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Abstract

The lifetimes of charmed mesons have been measured using 2.75 b7 of
data collected with the Belle detector at KEKB. Each candidate is fully re-
constructed to identify the flavor of the charmed meson. The lifetimes are
measured to be 7(D%) = (414.8 £ 3.8 £ 3.4) fs, (D) = (104073 + 18)
fs and 7(DF) = (479F11¥8) fs, where the first error is statistical and the
second error is systematic. The ratios of the lifetimes of DY and D} with
respect to D are measured to be 7(D*}/7(D% = 2.51 + 0.06 + 0.04 and
r(DF)/7(DY) = 1.15 £ 004730, The mixing parameter ycp is also mea-
sured through the lifetime difference of D® mesons decaying into CP-mixed
states and CP eigenstates. We find yop = (1.0338211) %, corresponding to
a 95% confidence interval —7.0% < yop < 8.7%. All results are preliminary.

Typeset using REVTEX

A. Abashian®®, K. Abe%, K. Abe®, 1. Adachi®, Byoung Sup Ahn'*, H, Aihara®,
M. Akatsu'®, G. Alimonti’, K. Acki®, K. Asai®®, M. Asai®, Y. Asano®?, T. Aso?,

V. Aulchenko®, T. Aushev'?, A. M. Bakich®, E. Banas?®, 3. Behari®, P. K. Behera®?,
D. Beiline?, A. Bondar?, A. Bozek', T. E. Browder”, B. C. K. Casey”, P. Chang®,
Y. Chao®, B. G. Cheon®?, 8.-K. Choi®, Y. Choi*?, Y. Dei®, J. Dragic!?, A. Drutskoy!?,
$. Eidelman®, Y. Enari'®, R. Enomoto®!%, C. W. Everton®”, F. Fang”, H. Fujii,

K. Fujimoto!®, Y. Fujitad, C. Fukunaga®, M. Fukushima', A. Garmash®$, A. Gordon!”,
K. Gotow®, H. Guler’, R. Guo®, J. Haba®, T. Haji!, H. Hamasaki®, K. Hanagaki®,
F. Handa®®, K. Hara?, T. Hara®, T. Haruyama®, N. C. Hastings'?, K. Hayashi®,

H. Hayashii?®, M. Hazumi®’, E. M. Heenan'?, Y. Higashi®, Y. Higasino'®, I. Higuchi®®,
T. Higuchi®?, T. Hirai®®, H. Hirano®™, M. Hirose'®, T. Hojo¥, Y. Hoshi®, K. Hoshina®,
W.-S. Hou®, §.-C. Hsu®, H.-C. Huang®, Y.-C. Huang®', S. Ichizawa®®, Y. Igarashi®,
T. lijima®, H. Ikeda®, K. Ikeda®, K. Inami'®, Y. Inoue®, A. Jshikawa'®, R. ItohS,

G. Iwai®®, M. Iwai®, H. Iwasaki®, Y. Iwasaki®, D. J. Jackson®, P. Jalochal®, H. K. Jang®,
M. Jones’, R. Kagan'?, H. Kakuno®, J. Kaneko™, J. H. Kang®, J. §. Kang?*,

P. Kapusta!®, K. Kasami®, N. Katayama®, H. Kawai®, M. Kawai, N. Kawamura!,

T. Kawasaki®®, H. Kichimi®, D. W, Kim®2, Heejong Kim®, H. J. Kim"®, Hyunwoo Kim',
S. K. Kim*, K. Kinoshita®, S. Kobayashi®®, S. Koike®, Y. Kondo®, H. Konishi®,

K. Korotushenko®, P. Krokovny?, R. Kulasiri®, S. Kumar®, T, Kuniya®, £. Kurihara?,
A. Kuzmin?, Y.-J. Kwon®®, M. H. Lee®, S. H. Lee®, C. Leonidopoulos?®, H.-B. Li'?,
R.-S. Lu®, Y. Makida®, A. Manabe®, D. Marlow?, T. Matsubara®”, T. Matsuda®,

S. Matsui'®, S. Matsumoto?, T. Matsumoto'®, K. Misono'®, K. Miyabayashi®,

H. Miyake?, H. Miyata®, L. C. Moffitt!”, G. R. Moloney??, G. F. Moorhead"?,

N. Morgan®, S. Mori*?, T. Mori, A. Murakami®®, T. Nagamine®, Y. Nagasaka!®,

Y. Nagashima??, T. Nakadaira®®, T. Nakamura®, E. Nakano®, M. Nakao®, H. Nakazawa?,
J. W. Nam®, 8. Narita®, Z. Natkaniec'®, K. Neichi®, S. Nishida!®, O. Nitoh1?,

3. Noguchi®®, T. Nozaki®, S. Ogews®, R. Ohkubo®, T. Ohshima!?, Y. Ohshima?®,

T. Okabe!®, T. Okazaki®®, 8. Okuno'®, S. L. Olsen?, W. Ostrowicz'5, H. Qzaki®,

P. Pakhlov'?, H. Palka!®, C. S. Park®, C. W. Park, H. Park!, L. S. Peak®®, M. Peters’,
L. E. Piilonen™, E. Prebys®, J. Raaf®, J. L. Rodriguez”, N. Root?, M. Rozanska!3,

K. Rybicki!®, J. Ryuko¥, H. Sagawa®, Y. Sakai®, H. Sakamoto!®, H. Sakaue®,

M. Satapathy®®, N. Sato®, A. Satpathy®®, S. Schrenk*!, S. Semenov!2, Y. Settaif,

M. E. Sevior'?, H. Shibuya®, B. Shwartz2, A. Sidorov?, V. Sidorov?, 8. Stani#®2, A. Sugi'®,
A. Sugiyama'®, K. Sumisawa®, T. Sumiyoshi®, J. Suzuki®, J.-I. Suzuki®, K. Suzuki®,

S. Suzukil?, 8. Y. Suzuki®, S. K. Swain?, H. Tajima®", T. Takahashi®, F. Takasaki®,
M. Takita?, K. Temai®, N. Tamura®, J. Tanaka®”, M. Tanaka®, Y. Tanaka',

