PHYSICAL REVIEW D, VOLUME 62, 012002

Measurement of the inclusive charm cross section at 4.03 GeV and 4.14 GeV
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The cross section for charmed meson production'sst 4.03 and 4.14 GeV has been measured with the
Beijing Spectrometer. The measurement was made using 228agfle*e™ data collected at 4.03 GeV and
1.5 pb ! of ete™ data collected at 4.14 GeV. Inclusive observed cross sections for the production of charged
and neutraD mesons and momentum spectra are presented. Observed cross sections were radiatively corrected
to obtain tree level cross sections. Measurements of the total hadronic cross section are obtained from the
charmed meson cross section and an extrapolation of results from below the charm threshold.

PACS numbse(s): 13.65:+i, 13.85.Lg, 13.85.Ni

[. INTRODUCTION quires a detailed understanding of trigger conditions, the ef-

. . _ .. ficiency of hadronic event selection criteria, and a subtrac-

The hadronic cross section @'e” at all energies is ion of two photon events and other backgrounds. An
needed to calculate the effects of vacuum polanzgnon ORjlternative is Measuringamand adding this to an extrapo-
parameters of the standard model. The energy region whicfation of theo, 4 s contribution from the region below charm
contributes the largest uncertainty is the charm threshold rehreshold. The charmed mesons used in this study arB the

gion where the hadronic cross section has only been meandD *. TheD, cross sections are taken from earlier works.

sured with an accuracy of 15—-20%]. Traditionally,oaq0n ~ There is no evidence for continuum charmonium production

is measured by counting hadronic events. This method rg2]. The charm counting method is intrinsically less sensitive

to trigger conditions, beam-related backgrounds, and two

photon backgrounds due to the distinctive topology of

*Deceased. charmed meson events.
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TABLE I. Number of inclusive signal events for each mode.

®
=3
=1

Mode Ecm (GeV) Events

DK 7" 4.03 4174163
Df=K aamt 4.03 2341138
DO—K 7" 4.14 24936
DK wamt 4.14 126-31

600 |

Entries/SMeV
5

82
=3
<

0
100 H b) D" - Kn'n* >0.1%] and loose electron rejectiorL /(L ,+L)>0.2]
800 [ were required, wheréy is the likelihood for hypothesiX.
i Kaon identification required consisten¢ZL(K)>0.1%],
pion rejection Lx /(L +L,)>0.5] and loose electron rejec-
tion [Ly/(Lg+Le)>0.2]. Multiple counting of D° candi-
dates was removed by positively identifying pions using the
selection[ Lk /(Lx+L ,)<0.5]. Muons are rejected using a
momentum dependent criteria based on track penetration into
the muon detector.

Entries/5MeV
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Mass(GeV)

ll. D° AND D* SIGNAL
FIG. 1. The invariant mass @& K7 and(b) K77 tags with a

momentum between 0 and 1 GeVEt , =4.03 GeV. Inclusive K™ 7" and K~ #* 7" invariant mass distribu-
tions are shown in Figs. 1 and 2 for 4.03 and 4.14 GeV,
Il. DATA SELECTION respectively(Here and throughout this paper, reference to a

state also implies its charge conjugate sjdEach histogram

The data used for this analysis were accumulated with thevas fit to a function which included a Gaussian signal plus a
Beijing Spectromete[3]; the total integrated luminosity at background function. For th& s distributions[Figs. 1a)
4.03(4.14 GeV was 22.31.5) pb L. Candidate tracks were and 2a)], the background function consisted of a Gaussian
required to have a good track fit passing within 1.5 cm of thecentered at 1.60 GeV to account for the contribution to the
collision point inR and 15 cm inz, and satisfying|cosé K spectrum fromD°—K#7#° decays plus a third order
<0.85. Particle identification was provided by an array ofpolynomial background. For th& 7 distributions[Figs.
time of flight (TOF) scintillation counters and specific ion- 1(b) and 2b)], the background function consisted of a third
ization measurements in the drift chamber used for chargedrder polynomial. The number of signal events in each mode
particle tracking ¢ E/dx). For pions, consistencyCL() is given in Table I.
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FIG. 2. The invariant mass @¢8) K= and(b) K77 tags with a FIG. 3. The momentum ofa) K7 and (b) K7 tags with a
momentum between 0 and 1 GeVE{,, =4.14 GeV. mass between 1.81 and 1.91 GeVEat,, =4.03 GeV.
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FIG. 6. The momentum dependence of the mass resolution.

