
Observation of b → dγ decays and determination of

|Vtd/Vts|

Debabrata Mohapatra

Dissertation submitted to the Faculty of the

Virginia Polytechnic Institute and State University

in partial fulfilment of the requirements of the degree of

Doctor of Philosophy in Physics

Leo Piilonen, chair

John Ficenec

Tetsuro Mizutani

Mark Pitt

John Simonetti

Blacksburg, Virginia

CKM matrix elements, rare B decays, radiative B decays

June 19, 2006



Observation of b → dγ decays and determination of |Vtd/Vts|

Debabrata Mohapatra

Abstract

The flavor changing neutral current process b → dγ is a sensitive probe to the Standard

Model of elementary particle physics. Using a sample of 386×106 B meson pairs accumulated

by the Belle detector at the KEKB e+e− collider, we measure the branching fractions for

the exclusive modes B− → ρ−γ, B0 → ρ0γ and B0 → ωγ as follows:

B(B− → ρ−γ) = 0.55 +0.42
−0.36

+0.09
−0.08

B(B0 → ρ0γ) = 1.25 +0.37
−0.33

+0.07
−0.06

B(B0 → ωγ) = 0.56 +0.34
−0.27

+0.05
−0.10

where the first error on each value is statistical and the second is systematic. Assuming

that these three modes are related by isospin conservation rules, we find the combined

branching fraction

B(B → (ρ, ω)γ) = 1.32 +0.34
−0.31

+0.10
−0.09 .

This result is used to determine the ratio of CKM matrix elements,

|Vtd/Vts| = 0.199 +0.026
−0.025

+0.018
−0.015 .
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Chapter 1

Introduction

The Standard Model (SM) is the current theory of fundamental particles and their inter-

actions. These fundamental particles are categorized into three generations of spin-1/2

fermions, and the interactions between them are mediated by spin-1 bosons. The SM has

been successful in explaining physical phenomena such as strong, electromagnetic and weak

interactions, but not gravity. All experimental results to date are consistent with the SM.

But, as we all suspect, the SM is not the complete and final theory: it contains many ad

hoc numbers (such as fermion masses) and puzzling phenomena (such as the presence of

only left-handed weak interactions). Thus, we expect to see and we look forp—evidence of

new physics beyond the Standard Model.

1.1 Flavor Physics

In the Standard Model, the complex phases of the 3 × 3 Kobayashi-Maskawa (KM) quark

mixing matrix are the source of CP violation at the electroweak scale and have their origin

in the quark mass matrix of the Yukawa sector of the theory. The study of CP violation
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and measurements of the KM matrix elements, including the complex phases, are very

important for the development of a more fundamental understanding of nature.

In the KM model, CP violation is attributed to complex phases in the quark mixing

matrix












Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb













. (1.1)

The nontrivial complex phases are typically assigned to the furthest off-diagonal elements

Vub and Vtd. Unitarity of the KM matrix implies that
∑

i V
∗
ijVik = δjk and

∑

j V ∗
ijVkj = δik,

which gives the following relation involving Vub and Vtd :

VtdV
∗

tb + VcdV
∗

cb + VudV
∗

ub = 0. (1.2)

This expression implies that the three terms form a closed triangle in the complex plane, as

shown in Fig. 1.1. The three internal angles of this so-called “unitarity triangle” are defined

as

φ1 ≡ arg

(

VcdV
∗

cb

VtdV
∗

tb

)

, φ2 ≡ arg

(

VudV
∗

ub

VtdV
∗

tb

)

, φ3 ≡ arg

(

VcdV
∗

cb

VudV
∗

ub

)

. (1.3)

Wolfenstein suggested a rather convenient approximate parameterization of the KM

matrix [2],












1 − λ2/2 λ λ3A(ρ − iη)

−λ 1 − λ2/2 λ2A

λ3A(1 − ρ − iη) −λ2A 1













, (1.4)

where there are four parameters, λ, A, ρ, and η, that have to be obtained from experiment.

Of the four, λ and A are relatively well determined; less is known about ρ and η.
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φ
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cb
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Figure 1.1: CKM Unitarity traingle.

1.2 Radiative B decays

The radiative transitions b → sγ and b → dγ are among the most valuable probes of flavour

physics. The Cabibbo-favoured b → sγ modes belong to the small number of rare decays

that are experimentally accessible at present. The b → dγ process, which proceeds via a

loop diagram (Fig. 1.2(a)) in the SM, is suppressed with respect to b → sγ by the KM

factor [1] |Vtd/Vts|2 ∼ 0.04, with large uncertainty due to the lack of precise knowledge of

|Vtd|. The corresponding exclusive modes B → ργ and B0 → ωγ are presumably the easiest

modes to search for; no evidence for these decays has been previously reported [5, 6].

The predicted branching fractions are (0.9–2.7) × 10−6 [8, 9, 11] based on the measured

rate for the b → sγ process B → K∗γ and the |Vtd/Vts|2 factor with corrections due to form

factors, SU(3) breaking effects, and, for the B− decay, inclusion of an annihilation diagram
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b

b d

t

(a) loop diagram

dγ γ
(b) annihilation diagram

u uVtb V *td
V *udVub

W

W

Figure 1.2: (a) Loop diagram for b → dγ and (b) annihilation diagram.

(Fig. 1.2(b)).

Measurement of these exclusive branching fractions allows one to determine the value

of |Vtd/Vts| in the context of the SM and to search for physics beyond the SM [14].

If one assumes the |Vtd| value from a fit to the unitarity triangle, one can use the decay

to search for new physics effects in the branching fraction, in direct and time-dependent

CP violation and in isospin asymmetry. Although we know various b → sγ observables are

in very good agreement with the SM, large new physics effects may show up in b → dγ in

which both SM and new physics amplitudes and phases naturally differ from those of the

b → sγ transition.

In this dissertation, we report the first observation of the b → dγ process using a sample

of (386 ± 5) × 106 B meson pairs accumulated at the Υ(4S) resonance.



Chapter 2

The Belle Experiment

2.1 The Υ(4S)

The Υ mesons are bound states of bb quarks with spin, parity and charge conjugation

quantum numbers JPC = 1−−. After the first observation of the Υ(1S) in proton-nucleon

collisions by the CFS collaboration, the existence of the Υ meson was confirmed by ex-

periments at CESR [17] and DORIS [18]. Fig. 2.1 shows the total e+e− annihilation cross

section as a function of the CM energy in the region of the Υ resonances measured by

CLEO [19].

The mass of the Υ(4S) meson is just above the threshold for decay into BB meson

pairs, where B refers generically to a bound state of either bu or bd quarks. It decays about

96% of the time into such BB pairs [19]. The cross section of Υ(4S) production at its peak

position is about 1/3 of that of total hadronic production (e+e− → qq (q = u, d, s, c), which

is often referred to as “continuum”. Therefore, although KEKB is operating at the Υ(4S)

resonance to produce BB pairs, it produces three times more qq events that constitute a

major source of background to B physics. Due to the low invariant mass of the qq pair, the



6 CHAPTER 2. THE BELLE EXPERIMENT

9.44 9.46

e+e− Center-of-Mass Energy (GeV)

0

5

10

15

20

25

σ 
(e

+ e−  →
 H

ad
ro

ns
)(

nb
)

ϒ(1S)
10.00 10.02

0

5

10

15

20

25

ϒ(2S)
10.34 10.37

0

5

10

15

20

25

ϒ(3S)
10.54 10.58 10.62

0

5

10

15

20

25

ϒ(4S)

Figure 2.1: e+e− total cross section

jets from these light quarks are produced with a significant boost factor. In contrast, the B

and B mesons from Υ(4S) decay are generated nearly at rest, and so have a more spherical

event structure. We will use this difference later to suppress continuum events with so-called

shape variables. In order to study the qq contribution cleanly, KEKB is sometimes operated

at 60 MeV below the Υ(4S) resonance. The data taken at the Υ(4S) resonance and 60 MeV

below are referred to as “on-resonance” and “off-resonance” respectively. Around 10% of

data taken by Belle are off-resonance. The ratio of the branching fraction of Υ(4S) to B0B0
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and B+ B− has also been measured by CLEO [19] and is:

B(Υ(4S) → B+B−)

B(Υ(4S) → B0B0)
= 1.04 ± 0.07 ± 0.04, (2.1)

which is consistent with equal production rates for charged and neutral BB pairs. Here

we follow the Particle Data Group (PDG) convention, which assumes an equal production

rate [3].

2.2 History of the Belle experiment

The Belle experiment started at KEK in Tsukuba, Japan, in 1994. The construction of

KEKB was completed in 1998. After half a year of KEKB commissioning, the Belle detector

was installed in the beam line in May 1999. Physics runs started in June 1999. Physics runs

are divided into “experiments.” The period and accumulated luminosity for each experiment

upto April 2005 are listed in Table 2.1. The accumulated luminosity and peak luminosity of

KEKB are shown in Fig. 2.2; as you can see, the daily measures (top three graphs) continue

to rise, indicating continuous improvement in the operation of the accelerator. In May 2005,

KEKB achieved the world record of the peak luminosity of 15.81 × 1033 cm−2s−1 and up

to June 12, 2006, KEKB accumulated a record integrated luminosity of 612 fb−1. Today,

about 1 fb−1 of data is taken every day.

The main physics goal of Belle is to study CP violation in the B meson system. Addi-

tionally, Belle has made significant achievements in charm, τ , and two photon physics, as

well as non-CP aspects of B physics.
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Table 2.1: Experiment numbers and integrated luminosity.

ExpNo Integrated luminosity ( fb−1 )

On resonance Continuum Energy scan Total

3 0.02 0.002 0.009 0.03

5 0.24 0.019 — 0.26

7 5.86 0.589 0.084 6.53

9 4.38 — — 4.38

11 8.32 1.216 0.124 9.66

13 10.8 1.209 0.065 12.1

15 12.8 1.412 — 14.2

17 12.1 0.848 — 12.9

19 29.1 3.645 — 32.7

21 4.41 — — 4.41

23 6.30 1.449 — 7.75

25 25.9 1.675 — 27.8

27 25.6 3.755 — 29.4

29 — — — —

31 18.1 2.425 — 20.5

33 17.7 2.734 — 20.4

35 16.8 1.959 — 18.7

37 62.6 6.091 — 68.7

39 50.3 — — 50.3

41 64.9 — — 64.9

Total 376.2 29.03 0.283 405.6
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Figure 2.2: KEKB luminosity history.

2.3 The KEKB Accelerator

The KEKB colliding-beam accelerator provides the electron-positron collisions at the heart

of the Belle detector. It consists of two storage rings of 3.012 km length each, one for the 8

GeV electrons (High Energy Ring, HER) and one for the 3.5 GeV positrons (Low Energy

Ring, LER), that were constructed inside the tunnel of the decommissioned TRISTAN

accelerator. The rings are positioned 11 m underground. Since the two beams have different

energies, separate beam pipes are used. To ensure that the circumference of each ring is

precisely the same, a second cross-over of the two beam pipes occurs in the Fuji area. The

configuration of the KEKB storage ring is illustrated in Fig. 2.3. The electron and positron

beams are created and accelerated to their final energy in the linear accelerator (Linac) and

then injected into KEKB in the Fuji area. The two beams cross at the interaction point (IP)
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Figure 2.3: KEKB e+e− collider configuration.

in the Tsukuba experimental hall at the center of the Belle detector [16]. At the IP, electrons

and positrons collide with a finite crossing angle of ±11 mrad. In order to compensate for

the energy loss of the beams due to radiation as they circulate in KEKB, two kinds of RF

cavities—normal conductive cavities called Accelerator Resonantly coupled with Energy

Storage (ARES) and superconducting cavities (SCC)— are installed. The positron beam

passes through wigglers thatare installed in order to reduce the longitudinal damping time

of the LER.

KEKB was designed to achieve a luminosity L of 1034 cm−2s−1 based on the formula:

L =
1

2ere
ξy

(γI

β∗
y

)

±
= (2.2 × 10−34)ξy

(IE

β∗
y

)

±
, (2.2)

where e is the elementary electric charge, re is the classical electron radius, ξy is the vertical

beam tune shift parameter, β∗
y is the vertical β function at the IP, γ is the Lorentz boost
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factor, I is the beam current and E is the beam energy. The units of L, I, E and β∗
y are

given in cm−2s−1, A, GeV and cm respectively. We assume that β∗
y and ξy are the same

for both beams, because unequal parameters cause incomplete overlap of both the beams

during the collision. This assumption requires I+E+ = I−E−, so the LER current is higher

than the HER current. The design parameters of KEKB are listed in Table 2.2.

2.4 The Belle Detector

The Belle detector is a general purpose detector surrounding the interaction point (IP)

to detect the particles from e+e− collisions. In order to study the B meson and other

related physics at KEKB, the Belle detector consists of a beam pipe, Extreme Forward

Calorimeter (EFC), Silicon Vertex Detector (SVD), Central Drift Chamber (CDC), Aerogel

Čerenkov Counter (ACC), Time of Flight Counter (TOF), Electromagnetic Calorimeter

(ECL), solenoid magnet, KL and Muon detector (KLM), trigger and Data Acquisition

system (DAQ), and off-line software and computing facilities. We define the right-handed

coordinate system for Belle by aligning the z-axis with the positron beam and its positive

direction opposite the motion of the positrons. The y-axis points upwards and the x-axis is

perpendicular to both (pointing away from the center of the KEKB rings). The polar angle

θ is measured relative to the positive z-axis. Due to the boost of the Υ(4S) resonances,

the components of Belle are asymmetrical in z. This is apparent in Fig. 2.4 and 2.5, where

the components are shifted towards the forward direction relative to interaction point (IP).

The detector is divided into three regions: the barrel section, which is parallel to the beam

axis, and the two endcaps, which extend radially from the beam axis at the forward and

backward ends of the detector. The polar angle coverage of each of the three sections is

shown in Table 2.3.
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Table 2.2: Main parameters of KEKB.

Ring LER HER Unit

Energy E 3.5 8.0 GeV

Circumference C 3016.26 m

Luminosity L 1×1034 cm−2s−1

Crossing angle θx ±11 mrad

Tune shifts ξx/ξy 0.039/0.052 m

Beta function at IP β∗
x/β∗

y 0.33/0.01

Beam current I 2.6 1.1 A

Natural bunch length σz 0.4 cm

Energy spread σE 7.1 × 10−4 6.7 × 10−4

Bunch spacing sB 0.59 m

Particle/bunch N 3.3×1010 1.4×1010

Emittance ǫx/ǫy 1.8 × 10−8/3.6 × 10−10 m

Synchrotron tune νs 0.01∼0.02

Betatron tune νx/νy 45.52/45.08 47.52/46.08

Momentum compaction factor αp 1 × 10−4 ∼ 2 × 10−4

Energy loss/turn U0 0.81†/1.5‡ 3.5 MeV

RF voltage Vc 5∼10 10∼20 MV

RF frequency fRF 508.887 MHz

Harmonic number h 5120

Longitudinal damping time τǫ 43†/23‡ 23 ms

Total beam power Pb 2.7†/4.5‡ 4.0 MW

Radiation power PSR 2.1†/4.0‡ 3.8 MW

HOM power PHOM 0.57 0.15 MW

Bending radius ρ 16.3 104.5 m

Length of bending lb 0.915 5.86 m

†: without wigglers, ‡ with wigglers.
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Table 2.3: Polar angle coverage of the Belle detector.