G. N. Taylor!?,. Y. Teramoto®, M. Tomoto'®, T. Tomura®, S. N, Tovey'?, K. Trabelsi’,
T. Tsuboyama?®, Y. Tsujita®?, T. Tsukamoto®, T. Tsukamoto®, S. Uehara®, K. Ueno®,
N. Ujiie?, Y. Unno®, 8. Unc®, Y. Ushiroda'®, Y. Usov®, S. E. Vahsen®, G. Varner”,

K. E. Varvell®®, C. C. Wang®, C. B. Wang®, M.-Z. Wang®, T.-J. Wang’!, Y. Watanabe®s,
E. Won®, B. D. Yabsley?, Y. Yamada®, M. Yamaga®®, A. Yamaguchi®®, H. Yamaguchi®,
H. Yamamoto?, H. Yamaoka®, Y. Yamaoka®, Y. Yamashita®, M. Yamauchi®, S. Yanaka,
M. Yokoyama®, K. Yoshidal®, Y. Yusa®, H. Yuta!, C.-C. Zhang®, H. W. Zhao®,

Y. Zheng?, V. Zhilich?, and D. Zontari?



! Aomori University, Aomori
2Budker Institute of Nuclear Physics, Novosibirsk
3Chiba University, Chiba
4Chuo University, Tokyo
SUniversity of Cincinnati, Cincinnati, OH
6Gyeongsang National University, Chinju
"University of Hawaii, Honolulu Hi

8High Energy Accelerator Research Organization (KEK), Tsukuba

9Hiroshima Institute of Technology, Hiroshima

Institute for Cosmic Ray Research, University of Tokyo, Tokyo
Hinstitute of High Energy Physics, Chinese Academy of Sciences, Beijing
2Institute for Theoretical and Experimental Physics, Moscow

13K anagawa University, Yokohama
14K orea University, Seoul

15 Niewodniczanski Tnstitute of Nuclear Physics, Krakow

18K voto University, Kyoto
17University of Melbourne, Victoria
18Nagasaki Institute of Applied Science, Nagasaki
¥Nagoya University, Nagoya
20Npra Women’s University, Nara
21 National Kachsiung Normal University, Kaohsiung
2National Lien-Ho Institute of Technology, Miao Li
23National Taiwan University, Taipei
#Nihon Dental College, Niigata
Niigata University, Niigata
#0gaka City University, Osaka
T(0saka University, Osaka
BPanjab University, Chandigarh
Princeton University, Princeton NJ
03aga University, Saga
318e0ul National University, Seoul
32gungkyunkwan University, Suwon
BYniversity of Sydney, Sydney NSW
34Toho University, Funabashi
¥ Tohoku Gakuin University, Tagajo
¥ Tohoku University, Sendai
3 University of Tokyo, Tokyo
3 Tokyo Institute of Technology, Tokyo
3Tokyo Metropolitan University, Tokyo
40Tokyo University of Agriculture and Techrology, Tokyo

4l gyame National College of Maritime Technology, Toyama

2University of Tsukuba, Tsukuba
43Utkal University, Bhubaneswer

44Virginia Polytechnic Institute and State University, Blacksburg VA

45Yonsei University, Seoul

I. INTRODUCTION

Measurements of individual charmed meson lifetimes provide useful information for the
theoretical understanding of the heavy flavor decay mechanisms. In the Heavy Quark Ex-
pansion, the decay rate of a heavy flavor hadron is given as (1]

A Az

Ef{iVQq,-lz[Al + m—zQ + m—aQ + ...]

_ Grmg

I= 19273

where f; is a phase space factor for a given light quark ¢;. The A, term corresponds to the
spectator process, the A, term accounts for the difference between the meson and baryon
lifetimes, and the A; term accounts for W-exchange, W-annihilation and Pauli interference
effects. Naively, non-spectator contributions are suppressed by powers of the heavy quark
mass and the ratio of charmed meson lifetimes is expected to be close to 1. It is well un-
derstood that the large lfetime ratio of D¥ to DY, 7(D+)/r(D") = 2.55 £ 0.04]2-7] is due
to destructive interference of the two d quarks in the final states of D* decays. On the
other hand, the ratio of D to DP lifetimes is expected to lie within the range 1.06-1.07
without W-exchange and W-annihilation effects [8]. However, experimental results[2-7,9]
yield 7{D})/7(D% = 1.191 & 0.024 [10] which is inconsistent with the theoretical expec-
tation. This indicates that the W-exchange contribution is significantly larger than the
W-annihilation contribution. It is a theoretical challenge to explain this discrepancy.

Moreover, the DvD° mixing parameters, ¥y = (Uy — [L)/(Ty + ') and ¢ = 2(My —
M)/ (Ty 4+ Tg), can be explored by measuring the lifetime difference of the D® meson
decaying into & CP-mixed state D° — K~x* and a CP-eigenstate D® — K-K*. The
parameter ycp, defined by

_ T(CP even) —I(CP odd) _ 1(D°— K-u*)
YCP = T(CP even)+ T(CP odd) r{D° — K-K+)

is related to y and = by the expression

L

A
Yop = YCoSP — %xsing{),

where ¢ is a CP violating weak phase due to the interference of decays with and without
mixing, and An;, is related to CP violation in mixing, playing & role similar to Re{e) in
K KO mixing. ET791 [7} and FOCUS [9] have measured yop = (0.8 + 2.9 £+ 1.0)% and
yop = (3.42+1.39+0.74)% respectively. It is interesting that the FOCUS result is non-zero
by more than two standard deviations. On the other hand, CLEC gives results [11} for
DD° mixing through D® — K*m~, ycos¢ = (—2.55H4)% o = (0.0 £ 1.5+ 0.2)% and
Amiz = 023108 where o = ycos§ —2sind and z’ = 2 cos§ +ysin §; the parameter § is the
strong phase between the doubly Cabibbo suppressed decay D% — K*+#~ and the Cabibbo
allowed decay D° — K+n~ (6 = 0 in the SU(3} limit). The FOCUS and CLEO results
could be consistent if there is a large SU(3) breaking effect in D® — K*x¥ decays [12].
Improvements of the yop measurement are needed to solve this problem.

In this report, we present measurements of the lifetimes of charmed mesons using the
Belle detector at KEKB. D°, D+ and D} mesons are fully reconstructed via the following
decay chains (charge-conjugate modes are implied throughout this paper):
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D® = Kot (with and without D** — D% requirement),
D K KT,

Dt = K~wta* (with D** — D*a® requirement),

DY - ¢r*, ¢ - KYK™,

D} — ¢+, 6— K*K-,

DY - )+, Ko Kot

The data sample consists of approximately 2.75 fb=) of e*e™ collisions near the T(45)
resonance.

