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Search for the rare decays B+- -> K+- mu+ mu- and BOd -> K*
mu+ mu- with the DO Experiment

Abstract

The study of processes involving flavour-changing neutral currents provides a particularly promising
probe for New Physics beyond the Standard Model of particle physics. These processes are forbidden at
tree level and proceed through loop processes, which are strongly suppressed in the Standard Model.
Cross-sections for these processes can be significantly enhanced by contributions from new particles as
they are proposed in most extentions of the Standard Model. This thesis presents searches for two
flavour-changing neutral current decays, B+ ! K+p+pu— and B0 d ! Kiap+p—. The analysis was performed
on 4.1 fb—1 of data collected by the D@ detector in Run II of the Fermilab Tevatron. Candidate events
for the decay B+ ! K+pt+u— were selected using a multi-variate analysis technique and the number of
signal events determined by a fit to the invariant mass spectrum. Normalising to the known branching
fraction for B+ ! JJAK+, a branching fraction of B(B+ ! K+ p+u—) = 6.45 + 2.24 (stat) + 1.19 (syst) x
10-7 (1) was measured. The branching fraction for the decay B0 d ! Kiop+p— was determined in a
similar way. Normalizing to the known branching fraction for BO d ! J/AK®, a branching fraction of
B(BO0d ! Ko pt+pu—) =11.15 + 3.05 (stat) £ 1.94 (syst) x 10—7 (2) was measured. All measurements are
in agreement with the Standard Model.
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Abstract

The study of processes involving flavour-changing neutnatents provides a particu-
larly promising probe for New Physics beyond the Standardi®of particle physics.
These processes are forbidden at tree level and proceadythtoop processes, which
are strongly suppressed in the Standard Model. Cross-sedtothese processes can be
significantly enhanced by contributions from new parti@dsshey are proposed in most
extentions of the Standard Model.

This thesis presents searches for two flavour-changingaleutrrent decays3* —
K*p*tpu~ andB) — K*utu~. The analysis was performed on 4.1 flof data collected
by the D@ detector in Run Il of the Fermilab Tevatron.

Candidate events for the dec& — K*u*u~ were selected using a multi-variate
analysis technique and the number of signal events detechbg a fit to the invariant
mass spectrum. Normalising to the known branching fractonB* — J/¢ K=, a
branching fraction of

B(B* — K* " p™) = 6.45 4 2.24 (stat) + 1.19 (syst) x 1077 (1)

was measured.

The branching fraction for the dec#) — K*u™p~ was determined in a similar way.
Normalizing to the known branching fraction f&? — J/¢K*, a branching fraction of

B(BY — K* ptp~) = 11.15 + 3.05 (stat) + 1.94 (syst) x 1077 )

was measured.
All measurements are in agreement with the Standard Model.



Zusammenfassung

Flavourandernde neutrale $tme sind im Standardmodell durch ihre "loop”-Struktur
stark unterdickt und sind daher gut geeignet nach neuer Physik zu subhexistenz
neuer Teilchen \irde den Zerfall durch ihre "loop™-Struktur beeinflussene$® Arbeit
prasentiert die Suche nach den Flavandernden neutralen men in den Zeéllen
B* — K* T~ undBY — K* . Die Analyse basiert auf Daten (4.1 welche
mit dem D@-Detektor im Run Il des Tevatron-Beschleunigers anmifab aufgezeichnet
wurden.

Die Zerfallsamplitude vorB* — K= ;" ;~ wird mit Hilfe des Normierungskanals
B* — J/¢ K* bestimmt, damit sich einige systematischen Fehler auf déssung
herauskirzen. Durch das Bestimmen der Signal Events ueber dem Wmterggann das
Verzweigungsverdltnis bestimmt werden. Es wurde ein Verzweigungsatnis von

B(B* — K* ™) = 6.45 + 2.24 (stat) £ 1.19 (syst) x 1077 (3)

gefunden.

Beim Zerfall BY — K* "~ wurde das Verzweigungsveitnis B(BY — K* ™)
bestimmt, indem die beobachtete Anzahl von EreignisseeiiiBf Signalregion auf die
Anzahl der rekonstruierteB) — J/¢ K*(892) Ereignisse normiert wird. Es wurde das
Verzweigungsverdltnis von

B(B) — K* ) = 11.15 + 3.05 (stat) £ 1.94 (syst) x 1077 4)

ermittelt.
Alle Messungen stimmen mit den Standard Modell Vorhersagberein.
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Introduction

Particle physics is the branch of the physical sciencesdimas to understand the ele-
mentary constituents of the universe and the laws whichmgotresir interactions. The
Human race always wondered about what makes up the world@itbem. The idea that
the world was composed of small indivisible units of mattegan with Democritus, a
Greek philosopher in the 5th century BC. Around 1800 it wasadisced that the world
is made of molecules and that molecules are made of atomsallRbe efforts of early
scientists, the investigation of fundamental particlewa&now them today did not begin
in earnest until 1897, with the discovery of the electron kly Thomson. Its discovery
paved the way for further explorations of the sub-atomiclekoBy now a whole par-
ticle ”Zo0” has been discovered but physicist still can odéscribe a small part of the
universe.

The theories of particle physics, collectively known as't8&andard Model”, have
withstood testing against mountains of data during the fifagtyears with only minor
modifications. Yet the theory is incomplete: there is no arsally accepted and exper-
imentally tested extension that would combine the Stant&del with the other grand
theory of physics, Albert Einstein’s General Relativitye ttheory of gravity. The univer-
sally accepted model of cosmology asserts that the universemposed of 7% "dark
energy” and 22 "cold dark matter”. Neither of these two constituents arsctied by
or known to the Standard Model. A mer&#of the universe is visible in stars, galaxies
and gas clouds and is described by the Standard Model. Thd&thModel still lacks the
experimental observation of the last key element, the Hogig®on, which is the quantum
of the scalar field that creates the mass of the elementatiglpar

The most important method for testing the Standard Modeteelarating particles
to high energies and colliding them. An important paramefean accelerator is the
energy of the colliding particles. Currently the accelerdi@vatron” close to Chicago
produces the highest energy at collisions. Soon the LargidraCollider (LHC) at
CERN in Geneva will start and increases the energy by a fact@r ofhe LHC will
provide new possibilities to probe the Standard Model an#ddor physics beyond the
Standard Model.

This thesis presents measurements, using data collectix I experiment at the
Tevatron between 2001 and 2008, of the branching ratios@flawour changing neutral
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current B hadron decay$3: — K*u"u~ andBY — K*utp~. The layout of the the-
sis is as follows. The first Chapter provides a brief introducto the Standard Model
followed by some theoretical background on FCNC decays of Bom& In Chapter 3
a brief description is given of the Tevatron accelerator gn@dD@ detector. For precise
measurements the detector has to be spatially aligned amelalignment studies are pre-
sented in Chapter 4. Chapter 5 provides a brief introductievémt reconstruction and
object identification at D@ while the data and event selecsopresented in Chapter 6.
The methods used for the analysis and the optimisation a&ided in Chapter 7. Fol-
lowing this, Chapters 8 and 9 present the analysis of theggadiecays3: — K*putpu~
andB) — K*u*p~. The thesis is concluded with an outlook and a summary.



Chapter 1

Standard Model

The Glashow-Salam-Weinbef@GSW) model [1, 2, 3], which unifies the electromagnetic
and weak interactions into the electroweak theory and theaed Quantum Chromo-
dynamics(QCD) [4], which explains the strong interactions between ghrticles, form
the Standard Mode(SM) of particle physics [5]. The fourth fundamental fordenature,
gravity, which is perhaps the most important for all the macopic phenomena, is not
included in the theoretical framework of the SM. Accordimgthe SM, there are two
classes of fundamental particles that shape our univérsepinl /2 fermions which are
the matter particles and the spin 1 gauge bosons, which @fertte carriers between the
fermions.

1.1 Fermions - Quarks and Leptons

The fermions are further classified into leptons (I) and ksidq). There are six flavours
of leptons: the electrore), the muon (), the tau ¢) and their corresponding neutrinos
(ve, vy, v-). The electric charged leptons interact via the electroratig and weak forces,
while the neutrinos, which carry no electric charge intemdy via the weak force. In
the SM the neutrinos were presumed to be massless, but eqreally their masses have
been constraint to be non-zero but small [6] (see Table THgre are also six flavours of
quarks: up ¢), down (), charm ¢), strange £), top () and bottom §). Quarks interact
via the strong force as well as the electromagnetic and werale$. The strong interac-
tion binds the quarks into a spectrum of particles calleddrasl The fermions can be
classified in three generations according to their risingseaa as presented in Table 1.2
and 1.1. The SM does not predict the number of generations.

3



4 Standard Model

Table 1.1: The three generations of the Leptons.

Leptons
Particle Type Symbol Charge Mass (MeV) Generation
electron neutrino v, 0 <0.000003 1
electron e -1 0.511
muon neutrino v, 0 <0.19 2
muon 1 -1 105.6
tau neutrino U, 0 <18.2 3
tau T -1 1777
Table 1.2: The fundamental quarks.
Quarks
Particle Type Symbol Charge Mass (GeV) Generation
up quark u 213 0.003
down quark d -1/3 0.005
charm quark c 213 1.2 5
strange quark s -1/3 0.1
top quark t 2/3 178 3
bottom quark b -1/3 4.5

1.2 Interactions

There are four fundamental forces (see Table 1.3) that leaatéractions between the
matter particles:electromagnetic, weak, strong and gravitatiofihe electromagnetic,
weak and strong forces can be expressed as a quantum fietcetheehere the interac-
tions are mediated by a boson exchange between the inteygetiticles.

e Electromagnetic ForceThe quantum field theory of the electrodynamic force is
the Quantum Electrodynamiasr QED [7]. This theory explains the interactions
of all particles due to the electric charge by the exchangehotons. Since the
photons are massless the range of the force is infinite.
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Weak Force The weak force is responsible for particle decays that chamg type
of particle, such as quark flavours or lepton types. Due tothssive force carriers,
W and Z bosons, the weak force has a short range.

