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Abstract

We know that Standard Model has shortcomings and we need New Physics
beyond the Standard Model to explain those shortcomings. Dsradiative de-
cays may provide an opportunity to search for New Physics. In this MS the-
sis work, the feasibility study was done for D — py and Ds — K* 'y decays
using Belle data was done for the first ime. Belle detector was located at an
mteraction point of the KEKB asymmetric-energy e e collider (1.e. 8 GeV
and 3.5 GeV respectively) at High Energy Accelerator Research Organisa-
tion, KEK, Japan. As of now, 1t 1s being upgraded to Belle II detector. Belle
Collaboration has collected large set of data at Y{4$) resonance. Along with
this 1t also has large data collection of charm mesons. We generated signal
MC sample using EvtGen. In order to 1dentify s mesons, we used tagging
method using Ds* =2 Dyy. This helps in reduction of the background. To
further reduce the background coming from the soft energy photons, we use
7' veto, momentum of Ds* in centre of mass frame. I also prepared skim-
ming sample which can be used later on for this study.
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Chapter-1

Introduction

1.1 The Standard Model

Standard Model (SM) of particle physics, as per our present knowledge, describes the
Universe in terms of matter (fermions) and force (bosons). Fermions contain leptons

and quarks that are the building blocks of matter and the interaction between these

particles are mediated by bosons. So, the matter is made out of three kinds of

“elementary particles” i.e., leptons, quarks, and mediators. [1]

The SM includes 12 elementary particles of spin % i.e. fermions. There are six quarks

(up, down, charm, strange, top, and bottom), and six leptons (electron, electron

neutrino, muon, muon neutrino, tau, and tau neutrino). Pairs from each classification

are grouped together to form a generation, with corresponding particles exhibiting
similar physical behaviour. There are three generations of fermions and are depicted

in Table 1.1.

Elementary particles

Fermions

Obey the Pauli exclusion principle

Hali-integer spin

Bosons

Integer spin

Obey the Bose—Einstein stafistics

Quarks and antiquarks

Leptons and antileptons

Gauge bosons

Scalar bosons

1. Up (u), Down (d)
2. Charm (c), Strange (s)
3. Top (t), Bottom (b)

1. Electron [e_]”. Electron neutrino (v_)
2. Muon {|.._]. Mueon neutrino {\_;L]
3. Tau (1), Tau neutrino (v.)

*The antielectron |_e+:: is traditionally called positron

1. Photon (y, Electromagnetic interaction)

2.W and Z bosons (W,

W, Z, weak interaction)

3. Eight types of gluons (g, Strong interaction)

4. Graviton (G, Gravity, hypothetical)

Have color charge Mo color charge Spin#0 Spin=0
Participate in strong interactions Electroweak interactions Force camiers
Generations Generations Four kinds (four fundamental interactions) Higgs boson

Table 1.1: Classes of elementary particles of the SM [Source: Wikipedia].




Bosons are particles having an integer spin (0, 1, 2, ...) and act as force carriers that
mediate the strong, weak, gravitational (not in SM) and electromagnetic interactions
which is shown in Table 2. Photons being massless, mediate the electromagnetic
force between electrically charged particles, W*, W™, and Z bosons mediate the weak
interactions between particles of different flavours (all quarks and leptons) as Z is
more massive than W=. The weak interactions involving the W* exclusively act on
left-handed particles and right-handed antiparticles. Also, W* carry an electric charge
of +1 and —1 and couple to the electromagnetic interaction. The electrically neutral Z
boson interacts with both left-handed particles and antiparticles. These three bosons
along with the photons are grouped together and collectively mediate the electroweak
interactions. Another type of mediator is the ‘ecight gluons’ which mediate the strong
interactions between color charged particles (quarks). Gluons are massless, they have
an effective color charge and they can also interact amongst themselves, even in the
presence of a quark. This is the reason due to which the isolated gluon and quark are
difficult to observe in the experiments directly.

Weak Electromagnetic Strong
Property/Interaction
(Electroweak) Fundamental Residual

Acts on: Mass - Energy Flavor Electric charge Color charge Atomic nuclei
Particles experiencing: All Quarks, leptons | Electrically charged | Quarks, Gluons Hadrons
. L Not yet observed o oy 0
Particles mediating: W™, W~ and Z y (photon) Gluons M, p and w mesons
(Graviton hypothesised)

_41 _4 Not applicable

Strength at the scale of quarks: 10 10 1 60
to quarks

Strength at the scale of 10-36 107 1 Not applicable 20
protons/neutrons: to hadrons

Table 1.2: The four fundamental interactions of nature [Source: Wikipedia].
1.1.1 Is Standard Model complete?

