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This dissertation reports on a study of search for an orbitally excited state of
charmed baryons 32(2800) and X7+(2800). We measure the widths, momentum
spectrum and production cross-section for these states decaying into a A and a
charged 7.

The analysis uses 230 fb™* of data collected at BABAR detector operating at
PEP-II collider at Stanford Linear Accelerator Center. The data is collected in the
region of Y(45) and =~ 40 MeV below the resonance. A} baryon is reconstructed in
the decay mode pK ~7F. The ¥.(2800) baryon production at continuum is observed
to be quite significant for z, > 0.7, where z, = —=f—s is the scaled momentum
and varies from 0.0 to 1.0. The momentum spectrum is measured by considering

the corrected yield for momentum bins above z, > 0.5 and can be parameterized

very well by a Peterson function, given by;
dN 1
— X
dzx 1 2
S CE—

The values for the peterson parameter €, are found to be 0.050 +0.010 for £9(2800)

(1)

and 0.057 £ 0.012 for £}%(2800). We use the momentum spectrum to evaluate the
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production cross-sections to be;
o(ete”—X2(2800)X).B(29(2800)—AF7~) = 1.36 + 0.42 pb (2)
and
o(ete”—=X77(2800).X).B(ZF+(2800)—A 7)) = 1.68 £ 0.54 pb. (3)

We also measure the widths to be 65.6+14.9 MeV and 67.7+16 MeV, for the neutral
and charged modes, respectively, and the corresponding observed mass differences
(Afm —Ac +2.285), are 2.8008 & 0.0023GeV/c? and 2.7980 + 0.0028GeV/c?. The

uncertainty here is statistical only.
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Chapter 1

Introduction

1.1 Introduction

“The most incomprehensible thing about the universe

is that it is comprehensible.” —Albert Einstein

Throughout history, mankind has pondered over the mysteries of the nature. Philoso-
phers and scientists of each era have tried to answer the basic questions concerning
our existence.

e What is the universe made of?

e What holds the pieces together?

e How did it all begin?

e How did it become the way it is?

e How will it all end 7
Present day particle physics research represents man’s most ambitious and most

organized effort to answer these questions.



1.1.1 What is Particle Physics 7
Particle physics is :

e Studying the smallest things in the universe. These things are the building

blocks of everything around us: seen and unseen.
e Figuring out how the universe started, and how it got to look like it does now.

e Figuring out all the forces in the universe. Forces are what makes things

happen.

e Predicting the future behavior of small particles and how they merge into

bigger objects or transform into smaller ones.
e Knowing what’s inside everything.

o Understanding how Energy (E) and matter (m) are related (Like in Einstein’s

formula).

Early astronomers, such as Ptolemy, believed that the earth was the center of the
universe with all other celestial bodies revolving around it. Then came Copernicus,
suggesting that the earth revolved around the sun. As the science and technol-
ogy developed, new realizations about the universe unfolded and today we have a
much better understanding of the present and past. In early 1900’s, Henrietta Leav-
itt [1], solved the problem of measuring distances across the universe. She showed
that Cepheid variable stars, which vary periodically in brightness, could be used to
measure distances across the universe. She realized that the rate of variation of a
Cepheid star gave a strong indication of its actual brightness, which could then be

compared with its apparent brightness as seen from Earth, which then indicated the



distance to the star. When Cepheid variable stars were found in distant galaxies,
it became possible to measure the distance to the galaxies. In 1929, Edwin Hubble
(1889-1953), made the major discovery that the universe is expanding. He discov-
ered that each galaxy is moving at a velocity which is proportional to its distance.
This led the scientist to think that it all began with all the matter and energy
squished into an infinitely tiny volume at one point. From this point the Universe
exploded and from this original explosion not only matter and energy were created,

but also space and time.

1.1.2 The Big Bang

At the beginning of time, nature is believed to have been exceedingly simple, possess-
ing many symmetries that were subsequently broken via the actions of the governing
forces as the universe expanded and passed through several phase transitions during

the cooling process, as shown in Fig. 1.1 [2].

Big Bang Theory - Evidence for the Theory

e First, there is a reasonable certainty that the universe had a beginning.

e Second, the discovery of Hubble’s Law, which states that the galaxies appear
to be moving away from us at speeds proportional to their distance. This ob-
servation supports the expansion of the universe and suggests that the universe

started off as compact.

e Third, as suggested by Big Bang, if the universe was very, very hot initially,
then we should be able to find some remnant of this heat. This remnant

was found in 1965, when radio-astronomers Arno Penzias and Robert Wilson



{Aposnp aarssqo
0) ADUAJWNIILD
ul ‘unyj voifjtn
U0 IIPIOD
annbas pmom)

issjodouopy -Jep

(aqoxd
o1 s1eak W 0001

1ap1[[00 anmbax pnop )
sduing radng

Liavin radng

Anaein wmuend)

[20S Your(d sy 12 (F0L)
Funpkraag jo Aoay
Y S uMOoDy| 0S|y

suosog A ® X
UORNBU] SHUSO))
‘Ansurufsy
Iaewnuy
Jane jo wdug

NOLLVOIAINN
ANVID

(Apoalnp 2AI9SGO 01 DUIIGJUNDAID
Ul "Wy ¢°9 19pifjod pannbay)
319 PUNOJ UM

uosog Z oyl pue A\ SUyL
NOLLVIOIAING
AVAMOALOATHA

23myo o1nospa sapdno)) — ysey,

(SSRIN 2ARY 10U $90(])
( A) uoloyg— serue))

ILLANDVIA
—OdLOATH

_A'l NOIDFY gdIdNLS ATIVINIWIENAIXT —

™

(Apoaap
AAI35qO 01 s1ufew Fuponpuosradng
LOT 1583 12 1M 90UIa}IUnoID

ur wy /g 15e9] 3€ 1apl]joo axnbax pinop )

*A90) (0S > SSEIA ‘pPuUnoy aq o 3o

ADAOAATINS
NOLLVDIJAINN XZM
HHAANS \MEE:E
suon[
(SISANAD) suord
DNV D14 et
(vyd 1No)

(I91Lre)) SseN]) uosog (H)S3H

Z‘M
suoIoyg

suonjo

suoydar]

syrend)

(Vad AVHMOALDTTH)

Kwoap 2anoEOIpERI

30 53dK) ureyrad

J0j s[qisuodsay —ysey,
(A1eanadsal A3 76 29 18)
(suosog 7 % M)— 1o1e)

MVIAM

SUOIPEH IO pue
SUOHNAN ‘SUOIOL] WO}
01 symnd) sajdno) — ysej,

v
]
1
i
1
1
i
1
1

1
~—— ONDIVINE AAIANWAS SOOIH HHOHAE — | —  ONDIVANE AALAWINAS SOOTH AALAY — s :
ONIM VA ANLIWNAS ) SLND HALAY (sSmN 2aey Jou $20(])

(8) suonyy — Jorre)

ONOULS

sassey sadno)y — ysej

(SSRIN 3aey 10U $500(T)
(D)) SUONARID) — LR

ALTAVED
| ! ANVNINOA NOLLVIaGvd i P JNVNINOAQ FILLVIN
— T S '
iAroaq uoo, iswosswapwey  ((u o) (Why-OL) Soutimonpursucioud Kl | (o) woor)  (wm_on)
i Answuksiadn ut uonwejo}, L sl ‘o ¥l : °H ! or 61 <l (ur )
s boyd: S -suokIe *le A\W w.—U A pue A xoyg L1 ~d:u  -sopdnosaqy wonepey i pauLIO] PauLIO] pauLIo 97 01
isyrEnboda] SUOAIBG/SUOSAN. ) oy ¢y Jo# enbg  vHA SISHHLNAS —INEIN uaredsuen  SWOR OH'('H  POWIO]  SIIXR[RC) pue wosk surdo: ISIOAIU(}
SUOOYY 210X pur suokreg S ood
Stordos Y otosapy Uy oy P rr-dia ~OFIONN SOW00aq oSIATE)  VAA DINOLY — sms  Aepy Kpn mos ary (moN)
syrend UIqUIO)) S3ENY m<~% J.OWW%\M WIN £ — A w0~ X1 >mo~ X _IWO— X¢ " A wc— X¢ A wo— \fQO— Xs A oo— Xt A oo— XS A QO— XL
Vad AVNO vad NouavH S e ' _’ ; _ | L |
S g0l w2|o_~ S ;,.01- T_S ! _ :
'
1 1 Il
| | | 1 d | | | ) i 4 d | 1 ) | | Sut
i | [ [ T | I I I ] Il T 1 _EE ¢ I i i | o1 SWIL],
) A
0 DTO— mv\ﬁ: amxo— wm|0w ~m1O~ Rso_ mN|O~ 2|O~ mToﬂ c_|0_~ ¢|O~ o0~ v0~ wm: N_A: ( 0_03 81
— | } | ] I 1 ) I 1 1 ! | 1 I 1 1 1
o I I | I I I | [ I L I I [ [ I [ n—M ut
01 I I I 01 ¢ Tdws,
wmo~ vm0~ Nmo_— OmO— wNQ_— 97 _VNO NNOM QNOﬂ w—o c_o _v—o N—O— O~O~ wOM WO~ vO~ —O— Le L
1 I | 1 | | | 1 1 ] 1 | | | I | ¢ : ]
| I T [ I I I { I i ] I I I | I 1 AP0 ur
I I 01 1 1 -
501 01 01 (01 ol ol 0l ol 0l oI oI oI o ol ol 0 0,0l 0l 3euy

AOYANT HOIH QI—

"ARL ¥1 10 APD 000¥1 —(‘Sewt “puossadng 101 WIm ‘W L7 — "WNSND) DHT-NITD
'APL T 10 A2D 000T —(‘Feut ‘puoosadng I ynawy €9 — weon)d) NOYLVATLL-GVIINIT
"ARL $6°0 10 A9D 0FS — (W €°9 — "wnox)) VIAH-ASHA

AL T0 10 ASD 007 —{("WrY LT — Wi dF T-NUYAD @

ADYINT WAIdIW ADIANA MO1

TAPL SOT10°0 10 ARD SOT— ("W ¢°¢ ~ "wnoNDY—NAN
"ASL BSOT0°0 10 A9D 8601~ (WY ££°0 — "WnOND)YSHD

"ARL SOL0°0 90 APD §°0F ~ (WY §°Z — ‘WmoM-dAd—-DV'IS
o "ARL SO0 10 A9D 0S — (WY T°E ~ 1eaur ) DIS-IOVIS

History of the universe based on the four fundamental forces [2].

gure 1.1
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discovered a 2.725 Kelvin (-454.765°F, -270.425°C) Cosmic Microwave Back-

ground radiation (CMB) which pervades the observable universe.

e Finally, the abundance of the “light elements” found in the universe today

also support the Big Bang model of origins.

Big Bang - What happened?

Most physicists refer to the Big Bang as a “singularity” that is, an ultimate boundary

or edge, a “state of infinite density” where space-time has ceased. Thus it represents

an outer limit of what we can know about the universe. Assuming that there is no

“before the Big Bang”, here is a short summary of what went on during the various

epochs:

1.

Quantum Gravity Era (The Big Bang to 1073 s ) : The hot hig bang
model stipulates that the universe began about 13.7 billion years ago as a
tiny point of infinite density and zero size. This spot exploded in a tiny, hot,
dense explosion of all matter in the universe. It was tiny in the sense that all
matter, and even space itself, was condensed into a single point. It was very
hot and dense, and as the universe exploded, all the particles of matter and
anti-matter rushed outward, away from each other. All forces were united into
a single force. As time progressed, the universe expanded and cooled. As this
happened, different types of interactions became dominant in the universe,

defining the different cosmological epochs.

GUT Era (107* s to 107% s): Initially, the universe was comprised of
the fundamental constituents of matter and lots of radiation rushing around

and interacting with each other freely. It was too hot for them to combine



into stable systems, such as atoms or even protons, but too dense for them
not to interact at all. During this period the gravitational force separated out
and the strong, weak, and the electromagnetic force acted as a single force, as

described in the Grand Unified Theory (GUT).

Electroweak Era (107° s to 10712 s): Within a very small fraction of
a second, the universe expanded enough, and thereby cooled sufficiently, for
the strong force to become independent, leaving only the Electroweak force to
continue acting as a single force. The universe contained dense soup of quarks,
leptons, and massless gluons, photons, W, and Z bosons. The temperature

cooled down from 1028 K to 10%° K.

Spontaneous Symmetry Breaking Era (107!2 s to 1071° s): At this
stage of the Big Bang, the universe was filled with radiation creating pairs
of particles and antiparticles, and pairs of particles and antiparticles annihi-
lating back into radiation. But as the universe expanded, it cooled, and the
cooler radiation was less likely to create quark-antiquark pairs. As quarks
and antiquarks “froze” out of the radiation background, a greater number of
quarks than antiquarks ware left over. The universe was dominated by matter
rather than antimatter. W and Z bosons acquired mass via interaction with

the Higgs.

Hadron Era (107'° s to 107® s): The quarks combined to form hadrons
and, the electrons and positrons were in equilibrium with the photons, neu-
trinos and antineutrinos. Antineutrinos were combining with protons to form
positrons and neutrons, and neutrinos were combining with neutrons to form

electrons and protons. At this stage the number of protons was about equal to



the number of neutrons. This is the era of the Standard Model —and most of
the particle physics research done nowadays is to understand the spectroscopy

and interactions of particles present at that time.

Proton Era (107% s to 107! s): The temperature had dropped to 10!! K.
Because a free neutron is slightly less stable than a free proton, neutrons
underwent beta decay to form protons, electrons and anti-neutrinos. Thus,
the initial approximately equal balance between neutrons and protons began
to be tipped in favor of protons over the next several minutes. The free neutron
is unstable, but neutrons in composite nuclei can be stable, so the decay of
neutrons continued until the simplest nucleus (deuterium, the mass-2 isotope
of ’hydrogen) could form. But the temperature implied an average energy for
particles in the gas of about 2.6 MeV, and deuterium has a binding energy
of only 2.2 MeV and so could not hold together at these temperatures. This
barrier to the production of composite nuclei, which allows the free neutrons

to be steadily converted to protons, is called the deuterium bottleneck.

Lepton Era (107! s to 13.8 s): The temperature had now fallen to about
3 x 10° K. At this temperature the neutrinos and antineutrinos ceased to play
a role in the continuing evolution and decoupled from the rest of the matter
and radiation. The average energy of the particles in the gas had fallen to
about 0.25 MeV. This was too low for photons to produce electron-positron
pairs so they fell out of thermal equilibrium and the free electrons began to
annihilate all the positrons to form photons. The deuterium bottleneck still
kept appreciable deuterium from forming and the neutrons continued to decay

to protons. At this stage the abundance of neutrons had fallen to about 13%
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and the abundance of protons had risen to about 87%.

Nucleosynthesis Era (13.8 s to 3 min.): Finally the temperature dropped
sufficiently low (about 1 billion K) so that the deuterium nuclei could hold
together. The deuterium bottleneck was thus broken and a rapid sequence
of nuclear reactions combined neutrons and protons to form deuterium, and
the resulting deuterium with neutrons and protons to form the *He. Thus,
all remaining free neutrons were rapidly ”cooked” into “*He, ®He, 2He and
"Li. Excess of protons resulted in excess of hydrogen over helium, as observed

today.

Radiation Era (3 min. to 10° years): The Universe was still expanding
and cooling. But as this happened more and more matter was created. Even-
tually the energy density in matter became larger than the energy density in
radiation. Atoms condensed without being ionized. As the free electrons are
bound up in atoms, the primary cross section leading to the scattering of pho-
tons (interaction with the free electrons) was removed and the universe (which
had been very opaque until this point) became transparent: light could now
travel large distances. The photons could now move through space without
being absorbed. As a result the energy exchange between matter and radia-
tion became less efficient. The photons thermalized and started behaving as
black body radiation. Due to continued expansion this temperature fell from
10° K to a few degrees above absolute zero. The measured temperature of this

cosmic microwave background today is 2.725 K [3].

Formation of Galaxies and Stars (2-13 billion years): When stars

first began to form and galaxies took shape, hydrogen, helium and lithium
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were basically the only three elements in the Universe. The heavier elements
come from inside stars. Stars consume hydrogen and create heavier elements
through the process of nuclear fusion. The heavier elements we see in the world
today were all ejected from stars that had reached the end of their lifespan
and exploded into supernovas before settling into old age as a white dwarf, a
neutron star or a black hole (The process of making the heavy elements and
then ejecting them into the Universe takes place over a time scale that is the

lifespan of a star).

Life Evolved (13 Billion years to present): The events leading to
the origin of life are perhaps the least understood chapters of the story. Life
began during the first billion years of an Earth history which encompasses
approximately 4.5 billion years. In the beginning volcanoes, oceans, and a
turbulent atmosphere dominated the landscape. Chemical activity in clouds
which were fed by volcanoes and penetrated both by lightning discharges and
solar radiation, along with the oceans which received organic matter from the
land and the atmosphere, as well as from in falling meteorites and comets
were important factors in evolution of life. Here, substances such as water,
carbon dioxide, methane, and hydrogen cyanide formed key molecules such as
sugars, amino acids, and nucleotides. Such molecules were the building blocks
of proteins and nucleic acids, compounds ubiquitous to all living organisms. A
critical early triumph was the development of RNA and DNA molecules, which
directed biological processes and preserved life’s ”operation instructions” for

future generations.

Most of life’s history involved the biochemical evolution of single-celled micro-



organisms. Individual fossilized microbes in rocks which are 3.5 billion years
old have been found, yet we can conclusively identify multi-celled fossils only
in rocks younger than 1 billion years. The oldest microbial communities often
constructed layered mound-shaped deposits called stromatolites, whose struc-
tures suggest that those organisms sought light and were therefore photosyn-
thetic. These early stromatolites grew along ancient seacoasts and endured
harsh sunlight as well as episodic wetting and drying by tides: Thus it ap-
pears that, even as early as 3.5 billion years ago, micro-organisms had become

remarkably durable and sophisticated.

Many important events mark the interval between 1 and 3 billion years ago.
Life learned how to release oxygen from water, and it populated the newly
expanded continental shelf regions. Finally, between 1 and 2 billion years ago,
the eukaryotic cells with their complex system of organelles and membranes de-
veloped and began to experiment with multi-celled body structures. Jellyfish
and sea-pens are of those primitive life forms. The evolution of the plants and
animals most familiar to us occurred only in the last 550 million years, the
appearance of marine invertebrates (such as shell-making ammonites), then

fish, amphibians, reptiles, mammals, and humanity.

Perhaps the most recent significant evolutionary innovation has been humanity’s
ability to record and build upon its experience, thus triggering the rise of civilization
and technology. These developments bring us to the present, and here we are, trying

to uncover the secrets of this marvelous Universe.
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1.2 History of Elementary Particle Physicé

From the Big Bang theory, it is clear that the creation of universe was a very com-
plicated process. Particle Physics is the quest to understand and reveal the nature
of those basic constituents of matter that existed during the Big Bang (actually
approximately Era 4).

In the last century scientists have learned to make these particles in the labora-
tories. And by studying them, we hope to learn about the origin of the universe. It
is through particle physics, the tunning fork of the intellectual sphere of mankind,
that we hope to understand the birth and the ultimate future of the universe. A
major portion of Big Bang is beyond the Standard Model. This period at the mo-
ment also lies beyond what we can study with current accelerators. Even with the
LHC(E ~ 14 TeV), we will merely reach up to 107 s, just a tiny fraction of this era.
Regardless, although we cannot be sure what LHC may (or may not) discover, we
can try to answer as many questions as we can with the current technology available
to us.

In 1897, the first of the basic particles, the electron was discovered by Joseph
John Thomson. So began a remarkable journey inward to smaller and smaller
distance scales, from 107° m to 107%% m and eventually 107*® m, from an atom
composed of electrons and a nucleus, to the nucleus composed of protons and neu-
trons, to protons and neutrons composed of quarks - soon to realize and discover
that there are six quark “flavors” and six leptons. Table 1.1 gives a sense of how
the various particles were first discovered.

With these discoveries of the fundamental constituents of matter came an un-

derstanding of the interactions between them via the three of the four fundamental
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Table 1.1: History of Elementary Particle Physics

Era Discoveries Scientists Year

Electron J.J. Thomson 1897

Classical (1897-1932) Proton E.Rutherford 1919

Neutron J.Chadwick 1931

Blackbody Spectrum M.Planck 1900

The Photon (1900-1924) Photoelectric Effect A. Einstein 1905

Compton Scattering A.H.Compton 1923
Mesons (1934-1963) Strong Force H.Yukawa 1933-34

Muon C.Powell... 1937

nE C.Powell... 1947

A 1951

0 1958

pyw,n 1961

7, Q~ 1963

Dirac equation P.A.M.Dirac 1927

Antiparticles (1930-1956) Positron C.D.Anderson 1931

Anti Proton E.Segre & O.Chamberlin 1955

Anti Neutron B Corket al. 1956

Neutrinos (1930-1962) Proposed neutrino W . Pauli 1930
Theory of beta decay E Fermi 1933-34

Ve - C.Cowan & F.Reines 1956

vy 1962

K° Q.Rochester & C.Butler 1947

Strange Particles (1947-1960) K+ Powell 1949
3,2 A 1950-60

Strangeness Conservation rules | M.Gell-Mann & K.Nishijima 1953

The Eightfold Way Baryon & Meson Octets M.Gell-Mann 1961

Baryon Decuplet
Quark Idea M.Gell-Mann & Q.Zweig 1964
The Quark Model substructure for baryons SLAC & CERN

Color quantum Number O. W. Greenberg 1964

c-quark S.Ting & B.Richter 1974

A oE 1975

T M. Perl 1976

Heavy Flavor Particles D° Dt G Goldhaber & F pierre 1976

T, T, " L. Lederman 1977

Ay G. Bariet al. 1992

t-quark 1995

Intermediate Vector Bosons Prediction of Wi7 z0 Glashow, Weinberg & Salam 1967

Discovery of w*, z0 C.Rubbia & S. Van der Meer 1983

12




forces, the electromagnetic, the weak and the strong force. A remarkable achieve-
ment of the last quarter of the 20th century has been the unification of the elec-
tromagnetic and the weak force, known as the electroweak force. This electroweak
force, the strong force, six quarks and the six leptons form the basis of what we call

the Standard Model (SM).

1.3 The Standard Model: Quarks, Leptons and

the Fundamental Forces

The Standard Model [4] (SM), provides a theoretical description of interactions
between elementary particles. This model has proven to be the most adequate in
explaining current experimental observations in High Energy Physics. It not only
provides a framework in which high energy physicists can work but also the basis
on which a more extended theory may be built in future. The development of
the Standard Model came about through theoretical and experimental advances, at
times theorists making predictions which were later confirmed by experiments while
at other times, unexpected experimental results improved the physical theories.

In the Standard Model, the fundamental constituents of matter are either quarks

1
2

or leptons. These quarks and leptons are spin 3 particles and are called fermions
(named for the Italian physicist Enrico Fermi). Altogether there are 24 such ele-
mentary particles; the 6 quark flavors (u, d, ¢, s, ¢, b ) all of which carry either
a fractionally positive or negative charge, and 6 anti-quark flavors which carry the
fractional charges in opposite manner, and the 6 leptons (the Greek for the “light
ones” ) out of which 3 are negatively charged (e, p, 7 ) and 3 are their corresponding

neutrally charged neutrinos (v, v, v, ), similarly there are 6 anti-leptons carrying

13



positive and neutral charges, respectively.

Interactions between the constituents of matter are mediated by the gauge bosons
(named for the Indian physicist, S.N.Bose). Corresponding to four fundamental
forces there are spin 1 bosons for the electromagnetic, weak and strong force and
spin 2 for the gravitational force. The classical treatment of these forces was as
fields or potentials but the modern Quantum Field Theory views the interaction to

be an exchange of “vector gauge bosons”.

1.3.1 Quarks and Leptons

The quarks and leptons are grouped into three families or generations of isospin

doublets, denoted as I, II and III as given in Eq. 1.1.

Leptons Quarks

I II I1I I IT I11 (1.1)

() () ) () ()

While both quarks and leptons are treated as elementary particles, quarks are
bound inside the hadrons. Leptons interact weakly and electromagnetically, but
not strongly, whereas quarks interact weakly, electromagnetically and strongly. The
sizes (charge radius) of these quarks and leptons are < 107 m.

The first family of both leptons and quarks are long-lived and constitute the
matter which makes the world around us. The other two families form the short-
lived hadronic matter, which is believed to have existed between 10712 to 1078
seconds after the Big Bang. Since the u and d quarks make up nearly all of ordinary
matter, they can be studied easily. Whereas for the heavy quarks, charm and beauty

bound within hadrons, we can only study them by producing, detecting and then
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reconstructing them in the high energy physics laboratories around the world. They
are good candidates for the study of weak and electromagnetic interactions and its
inter-play with the strong interaction.