Strong force The strong force binds quarks into hadrons. Strong intenastare
mediated by the exchange of gluons which carry colour chargeare described
by the Quantum Chromodynamiay QCD. The "Short range” refers to the fact
that the force dies off exponentially in distance. This nsetinat a nucleon is only
affected by the strong force of its nearest neighbors.

Gravitational Force Gravity, which is classically explained by Einstein’s Geale
Relativity is responsible for interactions between masbmgies. Until now there
does not exist a correct formulation for a quantum theoryraiigy that would
explain the interactions as the exchange of a graviton bosomparticle physics
gravity is generally disregarded due to the low masses oéligrmentary particles,
however its effects may have some undiscovered influences.

Table 1.3: The fundamental forces and properties.

Bosons

Force Carrier  Range (cm) Relative Strength Mass (GeV) Chargen Spi

W+ 80.4 +1 1

Weak W= 1016 1076 80.4 -1 1
A 91.2 0 1

EM photon ) infinite 102 0 0 1
Strong gluon(g) ~ 10713 1 0 0 1
1.3 The CABIBBO-KOBAYASHI-MASKAWA Matrix

and B physics

The exploration of physics with flavoured hadronsK mesons) offers a very good test-
ing ground for the SM description of the electroweak intéoars. CP is the combined
transformation of charge conjugati@uand the parity transformatidd The parity trans-
formation is an inversion of all space coordinates and tlagshconjugation reverts the

sign

of all charge-like quantum numbers from a particle. Tieviolation, which was
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discovered in 1964 by Christenson, Cronin, Fitch and Turlayéneutral kaon system
[8], is still one of the experimentally least constrainegpbmena. The other main topic is
the study of raré decays induced by flavour changing neutral current (FCNC}itians

b — s, d which are loop-suppressed in the SM and thus very sensitimew physics.

The B system appears to be most promising for testing the CP \oolati the SM
in a quantitative way [9, 10, 11]. The CP violation in the SM issely related to the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [12, 13]. For for thecovery of the origin
of the broken symmetry which predicts the existence of atléaee families of quarks
in nature Kobayashi and Maskawa got the Noble Prize in 2008s matrix connects
the electroweak eigenstates, (s’, ¢') of the down, strange and bottom quarks with their
mass eigenstateg, (s, b) through the following unitary transformation:

d’ Via Vs Vb d d
S = Ve Ve Vi || s | =vickm)-| s (1.1)
b Vie Vis Vi b b

The CKM matrix is a3 x 3 unitary matrix withn? free parameters to describe the matrix.
The phases are arbitrary, 80 — 1 parameters can be eliminated by phase rotations and
leading to(n — 1)? independent parameters. In case of three generations 8), the
CKM matrix contains four independent parameters which greesented by three Euler
angles and a single complex phase. The three rotation aaggagferred as mixing an-
gles and the complex phase allows for CP violation.

The values of the individual matrix elements can in prireipl be determined from weak
decays of the relevant quarks or in some cases from deegiicai@utrino scattering. Ta-
ble 1.4 shows the strength and a possible method to measudifidtrent CKM matrix
elements and it can be seen that the diagonal elements dunlg fagored and those el-
ements farthest from the diagonal are the most suppressetce@ung test of the CP
violation the central targets are probing the unitaritatiens of the CKM matrix. The
unitarity of the CKM matrix is described by

Visear - Veru =1 (1.2)

This leads to six relations which can be described by triz;gl the complex plane
which all have the same area [15]. In only two of this six tgkes the three sides are of
comparable magnitude:

VudViy + VeaViy, + ViaViy, = 0
ViaVia + ViVis + Vi Vi =0
The triangle described by the first Equation in 1.3 is presemt Fig. 1.1.

The unitarity triangle provides an important test of the CKMahanism. The sides
and angles of the triangle can be measured and should "clagigh the confines of the
SM. If the triangle does not close, it would be an indicatibiNew Physics beyond the
SM.

(1.3)
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Table 1.4: Quark transitions and their strength [14].

Quark Transition Strength Method of Measurement
Vi 0.97397-0.97441 Nucleat decay

Vs 0.2247-0.2267 K — ntep,

Vb 0.00343-0.00375 B — 7ly,

Vea 0.2246-0.2266 D — nte 1,

Vies 0.97311-0.97357 D’ — K-ety,

Vep 0.0404-0.0425 B — Xl

Via 0.00837-0.00900 B — B%mizing

Vis 0.0397-0.0417 b—s

Vib 0.999090-0.999177 t— bW

Figure 1.1: The unitarity triangle.

1.3.1 Rare decays of B mesons

In the common understanding, rare B decays are due to h&@ailibbo-suppressed—
u transitions or flavour-changing neutral currents (FCMC)> s or b — d which are
forbidden in the SM at tree-level. They proceed at higheeom loop induced effects.
In Table 1.4 it can be seen, that the strength of the matrivetel;, is small. The FCNC
will be discussed in more detail in section 2.
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1.4 The Future of the Standard Model

To date, the SM fits with all experimental evidence but it i$ complete. It contains
the Higgs mechanism to give particles physical masses,eaqdres the predicted Higgs
boson, which is yet undiscovered. By calculating the mass®fHiggs in the SM in-
cluding radiative corrections the mass diverges quadditiand to solve this problem
New Physics is expected at the TeV scale [16]. There are otfwolved problems and
guestions in the SM such as why the top quark is so much hethaethe other quarks or
why we have only three generations and how to include gravidy many years, theorists
have been working on trying to unify the forces; that is, towlthat all four forces of
nature can be derived from a single force. The SM couplirengtths extrapolated to very
high energies do not converge at a single point. Howeveintneduction of Physics be-
yond the SM such as Supersymmetry (SUSY) causes the coigtfigrggths to converge
at a single point (see Fig. 1.2). This new induced heavygastican appear in loops and
can enhance the branching fraction of réte@and FCNC decays significantly. Answers
to some of these questions are expected to be found at Tewatthe Large Hadron
Collider (LHC) in Geneva.

Standard Model MSSM

LA R ) B A T 1 T T T 7 T T T [ T T T [ T 11
60 I~ _ 7] 60 — .

20 —

0 AN I T A T T T A T T N O 0 [ N B R B R A B,
104 108 1012 1018 1020 104 108 1012 1016 1020
Q (GeV) Q (GeV)

Figure 1.2: Unification of couplings constants; = g¢?/(4x)) in the minimal su-
persymmetric model (MSSM) as compared to failure withoupessymmetry [16].
(a; =electromagnetiaz; =weak anduzz =strong coupling constant)



Chapter 2

Flavour changing neutral current

2.1 FCNC and the GIM Mechanism

FCNC are well suited to probe the SM. The FCNC transitibns> s or b — d are

Cabibbo-suppressed and are forbidden in the SM at tree-lduethe SM the neutral
currents (NC) are flavour conserving and there is no direcplooy between thé and

the s or d quark. The GIM mechanisnGlashow-lliopoulos-Maianil7]) explains the
non-existence of FCNC at tree level in the SM. For a two famugrg model with the
mixing anglef the CKM matrix can be written as

d\ cos O sin O d
(s’)_(—sinﬁc cos@c).<s> (2.1)

The contributions to the NC at tree level can then be summai®y four fundamental
contributions: .
NC =uu+dd + s's + cc (2.2)

With Equation 2.1:

NC = uti + dd - cos? ¢ + 55 - sin® o+ (d5 + sd) - cos O - sin O (2.3)
+-dd - sin® O + 55 - cos? O —(d5 + sd) - cos O¢ - sinO¢ + ce .

The flavour changing amplitudels + sd) in Equation 2.3 cancel out so that finally the
NC consists of the sum of thg pairs.
NC = uli + dd + s5 + c¢ (2.4)

However, FCNC contributions to such processes are possitidagh so-called box and
penguin diagrams. These contributions make it possibldsewe FCNC. FCNC pro-
cesses are probing virtual particles in the loop and candiag®ver new physics.

9



10 Flavour changing neutral current

2.2 Box and Penguin Diagrams
As discussed in the previous section, the FCNC is absent iSkhat tree level but can
occur at one loop level. Some possible box and penguin dizgyeaie shown in Fig. 2.1

b VVARAAAA d

u, et w, ¢t

W
d VWV b

Figure 2.1: Example of penguin and box diagrams

The effective vertices can be calculated by using elemgntatices and propagators,
and effective Feynman rules can be derived [18]. The supjoresf these diagrams orig-
inates from the higher order in the gauge couplings. Théitive importance depends on
the mass of the internal fermion lines, which explains thpantance of the contribution
of the top quark and the relevant CKM matrix element and alscstnsitivity to heavy
new particles.

In the box and penguin diagrams appears a loop fagtrém? ~ 10~2 which sup-
presses its decay. Due to the mass differenegof the quarks involved in the loop ad-
ditional (suppressing) factors of quadratic/ /) and logarithmic {og m? /M3,) form
appear. FCNC transitions for down-type (d, s and b) quarksemsitive to the mass dif-
ference of the up-type (u,c and t) quarks in the loop and veasa: On the basis of the
large mass of the top quark; > My > m., m, the GIM mechanism is attenuated and
the down-type FCNC processks- s, d ands — d are enhanced.

