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ABSTRACT

Study of B meson decays with J/1¢ and ¢ in the final states

Yang Liu
the Graduate University for Advanced Studies
September. 2008

We study the decay modes of B meson decay to final states including J/1v and
¢ mesons based on a large amount of data sample at the Y(495) state collected with
Belle detector in KEKB asymmetric energy e*e™ collider.

The decay B® — J/1¢ is expected to involve W-exchange and final state interac-
tion (FSI) processes. The mechanisms contributing to this decay can be divided into
four categories: 1) The photo-production; 2) The tri-gluon fusion; 3) The rescattering
effect; 4) The w - ¢ mixing. The dominant contribution is from w - ¢ mixing and the
branching fraction for this decay is estimated to be (1.8 £0.3) x 1077,

We perform a search for B® — J/1¢ decays using a data sample of 605 fb~!
containing 657 x 10% BB pairs.

We reconstruct B mesons from the decays J/¢ — (T0~ (¢ = e,u) and ¢ —
K*K~. Events are required to pass a basic hadronic event selection. We identify B
candidates using two widely used kinematic variables calculated in the center-of-mass

system:the beam-energy constrained mass (M,. = +/EZ, . — P3) and the energy

beam
difference (AE = Ep — Epeam), Where Epean is the beam energy, Pg and Ep are the
reconstructed momentum and energy of the B candidate. We select B candidates
within the range —0.2 GeV < AE < 0.3 GeV and 5.27 GeV/c? < My, < 5.29 GeV/c?
for final analysis.

We study reconstruction efficiency and event selection criteria using a large signal
Monte Carlo (MC) sample. To study the background, we use a MC sample corre-
sponding to 3.86 x 10 generic BB decays (59 times that of real data) that includes

all known B — J/9X processes as well as sideband region.



The dominant background comes from BB events with B decays to J/¢. We
find that the dominant backgrounds come from B® — J/K*9(892)[— K~ 7*| and
BY~ — J/YK(1270)[— K~m+t7%~]. In both cases, a pion is misidentified as a kaon,
and in the latter case, the other pion is missed. The former has a peak at AE ~ 0.1 ~
GeV, while the latter has a broad peak in the negative AFE region. The remaining
background is due to random combinations of J/¢ and ¢ candidates and does not
have structure in the AFE distribution (referred to as combinatorial background).

The signal yield is extracted by performing an unbinned extended maximum-
likelihood fit to the AFE distribution of candidate events. The signal PDF is mod-
eled by a sum of two Gaussians. The background PDFs are two Gaussians for the
J/Y K, component, a bifurcated Gaussian for the J/¢K*® component and a second-
order polynomial for combinatorial background, respectively. The parameters of these
PDF's are determined from MC simulations.

We obtain a signal yield of 4.6 T35 events with a statistical significance of 2.30.
As no significant signal is found for the B® — J/1¢ decay mode, we derive an upper
limit on the yield at the 90% confidence level by a frequentist method using ensembles

of pseudo-experiments. Finally an upper limit at the 90% confidence level is obtained:
B(B" — J/y¢) <9.4x 107" (1)

This result improves upon the previous result by about a factor of 10 and is
consistent with the theory prediction. The result shows that a large enhancement
from rescattering is not likely in this decay mode. To check the prediction more

precisely, a larger data sample is needed.
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Chapter 1
Introduction

This thesis describes the measurement of branching ratio of B — J/¢¢. We discuss
the possible mechanisms that contribute to this decay mode in chapter 1; we give a
brief introduction to KEKE collider and Belle detector in chapter 2; in chapter 3, we
describe the analysis method; in chapter 4, we give a full description on the analysis

process and provide the results; in the last chapter, we give the conclusion.

1.1 Standard Model

In the twentieth century, human being has made great achievements in the under-
standing of the universe. From the dominating Newtonian mechanics and Maxwellian
electrodynamics before the twentieth century to modern theory framework known as
the Standard Model (SM) [1] which is a SU(3) ® SU(2) ® U(1) gauge theory, the fun-
damental electroweak and strong interactions have been well described. According to
this model, all matter is built from a small number of fundamental spin 1/2 particles,
or fermions: six quarks and six leptons.

Tab. 1.1 and Tab. 1.2 give the symbol, mass, the ratio of its electric charge @)
to the elementary charge e of the electron and the Spin-parity of each of the various
fundametal constituents.

In the SM, there are four types of fundamental interaction: Strong interaction,

Electromagnetic interaction, Weak interaction and Gravitational interaction. The



Quarks Symbol Mass Electric Charge Spin-parity

MeV /c? Qe JP
Up U ~ 3 —i—% %Jr
Down d ~ 5 —% %Jr
Charm c ~ 1250 —i—% %Jr
Strange s ~ 95 —% %Jr
Top t ~ 174200 +2 i+
Bottom b ~ 4500 -1 o
Table 1.1: The quarks
Leptons Symbol Mass Electric Charge Spin
MeV /c? Q/e JP
Electron e ~ 511 -1 %
Muon L ~ 106 -1 >
Tau T ~ 1777 -1 %
Electron nertrino Ve <0.000002 0 %
Muon neutrino Yy <0.19 0 %
Tau neutrino N, <18 0 %

Table 1.2: The leptons

different interactions are described in quantum language in terms of the exchange of
boson mediators between the fermion constituents. These boson mediators are listed
in Tab. 1.3.

The theory about the particles and the interactions in the SM includes two parts:
the electroweak theory describing the unification of the electromagnetic and weak
forces and the quantum chromodynamics (QCD) describing the strong interaction.

To date, the SM has been tested by huge number of experiments to a high degree
of precision, and is viewed as a reliable and successful theory in particle interactions.
In the new century, physics phenomena predicted by the SM but not yet observed is
one of the main objectives of high energy physics.

Although SM has achieved great success, it is an uncomplete theory. It does not



Name Interaction Relative Magnitudes
Gluon, ¢ Strong 1
Photon, v Electromagnetic 1072

W=, Z° Weak 1077
Graviton, Gravity 10739

Spin-parity
1-
1-
1=,1t
2+

Table 1.3: The boson mediators

attempt to explain gravity and it has too many unrelated parameters. The search for

New Physics never stops drawing great attention of the physicists around the world.



1.2 CKM Matrix

In the SM, quarks and leptons are assigned to be left-handed doublets and right-
handed singlets. The SU(2) quark doublets of weak isospin is referred as

charge = +§e u c t | (11)
charge = —%e d s b

~~
quarks

where the flavors are assigned by the strong interaction.

In the weak interactions, quark flavor can change by transition to different charge
quark with emission or absorption of a W* boson, which is also called the propagator.
With the notation u;(i = 1,2,3) to represent the spinor u, ¢, t and d;(j = 1,2,3)
to denote d, s, b, the physical dynamics within doublets can be described by a

Lagrangian term [2]

Ly = —% (W:aﬂ“%%jdj + Wu_ciﬂul _275 V;juz> , (1.2)
where W* is the W gauge boson field and V' is a unitary matrix which relates strong
and weak quark eigenstates. The nature is complicated through the V' known as
the Cabibbo-Kobayashi-Maskawa (CKM) [3] flavor mixing matrix, which has non-
zero off-diagonals. By convention, the CKM matrix is expressed as a 3 X 3 matrix
operating on d, s, b:
Via Vus V| [d
Vea Ves Ve S (1.3)
Via Vis V) \b
In general, each of the 9 elements of the 3 x 3 matrix V in Eqn. 1.3 is a complex
number, so 18 parameters are needed to fully describe V. However, the unitary
requirements VTV = I provides 9 constraints. Moreover, two arbitrary relative phases
in the rows with another two in columns and one arbitrary overall phase eliminates 5
more free parameters. Thereby 4 independent parameters is used to express the CKM
matrix. The Wolfenstein parameterization [4] of the CKM matrix is most commonly

used, where Vs = A, the sine of the Cabibbo angle. Now the matrix can be expanded



as
1—12 A AN (p —in)
V= -\ 1— 1) AN? +0O(\) . (1.4)
AN(1—p—in) —AN 1

with A,p and n being real parameters of order unity.

Among the four parameters, A and A are relatively well known from corresponding
semi-leptonic decays: |V,5| = 0.2257 £ 0.0021 from K decays and |V,| = (41.6 +
0.6) x 1073 from inclusive and exclusive b — cli; decays [13]. The determination of
the other two parameters p and 7 is conveniently depicted as a contour in plane of
(p,m). It corresponds to the unitarity relation of the CKM matrix applied to the first
and third columns:

VuaVp + VeaViy + ViaViy = 0 (1.5)

This relation may be presented in the complex plane as in Fig. 1.1, which is
called the “unitarity triangle”. The three angles of the unitarity triangle represent
the complex phase of the combinations:

VeV ViaVip

VuaVab
, g = arg|— -

VeaVig,

¢1 = arg[— |, ¢3 = arg[— J (1.6)

The unitarity triangle is also can be shown in (p,n) plane as Fig. 1.2. Its vertices are
exactly (0,0), (1,0) and (p,7), where

p=p(1=N/2),7=n(1-X\/2) (1.7)



Vi

Figure 1.1: Unitarity triangle

Vea Ve

(0,0) (1,0)

Figure 1.2: Unitarity triangle in p — 7 plane.



1.3 Physics in B — J/v¢

Since the quarks involved in the final states of B® — J/1¢ decay are all different from
the initial quarks, the decay diagrams in the lowest order of weak interaction have
to involve W-exchange or hadronic final state interactions. Therefore, the branching
fraction is expected to be much suppressed compared to other B decays involving
J/1, such as B — J/YK* and J/ym(p) decays.

The mechanisms that contribute to its decay amplitude can be catalogued into four
classes: 1) The ¢ meson is produced through tri-gluon fusion (due to Landau-Yang
theorem [5]) which is formally the reason why this channel is suppressed by Okubo-
Zweig-lizuka (OZI) rule [6]; 2) The ¢ meson is produced through photo emission; 3)
J/1¢ are produced through long-distance final state interaction (rescattering), for
instance BY — D**D*~ — J/1¢; 4) ¢ is produced through w — ¢ mixing. The quark

diagrams contributing to this decay mode are shown in Fig. 1.3.

1.3.1 Photo-production

Fig. 1.3(b) shows the diagram for photo-production. B® — J/¢¢ can be regarded as
a cascade process BY — J/1y — J/1¢. Thus, basically we can reproduce the photo-
production by studying B — V'~ which has been well studied in the framework of
Soft Collinear Effective Theory (SCET) [7].

We can start the calculation from the rough estimation.

