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Abstracts

Measurement of the D,; Resonance Prop-
erties (Phys. Rev. Lett. 92, 012002 (2004))

Abstract(1)

We report measurements of two D,; resonance’s masses, widths, and branching frac-
tions in the continuum production. From the measurements of DY;(2317) — Dfn°
and D7;(2457) — D:Tn% we determine their masses to be M(D/;(2317)) = 2317.2 +
0.5 (stat) = 0.9 (syst) and M(DF;(2457)) = 2456.5 + 1.3 (stat) + 1.3 (syst). We deter-
mine the ratio of branching fraction times cross section to be (Br(D{;(2457) — D *x%) x
o (D5(2457)))/(Br(D+,(2317) — D10 x o(D5(2317))) = 0.29-0.06 (stat)£0.03 (syst)
and (Br(Ds(2457) — D, 7°)xo(D{;(2457)))/(Br(Ds(2317) — D, 7% xo(D1;(2317))) <
0.06 (90%C'L). We set upper limit for the branching fraction ratio to be (Br(Ds(2457) —
D,r%))/(Br(Ds(2457) — D:7%)) < 0.21 (90%CL). We observe for the first time of
the decay modes DJ;(2457) — D,rtr~ and D/;(2536) — DyrTn~ modes. We deter-
mine the branching fraction ratio to be (Br(D};(2536) — Dfn*x™))/(Br(D/t,(2457) —
Dirtr™)) = 1.0540.32 (stat)£0.06 (syst) and (Br(D};(2457) — DirTn~))/(Br(DJ;(2457) —
D:t %) = 0.14 £ 0.04 (stat) &+ 0.02 (syst). We set upper limits for the branching
fraction ratio to be (Br(D1;(2317) — Dfntx7))/(Br(D(2317) — Dfx%) < 4 x
1073 (90% C.L.). We observe for a radiative decay mode DJ;(2457) — DF~. We de-
termine the branching fraction ratio to be Br(DI,(2457) — DJ~)/Br(D{,(2457) —
D% = 0.55 + 0.13 (stat) &+ 0.08 (syst). We set upper limits for the branching
fraction ratio to be (Br(D.;(2317)" — DJ~v))/(Br(Ds;(2317)" — Dfz%) < 0.05,
(Br(Df(2317) — D)) /(Br(Df(2317) — Dfn%) < 0.18 (90% C.L.), and (Br(D{;(2457) —
D:t4))/(Br(D{;(2457) — D*7%) < 0.31 (90% C.L.). This analysis is based on 86.9
fb~! taken with the BELLE detector and the KEKB accelerator. These results are con-
sistent with spin-parity assignments of 0 for the Dy;(2317) and 17 for the D,;(2457).



Study of |V;;| with Using D, Endpoint (Very
preliminary, BELLE NOTE#690, in progress)

Abstract(2)

We report the study of b — u D decay using b — ¢ D endpoint at BELLE experi-
ment. We obtain the CKM matrix elements of |V,;| = (3.79 £ 1.67 (stat) 4+ 0.72 (syst) £
0.72 (theo)) x 1072 as preliminary result. This analysis is based on (152.0 £ 0.7) x10° BB
pairs collected with the BELLE detector and the KEKB accelerator. (Very Preliminary,
BELLE NOTE#690, in progress.)
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Chapter 1

Introduction

(The first part)
Measurement of the D,; Resonance Properties

1.1 Newly found cs states

Recently two new narrow resonances were observed in D 7° and D" 7" final state. BaBar
collaboration observed new narrow resonance at (2316.8 + 0.4) MeV/c? (less than D K
mass threshold) from isospin violating D,;(2317) — DEx® decay. They quote a conserva-
tive systematic error in the mass determination of less than 3 MeV/c? and conclude the
natural width of this state is less than 10 MeV/c?>. CLEO collaboration confirmed this
state and claimed the evidence for another state at 2463 MeV/c? in D7". They quote a
mass splitting of Dy;(2317) with respect to the D, to be 350.4 + 1.2 + 1.0 MeV/c? and
its natural width I' < 7 MeV at 90% C.L. They find the mass splitting of D;;(2463) with
respect to D*T to be 351.6 £ 1.7(stat) & 1.0(syst) MeV /c? and its natural width I' < 7
MeV at 90% C.L.

There is a well established doublet of J¥ = (07, 17) which correspond to D, and
D*(2112) in the S-wave of the ¢s system. In the P-wave case, we can consider two
doublets of (0%, 17) for j, = 1/2 and (1%, 2%) for j, = 3/2, where j, denote total light
quark angular momentum that is defined by sum of light quark angular momentum and
orbital angular momentum of the s quark in the c¢5 system as shown in figure 1.1. The

14



CHAPTER 1. INTRODUCTION 15

conventional states of D,(2536) and D,(2573) are suitable to 17 and 2% in the L = 1
states. Ignoring the fact that their masses are lower than expectations based on quark
potential models, a natural interpretation for these two new states is that they are 0%
and 17 of J = 1/2, L = 1 excitations of the ¢§ state as shown in figure 1.1, where J and
L denote the total angular momentum and orbital angular momentum of the s quark in
the ¢5 system also as shown in figure 1.1.

iq

J=S+S+L

Sq

Figure 1.1: Angular momentum in the cs system

If the masses of new states are higher than the threshould which is to decay into highly
allowed modes such as DK or D*K final states with large fraction, then the natural width
should be broader than the case of masses are smaller as to decay only into for suppressed
modes. Otherwise, if only suppressed modes such as isospin violation decay mode with
small fraction are allowed due to masses are smaller than the threshould for broader
partial width decay, then the intrinsic width should be smaller.

We have investigated these states using Belle data. Our first goal here is to confirm
these states and to assign spin-parity for these new states. Since the invariant mass of
DFr%in D,;(2457) is very close to that of Dy;(2317) due to the mass splitting between
D,;(2457) and Dy;(2317) is close to the that of D¥(2112) and Dy, we expect significant
feed-across background in each signal region from the other state. A careful evaluation
of these backgrounds requires a large and clean data sample. Once the existence of these
state are confirmed, we determine the quantum numbers of these states, namely their spin-
parity assignments. In order to determine these quantum number, we search for other
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—~32;
§ i L=0 L=1
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Figure 1.2: Filled circle shows previously established ¢s states, open circle shows newly
found c¢s states, short bars mean the prediction of masses in potential model and long
bars represent the mass threshould for expected highly allowed modes.

decay modes that are either allowed or forbidden under various spin-parity assignment.
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(The second part)
Study of |V,;| with Using D; Endpoint

1.2 Kobayashi Maskawa Mechanism

When it was beginning of our universe, particles and anti-particles would exist with equal
ratio if they are produced from pair production. The problem is that we can see almost
only particles in the present universe. As a reason why such a unbalance exist can be
considered as origined in CP violation. The CP violation was found with weak interaction
decay of K meson in 1964. In 1973, Kobayashi-Maskawa proved that if quark have three
generations, it would contain CP violation as a natural result [1]. In 1980s, Sanda and
Carter showed the decay of B meson would have large CP asymmetries [2]. Therefore,
in order to get certain proof that CP violation is due to Kobayashi Maskawa mechanism,
the experiment of B factory was started in 1995. If the probability amplitude of weak
interaction have a complex phase, quarks and anti-quarks could behave differently. The
BELLE experiment proved it with B meson decay and the test of Kobayashi Maskawa
mechanism is important.

The KM matrix has the probability amplitude of weak interaction as each matrix ele-
ment.

Vud vus vub
V=1 Ve Ves Va |. (1.1)
Vie Vis Vi

The matrix has four degrees of freedom for three generations of quarks. The four degrees
consist of three degrees of rotation and one degree of complex phase as shown in following
argument. In general, n x n matrix have 2n? degrees of freedom. Unitarity requires
to reduce n? degrees of freedom, relative phase of 2n quarkes reduce (2n-1) degrees of
freedom, and rotation need n(n-1)/2 degrees of freedom. Then the remained degrees are
calculated as following,

2n? —n* —(2n— 1) —n(n—1)/2=(n—1)(n — 2)/2. (1.2)
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This (n-1)(n-2)/2 are degrees of freedom for complex phase. Therefore if quarks have
greater than 3 generations, it mean that they have complex phases. In particular, 3
generations of quarks have n(n-1)/2 = 3 rotation parameters and (n-1)(n-2)/2 = 1 complex
phase parameter. The KM matrix can be written with 4 parameters 6y, 65, 05, 0 as shown,

cosfy sinf; O 1 0 0 1 0 0 1 0 0
Vin = | —sinf; cost; 0 0 cosly, sinby 01 0 0 cosl; sinfs
0 0 1 0 —sinfy cosbs 0 0 €9 0 —sinfs cosbls

(1.3)
cost, sinb;cosbs sind; sinbs
= | —sinbicoshy  cosbycoshycoshs — sinbysinbse  coshicosbysinbs + sinbacoshse™
sinfysinfy  —cosb sinbycosls — cosbysinbse®  —cosby sinfysinbs + cosbycosbse™
(1.4)

In order to compare each matrix elements easily, we use the replacement of the 4
parameters 01, 0y, 03, 6 with A\, A, p, . Then X\ and A are defined by A = |V, ~ 0.22
and by AN = |V| ~ 0.04 (A is of order unity). If only second order of A is taken into
account, the Vi, is described as

1—X\2/2 A 0
Viewr = —A 1 =22/2 AN |+ 00\, (1.5)
0 —AN 1

If | V| and |Viq| are replaced with arbitrary third order of A, they can be written as |V,
= AX3(p —in) and as |Vig| = AN}(a — i3), then the Vi, is described as

1—\2/2 A AN (p —in)
Viem = -\ 1—)\%/2 AN? +O0(\Y), (1.6)
AN (o —iff)  —AN? 1

where, unitrarity (VKMVIT{M = I) requires « = 1 — p, and 8 = 7. Eventually, the KM
matrix to the third order in A becomes

1—X%/2 A AN3(p —in)
Vierr = ) 1— )22 AN? +O(\Y). (1.7)
AN (1 —p—in) —AN 1

(Wolfenstein expression [5])
In order to prove CP violation, whether KM matrix have irreducible complex phase or
not is investigated. Then it was used that Vi, must satisfy unitarity,
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Vi View = 1, (1.8)
the orthogonality of the d-column and the b-column leads

Vudeb —+ Vcdvc}k, + Via t}k, =0. (1.9)

The three component of above equation can be written in complex plane, and they form
a triangle. If it is drawn in (p,7n) plane, the unitarity triangle becomes as shown below.
Then, three angle ¢1, ¢o, and ¢3 are defined.

N

A

(p.n)

If the angle ¢; or ¢3 is not zero, KM matrix should have complex phase. Already, BaBar
collaboration and Belle collaboration showed that sin2¢, is not zero [3] [4]. It means CP
violation, but whether Kobayashi-Maskawa theory is right or not depends on whether
unitarity triangle is closed or not. Parameter A and A are well known and |V,4| can be
written with A, therefore the measurement of |V,;| gives one side of the triangle which is
opposite to ¢1. Thus, measurement of |V,;| is important because this measurement make
it possible to confirm KM theory is correct or not.
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BELLE experiment

For the purpose of studying CP violation in B meson system, BELLE experiment was
started. In order to prove the difference between particle and anti-particle except for the
combination both the sign of the charge and parity, large amount of BB pair is produced
with eTe™ collider. Then, e* and e~ are collided on Y(4S) resonance energy which is
10.58 GeV in the center of mass frame, and more than 96% of Y(45) decay into BB pair.
We accumulated 350 million BB pair data by February, 2005. High statistics of BB data
enables us to measure large CP asymmetry and test of Kobayashi Maskawa theory.

2.1 KEKB accelerator

KEKB accelerator is using storage ring of 8.0 GeV electron and 3.5 GeV positron to
make them collide and produce large amount of BB pair. Each ring have 5000 bunches
which were stored in 3 km rings, and they collide in each 2 ns with the angle of 11 mrad.
High energy ring (HER) have 1.4 x 10'° electron per bunch and low energy ring (LER)
have 3.3 x 10'° positron with design beam current 1.1 A and 2.6 A for HER and LER.
They have asymmetry energy because BB were required to boost in laboratory frame
in order to get the large difference of decay length between B and B for studying CP
asymmetry. Boost factor can be calculated as

By = (E.- — E.+)/ /s = (8.0 - 3.5)/10.58 = 0.425

The general view of KEKB accelerator is described in Figure 2.1.

20
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2.2 BELLE detector

Belle detector consist of some devices such as sub-detectors, beam-pipe, solenoid magnet
and so on. In order to detect various particles, each sub-detector were designed and have
been developed continuously. Sub-detectors without K, /i detector were located inside
of the super-conducting solenoid of 1.5T magnet field. Feature and performance of each
devices are as follows.

2.2.1 Silicon Vertex Detector (SVD)

When CP violation is proved with BB mixing, the flight length difference of BB pair
must be measured. Silicon Vertex Detector (SVD) has four layers of 300 pm thick Double
Sided Silicon Detector (DSSD), and it is located just around beam pipe with the 3.3~
5.8cm radius and 22~34cm length. The required resolution of vertex difference is more
than 100 gm on the beam axis.

2.2.2 Central Drift Chamber (CDC)

Drift chamber was located around SVD to measure tracks, momentum and dE/dx of
charged particles. Central Drift Chamber(CDC) is filled with low material gas mixture(
50% He and 50% C2Hg) which can ionize charged particles. CDC is small cell chamber
that have 50 anode wires and 3 cathode strip layers, then the 50 anode wire were divided
into 32 axial and 18 stereo wire to reconstruct 3-dimensional track. Momentum can be
measured from curvature radius of track in the 1.5T magnet field. Measurement of specific
ionization (dE/dx) make it possible to identify particles. This chamber covers 77mm to
880mm in radius and 17° to 150 ° in polar angle, and have 8,400 readout channels for
anode and 1,792 channels for cathode.

The spatial resolution are 130 pm in the transverse plane of the beam axis, and less than
2mm in the beam axis, which means transverse momentum resolution o /p; is \/E (0.19p)*+
0.34%)% with GeV /c. The resolution of dE/dx is 6.9%.

2.2.3 Aerogel Cherenkov Counter (ACC)

The role of Aerogel Cherenkov Counter (ACC) is particle identification of kaon or
pion in the high momentum region that is greater than 1.2 GeV/c. ACC detect pion
with Cherenkov light which is emitted in Aerogel whose reflective index is 1.01 ~ 1.03.
Cherenkov light can be measured when particle velocity exceeds light of velocity in the
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material, then the reflective index was chosen as kaon don’t emit Cherenkov light. Aerogel
block is 12 x 12 x 12 ¢m? typically, and equip with fine-mesh photo multiplier tubes
(FMPMT). There are 960 counter in barrel region and 228 counter are in endcap region.

2.2.4 Time Of Flight counter (TOF)

For the aim of measuring velocity of particles, Time Of Flight counter (TOF) is installed.
This counter can distinguish between kaon or pion in the momentum region below about
1.2 GeV/c. For the 1.2 m flight pass, the required resolution is 100 ps. The length of
this counter is 3 m, and 128 counters was located. Each pair of two TOF have trigger
Sintilation Counter (T'SC).