Despite being the most successful and interesting theory of particle physics, the SM
Is not perfect. There are fundamental physical phenomena in nature that the SM does
not adequately explain. For example: ‘Neutrino masses’-According to the SM,
neutrinos are massless particles but Neutrino Oscillation experiments have shown
that neutrinos do have mass; ‘Gravity’- The SM does not explain gravity and it is
widely considered to be incompatible with the most successful theory of gravity to
date i.e. General Relativity. Similarly, there are many other physical phenomena,
experiments and theoretical predictions that are not in terms with the SM. Hence,
there 1s a need for New Physics ‘NP’ that would modify the SM in ways subtle
enough to be consistent with the existing data. [2]



1.2 Mesons

Because of the color confinement phenomenon in quarks they are very strongly
bound to one another, forming color-neutral composite particles (hadrons), containing
a quark and an antiquark, which is basically a meson. The other member of hadron
family is baryon- subatomic particle composed of three quarks. The main difference
between both of them is that baryon has spin %2 i.e. it is a fermion and meson has an
Integer spin i.e. it is a boson. [3]

They are composed of quarks hence both weak and strong interactions are feasible in
case of mesons. Mesons with electric charge can also participate in electromagnetic
interactions that are classified by quark content, total angular momentum, parity, C
parity, iso-spin and charge and many more properties. They are also typically less
massive than baryons, which means that they are more easily produced in
experiments, and will exhibit higher-energy phenomena sooner than baryons would.
For example, the charm quark was first seen in the J/Psi meson (J/y) in 1974, and the
bottom quark in the upsilon meson (Y) in 1977.

1.2.1 Spin, Orbital and total Angular momentum

Spin quantum number (S) is a vector quantity that represents the ‘intrinsic’ angular
momentum of a particle. It comes in increments of %2 /. Quarks have spin % (S=%), a
single quark has a spin vector of length’z, and two spin projections (S,=+% and

S,=—"). When two quarks have their spins aligned, their two spin vectors add to
make a vector of length S=1 whereas in case of three spin projections (S,=+1, S;=0,
and S,=—1), if two quarks have unaligned spins, the spin vectors add up to make a
vector of length S=0 with only one spin projection (S,=0), called the spin-0 singlet.

Because mesons are made of one quark and one antiquark, they can be found in both
triplet and singlet spin states.

There is another quantity of angular momentum, called the orbital angular
momentum (quantum number L), which represents the angular momentum due to
quarks orbiting around each other. The total angular momentum (quantum number J)
of a particle is therefore the combination of intrinsic angular momentum (S) and
orbital angular momentum (L). It can take any value fromJ=|L—S|toJ=|L+ S| in
increments of 1.



1.2.2 Panty

If the universe was reflected in a mirror, most of the laws of physics would be
identical: things would behave the same way regardless of what we call ‘left’ and
what we call ‘right’. This concept of mirror reflection is called parity (P) i.e. if the
guantum field for each particle is mirror-reversed, then the new set of wave function
will satisfy the laws of physics.

Gravity (the electromagnetic force) and the strong interactions, all behave in the same
way as they are said to conserve parity (P-symmetry). However, the weak
interactions do distinguish ‘left’ from ‘right’, a phenomenon called parity violation
(P-violation).

For mesons: P is related to orbital L by the relation P= (-1) &+, The '+1' in the
exponent comes from the Dirac equation: a quark and an antiquark have opposite
intrinsic parities. Therefore, mesons with no orbital angular momentum (L=0) have
odd parity (P=-1).

1.2.3 Cpanty

This property is only defined for mesons that are their own antiparticles (i.e. neutral
mesons). It represents whether or not the wave function of the meson remains the
same under the interchange of their quark with their antiquark.

IfCis +1thenitis evenand if Cis -1 then it is odd.

C parity is studied rarely on its own, but more commonly in combination with P
parity i.e. CP parity. CP parity was thought to be conserved, but was later found to be
violated in weak interactions.

1.3 Charm meson

In 1976, the D mesons were discovered by the Mark | detector at the Stanford Linear
Accelerator Centre. Since they are the lightest mesons containing a single charm
quark or antiquark, they must change the charm (anti)quark into an (anti)quark of
another type to decay.