FIG. 4. The momentum ofa) K7 and (b) K7 tags with a

mass between 1.82 and 1.92 GeVERaty, =4.14 GeV. mesons coming fronD* decays. In addition, a small low
i ) momentum tail on each structure is expected due to initial

The momentum spectra @ candidates with a mass be- giate radiation. The background shape under the momentum
tween 1.81 and 1.91 GeV is presented in Fig. 3 far spectrum is not flat, making a direct subtraction difficult.
=4.03GeV. The three momentum regions near 0.15, 0.55,
and 0.75 GeV correspond @*D*, D*D, andDD produc- IV. CROSS SECTION
tion, respectively. The spectrum fqis=4.14 GeV is shown

in Fig. 4. The momentum regions near 0.45 and 0.70 and If the reconstruction efficiency fob mesons were con-
0.90 GeV correspond tB* D* D*D. andDSproduction stant with respect to momentum, the observed cross section

respectively. The shapes of the D* spectrum and part of could be determined using

the D*Sspectrum are broadened due to Doppler-smefred N o
o(ete” —DX)= —29n (1)
0.46 - eBL
044 } . . . .
coa) D’ > K o where N(signal) is the number of signal events,is the
- 04z efficiency, B is the branching fraction of th® meson to a
2 04 - decay mode and is the luminosity. However, Monte Carlo
.2 038F studies show some momentum dependence to the reconstruc-
Q r
& 036 i
M 03a- 100 &
032 i_ —_ 80 ;_ ayD" — K-TE+
0.3 E % 60 £ 3 @i@
F ,ﬂg 40 £ s H
029 [ 2 208 ., % R
L - =7 E . LIY 32
wxt D)D" K n' = 0 agtatt UL A
r 2 o Fedbinin b o b o,
S, 0270 I 100
2 026 ) [ o 80 - b)D* > Kn'n'
2025 iW £ 60 & .
S Uk S 40 & ,
T 024F 20 & h
m : Eooe®®®oq, op®ely 8% a PULLLI
0235 0F . -
Py B B N T O O PR _200Oll0‘20|30‘40‘50‘60|70‘809
“0 01 02 03 04 05 06 07 068 09 -4 Hes Mo UA LD B0 B RS U

Momentum (GeV)
P, (GeV)

FIG. 7. The differential production cross section (af e*e”
FIG. 5. The momentum dependence of the reconstruction effi—D®X and(b) e"e”—D*X versus the momentum of the recon-
ciency. structedD atE. ,, =4.03 GeV.
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structedD atE, ,, =4.14 GeV. %---‘ﬂffum--w-m N T
T 3.9 4 4.1 42 43 44 45
tion efficiency(Fig. 5). In order to measure the cross section, Energy (GeV)
the momentum spectrum f@° andD ™ mesons from 50 to FIG. 9. C _ f the ob 4 intearated i
850(110 to 1030 MeV was divided into 2440) MeV slices - 2. l-omparison ot Ine observed integrated cross section

. times branching fraction for this analysis with those of Mark | and
for 4.03 (4.14 GeV data. For each momentum slice, theMark Il. (a) DK (b) D+ — K.

invariant mass distribution was fit with a Gaussian plus a
polynomial background. The central value of the Gaussia
was fixed at the nomindD mass; the width was fixed to a ) ) ) 0=0 P £ 0=0
momentum dependent value determined by a fit to a coars@oduction modei, where i=D"D", D'D", D*'D",
slicing of the datdFig. 6). The differential cross section with D* *D~, D*°D*?, D**D* ~. The effective center of mass
respect to momentum for this data is shown in Figs. 7 and @nergy squared is given by

for 4.03 and 4.14 GeV, respectively. The cross section times

branching fractions ob® andD * mesons and cross sections Sef=Snom( 1 —K), )
calculated using the branching fractions of Rpd] are

shown in Table IIl. Thes- B values from this measurement Wherek: Epeanis the energy of radiated photons asidy, is

are compatible with previous measurements by Mak, 6] the nominal center of mass energy squared. The tree level

