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Precision Measurement of the D+�s �D+s Mass Di�erenceWe have measured the vector-pseudoscalar mass splitting M(D�+s )�M(D+s ) = 144:22�0:47 � 0:37MeV , signi�cantly more precise than the previous world average. We minimizethe systematic errors by also measuring the vector-pseudoscalar mass di�erence M(D�0)�M(D0) using the radiative decay D�0 ! D0, obtaining [M(D�+s )�M(D+s )]� [M(D�0)�M(D0)] = 2:09 � 0:47 � 0:37MeV . This is then combined with our previous high-precisionmeasurement of M(D�0) �M(D0), which used the decay D�0 ! D0�0. We also measurethe mass di�erence M(D+s ) �M(D+) = 99:5� 0:6� 0:3 MeV, using the ��+ decay modesof the Ds and D+ mesons. I. INTRODUCTIONMass splittings between states with the same quark content but di�erent spin con�gurations give essentialinformation on the nature of the interquark potential. For example, masses of states with orbital angularmomentumcan be used to probe the contributions to the potential from spin-orbit and tensor forces betweenthe quarks. High-precision measurements of mass splittings between states without orbital excitation (e.g.,the pseudoscalar and vector S-states studied in this paper) give information on the relative contributionsof chromoelectric and chromomagnetic terms to the Hamiltonian. Comparing the masses of resonant stateshaving the same spin and charge con�guration, but di�ering in the mass of one of the constituent quarks canisolate the e�ects of individual terms in the interquark potential. Of particular interest here is the vector-pseudoscalar mass splitting for c�s mesons compared with c�d mesons, as these are identical in the avor SU(3)limit. Di�erences between them are presumably due to di�erences in the chromomagnetic contribution tothe interquark potential and to the di�erent value of the wave function at the origin, because of the di�erentlight quark mass.Using the decay modes D�+ ! D+�0 and D�0 ! D0�0, CLEO II recently produced the de�nitivemeasurements of the mass splittings between the vector and pseudoscalar non-strange charmed mesons:M (D�+) �M (D+), and M (D�0)�M (D0) [?]. These high precision measurements were made possible by:a) the large data sample accumulated by the CLEO II experiment, b) the CLEO II crystal calorimeter, whichallowed us to reconstruct the decay mode D� ! D�0 with high e�ciency and good resolution, and c) thefact that the decay through pion emission is close to threshold, giving excellent precision on the D� mass.Although there were a comparable number of observed events corresponding to the radiative decay D�0 !D0, this mode was not used because the larger Q-value degrades the mass-di�erence precision relative tothe D�0 ! D0�0 mode. However, having measured the D�0�D0 splitting to an accuracy of better than 100KeV using the pionic mode, we can use this to calibrate the mass di�erence measurement in the radiativemode. This, in turn, can be used to eliminate many systematic errors in our measurements of D�+s ! Ds.II. DETECTOR, DATA SAMPLE, AND EVENT SELECTIONThe CLEO II detector is a general purpose solenoidal magnet spectrometer and calorimeter. Elements ofthe detector, and performance characteristics, are described in detail elsewhere [?]. The detector is designedto have high e�ciency for triggering and reconstruction of both leptonic and hadronic events. Chargedparticle momentummeasurements are made with three nested coaxial drift chambers consisting of 6, 10, and51 layers, respectively. These chambers �ll the volume r=3 cm to r=1 m, where r is the radial coordinaterelative to the beam (z) axis. Eleven of the layers in the main 51-layer drift chamber have sense-wireswhich are slanted relative to the beam axis to give measurements of the coordinate along z. More precisemeasurements of the z-coordinate are obtained from cathode pads located at the interfaces of the threetracking chambers. The system achieves a momentum resolution of (�p=p)2 = (0:0015p)2+ (0:005)2, wherep is the momentum, measured in GeV/c. Pulse height measurements in the main 51-layer drift chamberprovide dE/dx resolution of 6.5% for Bhabhas, giving good �=K separation up to momenta of 700 MeV/c.Outside the central tracking chambers are plastic scintillation counters which are used as a fast element inthe trigger system and also give particle identi�cation information from time of ight measurements. Thescintillation counters have a resolution of 154 ps as measured for hadrons, allowing better than 3� �=Kseparation up to momenta of 1.2 GeV/c. 1