Such transitions take place only via weak interactions and involve a change of the
internal charm quantum number. In D mesons, the charm quark preferentially



changes into a strange quark via an exchange of a W particle, therefore they
preferentially decay into kaons and pions. [4]

Particle Symbol Anti-particle Makeup Rest mass S C Lifetime (s)
(MeV/c?)
D D* D- cd 1869.4 0 +1 10.6 x10%3
D DO D? cu 1864.6 0 +1 4.2 x1013
D Ds* Ds cs 1969.0 +1 +1 4.7 x10%3

1.3.1 Why we choose Ds?

In SM, the physics of charm meson is not expected to have NP discovery potential
because the relevant Cabibbo-Kobayashi-Maskawa matrix elements V¢ and Vg are
well known, CP asymmetries and D° ~ DO oscillations are small. Further, the weak
decays of D mesons are also difficult to investigate due to the strong final state
interactions, and its rare decays are expected to have very small branching ratios.
However, it has been pointed that the oscillations and ¢c—uy decays might have some
contributions coming from the non-minimal super symmetry (which is NP scenario).
Therefore, one can search for NP using c—uy transitions. It was suggested that NP
will result in deviation from

 T(D°=p%wy) tan®6.

C I(D'—k*y) 2 W

plw

B. Bajc et al [5] studied Cabibbo suppressed D° D*, Ds* radiative weak decays in
order to find the best mode to test c—uy decay. They calculated the ratios between
various Cabibbo suppressed and Cabibbo allowed charm meson radiative weak
decays, as predicted by the SM. After analysing them they noticed that the equation
(1) can be violated already in the SM framework (because of large, unknown
correction within SM) while a similar relation for Ds* radiative decays offers a much
better test for c—uy
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Further radiative Ds decays, such as Ds*—K™*y and Ds*—p*y, have not been
observed yet. So, for us the first step is to measure its branching fraction. In this
master thesis, we tried to come up with basics selection criteria for the signal
identification. Further, we studied the potential background and identified the
variables one can exploit in order to suppress it.

1.3.2 Decay Modes taken for this thesis

In this MS thesis work, we deal with three kinds of decay modes and have generated
one million signal MC entries for each mode.

Mode 1:
D} - p*y  where p* - ntn®
Dy » p~y where p~ > n°
Modez2:
D » K**y  where K** - ntK,
Dy - K"y where K* - n K
Mode3:

D - K**y  where K** - %K+
Dy - K*"y where K*~ - n°K~
Branching Fraction (world average by PDG):
pt >t BF = 100%
K*t > n*K, BF = 33.3%

K*t > 70K+ BF = 33.3%



Chapter-2

Belle Experimental Setup

The work done in this thesis has simulated the data using the Belle detector
environment. Belle detector was located at an interaction point of the KEKB
asymmetric-energy e* e collider at High Energy Accelerator Research Organisation,
KEK, Japan. The Belle detector was designed and optimized to carry out a suite of
measurements in various decay modes of B mesons to verify the Kobayashi-Maskawa
mechanism that explains CP violation in the SM. Major part of the data has been
accumulated at the Y{4S) resonance in order to record as many B mesons as possible
for the above CP violation study. However, the KEKB beam energies are tuneable
enabling Belle to collect data at Y{/S), Y(2S), Y(3S) and Y1(5S) resonances. Besides
these, Belle has accumulated a copious amount of D mesons at various Y(nS)
resonances for studying charm physics. Not only it is a B-factory, but also eligible to
be called a D-factory.

2.1 KEKB

The KEK B-Factory (KEKB) is a two-ring, asymmetric energy e* e~ collider, The
KEKB achieved its highest peak luminosity, 2.1x10*cm? s during June 2009 that
was more than twice the design value (1x10%cm™ s1). As a result, Belle was able to
accumulate over 1 ab™ of data. An 8GV electron ring (High Energy Ring) and a
3.5GeV positron ring (Low Energy Ring) are installed side by side in a tunnel 11m
below the ground level, as shown in Fig.2.1. Both rings are about 3km long and can
store beam currents up to 2.0A in the LER and 1.35A in the HER with 508.9 MHz
radio frequency (RF) acceleration systems. The two beams collide at the interaction
point (IP) with a finite angle of 22 mrad in the horizontal plane. The nonzero crossing
angle allows to fill all RF buckets with bunches without any risk of parasitic
collision. The crossing angle also eliminates the need for separation dipole magnet at



an expense of lower luminosity. In order to compensate the loss in luminosity, two
super conducting crab cavities were installed in each ring. In crab the crossing
scheme, the bunches are kicked in the horizontal plane by transverse RF in the crab
cavities so that they rotate and collide head-on at the IP.

Interaction 3
Point

©
= HER : High Enorgy Ring
c‘ LER : Low Energy Ring
Positron Target
Electron
Source

Figure 2.1: Schematic view of the KEKB collider

2.2 Belle Detector

The Belle detector is constructed to carry out quantitative study of B-meson decays
especially the rare B decay modes with very small branching fractions. B mesons are
very short-lived particles and decay instantaneously into relatively longlife time
particles before they reach the innermost part of the detector. Belle detector detects
the particles namely e*, u*, 7%, K%, p, p, y and K° The neutron and anti-neutron which
are produced cannot be detected.