2.3 Effective Hamiltonian and Operator Product Expan-
sion

The amplitude for a decay of a given mesbh = K, B, ... into a final state/” can be
described as:
A(M — F) = (F[Heg| M) (2.5)

whereH. s, is the relevant Hamiltonian. These decays originate in wesisitions me-
diating alW’'* or a Z boson. However, the presence of strong and electromagnetic
teractions often has an important impact on weak decays. t@tlee fact that théyv*
andZ are very massive the basic weak transition take place atshemt distance scales
O(l/MI%/,z)- The strong interactions take place at both short and lostguuices and gen-
erally weak decays of hadrons receive contributions froth.bto separate short distance
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effects from long distance effects the Operator ProducaBgmn (OPE) [19] combined
with the renormalization group is used. The OPE introduoealloperators which are
governing "effectively” the decay in question. All Hamift@ns considered can be writ-
ten as linear combinations of local four-fermion operatonrd the final decay amplitude
can be written as

AM — F) = —

45; ACKM;@W@Z-(MMM (2.6)

Here, G is the Fermi constant\cx,, is @ CKM factor andu is an appropriate renor-
malization scale. The local operators are denote@asndC; stands for the Wilson
coefficients, that are calculated by perturbative methodsaae functions of the strong
coupling constant.;, My, andu. The short distance contributions contained’i.) are
separated by the scalefrom the long distance contributions contained H{Q; (1)|M).
For B decays the scaleis chosen to be at the order of a few GeV, i.e., around the mass
of theb-quark. By evolving the scale from = Q(My, ) down to lower values of. one
transforms the physics information at scales higher fh&nom the hadronic matrix ele-
mentintoC;(x). Since the full amplitude can not depend on the spathe. dependence
of the matrix element and the Wilson coefficients must caoael A set of basic opera-
tors entering the OPE can be specified at short distance.ypial diagrams in the full
theory which these operators originate from are shown inZR) They can be classified
in six classes[18]:

Current—Current (Figure 2.2a):

Q1 = (5pVucrLa) (CLaY"brp)
Q2 = (Syucr) (cLybr)

QCD-Penguins (Figure 2.2b):

Qs = (Sryubr) Z (@"q)

q=u,d,s,c,b

Qi = (Sravbrs) Y (qs7"qLa)
q=u,d,s,c,b

Qs = (Sybr) Y. (@n7"ar)
q=u,d,s,c,b

Qs = Gravwbrs) > (Gror"ana)

q=u,d,s,c,b



12 Flavour changing neutral current

b C
Wé
c 3
(2)

b 3 b S

w \“‘_CJ(

S 2
u,c.t u,c,t Wbae SE W
s “’\xa;\f“’(

= e
q
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d b,s b ]
7 W
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Figure 2.2: Typical penguin and box diagrams [20].

Electroweak—Penguins (Figure 2.2c):

3

Qs = §(§L%5L) Z eq (GrY"qR)
q=u,d,s,c,b
3 s Y
Qi = 7 (Saubrp) > eg(dre"ara)
q=u,d,s,c,b
3 5 Gl
@sq = §(SL%5L) > efanq)
q=u,d,s,c,b
3 -
Qoq = 5(3La7ubL,6’) > e (Qsr"qra)

q:u7d7s7c7b
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Magnetic—Penguins (Figure 2.2d):

(&

Q7 = 1672 mbgLaO-HbeaFm/
g
= breG,
@ 1672 bR
€
Q?’ = WmngaauybLaF;w
Qg/ = 169 2m58RaU T 5bLﬁG

AS =2 and AB = 2 Operators (Figure 2.2e):

Q(AS =2) = (5pv,dr)(5y"dy)
QAB=2) = (byyudy)(bey"dy)

Semi-Leptonic Operators (Figure 2.2f):

62

Qy = 167 Q(SL%bL)(W”l)
62

Qo = 14— 5 (51701) (17" 51)
62

Qo = Tom —— (Sryubr) (14"1)
62

Qo = 15- ——5 (5r7u0R) (17" 751)

Qo = 2 (517b0) (7174 7)

The quark color indices are representeddbgnd 5 and are omitted for colour singlet
currents ana, is the electric charge of the relevant quark. The subscfipésd L re-
fer to the left- and right-handed components of the fermietufi £, and G, are the
electromagnetic and strong interaction tensor.

Different decays are sensitive to different Wilson coedfints. For example the transi-
tionb — s /1 (~ is sensitive to the values and signs(éf, Cy andC'y and limits on this
coefficients can be obtained by measuring such decays. Ttdatéon of the rare decay
rates involves three distinct steps:

e Determination of the initial conditions of the Wilson coeféints at the electroweak
scale.

e Evaluation by means of the renormalization group equatidrig down to
p= 0(m)

e Evaluation of the hadronic matrix element of the effectiperators atr = O(my,),
including both perturbative and non-perturbative QCD adiross.
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24 B — X,

It was recognized some time ago that, because of structuleeajuark mixing matrix
and because of the very heavy top mass [21], rates for pressssh a$3 — X, ~ and

B — X, (" ¢~ could be sizable. Among raie decays, the3 — X, v mode is the most
prominent because it was already measured by several indepe" ¢~ experiments,
mostly at theY(45) resonance. As this process is dominated by the two-bodyydeca
b — s, its photon energy spectrum is expected to be a smearedfdettizon centered
atE, ~ my/2. The effective Hamiltonian is given by

_4Gr
NG

The operators contributing to the effective Hamiltoniae #re current-current operators
(Q1,Q2), the QCD-penguin operatorg), . . ., Qs) and the magnetic penguin operators
(Q7,, Qsc). Itis the magnetig-penguin that plays the crucial role in this decay. However,
the role of the dominant current-current operdporshould not be underestimated. Indeed
the short distance QCD effects involving in particular the&ing betweer(), and(@)-, are
very important in this decay. They are known to enha@eg;:) substantially, so that
the resulting branching fraction BB(— X, ~) turns out to be a factor 2-3 higher than
it would be without QCD effects[22, 23]. At next-to-nexti@ading order QCD the
theoretical SM branching fraction is predicted to be [24]

8
Hor = =—=VitVi D Cilw)Qi(p) 7

B(B — X v)sum = (3.154+0.23) x 107*

for £, > 1.6 GeV in the B-meson rest frame. The latest measurements were'pedo
by Belle [25] and BABAR [26] and the world average performedthg Heavy Flavour
Averaging Group [27] folE, > 1.6 GeV is

B(B — X7 )eap = (3.5240.23 £0.09) x 10~ (2.8)

which is in good agreement with theory.

25 B — X 00

The inclusiveB — X, ¢* ¢~ decay presents a complementary and a more complex test
of the SM, since different contributions add to the decag.r#tis particularly attractive
because of kinematic observables such as the invariamttaiienass spectrum and the
forward-backward (FB) asymmetry. The effective Hamiltonad this decay is given by

4GF

Het(b — s 1) = Heg(b — s7) — W‘@‘%[%V(M)ng + Croa(p)Quoal  (2.9)
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The semileptonicZ® and they penguin operatorslyy, Qi04) are additional contribu-
tions compared t@{.x(b — sv). The SM values of the Wilson coefficients can be found
in Table 2.1 [28].

Table 2.1: Values of SM Wilson coefficients. He& = C; — C5/3 — Cg) andC©) =
3CT + Cy + 3C5 + Cy + 3C5 + (s [28].

Cy Cy Cs Cy Cs Cs Ceft Cy Cio
—0.248 | +1.107 | 40.011 | —0.026 | +0.007 | —0.031 | —0.313 | +4.344 | —4.669

By precise measurements of the forward-backward asymmetby-+ s/¢*/~ the
Wilson coefficients”;, Cy, andC}, and their signs can be determined. This helps to con-
solidate the SM or indicate New Physics (see Fig. 2.3). Thedod-backward asymmetry

03[
0.2}
0.1}
0
-0.1¢
-0.2 }
-0.3 1

dAeg /dg”

Figure 2.3: FB asymmetry for the dec#y — K*¢*¢~ as a function of,>. The light
band corresponds to the region of parameter space with ssgat{ve) sign for’; as in
the SM; the dark band refers to solutions with flipped sign(er the dotted line is the
central value of the SM prediction [29].
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for leptons as a function of the squared di-lepton mas= ¢* is defined as

Logr O 22T
dx — d
/0 dxdg? v /_ 1 dxdg? .
dl’ ’
dq?

AFB(QQ) =

(2.10)

wherex = cos # parameterises the angle betweenthand theB meson in the di-lepton
centre-of-mass frame.

The long-distance contributions are generated by the cio@rent operator§, and
()2. In the dimuon invariant mass regions around #hie) and(2S) resonances, the
decay is largely dominated by the long-distance contrilmstj while the short-distance
contributions dominate away from these resonances. Thehirsg fraction of the reso-
nant long-distance decay is about two to three orders of imatgmlarger than the short-
distance decay (see Fig. 2.4). For the calculation of therasanant branching fraction
the large distance processes have to be excluded. For maisstfates, the long-distance
decayB — X, J/v is well established (with thd /) usually seen via its decay to two
muons), and the main interest lies in the observation of loet €listance processes. To

%BR(B — X JT7) x 1070

Figure 2.4: Schematic dilepton mass spectrunBof> X, ¢(* ¢/, the dashed line corre-
sponds to the perturbative contribution [30]. The solie Ishows the two resonances of

J /v andy)’
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evaluate the short-distance physics in the di-lepton maestiaim two regions are inter-
esting:

e low ¢? region between 1 and 6 GeM? with a reliableq? spectra and small/m;,
corrections. Here, the decay rate is sensitive to the ertenice of”; andCy.

e high ¢? region where thel/m, corrections are more important and with a less
reliableq? spectra. Here, it is easier to perform a inclusive measunealthough
the rate is lower. The branching fraction in this region isntyasensitive to/C|?