The quarks and leptons, both carry additional distinct properties or quantum
numbers which further distinguish these two classes of fermions. Leptons carry a
baryon number of 0 and quarks carry a baryon number of % This baryon number has
to be conserved during each interaction. Leptons have a lepton quantum number L,
further divided into three separate lepton numbers L., L, and L, corresponding to
each lepton family, and that too needs to be conserved separately in each interaction.
Further, quarks also have the four flavor quantum numbers S, C, B, T for the s, ¢, b
and t quarks. Tables 1.2 and 1.3 list the summary of lepton and quark properties,

respectively.
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Table 1.2: Summary of Lepton Properties as given in [5]

Lepton | Symbol | Charge Mass J | Baryon | Electron | Muon | Tauon Lifetime
Name (e) (MeV/c?) # #(Le) #(Ly) | #(Lr) (sec)
electron e -1 0.511 % 0 +1 0 0 stable
(> 10%® Years)
electron
neutrino Ve 0 <3x10°3 % 0 +1 0 0 stable
muon i -1 105.7 z 0 0 +1 0 2.197 x 10~6
muon
neutrino vy 0 <0.19 i 0 0 +1 0 stable
tauon T -1 1777.0 i 0 0 0 +1 2.91 x 10713
tau
neutrino vr 0 < 18.2 3 0 0 0 +1 stable
Table 1.3: Summary of Quark Properties as given in [5]
Quark | Symbol [ Charge Mass JP | Baryon | I I3 Y S C B T
Flavor (e) (GeV/c?) #
up u +2 | 00015-0004 | 1F : 1l+i|+3jo0o]o0o|o]o
down d -1 | 0.004-0008 | 1F i il-3j+i|lofojo] o
charm c +2 1.15-135 | 4 i 0} 0 [+3|o|+1|0] o0
strange s -1 0.08-013 | i L ol o (=210 o] o
top t +2 174351 | ¥ i ol o j+&loj oo+
bottom b -1 4.1-44 iF i o] o |-2|lojo |[-1]0
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For each of the above particles, there also exists an antiparticle. The antiparticle
possesses the same mass and spin as that of its corresponding particle, but is of
opposite charge, baryon number, and lepton number. Besides flavor, quarks carry
another degree of freedom, called “color,” which comes in three varieties (“red,”
“green,” and “blue,” or in short, r, g, and b). Antiquarks carry anticolors. According
to the (SM) all observable particles are colorless, consistent with the fact that no
single quark has been observed experimentally. This means that either a color and
the corresponding anticolor come together or all three different colors are mixed
together to form a hadron. Hadrons are therefore formed by either quark-antiquark
pairs (mesons) or by colorless mixtures of three quarks (baryons). Naturally, a
meson has B=0 and a baryon has B=1. For mesons, colorless states are easily
formed by combining a quark of a particular color with an antiquark of the same
(anti-)color, leaving the mesons with no net color. In the case of the baryons. there
are numerous ways to form colorless states by combining three quarks.

In the language of group theory, the three colors generate a color SU(3) sym-
metry, and the colorless states correspond to the singlet representation of the color
symmetry group. For the quark-antiquark combination, the direct product of quark
and antiquark representations of SU(3) may be decomposed into the direct sum of
an 8-dimensional (octet) representation and the one-dimensional (singlet) represen-
tation as;

3@3=8&1.
The singlet representation yields colorless states; for instance, the positively charged
pion is given by;
V() ~ upd, + ugdy + upds,
which is completely symmetric under the exchange of any two colors and certainly
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compatible with the boson nature of the pion. When combining the three quarks
of three different colors, the direct product of three fundamental representations of

SU(3) decomposes according to the rule;
33®3=106848a1.

By combining three colors, we obtain a color decuplet, two color octets, and a color
singlet. Only the color singlet state of a baryon is completely antisymmetric under
the interchange of any two quarks. The color state of all baryons is therefore given

by;

‘P(COlOI‘) = % [(I‘, g, b) - (I‘, b? g) + (gv b’ I‘) - (ga r, b) + (b, r, g) - (bv g, I')] )

which, by definition, has to be antisymmetric for fermions. The total wave function

of any hadron can be expressed as;
¥ = U(space) U(spin) ¥(flavor) ¥(color),

In the case of baryons, where the color part of the wave function is always anti-
symmetric, the combination of the remaining parts must always be symmetric. For
example, the wave function of the ©0 baryon is the product of the antisymmetric

baryon color singlet, given above and the symmetric flavor-spin factor

T(Zg) = [4/3(dT,dT,cl)=2/3(dT,d],cT)—2/3(d],dT,cT)+
4/3 (dT,Cl,dT)"‘2/3 (dTchadl)_2/3 (dl,CT,dT)'f‘

4/3 (Cl,dT,dT)—2/3 <CT7dT7di)_2/3 (CT7dl7dT)]?

Sl

The possible number of mesons and baryons constructed in the above way easily

exceeds one hundred, many of which have been confirmed experimentally [5].
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1.3.2 Fundamental Forces

The interactions between particles can be one of the four types, strong, weak, elec-
tromagnetic or gravitational. The four fundamental forces and their mediators after
the Higgs symmetry breaking when all the four forces act as separate entities.are
shown in Table 1.4. Before the Higgs symmetry breaking the electromagnetic and
weak forces are unified as one force described by the Standard model and have four
mediators W+, W=, Z° and ~. Since all mediators have integer spin=1, they follow
Bose-Einstein statistics and transform as polar vectors under rotation. Table 1.5

shows a comprehensive list of the properties of the four forces.

Table 1.4: Forces and their Mediators.

Forces Mediators
Strong g1---08
Electromagnetic ¥
Weak w+ w-,2°
Gravitational G

Gravitational force mediated by the spin-2 massless gravitons that act on mass-
energy is the weakest of the four forces. It is a long-ranged (extends out to infinity)
force that binds all massive particles together with an attraction that is proportional
to their masses and falls off with the distance squared between them. The gravita-
tional force acts on all particles, however, it is far too weak to play any significant
role in subatomic objects such as quarks or leptons and it is not considered a part
of the Standard Model.

The electromagnetic (EM) force was first observed as an extra-nuclear phe-

nomenon and is also a long-ranged force like the gravitational force. It is mediated
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Table 1.5: Properties of the four fundamental forces [5]

Forces Strong Electromagnetic ] Weak Gravitational
Electroweak
Mediator Gluon (g) Photon () l w=, z° Graviton (G)
Higgs(HO) - Electroweak Mass Carrier
Spin 1 1 1 2
Mass 0 0 81.0 (W) 0
(GeV/c?) 92.0 (29)
Lifetime (s) N/A o0 3.2 x 10-28(W=) N/A
2.65 x 10725(29)
No. of Mediators 8 1 3 1
Range (m) < 10718 oo <1018 00
Rel. Strength as = 1(109) ae = 157 (1072) Qy = 107° g = 10738
(Coupling Const.) at 1 GeV at 1 GeV at 1 GeV at 1015 GeV
(as = 10%a,) (aw = 107 %ae) (ag = 10730q,)
as ~ 1, large r
as < 1, small r
Interaction 10728 — 10— 10~17 —10-20 10-6 — 10-13 N/A
Lifetime (s)
Cross Sec. 104 10t 10-8 N/A
at 1 GeV (ub)
Interacting Quarks Quarks Quarks Quarks
Fermions Charged Leptons Charged Leptons Charged Leptons
Neutral Leptons Neutral Leptons
Acts On Color Charge Electric Charge Quark Flavor Mass-Energy
(R,G,B) Leptons
Field QCD QFD QED QGD
Theory
Symmetry Group SU(3)c U(1) SU(2) SO(N)
Es®Es
Superstrings
Local Symmetry SU(2) @ U(1)
SU(3). @ SU(2) @ U(1) : After GUTs Symm. Breaking
Experimental Observed Directly | Observed Directly | Observed Indirectly | Observed Indirectly
Evidence at DESY-TASSO | in the Early 1900s CERN-UA1 as Gravity Waves
in 1979 in 1983

in Binary Pulser
PSR 1913+16

in 1974
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by the massless photons () acting on electric charge and becomes weaker as the
distance between two particles or objects increases. Besides gravitation, it is the
one responsible for most of the physical interactions that take place at the human
length scale. Unlike the gravitational force, the EM force can be either attractive for
particles with opposite charges, or repulsive for particles with like charges, that falls
off with the distance squared between two charged particles. The theory describing
electromagnetic interactions is called Quantum Electrodynamics (QED).

The strong and the weak forces are both short ranged, in contrast to the gravita-
tional and the electromagnetic force. While the EM interaction range is infinite, the
strong interactions occur on the order of a Fermi. The protons inside a nucleus are
electrically repelled from each other, nevertheless they are held in the nucleus by the
“strong” force, so called, since it is about 100 times stronger than the electromag-
netic force. The strong force is also what holds the quarks together inside hadrons,
and is therefore responsible for binding three quarks together to form baryons and
a quark and an anti-quark to form mesons. The field theory describing the strong
force is called Quantum Chromodynamics (QCD). The strong force is mediated by
eight spin-1 massless gluons, g;...gs. While photons do not carry electric charge,
gluons on the other hand, carry the color quantum number like the quarks, and
thus can interact via the strong force. The fact that the gluons interact among
themselves through the strong force leads to an increase in the strong force between
quarks and gluons with distance. The farther apart the quarks and gluons are, the
more strongly they attract one another (which is why quarks do not exist separately,
but always bound as hadrons) and any effort to pull quarks and gluons out of the
nucleon by supplying energy, is therefore bound to fail. For this reason, the effect of

the strong force between hadrons is of short range and vanishes when the colorless
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hadrons are far apart. In contrast, the EM force gets weaker, gradually, as the
separation distance increases. Leptons do not have color charge and do not interact
via the strong force. As a result, leptons can exist independently as free particles.

The fourth force is the weak force and is about 10* times weaker than the electro-
magnetic force and about 1032 times stronger than the gravitational force. However,
the weak force does not hold particles together since it can act only over extremely
short distance (< 107!® m) and so instead, it is responsible for radioactive decay of
nuclei (-decay) in particular and for changing a heavy quark to a lighter quark (via
changing the flavors), or changing a lepton to a lighter lepton. However, it should
be noted that no flavor changing neutral currents exist in nature at tree level and
only flavor changing charge currents exist.

Lifetimes of weakly decaying particles .are large compared to typical EM and
strong decays. The weak force is carried or mediated by one of three particles called
W+, W~ and Z° bosons. Unlike the other force carriers, the photon and gluon, the
weak force carriers have mass. In fact, this is the reason for the weak force being
very short ranged force. The weak interaction acts on all leptons and quarks, all of
which carry “weak charges.”

Using the same analogy that Maxwell did to reveal that the electric and the
magnetic forces are different aspects of the same electromagnetic force, a field theory
of the weak force called the electroweak theory was developed. It successfully proved
that the electromagnetic force and the weak force are different aspects of a single
electroweak force. The strength of the weak force is related to the electromagnetic

coupling constant through the equation given in 1.2 [4].

oy X . tan Oy (1.2)
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where Oy is called the “Weinberg angle”. This relationship between the electro-
magnetic and the weak force is one of the major advancements of the electroweak
theory and hence the SM, which unified the two forces. The three interactions of
interest in particle physics are therefore described by two theories, Quantum Chro-
modynamics (QCD) and the Electroweak theory of Glashow, Weinberg, and Salam.
The Electroweak unification is discussed in detail in the next section.

All kinds of interactions, whether its a scattering with another particle or a decay
into lighter particles, or an annihilation into heavier particles, they are governed by
some conservation rules. Table 1.6 shows a list of some of the quantities conserved
or violated for each type of the force. While some of the conservation rules are

absolute, others depend on the type of the force, the interaction is mediated by.
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Table 1.6: Conservation Rules for the four forces [4]

Quantity Strong Electromagnetic Weak
Conserved
Charge Yes Yes Yes
Energy/Momentum Yes Yes Yes
Baryon Number Yes Yes Yes
Lepton Number Yes Yes Yes
Isospin (I) Yes No No
(AIz3=0,%,10r 3)
Strangeness (S) Yes Yes No
(AS=0or1)
Hypercharge (Y) Yes Yes No
Charm (c) Yes Yes No
(AC=0o0r1l)
Beauty (B) Yes Yes No
(AB=0or1)
Parity (P) Yes Yes No
G-Parity (G) Yes No No
Charge Conjugation (C) Yes Yes No
CP Yes Yes No
Time-reversal (T) Yes Yes No
CPT Yes Yes Yes
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1.3.3 Electroweak Interaction

In 1967-68, Glashow, Weinberg, and Salam proposed a gauge theory unifying the
weak and the electromagnetic interactions {6]. In the gauge field theory, the La-
grangian is invariant under local gauge transformations provided that all gauge
fields involved are massless. In renormalizable theories, the unphysical divergent
terms that exist in quantum field theories must be cancelled to describe an ob-
servable physical process. The Electroweak Unification is basically an extension of
QED [4], which is a gauge field theory describing electromagnetic interactions based
on the U(1) symmetry group. The Lagrangian of QED is invariant under a global
U(1) transformation where the electron’s field everywhere is changed by an arbitrary
phase. QED is also invariant under a local phase transformation whereby the phase
of the electron’s field can change arbitrarily at different locations. It is important
to note that while the Lagrangian of a free charge, represented by the current J*,
is not invariant under a local U(1) transformation, the electromagnetic field (A4,)
compensates for this and leaves the Lagrangian invariant under a local U(1) trans-
formation. The fact that the symmetry of U(1) phase transformations is unbroken
requires electric charge to be conserved which is observed in all interactions.

The Glashow-Weinberg-Salam theory (GWS) used a “weak isospin”, I, SU(2)
group and a “weak hypercharge”, Y, U(1) group (where Y = 2(Q — I3)), thus form-
ing a non-Abelian SU(2) ® U(1) gauge symmetry group to describe the electroweak
gauge field. The combination SU(2) @ U(1) reveals the symmetry between the
lepton and quark families, plus the similarities between electromagnetic and weak
interactions. In the Standard Model, fermions are grouped into three generations of

left-handed doublets and right-handed singlets of weak isospin given as;
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Only the left-handed doublets participate in the weak interactions. The weak isospin
doublets serve as the bases of the SU(2) group, while the isosinglets form the bases
of the U(1) group.

The two components, right- and left-handed, ¢'gr and v, of a fermion field, v are
obtained by applying the projection operators: g = %(1-1—75)@& and ¥y, = %(1—75)@&.
The left handed Fermion fields transfer as doublets under SU(2) rotations, and the
right handed fields transform as singlets. This is a consequence of the fact that
weak interactions violate parity maximally and are mediated by V-A {Vector-Axial)
interactions.

A Lagrangian which is invariant with respect to the weak isospin SU(2) and
with respect to rotations in weak hypercharge space, is needed. There are four
electroweak bosons, the weak isospin triplet W; with i = 1,2, 3, and the singlet B,
relating to the SU(2) and the U(1) groups, respectively. The two charged bosons,
W} and W2

fy . » couple with a scalar Higgs field via a spontaneous symmetry breaking

mechanism [7], to become the massive Wtand W~. The linear combination of the
neutrals, W3 and B, couple with the Higgs to form a massive neutral vector boson
Z° and the massless photon. The presence of the Higgs field is essential for the
renormalizability of the theory.

The interaction energy (usually represented by the so-called Lagrangian energy

density £) of fermions with the fields W,, B, is the product of the fermion currents
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and fields, that is of the form
Lint = gudy - W, + 9. JyB, (1.3)

where J and J§ represent the isospin and hypercharge currents of the fermions
(Ieptons or quarks) respectively, and g,, and g, are their couplings to W, and B,,.
The hypercharge current is related to the electromagnetic current J EM and the third

component of the isospin current Jﬁ by;
JY = JEM _ (1.4)

The electroweak interaction Lagrangian contains three terms, one for the weak
charged current interaction, one for the weak neutral current interaction and one

for the electromagnetic interaction;

Lin = % (J; WE+ JEWD) + g, (J0 — sin®6, JEM) Z, + e JEM 4,

with the weak charged and neutral current coupling constants being related to the

basic unit of electric charge through the “Weinberg angle” 6,,;

e
sind,, ’

Gw =

€

g, = p .
8inb,, cosb,,

The W2, Z,, and A, are the fleld operators representing the physical W*, Z° and
v particles, respectively. As noted earlier, they are given by the linear combinations

of electroweak bosons;
£ _ 1 12
Wr = (Wi£iW?2)/v2,
Z, = Wi’ cost, — B, sinb,, ,
A, = Wi sinfy, + By, cosb,, .
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Finally, the Jf, Jg, and JfM denote the charged weak, neutral weak, and electro-
magnetic currents. The charged weak current are given by the first two components
of the isospin current;

Jy=J,£J] (1.5)

The charged weak current for leptons is given by;

€
R |
JI= (Ve’yuvy7'>§7u (1_75) [/ (1.6)
T

where the v, are the usual Dirac matrices and 5 = iy v1 V2 7s.

The formulation of this current expresses the empirical fact that leptons only
couple within their own generation. In the case of the quarks, on the other hand,
inter-generational couplings are observed, e.g. A — pr~ decay, where an s quark
from the second generation gives rise to a u quark of the first generation. The theory
handles this experimental fact by making the weak eigenstates of quarks different
from the mass eigenstates. By convention, the u, ¢, and t quarks are unmixed, while
the weak eigenstates of the d, s, and b quarks are given by linear combinations of

their mass eigenstates. The weak charged current involving quarks is therefore given

by;
1 d
Jj:(a,'c",f)iwu-ﬂ s |, (1.7)
b/

with the primed quarks being related to their physical counterparts by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [8] given by:;

d/ Vud Vus Vub d
s =1 Vua Vs Vi
v Vie Vis Vi
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One possible parametrization of the CKM matrix, which is supposed to be a unitary

matrix, is via three angles and a phase [5] as given below;

C12C13 812€13 s13€~ 1013
16 16
—812C23 — €12823813€"°®  C12Co3 — S12823513€"13 $23C13 ;
13 i6
812823 — C12C23513€*°®  —C12823 — 812C23513€"°®  Co3C13

with ¢;; = cosl;;, s;; = sinf;;, and 4,5 denoting the quark generations. When
combined with experimental data, the unitarity constraint yields the following 90%
confidence limits on the magnitude of the CKM matrix elements [5];

0.9747 t0 0.9759 0.218 to 0.224  0.002 to 0.007

0.218 t00.224  0.9735 to 0.9751 0.032 to 0.054
0.003 to 0.018  0.030 to 0.054  0.9985 to 0.9995

The fact that the diagonal elements are close to unity reflects the experimental
observation that quarks preferably couple within their own generation. Such decays
are called Cabibbo favored decays. Cross-generational decays are called Cabibbo
suppressed decays.

There is yet another symmetry between leptons and quarks under this theoretical
frame. For all fermions, inter-generational transitions involve W#*, never v or Z°. In
the case of the leptons, this mechanism explains the observed conservation of lepton
family number. For quarks, it explains the nonexistence of the flavor changing
neutral current (FCNC) at the tree-level. In fact, following this line of argument,
Glashow, Iliopoulos and Maiani, proposed the GIM mechanism [9] in 1970 and
predicted the existence of the charm quark. In the limit of no mixing with the third
generation, 013 = 63 = 0, the CKM matrix reduces to the original Cabibbo matrix

for four flavors;
co§90 sinf, (1.8)
—sinf, cosb,
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where the angle 61, = 6, is the Cabibbo angle and has been measured to be
~ 13°. It was observed that all neutral processes were characterized by the selection
rule AS = 0; in other words no neutral-current processes which involved change
of strangeness were observed. For example, decays such as K°— puTu~ are highly
suppressed (~ 1078) relative to corresponding charged current processes such as
K°— ntn~. The weak neutral current involving quarks of first generation only is
given by;

JB=<ﬂ,E’>§m1——75><§)

Ignoring the factors v, (1 — 4°) we can write

0 _ = —
J, = uu—d d
= Tu ~ ddcos®6, — 3ssin’f,

—(3d + sd)sim8.cos8,

where the first three terms correspond to AS = 0, and the last term corresponds to

AS = 1. After adding a new charm quark the neutral current modifies to;

B = au—-dd +cc—7s
= Tu+cc ~ (dd + 38)cos*d, — (dd + 3s)sin?6,

+(3d + sd — 3d — sd)sinf,cosb,

The strangeness changing neutral current gets completely cancelled out at the
tree level. This predicted ¢ quark was discovered in November 1974, mentioned ear-
lier as November Revolution, which in the particle physics community, refers to the
discovery of J/v resonance by B. Richter’s group [10] at SLAC and independently

by S. Ting’s group [11] at BNL. It was interpreted as a ¢¢ bound state.
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The value of the Weinberg angle 8, is related to the ratio of W and Z° boson

masses. Its value was determined from experiment to be;

M
O = — ~28.4°  (sin0, ~ 0.226).
Mz

The derivation of this angle stands as a major challenge for any theory going beyond
the Standard Model. Furthermore, the Higgs boson has not yet been confirmed
by experiment. Nevertheless, the SM has been extremely successful in describing
particle decays. Also, the discovery of the W= particles with My, ~ 80 GeV/c?
and the Z°% with Mz ~ 91 GeV/c? at CERN in 1983 [12] was taken as a persuasive

evidence for the GWS theory.

1.3.4 Quantum Chromodynamics

The currently accepted theory of interacting quarks is Quantum Chromodynamice
in which colored quarks interact via the exchange of gluons. Like the photcn in
QED, the gluons are massless and at short distance the QCD potential has the form

of the QED Coulomb-like potential (interaction);
V(T)QED = e — (19)

V(r)oep = —— as 7— 0 (1.10)

where oy is the strong coupling constant. To be more explicit, we can write the

actual form of V(r) for short distances (< 1fm) as

4 Us(r)

V(T)QCD = —gT (111)
for a gg meson color singlet and
2 as(r
Vi(r)aep = —3 r( ) (1.12)



for a qqq baryon color singlet. The factor of 4/3 for mesons and 2/3 for baryons
comes from the group theory of SU(3). At long distances, i.e. > 1fm, V(r) becomes

a linear relation by Gauss’s law, given as;
V(r)=or as r—oo (1.13)

where o is a force constant with a value of 0.7 - 1.0 GeV/fm. So for baryons the
combined V(r) at any distance is

205 r
V(T‘)Q(;D = —g‘% +or. (114)

While Coulomb-like interaction dominates at small values of r, the linear term
dominates at larger values of r and is responsible for the confinement of quarks.
Thus an infinite amount of energy would be required to separate the quarks to
an arbitrarily large distance. This theory of the strong interacticn, (QCD) [4], is
analogous'to the quantum theory of electromagnetic interaction (QED), but there
is however, a significant qualitative difference between the two. In QCD, the bosons
that transmit the force (the gluons) carry the quantity that they couple to, the strong
charge. Here we say that the Gluons have strong charge. In QED, the boson that
transmits the force (the photon) does not carry the quantity that it couples to, the
electric charge. Here we say Photons have zero electric charge, a consequence of this
is that photons do not couple directly to photons, while gluons do couple directly to
gluons. There is also a quantitative difference in the strengths of the electromagnetic
and strong interactions. The value of the dimensionless strong coupling (a;) in the
present range of experiments is much larger than the electromagnetic coupling ().
Perturbation theory, the technique of calculating interaction probabilities in powers
of the dimensionless coupling, is more difficult in QCD and very often not possible.

All hadrons have a net strong charge (color) of zero, and their net quark content
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has zero strong charge even though the quark content of the hadron is continuously
changing. The hadrons are color singlets as described in earlier sections, analogous
to a spin singlet (a combination of s = 1/2 particles with zero net spin). In QCD,
there are simple zero-color combinations of a hadron: (a) quark-antiquark, (b) three
quarks, or (c) three antiquarks.

One central feature of QCD that has been verified by experiment is the property
of asymptotic freedom. Asymptotic freedom refers to the fact that while quarks are
permanently bound into hadrons, at shorter and shorter distances they do behave
more and more as free particles. The concept of asymptotic freedom was realized
theoretically in 1973 by H. David Politzer and independently by David Gross and
Frank Wilczek. The strength of the interaction «, changes quite rapidly with the
wavelength of the quark at distances near 1fm. In terms of the equivalent quark
energy (E = he/)), we have as & 1 at E = 1 GeV, and a; ~ 0.1 at £ = 100
GeV. Thus, a; is often referred to as the running constant. This property is called
the asymptotic freedom: the fundamental parameter that specifies the quark-quark
coupling strength decreases at shorter distances, since the quarks are free of the
linear portion of the potential as stated in Eq. 1.13 and so the closer they are,
the weaker the strong interaction between them. The qualitative reason for this is
that at shorter distances, the gluon cloud surrounding the quark is penetrated. The
gluons carry strong charge so that the effective strong charge of a quark is reduced at
shorter distances. The variation of the strong coupling with energy is quantitatively
determined in QCD. The value of o, at a given energy depends on the number of
quark flavors (ny) that can participate in the binding process through their coupling
to gluons. At energies much greater than the mass energies of the quarks, all flavors

of quarks participate. In specifying the theoretical energy dependence of oy, there
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remains one fundamental constant that can be determined only from experiment.
The definition of this constant is arbitrary, but conventionally a constant (Agcp)
that has dimensions of energy, is used. The constant Agcp then defines a boundary
in energy, below which we have hadrons and above which we have quarks. The
order-of-magnitude of Agep is the mass energy of the lightest hadron, the pion. In
terms of Agcp and the number of quark flavors (ny), the energy dependence of the

strong coupling parameter is;

12
Qg R T o (1.15)

to lowest order in the energy E. From a variety of experiments [5], it is determined
to be;

Agep ~ 200 MeV. (1.16)

1.4 Particle Interactions
The basic physical quantities for any interaction are

o Decay rates (for decaying particles)

e Scattering cross-sections (for scattered particles)

In both cases there are two basic ingredients in the recipe, amplitude M for the
process and the phase space available.

The Amplitude contains all the dynamical information and is calculated using
Feynman diagrams. Phase space contains all the kinematical information and de-

pends on masses, energies and momenta of the particles. The transition rate for any
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given process is determined by Fermi’s Golden Rule;
. 27 9
Transition Rate = W | M |* xPhase Space (1.17)
The decay rate for a process 1—2+ 3 +4---n is given by;

i = kS () () ()]

x (21464 (py — pa — p3 -+ Pn)

where p; = (%, pi) is the four momentum of ith particle with mass m; and S is a
product of statistical factor: J—l, for each group of j identical particles.