B(B" — J/v¢) ~ RyB(B" — J/{7)

2

~ 0.0003, (1.8)

where f, and my are the decay constant and mass of ¢ meson respectively. Eqn. 1.8
is derived as following. The decay amplitude of B — J/¢y is written as A¥e(7),
then the decay amplitude of BY — J/1¢ through photo-production is

A (B = 1/00) = KB — 3/im) =22 (s olssi)

= A i) (zéefd)mqs) , (1.9)
0]
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Figure 1.3: The feynman diagrams contributing to the decay of B — J/v¢¢.



where we use

(9157u8]0) = —ifsmee, (), (1.10)

with ¢ meson polarization vector € (¢) = 62(7) and decay constant fy ~ 0.221 £
0.003 GeV which can be extracted from the decay width ¢ — ¢*¢~. Y.D.Yang et
al have shown that B(BY — J/1¢y) < 1077 in a naive factorization and a QCD
factorization.[8]. The photo-production leads to a very small branching ratio for
B — J/¢¢ to be less than 107!, The photo-production process B® — ¢y — J/1¢
can be also considered. The B(B° — ¢v) is estimated to be 3.6 x 107! using
QCD factorization formalism [9] and the contribution to B® — J/1¢ is smaller than

B — J[y — J[v.

1.3.2 Tri-gluon Fusion Process

Fig. 1.3(a) shows the diagram for tri-gluon fusion process. It is a W-bosen exchange
process with an s§ pair is attached through three gluons. Due to the complicated
QCD dynamics, it is hard to calculate the tri-gluon fusion reliably. Roughly, the tri-
gluon fusion contribution is order of @ ~ 0.3 ~ 0.03. Thus, naively comparing to the
photo-production with the order of @y, ~ 0.01 (in amplitude), the branching fraction
of the tri-gluon fusion process is about 10 times larger than the photo-production

process, i.e. < 10710,

1.3.3 Rescattering Effect

As shown in Fig. 1.3(c)-Fig. 1.3(e), there are several possible rescattering processes
which lead to BY — J/i¢ decay. The B® — DT D™ — J/i¢ (Fig. 1.3(c)) pro-
ceeds via W-exchange diagram for intermediate states and OZI-allowed rescattering.
While, B® — D®+D®= — J/yp¢ (Fig. 1.3(d)) proceeds via tree diagram for in-
termediate states and OZI-suppressed rescattering. The B® — J/vn(n, p) — J/¢¢
(Fig. 1.3(e)) is further color-suppressed for intermediate states compared with the

process in Fig. 1.3(d).
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The branching fractions for B® — DT D™ have not been measured yet. The

theoretical calculations give (2 — 3) x 10™* based on heavy-light chiral perturbation
theory [10] and (6 — 9) x 10° based on pQCD model [11]. However, recent Belle
result, B(B® — DID;) < 3.6 x 107 [12], implies that W-exchange amplitudes
may be further suppressed. Phenomenologically, the branching fraction for B —
DT DY can be estimated from the BY — DT K+ decay which also proceeds via
W-exchange diagram (see Fig. 1.4(a)) with branching fraction of (3.1 +0.8) x 107°
[13]. Taking account the differences of meson wave functions (Kt and DY) and the
CKM factors (V,q and Viq), B(B® — D D7) ~ 0.16 x B(B® — D;K*) ~ 5 x 107% is
estimated [14]. Another approach taking the ratio of W-exchange and tree diagrams
from B(B* — D;K*)/B(B° — D7) ~ 0.01 gives a similar estimation B(B° —
D+D>) ~0.01 x B(B* — D*D% ~ 4 x 1075 [15],

b C u u
b o / B P K*

S ° d s

w* s W

b 9 C .-
K* b D D,

d u d S
(a) W-exchange (b) B® — D~ n" and rescattering to Dy K+. (OZI

allowed)

Figure 1.4: The feynman diagrams contributing to the decay of B — D; K ™.

The B® — D; K can be also used to estimate the suppression factor of the rescat-
tering process. The (OZI-allowed) rescattering from B® — D~nt can also contributes
to B — D7 K™ as shown in Fig. 1.4(b). The ratio of branching fractions of these two
decays indicates the contribution of the rescattering process is at most same level as
W-exchange contribution and ~ 1/100 of intermediate process (assuming these two

amplitudes do not have strong destructive interference).
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Based on above discussions, the branching fraction for B® — DT D™ — /Y
is estimated to be O(107%).

The branching fraction of B° — D®*D®~ is about two orders of magnitude
larger than that of B — Dg*HDg*)*, while rescattering process is OZI-suppressed.
It is difficult to estimate the OZI-suppression, but it is expected to be well below
O(107!) in amplitude (i.e. O(1072) in branching fraction) as discussed in Sec.1.3.2.
Therefore, contribution of Fig. 1.3(d) is expected to be smaller than that of Fig. 1.3(c).
The contribution of Fig. 1.3(e) is further suppressed.

1.3.4 w— ¢ Mixing

The mixing between the vector mesons w and ¢ plays an important role in the un-
derstanding of SU(3) breaking in QCD. In QCD, this mixing is entirely generated by
the light quark mass differences. In addition, QED effects by photon exchange lead
to a further mixing contribution.

The w and ¢ mesons are a mixture of the SU(3) siglet wy and the octet wg states,

¢ = cosblyws — sinflywo, (1.11)
w = sinfywg + cosby wy, (1.12)
where
ws = (uli + dd — 2s5)/V/6, (1.13)
wo = (uit + dd + s5) /V/3. (1.14)

The ¢ and w wave functions are then given by

-, 1 1 2 1
¢ = (uu + dd)(%cosé’v - %sinﬁv) - 55(%0050‘/ + %sinﬁv), (1.15)

-, 1 1 2 1
w = (vt + dd)(—=sinfy + —=cosby ) + $5(——=sinfy + —=cosby ), (1.16)

V6 V3 V6 V3
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The stict OZI limit corresponds to the ideal mixing angle 6;

tanf; =

1
— 6, =35.3°, 1.17
N (1.17)

and the ideal ¢ and w states are

Wt = 2000 /N6 + ws/V3 = (ut + dd) /2, (1.18)

¢l = o/ V3 — 2ws/V6 = s5, (1.19)

It is further instructive to rewrite the ¢ and w wave functions as follows
¢ = —sindw' ™ + cosdpde (1.20)

w = cosdw' ™ 4 singp'@eet (1.21)

where § = 0y — 0;. The physical mixing angle ¢y, can be determined from the
masses of the mesons in the vector meson nonet and differs from the ideal mixing
angle. Using the quadratic Gell-Mann-Okubo mass formula, the physical mixing
angle of the vector mesons can be obtained as #y = 39°. A simplified analysis[17]
implies a mixing angle of 6 = —(3.34 £+ 0.17)°, while the most recent treatment[18]
implies an energy—dependent mixing which varies from —0.45° at the w mass to —4.64°
at the ¢ mass.

Neglecting small phase space differences between processes with ¢ or w in the final
states, Eq. 1.20 and Eq. 1.21 imply [19]:

B(B® — J/y¢) = tan*$B(B° — J/yw). (1.22)

The B(B® — J/¢w) has not been measured yet, but B(B — J/¢p") = (2.7 £
0.4) x 107 [20] can be used as an approximation. The approximately equal decay
rates measured for B(B? — D)%) = (2.9 £ 1.1) x 107* and B(B® — D) = (2.5 &
0.6) x 107* [13]confirm this assumption. Using Eq. 1.22 with a universal value of
§ = 4.64°, we can give a evaluation of B(B — J/1¢) = (1.8 £ 0.3) x 107".
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1.3.5 Summary of Br(B" — J/¢¢) Estimation

We have discussed the four mechanisms that contribute to the decay mode B — J/1¢
and give the estimations of the branching fraction of each mechanism. We find that
the dominant contribution is from w — ¢ mixing which is at the order of 1077.

The contribution of the rescattering process from BY — Dg*HDg*)* is estimated
to be the order of 1078, Howerver, it should be noted that the estimation has large
uncertainty. The B(BY — DFD;) may be close to the current experimental upper
limit (a few x107°) or B(B — D*"D?~) may be larger since current experimental
limits are ~ 1074 Also, the rescattering effect may be much larger than that of
B — D 7t — D;KT case (for example, only ~ X suppression in amplitude).
Then, the rescattering contribution can be > 1075.

The photo-production and tri-gluon fusion process gives much smaller and negli-
gible contributions.

Previously, the BaBar collaboration searched for this decay mode and set an upper

limit B < 9.2 x 107% at the 90 % confidence level based on 56 x 10°BB pairs [21].

This upper limit is much larger than above estimations.



Chapter 2
Experimental Apparatus

This analysis is based on data accumulated by the Belle detector at the B factory
KEKB. The experiment is located at the High Energy Accelerator Research Organi-
zation (KEK) in Japan. Its main physics goal is to study the origin of C'P violation in
B decays. The experiment was started in 1999 and has achieved many physics results
until now. In this chapter, we will give a brief introduction to the KEKB collider and
the Belle detector.

2.1 The KEKB Accelerator

The KEKB is an energy-asymmetric ee™ collider running mainly at the Y(4S) reso-
nance, /s = 10.58 GeV. Currently it has the highest luminosity in the world. Fig. 2.1
shows the history of integrated luminosity of the KEKB.

The KEKB accelerator [22] has two rings: a low-energy ring (LER) for positrons
and a high-energy ring (HER) for electrons. Both rings are located in the already
existing TRISTAN tunnel with a circumference of 3 km. The beam energies are
3.5 GeV for e™ and 8.0 GeV for e”. The center-of-mass (CM) energy is 10.580
GeV, corresponding to the Y (4S) resonance, which is just above the BB production
threshold. The eTe™ — T(4S) cross section is about 1.1 nb. At the same energy, the
ete™ — qq (¢ = u,d, s,or ¢) continuum process has a cross section of 3.7 nb, with

cc ~ 1.30 nb. In addition, KEKB sometimes runs at an energy 60 MeV below the

14
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resonance to measure the continuum process and at the energy of T(1S), T(3S), T(5S)
states. Figure. 2.2 shows the total e*e™ annihilation cross section as a function of the
CM energy in the region of the T resonances. The configuration of KEKB factory is
shown in Fig.2.3.

Integrated Luminosity(log)
1000

800 /

. ,_/,/
400 /_/

s
— /

200011 20021 2004/1 2006/1 2008/

KEKB

0

Figure 2.1: Total integrated luminosity of KEKB (till Jun, 2008)

The different energies of electron and positron beams give to the two B mesons pro-
duced from Y (4S) a boost in the beam direction. The Lorentz boost factor 5y=0.425
corresponds to about 200 pum distance of the two B meson decay vertices, which
allows us to study the time evolution of B mesons via their decay vertices.

In order to reduce parasitic collisions near the interaction region, KEKB has a
unique design with +11 mrad crossing angle (See Fig. 2.4) of the eTe™ beams instead
of bending magnets. This feature provides the possibility to obtain higher peak
luminosities. The KEKB was designed to operate with a peak luminosity of 103*
cm~2s~!, which corresponds to 100 fb~! integrated luminosity, or ~ 10® BB pairs per
year. KEKB has achieved a peak luminosity of 1.71 x 103 ecm~2s~!. Till now, the
integrated luminosity of KEKB has exceeded 850 fb~.
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Figure 2.2: The cross-section for the annihilation process ete~ — hadrons, as a
function of center-of-mass energy.
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Figure 2.3: A graphical illustration of the KEKB accelerator.