2.5.1 Exclusive decays

It is experimentally easier to measure the exclusive dedays- K ¢(*/(~ or B —

K* ¢t ¢~ than to perform an inclusive measurement. The uncertainiiethe SM pre-
dictions are dominated by the errors on the hadronic forrtofacand are much larger
than in the corresponding inclusive decays. Different méshhave been used to calcu-
late the form factors. Usually they are calculated in a sptakkgion and then extrapolated
to the entire region. Alet al. used in their calculations the Light Cone-QCD sum rule
approach while Melikhowet al. used the quark model. The results of their calculations
for the branching fractions can be seen in Table 2.2. Dueddteoretical uncertainties
in the determination of the form factor, it is difficult to @i fundamental parameters of
the SM, such as CKM elements, from the exclusive decays.

Table 2.2: Branching fractions faB — K®) ¢*¢~ predicted in the framework of the
Standard Model.

Predicted branching fractioi[x 10~°]

Mode Ali etal.[31] Melikhov et al. [32]
B* — K/t/—  0.354+0.12 0.44
B— K*ete~ 1584049 15
BY — K*utp~  1.1940.39 1.15

The exclusive decays have been measured at hadron cobidést B-factories. The
first observation ofB — K /" ¢~ was reported in 2002 by the Belle collaboration [33].
Also the decayB — K* ¢t (~ was first observed by the Belle experiment, in 2003 [34].
Shortly after, also the BaBar collaboration reported measeants of these exclusive de-
cays[35]. The most recent measurements are summarizethleZ8 [27].
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Table 2.3: Measurements of the branching fractiongfers K ) (¢~

Measured branching fractid®|x 1079]

Mod
ode Belle [36] BaBar [37] CDF [27]

B* — K¢t~ 053759 +£0.03  0.347097 +0.03

BY - K*ptp~ 0537008 40.03  0.3170154£0.04  0.6040.15+0.04
By — K*¢t¢—  1.0870114+0.09  0.7875912 4 0.12

BY — K*pfp~ 1.12701940.08 090703 £0.13  0.824+0.31 +0.10

As discussed in the previous chapter, the forward-backwaytnmetryAyz is an
interesting kinematic property. The Belle collaboratiopaeed in [38] the first measure-
ment of the forward-backward asymmetry as a functiop’dbr B — K* ¢* ¢~. Within
their limited statistical precision, the measured asynmnistconsistent with the SM. In
a more recent Belle publication [36] the forward-backwarghametry tends to be shifted
toward the positive side from the SM expectation (see F8). 2.

2.6 Normalisation processes

When observing a decay of/a meson to a specific final stafethe expected number of
events is given by

Nos(f) = /Edt-aB-B(B — f)-e (2.11)

where [ £dt is the total integrated luminosity of the data sample useteranalysisg

is the B meson production cross sectidfi(B — f) is the branching fraction into the
specific final state andis the corresponding detection and reconstruction effagiehhe
fragmentation of théb to the different3 mesons has to be taken into account and is given

by
ops = oy f(b— BY) (2.12)

op, = o f(b— By) (2.13)

d

whereo,; is the totalbb production cross section which has to be multiplied by tiagr
mentation fractionf of producing aB* or a B;. The expected number of events for the
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decaysB* — K* ytpu~ andB* — J/v K¥ is then given by:

NB¢~>J/1/1K:‘: = /,Cdt OB+ - B(B:t — J/¢K:t) . B(J/@Z) — ,LL+/L_) : 6?/::[)}(
Np+ g+ ptp- = / Ldt-ops - B(BY — K* ptp™) - -ely . (2.14)

By the normalisation of the measurement to a decay with aairfiral state the total lu-
minosity an the B production cross section cancel out. The o&the two Equations 2.14
is:
Np=_ g+ ptp- B(B* — K*utu™) ~effHK
Npe—sjore BB = JJOK*)-B(JJd — ) - b

From Equation 2.15, one can derive a formula to calculateitheching fraction or a limit
for the decayB* — K* it pu~

(2.15)

BT
NBi_J(:t e EJ/wKi

B(B* — K*p*p~) = -B(B* — J/y K*)-B(J/Y — p'pu”)

(2.16)
The same holds for the dec#f) — K* u™u~ using BY — J/v¢ K*(892) as normalisa-
tion channel. The decays™ — J/v K* andBY — J/v K*(892) occur at tree level (see
Fig. 2.5) and therefore the branching fractions are abottimes larger than for the rare
decaysB* — K*pTu~ andBY — K* utu~ (see Table 2.4). The normalisation chan-
nel is also used for comparisons between data and simulasionshould have similar
kinematic properties as the signal channel and a largechnag fraction. .

B*
Npsojpprt €5, g

b

A 4

<

[

Figure 2.5: SM diagrams for the dec&f — J/y K*.
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Table 2.4: The branching fraction for the signal and norsaion channel. The values
are taken from the PDG [14].

Decay Channel Branching fraction
B* — K+t~ (45774 1077

B* — J/YK*  (1.0040.04) - 1073
BY — K* ity (1.10%5:39) - 10°°

BY — J/y K*(892) (1.33 +0.06) - 103




Chapter 3

The D@ experiment at the Tevatron

The Tevatron proton-antiprotopf) collider at theFermi National Accelerator Labora-
tory (FERMILAB)[39] in Batavia, lllinois, USA, is the highest-energy pal#i collider
currently operational (see Fig.3.1). The two experimeng [30] and CDF [41] col-
lected about 125 pB of pp collision data at a center-of-mass energy of 1.8 TeV during
the years 1992 to 1996 (Run 1), leading to the discovery of dipequark [42, 43] and
the measurement of its mass. Further a precision measureh#re mass of thél’
boson, detailed analyses of gauge boson couplings, stafljes production and vastly
improved limits on new phenomena, such as leptoquarks goelsymmetric particles,
among many other measurements have been accomplished.

.@ CDF =y
s e
Tevatron '

EO

= -

Main Injector SO) ~ mm—
& Recycler =

Figure 3.1: The accelerator facilities at®mMILAB with the two multi purpose detectors
CDF and D@.

21
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During a shutdown of five years the accelerator and the expetis were signifi-
cantly upgraded[44, 45]. In 2001 the second data-takingp@etarted (Run 1) and it is
expected to collect around 8tb- 9fb~! by the year 2009.

3.1 Tevatron

After the upgrade the Tevatron accelerator operates at tereefimass energy of
1.96 TeV. The main ring has a circumference of ab®kin in which the protons cir-

culate clockwise and the antiprotons counter clockwiséwtninteraction regions, where
the detectors of CDF and D@ are built, the particles collide.

There are several stages to complete this process, stadmgroducing the protons
and antiprotons, successive acceleration and finallydiogithem at the two detector
points. The Fermilab accelerator facilities are shown j3F2

p Source scev

LINAC 400 mev

Booster
8 GeV

Fixed Target Area

Recycler
Proton ey

Dump

Tevatron
930 GeV

Proton
Dump

Figure 3.2: The accelerator facilities a&®RMILAB with the two multi purpose detectors
CDF and D@.
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3.1.1 Production of protons and pre-acceleration

Negatively charged hydrogen ions are accelerated to 75Mk&/Cockcroft-Walton ac-
celerator and then injected into a 165 m long linear accilevehich boosts their energy
to 400 MeV. The H ions pass through a carbon foil to strip off their two elecg@nd
leave H" ions (protons) which are injected into the Booster, a syrtehnowvhich brings
their energy to 8 GeV. From the Booster the protons are sehetain Injector for the
next stage of acceleration.

3.1.2 Main Injector (Ml)

The Main Injector performs several functions besides &taghg protons and antiprotons
to an energy of 150 GeV and injecting them into the Tevatréih[he 8 GeV protons
from the Booster are first accelerated to 120 GeV and thenetetivio the antiproton
production target (a Nickel-Copper target). The collisioemgy is chosen such that the
energy spectrum of the emerging antiprotopsh@as its maximum at about 8 GeV. On
average, around 50 000 protons are necessary to producertym®@n in the required
energy range. The Tevatron complex is designed in such aheayew antiprotons can
be produced in parallel to collisions taking place in themgvatron ring. The produced
antiprotons are cooled and debunched in the Debuncher acuhAdator, and once the
number of antiprotons is sufficiently large they are passaxk ibo the Ml where they are
accelerated to 150 GeV before being transfered to the Tevatr

3.1.3 The Tevatron Ring Synchrotron

In the last stage of the acceleration process the 150 Gednmsaind antiprotons from the
MI are passed in bunches into the Tevatron ring. 36 bunchpsoddns and 36 bunches
of antiprotons are loaded in opposite directions whichltesn a time interval of 396 ns
between two consecutive collisions. After the injectioe ffarticles are accelerated to
their final energy of 980 GeV, squeezed in the transverseeglaough the quadrupole
magnets and collided at the two intersection points.

The number of collisions per second depends on the insotsnuminosity. Fig-
ure 3.3 shows the integrated luminosity per week and théitaégrated luminosity accu-
mulated in Run Il from May 2001 until August 2008 as of today @tegrated luminosity
of 5fb~.
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Collider Run Il Integrated Luminosity
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Figure 3.3: The integrated luminosity per week and totagrated luminosity for Run
from May 2001 until August 2008 in pB.