K /7 Separation We can separate kaon and pion with combining informations of like-
lihood from ACC, TOF and CDC in each momentum region. The typical separation
distribution with using the decay mode D** — D%+ and D° — K~ 7t where the kaon
and pion tracks in the two-body decay kinematic region are selected by requiring 2.40
GeV/c < P* < 2.85 GeV/c are shown in figure 2.10.

2.2.5 Electromagnetic CaLorimeter (ECL)

In order to measure energy deposit of photon or electron with scintillation light, Csl
crystal was located. The number of crystal are 8,736 and typically they are 5.5 x 5.5 x
30 em? that is 16 radiation length. Shower of electromagnetic interaction was measured
with 3 x 3 or 5 x 5 crystal set, and the ratio of energy in this two region is used to know
shower shape. This calorimeter covers with the poler angle of 12.01° to 31.36° and 32.2
° to 128.7° for barrel and endcap region.

The resolution with 5 x 5 crystal is o/E = 0.066 %/E @ 0.81 %/EY* @& 1.34 % and
the position resolution is 0,05 = 0.5cm/+/E with GeV /c.

Electron identification Electrons are identified with the ratio of energy to momentum
(E/p). It is close to 1 for electrons. And, we use the ratio of enrgy sum in 3 x 3
crystal set to enrgy sum in 5 x 5 crystal set (E9/E25). This use the difference between
electromagnetic shower shape and hadronic shower shape. In addition to E/p and E9/E25,
we use matching of an extrapolated track position and a cluster position at ECL, dE/dx
in CDC, light yeild in ACC, and time of flight in TOF for electron identification. We
calculate the likelihood value with pobability density function of these values in Monte
Carlo.
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2.2.6 Extreme Forward Calorimeter (EFC)

EFC is the detector for electron or photon that was located in extreme forward and
backward which covers around the beam axis. EFC was made from 2cm x2cm BGO
(BisGe3012) crystals because EFC was exposed in high radiation of photons from syn-
chrotoron radiation or spent electron (~ 5 MRad per year). Typical cross-section is 12X
for forward and 10.5X, is backward. They cover 6.4° ~ 11.5° or 163.3° ~ 171.2° for
forward or backward.

2.2.7 K9 -+ i detector (KLM)

In order to detect muon or K, KLM detector was instolled. The KLM consist of
Resistive Plate Counter (RPC) and 4.7cm-thick iron that have 14~15 layers. RPC is
one of spark chamber that is filled with gas mixture(30% Ar, 62% HFC134a, 8% C5Hj).
Then the charged particle are measured in RPC and the particle that penetrated through
irons are identified as muon. The secondary particles of interaction between K and iron
are measured as direction of K cluster. Simoltaniously the iron plays the role of return
yoke. KLM detector covers 20° ~ 155° with polar angle.

Muon identification We identfy muons with charged particles which penetrated through
iron layers in KLM. Then, charged tracks which are measured in SVD and CDC are ex-
trapolated into KLM and they are assosiated with KLM hits. We use two quantities
for muon identification; one is AR which is defined as the difference between expected
range of track and measured range of track in KLM. Another is x? which is normalized
transverce deviation of all hits assosiated with the track. We use probability density func-
tion of these two value with tracks of muons, pions and kaons in Monte Carlo to calculate
the likelihood.

Better Precision Inner trackers The BELLE detector is making improvement con-
tinuously. In 2003 summer, we replaced inner more part of CDC with two layers of small
cell chamber (sCDC) and SVD are replaced from three layer with four layer (SVD2), then
inner most layer of SVD2 is now located closer to the interaction point with a smaller
radius beryllium beam pipe. We improved the detector performance as to be more precise
decay vertex for B, better reconstraction of charged track for low momentum and less
deadtime in DAQ with newly developed electronics.
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2.3 'Trigger

The design values of trigger and data acquision is 200Hz for typical trigger, 500Hz for
maximum trigger, 30kB/event for data size, and 15 MB/s for data transfer speed.

The trigger consist of sub-detector trigger and central trigger which is called Global
Decision Logic (GDL). The sub-detector trigger was combined into GDL. Then two inde-
pendent trigger exist, one is track trigger and another is energy trigger. The track trigger
consist of CDC r-¢ track, TOF trigger, and number of isolated ECL cluster trigger. The
energy trigger is based on ECL energy sum. The basic hadronic skim is a logical OR of
next 4 qualification: tight 2 track trigger, loose 3 track trigger, number of isolated cluster
is greater than 4, and energy sum is larger than 1 GeV. The exact definition and condition
of triggers are in the BELLE note [15]. The efficiency of each trigger are greater than
97%, therefore the final trigger efficiency is greater then 99.9%.

The timing signal is decided from TOF or ECL trigger that are adjusted to 1.85 us from
the event crossing, and after timing trigger 0.35 us is used for GDL processing, totally
trigger timing is adjusted to 2.2 us from the event crossing.

After the software trigger which have almost 100% efficiency for hadronic event,
each event is classified into some categories. In the endpoint analysis, we used hadron
like events, which called “HadronBJ” that is categolized as standerd hadronic event. The
conditions of “HadronBJ” are as following,

e Number of 'good’ track multiplicity is greater than 3.
(’good’ means p; > 0.1GeV, |dr| < 2.0cm, and |dz| < 4.0cm)

e Visible energy of tracks and photons(E,;), is greater than 20 % of /s

e Momentum balance of z compornet; |¥p,| < 0.54/s

e Primary event vertex is around interraction point; |r| < 1.5cm and |z| < 3.5cm
e Sum of energy deposited in ECL; 0.18GeV < E,,,, < 0.8GeV

e Number of ECL clusters in -0.7 < cosf < 0.9 is greater than 2

o Heavy jet mass; M > 0.25E,;s or Mjer > 1.8GeV
(Heavy jet mass means essencially 7 mass)

e average of ECL cluster energy is smaller than 1GeV
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2.4 Data AcQuisition (DAQ)

The read out from sub-detector and trigger are running in parallel. The signal from
all sub-detectors except for the SVD are digitized by a unified readout system based
on Q-to-T convertion using FASTBUS controller and transfered to the event building
fram through a 100base-TX network. The data from SVD are processed by a PC-based
readout system and sent to the event building farm directly via the network. The event
building farm is based on switchless event building technology and consists of three layers
of PC servers. The first layer servers recieve the data from the VME readout system and
perform partial event building for connected subdetectors. Software trigger processing is
also performed and a veto signal can be sent to the second layer servers to reject the event
data from other layer servers. The final event building is done on the layer three server
and the event is sent to the tape recording system and also to the real-time reconstruction
farm.

2.5 Computing system

BELLE accumulate more than 1 million BB pairs in one good day. This correspond to
about 1.2TB of raw data per day. The amount of raw and processed data accumulated so
far exceed 1.4PB. BELLE’s computing model has been traditional one and has been very
successful. Raw data are transferred from Tsukuba experimental hall to the computing
center via optical fiber where they are directly written to DTF2 tapes. Recently, a new
path has been added to an online PC farm where we run the first DST production and
write output data onto a new hierarchical strage management system consisting of IDE
raid disks and tape library. The tape library can hold 1.2PB of data on 500GB tapes.
The final data processing is done on PC farms. The output data files for physics analysis
are written to IDE raid disks and final user physics analysis job are also run on PC farms.
The network for data transfer now extends to collaboration universities using dedicated
1 Gbps lines.

2.6 Software tool

The overview of the data analysis and Monte Carlo simulation is shown on 2.19. The raw
data which are acquited with BELLE detector are processed by reconstruction tools such
as tracking of charged particle, measuring of energy and particle identification. utputs
of reconstruction tools is called Data Summary Tape (DST) and it is converted to more
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compact data set that is called Mini Data Summary Tape (MDST) for user analysis.
When we simulate with BELLE detector, we use QQ generator [11] or EvtGen generator
as event generator which is originally developed by CLEO collaboration and modified for
BELLE detector [12], then we use two detector simulation; one is full detector simulator
(GSIM) that generates detector response in the same form as real data.

Event generator  Event generator simulates physical process of decay chains. Then,
we use each decay mode and branching fraction in the result of CLEO group which are
modified for BELLE detector. Decay modes and branching fractions are recorded in a
decay table, and user can controll them by chainging the decay table. The outputs of
decay information with QQ are stred in HEPEVT table [13]. There are two main states
as initial state; one is Y (45) and another is ¢g (continuum prosess). Most of T (4S5) decay
into BB pair, and on the energy of T(4S5) resonance, the main background is eTe™ — ¢g
event (o(ete™ — qq) ~ 3o(eTe™ — T(49))).

Geant (full) detector SIMulator (GSIM)  The full detector simulator (GSIM) is
based on GEANT [14] which is developed in CERN for the simulation of reaction between
particles and materials in the detector. The data from HEPEVT table are inputed into
GSIM, and GSIM traces the behavior of each particles in the detector and generates
detector responce which is the same form with real data output. GSIM takes much time
(~ 30 sec/event) because of tracing each particle one by one for the precise reactions with
materials.
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Figure 2.1: KEKB accelerator
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BEL! F Detector

1. Silicon Vertex Detector

2. Central Drift Chamber

3. Aerogel Cherenkov Counter
4, Time of Flight Counter

5. Csl Calorimeter

6. KLM Detector

7. Superconducting Solenoid
8. Superconducting Final
Focussing System

Figure 2.2: BELLE detector
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Figure 2.5: Silicon Vertex Detector (SVD)
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Figure 2.6: Central Drift Chamber (CDC)
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Chapter 3

Measurement of the D.; Resonance
Properties

Abstract

We report measurements of two D,; resonance’s masses, widths, and branching frac-
tions in the continuum production. From the measurements of D};(2317) — Dfn°
and D},(2457) — D**7° we determine their masses to be M(DJ,(2317)) = 2317.2 +
0.5 (stat) £ 0.9 (syst) and M(D/;(2457)) = 2456.5 + 1.3 (stat) & 1.3 (syst). We deter-
mine the ratio of branching fraction times cross section to be (Br(DZ;(2457) — D:T7°) x
o(DH(2457)))/(Br(D5(2317) — D¥7r0%) x o(D5(2317))) = 0.2940.06 (stat)=£0.03 (syst)
and (Br(Ds(2457) — D, %) xo(D/;(2457)))/(Br(Ds(2317) — D, n°)xo(D1;(2317))) <
0.06 (90%C'L). We set upper limit for the branching fraction ratio to be (Br(Ds(2457) —
D,m%))/(Br(Ds(2457) — D:7%)) < 0.21 (90%CL). We observe for the first time of
the decay modes DJ;(2457) — Dyrtr~ and DJ;(2536) — Dyrtn~ modes. We deter-
mine the branching fraction ratio to be (Br(D/;(2536) — Dfntx~))/(Br(D{,(2457) —
Dirtr™)) = 1.05£0.32 (stat)£0.06 (syst) and (Br(D7;(2457) — Dfx"n™))/(Br(D/;(2457) —
D:*7%) = 0.14 4+ 0.04 (stat) + 0.02 (syst). We set upper limits for the branching
fraction ratio to be (Br(D};(2317) — Dfn*tn7))/(Br(D;(2317) — Dfn%) < 4 x
1073 (90% C.L.). We observe for a radiative decay mode DJ;(2457) — Df~. We de-
termine the branching fraction ratio to be Br(D{;(2457) — DZf~)/Br(DI;(2457) —
D:tr%) = 0.55 + 0.13 (stat) £+ 0.08 (syst). We set upper limits for the branching
fraction ratio to be (Br(D,;(2317)" — D{~v))/(Br(Ds;(2317)" — Dfz%) < 0.05,
(Br(D5(2317) — D**+))/(Br(D7,(2317) — D+r%) < 0.18 (90% C.L.), and (Br(DZ,(2457) —
D)) /(Br(D/;(2457) — D*x%)) < 0.31 (90% C.L.). This analysis is based on 86.9
fb~! taken with the BELLE detector and the KEKB accelerator. (BELLE NOTE#603)

43
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3.1 Introduction

The narrow Dy’ resonance at 2317 MeV/c?, recently observed by the BaBar collabora-
tion [19], is naturally interpreted as a P-wave excitation of the ¢s system. The observa-
tion of a nearby and narrow D7’ resonance by the CLEO collaboration [20] supports
this view, since the mass difference of the two observed states is consistent with the ex-
pected hyperfine splitting for a P-wave doublet with total light-quark angular momentum
j = 1/2 [21, 22]. The observed masses are, however, considerably lower than potential
model predictions [24] and similar to those of the cu j = 1/2 doublet states recently
reported by Belle [25]. This has led to speculation that the new D{*)7° resonances, which
we denote D, may be exotic mesons [26, 27, 28, 29, 30, 31]. Measurements of the Dy,
quantum numbers and branching fractions (particularly those for radiative decays), will
play an important role in determining the nature of these states. In this paper we re-
port measurements of the D,; masses, widths and branching fractions using a sample of
ete” — cc events collected with the Belle detector [33] at the KEKB collider [34].

3.2 Data Set

We used hadronic events produced in ete™ annihilation at the KEKB accelerator and
collected with BELLE detector. The data set has an integrated luminosity of 78.1 fb!
taken at the T (45) resonance (referred to as on-resonance data) and 8.8 fb~! at a center of
mass energy that is 60 MeV below the peak (referred to as off-resonance data or continuum
data).

3.3 Reconstruction of ¢, D,, ¥, and D}t

We use Df — ¢t and ¢ — KK~ decay channels for D} reconstruction because it has
the best combination of detection efficiency, branching ratio, and background suppression.
To identify kaons or pions, we apply a mode dependent requirement on the ratio Ly /(Lx+
L;)or L,/(Lg+L;). We form K™K~ invariant mass by requiring one track has Lg /(Lx+
L;) > 0.5 and another track has Lx/(Lyx + L) > 0.2. Figure 4.11 shows the KtK~
invariant mass distribution. We apply impact-parameter cuts of d, and d, which are the
length between interaction point and the closest point of charged track in r and z direction
respectively as to be |d,| less than 0.5 cm and |d.| less than 2 cm. The ¢ candidates must
satisfy M (KT K~) to be within 10 MeV/c? of the nominal ¢ mass. We use the ¢ helicity
angle @, which is the angle between the direction of the K+ and the DT in the ¢ rest
frame. The signal follows a cos?0y distribution while the background is flat in cosfy.
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We require |cosfg| to be greater than 0.35. We reconstruct DY candidate in D} — ¢nt
decay by combining pion and ¢ candidates. We require L, /(Lg + L) > 0.1 for the pion
candidates. The invariant mass distribution for ¢z+ that is applied continuum region
momentum cut for D, system as P*(D,n®) > 3.5 GeV/c in the Y(4S) frame is shown
in Figure 4.12. The D, candidates must satisfy M (¢7T) to be within 10 MeV /c? of the
D} nominal mass. We use the D] sideband region for background study that is defined
as an average of 1.920 < M(¢n ™) < 1.940 GeV/c? and 1.998 < M (o) < 2.018 GeV /c?.

For the ¥ reconstruction we require the energies of both photons to be greater than
100 MeV in the YT (4S) frame. The v+ invariant mass distribution is shown in Figure 3.3.
That is also applied continuum region momentum cut for Dr® system as P*(Dy7°) > 3.5
GeV/c in the T(4S) frame. The 7° candidates must have the M () within 10 MeV /c?
of the 7° nominal mass. We define the 7° sideband region for background study as 0.105
< M., <0.115 GeV/c? and 0.155 < M., < 0.165 GeV /c?.