The scattering Cross-section for a process 1 +2—3 +4---n is given by;

do= 1MF 4/ (p1~pz)?i5(m1mzc2)2 K(;g%z) <(2;i§2353) ((Zﬁ—%> ]

x (27)484 (p; — ps - p3 - - - pn)

Except for the electrons, protons, photons and neutrinos, all known particles (5]
are unstable, and decay to lighter particles. The life span of an unstable particle is

governed by statistics. For a group of a particular kind of particles, we have
N = Nget/m (1.18)

where Ny is the number of particles at time t = 0 and N is the number of particles
remaining after a time period ¢. The quantity 7y is the average lifetime of the
particle. The lifetime of a particle is related to its observed natural width;

1
FTotal - — (119)

To
This total width is the sum of the particle width for decay into all possible channels:

from an initial state, ¢, to final states, fi,f2,... fa, ..., that is,

FTotal == Fi—)f1+rz-——)f2++rl—>fn+ (120)
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where f; represents a specific decay mode. The branching fraction of a decay process

leading to a specific final state, i — f, is defined as;

B(i — f) = IFT—:fl (1.21)

The described interactions (their perturbative expansion in terms of coupling con-
stants) and the corresponding particle decay mechanisms can be concisely rep-
resented through Feynman diagrams. Fig. 1.2 shows the principal verteces of a
fermionic constituent interacting with each of the gauge fields. Of course, any inter-
action of a pair of fermionic constituents with each other (or of any one with itself)
must be described by at least two of those verteces. In the Feynman diagrams that
appear in the following sections, the pervasive strong interaction between the quarks
(and/or ‘antiquarks) is often not drawn explicitly, but their association in strongly

bound states is indicated through brackets.

1.5 Physics at PEP-II - e"e~ Asymmetric Collider

At an asymmetric ete™ collider like PEP-II the bunches of high-energy electrons
(9.0 GeV) are brought into collision with low-energy positrons (3.1 GeV). This op-
erates at a high luminosity which is of the order 103 cm~2s!, and the total center-
of-mass energy is; E,,=10.58 GeV/c, corresponding to the mass of the T(4S5) res-
onance. Since electron and positron energies are not equal, therefore the center-of-
mass frame is boosted in the laboratory frame, resulting in B mesons with significant
momenta in the laboratory frame (the small Q-value of the T(45)— BB decay re-
sults in B mesons almost at rest in the center-of-mass frame). This enables the
measurement of the difference in decay time from the two B’s. Also, the high lu-

minosities provide enough B mesons, which is important in order to measure the
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Figure 1.2: The Interaction Vertices of the Standard Model:
a) Electromagnetic, b) Weak Neutral, ¢) Weak Charged, d) Strong [4].
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direct C'P violation. Besides the C'P violation, the other interesting phenomena
which can be studied at the high luminosity collider, are the production mechanism
of charmed baryons.

In an ete™ collider, a certain fraction of electron positron pairs annihilate to
produce a virtual photon which then fragments into a pair of fermions. According
to the Standard Model, the most elementary processes resulting from e*e™ collisions

are;
1. ete™ = (v, 2)— I~ (l=ep71)
2. ete™ — (v, Z)— vy

3. ete” = (v*,Z2)— qq (g =u,d, s,¢,b,t)

For PEP-II since Eg{" < Mo, the Z° contribution is negligible; thus ete” coliisions
are well described by Quantum Electrodynamics (QED), where an e*e™ pair couples
to a virtual photon, which then decays into a pair of fermions, creating quantum
states having the quantum number of the photon (JF¢ = 177). The final state
must have the same quantum numbers as those of the photon (J¥¢ = 177). The

general differential cross-section for fermion pair production for point-like spin 1/2

fermions (e.g. quarks) through single photon annihilation to first order is the given

by;
d—g(e+e‘ - ff) = O‘—25 [1+ cos?0 + (1 — 3%)sin®6] Q3 (1.22)
dQ 4s f '
where the charge of the electron e, = /a (hence €2 = ) is implicit, and s =

E? = E2  or 4(pc)?, Epeam being the beam energy and E being the center-of-mass
(c.m) energy. [ = v/c parameterizes the velocity of the final state fermions in

the c.m frame relative to the speed of light; and Q; is the charge of the fermion
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f=eu.71,du,s,cbtin units of the electron charge, e. If the mass of the product

fermions is negligible, and 3 approaches 1, then Eq. 1.22 becomes the familiar
do a? 9
dQ(e+e — ff)= [1—1—003 } Qf (1.23)

By integrating over {2 and assuming S—1 (which is a good assumption for PEP-II

energies), we arrive at;

—.  4ma? 86.7nb (GeV?
slerem — fF) = T2y = 2T GV ) e

3s

Qf = athf (1.24)

where o, is often called the “point” cross section. To arrive at the total hadronic

cross-section, we have to sum over flavors and colors of the quarks,

o(eTe™ — hadrons) 47ra Z Z Qf—-UptZ Z Qf (1.25)

colors flavors colors flavors

The color summation results in a factor of 3. It is conventional to relate the cross-
section of ete™ — hadrons to that of ete™ — p*u~. Then the ratio of hadronic to

leptonic cross-section is,

_o(ete” — hadrons) .
k= olete” — ptp~) 31\,2:1 Qf (1.26)
5=

For PEP-II energies at T(4S5) we have,

2\ 2 1\2 1\ 2 11
= 2 - —_ —_ — =3 _ :
R 3{ (3> +2(3) +(3)} 3 3.66 (Nt =5:u,d,s,¢c,b)

and below bb threshold, we have,

2\ 2 1\?| 10
R = 3[2(-5) +2<§>}_€_3.33 (Ny=4:u,d,s,c)

Here it is important to mention that R is actually the ratio of the hadronic cross-
section to the muon cross pairs when the radiation of the gluons by ¢ and 7 is
ignored. So, some corrections are needed to be able to compare with quantitative
measurements. The hadronic cross-section at different energies for CLEO is shown

in Fig. 1.3.
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Figure 1.3: The four Y resonances, as observed at CESR.

1.5.1 e*e —BB

When the center-of-mass energy is near the threshold for a new flavor, a new vector
meson is produced. In case of beauty or bottom bb pairs can be produced and form
bound states, like T(15), T(2S), and T(3S5) resonance. At even higher energies
excited bb bound states like Y(4S) are formed, leading to the production of BB
mesons. The production cross sections for these resonances is shown in Fig. 1.3 as
a function of energy.

In 1977, a narrow resonance was found by Leon Lederman’s group in a ptu~
(dimuon) invariant mass spectrum in a pN scattering (collision of 400 GeV protons
on a Beryllium target) experiment at Fermilab [13]. They had observed a high yield
of muon pairs at invariant masses of 9.44 GeV/c?, which at the time was named

T (now called T(15)). It was immediately interpreted as bb bound (bottomonium)
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state of yet another new generation of heavy quark, called beauty or bottom, denoted
as b. Soon thereafter, in early 1978, the PLUTO and DASP experiments at the
DORIS e*e™ storage ring at DESY verified the discovery of the T [14], by showing
a sharp peak in the reaction ete™ — hadrons, at the same mass. In Figs. 1.4 (a)
through (c), we show the possible mechanisms through which the YT(15), T(285),
and Y(3S5) resonances can decay. The mass of the T(45) (10.58 GeV/c?) is high
enough so that a second pair of light quarks can be produced from the vacuum
such that Y(4S5) decays via strong interaction. Fig. 1.4 (d) shows how B mesons
are formed from the Y(4S5) resonance, via popping off a light quark-antiquark pair
(¢ = u,d). The T(4S) bound state disintegrates and either a u% or a dd pair
is created from the vacuum to form a B and a B mesons, each of mass ~ 5.279
GeV/c?. The availability of this decay channel makes the Y'(45) significantly broader
than the first three T resonances, whose widths are consistent with the storage ring
energy spread. Their narrow widths are explained by the empirical Okubo-Zweig-
lizuka (OZI) rule [15] which states that, if in a particle decay all the energy is
transferred via gluons (“hard gluons”), then the decay is heavily suppressed. Since
T states have JF¢ = 177, they can decay via ggg, ggy, 7v7, or v*. Furthermore,
each gluon exchange introduces a factor of strong coupling constant, /o5, in the
decay amplitude and hence suppresses the annihilation amplitude. Examples of this
suppression can be seen in Fig. 1.4 (a) and (b). The electromagnetic annihilation
process shown in Fig. 1.4 (c) is also suppressed compared to the Y(4S) — BB
decay mode, but this is because of the different relative strengths of the involved
interactions. The decay of B mesons can be described by five basic decay diagrams,
shown in Fig. 1.5: (a) external spectator, (b) internal or color mixed spectator,

(c) annihilation, (d) W-exchange, and (e) penguin processes. The external spectator
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Figure 1.4: Decay mechanisms of the T resonances; (a) through (c) show how the Y(15)
through Y (3S) resonances decay via annihilation of the b and b quarks, and (d) shows how

B mesons are formed in Y(4S) decay.
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Figure 1.5: Decay mechanisms of B mesons, shown in form of the quark level diagrams:
(a) Ezternal W-emission (“spectator”), (b) Internal W-emission (“color mized”), (c)

Annihilation, (d) W-exchange, and (e) gluonic “Penguin.”
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is the simplest process because the light quark does not participate in the weak decay
process. One of the final state particles is produced by the W=, whereas the other
one is formed by the ¢ (or u) quark and the light spectator. In the internal spectator
(also called color mixed or color suppressed) diagram, the c and the spectator quarks
combine with the quarks from the virtual W to form final state particles. It is
suppressed because the color of the W-daughter quarks has to match with that of
the ¢ and the spectator quark, since the final states have to be colorless. One would
therefore naively expect this decay to be suppressed by a factor of 1/N2 = 9, with
N. being the number of colors, but the suppression is mitigated by gluon exchange
effects. W-annihilation and W-exchange processes are helicity suppressed, and W-
annihilation is also color suppressed. Penguin processes are also heavily suppressed

because of additional gluon exchanges between the heavy and the light quark.

1.5.2 ete —cc

At energies around the T (45) resonance, e*e™ annihilations can produce any of the

four quark - anti-quark pairs shown below along with bb;
ete”—ul, dd, s5, and, ce. (1.27)

The ¢q pairs then hadronize, producing families of mesons and baryons. The
hadronic cross-section for the c¢ production is 40% of the total cross-section, so
that we get copious c¢ jets just below the Y(45) resonance. Fig. 1.6 represents pos-
sible ways of charmed meson and charm baryon production at BABAR at continuum.
Most of the times a charmed baryon does not accompany the corresponding charmed
anti-baryon, but does accompany some other anti-baryon to conserve baryon num-

ber. The decay mechanisms of charmed baryons, specific to this thesis, will be
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discussed later in the third chapter.

+
€ c

Charmed Meson

(a)

Anti-Charmed Meson

9> Charmed Baryon

)

d, Anti-Charmed Baryon

Figure 1.6: A Feynman diagram of the (a) continuum charmed meson production route
via ee”™ — ¢¢ — Charmed Mesons and (b) continuum charmed baryon production route

via ete~ — c¢ — Charmed Baryons.

1.6 Invariant Mass of a Particle

Special relativity gives the relation between the energy, F, momentum p, and the

mass M, of any subatomic particle as;
E? = p*c® + M?c (1.28)
where c is the speed of light. When the object is at rest, Eq. 1.28 becomes the

famous relation E = mc?. Since c is approximately the speed at which high energy
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particles naturally travel, it is convenient to work with units in which ¢ = 1. Thus
simplifying to;

E? = p* + M? (1.29)

Solving for M, we have,
M= +/E?-p? (1.30)

Given the measurement of the momentum, p, and energy F, of a particle, we can
calculate its invariant mass M. If a particle decays, its momentum and the energy
are the sum of the momenta and the energies of its decay products. For ¢ number
of decay products, each having momentum p; and energy £; the invariant mass can

be written as;

M= \/Zw i (1.31)
where
> () =E* (1.32)
and

> (pi)? =7’ (1.33)

1

The invariant mass distribution is typically a peaked distribution, whose RMS width
depends on the measurement resolution o, while combinatoric background can al-
most always be described by a low order polynomial. Requiring that the invariant
mass be within 2 - 30 of the nominal mass is therefore, very effective in keeping

most of the signal, while rejecting much of the background.
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Chapter 2

Charmed Baryon Spectroscopy

The discovery of J/4, a narrow meson resonance of mass 3.1 GeV/c? [10, 11] in
1974, led the path to a new era of Charm Physics in heavy hadron physics. In
the subsequent years, it was successfully interpreted as a bound state of the heavy
charm quark and an anti-charm quark with mass, m, ~ 1500 MeV/c? and charge,
:’r_%. This discovery opened a whole new sector of baryons and mesons carrying
various amounts of charm. The first charmed baryon, the Af (udc), was discovered
in 1975, in a Bubble chamber experiment at BNL [16]. Soon others followed, and
ever since, the field of charmed baryon spectroscopy has become one of the most
sought after topics in particle physics. With the advent of new powerful accelerators,
more charmed mesons and baryons were revealed, giving a big boost to the quark
model and hence the spectroscopic study of charmed baryons and charmed mesons

followed.
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2.1 Quark Model

The newly discovered fourth flavor was assigned an additional quantum number
“charm C'7 (C=1),isospin T = T3 = 0 and hypercharge Y = %. The ¢ quark
is a singlet under the SU(3) flavor symmetry. The group which incorporates all the
four quarks u, d, s, c under one framework is the SU(4) group, while SU(3) remains
a subgroup of the SU(4). Like SU(3), the fundamental representations of the SU(4)
are, [4] for quarks and [4] for anti-quarks.

The heavy hadrons composed of charm and bottom quarks are quite different
from the light flavored hadrons composed of u, d, and s quarks. This behavior led
to the notion of the Heavy Quark Effective Theory (HQET) [17]. In nature we have
six quarks, grouped into light and heavy sectors. The light sector comprises u, d, and
s quarks with masses less than the scale parameter Agcp = 400 MeV, whereas the
heavy sector comprises c, b, and ¢ quarks with masses much greater than Agcp. In
the realm of HQET, the QCD Lagrangian is expanded in powers of 1/mg and the
leading terms in the expansion can be interpreted using a concept, that the heavy
quark at the center is being surrounded by the light quark cloud, and the light quark
cloud interacts with the heavy center via gluons. Gluons neither have flavor nor can
they distinguish between flavor, hence the light quarks, also known as light degrees
of freedom (light quark and gluons), do not see the flavor of the heavy quark. The
heavy nature of the charm or bottom quark at the center, decouples the spins of
light quarks from the center. In the heavy quark mass limit, a bottom baryon at
rest is identical to a charm baryon at rest. The different light degrees of freedom, all
look the same, regardless of the flavor and the spin orientation of the heavy quark.

Therefore, there are two heavy quark symmetries; one is the flavor symmetry and the
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second is spin symmetry. Under the SU(4) flavor symmetry hadrons are classified
as 4 ® 4 mesons (qg) and 4 ® 4 ® 4 baryons (gqq).

In mesons we have two quarks, each with spin 1/2. From elementary quantum
mechanics, the two spin half particles can have either spin 1, or spin 0 depending

on whether the two quarks are aligned parallel or anti-parallel to each other, i.e.;

S=-®-=160,

N
N =

whereas for baryons, the configuration of the three quarks are somewhat different,

S =

N
NSRS

1. 1 1
®§)®§—(0@1)®§— &

!
2
Angular momentum falls under the O(3) group. The hadrons can exist in orbital or
radial (e.g., xe1(1P), xp1(2P)or T(35), T(4S)) excitations [5]. Using a constituent
quark model picture the underlying SU(4)®0(3) symmetry gives rise to a spectrum
of charm mesons and charm baryons. The five quark flavors that are more or less
stable (i.e. which at least hadronize before decaying) may form hundreds of different
meson and baryon particle states which can be distinguished by their flavor content,
the spin alignment of the constituent quarks, and the degree of their orbital or radial
excitation. They can be classified in terms of the symmetries in which the quarks
combine their flavor, spin, color and spatial states, such that the wavefunction of the
resulting hadronic system satisfies appropriate symmetries itself. The wavefunction
of a baryon is antisymmetric, changing sign under interchange of any two of its
three fermionic quark constituents. The latter requirement significantly restricts
the number of different baryons that may arise from quark constituents of given

flavor. We will discuss the ground state charmed baryon spectroscopy with a brief

introduction to charmed mesons.

49



2.2 Charmed Mesons

The SU(4) representation [4] (u, d, s, ¢) decomposes under SU(3) as the SU(3)

triplet [3] (u, d, s) and the SU(3) singlet [1] (¢). For mesons, we write [18],
oM - @lel)e@Ben™)
where,
[3] and [3] are the SU(3) triplets,
[1]' is the SU(3) singlet with C' = 1,
[1]7" is the SU(3) singlet with C = -1.

Expanding to a group theoretic sum, one obtains;

where the superscript represents the charm content. The term [8]° and [1]° make up
the SU(3) nonet, having K°, K° K+, K=, 7%, 7% 7=, n and 7'. The [3]"! and [§]1
come from the association of the charm quark with the SU(3) triplet representation,
[3]7! states are the D° (c@), DF (c3), D* (cd) and [3]" states are the D' (u?),
D; (s¢), D~ (d¢) and the remaining [1]° state is 7,. Apart from these mesons with
open charm, there also exist mesons with hidden charm, n, (paracharmonium spin
= 0) and J/¥ (orthocharmonium spin = 1) bound state of ¢ and ¢. For the diquark
system the total spin angular momentum can have two possible values, spin 0 or spin

1 and they are classified as pseudoscalar mesons (J¥€ = 07') and vector mesons

(JPC =171), as shown in Fig. 2.1.
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Figure 2.1: SU(4) 16-plets for the (a) pseudoscalar and (b) vector mesons composed of
u, d, s, and ¢ quarks. The nonets of the light mesons occupy the central plane, to which
¢t states have been added. The neutral mesons at the centers of these planes are mirtures

of wT, dd, s3, and ct states [5].
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Figure 2.2: Charmed baryon bound state structure.

2.3 Charmed Baryons

According to the Heavy Quark Effective Theory (HQET) picture of the quark model,
the baryons are the bound states Qqq formed from a heavy quark @ and a light
diquark system as shown in Fig. 2.2. In case of singly-charmed baryons, the @) is
replaced by a ¢ quark.

The spin-parity quantum numbers j© of the light degrees of freedom are deter-
mined from the spin and orbital degrees of freedom of the light quarks in the diquark
system. The spin of the diquark can either be 0 or 1. The total orbital angular mo-
mentum is the sum of the two angular degrees of freedom I and I, where I’ describes
the orbital excitations of the light quarks in the diquark system, and [ is the orbital
excitation of the light diquark relative to the central heavy quark. The light diquark
system can have total angular momentum j; = 0, 1, 2... and parity P = 1. Each

combination of jf diquark system, corresponds to a degenerate heavy baryon dou-
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blet with JX = (j; & %)P. The only exception is j; = 0, because when spin half of
the charm quark couples with 7; = 0, it gives a singlet. In case of S-Wave or ground
state, | = 0 and I’ = 0. The P-Wave or excited state baryons, have either [ = 1 and
I'=0o0rl=0and! =1 With three spin half quarks, the total angular momentum
of a baryon could be either 1/2 or 3/2 or 5/2.....

The total wavefunction of any hadron is a product of different independent com-

ponents [19],
0) = [ br) [ve) o) [vr) (2.1)

where x denotes the spin wavefunction, g represents the flavor part of the wave-
function, ¢ represents the color part of the wavefunction, ¢ denotes the angular
part and ¥g represents the radial part of the spatial wavefunction. The total wave-
function for fermions has to be anti-symmetric, following Pauli’s Exclusion prin-
ciple. In the case of baryons, the spin part |x)sa, me could be fully-symmetric
or mixed-antisymmetric or mixed-antisymmetric. The flavor part |[¢p)s s m,.a.
can be fully-symmetric or mixed-symmetric or mixed-antisymmetric or even fully-
antisymmetric. As mentioned in the previous chapter, the color part |¢¢) is always
anti-symmetric. The angular part of the spatial wavefunction has a symmetry of
(—l)l/ or (—1)! so it can be symmetric or antisymmetric, depending on the baryon
parity. For all ground state baryons, which have { = I' = 0, it is symmetric. The
radial part |¢gr)s, is generally symmetric under the interchange of quarks, because

of the spherical symmetry.
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2.3.1 S-Wave Baryons

Under the SU(4) symmetry of charmed baryons we can classify the various repre-

sentations by expanding;
4] © [4] © [4] — [20]s © [20]m5 © [20]n, © (44

Both the [20]p and [20]y, representations are merged into one {20}y struc-

ture and both the JF = %+

baryons are represented in this [20]p; structure. In
the [20]g structure are the JP = 2" baryons. The fully-antisymmetric [4]s is
not allowed in the S-Wave SU(4) representation, since there is no corresponding
fully-antisymmetric baryon spin structure (recall that for baryon spin in SU(2):

2] ® [2] ® [2] — (4]s @ [2]ms D [2]Mm, ). We can further decompose the two SU(4)

representations and get
20l — [8]° @ ([3]" & [6]") & (3]

[20]s — [10]° & (6] © [3]"% & [1]"®

These representations are shown in Fig. 2.3. The two light quarks can form a
diquark pair of J¥ = {07} (fully-antisymmetric with respect to the interchange of
the diquark flavor and spin), or a J¥ = {17} (fully-symmetric with respect to the
interchange of the diquark flavor and spin). The 0* diquark state can then combine

with a JF = %+ third quark to form J¥ = %+. In case when the third quark is either

a u or d, we have [8]% representation corresponding to the SU(3) octet, while in case

of c-quark we have mixed-antisymmetric [3]! representation corresponding to A/,

0

=F, and Z0. Similarly, the 1* diquark state can combine with a J” = 17 third

1

quark to form JF = §+ and J¥ = %+ states. In case when the third quark is either

a u or d, we obtain a [10]*° representation corresponding to the SU(3) decuplet.
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Figure 2.3: Charmed baryon SU(4) J¥ = %+ and J¥ = %+ 20-plets [5].
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For the case of c-quark we have two choices; firstly, it can form the J = 17 mixed-

L
symmetric [6]! representation corresponding to =7, 2, T, =¥ =¥ and Q2. In the
other case, it forms the JF = %+ fully-symmetric [6]*! representation corresponding
to 3%, B0 wxtt =xF, =20 and O respectively. Altogether there are 15 ground
state singly-charmed baryons.

The S-Wave doubly-charmed baryons can be formed by assuming a diquark
(QQ), which can only form, J¥ = {1*} (fully-symmetric under the interchange of

flavor and spin for the two heavy charm quarks) and then adding a light ¢ quark, in

two ways; firstly, in one case it forms the JP = 1™ mixed-symmetric [3]? represen-
)

+

tation corresponding to L, EF, OF states. In the other case it forms the J¥ = 2

fully-symmetric [3]*2 representation corresponding to ZXf*, =X, and QFF states.
Altogether there are 6 ground state doubly-charmed baryons.

The S-Wave triply-charmed baryons can be formed by assuming a J = {17}
(fully-symmetric under the interchange of any two charm quark flavor and spin)
heavy diquark (QQ) and then adding the third ¢ quark, which then can only be

cee

in JF = %“L fully-symmetric [1]*3 representation corresponding to the Q7T state.

Table 2.1 shows a full list of ground state %Jr and %+ charmed baryons.
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Table 2.1: A List of Ground-State %Jr and %+ Charmed Baryons [5]

Notation | Quark | JP | Flavor (I,I,) S | C| Observed

Content SU(@3) Mass (MeV)
AF clud) [T | 3 0,00 |0 ] 1] 2284.940.6
ha csu] | 1T 3| (1/2,1/2) |-1| 1| 2468.0£0.4
=0 clsd] |17 3 | (1/2-1/2) |-1] 1| 2471.0£0.6
St clu} |17 6 (1,1) | 0| 1] 2452.5+0.6
) Iye c{udy | 17| 6 (1,0) | 0| 1| 2451.3+0.9
%9 {dd} | 17| 6 (1-1) | 0| 1| 2452.2+0.6
= e{su} | 17| 6 | (1/21/2) |-1] 1| 2575.843.1
=v e{sdy | 17| 6 |(1/2-1/2) |-1| 1| 2578.0£2.9
Qo c{ss} | 171 6 0,0) |-211| 2697.5:2.6
St cfew} |17 6 | (1/21/2) | 0| 2| Notseen
Eh cledy |17 6 |(1/2-1/2) 2| 351041
O c{es} %+ 6 (0,0) -1 |2 | Notseen
Notation | Quark | J | Flavor (I1,I,) S | C| Observed
Content SU(3) Mass (MeV)
sett | {ewu} |37 ] 6 (1,1) | 0| 1] 2519415
wrt {cud} |37 ] 6 (1,0) 1| 2515.9:£2.4
0 {eddy | 37| @ (1,1) | 0| 1| 2517.5+1.4
Chat {esu} |37 6 | (1/21/2) |-1|1| 2646.6£15
=0 {esd} | 3% | 6 | (1/2-1/2) |-1| 1| 2646.2+1.2
o {css} %+ 6* (0,0) -2 | 1| Not seen
Chei {ccu} %+ 6* (1/2,1/2) 2 | Not seen
i feed} | 37| 6 | (1/2-1/2) | 0 | 2| Not seen
QrF {ccs} %+ 6* (0,0) -1 2| Not seen
Qrr {ccc} %+ 6* (0,0) 0 | 3| Notseen
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Since | = 0 and [ = 0, we have only spin combinations for the three quarks with no
angular momentum contribution. The intermediate stages of spin combinations are
given below:

JP of (q1g0) : 1@ LT — (0T@l%)

JP of ¢lg1ge) : (0v@11)® 1T — (0r@iNe(1*el™) - (1Me (Te )

The A (c[ud]) state is an isospin singlet (I = 0) and hence antisymmetric. The
total orbital angular momentum for the A} is L = 0, therefore it is symmetric in
11, as the color wavefunction is antisymmetric. In order for the entire wavefunction
to be antisymmetric, the spin configuration of the diquark should be antisymmetric,
i.e; spin = 0. The iospin I = 1 partners of the AT are the X, states. Since the flavor
(isospin) part is symmetric this implies that the spin of the diquark {g1¢2} in the X,
states should be 1. The spin 1/2 of the charm quark makes the 3, system a doublet
in ‘spin space’; Jp = 1/27 (X.) and Jp = 3/2% (X;). Both the X, and 3% states
decay into A} (being the lightest) via pion transition.

The =, system, csu and csd, contains a strange quark in association with an up or
down quark in the diquark system. The wavefunction can now be symmetric {sg} or
antisymmetric [sg]. If the diquark is in antisymmetric configuration with spin = 0,
then we get the =0 and = states. If the diquark is in symmetric configuration with
spin = 1, then the pair couples with the third charm quark spin and results in the
=, (JP = 17) and = (JP = £7) states. =/ is below the pion transition threshold,
therefore decays via photon (electromagnetic) transition into the =, state, while the
= is massive enough to decay into a pion and =, ground state.