17

Figure 2.4: The finite angle beam crossing scheme.

2.2 Belle Detector

The Belle detector [23] is a large-solid-angle magnetic spectrometer that consists of
a silicon vertex detector (SVD), a central drift chamber (CDC), an array of aero-
gel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and a electromagnetic calorimeter (ECL) comprised of
CSI(T1) crystals located inside a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux-return located outside the coil is instrumented to detect
K? mesons and to identify muons (KLM). Two inner detector configurations were
used. A 3-layer SVD with a 2 cm radius beampipe was used until 2003 (SVD1). A
1.5 cm radius beampipe, a 4-layer SVD, and a small-cell inner drift chamber were then
installed (SVD2). The configuration of the Belle detector is shown in Fig. 2.5 and

Fig. 2.6. Performance parameters of each sub-detector are summarized in Table. 2.1.

2.2.1 Beam Pipe and SVD

The precise determination of decay vertices is an essential requirement of the Belle
experiment. In order to reach this goal, the vertex detector should be placed as close
to the interaction point (IP) as possible, and a thin beam pipe is preferred.

The originally designed beam pipe has an inner radius of 2.0 cm, and an outer wall
2.3 cm in radius. Fig. 2.7 shows the cross section of the beam pipe at the interaction
point. The central part (—4.6 cm< z <10.1 cm) of the beam pipe is a double-wall
beryllium cylinder with 0.5 mm thickness. A 2.5 mm gap between the inner and outer
walls of the cylinder contains helium gas for cooling. The material in the beam pipe

is minimized to reduce multiple Coulomb scattering, and the total thickness of the
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Superconducting Solenoid . Aerogel Cherenkov Counters (ACC)

Electromagnetic
Calorimeter (ECL)

Silicon Vertex Detector (SVD) K, and muon Detector

Figure 2.5: A graphical illustration of the Belle detector. The position of each sub-
detector is indicated.

SCALE

1 2 3m

Figure 2.6: A side view of the Belle detector.



Table 2.1: Performance parameters of each sub-detector of Belle.
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There are two

configurations of the inner detector, SVD1 and SVD2, corresponding to a 3-layer and
a 4-layer SVD with a smaller beam pipe, respectively.

Detector Type Configuration Readout Performance
Beam Beryllium Cylindrical, r=20mm,
pipe for double wall ~ 0.5/2.5/0.5(mm)=Be/He/Be
SVD1 w/ He gas cooled
Beam Beryllium Cylindrical, r=15mm,
pipe for double wall 0.6/0.5/0.35(mm)
SVD2 =Be/PF200/Be
SVD1 Double-sided 3-layers:8/10/14 ladders ¢:40.96k o, ~ 66um
Si strip Strip pitch: 25(p)/50(n) pm 2:40.96k
SVD2 Double-sided  4-layers:6/12/18/18 ladders o, ~ b6um
Si strip Strip pitch: ¢:55.296k
75(p)/50(n) pm(layerl-3) 2:55.296k
73(p)/65(n) pm(layerd)
CDC Small cell Anode:50 layers Anode:8.4k ory = 130um
for SVD1 drift Cathode:3 layers Cathode:1.8k ¢, = 200 ~ 1400pm
chamber r=8.3-87.4cm 0p, /Pt = 0.3%\/p? + 1
—77 < 2 < 160cm OdB/dz = 6%
CDC Small cell Anode:49 layers Anode:8.5k
for SVD2  drift chamber No cathode layer
r=10.4-87.4 cm
—77 < z < 160cm
ACC Silica 960 barrel/228 end-cap Npe >6
aerogel FM-PMT readout K /7 separation:
1.2 <p<3.5GeV/e
TOF Scintillator 128 ¢ segmentation 128x2 0,=100ps
r=120cm,3cm long K /7 separation:
TSC 64 ¢ segmentation 64 up to 1.2GeV/c
ECL CsI Barrel:r=125-162cm 6624 op/E=13%/VE
(Towered- End-cap:z= 1152(F) Tpos = 0.5cm/vVE
structure) -102cm and +196cm 960(B) (F in GeV)
KLM Resistive 14 layers 0 :16k A¢ = A#=30mrd
plate (5cm Fe + 4cm gap) ¢ :16k for Kp,
counters 2RPCs in each gap ~ 1% hadron fake
Magnet Super Inner radius=170cm B=1.5T

conducting
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beryllium walls is 0.3% of a radiation length. The inner radius of the beam pipe was
changed to 1.5 cm in SVD2, and the cooling material is also changed from helium gas

to Paraffin liquid.

— \ Inner Be  20.0mm<R<20.5mm

Qufer Be @23.0mm<R<23.5mm

Figure 2.7: The cross section of the beam pipe at the IP.

The SVD [24] is designed to measure the decay vertices of B mesons. This in-
formation is very important for observation of time-dependent C'P asymmetries in
the decays of B mesons. In addition, the vertex detector is useful for identifying and
measuring the decay vertices of D and 7 particles.

Fig. 2.8 shows side and end view of SVD1. It consists of three layers of silicon
sensors and covers a polar solid angle 23° < # < 139°, which corresponds to 86% of
the full solid angle. The radii of the three layers are 30, 45.5 and 60.5 mm. Each layer
is made of double-sided silicon strip detectors (DSSDs) with boron-nitride support
ribs sandwiched by carbon-fiber reinforced plastic. Each DSSD with a thickness of
300 pum consists of 1280 sense strips and 640 readout pads on opposite sides.

Fig. 2.9 shows the configuration of SVD2 [25]. Tt has four layers with radii of 20,
43.5, 70 and 88 mm. The angular acceptance is expanded to 17° < 6 < 150° (same
as CDC).

When charged particles traverse a DSSD, electron-hole pairs are produced and

then collected at the sense stripes. This signal will appear only on a few z and



Figure 2.8: Detector configuration of SVDI1.

Side View ) . End View
DSSD ladder —— 17<6<15

4th layer

1st layer

Figure 2.9: Detector configuration of SVD2.

21



xy Impact Parameter Resolution

~250 ~250
E E
4 " = 2
5225 19-@-50/p*sin(0) ™ (m) 5225 36-@42/pB*sin(0)> ™ (m)
] ]
2200 Py>-ele 2200 Yy 4T
& - cosmic ray & - cosmic ray
175 R el 2 175
150 150
125 125 \
100 ,)V 100 \.
75 .& 75 I\
50 50
Ny s
—
25 i 25
—
0 0
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6_71
pPB*sin(0)”? (GeV/e) pPBEsin(0)*? (GeVie)
Figure 2.10: The performance of SVDI.
drho dz
—160 - —160
g 1 . = r .
= r 4 SVD2 Cosmic = r 4 SVvD2 Cosmic
Sq40 [ 21.9@-35.5/p um| Sq40 L 27.8®-31.9/p um
= L = F
g - v SvD2 Dimuon § f
—120 = SvD22e —120
100 [= 100 |-
- -
80 [ so [+
[ m [
60 -, 60 -
Coa r o
40 - a 40 | 4a
- b A F Ll SRR/ S A A
S - A TAY VvV = “
20 - ATTATAT 20
A Y E N R Co v
e} 2 a 6 8 %0 2 a 6 8

pseudo momentum (GeV/c)

z Impact Parameter Resolution

pseudo momentum (GeV/c)

Figure 2.11: The performance of SVD2.
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¢ strips. Thus, three-dimensional (3D) hits information is obtained. The impact
parameter resolution which are directly related to the vertex resolutions, in function
of the momentum and angular dependence is shown in Fig. 2.10 and 2.11 for SVD1

and SVD2, respectively.

2.2.2 CDC — Central Drifter Chamber

The main role of CDC [26] is to efficiently reconstruct charged particle tracks and
precisely determine their momenta. In addition, CDC also provides important infor-
mation for the trigger system and particle identification (PID) information from the
energy loss (dF/dx) of the charged particles.

The configuration of the CDC is shown in Fig. 2.12. It provides a polar angu-
lar coverage of 17° < 6 < 150°, which corresponds to 92% of the full solid angle.
The inner and outer radii are 83 and 880 mm, respectively. The CDC consists of
50 cylindrical sense wire layers, each containing between three and six either axial
or small-angle-stereo layers, and 3 cathode strip layers (in the SVD1 configuration).
In total, there are 8400 drift cells, each of which contains one sense wire at positive
voltage surrounded by eight field wires in ground voltage. An example of the cell
arrangement at the inner-most radii is shown in Fig. 2.13. The cathode strips pro-
vide z-coordinate measurements at the inner-most radii (which was used for trigger
purpose only).

In the summer of 2003, the inner part structure of CDC has been modified jointly
with the upgrade of SVD. The three inner layer with cathode strips were removed to
make the space for the upgraded SVD with larger radius. Instead, we have installed
two layers of small cells, which we call small-cell CDC (sCDC). The inner radius after
the modification is 104 mm, while the other geometry is unchanged.

A gas mixture of 50% Helium and 50% Ethane is used to fill in the CDC. The use
of a low-Z gas is to minimize multiple Coulomb scattering. Charged tracks passing
through the drift chamber ionize gas molecules along their path. The ionized electrons
drift forwards the sense wires, at a velocity which saturates at ~ 4 cm/us, and depends

relatively weakly on the electric field strength. Only when the electrons come very
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Figure 2.12: Overview of the CDC structure. The lengths in the figure are in units
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Figure 2.13: Cell structure and the cathode sector configuration.



25

close to the sense wires, does their energy become large enough to liberate fresh ions,
creating an ionization avalanche which total charge proportional to the gas gain and
the amount of primary ionization. Both the pulse time and the integrated charge of
this signal are recorded and used.

By combining the information from many sense wires, the trajectory in the x —y
plane can be reconstructed. Stereo wires, which run at a small angle with respect to
the other wires in the chamber, provide additional z information. The curvature of
the track’s © — y plane projection in the 1.5 T magnetic field, is used to measure the
transverse momentum of the track. The CDC provides a r — ¢ spatial resolution of
approximately 130 ym. The transverse momentum p; resolution is measured to be
(0.201p; ® 0.290/8)% (py in GeV/c). It is from a fit to data points from cosmic rays
indicated with the solid curve in Fig. 2.14.

2

16}

Fit

- (0.2010.003 Y Pte® ( 0.290t 0.006 Y%
1.2}

o
@
-~

O[V2 (Pteo™- Pt UP)/(PLY™+Pt P )] (%)

0 1 2 3 4 5
Pt (Gev/c)

Figure 2.14: p; dependence of p; resolution for cosmic-rays.

The time integrated charge of the pulse can be used for PID. Since the energy loss
(dE/dzx) is a function of the velocity () of the particle, it can be used to distinguish

particles with the same momentum but different masses. Fig. 2.15 shows a scatter
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plot of measured dE/dx versus the particle momentum, together with expected energy
losses for different particle species. The dE/dx resolution is measured to be 7.8% in
the momentum range from 0.4 to 0.6 GeV/c. And the dE/dxz measurement provides
over 3o separation between K and 7 for momenta below 0.8 GeV/c and 20 separation

for momenta above 2.0 GeV/c.

dE/dx

35—

1
10g,0(P)
dE/dx vs log,,(p)

Figure 2.15: Truncated mean of dE/dx versus momentum observed in collision data.