I1. THE BELLE DETECTOR

The Belle detector is designed and constructed primarily to observe and measure CP
violation in B decays. Because of the high luminosity of KEKB (Lyeqr = 2 % 10¥em=2%71)
[13], Belle currently accumulates data at a rate of more than 1.5 fb~! per month. This corre-
sponds to 1.6 million BE and 2 million ¢Z events per month, allowing precise measurements
of B and charmed hadron properties. Due to the asymmetric energies of the colliding beams
(3.5 GeV x 8 GeV), the T(43) and its danghter B mesons are produced at Bv & 0.425 in
the laboratory frame: the difference in B meson decay times may be measured using the
difference in decay vertex positions. This key feature of the Belle experiment allows the
measurement of CP violation through mixing in neutral B decays, if it occurs.

The Belle detector consists of a silicon vertex detector (SVD), a central drift chamber
(CDC), an aerogel Cerenkov counter (ACC), a time of flight (TOF) and trigger scintillation
counter (TSC) system, an electromagnetic calorimeter (ECL), and a K /muon detector
{KLM).

The SVD measures the precise position of decay vertices. It consists of three layers
of double-sided silicon strip detectors (DSSD) in a barrel-only design and covers 86% of
solid angle. The three layers are at radii of 3.0, 4.5 and 6 c¢m respectively. Each DSSD
consists of 1280 ¢ strips with 25 pm pitch, and 640 » strips with 84 pm pitch. Impact
parameter resolutions are measured as functions of momentum p (GeV/e) to be oy =
21 ® 69/ (pBsin®?6) pm and o, = 41 @ 48/(pBsin>2§) pm, where 8 is the polar angle with
respect to the beam direction. The signal-to-noise ratio ranges from 16 to 40.

Charged tracks are primarily recognized by the CDC; the SVD helps in the recognition
of low-pp tracks. The CDC covers the 17° < 8 < 150° angular region (92% of solid angle
in the T(48) rest frame), and consists of 50 cylindrical layers of drift cells organized into
11 super-layers (axial or small-angle-stereo} each containing between three and six layers.
He-CoHs (50/50%) gas is used to minimize multiple-Coulomb scattering. The inner and
outer radii of the CDC are 9 cm and 86 cm respectively. The magnetic field of 1.5 Tesla is
chosen to optimize momentum resolution without sacrificing efficiency for low momentum
tracks. The resulting momentum resolution is measured to be 1.1% for 3-5 GeV/c tracks.

The CDC, TOF and ACC provide K/ separation up to 3.5 GeV/c. The CDC measures
dE/dz and provides 3¢ K/ separation and 40 ¢/n separation below 0.8 GeV/e. The TOF
system provides 30 K/m separation up to 1.2 GeV/c with a TOF time resolution of 100 ps.
The aerogel Cerenkov counter (ACC) system extends the coverage for particle identification
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upward from the 1.2 GeV/c limit of the TOF system to the kinematic limit of two-body B
decays, i.e., to 2.5-3.5 GeV /¢ depending on polar angle. The combination of these particle
identification devices is a key feature of the Belle detector. The combinatorial background
for D decays is greatly reduced by this powerful kaon identification capability: this is the
main reason that we can obtain the lifetime of D® without the D** — D%+ requirement.

The CDC and ECL are used to identify electrons. The ECL also detects photons and
measures their energy. The Cesium lodide (CsI) electromagnetic calorimeter (ECL) consists
of 6624 barrel crystals, 1152 ferward endcap crystals and 960 backward endcap crystals. All
the crystals are 30 cm (16.1X,) long. The energy resolution is measured to be ¢g/E = 2.0%
for 4-8 GeV /¢ electrons using Bhabha events.

The KLM is designed to detect K;’s and muons. In particular, detection of the K, from
the B — ¢ K, decay is important since it yields a sensitivity to the CP asymmetry which is
similar to that of the B — K5 decay. The KLM is a repetition of 14 or 15 modules which
consist of 47 mm thick iron plates and 44 mm thick slots instrumented with resistive plate
counters (RPC).

In Monte Carlo simulation, the physics properties of an event are generated by the QQ
event generator developed by the CLEO group. Detector response is simmulated by the CERN
GEANT package.

A detailed description of the Belle detector can be found elsewhere [14].

I11. D RECONSTRUCTION

This section describes the criteria used to select charged tracks, leptons and photons,
and the ways in which they are combined to form the mesons used in this analysis.

A. Track selection

All charged tracks must be associated with at least two SVD hits in both the ré and rz
planes. The SVD hit association efficiency is better than 98% per track. The x2/N.D.F. of
the track fit must be less than 10, to reduce badly reconstructed tracks. Charged pion and
kaon candidates are required to pass cuts in particle identification likelihood functions based
on drift chamber energy deposition, time-of-flight and aerogel Cerenkov counter response.
No particle identification is required for the soft pion from the D** decay.

B. Photon selection

Photon candidates are associated with isolated Csl calorimeter elusters that are not
matched to any charged track. A minimum energy cut of 20 MeV is applied.

C. Light meson selection

Decay modes of the light mesons used in this analysis are summarized in Table 1. The
mass cuts used to select them are also shown.



TABLE I. Decay modes and mass cuts used to select the light mesons.

Mode Mass cut {(MeV/c?)

% — vy |Myy — M| < 16.2

¢ — KtK- iMirge- — My| <6
R“D — K% |Mycmar — MF“' < 50

A 70 candidate must contain at least one photon with —0.63 < cosé, < 0.84 (barrel
region), where 8, is the polar angle with respect to the opposite of the electron beam
direction; it must also satisfy the cut |cos8p| < 0.9, where p is the angle between the #°
candidate and one of the daughter photons, evaluated in the #° rest frame. Each photon
candidate is included in at most one 7° candidate. A mass-constrained fit is performed to
improve the 7% momentum resolution.