Beyond the time of ight system is the electromagnetic calorimeter, consisting of 7800 thallium dopedCsI crystals [?]. The crystal array gives an energy resolution of approximately 4% at 100 MeV and 1.2% at5 GeV. The central \barrel" region of the detector covers a solid angle of 75% of 4�. The endcap regionsextend the solid angle coverage of the calorimeter to 95% of 4�, although with poorer energy resolutionthan the barrel region. The tracking system, time of ight counters, and calorimeter are installed in a 1.5 Tsuperconducting coil. Flux return and tracking chambers used for muon detection are located immediatelyoutside the coil and in the two endcap regions.A. Data SampleThe data sample consists of 1:70fb�1 of e+e� annihilations collected at CESR at energies just above andbelow the �(4S) resonance, and on the �(4S) resonance itself; the total data sample corresponds to about2 � 106 produced c�c pairs. All events with 3 or more charged tracks, 1.5 GeV of energy measured in thecalorimeter, and having a measured event vertex along the z-coordinate within 5 cm of the known interactionpoint, are accepted as hadronic event candidates. These events are then used for reconstruction of charmedmesons. B. Charged Particle and Neutral Particle SelectionOur study requires the reconstruction of Ds and D+ in the ��+ mode (with � ! K+K�), and D0 inthe K��+ mode, as well as reconstruction of photons from the radiative transition between the vector andpseudoscalar states. We impose cuts on candidate tracks, requiring mainly that they come from the primaryvertex. Candidate charged and neutral particles must satisfy the requirements listed in Table ??. We imposea �0 veto on each photon candidate. The �0 veto is implemented by matching photon candidates with otherphoton candidates passing the same quality cuts listed in Table ??. If their invariant mass falls within 2.5�(approximately 12 MeV) of the known �0 mass and if they give a good kinematic �t to the �0 hypothesis,these photons are eliminated from further consideration.III. STUDY OF THE D+S -D+ MASS DIFFERENCEWe begin our study by focusing on the reconstruction of the ��+ decay mode. We require that the twocandidate kaons from the � have particle identi�cation information consistent with that expected for realkaons. There is a large background due to uncorrelated � and �+ candidates, which peaks at cos�� = 1,where �� is the decay angle of the � measured in the charmed-meson rest frame with respect to the charmed-meson momentumvector in the lab frame. The cut cos�� < 0:8 is e�ective in reducing this background whileretaining 90% of the isotropic signal.In decays of pseudoscalar charmed mesons into ��+, the � is polarized and its decay helicity angle (de�nedas the angle between one of the daughter kaons and the parent charmed-meson in the � frame) followsa cos2�helicity distribution. To improve signal-to-noise we require that jcos�helicityj >0.4. To suppresscombinatoric background, we take advantage of the characteristic hard fragmentation function of charmedparticles and impose the requirement xp(= pcandidate=pmax) >0.5. With the above cuts, we obtain the ��+invariant mass plot shown in Fig. 1; the mass plot has been �t to two Gaussian signals (representingD+ ! ��+, and Ds ! ��+) on top of a smooth background. The �t to the D+ ! ��+ and Ds ! ��+peaks yields approximately 400 and 1400 events, respectively.We use these �tted signals to determine the mass di�erence between the Ds and D+ mesons. Althoughuncertainties in the overall mass scale are on the order of 1-2 MeV, we expect the systematic error inthe determination of the di�erence in masses to be much smaller. Contributions to the overall systematicuncertainty may arise from �tting (which we determine to be 0.25 MeV by varying the �t interval andthe background function), and from possible di�erences between the lab momentum spectra of the � and� daughters in the two cases. We probe the latter e�ect by �tting the mass di�erence in bins of scaledmomentum xp, as shown in Fig. 2. The data are consistent with no variation as a function of xp at the67% con�dence level, and we attribute a systematic error less than 0.1 MeV due to such a dependence. Wearrive at a total systematic error of 0.3 MeV, and are therefore able to determine the di�erence in masses2



3030194-001
FIG. 1. Invariant mass of ��+ combinations. The smaller peak is the D+ ! ��+ signal and the larger peak is theD+s ! ��+ signal. 3030194-002
FIG. 2. Mass di�erence between D+ and D+s , where both mesons are observed in the ��+ mode, as a function ofscaled momentum xp. 3