2.2.3 ACC — Aerogel Cherenkov Counter

An array of silica aerogel Cherenkov counter (ACC) [27] is used as a part of the
Belle PID system to extend the momentum coverage beyond the reach of the dE/dx
measurement by CDC and the time-of-flight measurement by TOF. When a charged
particle is moving in a medium with refractive index n, it will emit Cherenkov light
if its velocity is greater than the threshold ¢/n, or, 8 > 1/n. For a fixed n, the
threshold momentum is proportional to their masses, so there are regions where the

pion produces Cherenkov light while the kaon does not. And K/m separation in
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a desired momentum region can be achieved by selecting media with appropriate
refractive index values [28].

The configuration of the silica aerogel Cherenkov counter system is shown in
Fig. 2.16. ACC consists of 960 counter modules segmented into 60 cells in the ¢
direction for the barrel part and 228 modules arranged in 5 concentric layers for the
end-cap part, covering the polar angular ranges 34° < 6 < 127° and 17° < 6 < 34°
respectively. The refractive indices of aerogels are between 1.01 and 1.03, depending
on their polar angle region to provide 30 separation in the momentum region 1.0 <
pr < 3.6 GeV/c. The typical counter module consists of silica aerogel filled in 0.2
mm-thick aluminum boxes and viewed with one or two fine-mesh photomultiplier
tubes (FM-PMTs). The FM-PMTs can be operated well in a 1.5T magnetic field.
Fig.2.17 shows a schematic drawing of the ACC module.

n=1.028 Barrel ACC n=1013 TOF/TSC
60mod 60mod. /

n=1.020 n=1.015
240mod. 240mod.

7

Vi

360mod.

y @O o o% ¥ n=1030
3 EM-PMT | »  228mod.
2 5" FM-PMT .
2" FM-PMT -

R
Al

Figure 2.16: The configuration of ACC and TOF.

Fig. 2.18 shows the number of photo-electrons detected for kaons below threshold
and electrons above threshold. For kaons of momenta from 1.5 GeV/c to 4.0 GeV /e,
the ACC can provide a good K /7 separation with a kaon detection efficiency of 73%
and the pion fake rate of 7%.
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a) Barrel ACC Module

Finemesh PMT

(0.2mm thick)

Aluminum container

Finemesh PMT

b) Endcap ACC Module

Base & Amplifier

FM-Phototube

Air light guide (CFRP)

CFRP(0.5mm thick)

Goretex Reflector

(a) barrel and (b)

drawing of a typical ACC counter module:

1C

Schemat

end-cap ACC.

Figure 2.17
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2.2.4 TOF — Time-of-Flight Counter

For the same momentum, a heavy particle will travel slower than a light particle.
Thus, time-of-flight (TOF) system can identify particles of different masses by mea-
suring their flight time differences. In addition, TOF system also provide fast timing
signals for trigger system.

The TOF system consists of 64 modules, each consisting of two ¢-adjacent plastic
scintillation TOF counters, separated by a 1.5 cm radial gap from a trigger scintil-
lation counter (T'SC), which cover a polar angle range from 34° to 120°. A module
of TOF is shown in Fig. 2.19. The modules are located at 1.2 m radius, outside the
ACC in the detector barrel, as shown in Fig. 2.16.

A charged particle traversing a scintillation counter will excite molecules in its
path, resulting in the subsequent emission of scintillation photons. The photons are
travelling by internal refection inside the scintillation counter until they are read out
with fine-mesh-dynode photomultiplier tubes (FM-PMTs) [29] at the ends.

Backward Forward
I.P (2=0)
915 -80.5 725 | 182.5 190.5
DT — 11 'o"!' """""""""""""""""" :
1 I | _ !
i* —PMT—X"PMT " 7[40-7 TOF 40t x 60W x 2550L |~PMT :F1220
] N s oy
| TSC 05t x 120W x 263.0L R=117.5
! 282.0 L
I 287.0

Light guid | | ye

— - R=117.5 - - R=117.5

Figure 2.19: Dimensions of a TOF/TSC module. The lengths in the figure are in
units of cm.

The performance of TOF is shown in Fig. 2.20. The resolution is about 100
ps with a small z dependence. Fig. 2.21 shows the mass distribution for particles
of momenta below 1.2 GeV/c in hadron events. The K, m, p signals are clearly

separated. The TOF system gives 20 K /7 separation for particle momenta up to
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Figure 2.20: Time resolutions of forward and backward PMTs and of the weighted
average time as a function of z for p pairs after calibration.
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Figure 2.21: Mass distribution from TOF measurements for particle momenta below
1.2 GeV/c. The data points are in good agreement with the Monte Carlo prediction
(histogram) obtained by assuming oror = 100 ps.
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1.25 GeV/e.

2.2.5 ECL — Electromagnetic Calorimeter

The electromagnetic calorimeter (ECL) [30] is designed mainly to detect photons
and to identify electrons, but can also be used to detect K’s and minimum ionizing
particles. The ECL consists of 8736 CsI(T1) crystals, arranged in a barrel part,
and end-cap parts in the solenoid magnet as shown in Fig. 2.22, and covering the
polar angle region 17° < 6 < 150°. Each crystal has a tower-like shape and points
roughly towards to the interaction point. The crystal has a length of 300 mm, which

corresponds to 16.2 radiation lengths to avoid shower leakages in the rear.

BELLE Csl ELECTROMAGNETIC CALORIMETER
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Figure 2.22: ECL configuration.

At high energy, an electron loses energy by bremsstrahlung and a photon loses
energy by electron-position pair production. The repetition of these processes pro-

duces electromagnetic showers in the calorimeter. Finally the energy of a shower is
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measured from the amount of the scintillation photons detected by photo-diodes.
A shower in the ECL that is isolated from any tracks is identified as a neutral
shower. The ECL energy resolution is measured to be
OE 0.066  0.81
7= (1.34@T@W) % (2.1)
with the beam test.

2.2.6 Superconducting Solenoid

A superconducting solenoid provides a magnetic field of 1.5 T in a cylindrical volume
of 3.4 m in diameter and 4.4 m in length [31].

The axial magnetic field makes charged particle to travel in a helix track, with
the x — y projections of its trajectory being a circle of radius R, related to the field

B by
pr
R =
0.3¢B

where ¢ is the charge of the particle (in multiples of the electron charge), pr is the

(2.2)

particle’s transverse momentum (GeV/c).
Thus, we can determine a charged particle’s momentum and its charge from the

curvature of its trajectory in the CDC and SVD.

2.2.7 KLM — K; and Muon Detector

A K and Muon Detector (KLM) [32] is designed to identify K’s and muons with
high efficiency over a broad momentum range greater than 600 MeV /c. It is composed
of glass-resistive plate counters (RPCs) sandwiched between 4.7-cm-thick iron plates.
There are 15 detector layers and 14 iron layers in the octagonal barrel region and
14 detector layers in each of the forward and backward end-caps. The barrel and
end-caps region of the KLLM cover an polar angular range from 20° to 155°.

RPCs have two parallel plate electrodes with high bulk resistivity separated by a
gas-filled gap. An ionizing particle traversing the gap initiates a streamer in the gas
that results in a local discharge, which induces a signal on external pickup stripes to

record the location and the time of the ionization.
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A detected shower that does not match any extrapolated tracks is identified as
K. The location of the shower determines the direction of the K, but fluctuations
in the size of the shower do not allow a useful measurement of the K, energy. Muons
can be discriminated from strongly interacting hadrons based on the trajectory range
and transverse scattering, because muons travel much further with small deflection

in average.

2.2.8 EFC—Extreme Forward Calorimeter

The role of the Extreme Forward Calorimeter (EFC) is a beam monitor for the KEKB
operation, a luminosity monitor, to improve the experimental detection performance.
It consists of 320 radiation hard BGO (Bismuth Germinate, BisGe3O12) crystals.
They are attached to the cryostat of the superconducting compensation solenoid
magnets, and surround the beam pipe outside the interaction point in the forward
and backward region. The EFC extends the coverage of the ECL to the polar angle
regions 6.5° to 11.5° and 163.3° to 171.2°.

2.2.9 Trigger & Data Acquisition (DAQ)

The Belle trigger system [33] is designed to keep the maximum efficiency for BB
events and suppress the background events. The system consists of three levels: level
one hardware trigger (L1), level three online software trigger (L3), and level four
offline trigger (L4).

The L1 trigger consists of sub-detector trigger system and global decision logic
(GDL). Fig. 2.23 shows the schematic diagram for Belle L1 trigger. The trigger signals
from subdectors are combined in GDL, and GDL makes the final decision to initiate
the data taking with 2.2 usec from beam crossing. Charged track information from
CDC and energy information from ECL are prepared for hadronic events. These two
redundant triggers keep more than 99.5% efficiency for BB events. Then the common
stop signals are sent to each sub-detector. The typical trigger rate is 200-250 Hz.

The overview for Belle data acquisition (DAQ) system is shown in Fig. 2.24. The

DAQ system is segmented into 7 subsystems running in parallel to keep the dead time
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Figure 2.23: Belle Level one (L1) trigger.

fraction less than 10% up to the maximum trigger rate of 500 Hz. The sub-detector
signals are converted to timing signals by Q-to-T converter except for KLM and SVD
then sent to TDC readout system. KLM provides the time-multiplexed information
on a signal line, and the signal is sent to TDC directly. The TDC readout system is
controlled by VME and FASTBUS. The SVD signal is sent to flash ADC’s (FADC)
and data are gathered in the memory module.

All the data collected is sent to Event Builder. The Event Builder gather the
data from sub-decectors to form the “event-by-event” data and sent it to the online
computer farm. The online computer transforms the event data into offline event
format with background filtering based on L3 information. Then the data is sent to
a mass storage system which is located 2 km away and the data is transferred by
optical fiber. The data for typical event is 30 KB corresponding to the maximum
data rate of 15 MB/s.
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Chapter 3

Event Reconstruction

3.1 Particle Identification

3.1.1 Kaon-pion Separation

The kaon-pion separation in the Belle experiment is based on three nearly-independent
measurements—d F /dx measurement by the CDC, time of flight measurement by the
TOF and the number of Cherenkov photons in the ACC—each of them yields good
separation between particle species in a different momentum and angular region. It
is therefore necessary to combine the sub-detector information in some way, to allow
kaon-pion separation in physics analysis over a range of momenta and polar angles.

One practical approach is to use a likelihood method and form a single cut variable,
based on responses from the sub-detectors for each of kaon and pion. In general,
this approach gives better signal /background separation than the box-cut approach,
where independent sharp cuts are applied to the sub-detector outputs. Moreover,
optimization of kaon-pion separation cuts in user analysis become easier.