3.2 The D@ Detector

The D@ detector is a multi-purpose detector designed to unedise remnants gip colli-
sions, especially muons, electrons, jets and missingueass energy. It was constructed
in the late 1980’s and early 1990's. After the period from2891996 (Run I) the D de-
tector was upgraded to handle the increased luminosityeffévatron [47, 48] in Run
II. The D@ detector, like other high energy particle physletectors, is composed of dif-
ferent sub-systems that surrounds each other like thedafexn onion. There are three
major sub-systems. In the core of the detector, there isrttloking system surrounded
by a 2 Tesla solenoid magnetic field. This combination allpvesise measurements of
the positions and transverse momenta of the charged particveling outwards from
the interaction point. Outside of the tracking volume arel sblenoid, there are the D@
calorimeters, a system of finely grained Uranium and Liquigokh calorimeters which
record the energies and positions of hadronic and electyoeta showers. The last sub-
system is a three layer muon spectrometer which detectsréseqmce and measures the
momenta of the muons escaping the detector. Figure 3.4 shealsematic overview of
the detector.
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Figure 3.4: Cross-sectional view of the D@ Run Il detector.
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3.2.1 The coordinate System

D@ uses a right-handed coordinate system where the protmn defines the positive
axis. They-axis points upwards and theaxis points towards the center of the Tevatron
ring. There are two common choices for the origin of the coaté system: The physics
coordinates, where the origin is located at the recongduetrtex of the interaction, and
the detector coordinates, where the origin is chosen to theatenter of the D@ detector.
Because the D@ detector has cylindrical symmetry around-tines it is often useful to
use cylindrical coordinates () with the transformation:

r - PP
(3.1)

o = arctan 2
x

Additionally, it is sometimes convenient to introduce trsepdorapidity;, which can be
expressed with the polar angle

0
n = —Intan 3" (3.2)

3.2.2 Central Tracking System

The central tracking system (see Fig. 3.5) consists of aariligh resolution silicon
tracker (Layer 0 and SMT) surrounded by a scintillating cantiber tracker (CFT).
These detectors are immersed in a 2 Tesla magnetic soleetdd fThe tracking sys-
tem was designed to provide momentum measurements usingageetic field good
electron identification, tracking over a large pseudor&picdnge, secondary vertex de-
tection, triggering, and a fast response for a bunch crggsime of 396 ns.

Silicon Microstrip Tracker - SMT

The SMT uses the silicopn-junction technology with readout strips to perform precis
position measurements with a resolution of about20 In order to allow good vertexing

and three-dimensional track reconstruction for higher motoim tracks over a large ac-
ceptance up to am =~ | 3, a layout was chosen with six barrel modules with rectaagul
silicon sensors parallel to the beam axis, interspersell wielve F-disks with wedge-

shaped sensors transverse to the beam axis (see Fig. 316g florward and backward

region are two more disks, the so-called H-disks. While theebaetector measures
primarily ther - ¢ coordinates, the disks measure bothy andr - z.

Each barrel is built of silicon 4 detector layers that can é&ensin Fig. 3.7. The two
layers 1 and 3 of the four inner barrels are double-sidedasiliadders with axial strips
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Figure 3.5: Schematic view of the inner tracking system é(th z)-plane. Depicted are
the tracking detectors SMT and CFT, located inside the 2 Bedénoid field.
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Figure 3.6: Isometric view of the D@ Silicon Microstrip Tieaes.

(parallel to the beam line) on one side &td stereo angle strips on the other side, while
the outer barrels have only single-sided ladders with astiihs and hence provide no
stereo information. Layers 2 and 4 of all barrels are equippi¢h double-sided silicon
sensors with axial strips on one side &idtereo angle on the reverse side.

The F-disks are made of double-sided wedges with° stereo angle on one side and
+15° on the other. Four F-disks are sandwiched between the bavhglle the remaining
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ladder (layer 4)

beryllium bulkheac

cooling pipe

carbon fiber support

Figure 3.7: Cross section of an an D@ SMT barrel with the 4 detdayers build of
single or double-sided ladders (ladders) .

eight are located at both ends of the SMT barrel. Towardsrii®gthe interaction region,
there are the H-disks, two on each side. These disks are maawgte-sided wedges and
help to extend the SMT coveragelif.;| < 3.0. A summary of the SMT layout is given
in Table 3.1 [49].

Barrels F-Disks H-Disks
#Channels 387072 258 048 147 456
Sensors s/d sided double sided single sided
Stereo 0°,2°,90° +£15° +7.5°
#Modules 432 144 96 pairs
Si area 1.3 0.4 n? 1.3n?
Inner radius 2.7 cm 2.6cm 9.5cm
Outer radius 9.4 cm 10.5cm 26 cm
Maximal |z| 38.4cm  54.8cm 120 cm

Table 3.1: Specifications of the silicon vertex detectorereti's,d” means single, double
sided.
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Central Fiber Tracker - CFT

The Central Fiber Tracker [47, 48] surrounds the SMT what esselen in Fig. 3.5 and 3.8
and covers the central region figy.:| < 2.0 . The CFT is composed of approximately
200 km of scintillating fiber [50] with a diameter of 83Mn. The scintillating fibers are
arranged in 8 barrels between radii of 20 cm and 60 cm. Eachllwansists of two double
layers of fibers, one axial double layer and one stereo ddaipée of either+3° or —3°
stereo fibers. The fibers in each layer are grouped into "nbhalhe number of ribbons
varies from 10 in the first CFT layer to 28 in the last layer. Toyile maximal coverage,
the fibers of a double layer are staggered with an offset dfehfber width as shown in
Fig. 3.8. The resolution of the CFT is about 100.

a‘) CENTRAL CALORIMETER CRYOSTAT WALL j ! b)
.'llf I

SOLENOID

MAGNIFIED ., y
END-VIEW L

| LeveLof wherej j=1,...8

+ ] —

M i#]

Figure 3.8:r -z view of a quarter of the D@ tracking system. The insert showsem
details of the configuration of the CFT.

The light is only observed from one end of each scintillafibgr. The opposite end of
the scintillating fibers is sputtered with an aluminum cogtihat provides a reflectivity
of 85 to 90%. The scintillating light is further propagated throughasidiber waveg-
uides to visible light photon counters (VLPCSs) located atehd of the waveguides. The
VPLCs, situated outside of the detector acceptance, reathewsignal and convert it to
an electrical pulse.
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Solenoid Magnet

The transverse momenta of charged particles are deterrfmo@dtheir curvature in the

2 Tesla magnetic field produced by the solenoid magnet [She Solenoid is a 2.73 m
long superconducting magnet with a mean radius of 60 cm. Thifermity of the field
inside the tracking volume is better than &%nd the solenoid has a thickness of approx-
imately 0.9 radiation lengths.

Layer O

The extended running period of the Tevatron until 2009 madepgrade of the existing
D@ silicon tracker mandatory. First, plans were made to amrgk the complete SMT
detector [52]. After cancellation of this project at the esfd2003 due to budget con-
straints, it was immediately decided to construct a newrisiiezon layer [53] which is
closer to the beam line than the SMT. The so-called Layer 8 oagch of the existing
infrastructure of the "old” SMT. The outer H-disks on eactiesivere removed and their
readout is now used for Layer 0. This design was rather aigilig because it had to fit
in the existing SMT and had to be able to slide over the beam foipits installation. A
photograph of Layer O is shown in Fig. 3.9. .

Figure 3.9: An overview of Layer O detector is shown on the [€he right photo shows
the silicon sensors in the center of Layer 0

Layer O consists of 48 single-sided sensors with afedeadout pitch [54] and has an
inner radius of 16 mm and and outer radius of 17.6 mm. An iddial Layer O module
consists of a silicon sensor, a pair of analog cables withr@Jitch stacked on top of
each other with 4xm offset and a hybrid with two readout sensors.

During November 2005 a dedicated cosmics muon experimentbban set up in
the SiDet laboratory to study the pedestals, noise andrdetation of the single track
reconstruction [55]. The setup consisted of four layergpafe Layer 0 modules, precisely
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aligned with a cosmics muon trigger system. About 10000 ccsmuon events have
been triggered, and about 4000 tracks have been fully récmtesd. The main results of
this test are:

e We define hit finding efficiency as "number of track-pointetsfthe number of
expected hits”. The number of "Expected hits” is equal torthmber of events that
have a track. Tracks are formed with hits in the modules 1 aawidthe efficiency
is determined on hits in modules 2 and 3. The hit reconstrndfficiency is 96%.
Systematic errors were not taken into account. In the MontéoGamulation the
corresponding efficency is found to be @9

e The hit position resolution is defined as "measured posHiprojected position”,
where the "projected position” is the calculated positiomaodule 2 or 3 of a track
built out of hits in module 1 and 4. The hit position resolatis about 1}:m for
incident muons, which is very well simulated in the Monte Garl

The installation and commissioning were during the shutdowspring 2006. Layer O is
important for the D@ experiment in order to enhance the lgitagcapabilities due to an
improved impact parameter resolution (see Fig. 3.10 ant) 3.1
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Figure 3.10: The three lines show simulations of the impacameter resolution as a
function of the transverse momentum of the tracks. The sgugltow the performance of
the current Run lla detector. The other two lines corresporsihtulations with total loss
of the innermost Layer-1 of the current Run lla detector: oité the addition of Layer
0 (triangles) and one without (circles) [56].
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Figure 3.11: Impact parameter resolution for tracks witt{tait) and with (right) a hit in
Layer 0. The tracks are from cosmics muons with a5 GeV/c [57].