between the Ds and D+ to be 99.5�0.6�0.3 MeV. This value compares well with the present Particle DataGroup value of 99.5�0.6 MeV [?].IV. DETERMINATION OF THE D�+S -DS MASS DIFFERENCEWith our large sample of D+s ! ��+, we can make a precise measurement of the D�+s -Ds mass di�erence.The previous best measurement of this mass di�erence was made by the ARGUS collaboration who obtaineda value of 142.5�0.8�1.5 MeV [?]. The statistical precision of their measurement was limited by their smallsample of D�+s ! Ds events in which the photons converted to e+e� pairs. Their systematic precision waslimited by the relatively large uncertainty in the calibration mode D�0 ! D0.The CLEO measurement is made in the following manner. First, we combine D+s candidates with photoncandidates and use the resulting D�+s ! Ds signal to measure the mass-di�erence �s=M(D�+s )-M(D+s ),where the s subscript on � indicates that we are considering the c�s meson, and the  superscript indicatesthat the measurement is made using photon transitions. This raw mass-di�erence is still susceptible to errorsin the overall photon energy calibration1 which may be e�ectively eliminated as follows. Using the photontransition D�0 ! D0, we similarly measure �u = M (D�0) � M (D0), which allows us to calculate thedi�erence between the two mass-di�erences �M=�s ��u. This may then be used with the high precisionmeasurement of ��u (using D�0 ! D0�0) [?] to obtain �s = ��u + �M .By imposing the same photon requirements in our measurements of the two radiative transitions underconsideration we can extract �s relatively free of uncertainties in the absolute photon energy calibration.This technique is limited largely by di�erences in �tting the two signals due to the presence of the largeD�0 ! D0�0 feed-down in the D0 mass-di�erence plot. There are no hadronic decays of the D�+s states toproduce such a reection in the D�+s ! Ds mass-di�erence plot.A. Measurement of �sAs discussed above, we reconstruct D�+s 's in the modeD�+s ! Ds. In order to improve the signal-to-noisewe cut on the decay angle � of the photon in the D�+s frame. Requiring cos� > -0.7 eliminates a signi�cantbackground, as is evident from Fig. 3. This requirement is made in addition to the other photon cutsdetailed in Table ??.Figure 4 shows the distribution we obtain for M (��+) �M (��+). The mass-di�erence distribution is�t to the sum of a smooth polynomial plus a \Crystal Ball Line Shape"2 around the region of the expectedsignal.3 The width of the signal and the magnitude of the tail are set at values obtained from Monte Carlosimulations. The mass di�erence we obtain from this direct measurement is 144.70�0.42 MeV, where theerror is statistical only. B. Measurement of �u and Determination of �MWe reconstruct D0's in the mode D0 ! K��+. The mass-di�erence signal M (D0) �M (D0) is shownin Fig. 5 with two di�erent �ts overlaid. To obtain this mass-di�erence plot, we used the same photon cutsas in the D�+s ! Ds analysis. As before, we perform a �t (Fig. 5a) using the Crystal Ball Line shapefunction plus a smooth background. We explicitly exclude the low mass enhancement from D�0 ! D0�0from the �t region. The mass di�erence obtained is �u = 142:61� 0:21 MeV (statistical errors only). This1The photon energy calibration is based on �tting the observed �0 mass peak over a wide range of �0 momenta.2The Crystal Ball Line Shape is a nearly Gaussian distribution with a tail on the low end to take into accountprocesses which may give an undermeasurement of the true photon energy.3The enhancement at low mass-di�erence arises from misidenti�ed D�+! D+�0 events where the D+ decays to athree-body �nal state such as K��+�+. When one of the �nal state particles is misidenti�ed, kinematic reectionscan occur in a mass region around the Ds ! ��+ signal. This has been veri�ed by examining mass-di�erences using��+ combinations from the Ds sideband region. 4



3030194-010
FIG. 3. M(��+)-M(��+) vs. cos� where � is the photon emission angle in the ��+ frame relative to the ��+direction in the lab. Transition photon candidates are required to have cos� > -0.7, as described in the text.3030194-007