The charmed baryons with quark content css, can have only symmetric configu-
ration in the diquark system {ss}. The diquark with spin 1 couples with the heavy

charm quark resulting in two states; Q2 with JF = %+ and QF with J¥ = %+. The
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Q0 is expected below the pion transition threshold, therefore it decays electromag-
netically to the Q7 ground state. Fig. 2.4 shows the predicted masses and decay

mechanisms of the S-Wave singly-charmed baryons.

Table 2.2: List of S-Wave Singly-Charmed Baryons : (1 =0 & [' = 0) 5]

c(qig2) JP of | JP of cud cuu cdd csu csd css
SU(4) (q192) | (cq1q2)
clg1g2] [01] {%* A7 (2285) NONE NONE =5(2468) | =°(2471) NONE
S(M4) 2(M4)
e{q192} {1*} %+} »T(2455) | ©FT(2455) | £0(2453) | =I'(2576) | =¥(2578) | Q2(2697)
6(a1g) 2(mg)
{e{amrg2}} | {11} {%*} 2+ (2520) | TitH(2520) | =20(2520) | ZET(2645) | =:0(2645) Q0
6(s) 45

We have seen so far that according to the Quark Model in the SU(4) sector, there
are fifteen ground-state (S-Wave) singly-charmed baryons. There are nine J¥ = %+
states (three of type 3y, and six of type 6p representations) and six J¥ = -3—+
states (six of type 6§ representation). Table 2.2 shows the list of all S-Wave singly-

charmed baryons.

2.3.2 P-Wave Charmed Baryons

The lowest lying P-Wave charm baryons have total angular momentum, L = 1.
The total orbital state of the light diquark system can be characterized by two
angular degrees of freedom, which are basically two independent relative momenta
I = %(pl —po) and | = %(pl + ps — 2p3), that are determined by the two light
diquarks (¢; and ¢») momenta p; and ps and the heavy quark (Q) momentum ps.
Incorporating the orbitally excited charmed baryons in SU(4) Quark Model, we find

sixty-three orbitally-excited (P-Wave) singly-charmed baryons. There are twenty
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Figure 2.4: Estimated masses of S-Wave and P-Wave singly-charmed baryons and their

decay mechanisms.
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seven J© =17 states (three of type [3]a, twelve of type [6]mg, six of type [6]s,
and six of type [3]m, representations), similarly twenty seven J = —g-— states (also,
three of type [3]a, twelve of type [6]mg, six of type [6]s, and six of type [3]m,
representations), and nine J¥ = 27 states (six of type [6]mg and three of type [3]m, -
Table 2.3 shows the list of P-Wave singly-charmed baryons both with (I = 1 &
'=0) and (I =0 & I' = 1) (notations used are merely for systematic naming) in
both the cq;¢2 and cgq sectors. Of all the 63 L = 1 orbitally excited singly-charmed
baryons, 42 are of the type cqi1q2 and 21 of the type cqq, respectively. In terms of
spin and angular momentum we get the following combinations;
JP of (132) - (37® 317 = (0@ 17)@1™ — (07817 )e(1*e1)
— (17)®{0 a1~ 827)
JP of e(qiga) - {(17)@(0" @17 @27)} @ 17
—{(I"ej Ne{0eH)e eiNe 2 »i))
—{G esne{GleG @i )eld &5 )}

The lowest lying P-Wave (I = 1 and I' = 0) charmed baryons, have the SU(4)
[4] or [3] representation, if we consider only C = 1. After the diquark couples with
the one unit of angular momentum, we get a J* = {17}, and a J¥ = {0~} state,
then another J¥ = {17} and a J = {27} state; the first 1~ state then splits by its
hyperfine interaction with the heavy charm quark, to produce two fermionic states,
JP =17 and J” = 27, and similarly the 0=, 1~ and 2™ states also collectively split
by their hyperfine interaction with the heavy charm quark, to produce five fermionic
states of J¥ =17, 27 and 27, 27 and 27; thus altogether seven states. Among these
seven states, at the diquark level, the first two of the states are fully-antisymmetric
under the interchange of flavor and spin of the light-quarks ¢; and ¢y, whereas the

next five states are fully-symmetric under the interchange of flavor and spin of the ¢;
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4
I =1) [2]

c(g192) JP of | JF of cud cuy cdd csu csd css
SU(4) (192) | (cq1q2)

(c[q192]] [17] (371 | AZ;*(2593) | NONE | NONE | ZX1%(2774) | E270(2772) | NONE
3 2

(A (Ma)

lclg1g2]] [1-] [27] | AZ;7(2625) | NONE | NONE | Z2;7(2816) | S21°(2820) | NONE
3(a) 2(m4)

c{qig2} | {07} | {57} ot A Sl Ehetd Q250
Barg) 4
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and go quarks. Similarly, as discussed earlier we could also have (I =0 and [’ = 1),
giving another seven states. Altogether we have fourteen states, although the spin
of the diquark states now act in the opposite manner (i.e. those that were fully-
antisymmetric are now fully-symmetric and vice versa). Here the corresponding five
of the states, are fully-antisymmetric under the interchange of flavor and spin of ¢,
and ¢y, whereas the other two are fully-symmetric under the interchange of flavor
and spin of the ¢; and g, quarks. One set of the seven states are of the AT, =%, and
22 type and the other set of seven are of the 37, =1/, and Z¥ type if we are in the
cq1qo sector where ¢,q, could either be a ud, su, or sd. It is essential to mention
that very likely there may be a small mixing between the like JF states of the L = 1
orbitally excited charmed baryons.

For the other three C' = 1 charmed baryons, we have only seven states which
are fully-symmetric under the interchange of the two light quarks. These states
correspond to the L = 1 either (I = 1 and I’ = 0) or (I = 0 and I' = 1) cases
of X9, ¥, and Q0. As we see here, apart from the angular momentum coupling
factors, the dynamics of the light quark system is completely decoupled from the
heavy quark. The estimated masses and decay mechanisms for some of the P-Wave

charmed baryons are shown in Fig. 2.4. The hyperfine splitting of all S and P-Wave

singly-charmed baryons is shown in Fig. 2.5 [2].
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Chapter 3

History and Status of >,

The X, and X} baryons are described in the standard model as members of the
JP = %Jr and the JF = -g—+ multiplets, respectively, each consisting of one charm
and two light valence quarks. Depending on the flavor of the light constituent
quarks, the Y, and ¥ baryons have charges 0, +, or ++ (charge corjugation is
implied throughout). The ground state X.(2455) and spin excited 2.(2520) have
been observed in different experiments and are quite well established. The first
¥, state to be observed was the X7+ baryon decaying into A}#" in 1975, with a
reported mass of 2426 & 12 MeV/c?. It had been produced in vp interactions at the
BNL 7 feet cryogenic bubble chamber [16].

Discovery of the £F baryon was reported by the BEBC TST Neutrino Col-
laboration [20], which employed a bubble chamber equipped with a track sensitive
target, irradiated by a wide band neutrino beam. The mass splittings and branching
fractions were subsequently measured by ARGUS [21], CLEO II [22, 23] and FO-
CUS [24]. The first observation of ¥*** production, with a mass of 2.530 £ 0.005 +

0.005 MeV/c? was reported in neutrino interactions on bubble chamber SKAT [25].
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Recently, an isotriplet of a new orbital excited state ¥.(2800) has been reported
by Belle Collaboration [26]. In this thesis we are trying to confirm some of their
discoveries and measure the mass differences and widths of £2(2800) and £} (2800)

in BABAR.

3.1 Decay Mechanism of >.’s

The T, &F and X2 baryons consist of cuu, cud and cdd quark combinations
respectively. They form an isospin doublet with isospin I = 1. As given in chapter
2, in case of S-Wave baryons, the diquark with J® = {17} combines with a charm
quark of spin 1/2 and makes the X, system a doublet in ‘spin space’, Jp = 1/27
(£.) and Jp = 3/2% (Z¥). Both the ¥, and X} states decay into A} (being the
lightest charmed baryon) via pion transition.

For the case of P-Wave singly charmed baryons, there are three orbitally excited
partners for £.’s. In first case a diquark with J¥ = {1~} combines with a ¢ quark to
form T33{27}, in second case, the diquark with J” = {27} combines with ¢ quark
to form $23{37} and £3{37}. These £3{27} and ©}3{2"} can decay into A. and
a 7 via a P-wave and D-wave decay, respectively. The 7 charge depends on the
charge of the ¥.. The decay mechanisms for the three charges of . are shown in

Fig.2.4.

3.2 Theoretical Models and Mass Predictions

Since the discovery of charm quark in 1974, many theorist have tried to calculate

the masses of heavy baryons containing charm or beauty. In this regard, different
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models have been developed to understand the nature of heavy quarks. The basic
Quark model has also been modified to incorporate different kind of assumptions
concerning particle velocities etc. We will briefly mention some of the models used
for the prediction of ¥, masses.

In 1975 Chiaki Itoh et al. [27] used a simple Non-Relativistic Quark model to
discuss electromagnetic mass differences of charmed baryons. Later in 1979, they
studied the effect of one gluon exchange and extended their study to Semirelativistic
Quark Model. In 1988, the model was used to predict the mass difference (XF+ - £2)
to be 1.08 MeV/c? and (=7 - Z0) to be -0.35 MeV/c?. Similarly the prediction for the
mass difference (Z3F+ - £2°) was -0.29 MeV/c? and (ZF - £20) was -1.21 MeV/c2.
To estimate the baryon masses rather than the mass differences, in 1989, they cal-
culated the expectation values of the Hamiltonian; m =< H >. The space part of
wave functions were taken to be the solutions of the three-body harmonic oscilla-
tors [28], modified by the forces due to Fermi-Breit terms, which may reduce the
quark distances. The stronger the attractive force is between the quarks, the closer
the quarks may be. They found the parameters which reproduce all the well-known
experimental values of the ground-state baryons within +9 MeV/c2. They computed
the masses to be 2454.85 MeV for £+, 2452.24 MeV/c? for £} and 2452.12 MeV/c?
for £2. For the excited states, the predicted masses were 2531.9 MeV for T+,
2529.8 MeV for £ and 2530.2 MeV for Z:°.

Another attempt was made by Copley, Isgur and Karl in 1979 [29]. They em-
ployed a quark model based on QCD to predict masses of ground state and excited
baryons containing one charmed quark. They predicted a mass of 2.44 GeV/c? for
Zc({r), 2.51 GeV/c? for T.(27), 2.76 GeV/c? for Se(37), 2.77 GeV/c? for T.(27),
2.80 GeV/c? for £(27), and 3.01 GeV/c? for £,(27) and (L 7).
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Over some past years it has become widely recognized that the fundamental
theory of strong interactions QCD, simplifies enormously in the presence of a very
heavy quark. Nature has divided its six quarks into heavy and light quark sectors.
The “heavy” ¢, b and t quarks are much heavier than the QCD scale Agep =~
400 MeV [30], whereas the “light” u, d and s quarks are lighter than Agep, i.e. one

has;
Me, My, My >> Ngep >> My, Mg, M.
The quark contribution to the QCD Lagrangian;
Lguarks & G(iDyas — mg)g + Q(iDepe — mg)Q

separates into two parts, the first contribution comes from light quarks (q = u, d
and s), whereas the second one is due to heavy quarks (Q = ¢, b and t). In the
heavy quark sector, then it makes sense to first consider QCD in the limit where the
heavy quark masses become very large and then, in the second stage, to consider
power corrections to this limit in terms of a systematic 1/m¢ expansion. Likewise,
one can first study the light quark sector in the zero mass limit, i.e.; in the chiral
symmetry limit, and then add corrections to the chiral limit at a later stage.

Each of the two approaches exhibit a distinct symmetry. The light-quark sector
has an approximate SU(3), x SU(3)g flavor chiral symmetry, as the current quark
masses are all very small on the typical hadron energy scale. The symmetry is
spontaneously broken to the usual vector SU(3), and the chiral symmetry is reflected
in the presence of eight bosons: the pions, kaons and 7.

On the other hand, in the limit of infinite quark masses, the dynamics of a heavy
quark in QCD depends only on its velocity and is independent of its mass and spin.

Recently this notion has been given a more precise meaning in the Heavy Quark
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Effective Theory (HQET) [31]. It provides a systematic expansion of QCD in terms
of inverse powers of the heavy quark mass. The leading terms in this expansion
give rise to a new spin and flavor symmetry, termed Heavy Quark Symmetry. The
heavy quark at the center is surrounded by a cloud corresponding to a light diquark
system. The only communication between the cloud and the center is via gluons.
But since the gluons are flavor-blind, the light cloud does not know anything about
the flavor at the center. Thus one concludes that, in heavy mass limit, a bottom
baryon is identical to a charm baryon at rest, regardless of the spin orientation
of the heavy quarks. This is known as the Heavy Quark Symmetry (HQS). More
precisely, this new symmetry implies that the excitation spectrum of heavy mesons
and baryons are independent of the heavy-quark species and heavy-quark spins. The
theory describing the chiral symmetry was developed by Yan et al. [31].

In 1995, Martin Savage [32] made use of chiral perturbation theory and heavy
quark symmetry. He predicted the mass of ¥~ 2518 MeV.

The majority of the theorists nowadays use a custom made sum rule in ad-
dition to their basic formulation and often use the PDG charmed baryon masses
(rather than their own, thus avoiding additional discrepancy) in their mass generat-
ing scheme when predicting the masses of the undiscovered states. The net result so
far is indeed rather remarkable. Some of the predictions for the mass and isopspin

splittings among the ¥, and X} baryons are given in Tables 3.1 and 3.2.
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Table 3.1: Predictions for Isospin mass Splittings

Reference | Year Theoretical Yc Splitting 2% Splitting
Models AM AM
(MeV/c?) (MeV/c?)
[33] 1977 Quark Model sHt-sf=26 Dittomit=17
£F-29=108 ot 220=01
[34] 1987 Chiral Bag oIt 20=3.0 it ox0= 27
s sr=35 Trttosit=33
[35] 1987 Rel-Quark? o 20=14 etto2:0=0.1
s s0=102 et 20=0.8
[36] 1987 Rel-Quark? H.-x0=14 T e0= 01
of- £9=10.2 it m0=o0.8
[37) 1993 | Constituent Quark =It-50=1084 Tt £0=1.0 £ 0.52
SIt4 sl o5t =164 | TitT4 520 08it =164 £ 0.21
t Relativistic Quark
Table 3.2: Predictions of ¥, and ¥} masses.
Reference | Year Theoretical 2] =2
Models
M M
(MeV/c?) (MeV/c?)
[29] 1979 Hyperfine Splitting 2440 2510
[28] 1989 | Semi-Relativistic Quark | TF 1= 2454.85 | ©it+= 2531.9
o= 245224 Tit=2529.8
$0= 2452.12 0= 2530.2
[38] 1991 Potential 2450 2510
[37] 1993 Constituent Quark 2494 + 16
[39] 1993 HQET 2455 2522
[32] 1995 Chiral-Perturbation 2518
[40] 1995 Constituent Quark 2453 2520
[41] 1995 Constituent Quark 2523
[42] 1996 Sum Rules 2453 2530
[43] 1996 Quark 2514
[44] 1996 HQET 2380
[45] 1996 HQET 2532.5 & 5.3
[46] 1996 Chiral Quark 2455 2494
[47] 2000 Semi-Rel Quarks$ SHT=24522 | =it = 2526.5
o= 2449.4 oit= 25243
£0= 2449.3 Tx0= 2524.8
[48] 2002 Lattice NRQCD 2452 2538
[49] 2005 HQS 2469 2548
[50] 2005 Rel-Quark! 2439 2518

t Relativistic Quark
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In 1997, Pirjol and Yan [51] studied the strong interactions of the orbitally ex-
cited baryons with one heavy quark in the framework of Heavy Hadron Chiral Per-
turbation Theory. The interaction Lagrangian contains unknown couplings which
describe the couplings of these states among themselves and with the ground state
heavy baryons. They derived sum rules which constrain those unknown couplings
and relate them to the couplings of s-wave baryons. Using a spin-3/2 baryon as
a target, they found a sum rule expressing the deviation from the quark model
prediction, for pion couplings to s-wave states in terms of couplings of the p-wave
states. In the constituent quark model also, these couplings are related and can be
expressed in terms of only six reduced matrix elements. They determined some of
the unknown couplings in the chiral Lagrangian and two of the six quark model re-
duced matrix elements using CLEO data on X} and A%{1, 3} strong decays, where
A} corresponds to J¥ = {17} for the light diquark pair. They predicted the widths
for s-wave ¥c{3} and p-wave multiplets having J¥ = {07,17,27} for light degrees
of freedom, which correspond to Loo{3}, Sci{3, 2} and E.9{2, 3} respectively. In

particular, they obtained
T (Zf7) =~ 0.67623%% GeV (3.1)

The expected dominant decay mode for ¥, is into a A, and a pion.. Their decay

widths are given as;
1
r (261 (5» ~ 106.475%° MeV (3.2)
and

3
r (zcl (E)) ~ 94.7H15%8 MeV (3.3)

The X9 baryons have only D-Wave couplings and their dominant decay mode is
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expected to be two-body decay to A.m given by;

T (Ej; (g g) ——>Aj7r+> ~ 12MeV (3.4)

where they used, MEC2 = 2800MeV. In addition to this decay mode, the .

baryons can also decay to £.*)7. Adding together the contribution of all possible

final states they obtained;
4 (3 (+)
(5 5 -2 M) ~ 3.16 MeV (3.5)

r (zj; (g) ——>zc<*>7r) ~ 2.20 MeV (3.6)

It was mentioned that even a small mixing of {2} with the broader £,{2} could
enhance its decay width.

In the same year Glozman and Riska [46], gave a prediction of excited charm
baryons in the Chiral Quark model. They showed that the spectra of the heavy flavor
hyperons can be obtained by describing the fine structure interaction between the
quarks in terms of the schematic chiral field flavor-spin interaction that is mediated
by the SU(3)r octet of light psuedoscalar mesons. They predicted the masses for
negative parity states ep{3”} and Teo{37} to be 2654 MeV.

Chiladze and Falk [52] predicted the Xy states decaying to A.m through emission
of a D-wave 7 to be narrow. It is due to a | p; |° suppression in the D-wave decay

widths, given as I' &~ 1 MeV x (%’6}\4”;{,)5/ ? where p, E, and m are the momentum,

energy and mass of the pion. But they also noted that the {2} doublets could

be broadened by mixing with the ¥.1{27} states.

72



Figure 3.1: View of the event recorded at Brookhaven National Laboratory, which was

interpreted as the first evidence of 7.

3.3 Experimental Results

Measurements of the masses for ¥, and £* can be used to check models that predict
the isospin mass splitting between these states and measurements of their widths
can be compared to check the predictions of Heavy Quark Symmetry [51].

The first member of the doublet (X, and %) to be observed experimentally was
F*. In an exposure of the Brookhaven National Laboratory 7-feet cryogenic bubble

chamber to a broad-band neutrino beam, an event shown in Fig. 3.1 was observed.
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It was interpreted as;

vp — " Antata~ (3.7)

Later in 1979, Fermi National Accelerator Laboratory (FNAL) confirmed the exis-
tence of £ and obtained a measurement of its mass and production rate {53]. They
reported the mass difference (X" - A}) to be 168 & 3 MeV/c?. The ARGUS col-
laboration in 1988 observed both 7+ and 0 [21]. They measured the momentum
spectrum and found it to be similar to that of AT with a Petersen function parameter
of 0.29 = 0.06. CLEO measured the mass differences for the two X.’s from contin-
uum [22] and also from B decays [23]. Most recently the masses and Widths of the
21+ and £ baryons have been measured by Focus [24] experiment at Fermilab. The

measurements by the different experiments are summarized in the Table 3.3. The

Table 3.3: Measurements of Mass Differences, (£~ AF) and (20-A7).

Experiment TFt- AL 2o AF DI 3
ARGUS [21] 168.20 £ 0.50 167.00 £ 0.50 +1.20 £ 0.70 + 0.30
CLEO II [22] | 168.20 &+ 0.30 £+ 0.20 | 167.10 £ 0.30 £ 0.20 | -+1.10 £ 0.40 + 0.10

E791 [54] 167.76 £ 0.29 &+ 0.15 | 167.38 4+ 0.29 = 0.15 | +0 .38 &+ 0.40 &+ 0.15
FOCUS [24] | 167.35 £ 0.19 + 0.12 | 167.38 & 0.21 &+ 0.13 | -0. 03 £ 0.28 £+ 0.11

first measurements of intrinsic width for £} and £Q were done by CLEO IL.V [55].
They found the I'(3}*) = 2.3 £0.2 £ 0.3MeV and I'(X0) = 2.5 £ 0.2 £ 0.3 MeV.
Their mass difference distributions are shown in Fig. 3.2.

The ¥7 baryon was discovered by the BEBC TST Neutrino Collaboration [20].
An event with the decay chain X} —A}#° where AT —pK~n+was observed in an
exposure of BEBC (Big European Bubble Chamber), which was equipped with large

hydrogen filled TST (Track Sensitive Target), irradiated by a wide band of neutrino
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Figure 3.2: Mass difference distribution (a) M(AF77T — AF) and (b)) M(Afn~ - A])

C

as seen by CLEO ILV.

beam at CERN. The mass difference (X7- A}) was measured to be 168 + 3 MeV/c2.
Later, the CLEO collaboration contributed towards more precise measurements in
this sector. Their results are summarized in Table 3.4. The most recent mass
difference distribution by CLEO IL.V [56] is shown in Fig. 3.3.

The excited partners Jp = 3/2% denoted by % were observed for the first time
by CLEOII [57]. Until then, however, the evidence for £* baryons was restricted to
a cluster of 6 A.m™ events [25] with an estimated mass difference M(X; — A}) of

245+5+5 MeV/c?. Most recently the masses and widths of the =**+ and £:° baryons
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Table 3.4: Measurements of Mass Differences, (£7- A7) from CLEO.

Experiment Y AT
CLEO II [22] |168.5 + 0.4 £ 0.2
CLEO ILV [56] | 166.4 & 0.2 £ 0.3
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Figure 3.3: Mass difference distribution M (A 7% —A7}) as seen by CLEO IL V. The signal
is fitted to two p-wave Breit-Wigner functions smeared by gaussian resolution functions

and a third-order polynomial background.

have been measured by CLEO III [58]. As shown in Fig. 3.4, they obtained a signal

of 1330 £ 110 events with a width of ' = 14.4 718 MeV and mass difference AM =
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Figure 3.4: Mass difference distribution M (Afm — AT) as seen by CLEO III. The upper

plot is for = and lower for ©~.

231.5 & 0.4 MeV/c? for A7wT. For the ATn~, they obtained a signal of 1350 + 120
events with a width of I' = 16.6 712 MeV and mass difference AM = 231.4£0.5
MeV/c2. The isospin splitting which was expected to be small and negative [59] was
measured to be —0.1 0.8 £ 0.3 MeV. According to Heavy Quark Symmetry [51],
the ratio I'(X%)/I'(X,) should equal <MEC/MEZ) x (p2(2)/p3(2,)), where p, is the
momentum of the 7 in the parent’s rest frame. This quantity is predicted to be equal
to 7.5 = 0.1. Using their measured widths, CLEO calculated I'(X*t*)/I'(2]) =

6.5+1.3 and T'(X:°)/T(Z0) = 7.5+ 1.7, in excellent agreement with the expectation.
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Also the mass difference (X}7- A}) measured by CLEO ILV [56] was 231.0£1.1+2.0
MeV/c?.

The Belle Collaboration [26] reported the first observation of the orbital excited
state 3.(2800) in the three charge modes. These results were obtained from a
281 fb~! data sample collected near the Y(45) resonance, at the KEKB asymmetric

=+

et e~ collider. The results for their search are summarized in the Table below.

The mass difference plots for the three charged states are shown in Fig. 3.5.

Table 3.5: Signal yields, mass difference and width for ¥.(2800)from Belle.

State Yield Mass Diff (X.- A}) GeV/c? ' Gev
£9(2800) | 2240 1550 138’ | 0.5154 To00 *000e | 0-061 15015 To0i3
$7(2800) | 1540757 g0’ | 0.5054 0005 Tohos | 0-062 T555% 005
T+(2800) | 2810758 Tso 0.5145 X00051 Tooose | 0-075 Z8:013 T

The A candidates were reconstructed in the pK~7+ mode and the signal window
around the A mass was taken to be £8MeV/c?(1.60). The A} candidates were
then combined with a 7 candidate in the event to form ¥.(2800) candidates. A
requirement on the scaled momentum z, > 0.7, where z, = ——\/= was imposed
on the A}7 pair to reduce the combinatorial background. To further reduce the
contribution from low momentum pions it was required that the decay angle 64,
satisfy, cosfge. > —0.4. The decay angle 0,4, is defined to be the angle between the
7 momentum measured in the rest-frame of the A7 7 system, and the boost direction
of the Afm system in the CM frame. This requirement was chosen assuming a flat
cos f4e. distribution.

The lower peaks at a mass difference of 0.42 GeV/c? were interpreted as feed-

down from the decay A (2880) —AJ#n"n~. The AF(2880) resonance was observed
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Figure 3.5: Isotriplet of Excited Charm baryons decaying to A} m as found by Belle. The
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in the signal region.

by CLEO [60] in the A77* 7™~ final state and they found that 30% of the decays pro-
ceed via an intermediate £9(2455) or £+ (2455). From a MC study Belle found that
if Af7m* pairs are produced from intermediate ¥} (2455) or £9(2455), then the mass
difference plot for the A7 spectrum is peaked around 0.43 GeV/c?. For the A}7®
final state, a feed-down from the decay A}(2880) —AF7m%7® was expected. Since
the reconstruction efficiency is quite low for the 7%’s, the shape and normalization

for the A}(2880) —AF7m7%was determined using the following relation
B(A}(2880)—AF7 7% = 0.5« B(A}(2880)—Af7wtn™)

The ¥.(2800) states were identified as ¥, baryons, where the subscript 2 de-
notes the total angular momentum of the light quark system. The background was

parameterized by an inverse third order polynomial.
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They calculated the product o(ete™—%2(2800).X).B(X.(2800)— A} ) to be
(2.04 572 4097 4 0.53) pb for ¥2(2800),

(2.6 TXE 24 £ 0.7) pb for $F(2800)

and

(2.36 £080 984 4 0.61) pb for T}T(2800).

