itis less than 0.5% for the entire energy range. The corttdbu E/E° > 0.15<0.25 01
5¢(s) of about 0.2% is related to the uncertainty in #{e) de- Zoorod cal ~200-150cm 02
pendence. A calculation of the radiative corrections atiogr e — :

to Eq. [3) requires the interpolation of the detectidiiceency Sum in quadrature 0.6

presented in Fid.]3 as a function xf The contributionycy is
due to the relatively small number of points where thency



Table 13: R gs Systematic uncertainties (in %) assigned to each energy.poi

Point1 Point2 Point3 Point4 Point5 Point6 Point7

Luminosity 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Radiative correction 0.6 0.5 0.5 0.4 0.4 0.4 0.5
Continuum simulation 1.4 1.4 1.4 1.4 1.4 1.4 2.1
e"e” X contribution 0.1 0.1 0.1 0.2 0.2 0.2 0.2
I*1~ contribution 0.1 0.1 0.1 0.1 0.1 0.2 0.2
Trigger dficiency 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Nuclear interaction 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Cuts variation 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Scan 1

J/y andy/(2S) contribution 2.7 0.5 0.3 0.2 0.2 0.1 1.4
Machine background 1.1 0.8 0.7 0.7 0.9 0.7 0.7
Sum in quadrature 3.5 2.2 2.1 2.1 2.2 2.1 3.0

Scan 2

J/y andy/(2S) contribution 2.8 0.6 0.3 0.2 0.2 0.1 1.3
Machine background 11 0.8 0.7 0.8 0.8 0.7 0.5
Sum in quadrature 3.6 2.2 2.1 2.1 2.1 2.1 29
Correlated in two scans 2.3 1.9 1.8 1.8 1.8 1.8 25

55 Sjmma_ry of st tic uncertal ntleS.and result.s Table 14: Measured values Bfi45(s) andR(s) with statistical and systematic
The major sources of the systematic uncertainty orRiage  uncertainties.
value are listed in Table113.

At each energy point we divide the systematic uncertainty Vs, MeV Rugs(9) {R(9)}
into a common uncertainty that is correlated in two scans for 31199+ 0.2 22152237 + 0.089+ 0.066
given energy and uncorrelated uncertainty that is indepeind 32230+ 0.6 21722.173 + 0.057+ 0.045
for each scan. During data collection at given energy poiat t 33147+ 0.7 220012.200 + 0.056+ 0.043
relative beam energy variation was less than*Idlowing us 34182+ 0.2 21682.168 + 0.050+ 0.042
to neglect this source of uncertainty. 35208+ 0.4 2.200{2.201) + 0.050+ 0.044

As mentioned above, the contribution of narrow resonances 36182+ 1.0 22012.207} + 0.059+ 0.044
to R(s) is not negligible in the resonance region. This contri- 37194+ 0.7 21872.211 + 0.068+ 0.060

bution was found analytically using "bare” parameters @& th
resonances, which were calculated based on the PDG dAta [39]
The results of the two scans were weighted using their sta-
tistical uncertainties and the uncorrelated parts of tiseesyatic The weighted averagR,qs = 2.189+ 0.022+ 0.042 agrees
ones. The formal description of the weighting procedureban  well with R = 2.16+0.01 calculated according to the pQCD ex-
found in Ref. [21]. The obtaineR,ss andR values as well as pansion|[40] forrs(m,) = 0.333+0.013 obtained from hadronic
luminosity-weighted average center-of-mass energiepare r decays|[41]. The results are shown in . 4.
sented in Table4. It is worth noting that while calculating the dispersion in-
The inaccuracy oR associated with the resonance param-tegrals in this energy range it is preferable to use the niedsu
eters is negligible in comparison with the others uncetigsn R q(s) values adding the contribution of narrow resonances cal-
so the errors for the values BfandR,¢s are the same. culated analytically. Using the fuR values in this case leads
to some double counting.

6. Summary
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