Region Polar angle coverage

Barrel 34◦ < θ < 127◦

Forward endcap 17◦ < θ < 34◦

Backward endcap 127◦ < θ < 150◦

Electromagnetic 
Calorimeter (ECL)

Time of flight (TOF)

Superconducting Solenoid

Silicon Vertex Detector (SVD) KL and muon Detector

Central Drift Chamber (CDC)

Aerogel Cherenkov Counters (ACC)

8 GeV e−

3.5 GeV e+

Extreme Forward Calorimeter (EFC)

Figure 2.4: Cut away view of the Belle detector
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Figure 2.5: Side view of the Belle detector

Following is a brief description of the components of the Belle detector.

2.4.1 Beam Pipe

The beam pipe is designed to minimize multiple scattering and energy loss of charged

particles between their production and their measurement in the SVD and CDC, since these

effects degrade the vertex resolution. The beam pipe configuration is shown in Fig. 2.6. It

consists of two beryllium cylinders, with radii 20.0 mm and 23.0 mm, and with 0.5 mm

thickness for each. The 2.5 mm gap between cylinders is filled with helium gas for cooling.

(The beam-pipe is heated by ohmic currents and high order mode losses in the material as

the beam bunches circulate.) The outer beryllium cylinder is covered with a 20 µm thick

gold film to absorb low energy X-rays from the HER. The total material thickness of the
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Figure 2.6: Configuration of beam pipe

beam pipe corresponds to 0.9% of a radiation length.

2.4.2 Extreme Forward Calorimeter (EFC)

The extreme forward calorimeter is designed to extend the polar angle coverage for the

Belle detector. Photons and electrons are measured by the EFC in the extreme forward

and backward area that is not covered by the ECL (see section 2.4.7). The EFC is placed

around the beam pipe close to the IP, where a very high radiation level exists. The radiation-

hard crystal bismuth germanate (BGO), Bi4Ge3O12, is used as the scintillating material,

and a photodiode is used to read out the signal. The EFC covers the polar angle range

6.4◦ < θ < 11.5◦ for the forward detector and 163.3◦ < θ < 171.2◦ for the backward

detector. Both forward and backward detectors are segmented into 32 sections in φ and

5 in θ. Figure 2.7 shows the EFC configuration. The forward and backward crystals

correspond to 12 and 11 radiation lengths respectively. The EFC is also used for online

luminosity monitoring based on the rate of Bhabha scattering mechanism. Figure 2.8 shows

the history of a typical beam fill in the early days of operation. The real Bhabha rate is
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Figure 2.7: EFC configuration

calculated by subtracting the EFC fake rate (< 10%) from the EFC raw Bhabha rate.

2.4.3 Silicon Vertex Detector (SVD)

The primary purpose of the SVD is to determine the z-axis position of the B meson decay

vertex, which is essential for time-dependent CP analysis. Figure 2.9 shows the config-

uration of the original SVD in a side and end view perspective. It has three layers of

double-sided silicon strip detectors (DSSD) and covers the region of 23◦ < θ < 139◦, corre-

sponding to 86% of the total solid angle. As shown in the end view, the three layers consist

of 8, 10 and 14 full ladders respectively for the inner, middle and outer layers around the
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beam axis. Each full ladder is made of two half-ladders and each half-ladder contains one or

two DSSDs which are supported by boron-nitride (BN) ribs sandwiched with carbon-fiber

reinforced plastic (CFRP). In total, there are 32 ladders and 102 DSSDs. The DSSDs are es-

sentially reverse-biased diode-strip detectors. They are produced by Hamamatsu Photonics

and were originally designed for the DELPHI micro-vertex detector [20]. They are 300 µm
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Figure 2.9: Configuration of SVD1

thick and have an area of 57.5 × 33.5 mm2. Each DSSD contains 1280 sense strips and 640

readout pads. One side is p doped silicon with p+ readout strips parallel to the beam to

measure φ. The other side has n+ strips oriented perpendicular to the beam to measure

the z coordinate. The p+ and n+ strips have pitches of 24 µm and 42 µm, respectively.

As shown in Fig. 2.10, a charged particle traversing a DSSD will create electron-hole pairs,

which will drift to the appropriately biased side of the DSSD, where their charge is de-

posited and read out. The signals from the DSSDs are read out by VA1 chips [21] mounted

on a ceramic hybrid. As the VA1 has 128 channels, five chips are mounted on each hybrid

to read out all 640 pads on a DSSD. The VA1 chips are fabricated with a 1.2 µm CMOS

process by Austrian Micro Systems and can tolerate radiation levels of up to 200 krad.

Signals from the VA1 chips are digitized by flash analogue-to-digital converters (FADCs),

which are located in the adjacent Belle electronics hut. Online digital signal processors in
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Figure 2.10: Double-sided silicon-strip detector from the SVD

the FADC modules perform common mode noise subtraction, data sparsification and data

formatting. As mentioned before, the main purpose of the SVD is to determine the B

meson decay vertex and to improve the charged tracking. For studies of time dependent

CP asymmetries, the z-axis distance of the two B vertices for an Υ(4S) decay must be

measured with the precision of about 100 µm . As shown in Fig. 2.11, the momentum and

angular dependences of the impact parameter (the closest approach of tracks to the IP)
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Figure 2.11: Impact parameter resolution of charged tracks with associated SVD hits.

resolution behave like:

σxy = 19 ⊕ 50(pβ sin3/2 θ)−1 µm and (2.3)

σz = 36 ⊕ 42(pβ sin5/2 θ)−1 µm, (2.4)

where ⊕ indicates a quadratic sum. The momentum p is given in units of GeV/c. The

impact parameter resolution for a 1 GeV track is around 55 µm. In summer 2004, the

three-layer SVD1 was replaced with a four-layer SVD2. Several improvements were made.

SVD2 has a larger angular acceptance of 17◦ < θ < 150◦. The innermost layer is closer

to the primary interaction point at a distance of 2 cm instead of 3 cm in SVD1. This is

possible with a significantly smaller beam pipe. The fourth layer is accommodated by a

redesign of inner region of the CDC (see section 2.4.4). The four layers of SVD2 contains

6, 12, 18 and 18 full ladders from inside to outside as shown in Fig. 2.12. Each half ladder

consist of 1, 2 or 3 DSSDs. The DSSDs for SVD2 have 512 readout channels in both r − z
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Figure 2.12: Sideview of the SVD2 geometry.

2 cm

BELLE

Figure 2.13: Frontview of the SVD2: A typical hadronic hit.

and r−φ, or in total 110,592 readout channels. The number of DSSDs for each half ladder

is displayed in Table 2.4. A hadronic event recorded by SVD2 is displayed in Fig. 2.13.

For the SVD1, the limited radiation tolerance of the VA1 front-end readout chip was an

important issue. It was replaced by a VA1TA chip [22], manufactured by IDEAS. It is

implemented in a 0.25 µm CMOS process and is expected to have a stable performance up
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Table 2.4: Number of detectors in each half ladder of the SVD.

number of DSSDs in forward / backward half ladder

Layer 1: 1 1

Layer 2: 1 2

Layer 3: 2 3

Layer 4: 3 3

to a radiation dose of at least 20 MRad [23]. More information on SVD1 and SVD2 can be

found in Refs. [16, 24, 25].

2.4.4 Central Drift Chamber (CDC)

The main purpose of the CDC is to measure the momentum and the energy deposition of

charged particles (dE/dx). The dE/dx information is used to provide information for parti-

cle identification (PID), i.e. identifying kaons, pions, protons and electrons. All components

in Belle out to the ECL (described in section 2.4.7) are contained in a 1.5 T magnetic field

supplied by a solenoid magnet (see section 2.4.8). The field is nearly uniform and directed

in the positive z direction. When a charged particle moves through a magnetic field, it

follows a helical path along the field direction. The helix can be decoupled into a circular

motion in a plane, being defined by three parameters, and a motion in a straight line, be-

ing defined by two parameters. From these five independent parameters it is possible to

determine the closest approach of the helix to the IP and the components of the particle’s

momentum parallel and perpendicular to the magnetic field. These momentum and impact

parameter measurements are the primary purpose of the CDC. Figure 2.14 shows the CDC

structure. The length of CDC is 2,400 mm, and the inner and outer radii are 83 and 874
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mm, respectively. It covers the polar angle range from 17◦ to 150◦. The CDC is a small

cell drift chamber consisting of 50 anode sense wire layers and three cathode strip layers.

The 50 anode layers consist of 32 axial wire layers and 18 small-angle stereo wire layers.

The axial wires are parallel to the z direction and the crossing angles between the stereo

wires and z-axis vary from 42.5 mrad to 72.1 mrad. There are 8, 400 readout channels for

the anode wires and 1792 channels for the cathode strips. The cell configuration is shown

in Fig. 2.15. We obtain three-dimensional track information from the anode wires. As

well as tracking, the CDC provides a vital component to the particle identification (PID)

system. From the pulse height at the anode wires, a measure of the mean energy deposition

due to ionization of the gas (dE/dx) can be obtained for a particle traversing the CDC.

As the energy loss depends on the boost of the particle, for a given momentum, dE/dx

will depends on particle species. A 50% helium-50% ethane mixed gas fills the chamber to

minimize the multiple Coulomb scattering contribution. The pulse height and drift time of

the ionization are measured to provide the information of energy deposit and the distance

from the sensor-wire. The transverse momentum (pt) resolution is shown in Fig. 2.16; the

resolution is a function of pt itself behaving like (0.19pt ⊕ 0.30)%. The dE/dx resolution is

7.8% for pions from Ks decay and 6% for energetic electrons and muons. The scattering

distribution for dE/dx is shown at Fig. 2.17. The separation between the different particles

can clearly be seen. The separation between kaons and pions is of relevance for this analysis.

The CDC is described in [16, 26] in more detail.

2.4.5 Aerogel Čerenkov Counter (ACC)

The aerogel Čerenkov counter is designed for K± and π± separation with momentum be-

tween 1.2 GeV/c and 3.5 GeV/c. The ACC detects the Čerenkov light emitted when a

particle travels through a medium faster than the speed of light in that medium. Specif-
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expectation for β = 1 charged track.

ically, for a medium of refractive index n, Čerenkov light is emitted if the velocity of the

particle, β, satisfies:

n > 1/β =
√

1 + (mc/p)2, (2.5)

where m and p are the mass and momentum of the particle, respectively. Thus, depending

on the refractive index of the medium, there will be a range of velocity for which pions

emit Čerenkov radiation but kaons do not. The barrel ACC consists of 960 aerogel counter

modules segmented into 60 cells in φ direction. The forward end-cap ACC consists of 228

modules that are arranged in 5 concentric layers. There are five different types of aerogel
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with refractive indices of n = 1.010, 1.013, 1.015, 1.020 and 1.028, arranged according to

polar angle. The alignment is shown in Fig. 2.18. The typical counter module consists

of silica aerogel filled in 0.2 mm-thick aluminum boxes and viewed with one or two fine

mesh-type photomultiplier tubes (FM-PMTs). The FM-PMTs can be operated well in a

1.5T magnetic field. Figure 2.19 shows a schematic drawing of the ACC module. There are

1560 readout channels in the barrel part and 228 in end-cap. A more detailed description

of the ACC can be found in Reference [27].
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2.4.6 Time of Flight Scintillator (TOF)

The time of flight detector provides complementary information for the particle identifica-

tion in the ACC in order to distinguish K± and π± mesons up to 1.2 GeV/c, where the K/π

separation power for ACC and CDC is less effective. The TOF also provides fast timing

signals for the trigger system, which requires a timing resolution of 100 ps. The flight time,

T , for a particle of mass m to travel a length L is given by:

T =
L

c

√

1 + (
mc

p
)2. (2.6)

The TOF measures the time elapsed between the collision at the IP and its passage

through the TOF barrel. Thus a particle’s mass can be calculated once its momentum is

known. This enables particle species to be differentiated by their measured times-of-flight.
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The mass distribution calculated from TOF measurements is shown in Fig. 2.20. Clear

separation between kaons, pions and protons can be seen. The module TOF structure is

shown in Fig. 2.21. TOF counters and TSCs are made of fast scintillators and FM-PMTs

that are mounted directly to the scintillator. Two TOF counters (4 cm thick) and one

TSC (0.5 cm thick) form one module. The TSC is used to produce trigger signals, taking a

coincidence with the TOF counters to reduce the trigger hit rate. The TOF system consists

of 64 TOF modules located in the barrel region just outside the ACC and covers the polar

angle region 33◦ < θ < 121◦. Each module is made up of two TOF counters, read out by two

FM-PMTs attached at both ends, and one trigger scintillation counter (TSC), read out by

one FM-PMT attached at the backward end. The time resolution of the TOF scintillators

is σt = 100 ps. The TOF hit efficiency is 95% for single-end hits and 88% for both-end hits

in e+e− → µ+µ− pair events. For more information on the TOF system, see Refs. [16, 28].

Information from the TOF combined with the ACC and the dE/dx measurement from the

CDC give the Belle detector more than a 3σ separation between charged kaons and pions

over the whole momentum range up to 3.5 GeV/c.

2.4.7 Electromagnetic Calorimeter (ECL)

The electromagnetic calorimeter (ECL) measures the energy and position of photons from

π0 decays and radiative B decays with high efficiency and good resolution for energy and

position. The ECL is also used for electron identification. The ECL is composed of an array

of tower-shaped CsI(Tℓ) crystals. Each crystal is arranged so that it points to the interaction

point. (There is a small tilt angle so that photons do not pass through a gap between crystals

without interacting.) Figure 2.22 and Table 2.5 shows the ECL configuration. The length

of each crystal is 30 cm, which corresponds to 16.2 radiation lengths. Each crystal is read

out by a pair of silicon PIN photodiodes. The energy resolution of the ECL is measured to
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Figure 2.20: Hadron mass distributions calculated from TOF measurements for particles with momentum

below 1.2 GeV/c. The points are from data, the shaded histogram is from Monte Carlo.

Table 2.5: Geometrical configuration of the ECL.