Belle consists of concentric layers of sub-detectors designed to provide momentum
and position information via magnetic spectroscopy, energy measurements via
electromagnetic calorimeter, and particle identification through energy loss and
penetration depth data. The sub-detectors are:



= Silicon vertex detector (SVD)

= Central drift chamber (CDC)

= Aerogel Cerenkov counter (ACC)
= Time of flight scintillator (TOF)

= Electromagnetic calorimeter (ECL)
= Kaon and muon detector (KLM)

= Extreme forward calorimeter (EFC)

Belle o ;LM

150° CDC

SVD
8.0 GeV
e —H

Figure 2.2: The layout of Belle detector.

Beam pipe is the inner most part of the detector and all the particles pass through it
before reaching SVD. Double walled Beryllium cylinder is used as a beam pipe for
two reasons: it should be such thick as to withstand the beam induced heating and the
material should be minimum to avoid Coloumb scattering. The SVD provides precise
measurement of the decay vertices of B mesons. SVD2 consists of four cylindrical
layers whose radii are 20.0 nm, 43.5 nm, 70.0 nm and 88.0 nm. The angular



acceptance is 17° to 150°. The CDC determines the three dimensional trajectories and
momenta of charged particles. A superconducting solenoid provides a 1.5 T magnetic
field and it bends the charged particle according to their momenta. In addition, CDC
measures the energy loss (dE/dx) of charged particles. Identification of z* and K* is
very important. In the momentum region below 1 GeV/c, dE/dx measurement from
CDC and time of flight measurements are used to perform k/zn separations. The ACC
provides the K/z separation in momentum range of 1.2 < p < 3.5 GeV/c by detection
of the Cherenkov light from particle penetrating through silica aerogel radiator. Time
of flight detector system has a time resolution of 100 ps. The counters measure the
elapsed time between collision at IP and hitting of particle at TOF layers. From this
measured time from TOF and measured flight length and momentum from CDC, one
can estimate the mass of each track in the event.

An electromagnetic cascade as pair production and Bremsstrahlung is initiated when
a high energy electron or photon is incident on a thick observer, which generates
more electrons and photons with lower energy. ECL detects photons with high
efficiency and good resolutions in energy and position. Most of the photons are end
products of the cascade decays. So ECL should have a good performance below 500
MeV. High energy photons (up to 4GeV) are also produced from some decay modes
and high resolution is needed to reduce the background of these modes. The electron
is identified using the following information:

= Matching the charged track measured by the CDC and that of the energy
cluster measured by ECL.

= Ratio of energy measured by ECL to momentum measured by CDC,
E/p.

- dE/dx in CDC.
= Light yield in ACC.

A charged particle with momentum vector at an angle with respect to the magnetic
field will have a helical trajectory. The momentum magnitude can be determined
from the radius of curvature of helix. To measure the particle momentum in CDC, 1.5
T magnetic field is applied parallel to the beam pipe. The K°/u (KLM) detector
detect K° mesons and identify muons. It is the only detector which is outside the
solenoid magnetic field. K°_ particles live long so that it will travel beyond ECL.
They induce showers of ionizing particles in ECL and it continues to KLM. The
position information of KO_ is provided by the detector. Muons lose their energy



mostly through ionisation process. They penetrate ECL easily and continue through
most of all KLM. KLM tracks matching with CDC tracks are identified as muons [9].

Particle | Energy | Momentum | Position | Particle identification
e (e%) ECL CDC SVD, ECL, ACC, TOF,
CDC CDC
W) CDC SVD, KLM, ACC, TOF,
CDC CDC
T (7") CDC SVD, ACC, TOF, CDC
CDC
K (K" CDC SVD, ACC, TOF, CDC
CDC
p (p) CDC SVD, ACC, TOF, CDC
CDC
y ECL ECL ECL, CDC
K. KLM KLM

Table 2.1: How particle is identified.




Chapter 3

Data Analysis

3.1 Blind Analysis

A blind analysis is a method where one first validates his/her study on the Monte
Carlo (MC) simulations, data side-band regions before looking at the data. This way,
one can avoid the bias in his/her analysis. As we know that the value of measurement
depends upon the cuts one applies and to measure a quantity for the first time, one
can tune the cuts on data to artificially increase the significance of his/her study,
which is basically a bias. The work done in this thesis is motivated by the “Blind
analysis philosophy”. Therefore, first we study the signal MC and then background
MC. We tried to come up with strategy to reduce the background as much without
sacrificing much of the signal.