Preshower detectors

The preshower detectors are situated just outside themdland just before the calorime-
ter. They function as tracking devices as well as calorinsedad help in electron identi-
fication and triggering. They are used in the offline recartsion to correct electromag-
netic energy measurements of the calorimeter for lossdseirsalenoid, lead absorber,
and in material such as cables and supports. The preshostensgonsists of the central
(CPS) and the forward (FPS) preshower detectors.

The CPS are located in the 51 mm gap between the solenoid andritral calorime-
ter cryostat and cover a region pff < 1.3. In front of the CPS a one radiation length
thick Pb layer acts as a pre-radiator. The CPS are built oétboacentric layers of scin-
tillating strips: one inner axial layer and two outer stel@gers at an angle of23°. A
wavelength shifting fiber in the center of each element isléigethe readout. The lightis
transmitted by clear waveguides and is read out by visigh Ibhoton counters (VPLCSs)
in a similar manner as in the fiber tracker.

The FPS are mounted on the faces of the end calorimeters asma ttee region
1.5 < |n| < 2.5. The design of the FPS is similar to that of the CPS. A layer aflle
absorber is sandwiched between two scintillator planesénrégion of|n| > 1.65. In
the smallem region electrons and photons are expected to shower as #ssytiprough
the solenoid, hence no additional material is used. Diewtfront of the lead absorbers,
there are two additional layers of scintillating pre-shoeers which are known as the
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MIP layers. Photons do not leave a signature in the MIP andthadtiP layers can be
used to distinguish muons, electrons and photons.

The preshower detectors are discussed in more detail irafB[59].

3.2.3 Calorimeter system

The calorimeters [47, 48, 60] were designed to provide gnergasurements for elec-
trons, photons and jets and to assist in the particle ideatiéin. The system consists of
three sampling calorimeters (electromagnetic, fine hadramd coarse hadronic) and an
intercryostat detector. An overview of the calorimetertegscan be seen in Figure 3.12.

END CALORIMETER

Quter Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

CENTRAL
CALORIMETER
Electromagnetic

Inner Hadronic Fine Hadronic

(Fine & Coarse) Coarse Hadronic

Electromagnetic

Figure 3.12: Isometric view of the central and two end caieters.

The central calorimeter (CC) covelrg < 1 and the two end calorimeters, ECN (north)
and ECS (south) extend the coveragéjiox= 4. Closest to the interaction region, there is
the electromagnetic section followed by the fine and coaasledmic sections. The active
medium of the calorimeters is liquid argon. Each of the thoal®rimeters (CC, ECN
and ECS) is located within its own cryostat which maintairesdietector temperature at
approximately 90 K. Different absorber materials are usddifferent locations. The elec-
tromagnetic section (EM) uses thin plates (3 or 4 mm) made fnearly pure depleted
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uranium. The fine hadronic sections are made from 6 mm thiakium-niobium (2%)
alloy. In the CC the coarse hadronic modules contain reldtivk (46.5 mm) plates of
copper and in the EC there are stainless steel plates.

3.2.4 Muon System

The outermost detector subsystem is devoted to the dete&itid triggering of muons
and to measure their momentum and charge. Due to the snmethation cross-sections
of muons they pass all the material in the inner part of theatet while almost all elec-
trons and hadrons are absorbed. The muon system is complosiaekets of scintillation
pixels, proportional drift tubes (PDTs) and mini drift tb@1DTs). These perform posi-
tion measurements and time measurements, which also caselld@aireject cosmic ray
muons. A 1.8 Tesla iron toroid magnet provides the abilitygfonomentum measurement
independent of the central tracking system. The muon sy&atfivided into a central
muon system with a coverage |gf < 1 which uses PDTs for the position measurement
and a forward muon system which covers: |n| < 2 with MDTs. Both systems employ
scintillating counters for triggering and vetoing of cosmay muons. Each system is split
into three layers known as the A, B and C layers (see Fig. 3..&Yer A is the inner-
most layer and lies just outside the calorimeter but indidetoroid magnet. The other
two layers (B and C) are positioned outside the toroid. In gggan directly below the
calorimeter, only partial coverage by muon detectors isibpdes since the support struc-
ture for the D@ detector and readout electronics are lodgatéus region. Fig. 3.13 and
Fig. 3.14 show the layout of PDTs, MDTs and scintillatorsinexploded view.

Proportional Drift Tubes - PDTs

The layout of the PDTs[61] can be seen in Fig.3.13. They actangular ¢
2.8 x 5.6m?) gasfilled cells with anode wire at the center, cathode padseaand be-
low the wire. Charged particles traversing this volume iertize gas and the electrons
from the ionization are collected and amplified by a wire ia tenter of the cell. The
maximum drift time of the electrons in the PDTs is 500 ns. Tti& direction is parallel
to thez-coordinate, with an expected drift distance resolutioamgdroximately 1 mm.

Mini Drift Tubes - MDTs

The MDTs[62] ¢ 9.4 x 9.4mm?)which cover the forward region (see Fig.3.13) are
similar to the PDTs but have shorter electron drift time 0 ns, as opposed to almost
500 ns in the PDTSs), and slightly better coordinate resmtudif ~ 0.7 mm.
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Figure 3.13: Exploded view of the muon wire chambers.

Scintillation Counters

Sheets of scintillating material serve to provide addaioposition measurements and
are used for triggering, cosmic ray veto and track recoo8tm. The scintillation light
is collected by photomultipliers attached to one cornemt8lating muon detectors are
arranged in each layer except the B layer of the central mystes as shown in Fig. 3.14.

Shielding

In order to reduce background in the central and forward nsystem, a shielding system
consisting of layers of iron, polyethylene and lead in alsgteacture is installed, around
the beam pipe and the low beta quadrupole magnets. Iron ¢ as@ hadronic and
electromagnetic absorber, polyethylene is a good absdobereutrons due to its high
hydrogen content, and lead is used to absorb gamma rays.
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Figure 3.14: Exploded view of the muon scintillator couster

3.2.5 Luminosity System

The primary purpose of the Luminosity Monitor (LM) [63] is tietermine the Tevatron
collider luminosity in the D@ interaction region [64]. Thisquires a measurement of
the rate of the inelastigp interactions and is achieved by detecting the charged retsna
of the proton and antiproton after the collision. The LM aébe consists of two arrays
of scintillation counters and is located in front of the emdbcimeters. They occupy the
radial region between the beam pipe and the forward preshdetector at & ~ =+
140 cm as shown in Fig. 3.15. Each array consists of 24 wedgesrdillating material
read out by photomultipliers and covers the pseudorapiditge2.7 < |n| < 4.4.
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Figure 3.15: Luminosity Monitor layout. The— ¢ view is shown on the left, the — =
view of the two arrays is shown on the right.

3.2.6 Trigger System

Three distinct levels form the trigger system [65] with eacicceeding level examining
fewer events but in greater detail and with more complexAyn overview of the D@
trigger and data acquisition system is shown in Fig. 3.16.

Detector L1 Buff L2 Buff
Data 1.7MHz uffers oz Ulers 1kHz | L3 Level 3 /30 le Online
: > : DAQ —> Trigger Host
: R : , L2
v 1Accept V 1 Accept A A ‘
Level 1 i Level 2 i Tape
Trigger ' Trigger : Storage
¢ : 3 :
Trigger Framework : COOR

Figure 3.16: Overview of the integrated D@ trigger and datpugsition system.

Collisions occur at a rate of 1.7 MHz. The first stage (Level 1L.by comprises a
collection of hardware trigger elements that provide areptrate of about 2 kHz. Events
awaiting L1 trigger decisions, are buffered in a piplined #ms make minimal contribu-
tion to the deadtime. The trigger framework (TFW) gathergdighformation from each
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of the specific L1 trigger devices and chooses if a particeNant is to be accepted for
further examination. In order to participate in the trigdecision the L1 trigger decision
must arrive at the trigger framework in 4.2 or less.

The second stage (Level 2 or L2) [66] consists of two stagegrpcessors which are
specific to each subdetector and a global processor whichicesinformation from the
different preprocessors to make a trigger decision. Theaigger system is the first one
in the chain to look at event-wide variables to create objiike muons, electrons or jets.
The L2 was designed to handle an input rate up to 10 kHz with xdmrmam acceptance
rate of 1 kHz. Events passing L2 are tagged for full read odtfarther analysis. A block
diagram of the L1 and L2 system can bee seen in Fig. 3.17.
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Figure 3.17: A block diagram of the L1 and L2 system.

Candidates passing L1 and L2 are sent to a farm of Level 3 (LB)rficroprocessors
where the rate is reduced to 50Hz. The L3 decisions are basedraplete physics
objects as well as the relations between such objects (sudpality or azimuthal angle
separating physics objects or their invariant mass). Bvalsb passing the L3 trigger are
send to ERMILAB‘s Feynman Computing Center, where the events are storeddaddap
offline analysis.



Chapter 4

Event Reconstruction

The raw data recorded from the D@ Detector consists of degitreadout for each channel
of each sub-detector such as pulse heights of collectedyeharthe calorimeter and
silicon, light yields from the scintillators, hits in theatking system, drift time from
muons etc. The D@ reconstruction program D@ Reco [68] usestheata as input and
decodes the detector hits, fits track trajectories and ws#slp identification algorithms
to create the particle objects like muons, electrons, jetspnotons. The major steps of
the D@ Reco are:

1. Decoding hit information: The digitized signals from the tracking detectors (SMT
and CFT) are converted to spatial locations of the hits. Theuwf the calorimeter
cells is decoded to energy deposits.

2. Tracking and Clustering: The hits from the tracking system are then combined to
form tracks while the calorimeter energy deposits are gedup form clusters.