"function of the effective center of mass energy squared for

and Mark 11[7] as shown in Fig. 9. cross sections are convoluted with a sampling function
f(k,spom that represents a first order calculation of the ef-
V. CORRECTIONS FOR INITIAL STATE RADIATION fective luminosity for radiated photons in a two body radia-

tion model[9], giving the observed cross sectionsgs,:
Tr\}g tree level cross sections for charm\&t=4.03 GeV
and/s=4.14 GeV were obtained by correcting the observed NE
cross section for the effects of initial state radiatid8R). T obsi (Snom) = Jo dk- f(K,Snom g, (Sef) (L + Sy p(Se))-
The ISR correction is dependent on the cross section for all ©)
energies less than the nominal energy. Since these measure-
ments were performed only at two energies, some theoreticdlhe vacuum polarization correction {15yp) includes both
modeling of the cross section distribution was required. Twdeptonic and hadronic terms. It varies from charm threshold
different theoretical predictions for these cross sections werto 4.14 GeV by less thart2%. It is treated as a constant
used in this analysis, the coupled channel md8gland a  with the value
P-wave phase space formalism. The models provide predic-
tions for og j(Ser), the tree levelBorn) cross section as a (1+6yp)=1.047+0.024 4

TABLE II. The observed cross section times branching fractioD®fandD* and the observed cross
section ofD® andD ™ at 4.03 GeV and 4.14 GeV.

Js=4.03GeV Js=4.14 GeV
(opo+opo)-B(DO—K ™ 7+) 0.537+0.015+0.047 nb 0.3%+0.07+0.03 nb
(0p++0p-)-B(D*—K 7t at) 0.449+0.017+0.036 nb 0.1%0.07+0.01 nb
opo+ 5o 13.9+0.4+1.3nb 8.1-1.8+0.7nb
Op++0p- 5.0+0.2+0.5nb 1.7-0.8+0.2nb
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and moved outside the integrand. With this simplification, 4.14 GeV: gpo=0.83+0.06, (10)
the ISR correctiong;(Shom, IS defined by
=0.84+0.06. 11
Gi(Snam) = Uobsj(snom) 5) 9o+ (D
he 08,i(Snom) (1 + vp) The ISR correction foDg mesons was calculated using

%0 *+ . . the coupled channel model and the sdPagave phase space

TheD*" andD* * branching fractions are used to calcu- formajism, Figure 11 shows a prediction for the tree level

late Npo,; and ND.” , the m(ralan number db andID PET  cross section ab, andD , the observed cross sectiondf

e A oo o ey 11 0 o o, mesond o et it
hnd the fraction o mesons ro ecays. Figure

the ISR correction averaged over all production modes:
shows the ISR correctlon fddg mesons The ISR contribu-

Si(Snom Npo | tion to the systematic error fd:DS production is taken as one
0Upo(Spom = W (6)  half the rms difference between the two models:
DY
4.03GeV: =0.73+0.04, (12
2 9i(Snom Np+ | 9.
9o+ (Shom = —s N (7
FpT 4.14GeV: gp_=0.78+0.05. (13

This procedure results in the corrections shown in Fig. 10.
Since neither method models the data precisely, and the two The ISR and vacuum polarization corrections are applied
models vary differently with energy, a systematic uncertaintyto the observed®® andD* cross sections found in Table II
is assigned to be one half the rms difference between the twio obtain the tree level cross section @f andD* at 4.03
models over the energy range 3.9 GeV to 4.2 GeV excludingseV and 4.14 GeV as shown below:
the region from 4.021 to 4.027 where the coupled channel

model DD cross section is tiny, causing the ISR correction 4.03GeV: opotopo=19.9:0.6+2.3nb, (14
to diverge. The corrections for initial state radiation &t
=4.03 GeV andy/s=4.14 GeV are op++op-=6.5-0.2+-0.8nb,
(15)
4.03GeV: gpo=0.67+0.05, (8)

4.14GeV: opo+0po=9.3+2.1+1.1nb,
gp+=0.73+0.05, (9) (16)
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0p++0op-=1.9+0.9+0.2 nb. (17 (K'#",K"7"77) to explore systematic bias from the slic-
ing and fitting procedure. As expected, the structures that are
Systematic uncertainties are treated in Sec. VI. so evident in the right sign spectra are absent in the wrong

The BES observe®q cross section at 4.03 GeV isD; sign spectra(Fig. 12. There is, however, a small excess
+0p-=0.62£0.12£0.20nb[10]. After applying the ISR when theK™ 7~ 7" spectrum is integrated:

and vacuum polarization corrections, the tree lébglcross (po+ 050)ws=0.29+ 0.21 nb, (18)
section iSUDS++oDS—=0.81tO.16iO.27 nb. The Mark I

observations ofDg at 4.14 GeV giveaDs++aDs—=1.34 (op++op-)ws=0.720.2nb. (19
+0.32£0.34 nb[11]. After correction, the tree level value is ) )
UD;JF op-= 1.6[4t %_3% 0.42 nb. Both the data and the charged Monte C4MC) simulation

show a small excess that was not present in neutral decays. A
much larger MC study would be required to prove whether
VI. SYSTEMATICS the source is procedural, or if there is a small feed down