θ coverage θ seg. φ seg. # Position

Forward endcap 12.4◦ < θ < 31.4◦ 13 48 to 144 1152 z = 196 cm

Barrel 32.2◦ < θ < 128.7◦ 46 144 6624 r = 125 cm

Backward endcap 130.7◦ < θ < 155.1◦ 10 64 to 144 960 z = 196 cm

Total 8736
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Figure 2.21: TOF Configuration.

be [29]:

σE

E
=

0.0066

E
⊕ 1.53

E1/4
⊕ 1.18(%), (2.7)

where the energy E is given in GeV. Here, the first term is from the contribution of the

electronic noise, while the second term and part of the third term come from incomplete

containment of the electromagnetic shower. The third term also includes systematic effects

such as the uncertainty of the calibration of the light output from each crystals. The

spatial resolution is found to be 0.27 ⊕ 3.4/
√

E ⊕ 1.8/E1/4 mm. The energy and position

resolutions are shown in Fig. 2.24. In addition to the measurement of the energy of photons

and electrons, the ECL plays an important role for electron identification: a charged track

that points at an ECL cluster is identified as an electron (or positron) if the energy and

momentum are consistent, among other criteria. The ECL also provides trigger information

and online luminosity information [30]. The trigger system is described in section 2.5.
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Figure 2.22: ECL configuration

2.4.8 Solenoid Magnet

The superconducting solenoid provides a 1.5 T magnetic field parallel to the beam pipe

for charged particle momentum measurement. The superconducting coil consists of a single

layer of niobium-titanium-copper alloy embedded in a high purity aluminum stabilizer. The

coil is wound around the inner surface of an aluminum support cylinder of 3.4 m diameter

and 4.4 m length. Indirect cooling is provided by a liquid helium circulation through a tube

on the inner surface of the aluminum cylinder. The layout of the superconducting solenoid

is shown in Fig. 2.25.
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2.4.9 KL and Muon Detector (KLM)

The KL and muon detector (KLM) is designed for detection of KL mesons and muons with

momentum larger than 600 MeV/c. The detector is placed outside the solenoid and consists

of 15 layers of Resistive Plate Counters (RPC) with 14 layers of 4.7 cm thick iron plates in

the barrel region and 14 RPC layers in the endcap region. One RPC super-layer contains

two RPC planes to provide θ and φ information. The iron plate is also used as return yoke

for the magnetic field produced by the super conducting solenoid. The configuration of an

RPC is shown in Fig. 2.26. The KLM covers the polar angle region of 20◦ < θ < 155◦.

Signals are read out from cathode strips in both θ and φ directions. There are 21, 856

readout channels for the barrel detector and 16, 126 for the two endcap detectors. The

position resolution for KL mesons is 30 mrad for both θ and φ and the time resolution is

a few nanoseconds. All the material in the Belle detector up to the KLM corresponds to
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about one hadronic interaction length for KL mesons. The iron plates in the KLM provide

a further 3.9 interaction lengths of material, which is necessary for detecting KL mesons

with high efficiency. When the KL meson interacts with matter, it initiates a shower of

hadrons, leaving a cluster of hits in the KLM that is not associated with a charged track.

Muons can be discriminated from KL mesons as they will have an associated charged track

and a line of KLM hits rather than a shower pattern. For muons with a momentum of

above 1 GeV/c or more, the KLM has a detection efficiency greater than 90% with a fake

rate of about 2% (from non interacting pions and kaons).

2.5 Trigger and Data Acquisition

The role of the trigger is to decide when the various subsystems of the Belle detector should

record an event. Once a particular particle collision satisfies the trigger criteria, data from
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all the subsystems are read out and stored for possible use. The word event is used inter-

changeably to represent the physical particle collision or the stored data representing the

collision. The decision to read out is based on criteria carefully chosen to remove background

events while retaining events of interest at a high efficiency. Once an event is triggered, the

data acquisition (DAQ) system transfers the raw data from the detector to the data storage

system. The main sources of background events are undesirable interactions between the

electron-positron beams, collisions of a beam particle with a residual gas molecule or with

the beam-pipe, and synchrotron radiation from the beams. Events of interest are primar-
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ily hadronic (e+e− → qq or e+e− → Υ(4S) → BB) and QED events (e+e− → e+e− or

e+e− → µ+µ− or e+e− → τ+τ− ), used for physics analyses as well as detector calibration

and luminosity measurements. For this analysis only the hadronic events are of interest and

thus the following discussion focuses on the hadronic trigger. Event rates for both physics

and background events at the design luminosity of 1034 cm−2s−1 are about 100 Hz each;

but to accommodate higher backgrounds, the trigger is designed to operate up to 500 Hz.

Figure 2.27 shows an overview of the Belle trigger system. It consists of the level 1 hardware

trigger, the level 3 software trigger implemented by an online computer farm and a level

4 trigger, which runs in the off-line Belle computing system and performs more elaborate

background reduction based on full event reconstruction.

2.5.1 The Level-1 (L1) trigger

An overview of the level-1 trigger system is shown in Fig. 2.28. It consists of the sub-trigger

system and the central trigger system called global decision logic (GDL) [31]. By design,

all the subtrigger signals arrive at the GDL within 1.85 µs after the event occurs. The L1

final trigger signal is issued 2.2 µs after the event crossing. The timing of the trigger signals

must be accurate since the trigger signal determines the readout timing. We determine the

timing of the final trigger by the TOF trigger or, in its absence, the ECL trigger.

Sub-triggers

The GDL receives up to 48 subtrigger signals. As shown in Fig. 2.28, there are trigger

signals from the CDC, TOF, ECL, KLM and EFC systems. Their trigger systems will

only be mentioned very superficially here; for more information, see Ref. [35]. The CDC

provides two types of triggers: the r − φ trigger and the z trigger [33]. The r − φ trigger

is based on the signals from six axial super-layers, while the z trigger is formed by signals
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from the cathode strips and z information inferred from the axial and stereo layers. The

TOF produces trigger signals based on the hit multiplicity and back-to-back topology. The

ECL trigger is based on trigger cells (TC) formed of 4 × 4 crystals combinations. It also

provides triggers based on the θ − φ segmentation, where the number of isolated cluster is

calculated from the TC hit patterns. The KLM detects muons using four (two) layers in the

barrel (endcap) parts and sends trigger signals to the GDL. The EFC provides two types of

triggers: the EFC Bhabha trigger is based on the forward and backward coincidence, while

the two photon trigger is based on a single hit. Another important subtrigger is the random

trigger, which is useful to understand the background noise hits in the detector elements.

Global Decision Logic (GDL)

The GDL receives up to 48 subtrigger signals and aligns their timing by adding an appro-

priate delay to each channel. It then performs trigger logic operations to the subtrigger

signals and generates 48 types of triggers. (Since exp. 21, the number of trigger types is

increased to 64.) The GDL issues the final trigger 2.2 µs after the event’s e+e− collision.

For the hadronic trigger, the GDL has four main triggers:

• Two-track trigger: This requires the following information from the CDC: two tracks

with r − φ and at least one track with z triggers and an open angle of at least 135◦.

This trigger also requires TOF hits and ECL clusters.

• Three-track triggers: This is similar to the two-track trigger, but with CDC r − φ

information required for three or more tracks. Several different types of triggers are

formed depending on the number of tracks, opening angle, TOF hits and ECL cluster

hits.
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• Isolated cluster counting trigger: This requires four or more isolated ECL clusters,

which avoids Bhabha events.

• Total energy trigger: This requires that the analogue sum of energy deposited in the

ECL be greater than 1 GeV. It is vetoed by the ECL Bhabha and cosmic triggers.

• Combined trigger: This is a combination of track trigger, energy and cluster trigger.

Each trigger provides 90% to 97% efficiency for BB events [34]. Because the track, energy

and cluster triggers are almost independent, we expect more than 99% efficiency for BB

events when using the overlap of these triggers. The trigger rate is correlated to the beam

currents and the luminosity, but also depends on the beam background condition. In spite

of the reduction of beam background and the modification of the trigger logic, the trigger

rate gradually increases as the beam currents and the luminosity increases.

2.5.2 Level-3 (L3) and Level-4 (L4) Triggers

The aim of the level-3 trigger is to reduce the number of events to be stored. The L3 trigger

first checks the L1 trigger information but passes some categories of events, such as Bhabha

events and random trigger events. If an event does not belong to these categories, the L3

trigger performs a fast reconstruction and discards the event if it has no track with |z| < 5

cm at the IP. A large part of the beam background events are discarded by this procedure.

The L3 software has been activated since Experiment 11 and results in a factor of two

reduction of stored events while retaining an efficiency of more than 99% for hadronic and

τ -pair events. The level-4 trigger filters events just before the full event reconstruction takes

place [36]. The basic strategy of this trigger is to use a fast tracker to reconstruct tracks in

order to reject tracks originating away from the IP. Events rejected by the L4 trigger still

remain in the raw data. Thus the L3 trigger (and the L1 trigger) reduce the data size to
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Figure 2.27: An overview of the Belle trigger system.

be recorded, while the L4 trigger reduces only the CPU time for DST production. The L4

trigger rejects about 78% of triggered events while keeping nearly 100% of B meson events.

2.5.3 Data Acquisition (DAQ)

The role of the DAQ system is to record events specified by the trigger up to its limit of 500

Hz, while keeping a dead-time fraction of the detector of less than 10%. To achieve this, a

distributed-parallel system is used. The overview of the Belle data acquisition system [32]

is shown in Fig. 2.29. The DAQ system is segmented into 7 subsystems to handle the data

from each subdetector. The signals from most subdetectors go through a charge-to-time
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(Q-to-T) converter and are processed by a time-to-digital converter (TDC). The Q-to-T

converter produces a pulse whose width is proportional to the input charge; the multihit

TDC “digitize” the timings of the leading and trailing edges of this pulse. Only the SVD

uses flash analogue-to-digital converters (FADCs) instead of TDCs. The KLM does not have

a Q-to-T converter, since the pulse height does not provide useful information. The readout

sequence starts when the sequence controller (SEQ), upon receiving a final trigger by the

GDL, distributes a common stop signal to the TDCs. The data from each subdetector is

combined into a single event by the event-builder, which converts “detector-by-detector”

parallel data streams into “event-by-event” data. The output data of the event-builder is

transfered through the level-3 trigger to the online computer farm. The quality of the data

is monitored by the online data quality monitor (DQM) in the online farm. Finally, the data

is sent via optical fiber to the mass storage system at the KEK computing center, where it

is stored on tape. The typical size of a hadronic event is about 30 kB, which corresponds
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to a maximum data transfer rate of 15 MB/s for a trigger rate of 500 Hz.

2.5.4 Data Processing

The events accepted by the L4 trigger are reconstructed and the information is stored on

data summary tapes (DST). In this stage, raw data, which are direct logs of the data acqui-

sition devices, are converted into physics objects of momentum 3-vector, closest approach

to the IP and associated particle identification information. A basic summary of the recon-

struction procedure is as follows. Charge tracks are reconstructed using signals from the

CDC. They are extrapolated inwards to the SVD and outwards to the ACC, TOF, ECL
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Table 2.6: Examples of event classification.

Category Description

HadronB general hadronic events

HadronC tight general hadronic events (< 5 tracks)

Bhabha Bhabha (e+e− → e+e−) events

RadBhabha radiative Bhabha (e+e− → e+e−γ) events

GammaPair e+e− → γγ events

MuPair e+e− → µ+µ− events

TauPair e+e− → τ+τ− events

LowMulti two photon events and others

Random random triggered events

and KLM, where we look for associated signals. Hits in the ECL and KLM that have no

associated track in the CDC will be deemed neutral particles (photons or KL mesons). Four-

vectors can then be assigned to the charged tracks and neutral particles and PID likelihoods

are determined. Various other flags and variables are calculated and all the information is

written to the DSTs. Events are then classified into several categories based on certain

selection criteria and stored as skimmed data accordingly. Table 2.6 lists examples of the

event classification. Most analyses, including this one, start from the HadronB sample.

2.6 Software

A large body of software has been developed by the Belle collaboration. As well as software

to run the DAQ and data processing described above, software has been composed for
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analyzing and simulating data. This is known as the Belle AnalysiS Framework (BASF).

It consists of a main kernel, user interface and modules that can be dynamically loaded at

run time. A typical user analysis can be written as a dynamically loaded module without

having to worry about the interface with external software. BASF is also used for Monte

Carlo (MC) generation, as described below.

2.6.1 Monte Carlo Generation

An important part of high energy physics data analysis is comparing the distributions

of real data to expectations. Because of complexity of the detector response and various

physics processes that may mimic the signal being studied, this comparison cannot be made

using analytically derived distributions. Instead, the physics process and detector response

are modelled using a Monte Carlo (MC) simulation. The real data distributions are then

compared to the corresponding MC distributions that contains considerably more events

(to reduce the statistical fluctuation of the simulated vs real data). This simulation is

aware of the detailed geometry, response, and deficiencies of the entire Belle detector. It is

used to study detector response of very rare types of events, enabling us to deduce ways to

increase the sensitivity for such events. Producing MC data takes place in two stages. First,

the underlying particle physics processes, from e+e− collision to the subsequent decays of

very short-lived daughters, are generated. Then, the detector response to these particles

is simulated. The first step uses the so called QQ generator [39] developed by the CLEO

collaboration to study B meson decays created by the Υ(4S) resonance. It incorporates

particle properties and event production rates compiled from many experiments in the

form of world averages and also relevant information about the KEKB accelerator, such

as electron and positron energies. For newer analyses, the modern EvtGen [40] package

is used to generate the particle physics processes. It is thought to describe the angular
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distributions of particles more accurately. Background continuum events are generated

using the JETSET program [37] in which the subsequent hadronisation processes are based

on the Lund string fragmentation model [38]. About three times the luminosity recorded

in data is generated for the continuum events. The generated events, whether from QQ or

EvtGen or JETSET, are then passed to a BASF module called GSIM. This module simulates

the detector response; it is based on the CERN package GEANT3 [41] and simulates the

interactions between the final state daughters and the detector response. The simulated

data is then reconstructed in the same way as real data, with the final MDSTs containing

the additional event generator information. Much effort is made to make the simulation

as accurate as possible. Background hits are added by taking random trigger events and

inserting their noise hits into the MC event. The varying size and position of the IP is

incorporated as are evolutions in the subdetectors, such as appearance (or disappearance)

of dead channels.
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Signal Reconstruction and

Background Suppression

3.1 Overview of the analysis

In this analysis, we reconstruct the following five modes: B− → ρ−γ, B0 → ρ0γ, B0 → ωγ,

B− → K∗−γ, and B0 → K∗0γ. Inclusion of charge conjugate modes is always implied. (

The B0 and B− mesons contain a b quark, while the B0 and B+ mesons contain a b quark.)

Intermediate states are reconstructed using the following decay channels: ρ− → π−π0,

ρ0 → π+π−, ω → π+π−π0, K∗− → K−π0, K∗0 → K−π+ and π0 → γγ. Selection criteria

for the particles that are used to reconstruct B meson candidates are determined by an

optimization procedure using Monte Carlo (MC) events. The requirements are described in

this section and are summarized in Table 3.3, and the optimization procedure is described

in a later section 3.3.
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3.1.1 Data set

This analysis is based on 357 fb−1 of data (≈ 386 million BB pairs) collected at the Υ(4S)

resonance with the Belle detector.