3.2 Analysis Chart

— Event Generation

Efficiency
estimation

BLIND ANALYSIS Background Study YES

be reduced?
Signal Extraction
]
— Fit bias study
]
Box opening

!

Systematic error
estimation




3.3 Event selection

The Belle data consists of a large number of events which not only comes from e* e-
— cC but also from several other processes such as Bhabha, tau pair, continuum
events ee” — ¢ g (where g stands for u, d, s, and c), two photons and beam gas
interaction, which occur with similar or large cross section than cc production. Events
with D mesons candidates are selected by applying general hadronic events selection
criteria. One of them is, all selected charge tracks are required to satisfy impact
parameter cuts: distance of closest approach to the Interaction Point (IP) along with
the beam direction |dz| <5 cmand in the x-y plane |dr| < 2.5 cm.

Figure 3.1: This plot shows the dr distributions for all the events. We selected the
events with -1.5<|dr|<1.5 cm cuts (show here with the red arrows).



Figure 3.2: This plots shows the dz distributions for all the events. We selected
the events with -3.5<|dz|<3.5 cm cuts (show here with the red arrows).

3.4 Event generation

In MC study, EvtGen is used as an event generator [10]. The generated events are
then made to pass through a detector stimulation using GEANT3 package [11]. This
package basically accommodates the geometry of each sub-detector components and
digitizes the events. To make MC more compatible with data (or in simple term more
realistic), randomly selected backgrounds events (which comes from the beam and
electronic noise in the detector components) are merged into these generated events.
We generated experiment dependent run independent signal MC. Fig 3.3 (taken from
J. Wicht slides) explain the procedure done for the MC generation.

Decay files needed as input for the EvtGen are written for each decay mode under
study. We generated 1 Million signal events for each decay channel, using the
appropriate package available in the EvtGen.



Monte Carlo: big picture

" Decay files (.dec)
Beam energies : s ?
+ other parameters Your decay file [ Particle definition list (.pdl)

The default file (DECAY.DEC)

Decay simulation by EvtGen
evtgen: BASF module

Y

Generator file (.(p)gen)
all particles 4-momentum, vertices

IP profile

Background file

Detector simulation (Geant3: gsim)
tracking, ECL simulation, PID, ...

22/09/2010 J. Wicht: Monte Carlo 2

Figure 3.3: This diagram shows the procedure done for generation of the MC
simulation events.

3.5 Pion and Kaon Identification

In order to separate K and =, we combine information from ACC, TOF and CDC
(dE/dx). From this we basically get likelihood ratio that compares two particles K and

.
R(K/m) = L(K) / (L(K) + L(n))

where, L is a product of likelihood from three sub-detectors (i.e. L = LACC x LTOF x
LCPC). If the value of this term, R(K/z) tends to 1 then the charged particle is K-like,
and if tends to be O then it’s a z-like i.e. R(K/x) = 1 - R(n/K). Please be aware that
R(K/z) is not a probability to be a kaon. Generally, we apply selection like R(K/xz) >
0.6.



Figure 3.4: This plot shows the distribution for Rk = (Lk) / (Lk + L;). Red
arrow shows the value of the cut Rk > 0.6 used to select the Kaons candidates
for this study.

8OO |

Figure 3.5: This plot shows the distribution for R, = (L) / (Lx + L). Red
arrow shows the value of the cut R, > 0.6 used to select the Kaons candidates
for this study.



3.6 Reconstruction of Particles

Using the identified particles, intermediate and final states can be reconstructed.

3.6.1 Reconstruction of p

The p candidates are reconstructed from its decay mode p* — #° z*. As we know #°
decays to two photons with a branching fraction of 98.8 %. In order to reconstruct z°,
we combined two y having energy more than 60 MeV in order to remove the
background from fake ys. Further, we selected only those reconstructed n° candidates
whose invariant mass fall within 120-150 MeV/c? mass window. The histogram in
Fig 3.5 (left) shown below represents the mass of z° and Fig 3.5 (right) represents the
reconstruction of p by addition of z* in z°.
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Figure 3.6: (Left) M(yy) invariant mass shows the selected z° candidates. (Right)
Invariant mass, M(z*z°), distribution shows the selected p events. Both plots are in
GeV/c2.

3.6.2 Reconstruction of K~

The K™ is reconstructed from its decay mode K™ — Kz*. Ks® decays to 7+ and #-
with a branching fraction of 63.2%. K< is reconstructed using two charged m tracks.