Several systematic checks were performed. The numbers
of signal events in the distributions shown in Figs. 1 and 2
were compared to the sum of signal events from each mo-
mentum slice as shown in Table Ill. Good agreement for the

100 =
80 £ ay D’ > K'n*

o)
o
T

4.03 GeV data validates the slicing technique. For the 4.14 B 40 -
GeV data set, which is much smaller, the agreement is 5 200 e .
poorer. This could be due to statistical fluctuations. 2 0F ettt e st g et
The analysis was repeated using wrong sign combinations Q§ e .
E + +_+_-
TABLE lll. Comparison of the number of events found from the J‘rl 28 : bD >Knz
inclusive mass fit and the sum of the events from invariant mass fits E 40 &
for the momentum slices. =)
SR N m
Js=4.03 GeV Vs=4.14 GeV 28 il e e L e,
InclusiveD Sum of slices Inclusiv® Sum of slices 70 0.1 0203040506 07 08 09
Momentum (GeV)
D° 4174+ 163 4232114 249+ 36 210+ 46
D"  2341+138 2395-94 126+31 66+ 33 FIG. 12. The differential production cross section for wrong

sign combinations.
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TABLE IV. Common and independent sources of systematic uncertainty. When summing cross sections
for different D species, common uncertainties are added linearly and independent uncertainties are added
quadratically.

Common 4.0D° 4.03D" 4.14D° 4.14D* 4.03D, 4.14D,
Luminosity 5% 5% 5% 5% 5%
D Branching fraction 2.3% 2.3% 2.3% 2.3%
ISR 7% 7% 7% 7% 6% 6%
Vacuum polarization 2.2% 2.2% 2.2% 2.2% 2.2% 2.2%
Independent 4.08° 4.03D" 4.14D° 4.14D" 4.03D, 4.14D,
D Branching fraction 6.2% 6.2%
MC statistics 5% 4% 5% 4%
Fit parameters 5% 5% 5% 5%
Previous measurements 31.9% 15.0%
from right sign channels into the wrong sign analysis. If the 4.14GeV: o(DDX)=5.6+1.1+0.6 nb. (21)

source of the excess is procedural, the MC efficiency calcu-
lation should correct for the effect in the data. In either caseaqding the tree leveD cross sections to the tree levBl

no correction is required. ) cross sections gives the total tree level charm cross section:
Systematic errors arising from the choice of parameters

were evaluated by repeating the analyses using different bin 4.03GeV: o= 13.620.3+1.5nb, (22)

sizes, fitting ranges, mass resolutions, and background func-

tion shapes. Electron particle identification dominates the in- 4.14GeV: o gpam=6.4+1.2+0.7 nb. (23

tegrated luminosity uncertainty as determined from wide

angle Bhabha Scattering events. The Uncertainty is eVaant%ese resu|ts are Compared to Coup|ed Channe' mode| pre_
by comparing samples selected independently udiBfdx  dictions in Table V.

and the barrel shower counter. In addition there are system-
atic errors due to the uncertainties in the Monte Carlo—
determined reconstruction efficiency, errors in the charmed
meson branching fractions, and the uncertainties in the A measurement oRp is obtained by dividing X o ¢nam
evaluation of the ISR correction scheme as discussed abovey the QED prediction for the tree level muon pair cross
Magnitudes of these systematic uncertainties are shown igection