We reconstruct D** in the D~ final state. We require the photons from the D** to
have energy greater than 100 MeV in the Y(4S) frame. The mass difference M (Df~) —
M (DY) distribution is shown in Figures 3.4. That is also applied continuum region
momentum cut for D70 system as P*(D*7") > 3.5 GeV/c in the T(4S5) frame. The D}
candidates must satisfy 0.127 < (Mpy, — Mpi) < 0.157 GeV/c?. We define the D;*
sideband region for background study as an average of 0.087 < (M, Mp+) < 0.117
GeV/c? and 0.167 < (Mpy, — Mp+) < 0.197 GeV/c?.

fv ™
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3.4 Monte Carlo Data

We need Monte Carlo simulations for production and decay of these new states. These
simulations are used to estimate the experimental resolution for the resonance widths,
detection efficiencies, and to understand the backgrounds due to feed-across. For the
production of DJ;(2317) in continuum events, we replace the Dg;, with D;(2317) in the
assumption of same fragmentation for them and let it decay to DJ7® according to a
phase space. We assign the mean value as 2317.0 MeV and assign the intrinsic width of
D} (2317) as 0 MeV /2. For the production of D;(2457) in continuum events, we replace
D’ with DF;(2457) and let it decay to D*tr® according to phase space. We assign the
mean value as 2459.0 MeV and assign the intrinsic width of DJ;(2457) as 0 MeV /c?.

3.5 Study of D(2317)" — Dfr"

The invariant mass distribution for Df 7% combinations with center of mass momentum
p*(DF %) greater than 3.5 GeV/c is shown in Figure 3.5. This requirement removes
DFr® combinations from B decays. The mass difference M (Dfn%) — M pz is shown in
Figure 3.6. Also shown are the backgrounds from the DY sideband (dark dotted lines) and
70 sideband (light dotted lines). A clear peak in the 2.32 GeV/c? mass region is visible
in addition to a peak at 2.1 GeV/c? corresponding to D:*(2112) — Df#° No peak is
seen in the sideband distributions. We extract the raw yield, mean, and o of the peak
from both mass distribution and mass difference distribution by using a single Gaussian
to model for the signal shape and a third order polynomial function for the background
shape. We obtain the following results for raw yield with 87fb~! data,

e From the Dy;(2317) mass distribution:

— Raw yield = 867 + 44

— Mean 2317.0 + 0.5 MeV/c?

—0=79+05 MeV/c?
(statistical error only)

e [From the mass difference distribution:

— Raw yield = 886 + 46

— Mean 348.3 + 0.5 MeV /c?
(correspond to 2316.8 + 0.5 MeV /c?)
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— 0=282+0.5 MeV/c?
(statistical error only)

In the invariant mass calculation, we substitute the D nominal mass and use the 7°
momentum which is recalculated after the mass constraint fit. For the mass difference
calculation, only the 7° mass constraint fit is used. Both methods give consistent results
and our measured mass is in good agreement with BaBar and CLEO results. Extraction
of signal yields, mean, and observed width after feed-across correction will be discussed
in later section. The extraction of natural width from the observed width will be also
discussed in the section.
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3.6 Study of D,(2457)" — Di*rx!

Figures 3.7 and 3.8 show the invariant mass distribution M (D?*7%) and mass difference
M(D}*7%) — Mp.+ distribution. The momentum cut p*(D;¥7°) > 3.5 GeV/c is applied.
A clear peak is observed in the 2.46 GeV/c? region as reported by BaBar and CLEO.

We extract the yield, mean, and o of the peak from the mass distribution and the
mass difference distribution using the same method as for the D,;(2317) case. Results of
the fitting by single Gaussian for raw yield with 87fb~! data are following.

e From the Dy;(2457) mass distribution:

— Raw yield = 206 + 25

— Mean =2457.1 4+ 1.3 MeV /c?

—0=74+15MeV/c?
(statistical error only)

e [From the mass difference distribution:

— Raw yield = 207 £ 25

— Mean = 344.7 4+ 1.0 MeV/c?
(correspond to 2457.1 £ 1.0 MeV/c?)

—o=T4+11MeV/c?
(statistical error only)

Again both methods give consistent results. For the rest of this article, we use the mass
difference only. Extraction of signal yields, mean, and observed width after feed-across
correction will be discussed in later section. The extraction of natural width from the
observed width will be also discussed in the section.
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3.7 Experimental Resolution

We estimate the experimental resolution for the resonance widths using the signal Monte
Carlo events. Since we observe a clear peak for D™ — DI 7¥ in the data, we use the decay
chain to compare experimental resolution with the Monte Carlo. Figure 3.9 show the mass
difference M(D}n°) — M+ distribution near the D}*(2112) mass region. Figure 3.10
shows the corresponding MC distribution. Fitting with a single Gaussian for signal shape
and a threshold function for background give following results.

e Data:

— Mean = (144.3 £0.1) MeV/c?
(correspond to 2112.8 + 0.1 MeV/c?)

— 0= (1.04+0.1) MeV/c?
(statistical error only)

e MC:

— Mean = (143.9 4+ 0.1) MeV/c?
(correspond to 2112.4 £ 0.1 MeV/c?)

—0=(1.0+£0.1) MeV/c?
(statistical error only)

The observed mean 144.3 4+ 0.1 MeV/c? corresponds to a D*' mass of 2112.8 £ 0.1
MeV /c2. This agrees with the PDG2002 value of 2112.4 4+ 0.7 MeV /c?. The observed
width is in good agreement with MC. We conclude that we can obtain reliable estimate
of the experimental resolution from the MC result when extract the natural widths.

Figures 3.11 and 3.12 show each mass difference distribution M(D}7") — M+ and
M(D3t7% — Mp++ of signal Monte Carlo from D,;(2317) and D,;(2457) respectively.
We fit the M(DJ7°) — Mp+ MC distribution with a single Gaussian for signal shape
and a third order polynomial function for background shape. In the case of D,;(2457),
there is a background peak of miss combination with random photon, therefore we fit the
M(D;*7%) — M-+ MC distribution after D} sideband distribution was subtracted bin by
bin. Each fitting give us following results.

e For D,;(2317):

— Mean = 348.7 4+ 0.2 MeV/c?
(correspond to 2317.2 + 0.2 MeV/c?)
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—0=71+02MeV/c?
(statistical error only)

o For D,;(2457):

— Mean = 347.5 4+ 0.2 MeV/c?
(correspond to 2459.9 & 0.2 MeV/c?)

— 0=6.1+£02 MeV/c?
(statistical error only)

We conclude that our experimental resolution for each mass is 7.1 + 0.2 MeV /c? for
D,;(2317) and 6.1 + 0.2 MeV /c? for D,;(2457).
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3.8 Background estimation

Since the kinematics of the D,(2457) — D:7% decay is similar to the D,(2317) — Dr°,
background due to reflections from another state can also make peaks in each signal region.
Reflection background for the D (2457) — D:T7% can come from D and 7°, originating
from D,(2317) — D% which are combined with random photon and happens to pass the
|M(Df~) = Mp+| < 15 MeV /¢ requirement. Reflection background for the Dy(2317) —
DFrY can come from DY and 7 originating from D,(2457) — DFyr®.

This effect is clearly demonstrated by data distribution in Figure 3.13 and 3.14. Fig-
ure 3.13 shows the M (D:n%) — M p:+ distributions from the data for the DY signal and
sideband regions. There is no peak in the D} sideband. On the other hand, a reflection
is clearly seen in the D** sideband distributions as shown in Figure 3.14. The definitions
for the D** signal and sideband regions are shown in Figure 3.4. Both lower and higher
sideband regions are chosen to be equal to the area under the peak in the signal region,
and an average of the two regions is used as the sideband distribution.

A broader peak in the D** sideband distribution is a result of the feed-up background
plus the broken combination background as described in the previous subsections. These
should be present in the distribution for the D! signal region as well. We therefore
must separate these components in order to extract signal yields, means and the correct
observed widths of the resonances.

3.8.1 Feed-up from D,;(2317) to D,;(2457)

Figure 3.15(a) cross points show the M(D;*7%) — M.+ distribution obtained from the
D,;(2317) signal MC events. A clear peak seen near 2.46 GeV/c? resonance is a result
of D} and 7 from D,;(2317) combining with random photon and the D~ combination
satisfying the D" requirement. A fit using a Gaussian for the feed-up peak and linear
function for the smooth background gives the mean of (351.9 & 2.5) MeV/c? which cor-
respond to (2464.3 & 2.5) MeV/c? and ¢ of (12.3 + 1.8) MeV/c%. The peak position is
slightly higher than the signal, and the width is about twice wider than the signal width.
The x*/n.d.fis 4.5/4 in this fitting. Figure 3.15(a) histogram show the M (D} 7%) — M .+
distribution by using D sideband region obtained from the same Djg;(2317) signal MC
events. We can confirm that the D? sideband is containing the feed-up peak with the same
shape and same fraction. We define the feed-up fraction as a yield ratio of the feed-up
events to the D;;(2317) events that are correctly reconstructed as signal. We estimate
the fraction as f"? = (9.2 + 1.8)%.
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3.8.2 Feed-down from D,;(2457) to D,;(2317)

Figures 3.15(b) show the M (D n°) — M+ distributions from the D,;(2457) signal Monte
Carlo events. A clear feed-down peak can be seen near 2.32 GeV /c? which comes from D}
and 7° combination from Dy ;(2457) decay. We obtain the mean of (346.8 4+ 1.0) MeV /c?
which correspond to (2315.3 +1.0) MeV/c? and the o of (14.9 + 0.8) MeV /c?. The peak
is slightly lower than the signal peak and the width is about twice as wide as the signal
width. The x?/n.d.f is 23/19 in this fitting. This feed-down mean value depends directly
on the input mean value of Dy;(2457) that is 2459.0 MeV /c?. Otherwise, we find the true
mean of Dy;(2457) is 2456.6 MeV/c? as described later, therefore we use (344.4 + 1.0)
MeV/c? as the feed-down mean value. The feed-down fraction which is defined as a yield
ratio of the feed-down events to correctly reconstructed D;;(2457) events. The feed-down
fraction is estimated as fI°"" = (132 + 13)%.

3.8.3 Broken combination from D;;(2457) to D;;(2457)

Figures 3.15(c) show the M(D;*n°) — M.+ distributions from the D;* sideband region
in the Dy;(2457) MC. A peak comes from a random photon combined with D} from
D, ;(2457) decay when the combination satisfies the D** requirement and then forming
peak around 2.46 GeV/c?. We obtain the mean of (347.8 £4.2) MeV /c? which correspond
to (2460.2 4 4.2) MeV/c? and o = (19.5 & 3.6) MeV/c?. The peak coincides with the
signal within the error, but the width is wider than the signal. The x?/n.d.f is 14/32
in this fitting. This broken-combination mean value depends directly on the input mean
value of Dy;(2457) that is 2459.0 MeV /c?. Otherwise, we find the true mean of D, ;(2457)
is 2456.6 MeV /c? as described later, therefore we use (345.444.2) MeV/c? as the broken-
combination mean value. The broken-combination fraction which is defined as a yield
ratio of the broken-combination events to correctly reconstructed Dy;(2457) events. The
broken-combination fraction is estimated as fProk® = (15.6 + 3.5)%.
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3.9 Signal yields extraction

Since D sideband contains both feed-up background and broken-combination background,
we extract D,;(2457) signal with subtraction of D} sideband’s M (D}*7%) — M.+ distri-
bution from D} signal’s M (D;*n°) =M.+ distribution bin by bin as shown in Figure 3.16.
We fit the M (D;*n°) — Mp.+ distribution with single Gaussian for signal shape and 2nd
polynomial for background shape. After the extraction of true yields of Dy;(2457), we
fit the M (DF7°%) — M+ distribution with single Gaussian for signal shape, Monte Carlo
predicted Gaussian for feed-down component, and 3rd polynomial for combinatorial back-
ground shape as shown in Figure 3.17. The fitting results are as following,

e From the M(D}*7%) — M.+ distribution after sideband subtraction:

— Signal yield = 125.8 + 25

— Mean =344.1 4 1.3 MeV /c?
(correspond to 2456.5 & 1.3 MeV /c?)

— 0=>58+1.3MeV/c?
(statistical error only)

e From the M(D}7%) — M distribution with sideband subtraction method:

— Signal yield = 761 £ 44

— Mean =348.7 + 0.5 MeV/c?
(correspond to 2317.2 + 0.5 MeV/c?)

— 0=T.6+05MeV/c?
(statistical error only)
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3.10 Systematics of D,; properties

We estimate systematic uncertainty of yields, mean, and observed width both for Dy;(2317)
and Dy;(2457) respectively. In the Dy;(2457) case, we use linear function as different
parameterization for combinatorial background estimation. We assign the mean shift un-
certainty with the difference between input MC mean and measured MC mean value. We
estimate the photon energy correction factor from the difference between the measured
mass difference 144.3 + 0.1 MeV /c? and PDG value 143.8 + 0.4 MeV /c?. We assign the
difference 0.5 + 0.4 MeV/c? as photon energy systematic uncertainty. In the Dy;(2317)
case, we vary +1o of yields, mean, and observed width for feed-up Gaussian shape, and
we also changed +1o of statistics for yields of the D;;(2457). We use 2nd polynomial
function to estimate combinatorial background parameterization uncertainty. We also
assign the mean shift uncertainty with the mean value statistics in signal Monte Carlo.
We assign photon energy systematic uncertainty same as the case of D;;(2457). We use
D sideband to estimate feed-up events in data, and the feed-up event number is well
consistent between D7 signal region and D7 sideband region in MC. We estimate the
error of yields in sideband subtraction from the uncertainty of feed-up events correspond
to + 3 o of signal Gaussian region in MC. We estimate the uncertainty of mean in side-
band subtraction from the difference between mean of feed-up in D} signal region and
mean of feed-up in D sideband region. We estimate the uncertainty of observed width
in sideband subtraction from the difference between sideband- subtraction method and

simultaneous method which described in next section. Those systematics are summarized
in the Table 3.1 and 3.2.

Table 3.1: Systematics of Dy;(2457) with bin-by-bin subtraction method

Dy ;(2457) Yield | dM (Mean) | Observed width
[MeV /c?] [MeV /c?]
Combinatorial B.G. parameterization (linear) | £ 6.8% +0.1 +0.3
Photon energy calibration - +0.6 +0.1
Mean shift in signal MC - +0.9 -
Sideband B.G. subtraction +6.5% +0.2 +0.3
PDG D! Mean - (£ 0.7) -

Total | £94% | £1.1 (1.3) | + 0.4
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Table 3.2: Systematics of D,;(2317) with bin-by-bin subtraction method

D, ;(2317) Yield | dM (Mean) | Observed width
[MeV /c?] [MeV /c?]
Feed-down fraction (£0) +1.8% e 01
Feed-down Mean (+0) negligible o1 Zigﬁ:gzzi
Feed-down width (+0) +£0.6% | o0 e
D, ;(2457) Yield (+0) +3.5% | e s
B.G. parameterization (2nd polynomial) | negligible | negligible negligible
Photon energy calibration - +0.6 +0.1
Mean shift in signal MC - + 0.3 -
PDG D, Mean - (£ 0.6) -
Total | £4.0% [ £0.7(0.9) | +0.3

3.11 Consistency check with simultaneous fitting

We perform a simultaneous fit to the two mass difference distributions, M(DF7°) — M+
and M(D;*7%) — M-+ with including the reflection effects. We use the following fitting
functions

AM(2317) = A1G(p1, 01) + 1.32A4,G(pdo™™, o%o"m)
AM(2457) = AyG(p2, 02) + 0.0924;,G (1", 0"P) + 0.156 A,G (1>, orokm)
(3.1)

The G(u, o) is a Gaussian with a mean p and a sigma o. Free parameters in this fitting
are the true yields A; and A,, the means p; and ps, and the widths o; and o9 both for
D, ;(2317) and Dg;(2457). All other parameter are fixed from the MC prediction. Fitting
results for two distribution are shown in Figure 3.18 respectively with each component.
Input parameters and the fitting result are summarized in Table 3.3.