The number of BB events (NBB) included in the data sample is estimated using the

relation

NBB = Non − ǫon
ǫoff

Lon

Loff
Noff (3.1)

where Non(Noff), ǫon (ǫoff), and Lon (Loff) are the number of events, the qq efficiency and

the luminosity in on-resonance (off-resonance) data, respectively.

We use Monte Carlo (MC) simulation to study properties of signal and background

events. The MC samples are itemized in Table 3.1.

3.1.2 Hadronic event selection

The hadronic events used in this analysis have three or more good charged tracks emerging

from within a cylindrical region of radius 2.0 cm and length 10 cm centred on the e+e−

interaction point and aligned with the positron beam axis (the z axis), and at least one

ECL cluster of 0.1 GeV or more; the component along the z axis of the total center of

mass (CM) momentum of all charged tracks and neutral ECL clusters must be below 0.5
√

s

(where
√

s = 10.58 GeV); the sum Evis (“visible energy”) of the charged track momenta

and neutral cluster energies in the laboratory frame must exceed 0.2
√

s; and the sum of

the neutral cluster energies in the laboratory frame must lie between 0.1
√

s and 0.8
√

s with

an average cluster energy of less than 1 GeV. We also require the heavy jet mass, which

is defined as the larger of two invariant masses (calculated using the tracks in each of two

hemispheres defined by the plane perpendicular to the event thrust axis), to exceed the
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smaller of 1.8 GeV/c2 and 0.25E∗
vis/c2 (where E∗

vis is the visible energy in the CM frame).

The heavy jet mass is around 0.44E∗
vis/c2 for hadronic events but around 0.2E∗

vis/c2 for

e+e− → τ+τ− pair events and around 0.1E∗
vis/c2 for QED events. We apply a selection of

Mjetc
2/E∗

vis > 0.25. We do not reject events with Mjet > 1.8 GeV as the cut is slightly

tight for qq events.

3.1.3 Photon Reconstruction

Photon candidates are reconstructed from isolated clusters in the ECL that have no cor-

responding charged track, and a shower shape that is consistent with that of a photon. A

photon in the barrel region of the ECL (33◦ < θγ < 128◦ in the laboratory frame) with

a CM energy in the range 1.8 GeV < Eγ < 3.4 GeV is selected as the primary photon

candidate. For the primary photon, we sum the energy deposited in arrays of 3 × 3 and

5 × 5 ECL cells around the maximum energy cell; if their ratio is less than 0.95, the event

is vetoed. To suppress backgrounds from π0 → γγ and η → γγ decays, we veto the event

based on a likelihood ratio Lπ0/(Lπ0 + Lγ) and Lη/(Lη + Lγ). For each photon (γ2) other

than the primary photon (γ1) in the event, the π0, η and primary photon likelihoods (Lπ0 ,

Lη, Lγ) are calculated as a function of the invariant mass mγ1γ2
and the energy of the sec-

ond photon Eγ2
. For every such photon-pair combination, we require the likelihood ratios

to satisfy Lπ0/(Lπ0 + Lγ) > 0.4 and Lη/(Lη + Lγ) > 0.5; otherwise the event is neglected

by this “π0/η veto.”

3.1.4 Neutral pion reconstruction

Neutral pions are formed from photon pairs (excluding the primary photon) with an in-

variant mass within ±16 MeV/c2 of the nominal π0 mass, corresponding to a ∼3σ window,

where σ is the π0 mass resolution. The photon momenta are then recalculated by applying a
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γ , (b) cos θγ and (c) E9/E25. (Histograms (Signal-hatched, plain-qq)

are normalized to histogram for signal)

π0 mass constraint. We require the energy of each photon be greater than 50 (100) MeV in

the barrel (endcap) ECL. We also require the cosine of the laboratory frame angle between

two photons (cos θγγ) be greater than 0.7. This is almost equivalent to, but more effective

than, a requirement on π0 momentum or photon energy asymmetry.

3.1.5 Charged pion reconstruction

Charged pions and kaons are reconstructed as tracks in the CDC and SVD. Each track is

required to have a transverse momentum above 100 MeV/c and distance of closest approach

to the interaction point of less than 0.5 cm in the x − y plane and ±3 cm along the z axis.
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We do not use the track to form the signal candidate if, when combined with any other

track, it forms a K0
S candidate with an invariant mass within ±30 MeV/c2 of the nominal

K0
S mass and a displaced vertex that is consistent with a K0

S . We determine the pion (Lπ)

and kaon (LK) likelihoods from ACC, CDC and TOF information, and form a likelihood

ratio Lπ/(Lπ + LK) to separate pions from kaons. In the B− → ρ−γ, B0 → ρ0γ and

B0 → ωγ modes, tracks are identified as pion if this likelihood exceeds 0.8, 0.85 and 0.6,

respectively; otherwise they are called kaons. We do not veto electrons, muons nor protons.

The corresponding signal efficiencies are 83%, 81% and 91%, respectively. With these

criteria, 5.8% and 6.3% of kaons are misidentified as pions in the B− → ρ−γ and B0 → ρ0γ

modes, respectively; therefore, the contribution of the misidentified B → K∗γ background

in both modes has to be evaluated. For this evaluation, we form a B → K∗γ enriched

sample where in a track is identified as a kaon if LK/(Lπ + LK) > 0.4; this has an efficiency

of 90% for B → K∗γ.

3.1.6 Reconstruction of ρ, ω and K∗

Invariant masses for the ρ, ω and K∗ candidates from identified pions and/or kaons are

required to be within windows of ±150 MeV/c2, ±30 MeV/c2 and ±75 MeV/c2 respectively,

around their nominal masses. We calculate the helicity angle (θhel) of their decay products,

and require that | cos θhel| be smaller than 0.75, 0.70 or 0.80 for B− → ρ−γ, B0 → ρ0γ or

B0 → ωγ, respectively.

3.1.7 Reconstruction of B candidate

B candidates are reconstructed by combining a ρ, ω or K∗ candidate and the primary

photon using two variables: the energy difference ∆E = E∗

B − E∗

beam and the beam-energy

constrained mass
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Figure 3.2: Distributions for invariant masses of ρ−, ρ0 and ω mesons. The vertical lines define windows

of accepted candiadtes.
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Figure 3.3: Distributions for beam constraint mass (Mbc) and Energy difference (∆E).

Mbc =
√

(E∗

beam/c2)2 − |p∗B/c|2, ~p ∗

B = ~p ∗

ρ,ω,K∗ +
~p ∗

γ

|~p ∗
γ |

× (E∗

beam − E ∗

ρ,ω,K∗) (3.2)

Here, p∗B and E∗

B are the CM momentum and energy of the B candidate and E∗

beam is

the CM beam energy. The replacement of the magnitude of the photon momentum by

(E∗

beam−E∗

ρ/ω/K∗)/c in ~p∗B is a standard technique in a radiative B decay analysis to reduce

the tail and improve the resolution of the Mbc peak.

The signal region is defined as −0.10 GeV < ∆E < 0.08 GeV and 5.273 GeV/c2 <
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Mbc < 5.285 GeV/c2; the wide fit region is defined as |∆E| < 0.5 GeV and Mbc >

5.2 GeV/c2.

3.2 Background

The dominant background arises from continuum events (e+e− → qq(γ)), where the acci-

dental combination of a ρ, ω or K∗ candidate with a photon forms a B candidate. Since

the branching fraction for B → ργ and B0 → ωγ modes are expected to be of order 10−6,

the contamination from other more frequent B decays is quite significant. This is in con-

trast with the analysis of the B → K∗γ control sample (BF ∼ O(10−4)) in which the

contamination from other B decays is rather small.

In this section, we discuss the backgrounds and the suppression techniques that we

exploit in this analysis. For the backgrounds from other B decays, we rely on the MC

simulation; the MC samples used for the signal and background description are summarized

in Table 3.1.

3.2.1 Continuum Background

We use the standard Belle technique to reduce the continuum events based on an event-

shape likelihood ratio. Using the daughter particles of the signal B candidate and all the

other particles in the event (which are assumed to originate from another “tagging” B

meson), we calculate the following variables: the event shape variable, the cosine of the

signal B meson direction in the CM frame (cos θ∗B), the flavor tagging quality q · r of the

tagging B meson, and, for the B0 → ρ0γ, B0 → ωγ and B0 → K∗0γ modes, the axial

distance ∆z between the vertex of the signal B candidate and that of the tagging B meson.

We do not use other variables such as the helicity angle or invariant mass of ρ, ω and K∗
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candidates.

Event shape variable

We use topology to distinguish such continuum events from e+e− → Υ(4S) → BB events.

In the CM frame, the qq events tend to emerge as back-to-back jets, whereas the BB events

have their final state particles distributed isotropically. The event topology is characterized

numerically by a Fisher discriminant F [43] that incorporates modified Fox-Wolfram event

shape moments [44] with accommodation for missing momentum in the event as well as

the correlation of jet charge between the tracks of the signal B candidate and those of the

tagging B meson.

The Fox-Wolfram moments [44] are defined in the center of mass frame by

Hℓ =
1

s

∑

i

∑

j

|~pi| |~pj |Pℓ(cos θij) (3.3)

where s is the square of the center of mass energy, Pℓ(x) is the Legendre polynomial of

order ℓ, and each sum is over all of the reconstructed particles in an event. These moments

are used to characterize the shape of the event. Note that H0 = 1 if all particles are

reconstructed and are treated as massless, but is typically somewhat smaller; H1 = 0 if

momentum is balanced; and Hℓ ≈ 1 (0) if ℓ is even (odd) in two-jet events. One common

tactic normalizes these moments by defining the ratios

Rℓ =
Hℓ

H0
=

∑

i

∑

j |~pi| |~pj |Pℓ(cos θij)
∑

i

∑

j |~pi| |~pj |
. (3.4)

The quantity R2, for example, tends to discriminate quite well between continuum (jet-

like) and BB (spherical) events at the Υ(4S) resonance. A Fisher discriminant F ′′ can be

constructed from the first few ratios:
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F ′′ = α1R1 + α2R2 + α3R3 + α4R4 + ... , (3.5)

with the αj chosen to provide the optimum separation between continuum and BB events.

R. Enomoto [46] found that the continuum–BB separation is improved if the recon-

structed tracks are classified according to the hypothesis that certain ones belong to the

“signal” B meson and the remainder belong to the “opposite” (i.e, tagging) B meson. With

this classification, the modified Super Fox-Wolfram submoments are defined separately for

“signal–opposite” (also known as “major”) and “opposite–opposite” (aka “minor”) combi-

nations as

Hso
ℓ =

1

s

∑

i

∑

j

|~pi| |~pj |Pℓ(cos θij) (3.6)

Hoo
ℓ =

1

s

∑

j

∑

k

|~pj | |~pk|Pℓ(cos θjk) (3.7)

where i runs over all signal particles, and j and k run over all opposite particles. The scaled

submoments are given by

Rso
ℓ =

Hso
ℓ

Hso
0

=

∑

i

∑

j |~pi| |~pj |Pℓ(cos θij)
∑

i

∑

j |~pi| |~pj |
(3.8)

Roo
ℓ =

Hoo
ℓ

Hoo
0

=

∑

j

∑

k |~pj | |~pk|Pℓ(cos θjk)
∑

j

∑

k |~pj | |~pk|
(3.9)

where index i (j and k) runs over all signal (opposite) particles. A modified Fisher discrim-

inant F ′ can be constructed from these:

F ′ = αso
0 Rso

0 + αoo
0 Roo

0 + αso
1 Rso

1 + αooRoo
1 + αso

2 Rso
2 + αoo

3 Roo
2 + ... (3.10)

with the αso
ℓ and αoo

ℓ chosen to provide the optimum separation between continuum and

BB events.
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H. Kakuno observed that the continuum–BB separation using F ′ is best if all (or nearly

all) of the particles are reconstructed, but is quite poor if there are many missing and/or

unobserved particles. He proposed

• defining a pseudo-particle that has the event’s missing energy Emiss, momentum ~pmiss,

and squared mass M2
miss

• forming three signal–opposite submoments of each moment: one for the “opposite”

charged particles, one for the “opposite” neutral particles, and one for the missing

pseudo-particle (with the π± daughters of a Ks meson removed from the charged list

and the neutral Ks added instead to the neutral list)

• forming the modified Fox-Wolfram moments relative to 2(Ebeam − ∆E) rather than

Ebeam, to account for mismeasurement of the “signal” B meson’s energy and momen-

tum

• using the newly defined submoments, rather than the scaled submoments, to calculate

the modified Fisher discriminant

• adding an extra term to the Fisher discriminant—the scalar sum of all observed trans-

verse momenta—to compensate for the weak discrimination between B-decay events

and continuum when there is substantial missing energy/momentum.

The signal–opposite submoments for the opposite’s charged particles are:

Hsoc
ℓ =

1

2(Ebeam − ∆E)



















∑

i

∑

j

|~pj |Pℓ(cos θij) if ℓ is even

∑

i

∑

j

QiQj |~pj |Pℓ(cos θij) if ℓ is odd and Qj = ±1
(3.11)
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where i runs over all signal particles and j runs over all charged opposite particles. The

signal–opposite submoments for the opposite’s neutral particles are:

Hson
ℓ =

1

2(Ebeam − ∆E)















∑

i

∑

j

|~pj |Pℓ(cos θij) if ℓ is even

0 if ℓ is odd

(3.12)

where i runs over all signal particles and j runs over all neutral opposite particles. The

submoments for the pseudo-particle are:

Hsm
ℓ =

1

2(Ebeam − ∆E)















∑

i

|~pi|Pℓ(cos θiM ) if ℓ is even

0 if ℓ is odd

(3.13)

where i runs over all signal particles, and θiM is the opening angle between ~pi and ~pmiss.

The opposite–opposite submoments are:

Hoo
ℓ =

1

4(Ebeam − ∆E)2



















∑

j

∑

k

|~pj | |~pk|Pℓ(cos θjk) if ℓ is even

∑

j

∑

k

QjQk|~pj | |~pk|Pℓ(cos θjk) if ℓ is odd
(3.14)

where j and k run over all opposite particles.

From the first five scaled submoments of each category plus the sum of the scalar trans-

verse momenta
∑

j |~p⊥j |, seven modified Fisher discriminants Fj are constructed, one for

each of the following ranges of squared missing mass [in units of GeV2/c4]: (−∞, −0.5),

(−0.5, 0.3), (0.3, 1.0), (1.0, 2.0), (2.0, 3.5), (3.5, 6.0), and (6.0, ∞):

F =

4
∑

ℓ=0

(

αsoc
ℓ Rsoc

ℓ + αson
ℓ Rson

ℓ + αsm
ℓ Rsm

ℓ + αoo
ℓ Roo

ℓ

)

+ β
∑

j

|~p⊥j | (3.15)

with the αℓ and β chosen to provide the optimum separation between continuum and BB

events within the selected squared-missing-mass range. The distribution of this quantity

for signal and continuum events is shown in Fig. 3.4(a).
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B flight direction

The polar angle θ∗B in the center of mass frame of the B meson candidate is an independent

discriminator between signal and continuum background since true B mesons, being spinless

daughters arising from a spin-1 Υ(4S) parent, follow a sin2 θ∗B distribution. In contrast, the

false B meson candidates formed as random combinations in continuum events emerge

uniformly in solid angle. The distributions of cos θ∗B for signal and continuum events are

shown in Fig. 3.4(b).