The first uncertainty here is statistical, the second is systematic and the third is due

to the uncertainty in AT —pK ™ 7" branching fraction.
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Chapter 4

The BABAR Experiment

The BABAR experiment at the Stanford Linear Accelerator Center was launched in
December 1993. The primary goal of this asymmetric B Factory is the systematic
study of C'P violation in the B meson system. Asymmetric beam energies facili-
tate the measurement of time dependent C P violating asymmetries in the decay of
neutral B mesons. The high integrated luminosity and the excellent reconstruction
efficiency needed for this purpose, however, makes the BABAR experiment interest-
ing for a wide range of physics studies such as charm, bottom(non-CP physics),
tau and two-photon. The PEP-II is an asymmetric e*e™ collider, whose two beams
are tuned to collide at the mass of the T(4S) resonance (/s = 10.58 GeV), which
is just above the production threshold for BB pairs. This is optimal because the
Y (4S)—BB branching fraction is almost 100%. However, an Y(4S5) is only pro-
duced in approximately 20% of hadronic events, with a cross section of 1.05nb. The
remaining 80% of events are made up of light quark continuum events, where the
colliding electrons produce a ¢g pair (with ¢ being a u, d, s or ¢ quark), which has

a cross-section of 3.3 nb, or of 7 events whose cross-section is 0.9 nb.
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Taking advantage of the large sample of charm baryons provided by the high
luminosities of PEP-1I, we are going to study the charmed baryons X.’s in this
thesis. The data sample used for this analysis is given in Section 4.3. First we give
a brief description of PEP-II and the BABAR detector. A detailed description of the

BABAR detector and PEP-II can be found in [61, 62, 63].

4.1 PEP-II

The PEP-II* B factory is a two ring asymmetric ete™ collider designed to operate at
a luminosity of 3x10% cm~2s~! and above, at a center-of-mass energy of 10.58 GeV,
the mass of the T(4S) resonance. Electron and positron beams are accelerated along
a 2 mile long linear accelerator until they reach their target energies of 9.0 GeV and
3.1 GeV respectively. They are then fed into the storage rings until they are
collided head-on. The unequal beams boost the Y(4S) in the laboratory frame
with 3, = 0.56. The reason for choosing e*e™ was its higher signal-to-background
ratio compared to hadronic systems, clean B meson events with low multiplicity (~
11), which allows for reconstruction of final states with photons and 7%, and low
interaction rates (so that the detector is not flooded with data during its dead-time).

A schematic representation of the acceleration and the storage system is shown
in Fig. 4.1. An electron gun creates electron bunches which are then accelerated to
about 1 GeV and then fed into a damping ring, which is used to “cool” the bunches.
Which means the bunches are condensed so that they have higher density. Electrons
are then accelerated again in the linear portion of the Linac. Of the two bunches

generated every 1/120th of a second, one of the bunches is diverted and smashed

*PEP is an acronym for Positron Electron Project
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Table 4.1: Production cross-section at the Y(4S) resonance [61].

ete~— | Cross-section (nb)

bb 1.05

cc 1.30

88 0.35

uu 1.35

dd 0.35

e 0.94

e 1.16

ete” 40
PEPII

lh::»g Ene

?ée\f] s

ggrth Damping

in
(115 Gov] | . |
Positron Redum Line Pusdtrc»g Soume

PEPIl
IR-2
Detector

FEP Il High Enargy Bypass (HEE)

Eector- 10 PEFR I
(115 GaY) PEE || Low Energy Bypass (LEB leg HE&{
Sactr-4 PEF
a;firnieatm {9 GGV]

s

Figure 4.1: A schematic representation of the acceleration and the storage system

at PEP-II.

into a target once it has reached 30 GeV. These high energy collisions create many
particles, of which positrons are captured (at an energy of 10 MeV). The positrons
are returned to the region near the electron gun, where they are accelerated and then

fed into damping rings. Following that, the positrons are accelerated concurrently
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Figure 4.2: A plan view of the interaction region(IR). The vertical scale is ez-
aggerated. The dashed lines indicate the beam stay-clear region and the detector

acceptance cutoff at 300 mrad.

with the electrons. The electrons are accelerated in the High Energy Ring (HER) to
9.0 GeV and positrons are accelerated in the Low Energy Ring (LER) to 3.1 GeV. At
these energies, the particles are diverted into bypass tunnels, which feed the particles
into PEP-II, which is the storage system. Collisions occur at the interaction region
(IR), shown in Fig. 4.2, where BABAR is sitting to watch the outcome.

The bunches must be brought into focus for collisions just before the interaction
point (IP), and separated directly afterwards to avoid secondary collisions and spu-
rious collisions between out of phase bunches. Focusing the beams requires the use
of the quadrupoles labeled QD and QF. The ones used for focusing HER are QD4
and QF5, whilst QF2 is responsible for focusing the LER. These are iron magnets
which are placed outside the field of the BABAR solenoid. The QD1 quadrupole is

the final focus for both the HER and the LER and is a permanent magnet located
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within the solenoid. A strong dipole (B1) in close proximity (£21 cm away) is nec-
essary to bring together and separate the beams by causing horizontal displacement.
Both QD1 and Bl are permanent magnets while QF2, QD4 and QF5 are standard
iron electro-magnets. The IR is within the beryllium beam pipe which has an outer
radius of 27.9mm and is water cooled. This beam-pipe, with the permanent magnets
and the silicon vertex tracker, is enclosed within a 4.5m long support tube.

High machine backgrounds cause significant problems due to high occupancies
within the subsystems of the BABAR detector. This can cause dead-time inside the
detector, resulting in a loss of data, and also radiation damage to the subdetectors.
It is imperative that these background are kept to an absolute minimum. There
are three sources of this background: luminosity background, synchrotron radiation
and particles lost due to interactions with the beam-pipe or residual gas molecules
within the beam-pipe.

Luminosity backgrounds are caused by radiative Bhabha scattering which results
in energy-degraded electrons and positrons hitting the beam pipe which surrounds
the IR or other PEP-II components and consequently spraying the detector with
electromagnetic shower debris. This is an unavoidable source of background and
increases along with luminosity. Backgrounds due to collisions with gas molecules
in the beam-pipe are reduced by having a strong vacuum within the beam-pipe
near IP. Focusing and separating the asymmetric beams within the IR generates
a great amount of synchrotron radiation, which is the greatest source of machine
background. Various components within the IR are designed to channel and absorb
synchrotron photons so that they never enter the detector, and copper masks are
used to prevent interaction with the beam-pipe.

The impressive luminosity of 9.213 x 103 cm~2s™! was achieved by using a trickle
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mode (a mode of operation which increases the production of BB pairs by up to
50%, with this technique the BABAR can keep taking data virtually uninterrupted
while the Linac injects the electrons and positrons into the PEP-II storage rings).
Within five years of its operation PEP-II has not only achieved its design luminosity

but has also surpassed it by about 60%.

4.2 BABAR Detector

The BABAR detector is an asymmetric detector, offset in z from the beam-beam
interaction point by 0.37m in order to provide the best coverage of the boosted
Y (4S) decays. Therefore, the y-axis lies vertically upwards and the z-axis points
horizontally away from the center of the PEP-II rings. The polar (¢) and azimuth
(¢) angles are defined in the traditional way, relative to the z-axis. The detector
shown in Fig. 4.3 and 4.4, consists of five sub-detectors and a magnet.

The silicon vertex tracker (SVT) is closest to the beam pipe and is designed
to measure positions of charged particles accurately, which allows precise determi-
nation of decay vertices. It is surrounded by a cylindrical wire chamber, the drift
chamber (DCH), which provides momentum measurements for charged particles as
well as a measurement of the energy loss dE/dz, which aids in particle identification.
The detector of internally reflected Cerenkov light (DIRC) surrounds the DCH and
is a particle identification device designed to distinguish charged hadrons such as
kaons, pions and protons. The electromagnetic showers of electrons and photons are
detected by the Csl crystals of electromagnetic calorimeter (EMC). These four sub-
detectors are surrounded by a superconducting solenoid providing a field of 1.5T.

The steel flux return of the magnet is segmented into layers and is instrumented
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Figure 4.3: BABAR detector: longitudinal view.

for muon and neutral hadron detection. This system is known as instrumented flux
return (IFR). The detector acceptance is 17° < 4, < 150° in the laboratory frame

(—0.95 < cos ¢y < 0.87).

4.2.1 The Silicon Vertex Tracker (SVT)

Silicon vertex tracker (SVT) measures the angles and positions of charged particles
just outside the beam pipe. Tracks that have a sufficiently low momentum do
not reach the DCH and hence SVT provides stand-alone tracking information for
particles with transverse momentum, p;, less than 120 MeV/c. SVT is the only one
solely responsible for measuring decay vertices near the interaction region, with a
required resolution of less than 80 um in the z direction and around 100 pm in

the plane perpendicular to the beam line. It should cover as much of the solid
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Figure 4.4: BABAR detector: cut-away end view.

angle as possible (the presence of the PEP-II magnets prevent total coverage) and
also contain as little material as possible to minimize Bremsstrahlung and multiple
scattering which will affect subsequent measurements by the other sub-detectors.
The SVT also contributes to Particle Identification (PID), particularly for particles
with momenta below 700 MeV/¢, using measurements of ionization loss dE/dz.
The SVT is designed with five layers of double sided silicon strip sensors as
shown in Figs. 4.5 and 4.6. The three inner layers perform the impact parameter
measurements and are positioned very close to the beam pipe (3-5 ¢cm from IP),
to minimize the affect of multiple scattering on subsequent measurements by the
other sub-detectors. The remaining two layers are further away and perform low p;
tracking and form the link between the SVT and the DCH information. The five

layers are organized in 6, 6, 6, 16 and 18 modules respectively, with inner layers
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Figure 4.6: The SVT detector: transverse view.

tilted slightly to give overlap between adjacent modules. The arched design of the

two outer layers is intended to reduce the amount of material required to cover the
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layers because the range of incident angles subtended is much smaller.
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solid angle.

The silicon strips on each side of a sensor are positioned orthogonally to each
other, with ¢ measuring strips parallel to the beam and the 2 measuring strips
oriented transversely to the beam axis. Each layer is constructed with flat, square

silicon wafers so that, there is no uncovered region in ¢ and that there is maximum

tracking acrentance in A Fio 4 7 chawe hath » and A cincle_hit reaenlittinng far each

SVT dE/dx versus momentum

_ 70 :
= i %
< i i
A
¥ L
E 60 r
m L
= L

50 C

40 -

30 -

20 bt

10 —4

r [
0 i H Il

-1
10 1 p (GeV)

Figure 4.8: Distribution of SVT dE/dx as a function of track momentum.
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The modules are electrically divided into two half-modules, which are read out
at the ends. There are approximately 150,000 readout channels. An electrical pulse
is created within a strip when a charged particle traverses the silicon. These are
carried to the Front End Electronics (FEE), where the quantity measured is the
time for which a pulse is over a threshold (TOT). This is related logarithmically to
the charge, and gives a better signal to noise ratio than measuring the charge or
pulse height. Clusters are formed by grouping adjacent strips which have consistent
timing information. It is possible for clusters that are separated by one strip to be
merged together. Clusters are then passed to an algorithm with pattern recognition
abilities, which then interprets the data. The position of hits are expressed in terms

of the position of the silicon sensors within the SVT.

4.2.2 Drift Chamber (DCH)

Drift chamber is the second subsystem from the beam pipe which yields spatial
and ionization loss measurements for higher momentum charged particles. It gives
tracking information for particles with 0.1 < p; < 5.0 GeV/c that travel further
than SVT, taking up to 40 measurements of spatial coordinates per track. For
the low momemtum particles, it provides particle identification by measurements
of ionisation loss, dE/dx, and is the sole provider of particle identification in the
extreme forward and backward directions. Particle identification information is
particularly important for the tracks with p; < 700 MeV/c and therefore do not reach
the principal PID detector, the DIRC. The reconstruction of decay and interaction
vertices outside of the SVT volume, for instance the K? decays, relies solely on
the DCH. These features allow the reconstruction of exclusive B and D mesons

decays with minimal background. It provides high efficiency precision reconstruction
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of charged track momentum and supplements the measurement of angles, impact

parameter (with respect to the IP) and dE/dz provided by the SVT.
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Figure 4.9: The DCH detector: longitudinal section (all measurements are in mm,).

The DCH features a 2.8m long cylinder which is placed asymmetrically around
the IP to provide the forward region with more detector acceptance. The design
is shown in Fig. 4.9. It is comprised of 40 radial layers of small hexagonal drift
cells. The chamber has an inner radius of 23.6cm and an outer radius of 80.9cm.
Multiple scattering is reduced by using low mass wires (some of which are positioned
at small angles to the beam axis, to obtain longitudinal information) and by filling
the cylinder with helium-based gas mixture (containing helium and isobutane in a
4:1 ratio). Together, the amount of gas and wires form 0.28% of a radiation length
for a particle traversing the detector. The endplates of the chamber are constructed
using aluminium. The backward plate is 24mm thick, which serves to reduce the
amount of material in front of the endcap of the calorimeter.

The 40 cylindrical layers, with a total of 7,104 drift cells, are grouped into 10

superlayers each consisting of four drift cells. Each cell is approximately 1.2cm
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Figure 4.10: DCH cell layout for the innermost superlayers. Lines have been added
between field wires to aid in visualization of the cell boundaries. The right hand
column shows the stereo angles of the layers in mrad. The guard wires match the
gain in the boundary cells to the gains in the inner layers, and the clearing wires

remove charges from the photon conversion in the material of the wall.

by 1.9cm along the radial and azimuthal directions, respectively, and consists of
one sense wire surrounded by six field-shaping wires. The field wires are at ground
potential, but a high voltage is applied to the sense wires creating a field with almost

circular symmetry over a large portion of the cell. Fig. 4.10 shows the arrangement

94



of individual field, sense and guard wires into drift cells in the inner four DCH
superlayers. Sense wires are currently operated at a nominal voltage of 1930 V
and field-shaping wires at 340 V. Passing charged particles ionize the gas and the
resultant electrons are accelerated towards the sense wire. An avalanche of charge
is created, acting as an amplification of the ionization close to the sense wire for
the detector. Longitudinal position information is obtained by placing the wires
in 24 of the 40 layers (the “stereo” layers) at slight angles with respect to the z-
axis. The superlayers each have one of the three stereo angles. There are axial
(A), positive and negative (U,V) stereo layers in the order AUVAUVAUVA. The
stereo angles range between +45mrad in the innermost layers, and to £76mrad in
the outer layers. This structure helps the fast local segment finder which is required
by the trigger.

The total amount of charge collected in the DCH by a traversing charged particle
is proportional to the energy loss. The measurements are then corrected for effects
(such as changes in gas pressure and temperature, differences in cell geometry, etc.)
that tend to bias or degrade the accuracy of the measurement. Fig. 4.11 shows
DCH dE/dz distribution as a function of both momentum and particle species and
the overlaid curves show the corresponding Bethe-Bloch predictions [64]. Fig. 4.12
shows the degree of separation in dE/dz for kaon and pion candidates in a few
momentum ranges. The zero of the horizontal axis is the expected dE/dx value
for a kaon averaged over all momenta accessible at BABAR. It can be seen from
this Figure that only relatively soft kaon and pion tracks, below ~ 700 MéeV/c (top
plot), can be distinguished by the use of dE/dz alone. Information from the DIRC
is required to differentiate the various charged hadron species above this threshold

value. Also only DCH by itself, has difficulty separating pions from electrons and
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Figure 4.11: Measurement of specific energy loss ionization (dE/dz) in the DCH as
a function of track momenta. The data include large samples of beam background

triggers, as evident from the high rate of protons. The curves show the Bethe-Bloch

corresponding predictions.

muons.

4.2.3 Detector of Internally Reflected Cerenkov Light (DIRC)

The DIRC, acronym for Detector of Internally Reflected Cerenkov Light is a unique
Cerenkov based detector dedicated to charged particle identification (PID). It was

specifically designed to provide excellent discrimination of kaons and pions from the
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Figure 4.12: Distribution of DCH dE/dx for high-purity kaons and pions obtained
from control samples, showing kaon/pion separation in three different momentum
regions: p < 600 MeV/c (top), 600 < p < 900 MeV/c (middle), p > 900 MeV/c

(bottom,).

turn-on threshold of ~ 0.7 GeV/c up to = 4.2 GeV/c at large dip angles (the angle

between the track momentum vector and the x-y plane) in the laboratory frame.

The DIRC is premised upon the detection of Cerenkov photons trapped in its
radiator due to total internal reflection. Cerenkov light is produced when particles
with velocity § > 1/n traverse a material of refractive index n. The radiation pro-

duced has a characteristic Cerenkov angle given by cosf, = 1/n8. The radiator is
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constructed from long quartz bars of synthetic fused silica, which have n = 1.472.
The bars are 17mm thick and their rectangular cross-section is 35mm wide in ¢, and
4.9m long. They are grouped into sets of 12 and are contained in bar boxes. An
air gap is maintained between the bars in théses boxes to ensure optical isolation
as shown in the longitudinal view of the DIRC in Fig. 4.13. There are 12 bar boxes

giving a total of 144 silica bars. The DIRC extends through the solenoid flux in the
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Figure 4.13: The DIRC: longitudinal view (all dimensions are in mm).

backwards direction, transporting the Cerenkov radiation, outside of the tracking
and magnetic sensors using successive total internal reflections, to an array of nearly
11,000 photomultiplier tubes (PMTs) arrayed on a roughly toroidal surface about
1.2 m from the bar ends. A mirror, perpendicular to the bar axis, is placed at the
forward end of the bars to reflect the forward travelling photons to the backward

end of the bars where the instrumentation is situated. At the instrumented end
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of the bar, is a fused silica wedge which reflects photons at large angles to reduce
the size of the detection system needed. The DIRC detection system consists of a
standoff box (SOB) filled with 6000 liters of purified water, which is chosen as it
is inexpensive and has a refractive index almost equal to that of silica and hence
reduces the internal reflection at the bar/box interface.

The observed space-time coordinates of the PMT signals are used to recon-
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Figure 4.14: Schematic of the DIRC fused silica radiator bar and standoff bozx imag-

ng region.

struct the Cerenkov angle 6, the azimuthal angle of a Cerenkov photon with respect
to the track direction ¢, and the difference At between the measured and expected
(using track time-of-flight [TOF] information) photon arrival time. These Cerenkov

coordinates are then used to reconstruct the emission angle and the arrival time of
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Figure 4.15: Number of detected photons for reconstructed tracks in di-muon events,

plotted as a function of track polar angle.

Cerenkov photons. The known spatial position of the bar through which the track
passed and the PMTs whose signal times lie within +300ns from the trigger are
used to calculate the three-dimensional vector pointing from the center of the bar
end to the center of each tube. This vector is then extrapolated into the radiation
bar, using Snell’s law. Since the track position and angles at the DIRC are known
from the charged track reconstruction, the photon propagation angles a, , , can be
calculated and used to determine 8. and ¢.. The timing information of the PMT
signal relative to the track is useful in suppressing photon backgrounds induced by
the PEP-II beams, and more importantly, exclude other charged tracks in an event

as a possible photon source.
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Figure 4.16: Charged kaon Cerenkov angle as a function of momentum, the data
points lying off the “K” curve are due to impurities in the control sample of charged

kaons used to make the plot.

A schematic of the DIRC geometry to illustrate the principles of light produc-
tion, transportation, and imaging is shown in Fig. 4.14. When a charged particle
passes through the radiator bar, a cone of Cerenkov photons is generated. On av-
erage, a particle from a BABAR event emits about 150 photons per centimeter of
quartz traversed. Some of the light exits the quartz, but a portion of it is internally
reflected down the length of the quartz bar. On average, 20-50 photons reach the
PMTs to form a reconstructible ring. The smaller number generally occurring in
the central region of the detector, corresponding to a shorter path length in the

quartz radiator and increasing as the track dip angle increases, corresponding to
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Figure 4.17: Charged pion Cerenkov angle as a function of momentum, the data
points lying off the “n” curve are due to impurities in the control sample of charged

pions used to make the plot.

longer path lengths in the quartz radiator. Fig. 4.15 shows the distribution of the
number of signal photons for single muons taken from both simulated and actual
di-muon events as a function of polar angle - the excess near cos(6irqex) = 0 is due
to the existence of both forward- and backward-going Cerenkov photons for tracks
which traverse a quartz radiator bar at near-normal incidence. Given the index of
refraction, n = 1, for the medium (nitrogen) surrounding the quartz radiator in the
tracking volume, there always are some photons, within the total internal reflection
(TIR) limiting angle, and because of the rectangular cross-section of a radiator bar,

the magnitude 6, is preserved during the successive TIRs (modulo a 16-fold reflec-
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Figure 4.18: Kaon/pion separation using 8., the vertical azis gives the separation in

units of 0, standard deviation.

tion ambiguity of top/bottom, left/right, forward/backward and wedge /no-wedge
reflection)?. Therefore in a perfect bar, the portion of the Cerenkov cone that lies
within the TIR angle is transported without distortion to the end of the bar. A
typical DIRC photon, has a wavelength A = 400 nm, undergoes = 200 reflections,
and has a 10-60ns propagation time along a five meter path through the quartz
radiator. The photomultiplier tubes are capable of detecting Cerenkov photons in

the visible and near UV-range. The original rings of Cerenkov light are reproduced

"Timing information and a requirement to use only physically possible photon propagation paths
typically reduces the 16-fold reflection ambiguity down to three, which is then further reduced by

the use of a pattern-recognition algorithm.
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Figure 4.19: Kaon reconstruction efficiency in DIRC (top); probability to mis-

identify a pion as a kaon based on 6, (bottom).

using the information about the time and position of the light signals within the
bank of photomultipliers. The final photon detection efficiency is about 5%, with
the main loss in efficiency being the PMTs which have an efficiency of about 25%.

Figs. 4.16 and 4.17 show the reconstructed Cerenkov angle 8, for control samples
of charged kaons and pions, respectively, as a function of momentum. Based on these
f. distributions for control samples, we can determine the kaon/pion separation
ability of the DIRC as a function of momentum. Fig. 4.18 shows that even at the
highest lab momenta accessible at BABAR, the DIRC provides around 3o separation
of kaons and pions. In addition to good separation of kaons and pions, the DIRC is

also highly efficient, as shown in Fig. 4.19. The plot shows that the reconstruction
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efficiency for DIRC rises fairly quickly to its maximum value above the DIRC turn-
on threshold of p > 0.7 GeV/c, and is well above 90% in general, with a very low

probability for pion.

4.2.4 Electromagnetic Calorimeter (EMC)

The electromagnetic calorimeter(EMC) was designed to measure the energy in the
electromagnetic showers with excellent efficiency, energy and angular resolution over
the energy range of 20 MeV to 9 GeV. 50% of photons from 7% have energies
below 200 MeV and photons from processes ete™—e*e™v and ete™—~y, which
are important for calibration and luminosity can reach energies of 9 GeV. There-
fore this capability of EMC allows for detection of photons from #° and n decays
as well as from electromagentic and radiative processes. By identifying electrons
and positrons, the EMC contributes to the study of semi-leptonic and rare decays
of B and D mesons, and 7 leptons. The EMC is a total-absorption calorimeter
consisting of a finely segmented array of Thallium doped Cesium Iodide crystals
(CsI(T1)), which scintillate light as charged particles from electromagnetic showers
pass through. The material is chosen for its high light yield, short radiation length
and small Moliére radius (radius of spread of electromagnetic showers). It provides
the necessary energy and angular resolution while allowing shower containment in
a short distance. The transverse length of the crystals was chosen to be compa-
rable with the Moliére radius so that a particle traversing the detector will leave
energy in several crystals. The EMC is arranged into a cylindrical barrel containing
5760 crystals and a conical forward endcap which contains 820 crystals. This gives
complete coverage in azimuthal angle with 90% solid angle coverage in the CM sys-

tem. The crystals in the barrel are arranged within 48 rings of 120 crystals and
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the end-cap has 8 rings of differing size. The length of the crystal increases from
29.6cm in the most backward rings to 32.4cm in the most forward rings, to limit
the effects of shower leakage from the more highly energetic forward-going parti-
cles. A longitudinal cross-section is shown in Fig. 4.20. The crystals each, have a
tapered trapezoidal cross-section with their axes pointing towards the interaction
point (IP). In order to obtain the necessary resolution the material in between the
crystals is kept to a minimum. This material, as well as beam related background,
is what makes the minimum measurable energy in colliding beam data 20 MeV,
even though in CsI(T1) the intrinsic efficiency for photon detection is 100% down
to a few MeV. The crystals are read out with silicon photodiodes mounted directly
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Figure 4.20: A longitudinal cross-section of the EMC (only top half is shown) indi-
cating the arrangement of the 56 crystal rings. The Detector is azially symmetric

around the z-axis. All dimensions are given in mm.

on the back face of each crystal and each of the diodes is connected to a low-noise
preamplifier board mounted directly behind each crystal. Feature extraction algo-

rithms are run to determine the energy and time of the signal peak in the crystal.
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To reduce the stored data volume, only the crystals with energy greater than the
threshold value of 1 MeV are included. Typical electromagnetic showers spread over
many adjacent crystals forming a cluster of energy deposits. A cluster is required
to register at least one crystal with energy greater than 10 MeV. All surrounding
neighbours with energy above 1 MeV and contiguous neighbors (including corners)
with at least 3 MeV energy are considered a part of the cluster. The local energy
maxima, called bump, within each cluster are identified and their energy is deter-
mined by an iterative algorithm. The bump is associated with a charged particle
track by projecting a track to the inner face of the EMC. The distance between the
bump centroid and the track impact point is calculated, and if it is consistent with
the angle and momentum of the track, the bump is associated with that charged
particle. If it is not possible to associate a cluster with a track projected to the
EMC from the DCH, then the cluster is assumed to originate from a neutral parti-
cle. On an average, 15.8 clusters are detected per hadronic event, of which 10.2 are
not associated with charged particle tracks. EMC is able to separate hadrons from
electrons using the electromagnetic shower shapes, energies and track momenta.
The energy resolution of the EMC at low energies is measured directly with the
radioactive source, and at high energies it is derived from Bhabha scattering. The

empirical parameterization is found to be;

oE  (23240.30)%
E E(GeV )i

& (1.85 £ 0.12)%

where E is the photon energy in GeV. The energy dependent term that domi-
nates at low energies, primarily arises from fluctuations in photon statistics but
has contributions from electronics noise and beam backgrounds. The constant term

dominating above 1GeV arises from non-uniformity in light collection, leakage or
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absorption in the material between or in front of the crystals. The angular resolu-
tion is determined primarily by the transverse crystal size and the distance from the
interaction point. The measurement based on the analyses of 7° and 7 decays to

two photons of approximately equal energy results in the energy dependence given

by
(3.87 £ 0.07)
\/(E( GeV ))

The 7° mass resolution, at lower energies, below 2 GeV  is dominated by the energy

Op = @ (0.00 £ 0.04) mrad

resolution, while at higher energies it is dominated by the angular resolution.