Kaon-pion separation is based on the likelihood of the detector response being due
to an hypothesized signal particle species, compared to the likelihood for an assumed
background particle species. This is expressed as a likelihood ratio
P

R(i:j):P-—i—P-
i T L

(3.1)

36
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Where P; is the particle-ID likelihood calculated for the signal particle species and
P; for the background particle species. Clearly R(i : j) is distributed on the interval
[0,1]. R(i : 7) = 0.5 when the kaon-pion separation system cannot distinguish between
the hypotheses ¢« and j. The true particle-ID probability corresponding to a fixed cut
depends on the sample being studied, and is in general a function of momentum and
polar angle within that sample. It is important to note that the signal efficiency and
fake rate for any cut are also functions of momentum and polar angle.
Each likelihood P; is the product of the three sub-detector likelihoods:

Pi —_ pidE/dx % piTOF % piACC (32)

The likelihood functions for the three sub-detectors, PP*/*" PTOF and PACC are

calculated as follows:

o dE/dx

In the dF/dx reconstruction module, the x? value for each particle hypothesis

is calculated as

(dE/dx)measured _ (dE/dl,)expected )

OdE/dx

X =( (3.3)
where (dE /dx)™°Wed and (dE /dx)®Pec**d are the measured and expected dE /dx
values, respectively, and o4p/4, is the (expected) resolution of the dF/dx mea-

surement. Then the likelihood is calculated, assuming a Gaussian distribution:

1
e**QX2
PdE/d:c

e (3.4)
V2TO4E /dx

e TOF

The likelihood calculation is based on the measured and expected times for
each photo-tube. The TOF y? is constructed by taking the difference between
a two-vector containing the observed times in the two photo-tubes of a counter

and one containing the predicted times

A=t -t

1 (%

(3.5)
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where i = 0,1 refers to the two ends of the counter. The 2 x 2 error matrix for A
(call it E) is evaluated by summing the contributions due to the uncorrelated
uncertainty in the digitized times in the two photo-tubes and the correlated
uncertainty due to the calculated time-of-flight from the tracking results. The

x? for one counter is then given by
x?=ATET'A, (3.6)

If a track passes through the edges of two counters, the counter y?’s are summed
to give the total x? for the track (ignoring the correlation between the times in
the two counters). Finally, the likelihood is calculated by evaluating

e 3X’

PO = — 3.7
[11% V2o, 3D

where ndf is the number of PMT times that are included in the y2.

ACC

In contrast to dE/dz and the TOF counters, the ACC is basically an on-off de-
vice, where the observed signal (number of photo-electrons, INV,.) is either zero,
or distributed according to small-number statistics. For sub-threshold parti-
cles, the spectrum peaks at zero with a background tail due to §-ray Cherenkov
or light emission in the Goretex reflector. For above-threshold particles, the
spectrum can be interpreted as a distribution of photo-electrons at the photo-
cathode (following the Poisson distribution), smeared by multiplicative ampli-
fication through fine-mesh dynodes. The likelihood is given by comparing the
observed N, with a threshold value, N using the expected efficiency € at the

pe’
measured momentum:

PAYC = €(Npe > NI (3.8)
PACC =1 — ¢(N,e < NI (3.9)
The expected efficiency at the measured momentum for an assumed particle

species, €, is estimated by linear interpolation of efficiency values, which are

evaluated at 18 [ points and pre-stored in efficiency tables. The threshold,
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N;’c}, is chosen so that the maximum separation between below-threshold and
relativistic particles is obtained. The efficiency table and the threshold value
are prepared based on Monte Carlo simulations for each of 10 polar angular

regions, corresponding to each type of counter module.

When information from one of the sub-detector is not available for the examined
track, 0.5 is assigned for the sub-detector likelihood for any particle species. Fig. 3.1
shows the momentum region in which the sub-detector can well discriminate a kaon

from a pion.

dE/dx (CDC) [N
TOF (only Barrel) | N HNRIDIN

A dE/dX ~5 %
AT ~100ps (r=125cm)

Barrel ACC SN n = 1,010 - 1.028
Endcap ACC - n=1030 _
( only flavor tagging )
\ | | | | »
\ \ \ \ \ »
0 1 2 3 4
p (GeVic)

Figure 3.1: Momentum region favored for different sub-detector for kaon-pion sepa-
ration.

The validity of the kaon-pion separation is demonstrated using the data of the
charm decay chain of D** — D% (DY — K x"). In the decay chain, we can
use the charge of the slow pion from the D** to determine the kaon and pion from
D — K~7* decay, which allows us directly measure the performance of the kaon-
pion separation. Fig. 3.2 shows a two-dimensional distribution of the likelihood ratio
and the measured momenta for the kaon and pion tracks. The figure demonstrates
the clear separation between kaons and pions up to around 4 GeV/c. The measured
kaon efficiency and pion fake rate in the barrel region are plotted as functions of the

track momentum in Fig. 3.3, where a selection criterion of R(K : ) > 0.6 is applied.
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Figure 3.2: A dcatter plot of the track momentum (vertical axis) and the likelihood

ratio R(K : ) (horizontal axis) for K* (closed circle) and 7% (open circle) obtained
from the data of D** — D7t (D° — K~7t) decays.
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applied here.
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3.1.2 Electron Identification

Electron identification (EID)[34] at Belle has two approaches: the first exploits the
difference in the electromagnetic showers induced by the electrons and the hadronic
showers induced by the pions and other hadrons; the second uses the difference of
vilocity for electrons and hadrons of the same momentum. The following discrimi-

nants are used for EID:

e the ratio of energy deposited in ECL (E) and charged track momentum (p)measured
by CDC: E/p.

The E/p is use as a powerful discriminant to distinguish electrons from hadrons.
Since the electron deposits almost all energy in ECL, the electron’s E/p be-
comes close to unity. The deposit energy of hadrons in ECL is smaller than
their momentum (£ < p). Fig. 3.4 shows E/p distribution for electrons and
charged pions in the momentum region 0.5 < pj, < 3.0 GeV/c? and momentum

dependence of E/p.
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Figure 3.4: E/p distribution and momentum dependence of E/p for EID. Left: E/p
for electrons and charged pions, Right: Momentum dependence of E/p for electrons
and charged pions.

e transverse shower shape at ECL.
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Since electromagnetic shower and hadronic shower have different shape in both
transverse and longitudinal directions, this difference can be used as a significant
discriminant. The shower shape in the transverse direction can be evaluated
with £9/E25, which is defined as the ratio of energy summed in a 3 x 3 array
of crystals surrounding the crystal at the center of the shower to that of a sum
of a 5 x 5 array of crystals centered on the same crystal. Fig. 3.5 shows £9/E25

distributions for electrons and charged pions.

arbitrary unit

|

05 06 o7 o8 05 1
E9/E25

Figure 3.5: £9/E25 distributions for electrons and pions denoted by solid and broken
histograms, respectively.

e the matching between a cluster at ECL and charged track position extrapolated
to ECL. Electrons have good matching since the electromagnetic shower in the

ECL develops along the electron track while hadrons have worse matching. A

X' = (%) + (&) (3.10)
OAg TAg

where A¢(A0) is a difference between cluster position and electron track posi-

x? is defined as

tion of azimuthal (polar) angle and o is its width for electrons. Fig. 3.6 shows

the position matching x? distributions for electrons and pions.



44

>

2t

E

B — €lectron
""" pion

L L L L Il 1 P
0 1 2 3 4Ts e 7 8 9 1
cluster-track matching 3

Figure 3.6: Cluster-track matching x?2.

e dFE/dx measured by CDC. Electrons and charged hadrons with the same mo-
mentum have different vilocities, which have a strong correlation with the dE/dx
in CDC. This property can be used for EID. Fig. 3.7 shows the resulting dE/dx

distributions for electrons and for pions.

e light yield in ACC. Electrons and hadrons with the same momentum have dif-

ferent vilocities and will yield different amount of light in ACC.

Information from the two approaches is combined into a single variable using a like-
lihood method. The likelihood from various discriminants are calculated based on
probability density functions (PDFs). For each discriminant, the electron likelihood
(L.), and non-electron likelihood (Lz), are separately calculated. Each likelihood is
combined to form a likelihood ratio

112, L. (1)
I Le(2) + T Le (i)

Reia = (3.11)

where ¢ runs over each discriminant. The output of EID, R4, is used for discrimi-
nating between electrons and other particles. The efficiency of electron identification
is greater than 90% and a hadron misidentification rate is ~ 0.3% for p > 1 GeV/c

as shown in Fig. 3.8.
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Figure 3.8: Electron identification efficiency and fake rate versus particle momenta.
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3.1.3 Muon Identification

Muon identification [35] is based on the difference of interaction in material between
muons and hadrons. Since a muon is a massive lepton, it deposits its energy only
through the energy loss (ionization and atomic excitation). While an electron, the
almost massless lepton, deposits its energy by the creation of an electromagnetic
shower and a hadron deposits their energy through hadronic iteractions. Electrons
fully diposit their energy in the ECL and rarely reach the KLM and thus can be easily
distinguished from muons.

Muons are identified against hadrons as follows. A track is extrapolated from the
CDC to the KLM and associated KLM hits are searched; a track is re-fitted with
those associated KLM hits, assuming that a track goes through only with the energy
loss and multiple scattering effects. We use the following two information obtained

in this prodedure for the muon identification:

e Range of the associated KLM hits. The difference between measured and ex-

pected ranges is used as the discriminant.

e Goodness of the matching between the position of the associated KLLM hits and
that obtained by extrapolating the CDC track.

A likelihood ratio of the muon hypothesis and the pion hypothesis is made combining
these two information and is used to separate muons from hadrons. Fig. 3.9 shows the
muon detection efficiency versus momentum for an appropriate likelihood cut. For
momentum between 1 GeV/c and 3 GeV/¢, we have a muon identification efficiency

of 89% with kaon and pion fake rate less than 2%.
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particle momenta.
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3.2 Data Sample

In this analysis, a data sample collected by the end of 2006 at Belle detector at KEKB,
a eTe” storage ring, are used. This data set consists of 605fb~! taken at the Y(45)
resonance state, which corresponds to 657 million BB pairs. The data is filtered by

requiring the hadronic event selection.