Vertex position

In about 80% of the neutral events, a fit can be performed successfully to determine the

decay vertex along the z axis of the signal B0 candidate as well as the origin of the tagging B

meson. These two points will coincide for continuum events but will be separated somewhat

in the lab frame along the z axis for true BB events since the B and B mesons do not decay

simultaneously. The distributions of ∆z for B0-decay and continuum events are shown in

Fig. 3.4(c); note that the ∆z resolutions for SVD1 and SVD2 differ somewhat. We do not

distinguish the two cases with ∆z because the background discrimination power of ∆z is

smaller than that of the F and hence the LS(B) distributions are rather similar, and the

fraction of the events without ∆z in the B0 → ρ0γ, B0 → ωγ and B0 → K∗0γ signal events

is only about 20%.

Likelihood Ratio

For each of the F , cos θ∗B and ∆z variables, we calculate the one-dimensional likelihood

to be the signal or background. For F and cos θ∗B, we use the signal (continuum) MC

samples to construct the signal (background) probability density functions (PDF). For the
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background ∆z distribution, we use the sideband data (5.2 GeV/c2 < Mbc < 5.24 and

−0.1 GeV < ∆E < +0.5 GeV) to determine the PDFs separately for the SVD1 and SVD2

datasets. For the signal ∆z distribution, we use signal MC sample to determine the mode

specific PDF separately for SVD1 and SVD2 datasets.

The independent likelihoods are combined into a product LS (or LB) of the three if the

∆z information is available and satisfies |∆z| < 0.2 cm, or otherwise of the first two:

LS =























L‘
S(F) × L“

S(cos θ∗B) × LSV D1
S (∆z) (if ∆z is available for SVD1),

L‘
S(F) × L“

S(cos θ∗B) × LSV D2
S (∆z) (if ∆z is available for SVD2),

L‘
S(F) × L“

S(cos θ∗B) (otherwise)

(3.16)

with LB defined in a corresponding fashion.

Using the signal and background likelihoods, we calculate the likelihood ratio for the

event,

R =
LS

LS + LB
. (3.17)

We classify the events into six bins of flavor quality q · r (using the Belle standard flavor

tagging procedure) and determine the requirement of R in each bin in the optimization

procedure (section 3.3). The quality factor r lies between 0 (for an event where the B-tag

flavor cannot be determined reliably) and 1 (for an event where B-tag is known); the flavor

is given by q = +1 (if the signal and tagging b mesons appear to have the same flavor (i.e,

both contain a b quark)) or q = −1 otherwise. For the B0 modes, we classify the events

into the standard set of six bins of the r value, that has two equal size bins between 0 and

0.5 and four equal size bins between 0.5 and 1. For the B− modes, we classify into the

same six r bins if q = −1 (“opposite flavor B mesons”), or into the bin with the smallest r

if q = +1 (“same flavor B mesons”).
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Figure 3.4: Distributions for (a) Event-shape (F), (b) cos θB , vertex separation ∆Z and Likelihood Ratio

(Labels: signal- purple and continnum background- blue)
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Figure 3.5: Quality of B flavor tag “q.r” (Labels: signal- purple and continnum background- blue)
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Figure 3.6: Distributions for (a) Mbc (b) ∆E (Labels: signal- purple and Continuum background- blue)

Residual Continuum Background

The remaining continuum background contribution is extracted from the fit to the data in

the Mbc and ∆E plane. The continuum background distribution is modeled as the product

of an ARGUS function [47] for Mbc with a first order polynomial for ∆E. Each function

has one parameter to determine the characteristics: the shape parameter of the ARGUS

function and the slope of the straight line. We allow both of them to float in the final fit as

we do not have a good control sample to fix their values. (For example, they are correlated

with R, so we cannot determine them from a continuum enriched sample with a flipped-R

requirement.)

3.2.2 B → K∗γ Background

When the charged kaon is misidentified as a charged pion, the more copious B− → K∗−γ and

B0 → K∗0γ become a serious background source to the rare modes B− → ρ−γ and B0 →

ρ0γ, respectively. A large fraction of these background events can be removed by rejecting

the events when the “K”π mass is consistent with K∗, although at a rather high cost of

signal efficiency. (The “K”π mass is the invariant mass when the kaon mass is assigned
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Figure 3.7: Distributions for (a) ∆E and, (b) Kπ Mass (Labels: signal- purple and B → K∗γ background-

blue)

to one of the two pion candidates.) B0 → ρ0γ is more affected than B− → ρ−γ since

the relative branching fraction is smaller and there are two charged pions, either of which

might have been misidentified. For B0 → ωγ, the lower tail of K∗0 → K0
Sπ0 → π+π−π0

has an overlap with the ω mass; by rejecting the K0
S → π+π− tracks, this background is

significantly reduced. Finally, there are broken B → K∗γ signals where a pion is selected

incorrectly from the rest of the event in place of the kaon. This happens regardless the charge

of the source and the analysis mode. To model the remaining B → K∗γ background, we

use a 50× 50 two-dimensional MC histogram in the Mbc-∆E plane, scaled to the expected

number of events based on the observed B → K∗γ branching fraction and the measured

kaon-to-pion misidentification rate. The dominant part has a distribution similar to that

of the B → ργ signal but with a shifted ∆E and a modified Mbc tail. Contributions from

B− → K∗−γ to B0 → ρ0γ and B0 → ωγ, and from B0 → K∗0γ to B− → ρ−γ, are included

in the other rare B decays.
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3.2.3 Other B → Xsγ background

Similarly to the broken B → K∗γ signals, other inclusive B → Xsγ events have a high

energy photon: and it is then possible to combine pions to form a false ρ or ω meson.

To model this background’s distribution in the Mbc − ∆E plane, we remove the B → K∗γ

component from an inclusive B → Xsγ sample of MC events. The scale is normalized to the

PDG inclusive B → Xsγ branching fraction (where B → K∗γ contribution is subtracted).

3.2.4 B → V π0 and B → V η

The B → V π0 and B → V η modes, where V stands for either ρ−, ρ0 or ω, are serious

background sources to the corresponding B → V γ signal modes when the π0 or η meson is

misidentified as a single photon. This occurs when one of the photons in π0 → γγ or η → γγ

is unobserved or too soft to be rejected by the π0/η veto condition 3.1.3. Since the helicity

angle of the V has a cos2 θhel distribution in these backgrounds in contrast to (1−cos2 θhel) for

the signal, these backgrounds are suppressed by a helicity angle requirement. Furthermore,

the ∆E peak is shifted to the lower values due to the missing photon. Each background

is modeled as a two-dimensional histogram and normalized to the HFAG [52] branching

fractions (or upper limits). Contributions from B− → V −π0 and B− → V −η to B0 → ρ0γ

and B0 → ωγ, and from B0 → V 0π0 and B0 → V 0η to B− → ρ−γ, are included in the

other rare B decays 3.2.5.

3.2.5 Other Rare B Decays

The contribution of other B rare decays to the final event sample are small. To model this

background for each of the signal modes, we form a 50×50 two-dimensional histogram from

the rare B MC sample, from which all aforementioned decay modes are excluded. The scale
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[Distributions for ∆E and cos θhel for B → V π0 background] Distributions for (a) ∆E

and, (b) cos θhel for B → V π0 background (Labels: signal- purple and B → V π0

background- green)

is normalized to PDG branching fractions.

3.2.6 Generic B Decays

Within the generic (b → c) MC sample (three times larger than our dataset), we found only

a handful of events in any modes within the fit region of Mbc −∆E plane before imposition

of the R and q · r requirements. Therefore, we neglect this component.

3.2.7 Other b → dγ Component

In principle, there could be a non-resonant ππ(π0) component under the ρ (ω) resonance.

We consider such events as the part of the signal, even though, technically, they are not

the exclusive B decay modes that we seek to identify: they still originate from the b → dγ

process.
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3.2.8 Off-timing Bhabha Overlaid with Another Event

A candidate event might, in rare occasions, contain a fragment of an off-time e+e− → e+e−

(Bhabha Scattering) event in the form of an energetic ECL cluster but without CDC track

hits. This ECL cluster of the off-time Bhabha event mimics a high energy photon and cannot

be suppressed by any of the previously described cuts. We have examined 100 fb−1 data

set corresponding to experiments 39 and 41, where additional event timing information was

recorded to permit such event overlap. About 2% of our candidate events are off-timing for

B− → ρ−γ and B0 → ωγ (but none are off-timing for B0 → ρ0γ). Since this contamination

exhibits no structure in the Mbc and ∆E, we conclude that it does not affect the b → dγ

analysis.

3.3 Analysis Optimization

Some of the requirements in Table 3.3 on the photon (E9/E25, polar angle and Eγ), charged

tracks (dr, dz, pT , K0
S veto) and π0 candidates (Eγ) are fixed at the early stage of the

analysis (as Belle standards or deliberately choosen as very loose).

We choose other selection criteria in Table 3.3 to roughly maximize the value of NS/
√

NB

for each of the B → ργ and B0 → ωγ modes. (We do not optimize for the combined fit

result.) Here, NS is the MC signal yield, using the SM branching fractions in Ref. [8], in the

signal region after all the requirements are applied, and NB is the MC background yield.

(Here, both yields are obtained by counting rather than fitting.) For the background yield,

we use the sum of the identified background sources: continuum, B → K∗γ, B → V π0,

B → V η and other rare B decays. Since the number of background MC events is small in

the signal region and subject to statistical fluctuations, we count the number of background

events in the wider fit region, and then scale by a factor corresponding to the fraction of
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events in the signal region versus the fit region. This scale factor is calculated with no

requirement on R and q · r.

For the B → K∗γ enriched modes, we use the requirements for the corresponding

B → ργ modes, except that we select a kaon instead of the pion, and we require that

M(Kπ) is within the K∗ resonance instead of outside.
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Table 3.1: Summary of the MC samples for signal and background.

Mode Events B Expected events Relative

(×106) (×10−6) ρ−γ ρ0γ ωγ size

B− → ρ−γ 0.4 0.90 (SM) ×1150

B0 → ρ0γ 0.4 0.49 (SM) ×2100

B0 → ωγ 0.4 0.49 (SM) ×2100

B− → K∗−γ 0.4 40.3 ± 2.6 ×25.7

B0 → K∗0γ 0.4 40.1 ± 2.0 ×25.9

B → Xsγ 0.85 339 +30
−27 58.9 23.5 14.9 ×3.7

B− → K∗−π0 0.4 12 ± 2 8.5 — — ×86.4

B0 → K∗0π0 0.4 1.8 ± 0.6 — 1.0 — ×576

B− → K∗−η 0.4 8.4 ± 1.7 6.0 — — ×123

B0 → K∗0η 0.4 < 1.5 (0.75 ± 0.75) — 0.4 — ×1380

B− → ρ−π0 0.4 12 ± 2 8.5 — — ×86.4

B0 → ρ0π0 0.4 1.8 ± 0.6 — 1.0 — ×576

B0 → ωπ0 0.4 < 1.2 (0.6 ± 0.6) — — 0.4 ×1730

B− → ρ−η 0.4 8.4 ± 1.7 6.0 — — ×123

B0 → ρ0η 0.4 < 1.5 (0.75 ± 0.75) — 0.4 — ×1380

B0 → ωη 0.4 < 1.9 (0.95 ± 0.95) — — 0.5 ×1090

Other rare B 13.7 10.7 4.0 ×3
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Table 3.2: Requirement on R for each q · r bin.

q · r (or |q · r|) B− → ρ−γ B0 → ρ0γ B0 → ωγ

−1 (0) — 0.250 0.995 0.990 0.995

0.250 < q · r ≤ 0.500 0.985 0.985 0.990

0.500 < q · r ≤ 0.625 0.975 0.975 0.990

0.625 < q · r ≤ 0.750 0.970 0.985 0.985

0.750 < q · r ≤ 0.875 0.950 0.955 0.980

0.875 < q · r ≤ 1.000 0.840 0.900 0.940

Maximum | cos θhel| 0.75 0.70 0.80

Minimum M(“K′′π) 0.92 0.95

NS/
√

NB 2.55 2.21 2.99

signal efficiency 0.188 0.153 0.195

continuum efficiency 0.00090 0.00098 0.00078

total background efficiency 0.00188 0.00172 0.00132
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Table 3.3: Summary of particle selection criteria.

Particle Requirement

Photon 1.8 GeV < Eγ < 3.4 GeV and 33◦ < θγ < 128◦ (Barrel ECL)

Lπ0/(Lπ0 + Lγ) < 0.4 (“π0 veto”) and Lη/(Lη + Lγ) < 0.5 (“η veto”)

E9/E25 > 0.95 (cluster transverse shape)

Charged tracks dr < 0.5 cm, dz < 3 cm and pT > 100 MeV/c

Lπ/(Lπ + LK) > 0.8 for π− from ρ−

Lπ/(Lπ + LK) > 0.85 for π± from ρ0 and K∗0

Lπ/(Lπ + LK) > 0.6 for π± from ω

Lπ/(Lπ + LK) < 0.6 for K±

remove tracks that form a good KS via KS → π+π− (“KS veto”)

no electron ID and muon ID requirement

π0 Eγ > 50(100) MeV for each photon in barrel(endcap) ECL

cos θ(γγ) > 0.7

|M(γγ) − mπ0 | < 16 MeV/c2

ρ− 0.62 GeV/c2 < M(π−π0) < 0.92 GeV/c2 and | cos θhel| < 0.75

M(“K′′π0) > 0.92 GeV/c2

ρ0 0.62 GeV/c2 < M(π−π0) < 0.92 GeV/c2 and | cos θhel| < 0.70

M(“K′′π±) > 0.95 GeV/c2

ω 0.752 GeV/c2 < M(π−π+π0) < 0.812 GeV/c2 and | cos θhel| < 0.80

K∗− 0.817 GeV/c2 < M(K−π0) < 0.967 GeV/c2 and | cos θhel| < 0.75

K∗0 0.821 GeV/c2 < M(K−π+) < 0.971 GeV/c2 and | cos θhel| < 0.70

B fit region 5.2 GeV/c2 < Mbc and |∆E| < 0.5 GeV

B signal region 5.273 GeV/c2 < Mbc < 5.285 GeV/c2

and −0.08 GeV < ∆E < 0.1 GeV
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Fit Results and Systematic Errors

4.1 Signal Modeling

For each of the modes B− → ρ−γ, B0 → ρ0γ and B0 → ωγ, we model the signal component

as the product of an Mbc function and a ∆E function over the Mbc-∆E fit region. The ∆E

distribution is modeled with a Crystal Ball function [48] for all modes. For B0 → ρ0γ, we

use a Gaussian function fG(x) = 1/
√

2πσ exp[−1
2(x − µ)2/σ2] to model Mbc; for the other

two modes with a π0 meson in the final state, we use a Crystal Ball function to model Mbc

in order to accomodate tail on the lower-mass side of the peak.