D. D selection

The D% — K=t (with or without D™+ — D+ requirement), D° — K~K*, Dt —
K-n*nt (with D** — D¥q° requirement), D¥ =+ ¢n*, D} ~+ ¢n™ and D} — KK+
modes are used to reconstruct charmed meson candidates. The y*/N.D.F. of the vertex-
constrained fit for a candidate meson is required to be better than 3 for the D° analysis, 4 for
the D* analysis, and 6 for the D7} analysis. This cut, which rejects many badly-measured
events, is important: if too loose a criterion is used, the fraction of badly-measured events
becomes large, and modeling of the resolution becomes difficult. The efficiencies of the
chosen cuts range from 76-88%.

In two-body I decay modes, a decay angle cut is imposed: —0.75 < cosfp for D° —
K-n* and —0.85 < cosfp for D} — ¢n*; no cut is used for D° — K~K*. For signal
events the cosfp distribution is flat, while the background from random pions is peaked
toward cosfp = —1 (or cosfp = 1, depending on which daughter we choose). In the ¢n+
decays a cut | cosfy| > 0.4 is imposed on the helicity angle 8, i.¢. the angle between either
of the kaon daughters and the D direction, evaluated in the ¢ rest frame. (Ina P — PV
decay the vector meson is polarized, decaying to two pseudoscalars V — PP according to
a cos? By distribution; the combinatoriel background is flat in coséy.) The D momentum
in the Y(45) rest frame is required to be greater than 2.5 GeV/¢? to eliminate BB events.
When multiple candidates share tracks with different particle ID, the candidate with the
best kaon ID is retained.

Figs 1, 2 and 3 show the D°, Dt and D} mass distributions after all selection criteria are
applied. Points with error bars indicate data, while the solid curve indicates the fit result.
The signal is represented by a sum of two Gaussians while background is represented by a
linear function; the background function is indicated by the dotted line in the figure. We
find 19304 £186 D’ — K—7* without D** — D+ requirements, 1827158 D" — K~ K+,
310 %21 D¥ — ¢at, 1008 £ 33 D} — ¢t and 580 £ 29 Df — K+ signals within 3¢
of the measured mean value.
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FIG. 1. The D" mass distribution for (a) DY — KX—#+ and (b) D — K~ K* candidates.
The points with error bars are data while the solid curve indicates the fit result. The signal is
represented by a sum of two Gaussians for D° — K~#* and a Gaussian for D° — K~ K+, while
the background is represented by a linear function. The background function is indicated by the
dotted line.
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FIG. 2. The D* mass distribution for D — ¢t candidates. The points with error bars are
data while the solid curve indicates the fit result. The signal is represented by a Gaussian while
the background is represented by a linear function. The background function is indicated by the
dotted line.
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E. D* selection

The D** — Dx decay requirement is imposed to reduce the background. D** candidates

are formed by combining D° or D* candidates with soft pions. The combinations must

satisfy the requirement that the mass-difference, AM = My, — Mp, be within 3o of the
measured mean value. The typical standard deviations are approximately 0.23 MeV/c?
for DP, and 0.76 MeV/c? for the Dt modes, The AM resolution is greatly improved by
refitting the soft % track with the constraint that it originates from the D° production
point, as described in the following section. Figs 4 and 5 show (a) the AM distribution for
D* candidates and {b) the D-mass distribution after the AM cut. The signal is represented
by a sum of two Gaussians while the background is represented by a phase-space function:
(z—zo)Pe44=20) for the AM distribution, and a linear function for the D-mass distribution.
We find 4180 4 69 D® — K~#* and 2021 £ 49 D¥ — K-ztg* fulfilling the D* — Dr
requirement.

(@) Dt (o} Dt ROKe
g 140 %‘00 F

& g®

5100 g

g

B IR Te TR T y ITTENE T TE TS 08 TT04
g+ mass (GeW/e?) KOK* mass (GeVic?)

FIG. 3. The D} mass distribution for (8) D} — ¢n* and (b) DF — K'CK* candidates.
The points with error bars are data while the solid curve indicates the fit result. The signal is
represented by a Gaussian for Df — ¢n*, and a sum of two Gaussians for D} — K*°K+. The
background is represented by a linear function in each case; its contribution to the fit is shown by
the dotted line,

IV. DECAY LENGTH RECONSTRUCTION

The charmed meson lifetime is measured using the distance between the deeay and
production vertices of the reconstructed charmed mesons.

(a) O PrY, 0Kt (b) Ot oDt DKt
1) )
= Sa00}
3 =
Erooar g
g F250
] 3
2 800r &
2"
2004
sl
150}
4001 b
200 h18
iF5 0910152 0.133 G445 0.148 015 OS2 ore iR

AM (GeVie?) N Kens enass (GoVic?)
FIG. 4. (a) The AM distribution for D** — D%+ candidates. (b) The D° mass distribution
after the 3o AM cut. The points with error bars are data while the solid curve indicates the fit
result; the background function is shown by the dotted curve. In each case the signal is repre-
sented by a sum of two Gaussians while the background is represented by a phase-space function:
{z — zp}Pet~tE—10) for the AM distribution, and a linear function for the D® mass distribution.
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g Tl
3 ss0f E:
o =
:é 300 é 200|
& s

g

R R Y T XY e KT R R 1Y BT TR T TR e
AM (GaVic?) K-n*n* mass (GeV/cd)

FIG. 5. (8) The AM distribution for D*+ — Dtz candidates. (b) The D mass distribu-
tion after the 3¢ AM cut. The points with error bars are data while the solid curve indicates
the fit result; the background function is shown by the dotted curve. In each case the signal is
represented by a sum of two Gaussians while background is represented by a phase-space function:
(z — zo)Pet MY for the AM distribution, and a linear function for the D+ mass distribution.
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The decay vertex of the reconstructed charmed meson is obtained using all tracks that
form the candidate. The typical D decay vertex resolution is approximately 50 um.

IP profile

FIG. 6. Hustration for reconstruction of decay and production vertex points of a D meson.