Their flight length, angle between the tracks and the decay vertex is exploited in
order to avoid fake combinations. Fig 3.5 (left) shows the invariant mass of dipions.
We selected Kg® candidates having invariant mass within 0.47-0.53 GeV/c? and added
another charged pion candidate to reconstruct K™*. Fig. 3.5 (right) shows the
invariant mass of the reconstructed of K** by addition of z* in Ks candidates.
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Figure 3.7: (Left) M(z* ) invariant mass used to reconstruct Ks® candidates. (Right)
Invariant mass of the charged pion and the selected Ks° candidates, M(Ksz*), used to
reconstruct K** candidates. Both the plots are in GeV/c?.

3.6.3 Reconstruction of Ds “and Ds

As explained earlier, we will reconstruct from Ds* 2p*y and Ds=>K™ . One can
simply combine p and K* with y and make Ds. However, this is not straightforward
due to the high level of the background. Finding the Ds signal events will be difficult
in the combinatorial background. In order to improve the signal to noise ratio, we
used method called “Ds* tagged identification”. We know that Ds™* = Ds*y. We
exploit the Ds™ and tagged the Ds* signal events.

Ds™ =2 Ds*y,
Dst 2 ptyor K™y

From our signal MC data set, we expect the energy of gamma of Ds" particle, as
shown in Figure 3.8. As the difference in their mass is less, one expects the photon to



be soft (which means gamma has low energy). Similarly, we studied the Energy of
the photon coming from the Ds radiative decay, shown in Figure 3.9 and as expected
its energy is larger than the gamma of Ds*.
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Figure 3.8: Energy of the gammas used in reconstructing the Ds* candidates,
The red histogram is the signal, while the blue one is for fake gammas. The
plot is in GeV.
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Figure 3.9: Energy of the gammas used in reconstructing the radiative decay
of Ds. The red histogram is the signal, while the Blue one is background. The
plot is in GeV.



3.6.4 Reconstructed mvariant mass of s

Figure 3.10 shows the invariant mass of radiative Ds decay generated by us. From
this distribution, it is evident that reconstructed Ds contains lot of background. In
order to reduce the background, we apply 1.875 < Mass(Ds) < 2.075 GeV/c? cut. This
result in reduction of the fake combinations and helps in identifying the signal

Further, we found that most of the fake combinations are due to the photons coming
from #° Therefore, we applied z° veto, it basically rejects the gammas coming from
n° decay. As see form Figure 3.10 (right), we are able to reduce the background with
minimum signal loss.
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Figure 3.10: (Left) Plot shows the invariant mass of reconstructed Ds particle.
1.875 < Mass(Ds) < 2.005 GeV/c? is used to identify the Ds signal (Right) Red
histogram shows the total events, while the blue histogram shows the
background rejected by the z°-veto. Both plots are in GeV/c?.

3.6.5 Signal identification (AM)

AS
ext

explained earlier, we are using Ds" tagging to reduce the background. In order to
ract the signal yield, we use

AM= Mass(Ds") — Mass(Ds).



This helps in cancelling the resolution of Ds candidates, which results in better
resolution of AM. Figure 3.11 (left) shows the AM distribution for Ds—=py. Figure
3.11 (right) shows the AM distribution in 0.08 < AM < 0.2 GeV/c? range used for the
fitting along with the impact of #° veto.

¥10 F

10000 14000

12000
BOOO ~
10000

6000 [ 1 8000 B

6000

4000 H.LLL r
br 4000

2000 H LH'L

'\-\_L_\‘ 2000 _—

0 - - - N - | - — - | - L
0 a a2 o3 0.4 0.5 005 008 01 012 814 Q16 018 02

Figure 3.11: (Left) shows the AM distribution for Ds=2py. (Right) Shows the AM
distribution in the range which will be used for signal fitting. Blue color shows the
background rejected using the #° veto.

3.6.6 Mass(Ds) vs AM

Fig. 3.12-3.14 shows the Mass(Ds) and AM in 2D plot. One can see how the signal
peaks in both. However, the signal is narrower in AM (as expected) in comparison to
Mass(Ds). Further, the combinations due to fake gammas are easily separated in AM
in comparison to Mass(Ds). Fig 3.13 demonstrates the reduction of fake
combinations in both dimensions after one applies #° veto. In order to see how the
true signal behaves, we tag the generated samples using the MC PDG codes for the
particles. We matched mothers, grandmothers, and great grandmothers in order to
check the true combinations. Fig. 3.14 is the plot for the true candidates (after
removal of fake combinations after matching the MC PDG codes). Using which, we
verify that AM is a better variable to identify the signal.
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Figure 3.12: Mass(Ds) and AM distribution for all the reconstructed combinations in
the signal MC after all the cuts and criteria is applied.
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Figure 3.13: Mass(Ds) and AM distribution after z° veto is applied
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Figure 3.14: Mass(Ds) and AM distribution for the MC truth matched signal i.e. pure
signal.