These results are consistent with bin-by-bin subtraction method for mean and observed
width. We observe 151 4-23 events for the D,;(2457) — D?*7% decay by simultaneous fit-
ting. In the case of yields, MC prediction for feed-up and broken-combination are smaller
because of the difference of background photon between data and MC. Otherwise feed-
down should be well described because it’s just missing of the signal photon. Therefore
we use sideband subtraction method for D;;(2457). The comparison between two method
are summarized in the Table 3.4.
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Table 3.3: Summary of simultaneous fitting results for data

Resonance Parameter Narrow Gaussian | Wide Gaussian | Lower wide Gaussian
(true signal) (feed-across) (broken combination)
D, ;(2317) Yield 740 £+ 52 195 £ 30 (1.3245) -
Mean (MeV/c?) 348.7+ 0.5 344.4 (fixed) -
o (MeV/c?) 74405 14.9 (fixed) -
D,;(2457) Yield 148 £ 23 68 £ 4.8 (0.0924;) | 23 £ 3.6 (0.1564,)
Mean (MeV/c?) 343.7+ 1.0 351.9 (fixed) 345.4 (fixed)
o (MeV/c?) 6.1+1.1 12.3 (fixed) 19.5 (fixed)
Table 3.4: Comparison of results for two counting methods
Resonance Parameter Simultaneous fitting | Bin-by-bin sideband subtraction
D,;(2317) Yield 740 + 52 761 + 44+ 30
dM (MeV/c?) 348.7+ 0.5 348.7+0.5+0.7
Mean (MeV /c?) 23172+£0.5 23172+ 0.5+0.9
o (MeV/c?) 744+0.5 76+£05+£0.3
D, ;(2457) Yield 148 + 23 126 £25+ 12
dM (MeV/c?) 343.7+ 1.0 344.1+13+1.1
Mean (MeV/c?) 2456.1 £ 1.0 2456.5+ 1.3+ 1.3
o (MeV/c?) 6.1+1.1 58+1.3+0.4

First error is statistical and second is systematic error.

3.12 Branching ratio times cross section

The partial efficiencies for Dy;(2317) — D, 7° and D,;(2457) — D* 7° with 3.5 GeV /c
momentum cut are (8.18 £0.24)% and (4.68 +0.14)% respectively. Then we estimate the
branching ratio times cross section as

Br(D,;(2457) — Dz 7°)

L (Ds(2457), P > 35GeV/c) _ 126/4.7%
Br(Ds;(2317) — Dy 7°)

o(Ds(2317), P* > 3.5GeV/e) — 761/8.2%

= 0.29+0.06 (stat)£0.03 (syst)

(3.2)
The systematic error of photon efficiency was evaluated from 7 efficiency ratio be-
tween MC and data as 3.3 % [32]. Systematic errors are summarized on Table 3.5.
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Table 3.5: Summary of systematics for branching ratio times cross section

Error source systematic uncertainty
Systematics of D,;(2457) yields 9.4 %
Systematics of D,;(2317) yields 4.0 %

Photon efficiency 3.3 %

D, ;(2457) — Dz 7° MC statistics 3.0 %
D,;(2317) — D, 7° MC statistics 2.9 %
Total 11 %

If a particle decay into pair of pseudoscalar, the spin of parent particle and orbital
angular momentum of final state is equal from angular momentum conservation. Then
the parity of final state which is represent as (-1) x (-1) x (—1)% is equal to (-1) x
(-1) x (=1)7. It means if we decide the spin of a particle, we can decide the parity
from whether it decay into pair of pseudoscalar or not. We assign the upper limit for
D,J(2457)" — Dfn° mode by fitting on Dy J(2457)" region of Figure 3.6 with signal
shape predicted from MC. We use the efficiency 11% and obtain the fitted result as 22 +
22 event respectively. Then we extract the upper limit with the assumption of Gaussian
and use the 90% of the positive area.

Br(Ds(2457) — D, ©) x o(D},(2457))

Br(Ds(2317) = D, ) x o(D,(2317)) = 00 (904CL) (3.3)

Br(Ds(2457) — D, ©°)
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3.13 Radiative decays

3.13.1 D,y — D,y

The D4(2317) — Dy decay is forbidden if D,(2317) has a spin 0 state from the angular
momentum conservation. D¢(2457) — Dy is allowed if D4(2457) is 1 state or 1~ state.
Figure 3.19 shows the mass difference distribution for D,y obtained by combining the Dy
signal candidate with photons above EZ = 600 MeV after removing all photons that form

a . The cut criteria for photon energy was optimized to maximize the F.O.M which

defined as S/v/S + N from signal MC and data sideband. We require p*(Ds; > 3.5)
GeV/c. The histogram is from D] sideband region. We use a double Gaussian as signal
shape and 3rd oder polynomial as background. Then we fix the double Gaussian’s shape
except for the total yields and narrow widths. The ratio of narrow Gaussian to wide
Gaussian is 0.67 + 0.21, two Gaussian’s mean difference is 14.3 + 4.1 MeV/c?, and the
wider Gaussian’s width is 17.6 &+ 2.0 MeV /c?. The observed signal yield is 152 + 18(stat)
events. The double counting fraction was estimated as less than 1% from signal MC.
This exclude a possibility of D,(2457) being 0% state. We correct mean value with the
difference between input D,(2457) mean value of 2459.0 MeV /c? and measured narrow
Gaussian’s mean value of 2459.6 MeV/c? in MC. From the measured narrow Gaussian’s
mean value of 2460.1 MeV/c? in data, we determined the mean value as 2459.5 MeV /c?
after signal shape correction.

e D,;(2457) — Dyy Data;

— Narrow Gaussian’s AM = 491.6 + 1.3 MeV/c?
— Narrow Gaussian’s M = 2460.1 + 1.3 MeV /c?
— Narrow Gaussian’s o = 8.0 + 1.1 MeV/c?

— AM =491.0 + 1.3 MeV/c?

— M =2459.5+ 1.3 MeV /c?
(statistical error only)

o D,;(2457) — Dyy MC;

— Narrow Gaussian’s AM = 491.1 + 0.9 MeV/c?
— Narrow Gaussian’s M = 2459.6 4 0.9 MeV /c?
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— Narrow Gaussian’s 0 = 8.5+ 0.8 MeV/c?
(statistical error only)

The systematics for D,;(2457) — Dy are summarized in Table 3.6. We measure
D,;(2112) — Dyvy with same cut criteria as Figure 3.22. The measured mass difference’s
mean is 145.5 £+ 0.4 MeV/c?, otherwise PDG value is 143.8 4 0.4 MeV /c?. We assign the
difference 1.7 & 0.6 MeV/c? as systematic uncertainty. We check the generic charm MC
correspond to ~120 fb~! in order to estimate unexpected reflection Figure 3.20. Then
we fit with signal shape and the reflection background is estimated as 16.3 £+ 10.7 events
after normalize to data. We assign the error as unexpected reflection uncertainty. We
change background shape from 3rd polynomial to 2nd polynomial, and vary +1c for the
fixed variable of signal shape in the systematic study.

Table 3.6: Summary of systematics for D,;(2457) — Dy

D, ;(2457) Yield | dM (Mean)
[MeV /c?]
B.G. parameterization (2nd polynomial) | + 3.9% +0.1
Photon energy calibration - +1.8
Mean shift in signal MC - +0.5
Ratio of two Gaussian (+o) F 3.1% +0.2
Mean difference of two Gaussian (+o) | £ 1.4% F0.1
Wider Gaussian’s width (o) + 1.4% +0.1
PDG Dg Mean - (£ 0.6)
Generic charm MC statistics +7.0% -
Total | £8.8% | £1.9 (£2.0)

We calculate the partial efficiency for D,J(2457)" — D}~ with 3.5 GeV/c momentum
cut as (10.2 £ 0.3) %. We extract the branching fraction ratio of two decay mode as

Br(D;J(2457)" — Df~)
Br(DgJ(2457)t — Dx*r0)

Systematic errors are summarized on Table 3.5. The systematic error of 7° efficiency
was evaluated from the efficiency ratio between MC and data in the BELLE note #645 as

4.6 %. We assign one photon systematic error conservatively because two photon energy
in D, J(2457)" — D}~ and D4(2112)" — D}~ are different.

= 0.55 + 0.13 (stat) + 0.08 (syst) (3.5)
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Table 3.7: Summary of systematics for D;J(2457) branching ratio

Error source systematic uncertainty
Systematics of D,;(2457)" — D0 yields 9.4 %
Systematics of Dy;(2457)" — D~ yields 8.8 %
70 efficiency 4.6 %
~ efficiency 3.3 %
D, 7(2457)" — D79 MC statistics 3.0 %
D,;(2457)" — D~ MC statistics 2.9 %
E? cut dependence 1.6 %
Total 15 %

We also assign the upper limit for Dy.J(2317)" — D~ mode by fitting on D¢J(2317)*
region of Figure 3.19 with signal shape predicted from MC. We use the efficiency and fitted
result as 8.2% and 11 £ 16 event respectively. Also we extract the upper limit with the
assumption of Gaussian and use the 90% of the area.

Br(Ds(2317) — Dy 7)

Br(Ds(2317) = D, 7] = 005 (0ACL) (3.6)
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3.13.2 D,; — Dy

Both 0" and 17 states are allowed to decay to Dv. Figure 3.23 shows the mass difference
distribution for D?vy - D where D} signal candidates are combined with photons which
have E7 > 400 MeV after removing all photons that form a 7Y, The cut criteria for photon
energy was optimized to maximize the F.O.M which defined as S/v/S + N from signal
MC and data sideband. We require p*(D,; > 3.5) GeV /c. We use each Gaussian as signal
shape and 3rd oder polynomial as background. Then we fix the Gaussian’s shape except
for the total yields. The partial efficiency is (2.0 £ 0.4)% for D;;(2317) and (5.0 + 0.6)%
for D,;(2457). The observed yields is 13 £+ 10 events forDy;(2317) and 21 £ 11 events
forD,;(2457). No peak is visible at the region correspond to both 2.32 and 2.46 GeV /c2.
We set upper limits for these branching fraction ratio.

Br(Dg(2317)t — D*t~)

Br(DABT = D) < 0.18(90%C.L.) (3.7)

Br(Dg(2457)T — D*tx)

Br(D4(2457)* — Di*m0)

Then we assume Gaussian and use the positive area. We only use statistic error to set
upper limits. Efficiency was deviated with +¢ conservative value.

< 0.31(90%C.L) (3.8)
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3.14 First observation of D,; — D, n~

The D4(2317) is not allowed to decay to Dyrn~ if it is 01 state. Figure 3.24 shows the
mass distribution for Dyn™7~ where the D, signal candidates are combined with 77~
pairs. Pions are required to satisfy one L, /(L. + Lx) > 0.9 and another L, /(L. + Lg) >
0.1. Mass of D;;(2457) is below than DK threshold and PID cuts variation dose not
affect signal efficiency and it’s for combinatorial background suppression. Momentum
cuts is applied that one P’ is greater than 300 MeV/c. These cut values are decided
from F.O.M. analysis in order to observe this decay mode. We require 77~ invariant
mass to be |My+,— — Mg, | > 15MeV/c* to reduce ntr~ pairs from K?. We also re-
quire p*(DsrTn~) > 3.5GeV/c. Partial efficiency for three states are (14.4 £+ 1.1)% for
D,;(2317), (15.9 + 0.3)% for Dy;(2457), and (14.3 &+ 0.3)% for D,;(2536) respectively.
Observed yields are -4.5 + 2.9(stat) for D,;(2317), 59.7 & 11.5(stat) for D;(2457) and
56.5 + 13.4(stat) for D,;(2536). Signal widths were fixed by MC prediction. Background
shape is 3rd order polynomial. Systematic errors are summarized on Table 3.8 and Ta-
ble 3.9. There is no clear yields in the region for Df,(2317) — Dfn*w~. The Monte
Carlo efficiency is (14.44-1.1)% and we fitted data by the signal shape for this mode from
Monte Carlo and then the yields was -4.0 + 2.9. We deviated 90% C.L. upper limit from
the yield of 2.9 times 1.65 ¢ and then two efficiencies are with one sigma consevative
value.

Table 3.8: Systematics of DJ;(2457) — D n*r~ analysis

D,y(2457) Yield | Dyy(2457) Mean | grpet = mer )
[MeV /c?|
D, ;(2457) Signal shape (o) + 1.2% negligible +2.6%
D,;(2536) Signal shape (+o0) - - +3.3%
B.G. parameterization + 0.2% negligible +1.6%
7% momentum calibration - +14 -
MC statistics D ;(2457) - + 0.1 +2.2%
MC statistics D;(2536) - - +2.4%
Mean shift in signal MC - + 0.1 -
Without 7 momentum cut - +0.6 +1.5%
PDG - (0.6) -

Total [ £12% | *15(16 | £ 5.7%
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Br(D}(2457) — Dfntr™)
Br(Df;(2457) — D*tx0)
Br(Df;(2317) — Dfntn™)
Br(D}(2317) — D}nr0)
Assuming the same fragmentation function for the D,;(2536) and Dy;(2457), we es-
tablish the the cross section times branching fraction ratio

= 0.14 =+ 0.04(stat) + 0.02(syst) (3.9)

<4 x107% (90% C.L.) (3.10)

Br(Df;(2536) — Dfntr™)
Br(D/;(2457) — Dfntr)

= 1.05 % 0.32(stat) =+ 0.06(syst) (3.11)

Br(DT,(2457) =D nt7n)

Table 3.9: Summary of B 53} T D) systematics

Error source systematic uncertainty

Systematics of Dy;(2457) — DI *xY yields 9.4 %

Systematics of D;;(2457) — Dfnn~ yields 1.2 %

70 efficiency 4.6 %

~ efficiency 3.3 %

Charged tracking efficiency 2%

D¢;(2457) — Dfnmn~ MC statistics 22 %

D, ;(2457) — Dzt MC statistics 3.0 %

7% momentum cut 3.9 %

Total 13 %




CHAPTER 3. MEASUREMENT OF THE Dg; RESONANCE PROPERTIES 64

3.15 Masses and natural widths

We measured means both for D;;(2317) and D;;(2457) as
o For D,;(2317):

— AM = 348.7+ 0.5 (stat) + 0.7 (syst) MeV /c?
M = 23172+ 0.5 (stat) + 0.9 (syst) MeV /c?

o For D,;(2457):

— AM = 344.1 £ 1.3 (stat) 1.1 (syst) MeV/c?
M = 2456.5 + 1.3 (stat) 1.3 (syst) MeV /c?