FIG. 4. Mass di�erence between Ds and Ds with �t overlaid.5



may be compared with the value obtained from the �0 transition, ��u = 142:12�0:05�0:05 MeV, indicatingthat our overall photon energy calibration is understood to within 0.5% for the photons of interest in thismeasurement. To test �tting systematics, we perform an additional �t to this mass-di�erence plot (shownin Fig. 5b), where we explicitly account for the reection from the hadronic mode. This is detailed furtherin our discussion of systematic errors.Comparing the mass di�erences obtained from Fig. 5a and Fig. 4, we determine �M=�s��u = 2.09�0.47MeV as summarized in Table ??. Combining this value with ��u gives �s = 144:22�0.47 MeV. The errorsquoted in both numbers are statistical errors only.C. Systematic ErrorsSystematic uncertainties arise from sources which a�ect �s and �u di�erently and therefore introduceshifts in �M . To the extent that the D�+s and D�0 fragmentation functions are di�erent, photon energycalibration uncertainties can introduce systematic shifts, although the good agreement between �u and ��uindicates that the photon energy scale is relatively well-understood. As is evident from Figs. 4 and 5, thebackground shapes are di�erent in the two cases and there are therefore additional uncertainties arising fromsignal extraction systematics.We have studied possible biases using Monte Carlo simulations. Given input values of M (D�0)�M (D0)and M (D�+s ) � M (D+s ) we are able to recover values which are consistent with the input numbers afterprocessing the Monte Carlo data through our analysis software. For the D�+s ! Ds transition, for example,inputting a mass di�erence between D�+s and Ds of 142.60 MeV, we recover a value of 142.55�0.15 MeV.We have investigated the dependence of the measured mass-di�erence on the photon energy and on themomentum of the D�+s , which is correlated with the photon energy. Figure 6 demonstrates that thedependence of the measured mass-di�erence on transition photon energy is not large. Figure ?? shows themeasured mass di�erence as a function of the scaled momentum xp of the D�+s . The plot is consistent withno variation of mass di�erence with momentum. We therefore attribute no additional systematic error tosuch sources.There is also an uncertainty of �0.5% in the absolute photon energy calibration which results in an errorof �0.7 MeV in �s and �u as shown in Table II. However the contribution to �M=�s ��u is only �0.02MeV since the systematic errors essentially cancel each other.Although systematics due to uncertainties in the overall energy calibration largely cancel, �tting system-atics remain. For the signal parameterization, we have checked that variations of signal shape produce shiftsin both �s and �u which track each other and therefore cancel in the value of �M . The presence of thelow mass enhancement due to the hadronic decay D�0 ! D0�0 can distort the shape of the background4in the case of the calibration mode D�0 ! D0. We have done a variety of �ts using di�erent assumptionsfor the photon line shape plus the possible background shapes in order to quantify the extent to which thehadronic decay can change the value of the mass di�erence we derive. Such a distribution is shown as theoverlaid histogram in Fig. 5b. In this case, we have �t our observed signal to a sum of three pieces: a)a mass-di�erence background (whose shape is obtained from Monte Carlo studies) due to feed-down fromD�0 ! D0�0, �0 ! , where one of the �0 daughter photons is reconstructed and the second is not detectedin the calorimeter, b) a signal representing D�0 ! D0, whose shape was also determined by Monte Carlosimulation, and c) a mass-di�erence background, obtained fromM (K��+)�M (K��+), where the K��+combination is taken from the D0 sideband regions. This gives a good �t to the data, indicating that we areable to account for the various components of the observed mass-di�erence plot. From this �t (Fig. 5b), weobtain a value of the mass di�erence �u of 142.75�0.24 MeV. This compares well with the mass di�erenceof 142.61�0.21 MeV obtained from Fig. 5a. We assign a systematic error contribution of 0.3 MeV to themeasurement of �u and 0.2 MeV to �s , and conservatively assume the errors are totally uncorrelated indetermining the contribution to the overall systematic error in �M .The results of these measurements are summarized in Table ??.4Note, however, that the hadronic mode is kinematically prohibited from producing background in the region of theD�0 ! D0 mass-di�erence signal. 6
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FIG. 5. D�0 { D0 mass di�erence distribution. a) Shows a �t to the signal expected from true D�0 ! D0 plusa smooth background, as done with D�+s ! Ds, and b) shows a �t to contributions arising from true D�0 ! D0,D�0 ! D0�0, and random photon plus fake D0 combinations, as described in text.3030194-004