3.2.1 Hadronic Event Selection

The data sample contains not only Y (45) events but also other processes: continuum
ete™ — wi, dd, s5, cé, ete” — [1T]~, and two photon processes. It also contains cosmic
ray events and beam background. To select the hadronic continuum and BB events,

the following requirements are applied:

o At least three “good” tracks are found that come from the interaction point.
Here, a “good” track has p; > 0.1 GeV/c, |Ar| <2cm and |Az| < 4cm, where
|Ar| and Az are the closest distance of the track to the z-axis and the z coor-
dinate of this closest point, respectively. p; is the momentum projected on the
xy-plane in the T(4S) rest frame. At this stage, a pion mass hypothesis is used
for all charged tracks.

e More than one “good” cluster has to be measured in the barrel region (—0.7 <
cost < 0.9) of the ECL, where a “good” cluster has an energy deposit of greater
than 0.1 GeV in the T(495) rest frame.

e The total visible energy (defined as the scalar sum of “good” tracks’ momenta
and sum of “good” cluster energies in the Y (4S) rest frame), Ey;s, should exceed

20% of the center-of-mass energy.

e After boosting back to T(4S5) rest frame with the assumption of being a massless
particle, the sum of all cluster energies, Fqum, should be between 0.1 and 0.8 of

the center-of-mass energy.
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e The sum of the absolute values of the z-component of all charged track mo-
menta, |p,|, and cluster energies, | E'cosf|, in the center-of-mass frame should be

less than 50% of the total center-of-mass energy.

e The position of the primary vertex is required to satisfy |ry| < 1.5cm and
|2vtx| < 3.5 cm, where primary vertex is obtained from all good charged tracks,
r and z represent the position of the primary vertex in the r-¢ plane and the

z-axis, respectively.

The efficiencies of the hadronic event selection is 99.1% for BB events and 79.5%
for continuum process, while the contamination of the non-hadronic components is

less than 5%.[36]

3.3 Monte Carlo Method

The collected data by the Belle detector are analyzed at the offline computer system.
The raw data are processed by reconstruction tools. The momentum, energy and
particle ID information of each events are stored in tables to make the analysis easier
for researchers. To make the analysis more reliable and more precise, a large amount
of Monte Carlo (MC) simulation data is needed. In this section, we give introduction

to the Monte Carlo datasets.

3.3.1 Event Generator

In this analysis, we choose the EvtGen [37, 38] software package as the event genera-
tor. This software package can simulate the physical process of particle decay chain.
The decay table can be changed to control decays. Users can choose the proper decay
properties (particle type, branching ratio, polarization state et al.) by changing the
parameters of the decay table. The final state procuced by the generator will enter

the detector simulation.



50

3.3.2 Detector Simulation

The full detector simulator GSIM is based on the GEANT3 [39] program, which is a
large library program developed to simulate reactions between particles and matters.
Data from EvtGen are input to GSIM which traces the behavior of each particle in the
detector and simulate the detector response. The simulated events are reconstructed

and analyzed with the same procedure as for real data.

3.3.3 Monte Carlo Data sample

In the analysis of the decay mode B — J/1¢, we use two kinds of Monte Carlo data

sample: signal Monte Carlo and J/1 inclusive Monte Carloto.

Signal Monte Carlo

To get the reconstruction efficiency for B® — J/¢¢ , we generate signal Monte
Carlo events, which mean one of the BB decays into .J/¢[— [T~ ]¢[— KTK~] and
other B decays in “generic modes” (according to decay table including all known (or
estimated) branching fractions). The decay type is set to SVV_HELAMP. Since the
polarization direction and the detector configuration have a tight correlation with
the detection efficiency, we generate these events with different properties separately.

Table. 3.1 shows the summay of the singal Monte Carlo events.

/Y —ete J/Yp—ptp”

Transverse polarization in SVD1 50000 50000
Longitudinal polarization in SVD1 50000 50000
Transverse polarization in SVD2 50000 50000
Longitudinal polarization in SVD2 50000 50000

Table 3.1: Numbers of signal Monte Carlo events with different properties
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Inclusive J/i) Monte Carlo

The background estimation and the modeling of PDFs for final fit are based on the
inclusive J/1 Monte Carlo. The inclusive J/1 Monte Carlo is to simulate the BB
events in which one B meson decays through one of decay among all known decay
modes including J/v¢ in final state (either directly from B or secondary such as
V' — J/Yrm, xa — J/¢y ete.) and the other B decays generically. The amount of

the sumulated events is equivalent to 3.88 x10'°BB.

3.4 Reconstruction of B’ — J/y¢

In this analysis, the final state we used to reconstruct meson J/1 is lepton pairs and
that of meson ¢ is charged kaon pairs.

To suppress the contimuum (ete™ — ¢g, where ¢ = u,d, s, ¢) background, the
events are required to satisfy Ry < 0.5, where R, is the ratio of the second to zero-th
Fox-Wolfram moments [41].

The charged tracks are required to have |dz| < 5 cm and |dr| < 0.3 cm, where dr
and dz are the impact parameters defined by the event-dependent interaction point

(IP). This requirement is introduced to eliminate the wrongly reconstructed tracks.

3.4.1 Reconstruction of J/¢ candidate

The reconstruction of .J/v is performed using its decays into two charged lepton pairs.

J/1 candidates are selected by the invariant mass cut. To reduce the effect of
bremsstrahlung or final state radiation, clusters in the calorimeter within 50 mrad
from the electron’s(or positron’s) initial momentum vector are included to calculate
the invariant mass The requirements for candidates of J/¢ are —0.15 < (Mee(y) —
myp) < 0.036 GeV/c? and —0.06 < (M,,,—m ) < 0.036 Gev/c? for eTe™ and putp~
modes respectively, where m ;/,, denotes the world average of the J/1) mass. The mass
cut is asymmetric because of the radiative tails. The invariant mass distributions of

lepton pairs are shown in Fig. 3.10.
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Figure 3.10: The mass distribution of J/¢ — [T1~. The red arrows show the selected
mass regions.

To improve the momentum resolution, we apply vertex fit and mass constrained

fit for J/1 candidates that passed the above selection criteria.

3.4.2 Reconstruction of ¢ candidate

The reconstruction of ¢ meson is performed using its decays into two charged kaon
pairs. We require the R(K : m) > 0.7 to separate kaons from pions, which has a
efficiency for kaon-pion separation of 90 % and a 5.9 % probability to misidentify a
pion as kaon. The requirements for candidates of ¢ are —0.01 < (Mgx —my) < 0.01
GeV/c?, where my denotes the world average of the ¢ mass [13]. The invariant mass

distribution of kaon pairs is shown in Fig. 3.11.
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Figure 3.11: The mass distribution of ¢ — KK ™. The red arrows show the selected
mass region.

3.4.3 Reconstruction of B candidate

Reconstruction of B mesons is done by combining J/v candidates and ¢ candidates.
We use two kinematic variables: energy difference AFE, and beam constrained mass

M, to isolate B candidates from background.

MbC = \/ Egeam - Pé’ (312)

AE = Ep— Epean. (3.13)

Here, Pg is the center-of-mass (c.m) momentum of the reconstructed B meson,Ep
is the c.m energy of the reconstructed B meson, and FEye.m is the c.m beam energy.
The Fpeam is measured using Bt — D®07+ sample in run-by-run basis.

The M., AE and M,.-AFE 2D distributions from signal Monte Carlo are shown
in Fig. 3.12. The M, distribution peaks at B mass with the resolution o ~ 3 MeV /c?
which is dominated by beam energy spread. The AFE distribution peaks at zero and
its resolution is due to track momentum resolution: o ~ 6 MeV with small wider tail

component.
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Figure 3.12: Upper left: My -AFE 2D distribution for B — ¢ signal Monte Carlo
400,000 events with B® — ¢ selection being applied. Upper right: AE projection in
5.27 GeV/c? < My, < 5.29 GeV/c%. Lower: M, projection in —0.03 GeV < AE <
0.03 GeV. Red and green lines show the selected regions metioned above.
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3.4.4 Best B candidate selection

We check the number of B candidates in a event using B — J/1¢ signal MC sample.
We find about 4.9% of the events have multiple B candidates (number of B candidates
is >2). These multiple candidates mostly consist of multiple ¢ candidates with a
common J/1 candidate. To keep only one B candidate per event, We choose the B
candidate whose daughter particle ¢ has the most closest mass to the nominal ¢ mass
[13].



Chapter 4
Signal Yield Extraction

In this chapter, we will introduce the signal yield extraction. We analyze the soure
of the peaking background, then based on the analysis we choose the proper proba-
bility density function (PDF) to establish the maximum-likelihood function, finally
we determine the parameters of the PDFs using the information from MC and data

sample.

4.1 Background

The dominant background comes from BB events with B decays to J/1. We study
the background using the J/1 inclusive Monte Carlo data sample corresponding to
3.88 x 10BB events (about 59 times the data sample). The .J/v inclusive Monte
Carlo is to simulate the BB events in which one B decays to final states including
a J/¢ meson. The selection result of J/v¢ inclusive Monte Carlo sample is shown in
Fig. 4.1.

As seen in Fig. 4.1, there are two peaking-background components in (AE, M)
distribution: oneis B® — J/¥K**(K*® — K*7~) and the other is BY~ — J/¢ K, (1270).
Both have a peak in the signal region of M. (5.27GeV/c* < My, < 5.29GeV/c?),
but different peak structures in AFE distribution as shown in Fig. 4.2.

We explain why those two kinds of backgrounds peak in AFE signal region as the

following;:

o6
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Figure 4.1: Upper left: M,.-AFE 2D distribution for J/v inclusive Monte Carlo 3.88 x
105 events with B® — J/1¢ selection being applied. Upper right: AFE projection in
5.27 GeV/c? < My, < 529 GeV/c% Lower left: M, projection in —0.15 GeV
< AE < 0 GeV (J/YK; peaking region). Lower right: M. projection in 0 GeV
< AFE < 0.15 GeV (J/9K* peaking region). Red and green lines show the selected
regions mentioned above.
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Figure 4.2: AFE distribution of J/v inclusive MC (5.27 < My, < 5.29 GeV/c?).

e BY — J/YK*® mode: In this case, K*°(892) — K7, then one pion is mis-
identified as kaon, this fake kaon combined with the real kaon makes one ¢(1020)
meson candidate. This process will make a peak at AE ~ 0.1 GeV.

e BY~ — J/iK,(1270) mode: In this case, K;(1270) decay to the final states
including .J/+, K=, 7%, 7%~ If one pion is mis-identified as kaon and the other
pion is not used, the fake kaon and the real kaon can make a ¢ meson candidate.

This process will make a peak in the negative AFE region.

The remaining background (red part of Fig. 4.2) is due to random combinations
of J/1¢ and ¢ candidates and does not peak in the AFE distribution (referred to as

combinatorial background).
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4.2 Unbinned Extended Maximum Likelihood Fit

Since there is no background component peaking at the signal region in AE distri-
bution and we know well the properties of the two main peaking background compo-
nents, we extract the signal yields by performing a one dimensional (1D) unbinned
extended maximum-likelihood fit to the AFE distribution candidate events. The like-

lihood function is
->Ne N

e k
EZN!H

=1

J

> N x P(AE)
k

where N is the total number of candidate events, i is the identifier of the i-th event,
Ni and Py are the yield and probability density function (PDF) of the component
k, which corresponds to the signal, B — J/¢K;, B® — J/¢K*° and combinatorial

backgrounds.

4.2.1 Background PDF's

The PDFs of combinatoric background and K; components for final fit are coming
from the fit of J/v¢ inclusive MC sample(Fig. 4.3 and Fig. 4.5). For combinatoric
background, we get the parameters of the PDF from the fit to J/¢ inclusive MC
sample. The sample contains only the combinatoric background component. We use
the 2nd order Chebychev polynomial function to fit this MC sample, the fit result is
shown in Fig. 4.3.