The Crystal Ball function has the following form,

fCB(x) =















A exp

[

−1

2

(x − µ)2

σ2

]

(if x ≥ µ + ασ)

Ae−
α2

2

[

1 − α2

n

(

1 − x − µ

ασ

)]−n

(if x < µ + ασ)

(4.1)

where σ and µ correspond to the width and mean of a Gaussian function that is used to

model the lower side, and α and n are empirical parameters to model the higher side.

It is in general not so straightforward to obtain an optimal set of values for the α and
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n parameters of the Crystal Ball function because many distinct choices give a very similar

function shape. We use a fit to the B0 → K∗0γ and B− → K∗−γ data samples, despite

their limited statistics and the existence of backgrounds. We consider three different sets of

Crystal Ball function parameters, (nE , αE , σE , µE) for ∆E of B0 → K∗0γ, (nE0, αE0, σE0,

µE0) ∆E of B− → K∗−γ, and (nM0, αM0, σM0, µM0) for Mbc of B− → K∗−γ, extracted

from the fit except for αM0, which is set by hand. We extract the Gaussian parameters

(σM , µM ) for Mbc from the B0 → K∗0γ sample. We use these shape parameters obtained

from the B0 → K∗0γ sample to model B0 → ρ0γ, and those from the B− → K∗−γ sample

to model B− → ρ−γ and B0 → ωγ.

4.2 Signal Efficiency

We use the above functional forms to fit the MC events and thereby evaluate the signal

efficiency. Two issues arise here. The first is a poor fit quality — especially for the modes

with a π0 meson-when using the K∗γ parameter values for the fitting functions, due to

the Crystal Ball function not adequately modeling a distribution with multiple photons

with different energies. (The Crystal Ball function is intended to model incomplete energy

containment of a single photon in a calorimeter.) The second is the difference between the

∆E shapes of B− → K∗−γ and B− → ρ−γ MC samples. We surmize that this is an artifact

of the small number of events (104) of the B− → K∗−γ MC sample, which is sufficient to

obtain the efficiency with a one percent error but not enough to determine a unique set

of parameters for the Crystal Ball function. Therefore, we allow α, σ and µ to float in all

MC fits for the signal efficiency instead of fixing them from the K∗γ fit. The fit results are

given in Table 4.1. If we fix the shape from the K∗γ sample, the χ2/ndf value becomes

much larger (and fit result looks very poor), but the efficiency changes by at most 1% for
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the ρ−γ mode. We therefore include ±1% error in the MC efficiency error. We choose to

float α instead of n or both since n tends to diverge to a very large value. We also add the

continuum background MC events and off-resonance events of all five modes together, and

add a continuum background component in the fit function. We do not include other B

decay background components.

The entire fitting procedure is described in section 4.3 (p. 72). The fit results are

summarized in Table 4.2, and shown in Figs. 4.1–4.2.

From this fit to the MC data, we extract the signal efficiency, taking into account all of

the sub-decay branching fractions.

Systematic errors for this efficiency are taken from the standard Belle numbers as sum-

marized in Table 4.3.

The combined systematic error on the π0/η veto condition and flavor-tagging dependent

likelihood ratio criteria is evaluated separately for the B− mode (B− → ρ−γ) and the B0

modes (B0 → ρ0γ and B0 → ωγ). These variables are calculated from the properties of the

decay products of the tagging B meson, and hence could be different for B0 (tagging side of

B0) vs B+ (tagging side of B−). We use the B− → D0π− and B0 → D+π− data samples

for the B− and B0 modes, respectively. We analyze the data and MC events taken from the

full-reconstruction sample and extract the signal yields from Mbc fits for the events with

and without the set of requirements to calculate efficiencies. For each case, we calculate the

ratio of data to MC efficiencies and take the quadratic sum of the deviation from unity and

its statistical error as the systematic error of the combined requirements.

For the particle identification, we use Belle’s particle identification and misidentification

efficiency table. Since we know that the PID efficiencies in data clearly deviate from those in

MC, we make corrections to the total reconstruction efficiency. The results are summarized

in Table 4.4.
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We find the total signal efficiencies are between 3% and 5%. Note that the B0 → ρ0γ

efficiency is not much higher than that of B− → ρ−γ since we impose a tighter condition

on B0 → K∗0γ to further suppress this background.

4.3 Fitting

The results of this analysis are obtained from the following five fits to data. The fit region

in the Mbc − ∆E plane is defined in section 4.1.

1. Fit the B− → ρ−γ events to extract B(B− → ρ−γ).

2. Fit the B0 → ρ0γ events to extract B(B0 → ρ0γ).

3. Fit the B0 → ωγ events to extract B(B0 → ωγ).

4. Simultaneous fit of the three signal modes and two B → K∗γ modes to extract com-

bined branching fractions for B → K∗γ and B → (ρ, ω)γ, assuming isospin relation.

5. Simultaneous fit to the events to the same five modes to extract ratio of branching

fractions B(B → (ρ, ω)γ)/B(B → K∗γ), assuming isospin relation.

For the K∗γ events, the fit is performed with the signal, continuum, and rare B decay

background components. For the ργ and ωγ events, the fit incorporates the signal, con-

tinuum, and five B decay background components (K∗γ, other Xsγ, V π0, V η, and other

rare B). The continuum background shape and scale are allowed to float independently for

each mode. The shape of the K∗γ background component in B → (ρ, ω)γ fits is always

fixed according to the parameters obtained from the earlier fit to K∗γ-enriched sample,

and the scale is fixed in fits 1, 2 and 3 according to the branching fraction from the K∗γ-

enriched fit, or constrained in the simultaneous fits 4 and 5 according to the co-fitted size
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of the B → K∗γ component. For the MC samples, we use only the signal and continuum

components in a fit to a mixture of the signal and continuum MC events.

In simultaneous fits 4 and 5, we use the following isospin relations between charged and

neutral B decays:

B(B → K∗γ) ≡ B(B− → K∗−γ) =
τB+

τB0

B(B0 → K∗0γ) (4.2)

B(B → (ρ, ω)γ) ≡ B(B− → ρ−γ) = 2 × τB+

τB0

B(B0 → ρ0γ) = 2 × τB+

τB0

B(B0 → ωγ) (4.3)

where we use the lifetime ratio τB+/τB0 = 1.076 ± 0.008 from HFAG [52].

4.3.1 Fit parameters

In the fits, the following parameters are always fixed: number of B events (NBB), efficiency

correction factor (c), misidentification probability of background events as the (ρ, ω)γ events

(ǫ′) and ARGUS function end-point (E∗

beam). The following parameters are always allowed

to float: continuum ∆E slope (a), ARGUS shape parameter (ξ), and continuum background

normalization Ncont. We perform extended unbinned maximum likelihood fits using the

roofit [49, 50] program1.

The fit functions (F ) are defined as

FK∗−γ = NBB ·
[

BK∗−γ · ǫK∗−γ · cγ · ctrk · cπ0 · cpid · cR · fCB(∆E) · fCB(Mbc)

+
∑Brare · ǫ′rare · frare(∆E, Mbc)] + Ncont · flin(∆E) · fARGUS(Mbc)

(4.4)

FK∗0γ = NBB ·
[

BK∗0γ · ǫK∗0γ · cγ · c2
trk · cpid · cR · fCB(∆E) · fG(Mbc)

+
∑Brare · ǫ′rare · frare(∆E, Mbc)] + Ncont · flin(∆E) · fARGUS(Mbc)

(4.5)

1The version 1.00.04 of roofit is used with version 3.10.01 of ROOT. We integrate the ARGUS function

numerically since analytic integration fails for non-negative shape parameters.
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Fρ−γ = NBB ·
[

Bρ−γ · ǫρ−γ · cγ · ctrk · cπ0 · cpid · cR · fCB(∆E) · fCB(Mbc)

+ BK∗−γ · ǫ′K∗−γ · cmisid · fK∗−γ(∆E, Mbc)

+ Bρ−π0 · ǫ′ρ−π0 · fρ−π0(∆E, Mbc) + Bρ−η · ǫ′ρ−η · fρ−η(∆E, Mbc)

+BXsγ · ǫ′Xsγ · fXsγ(∆E, Mbc) +
∑Brare · ǫ′rare · frare(∆E, Mbc)

]

+Ncont · flin(∆E) · fARGUS(Mbc)

(4.6)

Fρ0γ = NBB ·
[

Bρ0γ · ǫρ0γ · cγ · c2
trk · cpid · cR · fCB(∆E) · fG(Mbc)

+ BK∗0γ · ǫ′K∗0γ
· cmisid · fK∗0γ(∆E, Mbc)

+ Bρ0π0 · ǫ′ρ0π0 · fρ0π0(∆E, Mbc) + Bρ0η · ǫ′ρ0η · fρ0η(∆E, Mbc)

+BXsγ · ǫ′Xsγ · fXsγ(∆E, Mbc) +
∑Brare · ǫ′rare · frare(∆E, Mbc)

]

+Ncont · flin(∆E) · fARGUS(Mbc)

(4.7)

Fωγ = NBB ·
[

Bωγ · ǫωγ · cγ · c2
trk · cπ0 · cpid · cR · fCB(∆E) · fCB(Mbc)

+ BK∗−γ · ǫ′K∗−γ · cmisid · fK∗−γ(∆E, Mbc)

+ Bωπ0 · ǫ′ωπ0 · fωπ0(∆E, Mbc) + Bωη · ǫ′ωη · fωη(∆E, Mbc)

+BXsγ · ǫ′Xsγ · fXsγ(∆E, Mbc) +
∑Brare · ǫ′rare · frare(∆E, Mbc)

]

+Ncont · flin(∆E) · fARGUS(Mbc)

(4.8)

where fCB(∆E) and fG(Mbc) are probability density functions (PDFs) for the signal com-

ponent as defined in section 4.1, flin(∆E) and fARGUS(Mbc) are PDFs for the continuum

background component, and the other f(∆E, Mbc) functions are the PDFs for the corre-

sponding background components that are modeled by using two-dimensional histograms.

We include all fixed correction factors in the expression even if they are unity in order to

vary them to calculate the systematic errors. In the expressions above, some of the mode-

dependent labels are omitted for clarity: mode-dependent values are used for cpid, cmisid,
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and each ǫ′; two sets of n, α, σ and µ are used in the PDFs for the modes with and without

a π0 meson; two values of cR are used for B0 and B− modes.

In simultaneous fits 4 and 5, we replace the branching fractions as follows:

BK∗−γ → BK∗γ , BK∗0γ → 1
τ
B0/τ

B+
BK∗γ ,

Bρ−γ → B(ρ,ω)γ , Bρ0γ → 1
2τ

B0/τ
B+

B(ρ,ω)γ ,

Bωγ → 1
2τ

B0/τ
B+

B(ρ,ω)γ .

(4.9)

In the simultaneous fit 5, we further replace B(ρ,ω)γ with r(ρ,ω)γ ×BK∗γ . Common correction

factors are used except for the mode-dependent cpid and B charge dependent cR.

For fits 1, 2 and 3, the efficiency correction factors are multiplicative and are not varied

when the systematic error is calculated. For simultaneous fits 4 and 5, we do vary them

when the systematic error is calculated, since they are not linearly multiplicative in these

fits.

4.4 Results

4.4.1 Fit results

Results are given in Fig. 4.3 for the signal slice (the projection on the Mbc axis for events in

the narrow signal slice of ∆E, or vice versa) and in Fig. 4.4 for the entire fit region. Results

for simultaneous fit 4 are given in Fig. 4.5 for the signal slices.

In order to evaluate the systematic errors due to the fixed parameters in the fit, we vary

each of them by ±1σ and repeat the fit, and take the deviation of the central value from the

nominal one as the systematic error. We use the quadratic sum of all positive (negative)

deviations as the total positive (negative) error.
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From the individual fits, we obtain the following branching fractions:

B(B− → K∗−γ) = (40.2 +3.0
−2.9) × 10−6 (4.10)

B(B0 → K∗0γ) = (38.4 +1.5
−1.4) × 10−6 (4.11)

B(B− → ρ−γ) = (0.55 +0.42
−0.36

+0.09
−0.08) × 10−6 (1.6σ significance) (4.12)

B(B0 → ρ0γ) = (1.25 +0.37
−0.33

+0.07
−0.06) × 10−6 (5.2σ significance) (4.13)

B(B0 → ωγ) = (0.56 +0.34
−0.27

+0.05
−0.10) × 10−6 (2.3σ significance) (4.14)

where the first and second errors are statistical and systematic, respectively. The systematic

error is a quadratic sum of the fitting systematic error and errors on the efficiencies and the

number of BB events. We do not calculate the systematic errors for B → K∗γ modes since

they have additional systematic error sources, and the K∗γ systematic error is not needed

for the b → dγ analysis. The fitted number of events for each component is listed in the

upper part of Table 4.5.

From simultaneous fit 4, we obtain the following results:

B(B → K∗γ) = (41.1 +1.4
−1.3) × 10−6 (4.15)

B(B → (ρ, ω)γ) = (1.32 +0.34
−0.31

+0.10
−0.09) × 10−6 (5.2σ significance) (4.16)

The number of events for each component is listed in the lower part of Table 4.5. The

branching fraction results appear in the lower part of the Table 4.6. Note that the central

value of B(B → K∗γ) here is larger than the central value of B(B− → K∗−γ) since the

central value for the normal mode is multiplied by τB+/τB0 .

The result of simultaneous fit 5 is

B(B → (ρ, ω)γ)/B(B → K∗γ) = 0.032 ± 0.008 ± 0.002. (4.17)
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We also measure the ratio of charged and neutral B decays separately to examine their

statistical powers. At this moment, the separate results have little statistical meaning;

however, they will be useful to evaluate isospin asymmetry in the future. The results are

as follows:

B(B− → ρ−γ)/B(B− → K∗−γ) = 0.014 +0.011
−0.009 ± 0.002 (4.18)

B(B0 → ρ0γ)/B(B0 → K∗0γ) = 0.033 +0.010
−0.009 ± 0.001. (4.19)

4.4.2 Systematic errors

The systematic errors are given in Tables 4.7–4.9. The tables list the varied parameter,

resulting shift in the branching fraction and the resulting significance. The total positive

(negative) systematic error is the quadratic sum of the positive (negative) deviations.