VIIl. MEASUREMENT OF Rp AND R

Table IV.
Sources of systematic uncertainty are segregated into L .o 86.8nb
components that are common or independentDiéy D, olere —uu)= s(Gev)?’ (24)
andD g measurements. The common components are the in-
tegrated luminosity measurement, the ISR correction, thgjying
vacuum polarization correction, and a portion of tbe
branching fraction uncertainties. Since the absolute branch- 4.03GeV: Rp=5.10+0.12+0.55, (25)
ing fraction scale foD* mesons depends on tB¥ branch-
ing fraction scale, the total percentage uncertainty Bor 4.14 GeV: Rp=2.53+0.46+0.27. (26)
branching fractior(6.7%) is split into a common component
that matches the percentage uncertainty fodfRéranching TABLE V. Comparison of tree level cross section measure-
fraction (2.3% and an independent componébt2%9. All  ments with predictions of the coupled channel model.
other systematic uncertainties are treated as independent and
added in quadrature. Values are found in Table IV. Js=4.03 GeV Experiment Coupled Channel Model
The total observed®® andD™* cross sections are shown —
in Table II. Tree leveD® andD* cross sections are shown “0°* 90 19.90.6-2.3nb 18.2 nb
in Table V. op++Oop- 6.5+0.2+-0.8 nb 6.0 nb
op++op- 0.81+0.16+0.27 nb 1.61 nb
Octarm 13.6£0.3+1.5nb 12.9 nb
VII. TOTAL INCLUSIVE CHARM CROSS SECTION \/524_14 GeV Experiment Coupled channel model
Since allD mesons are produced in pairs, the tree levelopo+ opo 9.3+2.1*1.1nb 15.1 nb
nonstranged cross sections are op++op- 1.9+0.9+0.2nb 4.5 nb
o+ op- 1.64+0.39+0.42 nb 1.85 nb
Octarm 6.4+1.2+0.7nb 10.7 nb

4.03GeV: o(DDX)=13.2+0.3+1.4nb,  (20)
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Ruds IS approximately independent of center of mass energy
in this region. The value oR is evaluated usindR=Rp/2
+Ryqs giving

4.03GeV: R=5.05+0.06+0.37, (27)
4.14 GeV: R=3.76x0.23+£0.28. (28

This measurement is more precise, but compatible with pre-
vious R measurementfl2,14] using the total cross section
method shown in Figs. 18 and 13b) and a previous mea-
surement[7] employing a similarRy technique shown in
Fig. 13c). Charm-counting complements dirdetmeasure-
ments since the two methods feature different systematic un-
certainties.

ACKNOWLEDGMENTS

We would like to thank the staffs of the BEPC accelerator
and the Computing Center at the Institute of High Energy
Physics(Beijing). This work was supported in part by the
National Natural Science Foundation of China under Con-
tract No. 19290400 and the Chinese Academy of Sciences
under Contract No. KJIBAHEP); by the Department of En-

with direct R measurements from Pluto and Mark | and a charm-ergy under Contract Nos. DE-FG03-92ER407@altech,

countingR measurement from Mark II.

DE-FG03-93ER40788(Colorado State Universiiy DE-
ACO02-76ER03069(MIT), DE-AC03-76SF00515SLAC),

The contribution tdR in the charm threshold region from the DE-FG03-91ER40679UC Irvine), DE-FG03-94ER40833

light quarks,R,4sis estimated to be 2:50.25[7]. This value
was compiled from an average of measurement bélow

(University of Hawai), DE-FG03-95ER40925UT Dallas;
by the U.S. National Science Foundation Grant No.

charm thresholdi12—14. The theoretical expectation is that PHY9203212(University of Washington

[1] M. Swartz, Phys. Rev. [33, 5268(1996.

[2] J. Z. Baiet al, Phys. Rev. D67, 3854(1998.

[3] J. Z. Baiet al,, Nucl. Instrum. Methods Phys. Res.344, 319
(19949.

[4] Particle Data Group, R. M. Barnett al,, Phys. Rev. D64, 1
(1998.

[5] M. Piccoloet al, Phys. Lett.70B, 260 (1977.

[6] M. Piccoloet al, Phys. Lett.86B, 220(1979.

[7] M. W. Coleset al, Phys. Rev. 26, 2190(1982.

[8] E. Eichtenet al, Phys. Rev. 21, 203(1980.

[9] E. A. Kuraev and V. S. Fadin, Yad. Fidl, 733(1985 [Sov.
J. Nucl. Phys41, 466 (1985]; J. P. Alexandeet al, Nucl.

Phys.B320, 45(1989.

[10] J. Z. Baiet al, Phys. Rev. [62, 3781(1995.

[11] J. Adleret al, Phys. Rev. Lett63, 1211(1989; B. Nemati,
Ph.D. thesis, University of Washington, 1990; S. Wasserbaech
(private communication

[12] J. Burmeisteet al, Phys. Lett.66B, 395(1977).

[13] R. Brandeliket al, Phys. Lett.76B, 361 (1978; J. Kirkby
et al, in Weak InteractionsPresent and FutureProceedings
of the SLAC Summer Institute on Particle Physics, 1978, ed-
ited by M. Zipf (SLAC, Stanford, 1978

[14] J. L. Siegristet al,, Phys. Rev. [26, 969 (1982.

012002-8