3. Vertexing: With the help of various kinematic quantities the locatidrtie pp
interaction point (primary vertex) and decay vertices afgdived particles (sec-
ondary vertices) can be found. The vertices are essentigiéqarticle identifica-
tion.

4. Particle identification: The tracking and calorimeter information is combined to

form candidates for muons, electrons, photons, etc.

The reconstruction and particle identification algoritrused in this analysis ,such as
muon identification, track and vertex reconstruction, aseussed in this chapter.

39
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4.1 Track Reconstruction

The reconstruction of particle trajectories is a first stefhie event reconstruction. The
trajectories of all charged patrticles are reconstructenhfthe energy they deposit in the
tracking detectors i.e. in the SMT and the CFT. Two algoritlamesused to find the tracks,
the histogram track finding algorithm (HFT) [69] and the aitive algorithm (AA) [70].
The collection of track candidates from the AA and HTF methade combined and
duplicates are removed. .

4.1.1 HFT Tracking Algorithm

A charge particle will follow a helical path as it travelsaligh the longitudinally oriented
magnetic field of solenoid. The projection of this path onithey plane will form a circle
of radiusp = ‘;—f and positiony, wheregq is the charge of the particlé; is the magnitude
of the magnetic fieldp; is the transverse momentum of the track ang the angular
direction of the particle at the distance of closest apgr@¢BXCA) to the beam spot. Since
all points along the true path will have identical values foand ¢, it is possible to
identify hits that belong to the same particle track by fargha histogram of the hits in
thep x ¢ coordinate space. By using the Hough transformation [7lih@eshit inz x y
coordinate space will correspond to a line of potential ®@alinp x ¢ plane. A similar
transformation can be made between hits intle: plane to lines in the parameter space
2o x C, wherez, is the position of the track origin along theaxis, andC = §z/dr is
the track inclination. The collection of lines from hits beging to the same track will
intersect at the true path coordinategnk ¢ andz, x C' planes and produce a peak in
the resulting histograms. However, straightforward peadifig is not feasible. Instead,
the histograms are cleaned up by removing bins with few esitand then each bin in
parameter space is considered to be a track template. Kdilteaimg [72, 73] is used to
select tracks from the templates.

4.1.2 AA algorithm

In the alternative algorithm, a pool of track candidatescaeated by using an extrapola-
tion based on a cluster of 3 hits in the SMT. The second hit ieistn a following layer
within |d¢| < 0.08. The third, on a following layer, must be on a circle of radiueater
than 30 cm and axial impact parameter with the beam spotetthes 2.5 cm. The overall

fit must havey? < 16. Each track is extrapolated to the next layer of the SMT or CFT
and hits are added to the track hypothesis if the increageé isfless than 16. If there are
multiple hits in a given layer, they each become a new hygmheA certain number of
misses (i.e., no hits) in layers are allowed to improve tlieiehcy. The pool of poten-
tial tracks are then sorted with precedence being givenetedimdidates with the greatest
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number of hits. For candidates with the same number of higggalence is given to those
with the least number of missing layers. In the case of a dodéyeneracy, precedence is
given to a candidate with the smallegt To reduce false candidates a veto, based on the
number of shared hits, is applied to candidates with a lomeortance. To further reduce
the number of fake tracks, primary vertices are determirsatuthe accepted tracks, and
every track that comes close to a vertex is given two additibits in the ranking. Using
this new weight, the tracks are resorted, and a new pool okdrgs determined. The
same procedure is now used with the CFT hits, however in tisis ttee track candidate is
required to pass near one of the primary vertices to cortteohtige combinatorics.

4.2 Muons

First information of the muon systems, such as hits in thi¢ clneambers, is used to make
local track segments in each layer (A, B and C). Hits in thet8leitor paddles are added
to these segments. Segments consistent with a commontdrgjere merged into a
local muon track[74]. In order to form a global muon, the ldatack is combined with
central tracks identified in the CFT and SMT. The matching issdasing the error matrix
propagation, which takes into account the magnetic field elsag Coulomb scattering
and energy loss in the material of the solenoid and toroidnaigand the calorimeter. If
the algorithm finds a match, the two tracks and two error rmegrare combined to obtain
the final muon track parameters.

The reconstructed muons are classified usypg andquality. Thetypeis given by
the parametenseg(see Table 4.1). A positive value indicates that local muaokt is
matched to a track in the central tracking system. A negatilige indicates that the local
muon could not be matched to a central track. The absolutefadeg| = 1,2 or 3 gives
information if the local muon is made up of hits only in layer @nly layer in B or C or
in layer A and layers B or C.

The muonquality can be LOOSE, MEDIUM or TIGHT. This criteria depends on the
number of hits in the different layers.

e nseg = +1 Loose/Medium muons
Muons withnseg = 1 are muons with an A segment matched with a central track.
Such a muon is loose if it has:
— at least one scintillator hit
— at least two A layer wire hits

e nseg = +2 Loose/Medium muons
Muons with|nseg| < 3 can only be loose or medium if they are matched to a central
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track.nseg = 2 muons are muons with a BC segment matched with a central track.
Loose requires

— at least one BC scintillator hit

— at least two BC layer wire hits

e |nseg| = 3 Medium/Loose muons
When|nseg| = 3 muon candidate is medium if it has:

at least one scintillator hit

at least two A layer wire hits

at least three BC layer wire hits

a converged local fity(?,. > 0)

The muon is defined loose if one of the above criteria fails.

e Tight muons
Only |nseg| = 3 muons can be tight. A muon is tight if it has:

at least one scintillator hit

at least two A layer wire hits

at least one BC scintillator hit

at least three BC layer wire hits

a converged local fity(, . > 0)

A muon isMedium if it fulfills the above requirements and if its located in thattom
part of the detector (octant 5 and 6 wijijj < 1.6).

A more detailed description of the mugnality can be found in [75].

4.3 \ertex Reconstruction

The algorithm for vertex reconstruction must be able to mstwict the primary vertex
and displaced vertices (secondary vertices) in an evehthigth accuracy. For details of
the vertex reconstruction see [76, 77].
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Table 4.1: Criteria for the nseg variable

nseg Muon Type Central track matching algorithm
Central trackt Muon to central if local

3 local muon track muon track fit converged.
(A and BC layer) Central to muon otherwise

2 Central trackt BC only central to muon

1 Central trackt+ A only central to muon

0 Central trackt muon hit central to muon

-1 A segment only no match

-2 BC segment only no match

-3 local muon track (A+BC) no match

Primary Vertex (PV)

For the primary vertex determination an iterative methoddgsd. The finding of the
primary vertex starts from all selected tracks and the moeeis:

1.

w0 D

Fit a vertex from a set of tracks (total numiéy;,) and compute®(N,.;) .
Each track is removed separately and a Ré(w,,,, — 1) is calculated.

Select the track with the maximum differene,., = x*(Nyx) — X2 (Nt — 1).
Exclude the track from the setX,,.. > Ainreshold-

Repeat the procedure as long as there are tracksWwith > A eshold-

A minimum of two tracks is required to fit a vertex candidate.

Secondary Vertex (SV)

Secondary vertices are due to the decay of long lived pastislich as B hadrons. Re-
constructing a SV is more difficult than a PV because theréeaver tracks associated to
the SV. Tracks from the SV usually have a large impact paranvath respect to the PV
what is shown in Fig. 4.1. The first step in the reconstructiba SV is to make a list of
all tracks that do not originate from the PV. The procedurérafing a SV is described

as:
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1. Make a vertex out of two tracks not belonging to the PV orevjmusly find SV

2. Fit the vertex from the set d¥,,, tracks (\;.,=2 for the first time) and compute
2
X (NtTk:)'

3. Compute the new?(N,,, + 1) obtained by adding each of the other tracks one by
one.

4. Select the track with the smallest contributip,;,, = x*(Nyr + 1) — X2 (Nir)-
5. Add the good track to the setX,,;, < Ainreshold-

6. Repeat the procedure from step 2 until there are no tratikgfihe requirements.

< il Secondary
Mo, Vertex

Primary B
Vertex

.
.\‘J 4

Impact
Parameter

Figure 4.1: Primary and Secondary vertex. Tracks from S\elawn general a large
impact parameter with respect to the PV



Chapter 5

Stability checks of the tracking
alignment

In this Chapter stability checks of the software alignmermicpdure of the D@ tracker
are presented. The tracking system of the D@ detector dsrdithe SMT and the CFT
detectors as described in section 3.2. The resolution oSM& is about 1:m an the
CTF has a resolution of about 10éh. The structure of SMT is extremely complicated.
The barrel is build of rectangular elements ("ladders”)d éme disks of wedge-shaped
elements ("wedges”). In contrast the structure of the CFTelatively simple. This
detector contains of eight cylindrical barrels of fibersedted along the beam line. Each
barrel has an "axial layer”, parallel to the beam axis ander&n layer” with an angle of
3° with respect to the beam axis. The fibers in each layer argogbinto "ribbons”. The
number of ribbons varies from 10 in the first CFT layer to 28 i st layer.

The alignment of the detector should be better than itsisitispatial resolution such
that misalignments do not deteriorate the resolution ofréek reconstruction. The posi-
tioning, or alignment, of the individual detector units etekmined by using reconstructed
tracks. When the presumed position of a given detector elersaif from its true lo-
cation, the offsets will manifest themselves as systenaatamalies in the residuals, i.e.
the difference between the position of the measured hit eoahstructed trajectory. The
distribution of residuals for a well aligned detector systghould show a gaussian shape
with zero mean and a standard deviation close to the introlesiector resolution.