3.7 Skim

Skim is a subset of data set in which signal purity is enhanced without loss of signal
events. Belle detector records wide variety of physics events including BBbar, charm
(ee — cC), tau pair, two-photons, etc. Most of the data is stored in mdst format. In or-
der to efficiently work, one can produce a subset of the data by skimming the full da-
ta-sets.

3.7.1 What s skim file?

It is known that analysing whole datasets by individuals is inefficient as it takes much
time and occupies large disk space. Therefore, some datasets, in which the specific
physics mode is enhanced, is prepared for Belle Physicists. However, the decay mode
of our interest is not in those skims. | worked on production of the skim files for our
decay modes of interest. For which, we wrote a skimming module and run on all the
generic MC sample and the date.

Generic MC sample is divided into four types:



1) uds : This sample has uu®, dd"® and ss®® production at the Y(4S) energy,
which further fragments into the pion, kaons or protons.

2) charm : This sample has cc®® production. We are more interested in this, as it
contain D) mesons. We expect to have most of the background from this
sample.

3) Charged : Charged B decays are included in this sample. Almost all the known
or expected decay modes of charged B are produced in this sample.

4) Mixed : Neutral B decays are included in this sample. Here also, all the known
or expected neutral B decays are produced in this sample.

For now, | concentrate on charm, charged and mixed sample to study the
background. As, we expect to have Ds decays in ccP and B decays.

Whole dataset

Red-enhanced Blue-enhanced
skim skim

Figure 3.15 The box on the left shows the whole dataset, where color ball refers to
the different events. The box in the center and right shows the red-enhanced and
blue-enhanced skimmed sample, respectively. This suggest what skim means.

The procedure carried to produce the skimmed index files.
1) Run on the whole data and generic MC samples.
2) Identify the signal modes by applying loose cuts and criteria.
3) If we find some signal, we save the index file for that particular event.

4) Index files are basically pointers to a particular event number, run number and
the experiment number.

5) Inend, we have index files which can be used to analyse the data set or generic
MC. These index files are smaller and are faster. This helps in saving time and
computational power.



3.8

3.8.1

AM 1n Signal and Background MC

Signal MC

Figure 3.14 shows the AM distribution for Ds* 2p*y decay mode for signal
MC after all the cuts and criteria are applied. One can clearly see the signal.
However, still there is lot of combinatorial background which is flat. In an
attempt to further decrease the combinatorial background, we studied ppg*
which is the momentum of Ds” in the centre-of-mass frame. As shown in the
Figure 3.15, one can remove the combinatorial background. As, we expect the
Ds™ to come from cc’® production, its pps* is expected to have large value.
Different cuts on pps* was studied and we found cut at pps* > 2.0 GeV/c to be
the optimum cut where signal loss is less. At this cut, we expect signal loss of
23% in comparison to background reduction by 75%. Due to which, we choose
to apply further condition of pps* > 2.0 GeV/c.
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Figure 3.14: Distribution for the AM in the signal MC sample after all the cuts
and criteria explained till now. Still, the combinatorial background seems to be
huge.
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Figure 3.15: This histogram shows variation in AM for different values of
pps, which is the momentum of Ds" in the centre-of-mass frame. Blue, red,
green, cyan, yellow and black are the AM distribution for pps* to be less than
0.5 GeV/e, 1.0 GeV/e, 1.5 GeV/e, 2.0 GeV/e, and 2.5 GeV/e,
respectively. As seen, after the cut at pp* < 2.0 GeV/c, we start having some
signal component. So, we choose pps* > 2.0 GeV/c in order to avoid
combinatorial background.

Figure 3.16 (left) shows the final AM distribution for the Ds" 2p*y. As one can see,
the signal is more prominent here. Now, in order to extract the signal, we perform an
unbinned maximum likelihood (UML) fit using RooFit. The PDF used for the fit is

N
e~N
L= Wn{bkg XPolynomial (AM; slopel, slope2, slope3)
=1

+ sigX (Sum of Two Gaussian)(AM; mean, sigmal, s2s1,a2a)}

Here, bkg is the events estimated for the background, while sig are the events
estimated for the signal. Further, Sum of Two Gaussian is defined as follows:
Sum of Two Gaussian = (1 — a2a)Gaussian(Mean, Sigmal)
+a2a Gaussian(Mean, SigmalXs2s1)
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Figure 3.16: (Left) Shows the AM distribution for the signal after applying
pos* cut. (Right) Shows the UML fit to the AM distribution.