Table 3.10 is the comparison of D,J(2457) mean value in three decay modes. We
use D,J(2457)" — D:Tx° because of lower systematic error. In the D,;(2457)T —
Df~ analysis, £ cut is very tight for the calibration mode D,(2112)* — DF7. In the
D,;(2457)" — D¥ntr~ analysis, phase space is limited because the P*; cut criteria is the
value optimized for the observation. Then the calibration mode D, ;(2536)" — Dfntn~
is also limited by phase space. Both D,;(2457)% — D~ and Dy;(2457)% — Dfnrtn
case, the mean difference between calibration mode and PDG value was assigned as photon
energy calibration or pion momentum calibration respectively. Then the signal mean was
not calibrated by the calibration mode’s mean in order to avoid the biased calibration.

Table 3.10: Comparison of Dg;(2457) mean value

Decay mode D, ;(2457) mean value MeV/c?
Ds,(2457)7 = D r0 2456.5+ 1.3+ 1.1(1.3)
D.,(2457)" = DIy 24505 £ 1.3 £ 1.9(2.0)
Dy (2457)" — D atm- 2459.9 + 0.9 = 1.5(1.6)
CLEO(D,;(2457)" — D:*7%) | 2463 + 1.7(stat) + 1.0(sys)
BaBar(D,;(2457)" — D?*x0) 2457 £+ 1(stat)

Our result is consistent with BaBar but significantly below that of CLEO which will
be fitting for row peak.

The observed widths and MC predicted detector resolution are
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e For D,;(2317):

— Data; 0 = 7.6 £ 0.5 (stat) + 0.3 (syst) MeV/c?
MC; 0 = 7.1 + 0.2 (stat) MeV /c?

e For D, ;(2457):

— Data; 0 = 5.8 £ 1.3 (stat) + 0.4 (syst) MeV/c?
MC; 0 = 6.0 + 0.2 (stat) MeV/c?

The observed width for the D,;(2317) is 7.64+0.6 MeV /c? by adding statistics and sys-
tematics uncertainty in quadratic. It is consistent with the experimental resolution from
MC of 7.1 £0.2 MeV /c?. The observed width for the D,;(2457) in D,;(2457)" — DT x°
mode is 5.8 & 1.4 MeV /c? by adding statistics and systematics uncertainty in quadratic.
It is consistent with the resolution of 6.0 & 0.2 MeV/c? from MC. We calculate nat-
ural widths for the physical region in the 2-dimensional plots of observed width and
detector resolution as Figure 3.25, and set the upper limits by taking 90% of natu-
ral width. We set upper limits for the natural widths as ['(D,;(2317)) < 4.6 MeV /c?
and T'(Dy;(2457)) < 5.5 MeV/c? (90% C.L.), respectively. The observed width for the
D, ;(2457)" — Dfntr™ is 2.8+ 0.9 MeV/c? and it is consistent with the detector reso-
lution of 3.6 + 0.7 MeV/c2.
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3.16 Interpretation

In the D,;(2317) case, we observed this resonance in the final states of pseudoscalar
pair. That means the orbital angular momentum equal to the spin of Dy;(2317) state (L
= J). Then the parity which described as P = (—1)£*2 to be (—1)” and it means once
we know the spin of new resonance, we can identify the parity. Therefore, most likely
S-wave case requires J© = 0%, P-wave case requires J© = 1~ and the spin-parity to be
the series of J¥ = 0%, 17, 2*, 37 ... in general case. We could not observe this state in
D~ final state which is radiative decay paired with pseudoscalar. That means the states
favors spin zero because spin one case can decay into this final state. BELLE observed
this state in the decay chain B — DD,;(2317) [35]. That means this state can not be
higher excited state for the most likely S-wave or P-wave case in the DD, ;(2317) system
because B and D mesons have spin zero. All results related with this state supports J*
is 07 for D,;(2317).

In the Dg;(2457) case, we observed this second resonance in the final states of vector
meson and pseudoscalar pair. That allows J¥ = 1% for most likely S-wave case and J*
= 07 or 27 for P-wave case from spin-parity conservation. We could not observe this
second state in the final states of D,7° pseudoscalar pair. This favors the spin-parity to
be the series of JZ = 07, 17, 27, 3* ... because the series which can decay into this
state as described before are disfavored. We could observe this second state in D,y final
state which is radiative decay paired with pseudoscalar. This observation ruled out J* =
0% states for this second resonance because photon polarization can not be cancelled out
by both orbital angular momentum due to perpendicular and angular momentum of the
paired pseudoscalar. Thus, this second resonance need to be excited state. We observed
this second resonance in the final state of D,rt7~ those are three pseudoscalars. In
this case with the assumption of spin zero for the initial state, total orbital angular
momentum in the final state is required to be zero from angular momentum conservation
and the parity to be odd as (—1)L™ = -1. Therefore, parity even state for the spin
zero in the initial state is ruled out. BELLE observed this second state in the decay
chain of B — DD,;(2457) and D,;(2457) — Dy and the D,;(2457) helicity distribution
are consistent with J = 1 assumption and inconsistent with J =2 assumption [35]. The
observation of this second state in B decay with paired by pseudoscalar in final state
means that the state can not be higher excited state for the most likely S-wave or P-wave
same as D,;(2317) case. All results related with this second state supports J* is 17 for
D, ;(2457).

These can be considered as the doublet of L =1, light quark angular momentum j, =
1/2 as shown in 1.1. Although these quantum numbers are consistent with the expected
broad resonances in potential model but these masses are lower than potential model
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prediction [24] as shown in Figure 1.1.

In the L=0 and [,=1/2 system, mass splitting between ¢5 and ud are around 100MeV as
M(D,) - M(D°%) = 113.2 £ 2.0 MeV for 0~ and M (D?) - M(D*°) = 110.8 + 3.9 MeV
for 17. Otherwise, in the L=1 and j, =1/2 system, the mass splitting are M (D(2317))
- M(Dg§) = 9 + 36 MeV for 0% and M(D,(2457)) - M(D;) = 30 & 36 MeV for 1*.
There are inconsistent between (07, 17) doublet case and (0, 17) doublet case in j,
=1/2. There are some possible interpretation with chiral symmetry in heavy-light meson
system [38].

3.17 Summary

We observed narrow state from D 7% and D!*7% decay chain and the observed widths
are well agree with detector resolution. The mass are determined as M(D;;(2317)) to be
2317.24+0.5(stat)+0.9(syst) and M(D;;(2457)) to be 2456.5+1.3(stat)£1.3(syst). We set
the upper limit for two natural width as I'(D,;(2317)) < 4.6 MeV /c? and I'(D,;(2547))
< 5.5 MeV/c? (90% C.L.). We observed the new decay chain D,(2457) — D ntr™
and obtained first evidence for D,(2536) — D ,r"n~. We measured the decay chain
D4(2457) — Dyy and set other decay mode’s upper limits. Every results is consistent
with Dg;(2317) has 0% state and D,;(2457) has 17 state.
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Figure 3.15: The Monte Carlo mass difference distributions of the reflection backgrounds.
(a) cross point shows M (D;*7%)— M.+ distribution from the D,;(2317) signal MC events
(feed-up), and histogram shows M (D:*7°) — M px+ distribution by using D;™ sideband
from the same D,;(2317) signal MC events, (b) M (D} 7% — M+ distribution from the
D,;(2457) signal MC events (feed-down), (¢) M(D;*n") — M.+ distribution from the
D** sideband in the D;;(2457) signal MC (broken combination).
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Figure 3.17: The M (D,7°) — M+ fitting curve by the D sideband subtraction method;
Narrow Gaussian shows true D;;(2317) signal component and wider shows feed-down
component.
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Figure 3.18: Re-fit of mass difference distributions after adding the reflection backgrounds.
(a) M(Df7% — Mp distribution; A narrow peak is true D,;(2317) signal component.
A wider peak is the feed-down component from D,;(2457). (b) M(D;*n°) — Mp-+ dis-
tribution for the signal D*T; A narrow peak is true Dy;(2457) signal component. Wider
peaks correspond to the feed-up (larger one) component from D,;(2317) and the broken
combination (smaller one) component respectively.
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Figure 3.25: Set of upper limit for natural widths of D,;(2317)

79



CHAPTER 3. MEASUREMENT OF THE Dg; RESONANCE PROPERTIES

Observed width (MeV/c"2)

Arbitrary

[y
[ N w B o (2] ~ o] © o

o

o
_IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIII|IIII

7000

6000

5000

4000

3000

2000

1000

oy vy ey ey by b by by
5.5 6 6.5 7 7.5 8 8.5

9 9.5 10
MC width (MeV/c"2)

—— )

o
[
N
w
-
o
o
~

8 9 10
Natural width (MeV/c"2)

Figure 3.26: Set of upper limit for natural widths of Dg;(2457)

80



Chapter 4

Study of |V,,;| with Using D,
Endpoint (Preliminary)

Abstract

We report the study of b — u D decay using b — ¢ D, endpoint at BELLE experi-
ment. We obtain the CKM matrix elements of |V,| = (3.79 & 1.67 (stat) £ 0.72 (syst) +
0.72 (theo)) x 107* as preliminary result. This analysis is based on (152.0 & 0.7) x10° BB
pairs. collected with the BELLE detector and the KEKB accelerator. (Very Preliminary,
BELLE NOTE#690, in progress.)

4.1 Introduction

The matrix element |V,;| in CKM matrix has important roll to test the CP violation in
unitarity triangle of CKM mechanism. So far, only lepton endpoint is mainly used for the
|Vip| measurement. We use hadronic b — u D decay and try to determine |V,;| using Dy
endpoint. The Fynnman diagram of signal event which contribute this analysis is shown
in Figure 4.1.

In this analysis, theory uncertainty is expected to be larger than lepton case due to
factorization uncertainty but signal fraction over the endpoint is larger as 38% compared
with lepton case of around 10%. We calibrate signal yields with b — ¢ D yields and
then many systematics are cancelled out but the hadronic factorization effects for the
estimation of signal fraction over the endpoint will be remained. However, if we can ob-
tain the signal spectrum over the endpoint with high statistics, then it may be possible to
reduce the uncertainty from the shape of spectrum. Since the fraction of signal which over

81
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Figure 4.1: b — u D tree diagram

the kinematic endpoint is larger than lepton, this mode will contribute significantly for
the |V,5| determination in future high statistic B factory. This method have continuum
background as most dominant background source. It is important to suppress continuum
background and we use lepton tagging for the suppression. After the continuum suppres-
sion, D, X, backgrounds is significant because X, are light mesons and the D, can survive
the kinematic cut in this inclusive analysis. Lepton tagging contribute also suppression of
the D, X, backgrounds because the sign of Dy in this background is opposite with signal
event as discussed later. This study is the first time of |V,;| using Dy endpoint and the
systematic uncertainty sources are quite different with lepton analysis.

4.2 Data Set

We used hadronic events produced in ete™ annihilation at the KEKB accelerator and
collected with BELLE detector. The data set has an integrated luminosity of 140 fb!
taken at the T(4S) resonance (referred as on-resonance data) and around 14 fb~! at a
center of mass energy that is 60 MeV below the peak (referred as off-resonance data or
continuum data) for continuum background study. The on-resonance data correspond to
(152.0 4 0.7) x10° BB pairs. We apply cut for event shape variable R, as to be less than
0.4 in order to select spherical BB events and to suppress jet-like continuum backgrounds
events. This variable is like an average of cos?f for all combination of particles in the
event and it have close to one for jet-like events and have close to zero for spherical events
as shown in Figure 4.2 and Figure 4.3.
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Figure 4.2: Event topology
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Figure 4.3: Ry distribution

4.3 Reconstruction of ¢ and D,

We use DI — ¢nt and ¢ — KTK~ decay channels for D} reconstruction mode be-
cause it has the best combination of detection efficiency, branching ratio, and background
suppression. In order to identify kaons or pions, we apply a K /7 mode dependent require-
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ment on the ratio Lx/(Lx + Ly) or Lz/(Lx + Lr). We form K*K~ invariant mass by
requiring one track has Ly /(Lx + L) > 0.5 and another track has Ly /(Lx + L) > 0.2.
Figure 4.11 shows the K™K~ invariant mass distribution. We apply impact-parameter
cuts of d, and d, which are defined as the length between interaction point and the closest
point of the charged track in r and z direction respectively, we use cut values to be |d,|
less than 0.5 cm and |d,| less than 2 cm. The ¢ candidates must satisfy Mg+x- to be
within 10 MeV/c? (~ 2.5T") of the nominal ¢ mass. We use the ¢ helicity angle 5 which
is defined as the angle between the direction of the K+ and the DT in the ¢ rest frame
as shown in Figure 4.4. The signal follows a cos?0y distribution as shown in Figure 4.5
while the background is flat in cosfy distribution. We require |cosfy| to be greater than
0.35 for signal selection. We reconstruct D} candidate in D — ¢ decay by combining
pion and ¢ candidates. We require L./(Lx + L) > 0.1 for the pion candidates. The
invariant mass distribution for ¢ is shown in Figure 4.12. We optimized cut values for
particle identifications, helicity angle cut and Ry cut with making F.O.M. variable max-
imum where the variable was defined as MC signal yields divided by uncertainty of MC
continuum background yields. The distributions of the variables in each cut dependence
are shown in Figure 4.3, Figure 4.7, Figure 4.8, Figure 4.9 and Figure 4.10.
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Figure 4.11: The K+ K~ invariant mass
distribution in data. The signal region
for ¢ is indicated by the arrows.

Figure 4.12: The ¢n™ invariant mass
distribution in data.

4.4 Background estimation

4.4.1 B — D,X. Background

The fraction for B — D, X, background events is ~ O(10?) order of the signal fraction
for B — D,X, events. We use the b — ¢ D kinematic endpoint to distinguish this
background events from signal events. Then the maximum momentum of DI in B —
Dy X. decay is calculated with assuming B — D Dg mode and obtained as 1.99 GeV/c in
B meson rest frame with a correction by B meson velocity g = 0.064. We estimate the
experimental resolution for DF¥ momentum around this region using Monte Carlo events.
We obtained our momentum resolution as 23 MeV/c from MC as Figure 4.13.

The signal fraction of momentum cut dependence from theory [8] are listed on Ta-
ble 4.1. We apply a momentum cut as greater than 2.1 GeV /c and assign this background
systematic as 3.9% with using MC background yields and the branching fraction ratio
Br(b — uDy)/Br(b — cDy) from the theoretical prediction [8]. In future it is better to
study this systematic uncertainty with using data of control sample.
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Figure 4.13: The D, momentum difference between generated momentum and recon-

structed momentum in Monte Carlo. (Using the scaled momentum which corresponds
that x = 1 is around 5 GeV/c.)

4.4.2 Continuum Background

This is a dominant background source in this inclusive study. The typical diagram can
be described as Figure 4.14.

+
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>
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€

ocalnnl o

Figure 4.14: Typical ete™ — ¢¢ continuum events diagram which produce D,.