The production vertex is obtained by extrapolating the D fight path to the interaction
region. Fig 6 illustrates the reconstruction of the decay and production vertex points of
the charmed meson. The x2/N.D.F. of the fit is required to be less than 10 for the D°
analysis, to reduce badly reconstructed candidates. The soft pion track is not used in the
fit for the D*t — DOn* analysis: instead, it is refit with the constraint that it originates
from the obtained D° production vertex. The average position of the interaction point
is calculated offline for every accelerator fill from the primary vertex position distribution
of hadronic events. The size of the interaction region in the horizontal direction (x) is
calculated using the primary vertex position distribution; the effect of the primary vertex
resolution is deconvoluted in this calculation. The vertex resolution is obtained using the
primary vertex position distribution in the vertical direction (y), since the beam size in this
direction is less than 10 xm and the o of the y direction is a good representation of the
vertex resolution. The size of the interaction region in the y direction is determined from
the average luminosity, the beam current and the x size of the interaction region. The size
of the interaction region is typically 100 pm in x and 5 pm in y. The vertex resolution of the
charmed meson production point is approximately 30 ym in x, 5 pm in y and 45 gm in 2 for
each event. The calculated error of the flight length is typically 90 pm and the candidate is
rejected if this error is more than 360 pum.

The proper-time of each D candidate is calculated as

_£-m(D)
T p(D)-e

where £ is the flight length of the D. For D* and D} candidates, the helical flight path is
properly taken into account, although the effect is small.

t
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V. BACKGROUNDS

Background contributions can be divided into four categories according to the origin
of the tracks: those candidates that consist of tracks from the primary vertex, those that
consist of tracks from a different origin, those that consist of charm daughters, and those that
originate from BE events. The first source is the dominant congributer to the background
(82% for two-body decays and 60% for three-body decays). It should appear to have zero-
lifetime, and the proper-time resolution is expected to be similar to the resolution for the
signal. The second source aecounts for 17% of the background for two-body decays and
40% for three-body decays. This source appears to have a very short lifetime because of the
vertex constraint, and the proper-time resolution is worse than the signal resolution due to
the incorrect assignment of the vertex and momentum. The contribution of the third source
is very small (less than 1% of backgrounds for both two-body decays and three-body decays)
and it should appear to have the lifetime of the parent charmed hadron. The proper-time
resolution should be similar to the resolution for the signal. The contribution of the last
source is small (~ 3%). The proper-time distribution of this background is similar to that
of the second source.

VI. LIFETIME FIT

An unbinned maximurn likelihood fit is performed to extract the charmed meson lifetime.
The probability density function is defined as

o 1 ,
Plf) = fsrcfo dt’@e" 17816 Rer(t ~ )
o0 1 ,
+(1 - fsrc)fracj; dt'ae“ /186 Rpo(t — t')
+(1 — fsre)1 — frec) /0 (1) Ryt — '),

where fsro and free are fractions for the signal and the background with lifetime, 7¢5c and
Tge are the signal and background lifetimes, and Rgye and Rpe are the resolution functions
for the signal and the background.

The fraction fsye is calculated based on the D mass for each event, using a functional
form fsr(Mp) derived from the data. The D-mass distribution is fit with a Gaussian or
a sum of two Gaussians for the D signal and a linear function for the background, and
fsre(Mp) is then defined as

Fsie{Mp)

Fs16(Mp) = T 300) + FeraUin)

where Fg;e and Fpg are the D signal and background functions described above,

A large D-mass sideband region {—60 MeV/c?2 ~ —3¢ and +3¢ ~ +70 MeV/c® for
DO, 436 ~ £50 MeV/c? for D* and D}) is used to determine the fit parameters for the
background. The lifetime fit is made for the D-mass signal (within 3¢) and sideband regions
simultaneously.
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A. Resolution Fzmci;ion

The parameterization of the resolution function will now be discussed. Fig 7 shows the

distzibution of £,e; = tgen obtained from MC data, where £, is the reconstructed proper-time

of the candidate and f,, is the true proper-time. A fit to a sum of two Gaussians is also
shown. The fit is not a good representation of the distribution since the vertex resolution
depends on track momenta, angles and other factors, and therefore the distribution consists
of many Gaussians. We can calculate the track error event by event using a Kalman filtering
technique that takes into account the resolution of each hit, multiple scattering and energy
loss. Fig 8 shows the distribution of (frec — tgen)/or where o, is the calculated proper-
time error for each event. The distribution is well-represented by a fit to a sum of two
Gaussians, shown in the figure by the overlaid solid curve. The standard deviation of the
main Gaussian would be 1.0 if the error estimation were correct, whereas the fitted value
is 1.1: the difference is considered to be due to underestimation of the tracking error. The
remaining events, represented by the second, broader Gaussian, are considered to be badly
measured, due to mis-association of SVD hits, incorrect SVD-hit clustering, hard scattering
of tracks and so on.

Based on the success of this fit, we represent the proper-time resolution using the fune-
tion:

Rsie(z) = (1 — fraar) - Gl2; 500} + frait - G2 Staitere),
Gz o) = <

F3

1 =
Sowa®
where § and S,y are global scaling factors for the estimated error ¢, for the main and tail
Gaussian distributions, and fiay is the fraction of the tail part.

Fig 9 shows the &; distribution for MC signal events. A small fraction of events have

a large ;. We evaluate the effect of these large o, events on the resolution function by
dividing the signal events into three samples according to o, one sample with ¢, < 120 fs
(lower side of the peak), another sample with 120 < o, < 400 fs (higher side of the peak)
and a third sample with 400 fs < oy (the tail). We fit the £, — g distributions with
resolution functions for these three samples as shown in Fig 10. Table II lists the fit results:
the parameter estimates in the three o, regions are comparable, although a trend is evident,
especially in the parameters of the tail.

TABLE II. Fit parameters from fits t0 ty.; — tgen distributions with the resolution function.

a; vegion (fs) S " Staut Frait
ay < 120 1.19+0.01 3.56 £ 0.00 0.031 -+ 0.002
120 < o < 400 1.15£0.01 3.12 4 0.08 0.043 £0.004
400 < &, 1.12+0.01 2.96+0.17 0.050£0.010
all 1.18 £ 0.01 3.41£0.05 0.035 £+ 0.002

In the analysis presented here we use the same functional form for the resolution function,
regardless of the o, value. The effect of ignoring the small o, dependence of the resclution
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FIG. 7. The distribution of free — tgen in the MC data

function parameters has been assessed by performing a lifetime fit for signal events in the
Monte Carlo, using only the signal part of the probability density function. Table III shows
the results: the fit yields & lifetime 412.5 & 1.4 fs, which is consistent with the true lifetime
of the Monte Carlo sample, 412.6 fs. (The parameters of the resolution function given by
this lifetime fit are consistent with the parameters shown in Table I1.) We conclude that the
& dependence of the resolution function parameters does not significantly affect the lifetime
fit.