In Table 4.7, systematic errors due to the signal shape model are listed. We list the

parameters for the modes with and without π0 separately. We do not list nM0 for Mbc,

which is constrained to be equal to the value for ∆E. We do not list αE0 and µE0 for

the simultaneous fit, which are constrained to be equal to αE and µE , respectively. In

general, the errors for the parameters with a π0 meson are larger than those without. The

simultaneous fit error for σE is very small; we have not identified a particular reason for

this.

In Table 4.8, the systematic errors due to the background components are listed. It

seems the errors are rather small.

In Table 4.9, systematic errors due to the efficiency, an additional systematic error due

to the ARGUS shape parameter for the ωγ mode, and the total systematic errors are listed.

The largest error arises from the π0 efficiency uncertainty. The ARGUS shape parameter

systematic error is introduced by hand since the B0 → ωγ fit result shows a rather steep
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continuum Mbc shape with a positive ξ value. The value itself is 2σ away from zero and

might be due to statistical fluctuation of the background distribution: from a test with MC

samples, we see that the ARGUS function tends to become steeper and ξ can be positive

with a tighter R requirement. This is the largest error in the B0 → ωγ fit; it is not the

largest in the simultaneous fit, yet has a large impact in the significance there.

4.4.3 Significance calculation

The statistical significance is calculated as

Sstat =
√

2(logL0 − logLmax), (4.20)

where L0 and Lmax are the likelihoods of the fit when the branching fraction is set to zero

and likelihood is maximized, respectively. This expression is valid if the systematic error is

neglected. The significance S incorporates the systematic error. No well defined method is

prescribed to incorporate the systematic error in the significance calculation. The following

four methods have been used in past Belle analyses:

• “Lowest” — vary each fixed parameter, recalculate Sstat and take the lowest value.

• “All-change” — vary all fixed parameters together in the direction that lowers the

significance, and take the resulting value of Sstat.

• “Subtraction” — vary each fixed parameter, recalculate S ′

stat, calculate the quadratic

sum of S ′

stat−Sstat if the significance is lower, and subtract this sum from the original

Sstat.

• “Inflation” — take
√

−2(logL(+1σsyst) − logLmax)
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In this analysis, we introduce a new method that we call “convolution.” Here, we assume

the systematic error follows a Gaussian distribution, and convolve it with the likelihood

distribution L(x) from MINUIT [51] (exponential of the log-likelihood from MINUIT).

Since one has to perform a fit to obtain the log-likelihood, we extract log-likelihood points

and then interpolate the points in between. The convolution,

L′(x) =
1√
2πσ

∫ +∞

−∞

L(t)e−(t−x)2/(2σ2) dt, (4.21)

where x is the branching fraction or the ratio for which the likelihood is evaluated and σ

is the systematic error, is performed by a numerical integration, and then L′(0) and L′
max

is calculated. This method is well defined and there is no assumption other than that the

statistical and systematic errors are uncorrelated.

This method can be extended to any systematic error distribution. In fact, we use

an asymmetric Gaussian distribution in this analysis to model the asymmetric systematic

error. The likelihood curves are shown in Fig. 4.6, and a numerical comparison among these

methods is given in Table 4.10.

As seen in the table, no two methods are equivalent. The convolution method gives

the smallest shift for the ρ−γ and ρ0γ modes since the relative size of the systematic error

is small. This is understandable since this method corresponds to a quadratic sum of the

statistical and systematic errors while the others use, in general, a linear change. For the

ωγ mode, the methods give similar results since one systematic error dominates. For the

simultaneous fit, the “convolution” shift is larger than for the “lowest” method and smaller

than the “all-change” method.

The significance values for the simultaneous fit for the branching fraction and the ratio

are slightly different, since in the branching fraction measurement, we cannot simply dis-

entangle some of the systematic error sources that should be irrelevant to the significance.
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Therefore, we take the significance of the ratio for the nominal result.

4.4.4 Plots for mass and helicity angle

We examine the ππ(π) mass and helicity angle distributions for the events that remain in the

signal box. We generate histograms of the signal, continuum and all B decay background

MC samples for the wide region without the likelihood ratio requirement, normalize them

to the yields in the signal box, and overlay each histogram to the data histogram. The

distributions are given in Fig. 4.7 for individual fit results. All distributions are consistent

with the sum of the signal and background components.

For the mass distribution, events are concentrated around the ρ and ω mass peaks as

expected. The π+π− distribution for ρ0γ (and to a lesser extent the π−π0 for ρ−γ) is

distorted due to the M(“K ′′π) requirement.

With the limited statistics, there seem to be no apparent inconsistencies in the distri-

butions. The histograms entries are overshooting the sum of the components, because we

find more events in the ∆E-Mbc signal box than the sum of the fit components.



4.4. RESULTS 81

Table 4.1: MC signal ∆E shape parameters.

n α σ µ

(MeV/c2) (MeV/c2)

B− → K∗−γ 8.7 (fixed) 0.50 ± 4.37 38.0 ± 12.4 −3.2 ± 168.3

B0 → K∗0γ 8.7 0.50 ± 4.37 32.5 ± 8.1 3.6 ± 168.3

B− → ρ−γ 8.7 (fixed) 0.50 ± 4.37 38.0 ± 12.4 −3.2 ± 168.3

B0 → ρ0γ 8.7 (fixed) 0.50 ± 4.37 32.5 ± 8.1 3.6 ± 168.3

B0 → ωγ 8.7 (fixed) 0.50 ± 4.37 38.0 ± 12.4 −3.2 ± 168.3
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Table 4.2: Summary of the signal shape parameters.

Mode Variable Data Value MC Value

B0 → K∗0γ Mbc µ 5279.8 ± 0.1 MeV/c2 5279.4 ± 8.4 MeV/c2

σ 2.70 ± 0.08 MeV/c2 2.77 ± 0.82 MeV/c2

∆E µ 7.9 ± 2.2 MeV 3.6 ± 168.3 MeV

σ 39.4 +1.7
−1.6 MeV 32.5 ± 8.1 MeV

α 0.65 0.50 ± 4.37

n 5.0 8.7

B− → K∗−γ Mbc µ 5279.0 ± 0.2 MeV/c2 5279.1 ± 8.4 MeV/c2

σ 3.09 +0.21
−0.20 MeV/c2 3.23 ± 1.24 MeV/c2

α 1.50 (fixed) 1.5 (fixed)

n 5.0 (fixed) 8.70 (fixed)

∆E µ 6.8 +5.4
−5.5 MeV −3.2 ± 168.3 MeV

σ 49.4 +4.2
−3.9 MeV 38.0 ± 12.4 MeV

α 0.65 0.50 ± 4.37

n 5.0 (fixed) 8.7 (fixed)
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Figure 4.1: Fit results for B0
→ K∗0γ. From top to bottom, projection to the signal slice, to the entire

wide region are shown (Labels: B → K∗γ signal- red, rare B background- green and continuum background-

blue (dotted) ).
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Figure 4.2: Fit results for B+
→ K∗+γ. From top to bottom, projection to the signal slice, to the entire

wide region are shown (Labels: B → K∗γ signal- red, rare B background- green and continuum background-

blue (dotted) ).
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Table 4.3: Summary of efficiency systematic errors.

Source Relevant modes Fractional Ref.

error (%)

Photon all 2.2 Belle note 499 [59]

1-Track K∗−γ, ρ−γ 1.0 Belle note 621 [58]

2-Track K∗0γ, ρ0γ, ωγ 2.0 Belle note 621 [58]

π0 K∗−γ, ρ−γ, ωγ 4.6 Belle note 645 [60]

Particle-id all (see Table 4.4)

Likelihood etc. K∗−γ, ρ−γ 3.5 this analysis

K∗0γ, ρ0γ, ωγ 2.5 this analysis

Table 4.4: Summary of corrections on the particle identification efficiencies and total efficiencies including

the systematic errors in Table 4.3.

Mode corr. per track total corr. total eff.(%)

B− → K∗−γ fake 1.128 ± 0.170 1.128 ± 0.170

B0 → K∗0γ fake 1.133 ± 0.150 1.133 ± 0.150

B− → K∗−γ 0.9988 ± 0.0103 (K) 0.9988 ± 0.0103 1.47 ± 0.09

B0 → K∗0γ 0.9979 ± 0.0102 (K) 0.9558 ± 0.0166 5.20 ± 0.34

B− → ρ−γ 0.9309 ± 0.0070 (π) 0.9309 ± 0.0070 3.86 ± 0.23

B0 → ρ0γ 0.9310 ± 0.0071 (π) 0.8668 ± 0.0131 4.30 ± 0.28

B0 → ωγ 0.9579 ± 0.0072 (π) 0.9175 ± 0.0123 2.61 ± 0.21
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Table 4.5: Signal yields in the wide region (Numbers in the parenthesis are for the signal box) from the

individual fits and the simultaneous fit.

From individual fits 1, 2 and 3

signal cont. K∗γ Xsγ V π0 V η rare B

K∗−γ 231 (156) 317 (5) 22.5 (2.0)

K∗0γ 770 (621) 751 (12) 45.3 (3.7)

ρ−γ 8.5 (5.7) 503 (6.6) 5.8 (1.7) 58.9 (1.2) 8.5 (1.6) 6.0 (0.5) 13.7 (0.3)

ρ0γ 20.7 (16.7) 454 (6.0) 6.9 (2.1) 23.5 (0.6) 1.0 (0.3) 0.4 (0.0) 10.7 (0.3)

ωγ 5.7 (3.9) 120 (1.0) 0.7 (0.1) 14.9 (0.6) 0.4 (0.1) 0.5 (0.1) 4.0 (0.1)

From the simultaneous fit 4 and 5

signal cont. K∗γ Xsγ V π0 V η rare B

K∗−γ 236 (159) 317 (5) 22.5 (2.0)

K∗0γ 766 (617) 751 (12) 45.3 (3.7)

ρ−γ 20.2 (13.7) 498 (6.4) 5.7 (1.7) 58.9 (1.2) 8.5 (1.6) 6.0 (0.5) 13.7 (0.3)

ρ0γ 10.2 (8.2) 459 (6.2) 6.8 (2.0) 23.5 (0.6) 1.0 (0.3) 0.4 (0.0) 10.7 (0.3)

ωγ 6.3 (4.2) 120 (1.0) 0.7 (0.1) 14.9 (0.6) 0.4 (0.1) 0.5 (0.1) 4.0 (0.1)
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Table 4.6: Signal yields, efficiency, branching fraction and significance.

Mode Signal efficiency B signif.

Yield (%) (×10−6)

B− → K∗−γ 231 1.47 ± 0.09 40.2 +3.0
−2.9 —

B0 → K∗0γ 770 5.20 ± 0.34 38.4 +1.5
−1.4 —

B− → ρ−γ 8.5 3.86 ± 0.23 0.55 +0.42
−0.36

+0.09
−0.08 1.5

B0 → ρ0γ 20.7 4.30 ± 0.28 1.25 +0.37
−0.33

+0.07
−0.06 5.2

B0 → ωγ 5.7 2.61 ± 0.21 0.56 +0.34
−0.27

+0.05
−0.10 2.2

B → K∗γ 41.1 +1.4
−1.3

B → (ρ, ω)γ 1.32 +0.34
−0.31

+0.10
−0.09 5.2
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Figure 4.3: Projection to the signal slice of the individual fit results for the B−
→ ρ−γ, B0

→ ρ0γ

and B0
→ ωγ modes (Labels: Signal- purple, B → K∗γ background- red, rare B background- green and

continuum background- blue (dotted) ).
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Figure 4.4: Projection to the fit region of the individual fit results for the B−
→ ρ−γ, B0

→ ρ0γ

and B0
→ ωγ modes (Labels: Signal- purple, B → K∗γ background- red, rare B background- green and

continuum background- blue (dotted) ).



90 CHAPTER 4. FIT RESULTS AND SYSTEMATIC ERRORS

 E (GeV)∆
-0.4 -0.2 0 0.2 0.4

E
n

tr
ie

s/
(5

0 
M

eV
)

0

2

4

6

8

10

12 γ-ρ → -B

)2 (GeV/c
bc

M
5.2 5.22 5.24 5.26 5.28 5.3

)2
E

n
tr

ie
s/

(4
 M

eV
/c

0

2

4

6

8

10

12

14

γ-ρ → -B

 E (GeV)∆
-0.4 -0.2 0 0.2 0.4

E
n

tr
ie

s/
(5

0 
M

eV
)

0

2

4
6

8

10

12

14

16

18

γ0ρ → 
0

B

)2 (GeV/cbcM
5.2 5.22 5.24 5.26 5.28 5.3

)2
E

n
tr

ie
s/

(4
 M

eV
/c

0

2

4

6

8

10

12

14 γ0ρ → 
0

B

 E (GeV)∆
-0.4 -0.2 0 0.2 0.4

E
n

tr
ie

s/
(5

0 
M

eV
)

0

1

2

3

4

5
γω → 

0
B

)2 (GeV/cbcM
5.2 5.22 5.24 5.26 5.28 5.3

)
2

E
n

tr
ie

s/
(4

 M
eV

/c

0

1

2

3

4

5
γω → 

0
B

Figure 4.5: Projection to the signal slice of the simultaneous fit results to the five modes.
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Table 4.7: Fitting systematic errors on ∆E and Mbc signal modeling.

Parameter ρ−γ ρ0γ ωγ simultaneous

δB(10−6) sig. δB(10−6) sig. δB(10−6) sig. δB(10−6) sig.

∆E with π0

nE0 +1σ −0.016 1.59 — — −0.008 2.65 — —

nE0 −1σ 0.020 1.62 — — 0.010 2.63 — —

αE0 +1σ −0.020 1.57 — — −0.005 2.65 — —

αE0 −1σ 0.016 1.62 — — 0.004 2.63 — —

σE0 +1σ 0.030 1.63 — — 0.007 2.61 0.032 5.46

σE0 −1σ −0.027 1.56 — — −0.007 2.66 −0.025 5.40

µE0 +1σ −0.032 1.53 — — −0.006 2.62 — —

µE0 −1σ 0.029 1.67 — — 0.004 2.65 — —

Mbc with π0

αM0 +1σ −0.020 1.59 — — −0.009 2.65 −0.025 5.41

αM0 −1σ 0.038 1.64 — — 0.013 2.61 0.043 5.47

σM0 +1σ 0.015 1.61 — — 0.004 2.61 0.019 5.44

σM0 −1σ −0.017 1.60 — — −0.007 2.66 −0.019 5.42

µM0 +1σ 0.009 1.63 — — 0.013 2.70 0.010 5.48

µM0 −1σ −0.011 1.57 — — −0.013 2.57 −0.009 5.38

∆E without π0

nE +1σ — — −0.013 5.25 — — −0.020 5.43

nE −1σ — — 0.020 5.24 — — 0.028 5.43

αE +1σ — — −0.008 5.27 — — −0.015 5.44

αE −1σ — — 0.010 5.22 — — 0.014 5.42

σE +1σ — — 0.010 5.22 — — 0.001 5.40

σE −1σ — — −0.009 5.26 — — 0.001 5.46

µE +1σ — — −0.001 5.23 — — −0.009 5.39

µE −1σ — — 0.003 5.26 — — 0.012 5.47

Mbc without π0

σM +1σ — — 0.015 5.25 — — 0.005 5.42

σM −1σ — — −0.012 5.24 — — −0.002 5.44

µM +1σ — — −0.002 5.23 — — −0.001 5.42

µM −1σ — — 0.005 5.26 — — 0.004 5.44
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Table 4.8: Fitting systematic errors on B backgrounds.