To verify that the MC sample describe the real data well enough, we fit the J/
inclusive MC sample and data sample in My, & Mgk sideband using the 2nd order
Chebychev polynomial and compare the results. The M, sideband region is defined
as (5.22—5.26)GeV /c? and the Mg sideband is defined as (1.04 —1.10)GeV /c?. We
draw the MC and data curves together in Fig. 4.4. We can see that two curves are
quite close, which means we can safely use the PDF from MC to fit the real data.

The parameters of the B — J/¢¥K; PDF are obtained from the fit to events
containing B — J/1¥K;(1270) in the J/v inclusive data sample. The sample contains
both peaking and combinatoric background components. The PDF is the sum of two

Gaussian functions. We fix the shape of combinatoric background component to the
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Figure 4.3: PDF of combinatoric background for final fit
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Figure 4.4: Comparation of data and MC shape in M. & Mg region. The points
with errors are the data. The red curve represents scaled MC shape, the blue curve
is a fit to the data.
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one obtained above and float its yield. We also let free the shape parameters and
yield of the peaking component (called K; PDF). To get the shape parameters more
precisely, we extend the fit region to —0.28 Gev. The fit result is shown in Fig. 4.5.

— coreFrac = 0.305+ 0.08{1
@00 — % dEMean1 = -0.10787 + 0(
o % dEMean2 = -0.2675 + 0.0
250 dESigl = 0.0423+ 0.006|
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200F nBkg = 2917+ 357

s nkl= 2397+ 356
1] N o
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0— | | L gy g, Lo

0.2 0.3
de (GeV)

Figure 4.5: PDF of B — J/¢¥K; component for final fit using J/4 inclusive MC. The
red dotted curve is K; PDF and the blue dashed curve is combinatorial component.

The PDF of B — J/¢K*® component is obtained from the fit to the BY —
J/K*® MC sample. This MC sample has a higher statistics (300,000 events) than
BY — J/¢K*® events in the inclusive J/¢» MC. The PDF is bifuscated Gaussian
function. The fit result is shown in Fig. 4.6.

At last we apply the PDF's to the J/v inclusive MC sample to check whether the
fit is valid. The fit result is shown in Fig. 4.7.

4.2.2 Signal PDF

The signal PDF is modeled by a sum of two Gaussians with a common mean value.
The parameters of the PDF come from the fit to the signal MC sample, however,

there could be some differences between MC and data. To take them into account,
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Figure 4.6: PDF of K*° for final fit using J/¢K*° signal MC
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included.
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we compare MC and data results of B® — J/YK*[K*® — K~7%] mode to evaluate
the fudge factors: mean shift and resolution difference between data and MC. The
BY — J/YK*® events are selected with the same selection criteria except that a
pion is required R(K/m) < 0.6 instead of R(K/m) > 0.7 for one of two tracks and
< 0.075 GeV/c? are required.

From the Fig. 4.8, we can see that the peak position of the signal in data(right
figure) is shifted to the left and the resolution is broader than the one in MC(left

|MK7T — M=o

figure).

MINUIT Likelihood Fit to Plot 301&8 MINUIT Likelihood Fit to Plot 301&8
B info. de axis B info. de axis
File: *kstar.hbk 15-NOV-2007 11:13 File: *data.hbk 16-NOV-2007 17:06
Plot Area Total/Fit 78030. / 78030. Fit Status 3 Plot Area Total/Fit 8486.0 / 8486.0 Fit Status 3
Func Area Total/Fit 78030. / 78030. E.D.M. 4.133E-06 Func Area Total/Fit 8485.9/8485.9 E.D.M. 1.584E-05
Lizkelihood = 286.6 Lizkelihood = 557
%= 288.8for 50- 7d.of, C.L=0.00 % %= 54.7for 50- 7d.of., C.L.=10.9%
Errors Parabolic Minos Errors Parabolic Minos
Function 1: Two Gaussians (sigma) Function 1: Two Gaussians (sigma)
AREA 74787. + 286.4 - 286.2 + 286.6 AREA 7641.6 + 9443 - 9401 + 94.85
MEAN -3.94544E-05 + 2.6439E-05 - 2.6419E-05 + 2.6459E-05 MEAN -7.46575E-05 + 9.2414E-05 - 9.2449E-05 + 9.2387E-05
SIGMAL 5.94587E-03 + 3.3597E-05 - 3.3741E-05 + 3.3465E-05 SIGMA1L 6.31462E-03 + 1.2841E-04 - 1.3001E-04 + 1.2707E-04
AR2/AREA 0.16327 + 4.2734E-03 - 4.2012E-03 + 4.3494E-03 AR2/AREA 0.20606 + 1.8038E-02 - 1.7215E-02 + 1.8960E-02
+ DELM 0.0000 + 0.000 - 0.000 + 0.000 +DELM 0.0000 + 0.000 - 0.000 + 0.000
SIG2/SIGL 32858 + 58786E-02 - 5.8237E-02  + 5.9360E-02 SIG2SIGL  2.9427 + 01554 - 01492 + 01623
Function 2: Chebyshev Polynomial of Order 1 Function 2: Chebyshev Polynomial of Order 1
RM 16215. + 5121 - 509.6 + 514.8 RM 4221.6 + 2302 - 2284 + 2322
CHEBO1 -0.10232 + 3.3475E-02 - 3.3450E-02 + 3.3491E-02 CHEBO1 -0.30502 + 6.1102E-02 - 6.0682E-02 + 6.1446E-02
20000 ——— —— 2000 ——— —
15000 [~ B 1500 -~ B
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Figure 4.8: AF distribution for the B — J/¢K* in MC(left) and data(right). The
fit is described in the test.

We first fit the MC sample. Then, we fit the data with a ratio of the areas of
two Gaussians (“Ar2/AREA”) fixed to that obtained from MC sample. The fudge
factor of “MEAN” is the difference of the “MEAN” value in MC and data; the fudge
factor of “SIGMA1” is the ratio of “SIGMA” value in data over that in MC. These
factors are shown in Table. 4.1. For BY — J/1¢, we generate signal MC sample with

mixture of 50% transversely polarized and 50% longitudinaly polarized events. The



64

fit result and the corrected signal PDF parameters for final fit are shown in Fig. 4.9

and Table. 4.2.

MINUIT Likelihood Fit to Plot 301&8

B info. de axis

File: *sig.hbk 7-MAR-2008 08:17
Plot Area Total/Fit 56292. / 56292. Fit Status 3
Func Area Total/Fit 56292. / 56292. E.D.M. 2.959E-06

Likelihood = 420.1

x°= 414.1for 50 - 7 d.o.f, CL=000 %
Errors Parabolic Minos
Function 1: Two Gaussians (sigma)
AREA 55696 + 2415 - 2386 + 2395
MEAN -6.05629E-04 + 2.6938E-05 - 2.6826E-05 + 2.6833E-05
SIGMAL 5.38304E-03 + 31852E-05 - 3.1348E-05  + 3.1251E-05
AR2/AREA 0.13743 + 4.3141E-03 - 4.2009E-03 + 4.3427E-03
* DELM 0.0000 + 0.000 - 0.000 + 0.000
SIG2/SIG1 3.2919 + 6.1492E-02 - 5.9983E-02  + 6.1354E-02
Function 2: Chebyshev Polynomial of Order 1
NORM 2977.2 + . - 2224 + 2295
CHEBO1 0.52824 + 81043E-02 - 7.7584E-02  + 7.4435E-02
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Figure 4.9: PDF of J/¢¢ signal

MEAN(MeV)

SIGMAI(MeV) SIGMA2/SIGMAI

MC
data

—0.182 £ 0.025
—0.075 £ 0.093

5.835 £ 0.022
6.547 £ 0.082

3.092 £ 0.040
3.167 £ 0.151

fudge factor

0.107 £ 0.096

1.122 +0.015

1.024 £ 0.050

Table 4.1: Fudge factor estimation using B® — J/¢K*° control sample.
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MEAN(MeV) SIGMA1(MeV) SIGMA2/SIGMAT

MC(B — J/v¢) —0.606 £ 0.027  5.383 £+ 0.032 3.292 + 0.062
fudge factor 0.107 4+ 0.096 1.122 £ 0.015 1.024 + 0.050
Corrected Parameters —0.499 +0.100 6.040 4+ 0.091 3.371 +£0.175

Table 4.2: PDF parameters for final fit (before and after correction)



Chapter 5

Results

In this chapter, we will give the results of this analysis. We will firstly give the fit
result of the data sample, then we describe how to estimate the systematic uncertainty,
finally we evaluate the upper limit of the signal yield and the corresponding branching

fraction.

5.1 Fit Result

The reconstruction result of whole data sample is shown in Fig. 5.1.

In the final fit, the yields of the J/¢K*°, J /4 K;(1270), combinatorial background
and signal components are free and the shape parameters of the PDFs of all the
components are fixed. The fit is applied to 85 candidates in AFE distribution. The fit

result is shown in Fig. 5.2. We obtain a signal yield of 4.6732 events with a statistical

significance of 2.30. This statistical significance is defined as \/—21n(Lo/Lumax), where
Lnax and Ly denote the maximum likelihood with the fitted signal yield and with the
yield fixed to zero, respectively.

Table. 5.1 gives the yield of each component. The number of misidentified B —
J /1 K* events obtained from the fit is 22.5 2% and is consistent with the expectation
12.6+0.9 obtained from MC simulation incorporating the misidentification probability

and the world average branching fraction [13].

66
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Figure 5.1: Upper left: M,.-AFE 2D distribution for real data with B® — ¢ selection
being applied. Upper right: AE projection in 5.27 GeV/c* < My, < 5.29 GeV/c?.
Lower: M, projection in —0.03 GeV < AE < 0.03 GeV. Red and green lines show
the selected regions mentioned above.
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Figure 5.2: Results of the final fit Left: AE distribution for the decay B — J/¢¢. The
curves show the signal (red dashed lines) and the background (cyan dashed lines for
J /¢ K, component, magenta dashed lines for .J/K*® component and green triple-dot
dashed lines for combinatorial backgrounds) contributions as well as the overall fit
(blue solid lines).Right: Log likelihood ratio curve.

Component Yield (central value) + MINOS error — MINOS error
Signal 16 3.2 25
J/pK*O 22.5 5.4 —4.8
J/ K4 (1270) 41.7 11.3 —12.4
Combinatorical Background 16.3 13.7 —-9.7

Table 5.1: Final fit result.
5.2 Branching Fraction Calculation

The branching fraction is given with
B(B® — J/6) = Ns/le x Ny x B/ — I17) x Blp — K*K7)]  (5.1)

Where Ny is the signal yield and Ngp is the number of BB pairs. The fractions of
neutral and charged B mesons produced in Y (4S) decays are assumed to be equal.
We use the world averages [13] for the branching fractions of B(J/¢ — [T17) and
B(¢p — KTK™).