TABLE II. Results from a lifetime fit to the proper-time distribution of MC signal events.

Fit parameter Fit values
TSIC 4125+ 14
s 1.19+0.01
Stait 3.55:£0.05
Jeait 0.028 1 0.003

B. Background function

The proper-time distribution for the background is represented by two components: one
with lifetime, and one without. This distribution is then convoluted with a resolution

14
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function: the functional form is the same as that used for the signal, but the parameters axre
fitted independently, as wrong combinations are likely to be used to form the D candidates
in the background. In principle, the resolution function could be different for the two

background components, but we cannot separately determine the resolution function for the

background with lifetime, due to limited statistics: therefore a single resolution function is

used.
Reelz)=(1- 59) - Glz: Speo) + FES - Glx; 855 a).

Fig 11 compares proper-time distributions of backgrounds under the D peak with those
in the sideband for (a),{b) D® = K~#* and (¢),{d) D} — ¢rx+. Table IV then compares fit
parameters between the D-mass signal and sideband regions: the results in the two regions
are similar, which supports the D-mass independence of the proper-time. The scaling factor
for the tail ($2%) and the tail fraction {fZ§) are comparable to those of the signal resolution
function (Spqy and fgq). Using the Siaq and fion values in Table IH, and 52§ = 3.19£0.15
and f5§ = 0.054 & 0.007 obtained by combining the background samples in the signal and
sideband regions, we fix the ratios S53 /Sy = 0.90 £ 0.06 and f25/fuy = 19+ 04 in
the kifetime fit, in order to minimize the number of fit parameters. We evaluate systematic
errors associated with this constraint by changing these ratios by 2.

The background shape cbtained in the D® — K7+ analysis is used for the D** —+ Doz,
D° — K-z* analysis since we do not have enough statistics for the background shape

determination with the D* requirement.

TABLE IV. Comparisons of fit parameters for background proper-time distributions between
the D-mass signal and sideband regions.

. DV K—at DY — grt
Fit parameters D signal D sideband D signal D sideband
TG 423 £ 54 368 £ 35 467 + 221 467 + 161
frae 0.05 £ 0.01 0.05 £ 0.01 0.070.04 0.03 £ 0.02
Spe 1.22+0.02 1.20 £ 0.01 127 £0.07 1.28+0.05
SES 3.81+0.29 3.01£0.13 42413 29+05
FE§ 0.04 £ 0.01 0.06 £ 0.01 0.05 +0.04 0.07 +0.04

C. Fit resuits

Using the probability density function described above, the likelihood function has the

form:

K{7s16,78c) frBes S S, Fras, SBg)
o : 1 ;
= A [fhjg——e TS Reyo{t; —
I;I [0 [fsrc Tsrc s:c:( i )

+(1 -~ fb';g){frsc-“l“e_t'/f“ + (1 = frBa)6(t)} Rpa(t: — ),
TBG
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FIG. 11. A comparison of proper-time distributions in MC data for backgrounds under the
D peak (within 3¢) and those in the sideband (—60 MeV/c? ~ —3g,30 ~ 70 MeV/c? for DO,
*3e ~ 250 MeV/c? for Dt and D}) for (a),(b) D® = K~#* and (c),{d) Dt — ¢nt. Fit results
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Rsia(z) = (1 — fuan) - Glz; So}) + frait - G(z; Swust), _
Rpelz) = (1 - f5S) - Glz; Spool) + fag - Glz: SEGod),

where Tsie, T, froe, Sr Stits fraa and Spe are allowed to float. The ratios S5§ /S0 and

FES | frair ave fixed at values obtained from the MC simulation for each decay mode. We
reject candidstes with praper-time greater than 5 ps for the D? analysis and 6 ps for the
DY analysis.

Figs 12, 13, 14 and 15 show the lifetime fit results for D° decays without the D+
requirement, Dt — ¢xt decay, DY decays, and D% and D* decays with the D* requirement.
In each figure, (a) and (c) show the results in the D-mass signal region while {b} and (d) show
the results in the D-mass sideband region. The solid lines show the fit and the dotted lines
show the background contribution in the fit. Tables V {a)-(¢) summarize the fit parameters
obtained from the lifetime fit.

Figs 16(a) to (g) show the log-likelihood as a function of gz for all decay modes: they
have parabolic shape as expected. The goodness of fit is further evaluated by performing
many “toy Monte Carlo experiments”. For each mode, one hundred sets of MC data with
the same statistics as the data are generated with the probability density function obtained
from the lifetime fit. Figs 17{a) to (g) show the distributions of log-likelihood from the toy
Monte Carlo data sets in each of the decay modes. Table VI summarizes the confidence levels
of the fits derived from these distributions: the confidence levels are found to be reasonable.

VIL. SYSTEMATIC UNCERTAINTIES

We consider systematic effects from the reconstruction of the D decay length, and from
the fit function in the following subsections. The major contributions to the systematic
error are found to be the uncertainties in the ¢ dependence of the reconstruction efficiency,
the understanding of the resolution tail, and the decay length reconstruction; the results are
summarized in Tables VII (a)-(c). All systematic errors are combined in quadrature.

A. Systematic error due to reconstruction

e [P size and position dependence: The size and average position of the IP is measured
for each aceelerator fill; the resulting error of the IP position is 1.4 g#m in x and 0.9
pum in y. These errors are included in the IP-constrained fit. We vary the IP position
by § pm in x and 3 ym in y and repeat the anslysis. The IP size has an uncertainty
of 5 pm in x and 2 pm in y: we vary the IP size by these amounts and repeat the
analysis. We observe a very small effect on the lifetime.

e t dependence of reconstruction efficiency: The ¢t dependence of the reconstruction
efficienicy has been studied in the Monte Carlo data: Fig 18 shows the reconstruction
efficiencies as functions of the proper-time ¢ for the major modes. In each case, a x?
fit to a linear function (1 + at) is made to find the slope; the parameter ¢; is the
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TABLE V. Summary of fit parameters obtained from the lifetime fit.

(a) Fit parameters for the D° decay modes.