4.2.5 Superconducting Coil

The BABAR magnet system counsists of a superconducting coil between the EMC
and most of the Instrumented Flux Return, creating a magnetic field of 1.5T. T'wo
of the layers for Instrumented Flux Return are placed before the magnet and the
rest after it. This magnetic field enables good momentum resolution for charged
particles, serves as the hadron absorber for hadron/muon separation, whilst keeping
the tracking volume and EMC cost to a minimum. The magnet has an inner radius
of 1.4m for the coiled dewar and a cryostat length of 3.85m. The coil and the
cryostat together have a total thickness of between 0.25 and 0.4 interaction lengths.

This is thin enough to allow neutral hadrons to pass through reasonably well.

4.2.6 Instrumented Flux Return (IFR)

The Instrumented Flux Return (IFR) is the outermost part of the detector. It
was designed to detect neutral hadrons and identify muons with high efficiency

over a wide range of angles and momenta along with high background rejection for
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muons down to momenta below 1 GeV/c. It consists of three parts; barrel, and a
forward and backward endcap. All of them are subdivided into sextants. The active
detectors are 806 Resistive Plate Chambers (RPC), located in the gaps between the
layers of steel. There are 19 RPC layers in the barrel, 18 layers in the endcaps and
2 additional layers of cylindrical RPCs placed between the EMC and the magnet
to provide the necessary information, for linking tracks from the EMC to the IFR.
The steel is segmented into 18 plates, increasing in thickness from 2cm for the inner
plates to 10cm for the outermost plates. The total area of the detector is 2000m2.

The RPCs are built using two bakelite (a phenolic polymer) sheets, each 2mm deep,

Barrel
342 RPC
Modules

432 RPC
Modules
End Doors

4-2001
8583A3

Figure 4.21: The IFR: Barrel sectors and forward (FW) and backward (BW) end-

caps; all dimensions are in mm.

separated by a 2mm gap, which is filled with a gas mixture. This non-Aammable
gas mixture is composed of 56.7% Argon, 38.8% Freon-134a, and 4.5% Isobutane.

The external surfaces of the sheets are coated with graphite and one is connected
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to a 8kV voltage supply whilst the other is grounded, so that an ionizing particle
crossing the gas gap will produce a quenched discharge. Orthogonal aluminium
readout strips are placed on the modules to measure both z and ¢ for the barrel
modules and z and y for the endcap modules.

The IFR is efficient at detecting particles with p; > 0.4 GeV/ec. In order to
penetrate completely through the detector, a particle must have p; > 0.7 GeV/c.
The particle type is determined by using many different information such as the
number of interaction lengths passed through by the particle, the matching of tracks
to RPC clusters and the distribution of RPCs hit in the IFR layers. The majority
of the tracks entering the IFR are muons, though pions may punch through the
calorimeter and produce fake muon signals. A muon detection efficiency of close to
90% has been achieved in the momentum range of 1.5 < p < 3.0 GeV/c with a fake
rate of pions of about 6 - 8%. K?and other neutral hadrons are identified as clusters
that are not associated with a charged track. The inner layers of IFR detect showers
resulting from hadrons.

In summer 2005, the RPC’s in barrel region were replaced with Limited Streamer
Tubes (LST). It was done to improve the muon identification because barrel provides
50% of the muon acceptance and was suffering from inadequate material. The depth
of muon/hadron separation was insufficient, which required a highly efficient outer
layer and the RPC layer 19 was dying and not accessible. Therefore it was replaced

by a mechanically more robust LST.

4.2.7 Trigger (TRG)

The trigger system is designed to select interesting physics events, to be used in ei-

ther analysis, diagnostic, or calibration studies, while rejecting background events.
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The basic background are the Bhabha events (which have a very high rate com-
pared to other physics rates), radiative Bhabha events, beam backgrounds and low
mass two-photon events. The BABAR trigger system is implemented in two stages.
The Level-1 trigger (L1) is hardware based and is followed by the Level-3 trigger
(L3) which is software based. The PEP-II bunch crossing rate is around 238MHz
(4.2ns bunch spacing). The L1 reduces the event rate to the order of kHz which
is the maximum rate allowed by the data acquisition system (DAQ). The L3 fur-
ther reduces the rate to order of 100Hz which is the upper limit set by storage and
reconstruction considerations. Both the levels comprise of a drift chamber trigger
(DCT), an electromagnetic trigger (EMT).

The L1 has another subsystem; an instrumented flux return trigger (IFT), which
along with DCT and EMT is connected to global level trigger (GLT). The DCT and
EMT form the trigger primitives which are summaries of the position and energy
of the particles present, while IFT is mainly used to select cosmic ray muons for
calibration and diagnostics. There are 3 DCT primitives which correspond to short
tracks, long tracks and high p; tracks. The EMT primitives consist of towers, which
are the summed energy of groups of calorimeter crystals. Different energy thresholds
are applied to these towers to form 5 EMT primitives. Raw information is used by
L1 to form rough tracks and energy clusters and if an event has several tracks in the
DCH, especially tracks that are back-to-back, or several clusters in the EMC, it will
pass L1. Additionally, if clusters are found in the same azimuthal region as tracks,
an event is more likely to pass. Cuts are very loose in L1, resulting in an efficiency
greater than 90% for physics events (> 99% for hadronic events). L1 is effective at
reducing beam backgrounds by looking at tracks which come from the IP in r and

¢ and also looking at EMT towers. Typical event rates out of L1 are ~ 3-4 kHz,
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with a latency of about 12 us.

The L3 recieves the L1 output and implements improved tracking and cluster-
ing procedures which allow for greater rejection of backgrounds. L3 has access to
complete event data including timing information, using which it carries out a com-
plete analysis based on simple track cluster topologies and is able to discriminate
out-of-time noise and beam backgrounds. The DCT requires one high p, track or
two low p; tracks originating from the interaction point and for EMT, either a large
number of clusters or a large amount of deposited energy throughout the detector
is required for acceptance. The trigger lines are prescaled to keep the rate under
control, which is especially necessary for processes with high cross-sections, such as
Bhabhas which are used for calibration purposes and luminosity measurements. The
average event processing time in L3 is 8.5ms. The final output of the trigger system
is roughly ~ 200 Hz, the efficiency for selecting events for analysis varies from 90%
for 77~ events to 99% for BB events. For a luminosity of 2.6 x10%3¢m =251, desired
physics events (hadrons, 77 and up) contribute about 16Hz which is approximately
13% of the L3 output. QED and two-photon events contribute around 11% while

calibration and diagnostic samples contribute around 40%.

4.3 Data Sample

PEP-II has performed excellently since May 1999 and as of July 31, 2004 a total
integrated luminosity of 244.06 fb™' has been recorded by BABAR - of this total,
221.38 fb™' have been collected on the Y(4S) resonance and 22.68 fb~* have been
collected ~ 40-50 MeV below the resonance (Fig. 4.22). The peak luminosity for

PEP-II was recorded to be 1 x 103 cm~2s7! on October 9, 2005, which is 3.3 times
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higher than the luminosity it was designed to produce. Higher luminosity means
generating more collisions per second, which translates into more accurate results
and the ability to find physics effects that cannot be seen otherwise. Fig. 4.23 shows
the daily recorded luminosity history of the experiment over the entire 1999-2004

running period. The off-resonance data at a lower energy is useful for the B physics
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Figure 4.22: Total integrated luminosity.

analysis, to characterize backgrounds from continuum events but, for non B-physics,
it is an integral part of the total dataset. Charm processes from continuum events
are not affected by the presence of the Y(4S5) resonance, and therefore, the on- and
off-resonance data are treated identically. The ~ 230 fb™! data sample used in the
present analysis (Table 4.3) was collected beginning with the first colliding beams
physics runs in 1999 and ending with the July 2005 shutdown of the B-Factory for
upgrade and repairs. During that time, the number of B and B’s produced was
estimated to be around 231807371. The Table 4.3 [65] shows the luminosity values

for each Run.
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Figure 4.23: Daily recorded luminosity.

Table 4.2: Composition of the data sample — the small amount of data from 1999 is

include in the value for 2000.

Run No. Data Year Integrated Luminosity (fb™?)
On-Res Off-Res
1 Oct 22, 1999 - Oct 28, 2000 19.459 2.330
2 Feb 10, 2001 - Jun 30, 2002 60.267 6.934
3 Dec 08, 2002 - Jun 30, 2003 31.061 2.403
4 Sep 2003 - July 31, 2004 99.763 9.937
Total 210.55 21.604
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Chapter 5

Particle Tracking and

Identification

5.1 Charged Particle Tracking

Charged particle tracking has been studied with large samples of cosmic ray muons,
ete™, uTp~and 777 events as well as multi-hadrons. Charged tracks are defined by
five parameters and these parameters are measured at the point of closest approach

to the z-axis (POCA).

e dy : distance of the POCA from the origin of the co-ordinate system in the

x-y plane,
® 2z : distance of the POCA from the origin along the z-axis,
e ¢y : azimuthal angle of the track at POCA,

A : dip angle relative to the transverse plane at POCA, and

o W= pit : curvature of the track.
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The sign of w depends on the charge of the track.

5.1.1 Tracks Reconstruction

Charged particles are reconstructed using data from both tracking system, the SVT
and the DCH. The track fitting and finding procedures make use of a Kalman filter
algorithm [66], which takes into account the detailed detector material, magnetic
field and the information available from the L3 trigger and tracking system. The
track reconstruction begins by improving the event start time ¢y, obtained from a
fit to the parameters dy, ¢g, and ¢y based on the four-hit track segments in the DCH
superlayers. Next, tracks are selected by performing helix fits to the hits found by L3
track finding algorithm. While ¢ is further improved by using hits associated with
the tracks, a search for additional hits in the DCH which may belong to these tracks
is performed. Two more tracking procedures, which are designed to find tracks that
do not originate from the interaction point or pass through all ten superlayers of the
DCH are applied. These algorithms benefit from a cleaner tracking environment by
using tracks segments that have not been assigned to other tracks with a constantly
improving to. At the end of the third procedure, tracks are again fit using the
Kalman filter method.

The resulting tracks are then extrapolated into the SVT. The track segments that
are consistent with the expected error in the extrapolation through the intervening
material and inhomogeneous magnetic field are added to the reconstructed tracks
in the DCH. Among the possible SVT segments, those with the smallest residuals
and the largest number of SVT layers are retained and a Kalman fit is performed
to a full set of DCH and SVT hits. Any remaining SVT hits are then passed to

two complementary stand-alone track finding algorithms. The first one reconstructs
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tracks, starting with triplets of space points (matched ¢ and z hits) in layers 1,
3 and 5 of the SVT and adding consistent space points from the other layers. A
minimum of four space points are required to form a good track. This algorithm is
efficient over a wide range of dy and zy values. The second algorithm starts with
circle trajectories from ¢ hits and then adds z hits to form helices. This one is less
sensitive to large combinatorics and to missing z information for some of the SVT
modules. Thus the scattered tracks are recovered with an attempt to combine tracks

that are only found by one of the two tracking systems.

5.1.2 Tracking Efficiency

The efficiency for reconstructing tracks has been measured as a function of transverse
momentum, and polar and azimuthal angles in multi-track events. The tracking
efficiency is determined as the ratio of the number of reconstructed DCH tracks
to the number of tracks detected in the SVT, with the requirement that they fall
within the acceptance of the DCH. Such studies have been performed for multi-
hadron events [67]. At the design voltage of 1960V, the efficiency averages (98
+1)% per track with transverse momentum greater than 200MeV /c and polar angle

6 > 0.5 as shown in Fig. 5.1.

5.1.3 Track Parameter Resolutions

The resolution for five track parameters is measured using events with e*e~ and
p*p~ pairs. Cosmic rays and multi-hadron events are another source for providing
such measurements. The tracks of cosmic ray muons traversing close enough to

the interaction point in the DCH and SVT are recorded. The upper and lower
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Figure 5.1: Charged track reconstruction efficiency in the DCH at operating voltages
of 1900V (open points) and 1960V (filled points) as a function of transverse mo-
mentum (top) and polar angle (bottom). The efficiency is measured in multi-hadron
events as the fraction of all tracks detected in the SVT for which the DCH track

segment is also reconstructed.

halves are fit as two separate tracks and the resolution is taken as the difference of
the measured parameters for the two track halves. The results of this comparison
for the coordinates of the point of closest approach and the angles are given in

Fig. 5.2 [67]. The resolutions for single tracks based on full width at half maximum
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Figure 5.2: Measurements of the differences between the fitted parameters of the two

halves of cosmic ray muon tracks with transverse momenta above 8 GeVJc,

of these distributions are;

04y = 23 pm, o4, = 0.43 mrad,

Oz = 29 pm, Tianr = 0.53 x 1073,

The dependence of the resolution in the coordinates dy and 2z, on the transverse
momentum p; is measured in multi-hadron events. The resolution is determined as
the width of the distribution of the difference between the measured parameters, dj
and 29, and the coordinates of the vertex reconstructed from the remaining tracks
in the event. Measurements of the position and angle near IP are dominated by the

SVT measurements. The DCH contributes primarily to the p, measurement.

5.1.4 Track Quality

All reconstructed tracks are categorized into different lists depending on track qual-
ity parameters. The lists are provided by Offline Prompt Reconstruction (OPR)

according to the following criteria [68]:
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Figure 5.3: Resolution of the parameters dy and zq as a function of transverse

momentum, measured in multi-hadron events.

1. ChargedTracks:

Candidates with non-zero charge and with the pion mass hypothesis.
2. ChargedTracksAcc:
Candidates belonging to ChargedTracks with
x 041 < 6 < 2.54
3. GoodTracksVeryLoose:
Candidates belonging to ChargedTracks with
* 0 < pr < 10GeV/¢;
* DOCA,, < 1.5 cm*;

x -10 cm <DOCA, < 10 cm.

*DOCA: Distance of closest approach of a track to the beam spot center
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4. GoodTracksLoose:

Candidates belonging to GoodTracksVeryLoose with
x py > 0.1 GeV/e;

* Minimum DCH Hits: 12.

5. GoodTracksAccloose:

Candidates belonging to GoodTracksLoose with

x 0.410 rad < € < 2.54 rad.

6. GoodTracksTight:

Candidates belonging to GoodTracksLoose with
* Minimum DCH Hits: 20.
* DOCA,, <1 cm.

x -3 cm <DOCA, < 3 cm.

5.2 Charged Particle Identification

There are five types of charged particles that are sufficiently long-lived to leave a
track in the detector. These are e, u, m, Kand p. All BABAR detector components
contribute in a complementary way to charged particle identification: the SVT and
the DCH provide dE/dx measurements; the DIRC is a Cerenkov ring-imaging device
which helps to determine the speeds of charged particles; the EMC discriminates
electrons, muons and hadrons according to their energy deposit and their shower
shape; and the IFR characterizes muons and hadrons according to their different

transverse and longitudinal interaction pattern in the segmented iron.
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We are using Likelihood based selectors for particles in our analysis. For this
selector, the software for particle identification is structured in two stages: first, the
information from each detector is analyzed independently to provide a response, in
terms of a likelihood and a confidence level, for each charged particle hypothesis,
without performing any selection. Then algorithms combining the information from
various detectors are applied to perform particle selections.

The LH for track is calculated for each detector for a given charged-particle
hypothesis h [69]. These are then normalized to the maximum likelihood of one.
For each detector a minimum value called floor value is assigned, which acts to
limit a detector’s ability to discriminate too strongly against a hypothesis. Any
normalized likelihood value below the floor value is set to the floor value. The floor
value not only protects against detector malfunctions that might lead to very small
likelihood values, but also adds tails to the idealized likelihood functions used to
calculate them. All five likelihoods for a given hypothesis are multiplied together
along with an apriori likelihood for each hypothesis [69];

LH(h) = LHsyr(h)x LHpou(h) X LHprro(h) X LHEmo(h) X LHipr(h) X LHP ™ (h)
IFR

L(h) = L% (h) x ] maz(L™r(d), L7 (d, h))
d=SVT

5.2.1 Likelihood Calculations

Both in SVT and DCH, the measured dE/dz is compared against the expected
dE/dz from the Bethe-Bloch parameterization. The only difference is that DCH
likelihood is based on a Gaussian PDF and the SVT likelihood is based on a Bifur-

cated Gaussian PDF given as;

( (In(dE/dTmeas) — In(dE/dz4))?
204/5/N

122

exp

)



where 0 = oy, for dE/dzmeqs < dE/dxy, and o = og for dE/dTmeqs > dE/dxysy,.
N is the number of SVT layers. The left-side and right-side standard deviations
of the asymmetric Gaussian are fixed parameters. These standard deviations are
calculated for five measured dF/dx samples, and they are inflated slightly for tracks
with fewer samples to account for a wider spread in the truncated mean.

At least 3 of 5 SVT layers are required to provide dE/dz information, otherwise,
SVT likelihood is assumed to be the same for all particle types. To mitigate the
effects of Landau fluctuations, only the smallest 60% of the dE/dz values are used
to calculate the mean dE/dz for a track. For five samples, the lowest 3 values are
used for the average; in case of four samples the 3rd lowest value is given a weight
of 40% when averaged with the lowest two values. The expected dE/dz is found
from a five-parameter Bethe-Bloch equation, using the momentum of the fit to the
considered hypothesis;

db o o9 Z 1
E-—47rremec NAA@[

§ln -

1 (2mec* Y Tnee 8
12 9

2 r. and m, are electron’s

where z is a density-corrected length with units g/cm
classical radius and mass, c¢ is the speed of light, N4 is Avogadro’s number, Z is the
charge of incoming particle, A is the atomic number of the absorber, 3 and ~ are
the relativistic quantities of the incoming particle, I is the mean excitation energy,
d is density effect correction and T, is maximum transition kinetic energy.

The DCH likelihood is calculated using;

( (dE/dzmeqs — clE/d:zcth)2
20

exp

)

where o is a complicated function of the measured mean, the number of samples, the
RMS of the dE/dx values, and the track hypothesis. In order to mitigate the effects

of Landau fluctuations, only the smallest 80% of the samples are used. The expected
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value of dE/dz for the truncated mean is calculated from Bethe-Bloch equation,
using the reconstructed value of the momentum in the DCH for a given hypothesis.
The specific energy loss, dE/dx in the DCH is measured in arbitrary units because
a direct calibration is tedious and not necessary for analysis. For reference, tracks
with momenta between 0.5 and 5.0 GeV have dE/dx values between 400 and 1500
in these arbitrary units. A dF/dz measurement in a cell is used if the track passes
through the inner 95% of the cell area, and at least eight usable cell samples are
required to calculate a reliable likelihood.

The DIRC likelihood is calculated using the number of photons detected in the
Cerenkov ring and the angle of the Cerenkov cone with respect to the track direction
as it enters the DIRC. The likelihood is found by multiplying a Poisson distribution
for the measured number of photons and Gaussian distribution for the measured

Cerenkov angle;

b
1 85 P -6 e e~ N&P (Nea:p)N" s
e ¢ X

V2moc Nobs|

A calibration table is created using a large number of reconstructed tracks, which

L=

gives the expected number of photons Negp. The expected Cerenkov angle, 957, is

determined using the track momentum at the entrance to the DIRC, and the track
. _ l — D
mass hypothesis, cos(fc) = .5 and 3 Tornsr The measured Cerenkov

angle, §73°*° and its error o¢, are calculated from fitting the ring of photons observed
in the DIRC PMTs.

The shape of the shower in the EMC can be used to discriminate between muons,
electrons and hadrons. Muons generally do not shower in the EMC, but rather ionize
as they do in the SVT or DCH. They are visible as tracks consisting of very low

energy clusters in the EMC. If a particle is fully captured, it will deposit all of its
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energy in the calorimeter, which is given as;
Edepos = ('7 - 1)mc2

Thus in case of relativistic particles, the deposited energy is equal to the particle’s
momentum (times the speed of light). Comparison of the energy of a particle to its
momentum leads to the identification of electrons and hadrons. Electrons generally
have ~ of the order of 100, while for hadrons it is of the order 10 or less.

The IFR is mainly used for the identification of muons, since the majority of
muons do not interact heavily with any of the other subdetectors. By matching the
hits in the IFR to tracks found by the tracking algorithms, it is possible to detect
probable muons. Pions, occasionally do not shower in the EMC or in the magnet,
so they appear as hits in the IFR. They are however, expected to interact in the
iron of IFR and are more likely to be absorbed. They do not travel through all the
layers of the IFR and the number of hit-layers and average number of hits per layer
can help discriminate pions. Also, pions are expected to shower widely leading to a

large number of hits per layer.

5.2.2 Proton Identification

In the proton likelihood selector a particle is selected by comparing its proton likeli-
hood to that of a pion and kaon, with an electron or muon veto applied to some levels.
The likelihood selector has four levels; VeryLoose, Loose, Tight and VeryTight.
The ratio cuts are shown in Table 5.1 [69]. In our analysis we select the VeryLoose
protons. The efficiency for this selection is above 85%, with a pion fake rate of
less than 8% and kaon fake rate varying between 0 to 20% for different momentum

ranges.
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Table 5.1: Selection criteria for the Proton LH Selector

VeryLoose | L(P)/L(K) > 4/3

L(P)/L(w) > 0.5
Loose L(P)/L(K) > 3.0

L(P)/L(m) > 0.5

if p> 0.75 reject tight "PidLHElectronSelector” electrons
Tight L(P)/L(K) > 5.0

L(P)/L(m) > 0.75

if p> 0.75 reject tight "PidLHElectronSelector” electrons
VeryTight | L(P)/L(K) > 10.0

L(P)/L(m) > 0.96

if p> 0.75 reject tight ”PidLHElectronSelector” electrons
and reject tight "PidMuonMicroSelector” muons

5.2.3 Kaon Identification

The kaon information from each of the detectors is limited to particular momentum
ranges. Measurement of dE/dx information provides kaon separation below 700
MeV/c, and again above 1.5 GeV/c due to the relativistic rise for pions. The DIRC
provides 7/ K separation above 600 GeV/c.

There are four main selection categories for kaon identification: NotaPion, Loose,
Tight and VeryTight. The corresponding selection criteria are shown in Table 5.2
[69]. In this analysis we are using NotaPion kaon selection and later optimize the
signal by making different cuts. The efficiency for this selection is above 85%, with a

pion and proton fake rate varying between 0 to 20% for different momentum ranges.
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Table 5.2: Kaon ID selection criteria. The momentum cuts to include the likelihood

from each detector are also shown. L; is the likelihood for particle type i. The value

r» represents the ratio of likelihood values. It used as the threshold for selecting the

kaon at specific momenta.

Loose Tight
SVT p <0.6; p > 1.5 (GeV/c) p < 0.7 (GeV/c)
DCH p <0.6; p> 1.5 (GeV/c) p < 0.7 (GeV/c)
DIRC p > 0.6 (GeV/e) p > 0.6 (GeV/c)
Likelihood L(K)/L(P) > L,L(K)/L(x) > rr | L(K)/L(P) > LL(K)/ L(m) > r;
Requirements | p < 2.7 (GeV/c) : rp =1 p>27(GeV/c): rp =1
p > 2.7 (GeV/c) : rp =80 p > 2.7 (GeV/c) : rp =80

0.5<p<0.7(GeV/e): rp =15

0.5 < p <07 (GeV/c): rp =15

VeryTight

NotaPion

SVT (GeV/c)
DCH (GeV/c)
DIRC (GeV/c)

p <0.6; p> 1.5 (GeV/c)
p<06;p>15
p > 0.6 (GeV/c)

p < 0.5 (GeV/c)
(GeV/c) p < 0.6 (GeV/c)
p > 0.6 (GeV/c)

Likelihood

Requirements

L(K)/L(P) > L,L(K)/L(P) >
p <25 (GeV/e): rp =3

p > 2.5 (GeV/e) : rp =200
04<p<0.7(GeV/c): rp =20

Default = true. Reject if:
L(P)/L(r) > s ; L(K)/L(r) > s
p <0.5 (GeV/e): rp = 0.1
p>05(GeV/e): rp =1. 0
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5.2.4 Pion Selection

The pions are selected under the criteria given in Table 5.3 [70]. In this analysis we
are using VeryLoose pion selection and later optimize the signal by making different
cuts. The efficiency for this selection is above 92%, with a kaon and proton fake

rate varying between 10 and 30% for different momentum ranges.