This background has jet-like event topology and we use the event shape variable R,
that is using 2nd moment of Fox Walfram variable with scaling by 0th moment [16] and
it shows that jet-like events have the variable as close to be 1 and spherical events have
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P}, cut | >2.0 GeV/c [ >2.05 GeV/c | >2.1 GeV/c

Signal D; fraction (theory) 82% 4% 63%
Signal D?* fraction (theory) 44% 34% 25%
Total b — D)7 fraction (theory) 57% 48% 38%
(B =D, X.)J#(B = D, X,) | (128 £13)% | (43 £ 3% | (1.6 £ 3.90%

Table 4.1: Theory prediction of signal fraction [8] and MC study of background fraction
with momentum dependence.

the variable as close to be 0. We apply this variable is less than 0.4 from Monte Carlo
F.O.M. study. We use an off-resonance data that is taken 60MeV below the on-resonance
data for this continuum background subtraction. We use lepton tagging method for the
purpose of further suppression of this background as described in next paragraph.

Lepton tagging We use lepton tagging method in order to suppress continuum back-
grounds. This method is also strong method for B — D X, background suppression
due to the requirement of opposite charged sign as described in next section. We require
that the lepton have opposite charged sign with DF because the tagged primary DT in
signal side B meson and high momentum primary lepton in other B meson have opposite
charged sign in BB pair production. This method is tagging for other B meson in BB
system and it means signal B — D, X,, model independent. The requirement of opposite
charged sign can reduce many uncertainties which come from other backgrounds that have
wrong sign DF. We require lepton ID is greater than 0.99 and the cut value are shown in
the Figure 4.15 and Figure 4.16 with separating both electron ID and muon ID.

We require the angle cuts between DT and lepton as -0.6 < cosf;_,, < 0.9 for the
continuum suppression because the backgrounds have peak in opposite direction with
signal D, in continuum jet-like events. We require the momentum of lepton in Y(45)
c.m. frame as greater than 1.4 GeV/c to select primary high momentum lepton. The
momentum cut and angle cut values are determined by F.O.M. analyses. Then the F.O.M.
variable are defined as S/o,, where S is signal MC yields and o0, is an error of yields
in ¢¢ continuum MC because we have only 1/10 of off-resonance data compared with
on-resonance data and then the error of continuum background is dominant when we use
off-resonance data for continuum background subtraction from data. The Figure 4.17,
Figure 4.18 and Figure 4.19 are results of F.O.M. analyses.

The momentum distribution of lepton are shown in Figure 4.20 for both signal Monte
Carlo and off-resonance data. The angle between D and [¥ are shown in Figure 4.21 for
both Signal Monte Carlo and continuum Monte Carlo. We can suppress continuum back-
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is for off-resonance data. MC.

ground strongly by this variable. The signal efficiency using the events of B — D} ay
Monte Carlo is (5.1 £ 0.3)%, otherwise continuum backgrounds MC events suppressed
by the efficiency of (0.13 £ 0.02)%. We can obtain the advantage for signal significance.

4.4.3 B — D,X, Background

This B — D,X, events survive in the signal region over the b — ¢ D_ kinematic
endpoint. The only measurement in B — D,X, is BELLE’s Br(B® — D;K') =
(2.93 £ 0.55 £ 0.79) x 107° [39]. This B — DX, background source are expected as
We-exchange, annihilation or Final State Interaction (FSI), while the signal BY — Dfm~
is tree diagram and color favored of spectator process in Cabibbo suppressed decay. Sys-
tematic uncertainty studies for each diagram are described in next paragraphs respectively.

W exchange This W-exchange diagram can be described with two case as Cabbibo
enhanced shown in Figure 4.22 and Cabbibo suppressed shown in Figure 4.23. Both case
occur only in neutral B decay, requirement of ss pair production and color suppressed.
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Figure 4.22: Cabbibo enhanced W-exchange Figure 4.23: Cabbibo suppressed W-
diagram in B — D X, decay. exchange diagram in B — DX, decay.

q_

Figure 4.24: Annihilation
Figure 4.25: Annihilation via two gluons

Cabbibo enhanced In the Cabbibo enhanced case, the sign of DT is opposite with
true signal sign and the efficiency using B — D; K+ MC is 0.45%. This is almost 1/10
of signal efficiency of 5.1% using B — D}a; MC. After using mixing parameter of x4 =
0.18 correction, the effective efficiency is estimated as (1 - 0.18) x 1/10 4+ 0.18 = 26% of
signal efficiency. In total, they are 0.5 (neutral B) x 0.3 (s3 pair production) [8] x 1/3
(color suppressed) x 26% = 1.3% and negligible.

Cabbibo suppressed In the Cabbibo suppressed case, the sign of DT is same with
true signal sign but theory prediction is less than O(107%) of spectator process [8]. Tt is
safely negligible for the uncertainty from this backgrounds.

Annihilation This annihilation diagram shown in Figure 4.24 occurs with requirement
of 55 pair production and color suppressed. Theory prediction is of the order or smaller
than ~ 3x O(1072) of spectator process [8]. We assign 3% systematics for this background
uncertainty conservatively.

Annihilation via 2 gluons Annihilation via 2 gluons shown in Figure 4.25 occurs
in Coupling with 2 gluons and negligible.
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Final State Interaction There is a possibility of background from D, X, events
through Final State Interaction (FSI). For example, K*) exchange between D and 7
in supper allowed decay chain B — D%~ described as Figure 4.26. Other possibility
of Final State Interaction which contains D, are that occurs through the dd annihilation
into s35 in the same B — D7~ supper allowed mode.

The sign of D¥ is wrong sign through this FSI because the D, have the same sign
with the lower vertex’s wrong sign charm. From BELLE measurement for Br(B" —
D7 KT) = (2.93+0.55+0.79) x 107 and theory prediction [8] for the inclusive branching
fraction of signal events as Br(B® — D X,) ~ 6.8 x 107*, the branching fraction ratio
Br(BY — D;K™)/Br(B® — DfX,) can be calculated as ~ (4.3 & 1.4)%. Then wrong
sign D} efficiency is estimated as ~ 1/10 compared with true sign from MC study. With
using mixing factor x4, = 0.18, effective wrong sign efficiency is estimated as (1 -0.18)
x 1/10 + 0.18 = 26%. After including mixing wrong tag correction, fraction of this
mode in signal events is calculated as (4.3 + 1.4)% x 0.26 = 1.5%, that is using one
sigma conservative value for background yield. This need be multiplied by the factor of
Br(B® — DfX,)/Br(B® — D;K™) because there are many other mode in X, such as
K° K* K** K, K, Ky, ... those are not yet measured. We temporally multiple
by factor 10 for this effects because so far only B — D7 K™ mode is measured in total
BY — D*X,. Here note is that higher spin kaon are suppressed through the events such
as most likely S-wave or P-wave in this B decay because B and Dy has spin zero and
angular momentum conservation requires that spin of kaon are less than one in these
S-wave or P-wave case. Then total systematic uncertainty is 15% (Very preliminary).
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4.4.4 ss hopping

The D, produced with s5 hopping in lower vertex as shown in Figure 4.27 has wrong
sign D, and the efficiency is ~ 10% compared with signal efficiency. Since we measure
|Vis|/| V| with calibrating b — @ D] yields by b — ¢ D7 yields in order to take ratio
of spectator process, we need estimate this background effects in both b — u D7 yields
and b — ¢ D} yields. In signal b — @ D7} yields case, s3 hopping background fraction is
~ 2 x 0O(10) of signal [8]. Then, this process occurs through multi-body decay and that
mean this D} momentum is soft as that only 0.5% of b — ¢ DJ can survive above 2.0
GeV/c in momentum. Then the systematic is calculated as 20 x 0.5% x 26% = 2.6%.
This is including wrong tag fraction of lepton tagging. In the b — @ D calibration case,
CLEO shows that lower vertex fraction is (0.17 £ 0.08)% compared with tree diagram.
After wrong tag correction, it changes as (4.4 £ 2.1)%. We use conservatively 6.5% for
this systematics uncertainty without correction for yields.

4.5 Momentum spectrum

We estimated the kinematic endpoint of Dy, momentum in b — ¢ D, transition with
using B — DD~ decay and then we correct with B meson velocity g = 0.064. We
obtained the Dy momentum to be 1.99 GeV/c in the B meson rest frame as the kinematic
limit. The endpoint of b — u Dy transition is estimated as 2.46 GeV/c in the B meson
rest frame with using B® — D7~ decay chain. We define the signal region as greater
than 2.1 GeV/c and less than 2.5 GeV/c. The momentum spectrum based on 140 fb=*
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On-resonance | Off-resonance
D, Yields 43.5 £ 9.8 0.45 £ 1.27
After scaling - 54 + 15.1

Table 4.2: D, yields both for on-resonance data and off-resonance data

on-resonance data is showed as Figure 4.28.

4.6 Signal yields extraction

We obtained signal yields after continuum subtraction as 38.2 + 18.0 (stat.) events with
subtracting off-resonance yields from on-resonance yields after scaling for off-resonance
yields as shown in Table 4.2. Then we used on-resonance/off-resonance scale factor as
11.9 £ 0.2 which is the ratio of Dy yields without lepton tagging. in momentum region
of greater than 2.5 GeV/c where only continuum is produced region.

4.7 Extraction of |V,,|/|V|

The fraction T'(b — g Df) = I'(b — ¢ DF) + T'(b — u D7) and the fraction I'(b —
g D) =T(b—e¢D:)+T(b—u D:t) can be written respectively [8] as

G_%'| 7 |2f2 (mg - mg)2 (1_ "7/7J2DS mg + mg) \/{mlg - (mDs + mq)2}{m§ - (Tn‘D5 - mq)2}a2
87 gbVces D m% (mz _ mg)z 2mb 1

rO®— D;tg) =

Gh g oo (=2 | n o) O — (o o 2o — (i~}
g | bt ID3 mi (mj —m2)? 2my, !

With using each total fraction of I'(B® — D} X,) and T'(BY — D X.), we can write
the branching fraction ratio as

I'(B° — D X,)

— 2
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(DY — ¢ ) Eff.(recon.) | Eff.(tagging)
B-Dr X, | (258+010% | GAE01%
B — D¥ a7 | (30.4 £ 0.3)% | (5.3 £ 0.2)%
B° — DF = | (28.7 % 0.3)% | (5.4 £ 0.2)%
BY - Dr | (31.0 £ 0.8)% | (5.8 £ 0.6)%

Table 4.3: Efficiencies for each modes

where fpg is phase space ratio of I'(B® — D X,) to I'(B® — D} X.). From theoretical
prediction [8] as I'(B® — DFX,) ~ 8.0% and I'(B® — DfX,) ~ 6.8 x 107* where
radiative correction effects is taken into account, we obtain the fpg is 1.33. Then newly
found D, effects are not taken into accounts. In the 2.1 GeV/c momentum cut, the
fraction of over-endpoint described as fe,q is predicted to be 0.38 with using 300MeV /c
for Fermi motion Pr and 10MeV /c? for spectator quark mass [8]. We can extract |Vi,/Vi|
from following equation,

Np—uD,(2.1Gev/e< P* <2.5GeV/c) o Fooe _ |Vub|2

€p—u ‘/cb

No—eDy(atl P X fp5 X Jena
where N,_,p, are event yields for each b — ¢ case in respective momentum region
described in the equation. The variables of ¢,_,. and €,_,, in the equation means efficiencies
that are reconstruction efficiency times tagging efficiency for each b — ¢ case respectively.
Here note is that efficiency of reconstruction for inclusive events has only difference of
momentum dependence. In the tagging efficiency case, due to that tagging are applied
for other B, the efficiency is signal model independent and also it can be cancelled out
between signal mode efficiency and calibration mode efficiency. Table 4.3 is MC study for
some signal modes and background mode.

We calculated the signal model uncertainty as 5.6% from difference between B —
D7 ay efficiency and B® — D} 7~ efficiency. Then the B — D aj is more spherical
due to large multiplicity and B® — D 7~ is less spherical compared with other modes
in inclusive B — D, decay. The efficiency difference mainly origin from event topology
Ry cut. From the DY — ¢ ™t signal yields of 38.2 £+ 18.0 (stat.) events, we obtained
very preliminary |V,,|/|Ve| value as

Y
Ve
v

cb

2 = 0.00758 £ 0.0036 (stat.)

| = 0.0871 + 0.041 (stat.)
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W-exchange | Negligible

Annihilation 3%

Lower vertex in B — D, X, yields 2.6%
Lower vertex in B — D, X, yields 6.5%
Signal model dependence 5.6%

b — c spillover 3.9%

P.D.G. [V 1.9%

FST’s X, background 15%

Total systematics 19%

Table 4.4: Summary of systematics for |V,;| extraction

and then |Vi,| = (3.59 £ 1.6940 £ 0.725y0 £ 0.724e) x 1073 (Very preliminary)
where we used PDG value |V,;| = (41.2 4+ 2.0) x 1073.

4.8 Theoretical uncertainty

With the cut of momentum is grater than 2.05 GeV/c, theoretical prediction [8] for the
uncertainty

o ([Vas|)

=0.17
|Vub|

With the change of momentum cut value as 2.05 GeV/c to 2.10 GeV/c, the yields pre-
diction decrease ~ 20% and we add this effects for theoretical uncertainty with increasing
~ 1.1 times. Therefore we use theoretical uncertainty as 19% (Very preliminary).

4.9 Systematics summary

Taking ratio of (b — u D;)/(b — ¢ D;) can cancel out major uncertainties such as
Br(Df — ¢r*) = 25% and hadronic factorization. The total systematics are summa-
rized in next Table 4.4 (Very Preliminary). Some systematics source will be updated in
near future for aiming journal publication.
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4.10 Summary

We studied the decay chain b — u D, and tested extraction of |V,;| in the hadronic decay.
We obtain |V,,| = (3.79 & 1.67 (stat) £ 0.72 (syst) £ 0.72 (theo)) x 1073 as preliminary
results. This provides |V,;| with different systematic source. This result will be updated
with using more than 300fb~! data for the claiming the evidence. (Very preliminary)



Chapter 5

Conclusion

Measurement of the D,; resonance properties

We observed narrow state from DF 7 and D+ 7° decay chain and the observed widths
are well agree with detector resolution. The mass are determined as M(D,;(2317)) to be
2317.24+0.5(stat)+0.9(syst) and M(D;;(2457)) to be 2456.5+£1.3(stat)£1.3(syst). We set
the upper limit for two natural width as I'(D;;(2317)) < 4.6 MeV /c? and I'(D,,(2547)) <
5.5 MeV/c? (90% C.L.). We has the first observation of the new decay chain D,(2457) —
D ™ and obtained first evidence for D,(2536) — D,rtn~. We measured the decay
chain D4(2457) — D,y and set other decay mode’s upper limits. Every results is consistent
with D;;(2317) has 07 state and Dy;(2457) has 17 state. These can be considered the
doublet of L =1, light quark angular momentum j, = 1/2. These masses are lower than
potential model prediction [24].