Fit parameters DY > K-xt D% — K-K+ D* o Dt DO o K-gt
TSIG 4129+ 38 4089+143 4159+ 76
s 1.08 £0.02 1.12+0.07 1.00 £ 0.05
Stait 3431013 3.03+0.26 2.56 £0.25
frait 0.042 4= 0.005 0.060 £0.017 0.109 £ 0.038
Sac 1,15+ 0.02 1.12£0.03 1.15(Bxed)
TBG 498+ 32 463437 428(fixed)
frBG 0.13 £ 0.01 0.21 +0.02 0.13(fixed)

(b) Fit parameters for the D¥ decay modes.

Fit parameters D o gt D+ 5 p*a0, Dt o K-ptat
TsIG TS 103875

s 0.7+02 0.731341
Stat 3.2+0.7 L7905
Juast 0.05 +0.05 0.35:0.11
Sea l.lﬁfg"g 033‘_‘:8{(13
TG 368t 4470
frBe 0.2915:907 052383

{¢) Fit parameters for the D} decay modes.
Fit perameters DY = gat D KK+
TSIG 468+ 19 504%%%

§ 113£007 0.98+0.11
St 3.9722 2.8124
fuait 0051508 0.0713%
Spe 1267552 1.20+0.05
TBC 555+152 9427111
FeBo 0.1915% 0.20£0.03
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FIG. 12. Lifetime fit results for the D® —» K—n+ and D® — K~K* decay modes. Here (a)
and (c) show the results in the D? mass signal region and (b) and (d) show the results in the D°
mass sideband region.
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TARBLE VI. Summary of confidence levels of the fits derived from toy Monte Carlo experiments

for each decay chain.

decay chain C.L. of fit (%)
DO — K—#t 3
D KK+ 17
D+ o DOyt DO — K-xt 74
D* = gt 17
Dt — p+a®, Dt s K- ntet 4
D = ¢nt 33
DF - Bkt 26
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FIG. 14. Lifetime fit results for the D} — ¢nt and DF — Kk+ decay modes. Here (a) and
(c) show the results in the D} mass signal region and (b) and (d) show the results in the D} mass
sideband region.
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TABLE VII. Summary of systematic errors for each decay mode.

{a) Systematic errors for the D® decay modes.

Fit parameters Systematic error
DV K7t DY KK+ DY K5t (D*F tag)

P g i 0.4
Efficiency +1.8 +1.8 +3.6
Vertexing cuts +1.0 +2.2 tg:%
Decay vertex +1.9 +1.8 4+2.0
Resolution function 18 tgﬁé i
Background e B3 0.7
D-mass sideband region 29 e 90
Total 34 I8 i

(b) Systematic errors for the D decay modes.

Fit parameters

Systematic error

D* — gmt DY = K—ntpt (D' tag)
i FH 0
-2 -13
Efficiency +7 +8
Vertexing cuts prd e
Decay vertex +2 +2
Resolution function +2 b
Background fraction 20 o
D-mass sideband region +2 e
Total ity SiH
(c) Systematic érrors for the D* decay modes.
Fit Systematic error
parameters DF = g™ D K K*
ig Rt =
Efficiency £2.1 +3
Vertexing cuts fgjg tg
Decay vertex +20 *x2
Resolution function +1.9 +4
Background fraction i b
D-mass sideband region tg'g f%
2.1
Total t‘;,o t?Q
o7

efficiency at t = 0. The slopes are found to be a = {—14.1 £ 5.5) x 107 fs7? for the
D% o K—n* mode, o = {1.5% 3.6) x 107° fs7! for the D¥ — K~n*x+ mode and
@ = (=2.1+£4.8) x 106 fs~! for the D — ¢7* mode. A non-zero slope o corresponds
t0 a bias of a7r? in the lifetime measurement. *

This effect has also been assessed by performing binned maximum likelihood fits on
the true proper-time distributions for all generated events, and then on reconstructed
events, with a pure exponential function. The difference of lifetime obtained from the
two fits is considered to be due to the bias in the reconstruction efficiency. Fig 19
shows the true proper-time distribution of the reconstructed events, together with a
fit to an exponential function, for each of the major modes. The results for all modes
are surnmarized in Table VIIL

In the binned maximum likelihood fits, the x? of the fit is computed using the formula
15]
X2 =2 Z_ni In(n; /),

where n; and g are the observed and expected numbers of events in the #th bin; the
corresponding confidence levels are summarized in Table VIIL In each case the quality
of the fit is found to be good.

Although the expected bias is within one standard deviation of zero in most modes,
we find that the central value is consistently negative, 7.e. the lifetime is, in general,
underestimated. We have corrected for this bias based on the exponential fit method,
and included the uncertainty on the bias as a systematic error.

TABLE VIII. Summery of expected biases in the lifetime measurement due to the reconstrac-
tion efficiency for each decay chain.

Linear fit method Exponential fit method

Modes opected bias (&) O (%) expected bias (B) _ G.L. (%)
DY S K—g+ —2.4+09 4 ~-191+138 30
Dt o K-k —-36+13 48 ~16+18 30
D" = K=nt {D** tag) —36+18 39 -25+36 57
D+ o gt 0%7 89 3+7 36
Dt — K—ptrt 1.6+3.9 91 -11+8 64
Dt — gmt —05+1.1 67 -194£21 19
D = EOx+ —2.7:+29 27 -0.9+2.7 66

Vertexing cut dependence: Possible systematic effects due to the fit quality cut for
the D decay and production vertices have also been studied. The confidence level cut

*We estimate the effect of the slope o on the Lifetime measureroent as e™ % (Lt oty e ret =

e

~ilzar

T

£
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for the vertex fit has been varied to estimate the systematic exror associated with the
estimation of fraction for badly measured events.

® Decay vertex: The possibility of & bias in the reconstruction of the decay vertex has

been evaluated using a “zero-lifetime” sample: ¥y — p%° — wtr~w+n~ events. Fig’

90 shows the decay length distribution of p° eandidates from yy — %% = wta=nte—
events: a fit to a sum of two Gaussian yields a mean value of 0.17 £ 0.99 pm for the
two-body analysis. For three-body decays, the combination which gives the largest
momentum is chosen for each event. In this case, the mean value is found to be
0.09:1+1.06 um. Since the observed mean value is consistent with zero, we do not make
any correction. We estimate the systematic error associated with a possible bias in
the decay length reconstruction by adding a fixed valye (0.99 um for two-body decay
modes and 1.06 pm for three-body decay modes) to the reconstructed D decay length
during the analysis.
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FIG. 20. The decay length distribution of the p° candidates from vy — p%°® — w¥r—atz™
events for (a) two-body analysis and {b) three-body analysis.