Parameter ρ−γ ρ0γ ωγ simultaneous

δB sig. δB sig. δB sig. δB sig.

B backgrounds

B− → K∗−γ +1σ −0.001 1.60 — — — — — —

B− → K∗−γ −1σ −0.001 1.60 — — — — — —

B0 → K∗0γ +1σ — — 0.002 5.25 0.000 2.64 — —

B0 → K∗0γ −1σ — — 0.002 5.25 −0.000 2.64 — —

K∗−γ fake +1σ −0.029 1.52 — — — — −0.010 5.39

K∗−γ fake −1σ 0.030 1.69 — — — — 0.014 5.48

K∗0γ fake +1σ — — −0.012 5.18 — — −0.009 5.39

K∗0γ fake −1σ — — 0.016 5.32 — — 0.012 5.48

B → Xsγ +1σ 0.004 1.61 0.003 5.25 0.010 2.70 0.009 5.47

B → Xsγ −1σ −0.007 1.59 0.000 5.24 −0.014 2.56 −0.010 5.38

B− → ρ−π0 +1σ −0.033 1.51 — — — — −0.012 5.38

B− → ρ−π0 −1σ 0.033 1.70 — — — — 0.016 5.49

B− → ρ−η +1σ −0.013 1.57 — — — — −0.005 5.41

B− → ρ−η −1σ 0.013 1.63 — — — — 0.008 5.45

B0 → ρ0π0 +1σ — — −0.005 5.21 — — −0.004 5.41

B0 → ρ0π0 −1σ — — 0.009 5.28 — — 0.007 5.46

B0 → ρ0η +1σ — — −0.002 5.24 — — −0.000 5.43

B0 → ρ0η −1σ — — 0.007 5.26 — — 0.003 5.44

B0 → ωπ0 +1σ — — — — −0.016 2.55 −0.007 5.39

B0 → ωπ0 +1σ — — — — 0.016 2.74 0.009 5.48

B0 → ωη +1σ — — — — −0.011 2.60 −0.004 5.41

B0 → ωη +1σ — — — — 0.012 2.69 0.007 5.46

Rare B +1σ 0.004 1.61 0.005 5.24 0.013 2.69 0.010 5.45

Rare B −1σ −0.014 1.57 −0.008 5.26 −0.033 2.51 −0.023 5.38
τ
B+

τ
B0

+1σ — — — — — — 0.005 5.43
τ
B+

τ
B0

−1σ — — — — — — −0.001 5.44
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Table 4.9: Fitting systematic errors on efficiencies and the total systematic errors.

Parameter ρ−γ ρ0γ ωγ simultaneous

δB sig. δB sig. δB sig. δB sig.

Photon +1σ −0.012 — −0.025 — −0.012 — — —

Photon −1σ 0.012 — 0.030 — 0.013 — — —

Tracking +1σ −0.005 — −0.023 — −0.011 — −0.013 5.45

Tracking −1σ 0.004 — 0.027 — 0.012 — 0.017 5.41

π0 +1σ −0.024 — — — −0.025 — −0.047 5.40

π0 −1σ 0.026 — — — 0.027 — 0.052 5.47

K/π id. (K∗−) +1σ — — — — — — 0.003 5.43

K/π id. (K∗−) −1σ — — — — — — 0.001 5.43

K/π id. (K∗0) +1σ — — — — — — 0.004 5.44

K/π id. (K∗0) −1σ — — — — — — −0.001 5.42

K/π id. (ρ−) +1σ −0.004 — — — — — −0.004 5.43

K/π id. (ρ−) −1σ 0.003 — — — — — 0.007 5.44

K/π id. (ρ0) +1σ — — −0.017 — — — −0.001 5.45

K/π id. (ρ0) −1σ — — 0.021 — — — 0.004 5.42

K/π id. (ω) +1σ — — — — −0.007 — −0.003 5.43

K/π id. (ω) −1σ — — — — −0.007 — −0.003 5.43

R-q · r (B−) +1σ −0.019 — — — — — −0.024 5.41

R-q · r (B−) −1σ 0.020 — — — — — 0.027 5.46

R-q · r (B0) +1σ — — −0.029 — −0.014 — −0.008 5.47

R-q · r (B0) −1σ — — 0.034 — 0.015 — 0.011 5.40

ǫMC (K∗−γ) +1σ — — — — — — 0.002 5.44

ǫMC (K∗−γ) −1σ — — — — — — 0.001 5.43

ǫMC (K∗0γ) +1σ — — — — — — 0.003 5.44

ǫMC (K∗0γ) −1σ — — — — — — −0.001 5.43

ǫMC (ρ−γ) +1σ −0.005 — — — — — −0.006 5.42

ǫMC (ρ−γ) −1σ 0.004 — — — — — 0.009 5.44

ǫMC (ρ0γ) +1σ — — −0.010 — — — −0.001 5.44

ǫMC (ρ0γ) −1σ — — 0.013 — — — 0.003 5.42

ǫMC (ωγ) +1σ — — — — −0.006 — −0.002 5.43

ǫMC (ωγ) −1σ — — — — 0.006 — 0.004 5.43

ξARGUS (ωγ) → 0 — — — — −0.084 2.21 −0.037 5.22

Total pos. +0.09 +0.07 +0.05 +0.10

neg. −0.08 −0.06 −0.10 −0.09
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Table 4.10: Significance calculations.

Method ρ−γ ρ0γ ωγ sim. ratio

No systematics 1.6 5.2 2.6 5.4 5.4

Lowest method 1.5 5.2 2.2 5.2

All-changed method 1.3 5.1 2.2 4.8

Subtraction method 1.4 5.2 2.2 5.2

Inflation method 1.4 5.0 2.0 4.9 5.0

Convolution method 1.6 5.2 2.3 5.0 5.1
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Figure 4.6: Likelihood distribution before (black-thin) and after (red-thick) convolution.
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Figure 4.7: Mass and helicity angle distributions for the individual fit results to the B−
→ ρ−γ, B0

→ ρ0γ

and B0
→ ωγ modes.



Chapter 5

Physics Results and Conclusion

5.1 Extraction of |Vtd/Vts|

We extract |Vtd/Vts| using the prescription given in Ref. [8],

B(B → (ρ, ω)γ)

B(B → K∗γ)
=

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

2 (1 − m2
(ρ,ω)/m2

B)3

(1 − m2
K∗/m2

B)3
ζ2[1 + ∆R] (5.1)

or, inverting this,

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

=

√

B(B → (ρ, ω)γ)
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where ζ = 0.85± 0.10 is the theoretical form factor ratio between B → (ρ, ω) and B → K∗,

and ∆R = 0.1 ± 0.1 is the isospin violation factor.

The measured ratio of the branching fractions is taken from Eq. 4.17. The statistical

and systematic errors are added in quadrature (denoted here as the experimental error) and

assumed to follow an asymmetric Gaussian distribution. The theory parameters ζ and ∆R

are assumed to follow a flat distribution.

The experimental and theoretical errors of |Vtd/Vts| are calculated by a toy MC study in

which the experimental ratio and theoretical parameters are randomly generated according
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Figure 5.1: ±1σ (inner contour) and 95% Confidence level (outer contour) limits on ρ and η from sin 2φ1

(wedge), Vub (circle centered on origin) and Vtd/Vts (circle centered off origin).

to their distribution. The ±1σ (95% confidence level) interval on the extended |Vtd/Vts| is

taken as the range between the 16% and 84% (or 2.5% and 97.5%) of the integrated area

of the |Vtd/Vts| probability distribution.

The results are

|Vtd/Vts| = 0.199 +0.026
−0.024(exp.) +0.018

−0.015(theo.), (5.3)

0.142 < |Vtd/Vts| < 0.259 (95% CL interval). (5.4)

For completeness, the fit results for the separate ratios from Eqs. 4.18 and 4.19 give
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following values:

B− → ρ−γ/B− → K∗−γ : |Vtd/Vts| = 0.133 +0.045
−0.047(exp.) +0.012

−0.010(theo.), (5.5)

B0 → ρ0γ/B0 → K∗0γ : |Vtd/Vts| = 0.400 +0.059
−0.054(exp.) +0.035

−0.030(theo.). (5.6)

5.2 Conclusion

In conclusion, We observe the process b → dγ using the B → ργ and ωγ modes. The

resulting branching fractions are consistent with SM predictions [8, 10, 11]. The ratio of the

B → (ρ, ω)γ branching fraction to that for B → K∗γ is used to determine |Vtd/Vts|.



Appendix A

Isospin Violation

The isospin relation Eq. 4.3 (p. 73), which we assume in the simultaneous fit, is not an exact

relation and is expected to be violated. The amount of the predicted isospin asymmetry

between B− → ρ−γ and B0 → ρ0γ is |∆−0| < 0.1 where ∆−0 ≡ Γ(B− → ρ−γ)/[2Γ(B0 →

ρ0γ)] − 1 and is far smaller than the current statistical sensitivities. The other isospin

relation, Γ(B0 → ρ0γ) = Γ(B0 → ωγ) is more controversial and not much appears in

the literature, but it is still a valid assumption according to private communications with

theorists when the measurement error is O(30%) or more.

A.0.1 Significance of the Isospin Violation

We parametrize the isospin violation effect with two variables β and γ:

(1 − β)[Γ(B0 → ρ0γ) + Γ(B0 → ωγ)] = (1 + β)Γ(B− → ρ−γ) (A.1)

(1 − γ)Γ(B0 → ρ0γ) = (1 + γ)Γ(B0 → ωγ) (A.2)

where the nominal values from the isospin relation are β = γ = 0.
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When the two parameters are allowed to float separately, we obtain the following results:

β = 0.57 +0.26
−0.25 (2.3σ)

γ = 0.45 +0.27
−0.29 (1.5σ)

(A.3)

where the significance is calculated from the square root of the twice the difference of the log-

likelihoods between the fit with the nominal value and the best fit. When both parameters

are allowed to float, we obtain

β = 0.56 +0.26
−0.25, γ = 0.36 +0.25

−0.26 (2.7σ). (A.4)

Although both parameters are away from the nominal values by more than 1σ, we cannot

claim there is an isospin violating effect, either, with less than 3σ significance.

A.0.2 Probability of the Isospin Violation from Toy MC Study

We have generated 107 sets of toy MC samples to estimate the probability of getting the

isospin relations β = 0.56 and γ = 0.36 when the isospin relation perfectly holds and the

true values are β = γ = 0.

Each toy MC set consists of three event samples for three B → (ρ, ω)γ modes. Each

sample consists of the signal events, continuum events and five B decay background (K∗γ,

Xsγ, V π0, V η and other rare B) events. The Mbc and ∆E values are generated to follow

the modelled distribution from a random number; the number of events in each set is also

a random number that follows a Poisson distribution whose mean is the number of events

(for signal) calculated from the simultaneous fit result with the isospin relation, or (for

continuum) obtained from or (for other backgrounds) assumed in the individual fit for the

three modes.

For each set of samples, three individual fits are performed and the values of β and γ are

calculated. These results are filled into a 120 × 120 meshed 2-dimensional histogram over
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(±3.0)×(±3.0) space. The bin for the given β, γ has 1268 entries. The sum of the entries for

the bins that have less number of entries divided by the total entries is 0.0487 +0.0016
−0.0010, which

corresponds to the probability of obtaining the observed values for the given assumption. In

terms of σ, the result is 2.0σ away from the assumed value of (0, 0). The contours of equal

probability lines are drawn in Fig. A.3. We note that this probability (2.0σ) is somewhat

different from the significance of the isospin violation from the fit (2.7σ).

A.0.3 Possible Bias in the Fitting Code

We have generated one thousand sets of similar toy MC samples of Mbc and ∆E values to

test the fitting program. Each set consists of five event samples for two B → K∗γ modes

and three B → (ρ, ω)γ modes. The components of the B → (ρ, ω)γ samples are the same;

each B → K∗γ sample consists of the signal events, continuum events and other rare B

background events.

By performing the fit to the 1000 sets of three B → (ρ, ω)γ modes, we find the mean of

the individual fit results and the mean of their errors are more or less consistent with the

input. Strictly speaking, we have to compare the asymmetric errors from time-consuming

MINOS, which we did not attempt. We also try to perform the simultaneous fit to five

modes with two 1000 sets of B → K∗γ, expecting the results have the mean value which

is consistent with the simultaneous fit result for data. However, what we obtained was sig-

nificantly smaller combined branching fraction. The toy MC results are given in Table A.1,

and their plots are given in Fig. A.1.

In order to understand the significant deviation in the simultaneous fit, we perform two

more tests. The first test is to generate events according to the simultaneous fit result with

the isospin relation to calculate the number of mean events for each mode. The result is

given with the label “with isospin” in Table A.1. The mean branching fraction may still be
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smaller, but not as significantly as the original test. The second test is to select the toy MC

samples whose individual fit results match the input within 0.5 to 1% precision. We select

132 of such sets out of 8000 to perform the simultaneous fit. We find the results distribute

with the mean of (1.274 ± 0.003) × 10−6 and width of (0.039 ± 0.002) × 10−6 (Fig. A.2).

The mean is again smaller than the measured simultaneous fit value, which corresponds to

1.4σ higher than the mean where σ is the Gaussian width of the distribution. We conclude

that the simultaneous fit result is a result of an upward fluctuation by 1.4σ for the given

individual fit results, or some of the individual fit results may be downward fluctuated. The

amount of the fluctuation (1.4σ) is within a reasonable range.
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Table A.1: Summary of the toy MC results.

mode input B mean B mean error

(×10−6) (×10−6) (×10−6)

B− → ρ−γ 0.55 +0.42
−0.36 0.585 ± 0.011 (1.5σ) 0.362 ± 0.002

B0 → ρ0γ 1.25 +0.37
−0.33 1.235 ± 0.012 (−0.5σ) 0.357 ± 0.001

B0 → ωγ 0.56 +0.34
−0.27 0.566 ± 0.011 (−1.4σ) 0.314 ± 0.002

B → (ρ, ω)γ 1.32 +0.34
−0.31 1.269 ± 0.010 (−6.0σ) 0.317 ± 0.001

(with isospin) 1.32 +0.34
−0.31 1.302 ± 0.010 (−2.6σ) 0.319 ± 0.001

B− → ρ−γ B0 → ρ0γ B0 → ωγ B → (ρ, ω)γ
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Figure A.1: Toy MC distribution of the fit results for the branching fraction (upper) and error (lower).
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