Using the UML fit, we expected the signal efficiency to be 2.3%. Further, in
order to verify our understanding that we are not removing much of our signal
if we apply pps* cut. We perform UML fit to the rejected events, after fixing
the parameters estimated from the fit to the Figure 3.17. As seen in Figure 3.17,

the signal lost is small as compared to the background reduction.
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Figure 3.17: (Left) shows the AM for the pps* < 2.0 GeV/c. (Right) shows the
UML for to the AM distribution for pps* <2 .0 GeV/c



3.8.2 Background MC

As explained earlier, we studied the background for our data using three main
sources:

1) ccbar

2) Charged B decays.

3) Mixed B decays.

We expect most of the background to come from the cc?®. Figure 3.18 and Fig 3.19
where all the three backgrounds are stacked for the pp,* and AM distributions.
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Figure 3.18: This pps* distribution is for all the backgrounds one can expect.
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Figure 3.19: AM distribution without pps* cut for background modes.

Here we also studied the pps* for each source and found that our pp* cut is able to



reduce most of them. As demonstrated in Fig. 3.20, most of the background gets
removed by the pps* < 2.0 GeV/c cut.
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Figure 3.20: The distribution shows pps* distribution for signal (blue), cc
(red), Cyan (charged) and Red (mixed). We can easily conclude that after 2.0
GeV/c there is more signal whereas for the value less than 2.0 GeV/c we have
mostly background and fake combinations.
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Figure 3.21: AM distribution with pps* > 2.0 GeV/c cut for background
modes.



Figure 3.21 shows the stacked plots for the background after applying the pp,*
> 2.0 GeV/c cut. One sees drastic reduction in the background from the
Charged and mixed. Which one can explain based on the available momentum.
As, the reconstructed Ds is coming from B decays, its momentum in CM frame
is expected to be less than 2.0 GeV/c. Most of the background is coming from
charm which is again expected as it also contains our signal. However, the
good thing is that there is no peaking background is expected.

The knowledge learnt in this study can further be used to optimize the z’-veto,
Mass(Ds) and pps*.



Summary

Reconstruction code was prepared for the Ds — p y and Ds — K* v, where further Ds
Is used to reconstruct Ds* = Dsy decay modes.

Signal MC was generated for the decay mode of interests using EvtGen and Geant
simulation.

Studied different variables and tools in order to suppress the background coming
from the random combinations and found that z° veto and pps* cuts are effective in
reduction of the random combinations.

Prepared skim modules and index files for the generic MC and data. In future, these
index files can be used to study and further optimize this study.

For background study, generic MC: charm, charged and mixed sample was studied.
The cuts used to reduce random combinations were also effective here to reduce the
background.

Probability distribution functions (PDF) was written for unbinned maximum
likelihood fit, and fit to signal PDF was done. The signal efficiency was found to be
2.3%.

One can extend this analysis by optimizing the cuts studied here and use the skimmed
index files to save time and computational power. We didn’t run on data, as it is
beyond the scope of this project.



Appendix

Example of typical decay file written 1n IEvtGen used for generating
the signal MC.

JetSetPar PARJ(21)=0.28

JetSetPar PARJ(25)=0.27

JetSetPar PARJ(26)=0.12

JetSetPar PARJ(33)=0.3

JetSetPar PARJ(41)=0.32

JetSetPar PARJ(42)=0.62

JetSetPar PARJ(81)=0.38

JetSetPar PARJ(82)=0.76

JetSetPar PARP(2)=4.0

JetSetPar MSTP(141)=1

JetSetPar MSTP(171)=1

JetSetPar MSTP(172)=1

JetSetPar MSTJ(11)=4

JetSetPar PARJ(46)=1.0

Alias MyDs+ D_s+
Alias MyDs- D_s-

ChargeConj MyDs+ MyDs-

Alias MyK*+ K*+
Alias MyK*- K*-

Alias MyK_SO K_SO



Decay vpho

# duscbt e mu tau
1.0PYCONT000100 000000;
Enddecay

Decay D_s*+

1.0 MyDs+ gamma PHOTOS VSP_PWAVE;
Enddecay

Decay D_s*-

1.0 MyDs- gamma PHOTOS VSP_PWAVE;
Enddecay

Decay MyDs+

1.0 K*+ gamma PHOTOS PHSP;
Enddecay

Decay MyK*+

0.99955 pi+ MyK_SO PHOTOS VSS;
Enddecay

Decay MyDs-

1.0 MyK*- gamma PHOTOS PHSP;
Enddecay

Decay MyK*-

0.99955 pi- MyK_S0 PHOTOS VSS;
Enddecay

Decay MyK_SO

1.0000 pi+ pi- PHOTOS PHSP;

Enddecay

End
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