FIG. 6. D�0 �D0 mass di�erence as a function of photon energy.7



V. DETERMINATION OF UPPER LIMIT ON D�+S WIDTHIt is straightforward to determine a limit on the intrinsic width of the D�+s meson. The measured upperlimit on the intrinsic width of the D�0 is � < 2:1 MeV [?]. If we perform a free �t to the mass-di�erencesignals observed in D�0 ! D0 (Fig. 5) and D�+s ! Ds (Fig. 4), using the same signal shape but allowingthe width of the photon peak to vary, we obtain values of 4.50�0.24 and 4.29�0.40 MeV for the widths ofthe respective signals. Relating this to the intrinsic and experimental widths of the two resonances, we have:q�2D�0 + �2exptl = 4:50� 0:24MeV;q�2D�s + �2exptl = 4:29� 0:40MeV: (1)Assuming that the experimental resolutions �exptl are identical for D�0 ! D0 and D�+s ! Ds, we cansquare and subtract these two expressions to obtain �D�s < 4.9 MeV at 90% con�dence level. This techniqueis, at present, limited by the statistical precision on the � measurements.VI. SUMMARYWe have made a new measurement of the mass di�erence between the Ds and the D+ mesons, obtaining avalue (99.5�0.6�0.3 MeV) in good agreement with the present world average, and with comparable errors.Calibrating our D�+s -Ds mass-di�erence using the mass-di�erence observed in the D�0 ! D0 mode, wedetermine �M=�s ��u=2.09�0.47�0.37 MeV. Combining this value with our previous measurement of theD�0 �D0 mass di�erence [?], we determine M(D�+s )-M(D+s )=144.22�0.47�0.37 MeV. This value is muchmore precise than the previous world average of 142.4�1.7 MeV [?].It is of interest to compare the vector-pseudoscalar mass splitting for the c�s system with that of the c�dsystem. Two factors in the expression for the mass di�erence depend on the mass of the light quark: (i) thechromomagnetic e�ect is expected to be smaller for the c�s system due to the heavier strange quark, but (ii)the square of the wave function overlap at the origin is expected to be larger because of the larger reducedmass of the strange quark. Our measurements indicate a larger vector-pseudoscalar splitting in the c�s systemthan in the c�d system, indicating that wave function overlap is the dominant e�ect.Finally, using the signal we observe in both the D�0 ! D0 and D�+s ! Ds modes, we determine theintrinsic full width of the D�+s to be <4.91 MeV at 90% con�dence level.Table ?? summarizes the vector and pseudoscalar splittings obtained by this and previous measurements.ACKNOWLEDGEMENTSWe gratefully acknowledge the e�ort of the CESR sta� in providing us with excellent luminosity andrunning conditions. This work was supported by the National Science Foundation and the U.S. Dept. ofEnergy.[1] D. Bortoletto et al., Phys. Rev. Lett. 69, 2046 (1992).[2] H. Albrecht et al., Phys. Lett. B207, 349 (1988).[3] Y. Kubota et al., \The CLEO-II detector", Nucl. Instr. Methods. A320, 66 (1992).[4] The resolution for the crystal calorimeter is �EE (%) = 0:35E0:75 + 1:9� 0:1E, where E is the photon energy in GeV.[5] K. Hikasa et al., Phys. Rev. D 45, 1 (1992).[6] We use GEANT version 3.14, as documented in CERN DD/EE/84-1 (R. Brun et al.).[7] D. Bortoletto et al., Phys. Rev. D 37, 1719 (1988).[8] Y. Kubota et al., Phys. Rev. D 44, 593 (1991). 8
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FIG. 7. D�0 �D0 mass di�erence as a function of scaled D0 momentum (xp).DOCA for all tracks in jr � �j <5 mmDOCA for all tracks in jr � zj <5 cmjdE/dxj deposition for tracks < 2�=3� from expected for K/�Measured �(! K+K�) mass �2:5� (10 MeV) of known massMeasured D+s (! ��+) mass �2:5� (21 MeV) of known massMeasured D0(! K��+) mass �2:5� (26 MeV) of known massCharmed meson momentum xp > 0:5jcos�j for photon candidates <0.7 (barrel region)Photon candidates unmatched to charged tracksPhoton shower isolation >50 mrad from other showersPhoton energy > 50 MeVPhoton lateral energy deposition 99% probability of coming from true photonsPhoton �0 veto inconsistent with coming from �0 ! TABLE I. Summary of Cuts used in the Analysis. (\DOCA" denotes distance of closest approach tothe interaction point.) �s �u �M=�s ��uRaw �M 144.70 142.61 2.09Statistical Error �0.42 �0.21 �0.47Signal width systematic 0.1 0.03 0.1Signal tail systematic 0.09 0.06 <0.05Momentum cut systematic - - -cos� cut systematic - - -Background �t systematic 0.3 0.2 0.36Absolute E calibration systematic �0.7 �0.7 �0.02TABLE II. Summary of Mass-Di�erence Results. (All numbers are in MeV.)9



M(D+ �D0) 4.79�0.10 MeV [?,?]M(D+s -D+) 99.5�0.67 MeV [?],[this measurement]M(D�+ �D�0) 3.32�0.08�0.05 MeV [?]M(D�+s -D+s )-M(D�0 �D0) 2.09�0.47�0.37 MeV [this measurement]M(D�+s -D+s ) 144.22�0.47�0.37 MeV [this measurement]TABLE III. Summary of Charmed Meson Mass Splittings
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