The efficiency (¢€) is determined from the signal MC sample with the same selection
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as used in the data and the correction is applied to take account the difference between
data and MC simulation. We use B® — J/1¢ signal MC events with a mixture of 50%
transverse and 50% longitudinal polarizations to determine the nominal efficiency.
Since the selection efficiency depends on the two detector configurations (SVD1 and
SVD2 as described in Sec.2.2), we obtain the efficiency for each configuration and take
a weighted average according to the number of BB events of two configurations. We
have checked possible efficiency differences between the data and MC simulation in
each selection criterion using various calibration samples. The MC efficiencies agree
well with the data, except for the muon-ID efficiency. We correct the MC efficiency
due to this difference and obtain 26.2%. The details of the efficiency calculations

together with systematic errors are described in the next section.
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5.3 Systematic Uncertainties

The sources of systematic errors are divided into two large categories: systematic

error in reconstruction efficiency and systematic uncertainty in signal extraction.

5.3.1 Systematic Error in Reconstruction Efficiency

e Tracking Efficiency Error.

The systematics due to the tracking efficiency uncertainty [42] is obtained by
comparing the efficiencies for data and MC using the D*-tagged D° — Kortm~
sample. The decay chain is reconstructed without using one of pions from K
and the tracking efficiency of the pion can be examined. Because the charged
particles of kaons and leptons behave similar with charged pions, we can use
the same tracking efficiency error. We get the error of 1.05% for each track.

The total systematic error from tracking efficiency is then 4.2%.

e Kaon ID Efficiency Error

The systematic error of kaon identification [43, 44]are studied by comparing
the MC sample and data sample of decay mode D** — D" followed by

DY — K~ " as described in Sec. 3.1.1. We get the error of 1.1% for each kaon.
The total systematic error due to kaon ID efficiency is then 2.2%.

e Lepton ID Efficiency Error

We use control samples of J/¢ — ¢t~ and ete™ — eTe (T{~ events to esti-
mate lepton identification efficiency corrections and uncertainties [45]. For the
J/v — pTp~ mode, the correction factors are obtained for SVD1 and SVD2
separately and the average efficiency is calculated with a weights of number
of BB and raw MC efficiencies. Using the values of Table 5.2, we find the
efficiency for a muon track in the data to be (4.3 + 3.1)% lower than that of
MC simulation. We correct the efficiency for this difference and assign a 3.1%

uncertainty per muon track. For the J/¢ — ete™ mode, the difference between
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efficiencies in the data and in the MC simulation is small, and we assign a 2.7%

uncertainty per electron track based on their difference and errors.

SVD1 SVD2

Raw MC Efficiency(e) 24.4% 26.7%

Raw MC Efficiency () 27.4% 29.0%
Correction for a muon 0.971 £0.023 0.953 +0.031

Correction for J/v — ptu~ 0.9428 0.9082

Table 5.2: Raw MC efficiencies and corrections due to muon ID

Corrected Efficiency 0.5 % (0.23 % 0.244 4 0.77 % 0.267)
+0.5 % (0.23 % 0.274 % 0.943 + 0.77 % 0.29 % 0.908) = 26.2%
Sys.Error due SQRT((0.5 % (0.23 % 0.244 + 0.77 % 0.267) * 0.054)*

to Lepton ID (0.5 (0.23 % 0.274 * 0.943 + 0.77 % 0.29 * 0.908) * 0.062)2) = 0.011

Table 5.3: Calculations of corrected efficiency and systematic error due to Lepton ID

The combined efficiency for J/¢ — pu™p~ and J/¢ — eTe™ modes is calculated
as shown in Table 5.3, The corrected reconstruction efficiency is 26.2 %. The
systematic error due to Lepton ID is £ 0.011 (i.e. 4.2 % of the corrected
efficiency).

e Polarization

To get the systematic error due to the unknown polarization, we consider two
extreme situations: totally transverse polarization and totally longitudinal po-
larization. The raw MC efficiencies (since only relative efficiency difference is
needed, the muon-ID correction is not applied here) in these extreme situations
are listed in Table 5.4.

The difference from the average of two cases (£2.6 % including the statistical

errors of the MC samples) is assigned as systematic error.

e Secondary Branching Fraction
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Transverse Longitudinal
SVD1 25.4+£0.2 26.3£0.2
SVD2 27.1+£0.2 28.6 £0.2
Average 26.7+0.2 28.1+£0.2

Table 5.4: Raw MC efficiencies for different polarizations

We use the secondary branching ratio of J/¢p — [Tl~ and ¢ — KTK~ to
estimate the branching ratio, it will also introduce some systematic error. We
use the value of PDG 2006 [13]. (J/¢ — IT1~ : (11.87 £0.08)%, ¢ — KTK~ :
(49.2 +0.6)%).

e Number of BB

The systematic error about the number of BB events is obtained from the
official number of BB pairs, (657 £ 9) x 10°

Tabel. 5.5 summarizes these systematic errors.

Uncertainty Source Ae(%)

Tracking efficiency 4.2
Lepton ID efficiency 4.2
Polarization 2.6
Kaon ID efficiency 2.2
Number of BB 1.4

¢ branching fraction 1.2
J /1 branching fractions 0.7
Total 7.2

Table 5.5: Summary of systematic uncertainties (%) other than signal yield extrac-
tion.
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Uncertainty Source Shape Parameter (+0)An (—o)An
MEAN < 0.1 < 0.1
Signal SIGMA1 < 0.1 0.1
SIGMA2 <0.1 <0.1
Core Fraction <0.1 < 0.1
MEAN1 0.2 <0.1
MEAN2 0.8 0.5
K SIGMA1 0.2 < 0.1
SIGMA?2 0.5 1.1
Core Fraction < 0.1 0.2
MEAN < 0.1 <0.1
K*° SIGMAL1 <0.1 <0.1
SIGMA2 <0.1 <0.1
Background CHEB1 (+15%) 0.1 (-15%) 0.2
CHEB2 (+30%) < 0.1 (-30%) 0.1
Total 1.0 1.2

Table 5.6: Systematic uncertainty in the signal extraction

5.3.2 Systematic Error in Signal Yield Extraction

The uncertainty in the yield extraction from the fit is determined by varying the
parameters of PDFs by +1o of the measured errors (the errors are given in Sec.
4.2.1). For the combinatorial background, we vary +15% for the first order coefficient
and £30% for the second order coefficient. The result is shown in Table 5.6. The
dominant uncertainty is coming from the J/1K;(1270) component.

Finally, the total systematic error is 27.1%.

5.4 Upper Limit Estimation

As no significant signal is found for the B® — .J/1¢ decay mode, we obtain an upper
limit on the yield at the 90% confidence level (Yyo) by a frequentist method using
ensembles of pseudo-experiments (Toy MC). The Toy MC samples are generated with

the same PDFs as we used for final fit. The number of background events in each
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component is generated according to Poission distribution with mean value obtained
by the fit to the data. We generate several Toy MC ensembles with 10,000 sets for
different mean value of the signal yield. We then fit each Toy MC sample using the
same method as for the final fit for the real data. For an ensemble with given mean
signal yield, the fraction that the fit signal yield is greater than 4.6 is taken as a
confidence level. We account for systematic error by randomly smearing the fit yield
by a Gaussian distribution with the width of the total systematic error. Fig. 5.3
showes an example of the distributions of the fit yield. Fig. 5.4. shows the confidence

level as a function of the (mean) signal yield.

h10 h20
Entries 10000 Entries 10000
Mean 10.01 Mean 10.01
RMS 3.854 ey L RMS 4.054

800[—

Number of Samf)_l_es

400[—

25 30 -5 25 30
Fit Signal Yield Fit Signal Yield

Figure 5.3: Distribution for fit signal yield (input mean signal yield 10), left: without
systematic error smeared; right: with systematc error smeared.
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Figure 5.4: The confidence level as a function of the (mean) signal yield.
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Mode Y Sig.  no Yoo €(%) B
B— Jlp¢p 46751 230 8 95 262 <94x1077

Table 5.7: Summary of the results. Y is the signal yield from the fit, Sig. is the
statistical significance, ng is the number of candidate events used in the fit, Yy is the
upper limit on the signal yield at 90% confidence level, € is the detection efficiency
and B is the upper limit of branching fraction at the 90% confidence level.

We obtain an upper limit on the signal yield at the 90% confidence level (Yy) to
be 9.5 by linearly interpolating the points around 90% line. Inserting this Yy value in
Eq. 5.1, we obtain the upper limit of branching fraction at the 90% confidence level:

B(B® — J/y¢) <9.4x 107" (5.2)

The result is summarized in Table. 5.7.

5.5 Validity Check with BY — J/¢K*

To check the validity of this analysis, we apply the same reconstruction method
to the decay mode B® — J/YK*. The B" — J/YK*® events are selected with
the same selection criteria except that a pion is required R(K/m) < 0.6 instead of
R(K/m) > 0.7 for one of two tracks and | Mg, — my-o| < 0.075 GeV /c? are required.

The reconstruction efficiency is 23.5% and the signal yield is 15219 4 129. The
calculated branching fraction is (1.24 + 0.01) x 10~ (statistical error only), which is

consistent with the world average value [13].



Chapter 6
Discussion and Summary

We have searched for the decay B® — .J/1¢ and give an upper limit on the branching

fraction at 90% confidence level:

B(B® — J/y¢) < 9.4x 1077, (6.1)

based on data sample of 657 x 10° BB pairs. Comparing with the previous result

from BaBar collaboration
B(B® — J/¢) < 9.2 x 1075, (6.2)

this result has improved the upper limit of this decay mode almost by a factor of 10.

As discussed in Sec.1.3, the dominant mechanism that contributes to this decay
mode is w-¢ mixing through B® — J/¢w decay. According to the theoretical calcu-
lation, this contribution will lead to a branching fraction of about (1.8 +0.3) x 1077.
Final State Interaction (rescattering effect) also contributes to this decay, its con-
tribution is estimated about ~ 10~ with a large uncertainty. If B® — D{* D~
decays and the rescattering process are enhanced, its contribution my be > 107%. The
contributions from other processes are estimated to be less than 107!,

Our result indicates that an large enhancement from the rescattering process is

unlikely in this decay mode [19] and the upper limit is about five times larger than

the theoretical prediction with w-¢ mixing contribution.

7
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It should be noted that our result imposes the strigent limit on the contribution
of U(3) breaking component between B, — J/¢¢ and B® — J/YK*° decays [46].

The w-¢ mixing contribution can be also studied with B® — D®0%y — D)0
and BT — 7 (pT)w — 77 (pT)¢ decays [19]. These decay modes have been studied
with only small data sample [47, 48, 49] and studies with fully available data sample
would be interesting.

To get a better understand of this decay mode, a larger luminosity is needed. In
order to measure the predicted branching fraction, about 25 times more data (~ 16
billion BB events) is needed, the signals could be observed with less data if moderate
inhancement exists in rescattering process. In the future, the super B factory will
accumulate up to 50 billion BB events. With such a large data sample, we can take
a precise measurement and the result is surely useful to understand the w-¢ mixing

and rescattering effect.
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