Table 5.3: Selection criteria for the Pion LH Selector

J(L(K)+L(r)) < 0.98
L(P)/(L(P)+L{rm)) < 0.98

Loose L(K)/(L(K)+L(n)) < 0.82
(

)

VeryLoose | L(K

[EDOENG

~—

L(P)/(L(P)+L(m)) < 0.98

reject tight "PidLHElectronSelector” electrons
Tight L(K)/(L(K)+L(m)) < 0.5

L(P)/(L(P)+L(m)) < 0.98

reject tight ” PidLHElectronSelector” electrons
VeryTight | L(K)/(L(K)+L(7)) < 0.2

L(P)/(L(P)+L(m)) < 0.5

reject tight " PidLHElectronSelector” electrons

and reject tight ” PidMuonMicroSelector” muons

5.3 Neutral Tracks

Neutral tracks are reconstructed in IFR and EMC. The main task of the EMC is
to measure the energies and positions of charged and neutral clusters (primarily
photons and electrons but also e.g.; K? with the best possible resolution and effi-
ciency over the full energy range. In case of neutral tracks the calorimeter utilizes
information on the cluster’s total energy and its lateral distribution. The results are

used to;
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Reconstruct single photons in radiative decays

Reconstruct 7°’s, (even at high energy, when the photon showers overlap)

Aid in K9 reconstruction and

Aid in neutrino reconstruction

A cluster is the energy deposit caused by one or more particles interacting in the
calorimeter. The reconstruction of clusters starts from a list of crystals with energy
above some threshold, nominally 0.5 MeV. A set of adjacent crystals, with the sum
of their energies above some threshold, nominally 20 MeV is considered a cluster.
An attempt is made to split clusters into bumps. A bump is created from a local
maximum within the cluster, such that it represents the fraction of the cluster energy
deposit caused by a single particle interaction. In identifying the bumps, care has to
be taken to discount so-called split-offs; shower fluctuations that manifest themselves
as additional local maxima in a cluster. Neutral electromagnetic multi-bump clusters
can be caused by random overlap of multiple photons or by overlapping photon
showers from the decay of a high-energy #°. For genuine multi-bump clusters, the
bump parameters can be unfolded by assigning the proper fractions of energy in
shared crystal, using the expected exponential lateral shower profile. It should be
noted though that merged 7%’s, once identified as such, are better reconstructed from
the cluster parameters than from the bump parameters of the individual photons.
In order to identify charged and neutral particles, an attempt is made to match
geometrical clusters to nearby reconstructed charged tracks found in the tracking
detectors, as candidate charged-particle clusters. The neutral clusters thus separated

out are put into the following lists [68].
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. CalorNeutral:
Candidates which are single EMC bumps but are not matched with any track.

Photon mass hypothesis is assigned.

. CalorClusterNeutral:
Candidates that are multi-bump neutral clusters or single bumps which are

not a part of a cluster which is matched with a track.

. NeutralHad:
Neutral charge candidates with IFR information, but have not been merged

with a track or an EMC bump or cluster.

. GoodNeutralLooseAcc:

Candidates belonging to CalorNeutral with
* £, > 30 MeV;
* Lateral Moment < 1.1;
* 0.410 rad < 6 < 2.409 rad.

. GoodPhotonLoose:

Candidates belonging to CalorNeutral with
* Ey, > 30 MeV;

* Lateral Moment < 0.8.

. GoodPhotonDefault:

Candidates belonging to GoodPhotonLoose with

x B, > 100 MeV;
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Chapter 6

Monte Carlo Production

Our goal is to study final states decaying to Afn*and A7 7~ using the BABAR Monte

Carlo simulation framework. The Monte Carlo program will simulate the production

mechanism:
ete” — 4t =t — L X, 50X, B0 X
where ¥, L*and X} stand for JX = %+’ %+, —g+ ..... charmed baryon states with

Isospin = 1. The decay of each intermediate ¥, state if as, proceeds:

T S St o Afat
4 C ¥ C
N0, T T Af
The production and decay take place inside the BABAR detector at a center-of-mass
energy 10.58 GeV. All tracks produced in the detector are projected out in three

dimensions and all possible interactions with the detector layers are appropriately

simulated.
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6.1 Production and Fragmentation

We start with ete~ annihilations to virtual photons (the mass of the intermediate
photon is equal to the sum of two beam energies). The charmed baryons of the type
Y. (for example) are produced from virtual photons coupling to cc pairs. The cc

pair hadronizes into charmed mesons or baryons. Some examples are given below;

ete™ — ~* — ¢t — ¢t ut — D°DP
ete™ - ~v* = cc—ccdd — DTD~

ete” — v* — ¢ — ¢ dd — D} D

where the second ¢ pair is produced by gluons coupling to the ¢ or € quark. The
lowest order tree diagrams for the above processes are given in Fig. 6.1. Charmed
baryons are produced only if we consider ¢ being produced back to back and light

quarks and diquarks being “popped” in between them as shown below;

ete” - y* —c¢c — ccuudd
—  cud cud

— Aj’ KC—

One needs to produce diquark pairs to obtain baryons and the production process is
more complex in general. Quark pairs continue to be produced until all the energy in
the center of mass is used up. A more general form of hadronization, as the process
is called, is shown in Fig. 6.1. The details of how c¢ ends up as a bunch of mesons
and baryons is determined by the implemented JETSET Lund Model. There are

parameters in the model which determine the details of the hadronization.
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Charmed Meson

(a)

Charmed Anti-Meson

Charmed Baryon

)]

Charmed Anti-Baryon

Figure 6.1: Feynman diagrams of (a) the continuum charmed meson production route via

ete™ — c¢¢ — Charmed Mesons and (b), the continuum charmed baryon production route

via ete™ — ¢t — Charmed Baryons.
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6.2 JETSET Lund Monte Carlo Model

The BABAR MC generator uses JETSET for the production of continuum events.
In the signal Monte Carlo for each charge of £.(2800) in continuum events at the
Y(4S5), the first particle created is the virtual photon v* whose further coupling is
governed by the parameter JSCONT. The flavor of the primary string is given as an
argument to the model and 4 means a c¢. The primary jets are created according
to a 1 + cos?d distribution, where @ is the angle of the primary jet with respect to
the beam line or more precisely, the z-axis. The following code allows y* to couple

to c¢ 100% of the time.

Decay vpho
1.0 JSCONT 4;

Enddecay

In order to generate a particle inclusively using JETSET, we need to go through

the following steps.

6.2.1 Defining the Fragmentation Function

The JETSET fragmentation by default is governed by the Lund symmetric frag-

mentation function given as;

F(2) o 2z (1 . 2)% exp (—M) , (6.1

z z

where « and (3 are the two (di)quarks involved in the fragmentation and z is the
momentum of the particle produced, which is ¥.(2800) in our case. For heavier
quarks (in BABAR’s case, just charm quarks) this equation can be modified to the

Bowler fragmentation function given by;
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1 o (1=2\" bm?
f(Z) X qub—mgz ( > ) exp (-—Z——) ) (62)

where @ is the heavy quark. The default value of rg used in BABAR is rg = 1.

JETSET also allows usage of Field-Feynman parameterization, Peterson param-
eterization or a simple power law. For these equations, please see page 231 in the
JETSET manual Ref. [71}.

JETSET uses the same parameters a, = ag = a for all quarks and has a optional
modification for diquarks. However, as can be seen on page 10 of Ref. [72], that
might not be a good enough model of nature. The p* distributions for D** and
D* look quite different and JETSET is not capable of reproducing that, except
through different decay rates of higher resonances. To improve on this, a BABAR
extension allows to specify the fragmentation function and parameters separately
for each charm-anti(di)quark combination, where the anti(di)quark is one half of
the pair being produced in the string fragmentation. Note that the fragmentation
function for charmed-hadrons with the same quark content, such as D° and D*?, will
be the same, as the specific hadron type is only determined after the fragmentation.
Similarly, if the fragmentation of D®+ is changed, it will also affect D™0 dye to
decays, such as D** — D°7*. The twelve different (di)quark combinations with a
¢ quark are listed in Table 6.1. By default all of the combinations use the default
JETSET fragmentation (Bowler), but for combination number i, this can be changed
by setting MBBR(1) > 0. The possible values for i are given in Table 6.2. The actual
value of MBBR(i) determines which fragmentation function is used.

If a flavor specific fragmentation mode has been selected, one needs to specify
the relevant parameters in PBBR(5+ 5-1i + j), where j = 1...5. Table 6.3 lists

the meaning of the five different parameters which can be set. Note that there
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Number | (di)quark
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S
N = O

881

Table 6.1: Enumeration of (di)quark combination used in charm fragmentation.

Model number 1 Fragmentation model

1 Lund symmetric fragmentation
2 (or 3) non-Lund model (e.g. Peterson)
4 (or 5) Bowler

Table 6.2: Choice of fragmentation models.
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Parameter (j) | Meaning

1 g, In Lund and Bowler models
2 ag in Lund and Bowler models
3 b in Lund and Bowler models
4 rg in Bowler model

5 c as for PARJ(54) in JETSET:

0 < ¢ < 1: Parameter in Field-Feynman model
—1 < ¢ < 0: Use Peterson with £ = —¢

¢>1orc< —1: Power law, see JETSET manual

Table 6.3: Fragmentation model parameters.

are no default value for these, so they have to be specified explicitly. It has been
checked that changing the fragmentation model only affects the continuum charm

production, e.g.; the B decay spectra remain unchanged.

Examples

Using Peterson fragmentation with € = 0.003 for Dg*)+ mesons requires:

JetSetPar MBBR(3)=2

JetSetPar PBBR(25)=-0.003

Using Bowler with a, = 0.3, ag = 0.4, b = 0.6 and rgo = 0.95 for ADT baryons

requires:

JetSetPar MBBR(4)=4

JetSetPar PBBR(26)=0.3
JetSetPar PBBR(27)=0.4
JetSetPar PBBR(28)=0.6

JetSetPar PBBR(29)=0.95

137



6.2.2 Particle Transmogrifier

A significant amount of more or less well-known hadrons are not produced in JET-
SET, in particular there are no L = 1 baryons, such as A.(2880) or X.(2800) by
default. To get an approximate signal Monte Carlo, a “Transmogrifier” is used,
which takes a fragmentation produced particle and changes its “Lund ID” appro-
priately in a user defined fraction of events, while leaving particles in decay chains

unchanged. To use it, three parameters need to be specified:
e MBBR(20): Absolute value of Lund ID to be changed
e MBBR(21): Absolute value of Lund ID to be changed into
e PBBR(1): Probability that transformation takes place

The idea behind the transformation probability is to make sure that one rarely

gets two transformed particles in the same event.

6.3 X.(2800) Signal Monte Carlo

The virtual photon is allowed to decay into ¢¢ which are then fragmented through
JETSET. But since ¥.(2800) are not produced in JETSET, we used “Transmo-
grifier”, which was described earlier. To produce Monte Carlo with X7+ (2800) we

“Transmogrify” ©F7 and add the following in the “decay.dec”:

JetSetPar MBBR(20)=4222
JetSetPar MBBR(21)=14224

JetSetPar PBBR(1)=0.9

Similarly for £2(2800) we “Transmogrify” £2 and have the following in file “decay.dec”:
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JetSetPar MBBR(20)=4112
JetSetPar MBBR(21)=14114

JetSetPar PBBR(1)=0.9

The X.(2800) has a wide intrinsic width, which is taken care of by the JETSET.
In JETSET, by default, the hadrons are given a mass distribution according to a
non-relativistic Breit-Wigner function, namely:

1

P(m)dm 5.
(m)dm o e

(6.3)

Next we use a Petersen function for the fragmentation of quarks instead of the

default one. In that case, the generated momentum distribution is of the form [73];

1
f(z) x , (6.4)
z(1-1- &)
We use an ¢ = 0.07, because we are looking at the continuum production of

¥.(2800)’s, which have a harder spectrum compared to being produced in B de-

cays.

Using a Filter

The JETSET fragments the quarks, using the specified fragmentation function,
into all kinds of possible mesons and baryons. To get a signal Monte Carlo for a
particular particle we need to use a filter and take only the events having our particle
of interest. The filter defines a particle list, specifying their names as given in the
file “pdt.table”. To filter on events with 77 (2800) we have the following in our

“filter.tcl” file:

module enable GefSelectFilter

talkto GefSelectFilter {
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BooNew MySc2795++ = GefPdtList

BooObjects MySc2795++ or Sigma_c(2795)++

BooNew MyantiSc2795++ = GefPdtList

BooObjects MyantiSc2795++ or anti-Sigma_c(2795)--

# compose the filter and set it as a before-transformation-to COM

BooCompose MultiParticleFilter = or MySc2795++ MyantiSc27950++

beforeFilter set MultiParticleFilter

Similarly we have a filter for events with 39(2800).
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Chapter 7

Analysis Procedures

Charmed baryons can be produced from either secondary decays of B mesons or
directly from e*e~ annihilations into c¢ jets from the continuum under and below
the T(45) resonance.

The goal of this analysis is to search for higher resonances in the Af7~, and Afn™
system. Based on previous results we also expect to see the JP = %+ 2.(2425) and
JE = %+ >.(2455). The £.(2455) and X.(2520) are quite well known from many
different experiments. Belle [26] has recently reported the observation of one of
their excited partners £,(2800), in three charged modes. We present the evidence
of these ¥.(2800) in BABAR and the measurements of the mass differences, widths
and production cross-sections.

We reconstruct all the A} nrand AFn~combinations from data and search for reso-
nances in the corresponding mass distribution plots. We optimize our signal using
signal and generic Monte Carlo. The optimized cuts are then applied to the data
which is then used to calculate the mass difference, width and the momentum spec-

trum.
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7.1 Fitting Techniques

The ¥.(2800)’s have a wide natural width which is parameterized by a Breit-Wigner
function. The shape of a resonance of nominal mass my and nominal width I’y is

given by a Breit-Wigner:

I'o
(x —mo)2 +T%/4

BW = (7.1)

The functional form of the signal shape is a convolution of a Breit-Wigner with a
Gaussian resolution function, whose width is determined from signal Monte Carlo.
We determine the detector mass resolution function by fitting the generated and re-
constructed mass difference distribution. The background function is parameterized

by a third order polynomial.

7.2 Event Selection

The production of ¥.(2800) from B decays is kinematically allowed and we need
to consider this source besides production from the ¢¢ continuum. The . baryons

produced from secondary decays of B mesons are kinematically limited to z, < 0.5,

where z, = £

s = \/E;’jr —; is the scaled momentum varying from 0.0 to 1.0. Here

p is the momentum of ¥.(2800) and pme, is the maximum momentum it can have.
E is the center-of-mass energy and M is the mass. However, charmed baryons
produced from the continuum are characterized by z, distributions which can be
fit to the Peterson function [74], which has a hard spectrum, with about 70% of
the production above z, of 0.4. Since we are focusing on continuum production so
our analysis is limited to z, > 0.45. We consider production above 0.5 rather than

above 0.4 to reduce combinatorial background more effectively.
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Since, the analysis presented here involves a A, in combination with a 7, we need
to first reconstruct all possible A, candidates. The search starts by reconstructing

A} in Cabbibo-favored decay mode,
AY — pK 7t

Since this is the dominant decay with a branching fraction =~ (5.0 £ 1.3)% and all
the particles are observed as charged tracks, it is the cleanest mode for reconstruct-
ing AF. The A, candidates are then combined with all the pions in the event to

reconstruct the X, candidates. The decay mode used for that is,

¥ - AfwT

Tt — Ar ot
The ¥, candidates are reconstructed in one decay mode only, because the branching
fraction B(X.—A.m) =~ 100% for X.(2455) and ¥.(2520) and for %.(2800) it is

predicted to be the dominant decay mode [51]. All the charge conjugate modes are

implied.

7.2.1 Selection of A} Candidates

A} (charge conjugate is implied) candidates are reconstructed by taking combi-
nations of p, K=, nt candidates and performing a constrained vertex fit. Using
composition tools we select the VeryLoose lists of protons, kaons and pions, as cre-
ated by the ‘Likelihood Selector’, explained already in chapter 5. We present below

the initial selection criteria for the A7 candidates.
e 2.235 GeV/c? < A, mass < 2.335 GeV/c?

e Proton : pLHVeryLoose
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e Kaon : KLHVeryLoose

e Pion : piLHVeryLoose

7.2.2 Selection of ¥, Candidates

¥ candidates are formed by combining the already identified A, candidates selected
from A, mass band, which is chosen to be & 35 MeV/c?, with the remaining 7’s in
the event and performing a constrained vertex fit. These pion candidates are chosen

from the piLHVeryLoose list for the ‘PidPionLHSelector’ (defined in chapter 5).

7.3 Monte Carlo Study

In order to optimize our signals and determine fit parameters for the X, signals in
the two decays modes, we use approximately two samples of 143,000 Monte Carlo
simulated signal events for each of the two charges. PID optimization and studies of
background shape are performed using Monte Carlo samples of BB, c¢ and ut/ dd/ss
equivalent to an integrated luminosity of 230 fb~!. The Monte Carlo samples were
produced in simulation production frameworks SP5/SP6 and SP8. For optimization
purpose we use an z, cut of > 0.7 for both the signal and background to suppress
the combinatorial background. Later we relax this cut to measure the momentum

spectrum and production cross-sections.

7.3.1 X, Optimization

We optimize the ¥, signal by studying the PID cuts for all the tracks, A, mass cuts

and A, vertex fit cuts to achieve the best possible values of the signal significance,
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%. Here S represents the signal yield of ¥, candidates obtained by integrating the
signal fit function (Breit-Wigner fit convoluted with a Gaussian), and B represents
the background count within £15MeV/c?. We use 320 fb~! of ¢ and then normalize
it to a luminosity of 230 fb=! to extract B. The results of MC PID studies for
protons, kaons and pions forming the A, are summarized in Tables 7.1 and 7.2.
From these tables we conclude that the “PrVeryTight, KVeryLoose” and “PiLoose”
combination gives the best signal significance for both ¥, charges. Based on this
selection we use these PID lists for A, candidates.

The next quantity that we study for optimization is the A, mass window. As
summarized in Table 7.3, our study finds an optimal selection of A, candidates for
a mass window of A, mass +11(= 1.50¢). It gives good significance for both the
charges. To suppress the background from random combinations of protons, kaons
and pions which do not fit to a good A, vertex, we require the x? of the fit to be less
than a certain value. The results for vertex cuts are given in Table 7.4. A minimum

x? value of < 30 is required to get rid of very poorly formed A, vertices.
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Table 7.1: Signal Significance for different PID cuts for A, Selection.

Proton Kaon Pion 3B

PVLoose | KVLoose | PiVLoose | 2.17 | 2.79

PVLoose | KVLoose PiLoose 2.20 2.83

PVLoose | KVLoose PiTight 2,19 | 2.80

PVLoose | KVLoose | PiVTight | 2.13 | 2.72

PVLoose KLoose PiVLoose | 2.21 | 2.79

PVLoose KLoose PiLoose 2.24 2.83

PVLoose KLoose PiTight 2.22 | 2.80

PVLoose KLoose PiVTight | 2.16 | 2.71

PVLoose KTight PiVLoose | 2.26 | 2.81

PVLoose KTight PiLoose 2.29 | 2.85

PVLoose KTight PiTight 2.27 | 2.82

PVLoose | KTight | PiVTight | 2.21 | 2.73

PVLoose | KVTight | PiVLoose | 2.26 | 2.81

PVLoose | KVTight PiLoose 2,29 | 2.85

PVLoose | KVTight PiTight 2.28 | 2.82

PVLoose | KVTight | PiVTight | 2.21 [ 2.74

PLoose KVLoose | PiVLoose | 3.07 | 3.67

PLoose KVLoose PiLoose 3.12 | 3.72

PLoose KVLoose PiTight 3.09 | 3.40

PLoose KVLoose | PiVTight | 3.00 | 3.89

PLoose KLoose PiVLoose | 3.07 | 3.60

PLoose KLoose PiLoose 3.11 3.65

PLoose KLoose PiTight 3.08 | 3.61

PLoose KLoose PiVTight | 2.99 | 3.48

PLoose KTight PiVLoose | 3.11 | 3.59

PLoose KTight PiLoose 3.15 | 3.64

PLoose KTight PiTight 3.12 | 3.60

PLoose KTight PiVTight | 3.03 | 3.50

PLoose KVTight | PiVLoose | 3.11 | 3.59

PLoose KVTight PiLoose 3.15 | 3.64

PLoose KVTight PiTight 3.12 | 3.61

PLoose KVTight | PiVTight | 3.03 | 3.50
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Table 7.2: Signal Significance for different PID cuts for A, Selection.

Proton Kaon Pion

=2

PTight KVLoose | PiVLoose | 3.63 | 4.19

PTight KVLoose PiLoose 3.67 | 4.25

PTight KVLoose PiTight 3.64 | 4.20

PTight KVLoose | PiVTight | 3.54 | 4.08

PTight KLoose PiVLoose | 3.60 | 4.08

PTight KLoose PiLoose 3.65 | 4.13

PTight | KLoose | PiTight | 3.61 | 4.09

PTight KLoose PiVTight | 3.50 | 3.97

PTight | KTight | PiVLoose | 3.66 | 4.07

PTight | KTight | PiLoose | 3.70 | 4.12

PTight | KTight | PiTight | 3.66 | 4.08

PTight | KTight | PiVTight | 3.55 | 3.96

PTight KVTight | PiVLoose | 3.66 | 4.07

PTight KVTight PiLoose 3.70 | 4.12

PTight KVTight PiTight 3.66 | 4.08

PTight | KVTight | PivTight | 3.55 | 3.96

PVTight | KVLoose | PiVLoose | 4.11 | 4.59

PVTight | KVLoose PiLoose 4.16 | 4.65

PVTight | KVLoose PiTight 4.12 | 4.60

PVTight | KVLoose | PiVTight | 3.99 | 4.46

PVTight KLoose PiVLoose | 4.06 | 4.45

PVTight KLoose PiLoose 4.11 | 4.51

PVTight KLoose PiTight 4.06 | 4.46

PVTight KLoose PiVTight | 3.93 | 4.32

PVTight KTight PiVLoose | 4.13 | 4.43

PVTight | KTight | PiLoose | 4.17 | 4.49

PVTight | KTight | PiTight | 4.12 | 4.44

PVTight | KTight | PiVTight | 3.99 | 4.31

PVTight | KVTight | PiVLoose | 4.13 | 4.43

PVTight | KVTight PiLoose 4.17 | 4.49

PVTight | KVTight | PiTight | 4.12 | 4.44

PVTight | KVTight | PiVTight | 3.99 | 4.31
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Table 7.3: A, Mass cuts study for A. selection.

A, Mass Window (MeV/c?) o

Do | ZET
2.285 £ 5 5.44 | 6.94
2285 £ 7 6.24 | 7.97
2.285 + 9 6.49 | 8.24
2.285 + 10 6.54 | 8.20
2.285 + 11 6.55 | 8.16
2.285 £ 12 6.52 | 8.07
2.285 + 13 6.46 | 7.96
2.285 £ 15 6.34 | 7.69
2.285 £ 17 6.19 | 7.44
2.285 £ 19 6.03 | 7.18
2.285 + 21 5.88 | 6.95
2.285 £+ 23 572 | 6.71

T PVTight, KVLoose and PiLoose are used for A..
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Table 7.4: Signal significance of ¥, candidates for different values of x? of the A,

vertex fit.

A, X12)tz 5??3

30| o
< 100 | 7.05 | 9.09
<80 | 707|913
<60 |7.09]9.16
<50 | 710|915
<45 | 7.09]9.17
<40 | 7.09]9.18
<35 | 709918
<30 | 710 9.17
<25 |7.09]9.16
<20 |705]9.14
<15 |6.9919.09
<10 |6.78 | 8.83
<5 | 567|752

After optimizing our A, candidates we study PID cuts for the 7 candidates,
which are combined with A, to form X, candidates. The results of these cuts study
are shown in Table 7.5. The “PiLoose” selection optimizes our signal significance
for both £77(2800) and X2(2800). Another important cut that we studied is the
helicity angle for the m. The helicity angle is defined to be the angle between 7
momentum measured in the rest frame of A.m system and the boost direction of
the A.m system. The study for the cosine values of the helicity angle are given in
Table 7.6. A cosbpe > —0.7 is selected to get rid of low momentum pions.

The final selection cuts after optimization are given below;

o 7, >07
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Table 7.5: Signal significance for different PID selections of 7 forming the ¥, can-

didates.

Pion PID cuts S‘_q_ZB

¥ | o

PiVeryLoose | 7.10 | 9.17
PiLoose 7.15 | 9.22
PiTight 7.08 | 8.93

PiVeryTight | 6.73 | 8.37

Table 7.6: Helicity angle cuts for 7 forming the ¥, candidates.

cos By SSZB

Te | &
>—-1.0] 7.15 | 9.22
> —0.9 | 10.06 | 11.72
> —0.8 | 11.45 | 12.87
> —0.7|12.14 | 13.16
> —0.6 | 12.12 | 13.09
> —0.5 | 11.75 | 12.85
> —04 | 11.32 | 12.30
> —0.3 | 10.75 | 11.77
> —0.2 | 10.08 | 11.14

e A Proton : pLHVeryTight

e A Kaon : KLHVeryLoose

AY Pion : piLHLoose

2.274 GeV/c? < A, mass < 2.296 GeV/c?

x? of A, Vertex fit < 30
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e >, Pion : piLHLoose
e X, Pion cos 6y, > —0.7

Figs. 7.1 and 7.2 show the mass distribution for the signal Monte Carlo after
optimization for £2(2800) and £+ (2800), respectively. The corresponding mass
distributions for the background before and after the final optimization are shown
in Figs. 7.3 and 7.4. We can see that the background level was more than ten times
higher before optimization than the one after optimization.

We also did a separate optimization for A, using =~ 10% of the data. The results
of the study are summarized in Appendix A. We got a somewhat different set of
cuts from that optimization, and we decided to use the optimized cuts from Monte

Carlo.
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Figure 7.1: Distribution for the Mass Difference (Afn~ — AY + 2.285) in signal

Monte Carlo after optimization.