Study of |V,;| with D, Endpoint (Very preliminary)

We studied the decay chain b — u D, and tested the |V,;| extraction in the hadronic
decay. We obtained |V, = (3.79 & 1.67 (stat) + 0.72 (syst) £ 0.72 (theo)) x 1073 as
preliminary results. This provides |V,;| with different systematic. This result will be
updated with using more than 300fb~! data for the claiming the evidence and with more
precise systematic uncertainty studies especially for D, X, background in near future.
This result is consistent with other study using lepton endpoint. (Very preliminary in
progress)
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Appendix A

Study of B — ng)i Inclusive Decay
(Belle Note#557)

Abstract

We measured the branching fraction of the inclusive B — DX decay and the inclusive
B — D*X decay as Br(B — DfX) = (11.74 0.1 £ 1.0 & 2.9)%, and the branching
fraction of the inclusive Br(B — D*X) = (7.07 £ 0.19 + 0.71 & 1.77)%, where the first
error is statistical, the second error is systematics and the third error is a uncertainty
from DF — ¢n* branching fraction. We used 78.1 fb~! T(45) on-resonance data and 8.8
fo71 Y (4S) off-resonance data which is accumulated with the BELLE detector and the
KEKB accelerator. (Preliminary, belle note#557)
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A.1 Introduction

The large sample of B meson enables us a precise measurement of Kobayashi Maskawa [1]
matrix elements. The external spectator B meson decay diagram leads to a D{* in the
final state where the W1 materializes as a ¢5. This mode make it possible to measure the
DY* from b — u D)~ transition with using kinematic limit for the D)% background
from b — ¢ D)~ transition. In this paper, we report the measurements of branching
fractions for B — DZX decay and B — D?*X decay and those momentum spectrum.

C
w Ds O
S
b cu
B
q q

Figure A.1: Feynman diagram which contributes to this analysis

A.2 Data Set

We used the data selected from hadronic events produced in ete™ annihilation at the
KEKB accelerator [34] and BELLE detector [33]. The data set consists of an integrated
luminosity of 78.8 fb~! collected at the YT(4S) resonance (referred as on-resonance data)
and 8.8 fb~! at a center of mass energy just below the threshold for producing BB mesons
(referred as off-resonance data or continuum data). The on-resonance data correspond to
(85.0 & 0.5) x10°% BB pairs.

A.3 The Inclusive B — DT Branching Fraction

The on-resonance data consist of BB events and continuum events. Therefore, in order
to measure the Br(B — D*X) and the Br(B — D:*X), we need to subtract the
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continuum contribution from the total yield of DF mesons in the on-resonance data. We
use off-resonance data for the estimation of continuum contribution.

We use the Df — ¢n* and ¢ — KTK~ decay channel for the inclusive B — DX
decay because it has the best combination of detection efficiency, branching ratio, and
background suppression. We required the KK~ invariant mass to be within 10MeV
of the ¢ nominal mass and particle identification for the two kaons as having at least
one KID is greater than 0.5 and another KID is greater than 0.2. We use the ¢ helicity
angle 0y which is the angle between the direction of the K* and the D in the ¢ rest
frame. The signal follows a cos*0y distribution while the background is flat in cos?0y.
We required |cosfy| is greater than 0.35 which eliminates 35% of the background events
while retaining 95% of signal events. We require the pion identification is greater than
0.1 for the pion from the D¥ — ¢r* decay chain.

In order to compare the yield of DF from on-resonance to the yield of DE from off-
resonance, we use the scaled D;t momentum x, which is defined as = = P;Si/ P,... and

Prwe = /E? M? .. where P is the momentum of the DZE in the Y(45) rest frame,

beam ~ *"'p F
Eyeam is 5.29 GeV for on-resonance data, and 5.26 GeV for off-resonance data. The
endpoint of D¥ mesons produced from B decay is x = 0.50 with the correction for the B
meson velocity (Gp = 0.06). We define the signal region as being 0 < x < 0.5.

We extract the yield of DF as a function of momentum by fitting the ¢ invariant mass
plots for each bin of z. The bin size of 0.02 is an order of magnitude larger than the
resolution of z. We use a double Gaussian as the signal shape and a linear function as the
combinatorial background shape. We fixed the mean, widths and ratio of the two areas of
the double Gaussian with the values from fitting with My, distribution correspond to the
all D¥ momentum region. The ¢r invariant mass distribution for the entire momentum
region is shown in the Figure 2.

The D¥ momentum spectrum for both on-resonance data and off-resonance data is
shown in Figure 3. The off-resonance data is normalized with the scale factor from the
ratio of the DF number which has z as greater than 0.5 where is continuum region. In
order to measure the momentum spectrum of DF mesons, we estimate the DF detection
efficiency as a function of momentum from a Monte Carlo simulation in Figure 4. The D
momentum spectrum after the off-resonance spectrum is subtracted from the on-resonance
spectrum and after corrections for detection efficiency is shown in Figure 5.

The total yield are 106,200 4= 880 DE mesons from B decay before efficiency correction
which correspond to 352,500 4 3,050 D= mesons from B decay after efficiency correction.
The inclusive branching fraction is calculated to be
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Br(B — D¥X) = (11.74£0.10 + 1.0 + 2.9)%

where the first error is statistical, the second is the systematic error, and the third is
due to the uncertainty in the D¥ — ¢r* branching fraction. The largest error in this
measurement is the 25% uncertainty in the D¥ — ¢r* branching fraction. This error
is displayed separately to distinguish it from the other 8.9 % systematic error associated
with detector effects and the analysis method. The list of systematic error is summarized
in the Table 1.

A.4 The Inclusive B — D** Branching Fraction

We use the D* — DZ~ decay chain to reconstruct D?*. The criteria for reconstruction
of the D is the same as the analysis for Br(B — DX). We required the ¢n* invariant
mass to be within 10 MeV of the D¥ nominal mass. We use the photon whose energy is
greater than 140 MeV in the laboratory frame. The procedure to measure the momentum
spectrum of D is almost the same as that for DF. We use the same normalization factor
for on-resonance data and off-resonance data as we did in the analysis for Br(B — D X).
We use also the same scaled D;fi momentum, which is defined as x = szi / Prnaz Where

Prow = \/E2 — M2, ., where P .. is the momentum of D} in the Y (45) rest frame,

beam D
Eyearm is 5.29 GeV for on-resonance data, and 5.26 GeV for off-resonance data. The
endpoint of the D** mesons produced from B decay is x = 0.49 with the correction for
the B meson velocity (8p = 0.06). We define the signal region as using 0 < x < 0.48 for
the D** meson from B meson.

We extract the yield of D** as a function of momentum by fitting the distribution that
is difference between DT~ invariant mass and ¢n™ invariant mass plots for each bin of
x. The bin size of 0.04 is an order of magnitude larger than the resolution of . We use
a double Gaussian for the signal shape and a threshold function for the combinatorial
background shape which is described as below.

f(x) = Pi(x — Py)Pseaxp{Py(x — P,)}, where P, P5, P; and Pj are free parameter.

We fixed the mean, widths and the ratio of two areas of the double Gaussian with the
values from fitting to the mass difference between the DF~ invariant mass and the ¢
invariant mass for the entire D* momentum region. The mass difference between the
DZ~ invariant mass and the ¢m® invariant mass distribution for the entire momentum
region is shown in the Figure 6.
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The D:* momentum spectrum for both on-resonance data and off-resonance data is
shown in Figure 7. The off-resonance data is normalized with the scale factor from the
ratio of the DF number which has z as greater than 0.5 where is continuum region.
In order to measure the momentum spectrum of the D* meson, we estimate the D**
detection efficiency as a function of momentum from a Monte Carlo simulation in Figure
8. The D!* momentum spectrum after the spectrum of off-resonance is subtracted from
the spectrum of on-resonance and after correction with detection efficiency is shown in
Figure 9.

The total yield is 21,990 4 580 D:* mesons from B decay before efficiency corrected
which correspond to 200,300 £ 5,500 D** mesons from B decay after efficiency corrected.
The inclusive branching fraction is calculated to be

Br(B — D**X) = (7.07+0.19 + 0.71 + 1.77)%

where the first error is statistical, the second is the systematic error, and the third is
due to the uncertainty in the D¥ — ¢n* branching fraction. The largest error in this
measurement is the 25% uncertainty in the D¥ — ¢m® branching fraction. This error is
also displayed separately to distinguish it from the other 10 % systematic error associated
with detector effects and the analysis method. The list of systematic error is summarized
in the Table 1.
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Systematics ‘ D, ‘ Dz
Br(DE — ¢ 77) | 25% | 25%
Br(¢p — KT K7) 1.4% | 1.4%
Number of BB 1% | 1%

3 tracking 6.0% | 6.0%

PID 6.0% | 6.0%

bining 1.0% | 3.6%

Fitting shape (Signal) 1.9% | 0.8%
Fitting shape (B.G.) 0.3% | 1.3%

Low momentum photon efficiency - | 3.3%
Br(D* — D) - 12.7%

Total other than Br(Dy — ¢ %) | 8.9% | 10%

Table A.1: Summary of systematic uncertainties

A.5 Summary

We measured the branching fraction of the inclusive B — DZX decay and the inclusive
B — D:*X decay as Br(B — D¥X) = (11.74+ 0.1 + 1.0 & 2.9)%, and the branching
fraction of the inclusive Br(B — D!*X) = (7.074+0.19 £ 0.71 + 1.77)%. using 78.1 fb~!
Y (4S) on-resonance data and 8.8 fb~! Y(4S) off-resonance data which is accumulated
with the BELLE detector and the KEKB accelerator. (Preliminary, belle note#557)
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Figure A.2: The My, invariant mass distribu-
tion for 78.8 fb~! of on-resonance data
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Figure A.3: The D¥ momentum spectrum for
78.8fb~! of on-resonance data (filled circle) and
for 8.8fb~! of off-resonance data (open circle)
that is normalized to the on-resonance data
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Appendix B

Inclusive Ds; momentum spectrum
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Figure B.1: Dots means inclusive Dy, momentum spectrum in B decay with using data
after efficiency correction and colored histograms are each decays component in test.
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Appendix C

Kinematics of b — ¢ D decay

In the decay of b — q Dj, the invariant amplitude M becomes

M = (@V2Cy"Pru)f, (1)
(C.2)

where u is the four-component spinor of b-quark, u’ is the four-component spinor of
u-quark or c-quark, f is the decay constant of D, and g, is the four momentum of D;.

= V2Gfu'§ Ppu (C.3)
= V2Gfu(P - P')Pru (C.4)

where P is the four momentum of b-quark, and P’ is the four momentum of u-quark or
c-quark.

= V2Gf(WP Pyu— /P PLu) (C.5)
= V2Gf(WPrPu— WP Pru) (C.6)
= V2Gf(W/'Prmu—m' W/ Ppu) (C.7)
= V2Gfu'Vu (C.8)

where m is the mass of b-quark, and m’ is the mass of u-quark or c-quark. And, replaced
(m Pr — m/Pp) with V, then V becomes (m P, — m’Pg), therefore spin sum becomes

SoIMPP = 2GR [uVul? (C.9)

spin spin

109



= 2G°f* > WVwaVu/ (C.10)
= 2G2f2Tr{(P'+ m" V(P +m)V} (C.11)
= 2G*f*(TrP'V PV +mm/ TrVV) (C.12)

then, P'V PV and VV are

F/V}DV = B’/(mPR—m'PL)P(mPL—m'PR) (C13)
= F/F(mPL— m/PR) (’ITLPL— m'PR) (614)
= P'P(m*Py+m"Pp) (C.15)
= Pl tm ) — (2 = *)5) (C.16)
and
VV = (mPR — m'PL) (mPL — m'PR) (C]_?)
—m m'(PL + PR) (C18)
—mm/ (C.19)

therefore, equations of (A.16), (A.19) and (A.12) introduce

YoIMPP = 2672 {(m? + m’%%ﬁj — (m® = m*)TrP'Pys — m* m™Tr1}C.20)

spin

= 222 {(m* +m) (2P - P) — 4m*> m"} (C.21)
= AGH{(m® +m)m E' — 2m?* m'?} (C.22)
(C.23)

because P = (m,0) and P’ = (£, ﬁ) in the b-quark frame means P’ - P = mE’, so the
two body decay lead,

I
r - 7 > M (C.24)

8mm?2

spin
G22 N m/2 £ m'2
= —— |P'|m*{(1 — -2
5 P+ o) — 2

} (C.25)



then, £ and \]3’\ can be described with Mp_ (which is the mass of Dy), x = Mp_/m, and
y = m//m as follows

m2 +m/? — M3,

B = - (C.26)
_ m(71+y;—x2) (C.27)
and
P? = E?-m"? (C.28)
s ”;;n_ Mbsyo _ (C.29)
_ m2(1+m4+y4—2f—2x2y2—2y2) (.30)
il ) can

therefore, equations of (A.27), (A.31) and (A.25) introduce

r = G2f2 m* {1 = (2 +y)2H1 = (2= )2} x {(1 = y) (1 +9° = 2%) — 49} (C.32)
G2f2

= o L= )P HL = (=) x {1 =2 =% 4y} (C33)

replacement of the equation (A.33) with mass of each particles again, we gain

oy = (e Wy Moy g Moy Moy

m m m m m

where, Mp, means mass of Dy meson, m means mass of bottom quark and m’' means
mass of charm quark.
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We report measurements of the properties of the D,(2317) and D/;(2457) resonances produced in
continuum e* e annihilation near \/s = 10.6 GeV. The analysis is based on an 86.9 fb™! data sample
collected with the Belle detector at KEKB. We determine the masses to be M(D},(2317)) = 2317.2
0.5(stat) = 0.9(syst) MeV/c? and M(D},(2457)) = 2456.5 + 1.3(stat) = 1.3(syst) MeV/c?. We observe
the radiative decay mode D;;(2457) — D y and the dipion decay mode D},(2457) — D}« 7w~ and
determine their branching fractions. No corresponding decays are observed for the D;(2317) state.
These results are consistent with the spin-parity assignments of 0" for the D,(2317) and 1" for the

D,,(2457).

DOI: 10.1103/PhysRevLett.92.012002

The narrow D7 resonance at 2317 MeV/c?, recently
observed by the BaBar Collaboration [1], is naturally
interpreted as a p-wave excitation of the ¢§ system. The
observation of a nearby and narrow D*7° resonance by
the CLEO Collaboration [2] supports this view, since the
mass difference of the two observed states is consistent
with the expected hyperfine splitting for a p-wave doublet
with total light-quark angular momentum j = 1/2 [3,4].
The observed masses are, however, considerably lower
than potential model predictions [6] and similar to those
of the cii j = 1/2 doublet states recently reported by
Belle [7]. This has led to speculation that the new
DE*)#O resonances, which we denote D,;, may be exotic
mesons [8—13]. Measurements of the D,; quantum
numbers and branching fractions (particularly those for
radiative decays) will play an important role in determin-
ing the nature of these states.

In this Letter we report measurements of the D,
masses, widths, and branching fractions using a sample
of e*e™ — cc events collected with the Belle detector
[14] at the KEKB collider [15].

We reconstruct D mesons using the decay chain
D! — ¢mt and ¢ — K" K. To identify kaons or pions,
we form a likelihood for each track, L K(w)> from dE /dx
measurements in a 50-layer central drift chamber, the
responses from aerogel threshold Cerenkov counters,
and time-of-flight scintillation counters. The kaon like-
lihood ratio, P(K/m) = Lx/(Lx + L), has values be-
tween O (likely to be a pion) and 1 (likely to be a kaon).

012002-2

PACS numbers: 14.40.Lb, 13.20.Fc, 13.25.Ft

For ¢ — K* K~ candidates we use oppositely charged
track pairs where one track has P(K/7) > 0.5 and the
other has P(K/m) > 0.2, and with a K"K~ invariant
mass that is within 10 MeV/c*(~2.50) of the nominal
¢ mass. We define the ¢ helicity angle 65 to be the angle
between the direction of the K* and the D in the ¢ rest
frame. For signal events this has a cos?@y distribution,
while for background it is flat; we require | cos@y| > 0.35.