B. Systematic error due to fit

s Resolution function: The lifetime fit for each mode has been repeated with various
changes to the resolution function, to provide an estimate of systematic errors associ-
ated with the choice of parameterization: the ratios Sge/S and S25/5,. have been
varied by the error obtained from MC data; a global resolution ¢, has been used
to represent the tail, instead of the event-by-event term S,y - oy; and the ratio of
resolutions for the two background components (i.e. backgrounds with and without
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lifetime) has been varied by +£20% from the default value of 1.0, to account for a
possible difference in resolution.

& Background fraction: As described in section VI, the signal and background parts of
the likelihood function are weighted by feie(Mp) and (1 — fsro(Mb)) respectively,
where the “signal fraction” fs;q(Mp) is determined for each event based on a fit to
the D-mass distribution in the data. The associated systematic error is estimated as
follows: the &1¢ values of fsig are calculated at all masses Mp, using the covariance
matrix of the parameters of the D-mass fit; the +1¢ and the —1o values are then used
to perform two new fits for the D lifetime; the differences from the standard fit are
taken as measures of the systematic error.

The background itself is divided into two components, one (a fraction f,pc) with
lifetime and one (a fraction 1 — f,p¢) with zero lifetime; here, the parameter frpg is
allowed to float in the fit. This procedure has been tested by comparing the fitted value
of free in the Monte Carlo with the value obtained by fitting only the background
events, using the background part of the likelihood function. The simultaneous fit of
signal and background is found to bias the lifetime fraction f,p¢, returning a value
0.72 times the result of the background-only fit. To account for this effect, the fraction
frec returned by each fit to the data has been scaled by 1/0.72, and fixed in a new
lifetime fit; any difference in the fitted D lifetime is then taken as a measure of the
systemadtic error.

e [D-mass sideband region: The parameters of the background are effectively determined
by the contribution of events in the D-mass sideband to the fit. Some bias may
therefore occur if the properties of the background vary with the D mass. The potential
size of such an effect is estimated by varying the bounds of the D-mass sideband region,
and repeating the fit. The ranges used are —70 ~ —50 MeV/c? and 60 ~ 80 MeV/c?
for the D® — K—m+ analysis and 40 ~ 260 MeV/c® for the remaining decay modes.

VI, DETERMINATION OF LIFETIME RATIOS AND yep

We measure the D° meson lifetime to be 7(D?) = (414.8 £ 3.8 & 3.4) fs using the decay
mode D® — K~n*. The result from D% — K==+ with a D** tag is not combined with this
value, as it is derived from the same data sample. However, since the D** tag eliminates
backgrounds, it provides a useful consistency check: we find no significant difference between
the two results.

The D* meson lifetime is measured to be (1049323+18) fs for the D+ — K—ntnt decay
sample and (9747212 f5 for the D+ — ¢n* decay sample. Combining these results, we
obtain (D) = (1040*% + 18) &s.

The D} meson lifetime is measured to be (470:£19%3) f5 for the D — ¢n+ decay sample
and (5052%*%,) fs for the Df — K K+ decay sample. Combining these results we obtain
T(D}) = (479711*8) fs. The ¢ — K+ K~ decay in the D} — ¢7* mode has a very small Q
value, resulting in the kaons having nearly the same direction. Possible systematic effects
associated with this kinematic feature are evaluated by the analysis of DY — ¢nt and

D} — R°K+: in both cases, a lifetime consistent with, but larger than the corresponding
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D — ¢nt lifetime is obtained. Contrary to this trend, the D — ¢ decays in the Monte
Carlo yield longer lifetime results within the statistical error (8 fs). We therefore conclude
that there is no significant systematic effect due to the kinematics of ¢ — KX~ decays.

Combining the D°, D* and D} lifetime measurements, we find the ratics of D* and
D lifetimes with respect to the D° lifetime to be T(D¥)/m{D?) = 2.51 £ 0.06 £ 0.04 and
{DF)/7(DP% = 1.15 £ 0.04%3%. Comparing D° lifetimes through the D° — K~n"* and
D® — K~ K* decays, we obtain an estimate of the lifetime difference of the two CP eigen-
states, yop = (1.0733+11) %. Under the assumption of Gaussian errors, this corresponds to
a 95% confidence interval —7.0% < yop < 8.7%. We consider the correlations of systematic
errors associated with the reconstruction and resolution functions. These correlations are
properly taken into account when we combine two or more measurements e.g. in the case
of yep.

Table IX compares our results with PDG9% world averages [16] and recent measurements
by E791 [6,7), CLEQ [5} and FOCUS [9,10].

TABLE IX. Comparison of cur results with PDG99 world averages and recent measurements.

Experiment (D% s T(D¥) fs r(D}) s vop %
PDGY9 d15+4 1057 + 15 495+ 13 -
E791 4134£3%4 - (518147t 08+29+10
CLEO 408541735 1034122710 48641545 -
FOCUS 409.2 4 1.3} - 506 + 81 3.4241.3940.74
Belle 4148438%34 1040*3 +18 4797iite 10138+

tThis result is included in the PDG99 world average.
No systematic error is given.

IX. CONCLUSIONS

We present new measurements of charmed meson lifetimes using a data sample of
2.75 fb~! of e*e™ collisions, collected with the Belle detector near the T(45). Unbinned
maximum likelihood fits to proper-time distributions of fully reconstructed charmed meson,
candidates yield the following results for the lifetimes and their ratios:

(D% = (414.8 £ 3.8 £ 3.4) £,

(D) = (1040733 £18) fs,

(DF) = (4797178 fs,
7(D1)/7(DP) = 2.51 £ 0.06 £+ 0.04,
(D) /(D% = 1.15 £ 0.04725L.

In addition, we have measured the lifetime difference between the two CP eigenstates of the
D® meson to be
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yer = (LOX3815)%,

corresponding to a 95% confidence interval,
—7.0% < Yop < 8.7%.

The statistical uncertainties on the lifetimes are already comparable to those of the best
published measurements. Our studies of systematic effects are still preliminary.
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