151



[T T T T T T T T T I T T T T T T Ty PO v A TooreeT

A

1600
~ 1400

- -k
QN
Qo O
o o

LI WAL LN N S A S L B O

800
600
400
200

N Events / (10.0 MeV/c

[N BN SETE NN FEEE BT S

o
N
- A

T ETE SENTER ST SN NERE NN AR RR AN N ARR AR

6 27 28 29 3
Mass Diff (AL 7* - A% + 2.285)(GeV/c?)
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7.3.2 Background from uds and BB Monte Carlo

To match the data we need to study the background component coming from v, dd,
s3 and BBalso. For uds, we use 314 fb! of generic Monte Carlo and then normalize
it to our data sample. As expected, we do not see any significant contribution,
because it does not contain any heavy quark. The plots are shown in Figs. 7.5
and 7.6. The BB generic Monte Carlo is scaled to the number of B’s reported in
the data. As shown in Figs. 7.7 and 7.8, we just see a small component of flat

background with no contribution to the signal.
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Figure 7.5: Normalized Mass Difference (A7n~ — AT +2.285) distribution in generic

uds Monte Carlo.
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7.3.3 Efficiency Calculations

The X, detection efficiency is obtained by dividing the signal area by the generated
number of ¥, baryons in the signal Monte Carlo. The signal area is determined by
integrating the Breit-Wigner function convoluted with a Gaussian. The efficiency
after each selection cut is given in Table 7.7.

To see the momentum dependence of the detection efficiency, we measure the
efficiency, using the method described above, for each momentum interval. Errors
on efficiency are given by the errors on raw yields for each momentum bin. The
efficiency plots, as a function of z, bins, are shown in Figs. 7.9 and 7.10 for £2(2800)
and XF7(2800), respectively. We find that the efficiency is almost constant above

our momentum cut of z, > 0.7.
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Figure 7.9: Detection efficiency as a function of x, for £2(2800) with a fit to a linear

function.

Table 7.7: Variation in ¥.(2800) detection efficiency with each selection cut.

Pion PID cuts Efficiency %
T | =i
z, > 0.7 409 | 412

A PrVT, KVL, PiL | 345 | 34.5
A, mass & 11 MeV/c2? | 30.1 | 30.2
Ao X2, < 30 29.2 | 29.3

2. : PiLoose 29.0 | 29.0

Y. mweos Opeg > —0.7 | 25.5 | 25.2

7.3.4 Reflection Studies

The mass distribution plots by Belle shown in Fig.3.5 have a peak at a mass differ-

ence (Afm — AF) of 0.43 GeV/c?. These were interpreted as feed-down from the
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decay AF(2880) —Afntm~, where A}(2880) decays proceed via an intermediate
39(2455) or £F(2455). In a MC study Belle found that if A7#* pairs are pro-
duced from intermediate 71 (2455) or £2(2455), then the mass difference plot for
the AF7F spectrum is peaked around 0.43 GeV/c?. Expecting the same feed-downs
in BABAR we use 57k AT (2880) signal Monte Carlo events for each of the five decay

modes, to find the shape of the feed-down. The five decay modes are;

AF(2800) — Afntw~
— Xort
— XIftw-
I

— Trtne
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where

0 4=
X, — Aln
o — Afnt

AY — pK—rnt

We found that if we reconstruct AJ7™" combinations from the second decay mode
involving 3¢ and plot the normalized mass difference (A} 7T — At + 2.285GeV/c?),
we see a peak around 2.71 GeV/c?. Similarly Af7~ combinations from the third
decay mode involving ¥+t give a peak at the same mass value. These plots are
shown in Figs. 7.11 and 7.12. All the rest of the decay modes in each case, show
no significant signal for both of the AT7 combinations. The peaks are fitted with a
single Gaussian and a second order polynomial. The fitted mean values are 2.7104
and 2.711 GeV/c?, and fitted resolutions are 0.01343 and 0.01341 GeV, for Ajn~
and A77T combinations, respectively.

A separate study is done using data to check for other possible feed downs.
For this our reconstructed ¥, candidates are combined with the +’s in the event.
Our results are given in Appendix B. We do not find any significant signal in the

¥.(2800) mass band for vy energies £, > 50 and 100 MeV.
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7.3.5 Detector Resolution

The mass resolution function shape for the signal is determined from the signal
Monte Carlo for £.(2800) by plotting the difference of generated and reconstructed
masses. This resolution function will be convoluted with a Breit-Wigner and will
then be used to fit the data. We get a detector resolution of 5.4 MeV for both
the charges. The plots for zero and doubly charged X.’s are shown in Figs. 7.13

and 7.14, respectively. We also study detector mass resolution as a function of z,
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o

Figure 7.13: The difference of generated and reconstructed masses from Signal Monte

Carlo for $9(2800).

bins and do not find it to be sensitive to the z, values. The detector resolution for

different z, bins is given in Table 7.8.
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Figure 7.14: The difference of generated and reconstructed masses from Signal Monte
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Table 7.8: Detector resolution for x, bins.

Zp bins

Det. Mass Res. o (MeV)

20

++
Z:C

05>z, > 0.6

5.31 £ 0.06

5.27 £ 0.06

0.6 >z, > 0.7

5.24 £ 0.05

5.30 =+ 0.05

0.7> z, > 0.8

5.37 £ 0.06

5.43 =+ 0.05

0.8>z, > 0.9

5.54 £ 0.07

5.41 + 0.06

09>z,>1.0

5.22 £ 0.16

5.49 £ 0.19

7.4 Study using the data

As mentioned earlier we use 230 fb™! of data. We apply all of our optimized cuts
from the Monte Carlo to the data and look for resonances in AT7™ and Afn~

combinations that fit to a good vertex within a mass range 2.4 to 3.4 GeV/c?.
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7.4.1 Data Sample

The analysis presented here is based on the A, skim created for Runs 1-4. The

integrated luminosity values for this data sample are given below.

On Resonance | 208.9 fb~!
Off Resonance | 21.53 fb~!

We present below the selection criteria for the Al skim.

e 2.235 GeV/c?< A, mass < 2.335 GeV/c?

e Proton : pLHVeryLoose

Kaon : KLHVeryLoose

Pion : piLHVeryLoose

Probability of forming a A, Vertex > 0.001

7.4.2 A} Candidates

As mentioned earlier in Section 7.2, £.(2800) is reconstructed in the decay mode
Y. — Af 7. The A is reconstructed in A} — pK~7" mode. The invariant mass
distribution for A} candidates is shown in Fig. 7.15. A signal area of 127010045122
events is obtained by fitting the distribution to a double Gaussian over a first order
polynomial. The fitted mean value is 2.28588+0.00001 GeV/c2. The width (FWHM)

of the two Gaussian o, and oy is used to calculate the effective width o, where

o=+/fo?+ (1 — f)o? and f is the fraction of the first Gaussian. We find o to be

6.66 MeV. The sidebands are shown with dashed lines in Fig. 7.15.
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Figure 7.15: Invariant Mass distribution for A} in data. The solid lines show the

signal band and the dashed lines show the sidebands.

7.4.3 Observation of X.(2455) and ¥.(2520)

Many experiments have reported the observation of ground state charmed baryons
¥.(2455) and X.(2520) decaying to Afm. We expect to see these resonances while
searching for ¥.(2800). The A, candidates with a reconstructed mass in the signal
region (2.274 < m < 2.296), shown with solid lines in Fig. 7.15, are combined with a
7 to reconstruct ¥.. Using our optimized PID, A, vertex cuts and z, > 0.5, we plot
the mass difference distributions for (Af7~ — A} +2.285) and (Af7™ — Af +2.285)
shown in Figs. 7.16 and 7.17. The distributions show peaks around 2.455 GeV/c?

and 2.520 GeV/c?.
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7.4.4 Observation of .(2800)

As mentioned in the previous section, the A, candidates with a reconstructed mass in
the signal region (2.274 < m < 2.296), shown with solid lines in Fig. 7.15, are com-
bined with a 7 to reconstruct .. All selection criteria for £2(2800) and X7+ (2800)
candidates described in Section 7.3 are applied. We show the distributions for the
mass differences AM = (Afn~ — A, +2.285) and (Afn* — A, +2.285) in Figs. 7.18
and 7.19. The scaled A} sidebands (2.244 < m < 2.259 and 2.311 < m < 2.326)
shown as histograms, exhibit featureless AM distributions.

The distributions are fitted using a Breit-Wigner function convoluted with a
Gaussian resolution function. The detector resolution is fixed to the value de-
termined from Monte Carlo i.e; 5.4 MeV. The reflection is fitted with a Gaus-
sian function whose width is fixed to the value obtained from Monte Carlo i.e;
13.4 MeV. A third order polynomial is used to fit the background. The signal
yield is defined as the integral of the Breit-Wigner function over the mass interval
2.65GeV/c* < AM < 2.95GeV/c?. We get 3001 % 578 events for ¥2(2800) and
2930 + 921 for £77(2800). The fitted mean values for the mass difference AM
are 2.8008 & 0.0023GeV/c? and 2.7980 + 0.0028GeV/c?, and the intrinsic widths are
found to be 65.6+14.9 MeV and 67.7+£16.0 MeV, for the neutral and charged modes,
respectively.

In Figs. 7.20 and 7.21, we show the background subtracted distributions in the
signal region with the signal component from the fit superimposed. The reflection

component is accounted for as a part of the background for subtraction.
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Figure 7.20: Background subtracted distribution in the signal region (points with

error bars) for £2(2800) with the signal component from the fit superimposed.

7.4.5 Momentum Spectrum of X2(2800) and X} *(2800)

To obtain the momentum spectrum of ¥.(2800) baryons in continuum, we divide
the momentum range accessible to these particles into ten intervals of scaled mo-
mentum, z,. In each interval we derive the raw X, yields from the data by fitting
the appropriate mass difference distribution to a Breit-Wigner convoluted with a
Gaussian function and taking into account the contribution from A (2880) feed-
down. The detector resolution is fixed to the value determined from Monte Carlo

for z, > 0.7, because we found that it remains almost constant for all momentum
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Figure 7.21: Background subtracted distribution in the signal region (points with

error bars) for £77(2800) with the signal component from the fit superimposed.

intervals. The mean and intrinsic width are also fixed to the values obtained from
fitting the entire data for z, > 0.7. We do not see any significant signal for z, values
below 0.5 due to high background and so we consider z, values above 0.5 only. The
raw yields are divided by appropriate detection efficiencies for each momentum bin
to obtain the corrected yield. Table 7.9 shows the corrected yield in each z, bin.
This corrected yield is a measurement of the number of produced .(2800) baryons
per x, interval. The obtained efficiency-corrected x, spectra are shown in Figs. 7.22

and 7.23. The curves show fits using Peterson [73] parameterization given by;

aN 1

- X
dr 2
Poox, 1_L_.;)

Zp 1-zp
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where ¢ is called the Peterson parameter. We obtain € = 0.050=0.010 for £2(2800)

Table 7.9: Efficiency corrected yields per z, bins.

T, bins Corrected Yield

e o3
0.5>xz,>0.6 | 1726.46 & 454.17 | 1932.58 + 1036.52
0.6 >z, >0.7 | 2514.04 £ 613.75 | 3706.13 & 756.75
0.7>z, > 0.8 | 4242.32 £+ 637.08 | 6048.88 + 1511.40
0.8>z,>009]2863.32 & 411.96 | 3095.32 £ 1301.48
0.9 >z, > 10| 807.96 £+ 134.58 941.30 £ 235.52

and € = 0.05740.012 for £ (2800). These values are similar to other measurements
for excited charm baryons with non-zero orbital angular momentum [75] and also

the ones measured by Belle [26] for £.(2800).

7.4.6 Measurement of Production Cross-section of ¥.(2800)

The production cross-section ¢ is given by;

N ToAUCE
oleTe”—L,(2800)X) = Lg——d (7.3)

where £ is the Luminosity and Nproduced 18 the actual number of 3.(2800)’s produced.

It is given by;

Ncorrected
N, roduced = .
produced = BIAT T o B(x,(2800) AT ) (7.4)

where Noorrecteq is the total corrected yield. Since the B(3.(2800)—A;F7) is not

known, therefore we calculate ¢.3 instead which corresponds to,

o(ete™—X.(2800)X).B(X./0(2800) A/ 7). (7.5)
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Figure 7.22: Spectrum of scaled momentum x, for ¥0(2800).
Noorrectea i determined by integrating the Peterson function over the z, range 0.0
to 1.0. We find the following results for the products;
o(ete”—X9(2800)X).B(X2(2800)—Af7~) = 1.36 + 0.42pb (7.6)

o(ete” =L (2800)X).B(ZF1(2800)—=Af7T) = 1.68 + 0.54pb (7.7)

7.5 Systematic Studies

The systematic uncertainties for this analysis are categorized as follows:

1. Tracking Resolution.
2. PID efficiency.
3. A. mass cut.
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Figure 7.23: Spectrum of scaled momentum z, for £+(2800).

4. x? of the A, Vertex fit.

5. Helicity cut on the 7 forming the X..
6. Detector Resolution.

7. Fitting.

8. MC Statistics.

9. Fitting z, spectrum.

We vary all the cuts one by one and then recalculate 0.13. The percentage change
with respect to the nominal value is accounted as systematic uncertainty. These

uncertainty contributions from various sources are summarized in Table 7.10.
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7.5.1 Tracking Resolution

The MC Simulation does not perfectly reproduce the detector’s tracking capabilities.
We need to make a correction to the efficiency of the signal MC to account for
the overestimation of the track-finding efficiency. The Tracking Efficiency Task
Force considers the possible tracking resolution differences between the MC and data
and recommends to apply an efficiency correction of 0.5% per charged track [76].
This inefficiency leads to a systematic uncertainty of 1.4% per track to each ¢.B

calculation.

7.5.2 PID Efficiency

PID selectors have been found to be more efficient in MC than in data, and this dif-
ference must be corrected. The PID group in BABAR provides PID tables for varicus
particle identification selector lists which provide efficiency of each PID selector as a
function of transverse momentum, polar and azimuthal angles [77] measured using
control data samples. We use these tables to incorporate the efficiency uncertainty
and misidentification rate for the selector lists used in this analysis. The system-
atic uncertainty is 2% for each of pLHVeryTight, KLHVeryLoose and piLHLoose

selections.

7.5.3 A, Mass Cut

Both of our decay modes involve A, in the final state. We consider the uncertainty
due to the A, mass cut. We change the A, mass window of +1.7¢ by +dc where

o460 = 6.6+£0.15MeV/c? and take into account the uncertainty due to this change.
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7.5.4 % of A, Vertex Fit

We use one decay mode to reconstruct A., but some other decay mode can have
a different distribution for the x2? of A, vertex fit. The uncertainty due to the x?
cut of > 30 is evaluated by tightening and relaxing the value by 10. The effect of
these changes is very small which gives a very small contribution towards systematic

uncertainty.

7.5.5 m Helicity Cut

A cut on cos O for the 7 forming the . candidates is used to reduce the combi-
natorial background. But the fact that the total corrected yield could be different
for different cos 0y values, can add to the systematic uncertainty. We change the
chosen value of 0.7 to 0.6 and 0.8 to account for the systematic uncertainty. As

given in Table 7.10, it adds quite a bit to the total uncertainty.

7.5.6 Detector Resolution

There is an error associated with the detector resolution determined from signal
MC. We vary the resolution ¢ within the error £do, to determine the uncertainty

correction. The uncertainty thus evaluated is negligible.

7.5.7 Fitting

The biggest contribution to systematics comes from the fitting. The final fit is com-
posed of three components, the Gaussian function for reflection, the Breit-Wigner
convoluted with a Gaussian resolution function for the signal and a third order poly-

nomial for the background. We study the possible biases due to each component by
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varying all the parameters within their errors. The highest uncertainty is taken as

the final systematic error due to fitting.

Reflection function

The mean and width for the reflection Gaussian from MC are varied by one stan-
dard deviation i.e +£10. The change in reflection yield is taken as the systematic

uncertainty.

Breit-Wigner function

We vary the mean value and intrinsic width obtained by fitting the ¥.(2800) signal
within their errors, while the width of the smearing Gaussian is fixed to the value
obtained from the MC. The systematic uncertainty is taken as the change in signal

yield.

Polynomial background

We replace the polynomial background function with a lower order one and then

with a higher order one to calculate the systematic uncertainty in o.B.

7.5.8 MC Statistics

The statistical errors on efficiencies are calculated using the errors on signal yields
in MC. These errors give the systematic uncertainty and can be reduced by using a

larger sample of MC events.
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7.5.9 Fitting z, Spectrum

There is an uncertainty associated with the Peterson function used to fit the z,
spectrum. The peterson parameter is varied within one standard deviation i.e.
+10, to find the total yield. The change in yield gives the systematic uncertainty

due to the momentum spectrum fitting.

7.5.10 Summary Table for Sources of Systematic Uncer-
tainty
The results for the systematic studies are summarized in Table 7.10.

Table 7.10: Sources of systematic uncertainties

Sources of Syst. error | % of Syst. error
9 I
Tracking 5.6 5.6
PID efficiency 8.0 8.0
A. mass cut 1.0 0.8
x? of A, Vertex Fit 1.1 0.8
7 Helicity Cut 18.0 17.5
Det. Res o 0.1 0.1
Fitting 200 | 16.0
Monte Carlo Statistics 04 0.4
Fitting z, Spectrum 13.5 8.3

All of these sources of systematic error are added in quadrature to give the total
systematic error on the 0.8 calculations. The total systematic uncertainty is 31.7%

for £2(2800) and 27.0% for £}+(2800).
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7.5.11 Uncertainty due to A7 —pK 7" Branching Ratio

The branching ratio for A7 —pK~7* is not known very precisely and is 5.0+1.3% [5].
This uncertainty of 26% on the branching ratio is taken as a separate error on the

0.3 measurement.
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Chapter 8

Summary and Conclusions

8.1 Summary

We have performed the study of orbitally excited charm baryons ¥2(2800} and
%.7+(2800) baryons in BABAR using 230fb™"' of data. These baryons were first
observed by the Belle experiment [26] in 2004. We have confirmed their existence in
BABAR. The final measurements of mass differences, widths and production cross-

sections are given below.

Mass Differences

The observed mass difference (A7~ —A}+2.285) is found to be 2.8008+0.0023 GeV/c?

and (AFm+ — A} + 2.285) is found to be 2.7980 + 0.0028 GeV/c?.

Intrinsic Widths

The intrinsic widths are measured to be 65.6 + 14.9 MeV for £2(2800) and 67.7 &

16 MeV, for £77(2800).
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Production Cross-sections
The production cross-sections are calculated to be
o(ete”—X2(2800)X).B(22(2800)—»Afr~) =136 £0.42£0.43+0.35pb (8.1
and
olete™—X1(2800)X).B(XF*(2800)—Afnt) = 1.68 £0.54 +0.45+0.44 pb. (8.2)

The first uncertainty is statistical, the second is systematic and the third one is due

to the uncertainty in AT —pK -7 branching fraction.

8.2 Conclusions

The theoretical models described earlier in Chapter2, predict a rich spectrum of
excited charm baryons in the vicinity of observed states [29, 51, 52, 46]. One of the
candidates is a X doublet with J” = 27 and 37, where the subscript 2 denotes the
total angular momentum of the light di-quark system. It is predicted to decay into
A7 final state and the predicted mass difference is (A} 7 —A.) = 500 MeV/c?, which
is close to our observation. Qur mass measurements are not consistent with predicted
values of 2.77 GeV/c? and 2.654 GeV/c? but it is consistent with 2.80 GeV/c?. The
predicted width [I' = 12MeV is much smaller than what we and Belle observe.
However it is also predicted that the L{3"} baryon can mix with the nearby
Sof{27} [51, 52] and can produce a wider physical state.

The Belle Collaboration were the first one to report the observation of ¥.(2800)
states. They measured mass differences, widths and production cross-sections. We
have been able to confirm their observation. For comparison purpose we give our

and their measurements in the Table 8.1.
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Table 8.1: Comparison of Measurements from BABAR and Belle.

Quantity ¥9(2800) $++(2800)
Belle BABAR Belle BABAR
Mass Diff.
(S~ AT+ 2.285) | 2.8004 30952 | 2.8008 +0.0023 | 2.7995 T0:903¢ | 2 7980 + 0.0028
(GeV/c?)
I MeV 61 118 65.6 = 14.9 75 118 67.7 + 16
Peterson Par. ¢ | 0.078 10021 | 0.050 £0.010 | 0.069 F9%15 | 0.057 +0.012
0.8 pb 2.04 7572 1.36 £ 0.42 2.36 708 1.68 +0.54

From the table we see that all of our measurements are consistent with Belle’s
measurements. The values for Peterson parameter are consistent but somewhat

smaller than theirs, and so are the 0.8 measurements.

“We shall not cease from exploration and the end of
all our exploring will be to arrive where we started....

and know the place for the first time.” -T. S. Eliot
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Appendix A

A, Optimization using Data

We cross-check our A, optimization using Runl data (20 fb™!). We study PID cuts,

and track quality cuts for the protons, kaons and pions to achieve the best possible

values of the signal significance, 7 SS Here S represents the signal yield of A,

+B)’
candidates obtained from a double-Gaussian fit, and B represents the background
count. The results for PID studies are summarized in Tables A.1 and A.2. To
suppress the background from random combinations of protons, kaons and pions
which do not fit to a good vertex, we require the fit probability P of the A, vertex
to be greater than a certain value. The results for the track quality cuts and P
are given in Table A.3. From these tables we can see that GoodTracksLoose for all
tracks gives the best value for significance but at the same time we are loosing about
16% of the signal. But it is nevertheless clear that PVTight, KTight and PiLoose
are helpful in reducing the background a lot without loosing much of a signal.
Our study finds an optimal selection of AJ candidates for P,» > 0.003. Fig. A.1
shows the optimized mass plot for A, including all Runs 1-4. The signal is fitted

using a double Gaussian function and a first order polynomial for the background.

184



The fitted mean value is 2.2859+0.0000 GeV/c?. The o for the first Gaussian is
0.0037840.00003 GeV and that for the second one is 0.00796+0.00021 GeV. We
find around 950,000 A.’s candidates available in the whole data, which is quite a big

sample to study charm baryons like ¥.’s.

Table A.1: Signal Significance for different PID selections of A candidates.

—S___
Proton Kaon Area 7558

PVLoose | KVLoose | 168339 + 8146 125.62

PVLoose KLoose 150370 £ 6702 129.99

PVLoose KTight 138811 + 5195 131.24

PVLoose | KVTight | 138837 £ 5226 131.29

PVTight | KVLoose | 148914 + 4796 140.94

PVTight KLoose 133903 £ 3850 149.25

PVTight KTight 125106 £ 3040 152.52

PVTight | KVTight | 125088 + 3077 | 152.53

PTight KVLoose | 142112 + 3914 150.58

PTight KLoose 126852 + 2880 158.91

PTight | KTight | 119864 + 2379 | 160.34

PTight KVTight | 119816 £ 2382 160.34

PVTight | KVLoose | 133690 + 3348 153.24

PVTight KLoose 119851 + 2518 162.79

PVTight KTight 113521 + 2130 166.37

PVTight | KVTight | 113496 + 2087 166.36

1 PVTight & KTight are the optimized cuts.
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Table A.2: Pion PID cuts study for A,

Pion Criteria Area -\7—?;—“3—)

PiLoose 112151 + 2102 167.19

PiTight 108925 £ 1982 167.97

PiVTight 104285 + 2008 162.86

t+ PVTight and KTight are used for this study.
1 PiLoose is considered to be the optimized cut here, although PiTight has better significance but PiLoose has

almost the same significance with a bigger signal area.

Table A.3: Track Quality and P2 cuts study for A,

Particle Criteria Area -\/Z—SS-;—B;S

P GoodTracks VeryLoose 107471 £+ 1420 178.55

P & K GoodTracks VeryLoose 106651 + 1338 180.34
P, K & wGoodTracks VeryLoose | 104850 + 1102 185.09
P GoodTracks Loose 105037 £ 1352 182.33

P & K GoodTracks Loose 97825 + 1202 183.58
P, K & mGoodTracks Loose 90572 + 981 189.08
P, 2>0.002 88581 + 740 194.23

P, 2>0.003 88226 + 724 196.11

P, 2>0.004 87860 £ 719 195.89

P, 2>0.005 87652 + 738 195.94

P, 2>0.006 87427 + 718 193.95

+ PVTight, KTight and PiLoose cuts are used here.
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Figure A.1: Optimized Mass Distribution for A, for the whole data.

To summarize, we find the following optimized cuts for A, using data.
e PID : PrVTight, KTight, PiLoose,
e Probability of A, vertex > 0.003, and

e all tracks are GoodTracksLoose.
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Appendix B

Ye v Study

In the mass difference plots for ¥.(2800), by Belle [26] in Fig. 3.5, we see two peaks
at a mean value of 0.43 GeV/c? and 0.51 GeV/c?. We check for possible feed-downs
at these two mean values in data by adding a photon. These studies are performed
using & 130fb~! of data.

We combine the selected X, candidates, falling under the criteria given in section
7.3, with all the photons in the event. The photon candidates are selected from the
GoodPhotonLoose list. To have good quality photons, we require a simple cut on
the ratio of the total energy deposited in the central 3x3 array of crystals to the
total energy deposited in the 5x5 array of crystals to be > 0.98. We define two
mass bands, the first one has all the ¥, candidates with reconstructed mass so
that 2.68 < (3, — A, + 2.585) < 2.73 GeV/c?and the second has the ones with
2.74 < (S, — A, +2.585) < 2.86 GeV/c?. The distributions for the two mass bands
of the 39(2800) are given in Figs. B.1 and B.2. The white histogram corresponds to
E, > 50MeV and the shaded one correspond to E, > 100 MeV. The corresponding

plots for ¥17(2800) are given in Figs. B.3 and B.4. The photon studies show no
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prominent feature in the two mass bands.
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Figure B.1: Distribution for the Mass Difference (Afw~v- A} ) in data for the first

mass band (2.68 < (AJ7~ — A} + 2.285) < 2.73GeV/c?).
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Figure B.2: Distribution for the Mass Difference (Afn~~- A} ) in data for the second

mass band (2.74 < (Afr= — AT + 2.285) < 2.86GeV/c?)
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Figure B.3: Distribution for the Mass Difference (A n*~y- AT ) in data for the first

mass band (2.68 < (Afmt — AT +2.285) < 2.73GeV/c?).
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