We reconstruct DY candidates by combining a ¢ can-
didate with a #*+ candidate, which is a charged track with
P(K/m) <0.9, and requiring M(¢m*) to be within
10 MeV/c?(~20) of the nominal D} mass. We use the
D/ sideband regions 1920 < M(¢pa™) < 1940 MeV/c?
and 1998 < M(¢pm*) <2018 MeV/c? for background
studies.

For 7° reconstruction, we use photons with e™e™ rest
frame (c.m.) energies greater than 100 MeV and select
vy pairs that have an invariant mass M(yy) within
10 MeV/c?(~20) of the #° mass. For background
studies we use the 70 sideband regions 105 =< M, =
115 MeV/c? and 155 < M., = 165 MeV/c?.

We reconstruct Dit in the D/ vy final state. We use
photons with c.m. energies greater than 100 MeV and
require Di* candidates to satisfy 127 = AM(D]y) =
157 MeV/c?(~30), where AM(D[y)=M(D}v) -
Mp:. The D" sideband regions are defined as 87 =
AM(Dfvy) =117 MeV/c®> and 167 = AM(D}y) =
197 MeV/c?. The sideband yield is defined as an average
of the two regions.

012002-2



VOLUME 92, NUMBER 1

PHYSICAL REVIEW LETTERS

week ending
9 JANUARY 2004

The AM(D{ 7°) = M(D{ #°) — My mass-difference
distribution for D} 7% combinations with p*(D} 70) >
3.5 GeV/c is shown in Fig. 1(a). Here, and in analyses
of other Dy, states and modes, we require the c.m. mo-
mentum to satisfy p*(D,;) > 3.5 GeV/c to remove con-
tributions from BB events. We do not remove multiple
candidates in the subsequent analysis. Also shown are the
distributions for the D} (solid line) and 7° (dashed line)
sideband regions. The prominent peak in the figure cor-
responds to the D,,;(2317) — D} 7" signal; the peak at
small AM values is due to Di*(2112) — D #°. No peak
is seen in the sideband distributions.

Figure 1(b) shows the AM(D*#%) = M(D:*#0) —
M+ distribution for p*(D;* 7°) > 3.5 GeV/c, where a
peak corresponding to D,;(2457) — D" 7° is evident.
Also shown is the distribution for the D" sideband
region, where we notice the presence of a wider peak in
the D,;(2457) region. The AM(D* 7r°) distributions for
the D} and #° sideband regions show no such peak.

To study the expected signal shape and detection effi-
ciencies, and to determine the level of cross-feed between
the two states, we use a Monte Carlo (MC) simulation that
treats the D,;(2317) as a scalar particle with mass
2317 MeV/c? decaying to D} 7r° and the D,,(2457) as
an axial-vector particle with mass 2457 MeV/c? decay-
ing to D" 70, Zero intrinsic width is assigned to both
states. We find that the D,;(2317) produces a peak of
width 7.1 £ 0.2 MeV/c? in the AM(D; #°) distribution
at its nominal mass, and a broader reflection peak (of
width 12.3 + 1.8 MeV/c?) at a mass of 8 MeV/c? above
the D,;(2457) peak. This latter peak corresponds to a D
and 7° from a D,,(2317) decay that are combined with a
random photon that passes the |M(Dfy)— Mp-|<
15 MeV/c? requirement. (We refer to this as “feed-up
background.”) The D,;(2457) produces a peak of width
6.0 + 0.2 MeV/c? at its nominal mass and a broader peak
(of width 19.5 = 3.6 MeV/c?), also at its nominal mass.
The latter peak is due to events in which the photon from
Di" — D[y is missed, and a random photon is recon-
structed in its place (referred to as the “‘broken-signal

5350F | 2100} h
.E@ % 80 Eﬁ H (&)
§ :;’ 60} o |
ot , W MW#
201

%.] 0.2 03 04 0.5 06
M(Ds* ©°) - M(Ds*) (GeV/c?)

97 0270304 05 06
M(Ds r°) - M(Ds) (GeV/c?)

FIG. 1. (a) The AM(D; #°) distribution. Data from the D;

(solid line) and #° (dashed line) sideband regions are also

shown. (b) The AM(D:*7°) distribution. Data from the D
sideband (histogram) region are also shown.
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background™). In addition, the D,;(2457) produces a re-
flection in the D} 77° mass distribution with width 14.9 +
0.8 MeV/c? at a mass of 4 MeV/c? below the D;(2317)
peak (referred to as “feed-down background™).

While we must depend on the MC for separating the
signal peak and the feed-down background in the
D,,;(2317) region, the feed-up and broken-signal back-
grounds for the D,;(2457) region occur when Di* 70
combinations are formed from candidates in the D}t
mass sideband. This is evident in Fig. 1(b).

Figure 2(b) shows the sideband-subtracted
AM(D:* 7% distribution together with the results of a
fit that uses a Gaussian to represent the D,;(2457) signal
and a second-order polynomial for the background. The
fit gives a signal yield of 126 = 25 events with a peak
value of AM = 344.1 = 1.3 MeV/c? (corresponding to
M = 2456.5 = 1.3 MeV/c?). The width from the fit, o =
5.8 + 1.3 MeV/c?, is consistent with MC expectations
for a zero intrinsic width particle.

Figure 2(a) shows the fit result for the D ;(2317). Here
both the signal and the feed-down background are repre-
sented as Gaussian shapes modeled from the MC. The
mean and o of the feed-down component are fixed ac-
cording to the MC and normalized by the measured
D,;(2457) yield. A third-order polynomial is used to
represent the non-feed-down background. The fit gives
a yield of 761 = 44 events and a peak AM value of
348.7 = 0.5 MeV/c? (corresponding to M = 2317.2
0.5 MeV/ c2). Here again, the width from the fit, o =
7.6 = 0.5 MeV/c?, is consistent with MC expectations
for a zero intrinsic width particle.

There are systematic errors in the measurements due to
uncertainties in the (i) 7° energy calibration, (ii) parame-
trization of the cross-feed backgrounds, (iii) parametri-
zation for the non-cross-feed backgrounds, (iv) possible
discrepancies between the input and the output seen in the
MC simulations, and (v) the uncertainty in the world
average value for M+ and M.

70

%350' %60

2300} (a) g

2250} £50¢

g200f t &40

#
150 F “M 30
100F # ; 20} el ) L
i ™ T

00.1 0.2 03 04 0.5 06
M(Ds* ©°) - M(Ds*) (GeV/c?)

00.1 0.2 03 04 05 0.6
M(Ds ©°) - M(Ds) (GeV/c?)
FIG. 2. (a) The AM(D}#°) distribution. The narrow
Gaussian peak is the fitted D,;(2317) signal, whereas the wider
Gaussian peak is the feed-down background. (b) The
AM(D:* 7% distribution after bin-by-bin subtraction of the

D* sideband from the D" signal distribution. The curve is
the fit result.

012002-3



VOLUME 92, NUMBER 1

PHYSICAL REVIEW LETTERS

week ending
9 JANUARY 2004

The «° energy calibration is studied using
D¥*(2112) — D} 7" events in the same data sample.
We measure AM = 144.3 = 0.1 MeV/c? and o = 1.0 =
0.1 MeV/c?, which agrees well with the Particle Data
Group (PDG) value of AM = 143.8 = 0.4 MeV/c?. The
MC, which uses the PDG value as an input, gives AM =
143.9 + 0.1 MeV/c? and o = 1.0 = 0.1 MeV/c%. (The
errors quoted here are statistical only.) We attribute the
difference to the 7° energy calibration uncertainty and
conservatively assign a +0.6 MeV /c? error to this effect.
This error contributes only to the mass measurements.

For the cross-feed background to the D,;(2317) signal,
we vary the feed-down background parameters and the
D,;(2457) yield by = 10 and assign the variation in output
values as errors. For the D,;(2457), we determine the
uncertainty of the feed-up fraction from the difference
between the D} signal region and the sideband region
using the MC. For the non-cross-feed background, we
repeat the fit using a second-order polynomial for the
D,;(2317) and a linear function for the D,;(2457) and
assign the difference as errors. Shifts between the MC

o (D,;(2457))B(D,(2457) — D** 7°)

input and output masses for the D,; can reflect possible
errors arising from the choice of signal shape and other
factors in the analysis. We observe a 0.3 MeV/c? shift for
the D,,;(2317) and a 0.9 MeV/c? shift for the D,,(2457).
We assign these shifts as errors.

The final results for the masses are

M(D,,(2317)) = 2317.2 = 0.5(stat) = 0.9(syst) MeV/c2,
M(D,,;(2457)) = 2456.5 + 1.3(stat) = 1.3(syst) MeV/c?.

The M(D,;(2317)) result is consistent with BaBar [1] and
CLEO results [2]. Our M(D,;(2457)) value is consistent
with BaBar [16] but significantly lower than that from
CLEO [2]. We set upper limits for the natural widths
of T'(D,,(2317)) = 4.6 MeV/c*> and T(D,;(2457)) <
5.5 MeV/c? (90% C.L.), respectively.

Using the observed signal yields of 761 * 44(stat) +
30(syst) and 126 = 25(stat) = 12(syst) for the D,;(2317)
and D,;(2457), and the detection efficiencies of 8.2%
and 4.7% for the D,;(2317) and D,;(2457), we determine
the ratio

o(D,,(2317))B(D},2317) — D; )

The detection efficiencies are determined from the MC
assuming the same fragmentation function for the two
states. The dominant source of systematic error is the
systematic uncertainty in the D;(2457) yield.

In the D,,;(2457) region of the AM(D; #°) distribution,
we find 22 = 22 events from a fit to a possible D,;(2457)
signal. From this, we obtain the upper limit

B(D};(2457) — D] 7°)
B(D}H(2457) — Dt %)

= 0.21 (90% C.L.).

The decay to a pseudoscalar pair is allowed for a state
with a parity of (—1)’. Thus, absence of such a decay
disfavors D,;(2457) having J* of 0% or 17

Figure 3(a) shows the AM(D{ y) = M(D{y) — Mp:
distribution. Here photons are required to have energies
greater than 600 MeV in the c.m. and those that form a 7°
when combined with another photon in the event are not
used. A clear peak near AM(D; y) ~ 490 MeV/c?, cor-
responding to the D,;(2457), is observed. No peak is
found in the D,;(2317) region. The D; sideband distribu-
tion, shown as a histogram, shows no structure. We fit the
distribution with a double Gaussian for the signal,
which is determined from the MC, and a third-order
polynomial for the background. The fit yields 152 * 18
(stat) events and a AM peak at 491.0 = 1.3(stat) *
1.9(syst) MeV/c?> (corresponding to M = 2459.5 +
1.3(stat) + 2.0(syst) MeV/c?). The D,,;(2457) mass deter-
mined here is consistent with the value determined from
D70 decays.

012002-4

= 0.29 = 0.06(stat) * 0.03(syst).

Using the detection efficiency of 10.2% for the D}y
decay mode, we determine the branching fraction ratio

B(D},(2457) — D} y)
B(D{;(2457) — D+ «°)

=0.55 %= 0.13(stat) = 0.08(syst).

This result, which has a statistical significance of 100, is
consistent with the first measurement by Belle [17] 0.38 =
0.11(stat) = 0.04(syst) with B — DD,;(2457) decays, and
with the theoretical predictions [3,13]. The existence of
the D,;(2457) — D,y mode rules out the 0* quantum
number assignments for the D,,(2457) state. For the
D,;(2317), we obtain the upper limit

Events/3MeV
N n
S oS

(%)
S

Events/5MeV

0 0.45 0.5 0.55 0.6 0.65
M(Ds n* ©) - M(Ds) (GeV/c?)

0.10.20.30.40.50.60.70.8
M(Ds 7) - M(Ds) (GeV/c?)

FIG. 3. (a) The AM(D} y) distribution. The curve is a fit
using a double Gaussian for the signal and a third-order
polynomial for the background. (b) The AM(D; =" =) dis-
tribution. The curve is a fit using Gaussian for the signals and a
third-order polynomial for the background.
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B(D,;(2317) = D' y)
B(D{,(2317) — D,7")

From the M(D"y) = M(D;"y) — Mp;+ distribution, we
determine the upper limits

B(D}(2317) — Dity)
B(D}(2317) — D7)
B(D;;(2457) — D" y)
B(D/,(2457) — Di* aY)

Figure 3(b) showsthe AM(D} w7~ ) = M(Df 7wt 7~) —
M distribution. For additional pions, we require at least
one of them to have one momentum greater than
300 MeV/c in the c.m., one with P(K/7) <0.1 and
another with P(K/7) <0.9, and |M(7*7") — Mg | =
15MeV/c?. A clear peak near AMDi#tm~)~
490 MeV/c?, corresponding to the D,(2457), is ob-
served. Evidence of an additional peak near
AMD} 7t 77) ~ 570 MeV/c? corresponding to
D,;(2536) is also visible. No peak is found in the
D,;(2317) region. The D sideband distribution, shown
as a histogram, shows no structure. We fit the distribution
with Gaussians for the signals, which are determined
from the MC, and a third-order polynomial for the
background. The fit yields 59.7 = 11.5(stat) events and a
AM peak at 491.4 + 0.9(stat) = 1.5(syst) MeV/c? [corre-

< 0.05 (90% C.L.).

=0.18 (90% C.L.) and

=<0.31 (90% C.L.).

(D1 (2536))B(D (2536) — Df 7 7~

sponding to M = 2459.9 * 0.9(stat) = 1.6(syst) MeV/
c?] for D,;(2457), and 56.5 * 13.4(stat) events for
D,;(2536). The statistical significance is 5.7¢ for
D, ,(2457), and 4.50 for D,;(2536). This is the first ob-
servation of the D;(2457) — D] @* 7~ decay mode.

The existence of the D,;(2457) — D,ar* 7w~ mode also
rules out the 0% assignment for D,,;(2457). Using the
detection efficiency of 15.8% for the D" 7~ decay
mode which is determined assuming a phase space dis-
tribution for the 7 7~ invariant mass, we determine the
branching fraction ratio

B(D}(2457) — D} 7 7™)

—0.14  0.04(stat
B(D?,(2457) — D 7°) (stat)

*+ 0.02(syst),

where the systematic error is dominated by the systematic
uncertainty of the D,;(2457) — Di* 7° yield. We estab-
lish the upper limit

B(D}(2317) = Df 7t ar™)

=4x1073 L.
B(D},2317) — D; 7) 0 (0% CL)

Using the detection efficiency of 14.3% for the
D,;(2536) — D,r" r~ decay mode which assumes the
same fragmentation function for the D,;(2536) and
D,;(2457), we establish the cross section times branching
fraction ratio

) = 1.05 = 0.32(stat) = 0.06(syst).

o(D;(2457)B(D}(2457) — D ot ar™)

In summary, we observe radiative and dipion decays of |
the D,;(2457) and set upper limits on the corresponding
decays of the D,;(2317). We determine the D,,;(2317) and
D,,(2457) masses from their decays to D] 7% and D" 79,
respectively, and set upper limits for their natural widths.
We set an upper limit on the decay of D,;(2457) to D #°.
These results are consistent with the spin-parity assign-
ments for the D,;(2317) and D,;(2457) of 0" and 17,
respectively.
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