The stability of the alignment algorithm was checked by ¢juag the nominal posi-
tions of detector elements such as:

e Single CFT ribbon
e CFT layer
e SMT layer

45
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e All SMT elements

The modified configuration is then aligned and compared tottiggnal aligned geometry.
The procedure to check the stability of the alignment atbariis depicted in Fig.5.1.

o modify
Original Geometry  |———> Modified Geometry
align align
compare

aligned org. Geometry |-t aligned mod Geomet

Figure 5.1: The procedure to check the stability of the alignt algorithm by comparing
original and modified geometry after the alignment.

5.1 Cosmics Data, reconstruction and geometry

The cosmics muon data used for the alignment procedure \es te@ithout magnetic
field in the D@ Detector in November 2005. In total about 40008mics muon events
were reconstructed. The muons were reconstructed as a strgight track passing
through the whole detector by matching two tracks, one froenupper half (+) and
one from the lower half{z) of the detector. The position of each SMT ladder is de-
scribed by three coordinategy andz of the center of gravity and the three Euler-angles
of its orientation in space. The ribbons of the CFT are givethey: andy position of
the corresponding circle which is approximating the ribbon

5.2 Alignment procedure

The alignment procedure consists in determining the mosdind the rotation angles of
the basic elements of the D@ tracking system. The basic eleima ladder or a wedge
for the SMT, and a ribbon for the CFT detector. As a first stegpnendlignment, a large

number of tracks passing through a given detector elementalected, and a residual
for each track is determined. To avoid biases, the expecae#t position is determined
excluding the detector element itself from the track fit (Bae 5.2). Any misalignment

of the detector element results in the non-zero mean valtieeatsidual distribution.
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Since many detector elements are included in the track merasumt, the observed
residuals in different elements are correlated. In thignahent procedure the shifts for
each element are determined independently, and the dorrelzetween the elements is
taken into account by iterating the alignment until the hasy shifts of all detectors are
below a predefined threshold. A detector element can beelignt has 10 or more hits
otherwise the statistics is insufficient for alignment anel élement is left at its nominal
position. The data set is skimmed during the first alignmtration using only good
tracks which fit a certain quality criteria. Further itecas to align the detector are based
on this selected tracks only. After 100 iterations the ahignt procedure is stopped.
The whole procedure is started again and due to some alignmene tracks pass the
selection criteria and this helps to improve the alignmenthir. In the following the
word CYCLES refers to a repeated alignment run with the whola get.

Hit VI VI
\ y Ladder
X
v\ X z
X
o ——0 —0

axial residual z residua

;<__/

X
M~
/ ~

Track fit

Figure 5.2: The hit "O” on the ladder is excluded for the tréitk The axial residual is
calculated in thex, y)-plane and the z residual on thexis.

5.3 Different geometry modifications

In this section different geometrical modifications areadied and their impact based
on various alignment cycles is given. The following modificas have been tested:

e Translational shifts inz- or y- direction up to 1 mm.

e Radial shifts: Both coordinates andy of the detector element are modified to
shift radially viaz,,,,q = = - k andy,,,,q = v - k for k = 1%.

e Telescoping shifts (only for SMT): The telescoping effect is describgdashift of
the z coordinate so that = z, + ¢ - » wherer = /(23 + y3) andc = 1% or 0.5%.
The telescoping shift produces larger displacements ftactler elements further
away from the beam pipe.
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These modifications are applied to single elements or whagiers of the CFT or SMT or
even to the whole SMT. The alignment precision is given bysta@dard deviation of a
gaussian fit applied on the peak region of the residual Higion.

5.3.1 Shift of SMT layer 3 and layer 6 - random shifts

In the actual detector not all elements of a detector parshifged coherently into the
same direction with the same displacement. In this sectioroee realistic scenario is
tested. All elements of the SMT barrels layer 3 and layer 6shitted randomly in the
direction of+z and+y by about 20Q:m.

One cycle

The Fig. 5.3 shows that after the alignment CFT elements are@ around zero for
both theaxial andradial distributions. Both distributions show small tails on thdes
which is due to the random shift in both directionsazofindy. The axial andradial
alignment precision for the CFT is around A9

The radial distribution of the SMT layer 3 and 6 is shown in.Bigl. Most elements
of both layer are betweef50,m. The outliers are identified as ladders with insufficient
number of hits to be aligned. For all SMT barrel elementsithve! andradial precision
is of about 3-5:m (see Fig. 5.5). The tails in both distribution are a restihe elements
from layer 3 and layer 6.

CFT_tot_ax s CFT_tot_rad
sl Entries 304 B Entries 304
Mean 0.02072 =E Mean 0.6293
20 RMS 3514 RMS 4533

7\\“‘\“\\“\’_\‘\\\‘ | E ‘rﬂﬂ‘ﬂmﬂmﬂw P Mmm‘%ﬂmm‘

L L PRI B |1 S P A Ol L L
-500 -150 -100 -50 0 50 100 150 200 -300 -150 -100 -50 0 50 100 150 200
X moved @Xorg [um] radmuved'radmg [um]

Figure 5.3: Theaxial- and radial-difference between the modified and the original
aligned geometry for all CFT elements for random shifts of Sisler 3 and 6.
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Figure 5.4: Theradial-difference between the modified and the original SMT layer 3
(left) and SMT layer 6 (right) for random shifts.
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Figure 5.5: Theadial-difference between the modified and the original alignexhgetry
for all SMT barrel elements , for random shifts of SMT layenfi&.

Four cycles

To check if the alignment improves more cycles have been.dAfter the fourth cycle
the alignment does not improve further. In the following glignment after four cycles
is presented.

Compared to Fig.5.3, Fig.5.6 shows a clear improvement. dkhiel andradial
alignment precision of the CFT improved to about,d@. The tails also disappeared
for both distributions. Elements with a sufficient numberhdt are well aligned and
moved to the same position as in the aligned original gegme@&tre improvement of the
alignment of the modified layers can be seen in Fig.5.7 coetpty Fig5.4. For the
SMT barrel, the small tails in therial andradial distributions due to layer 3 and layer
6 disappeared (see Fig.5.8). The precision for the whole B&ffel does not improve
if cycles are repeated and stays at3. The alignment procedure works fine for random
shifts of the SMT layers.
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Figure 5.6: Theuxial- and radial-difference between the modified and the original
aligned geometry after 4 cycles for all CFT elements for ramddifts of SMT layer
3 and 6.
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Figure 5.7: Theradial-difference between the modified and the original SMT layer 3
(left) and SMT layer 6 (right) for random shifts after 4 cyxle
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Figure 5.8: Theadial-difference between the modified and the original aligneshgstry
after 4 cycles for all SMT barrel elements, for random shoftSMT layer 3 and 6.
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5.4 Summary and Conclusion

From the various alignment studies using different modificaof the initial geometry

a final systematic uncertainty of the alignment was detegthinFor the CFT detector
a systematic uncertainty on the position determination tduiae alignment procedure
of about 25m (axial andradial) was found. For the SMT detector the systematic
uncertainty for thexzial precision is of the order of hm, for theradial precision the
order of about zm and forz order of 15um. Table 5.1, an overview over the results of
all different studies that were done in order to check thgnaient stability is given.

Shifts of single elements do not influence the alignment ardshifted elements are
well aligned after one cycle. Also modifications of whole day of the CFT or SMT
are well corrected after a few cycles (5). Theradial shift of the whole SMT barrel
resolves after more cycles (about 40). The telescopingtaffeorrected by the alignment
although there is a systematic shift if the CFT is not fixed oABndom shifts of different
SMT ladders are well corrected by the alignment. The curagighment procedure of
D@ corrects various misalignments with a good precision.
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Chapter 6

Multivariate Analysis Method

The aim of multivariate analysis methods is to maximize lgasknd suppression while
keeping the signal efficiency as high as possible. Traditi@mple-Cutechniques are
straightforward but often have a poor performance. The mdiantage of the multivari-
ate analysis methods is that they make use of non-linearioatidns of several variables
which usually leads to an enhanced performance in sepgrsigmal from background
events. There are different approaches Ikeificial Neural Networks(ANN) [78],
Boosted Decision Tred®DT) [79, 80, 81] and many others. In the presented analysis
the BDT method is used and described in the following sections

6.1 Decision tree

The BDT method is based on a decision tree [82] which is a segueinbinary splits of
the data. At the beginning there is the root node which coafall signal and background
events (see Fig. 6.1). Then the cut value on that variabletivé best separation power is
taken to split the data into signal and background. Aftersihidéting there are two nodes
(branche$. This process is repeated on these new branches and caohtimtil a given
number of final nodeddave$ is obtained, until a node has to few events or until all lsave
are pure. We assume that the events are weighted with eachrexeng weightV;. For
unweighted eventd/; is equal 1. The purityP of the data in the node is calculated by:

_ Zs WS
P = SRS AT (6.1)

where) _is the sum over signal events ahg, is the sum over background events. For a
leaf with only signal P=1) or only background®=0) events the valu®(1 — P) is 0. In

53



54 Multivariate Analysis Method

4/37

< 0.2 GeV >0.2 GeV
S
39/1
< 500 cm > 500 cm
Radius?
S B
7/1 2/9

Figure 6.1: An example of a decision tree where the squaestharsignal or background
leaves [79].

order to define the quality of the separation between sigihbackground th&ini-value
is used. It reaches its minimum (zero) when all events aresigr background like.

Gini = (Z Wi> P(1—P) (6.2)
=0
wheren is the number of events in that branch. In order to optimizedit value on a
variable the value of the following expression has to be mined
Ginileft son T Ginim’ght son (63)

where Ginj. s 50, and Ginjign: 50, are the two nodes after the splitting. The criterion
described in equation 6.3 gives the value for the best brapiifa The increase in quality
when a node (Gin,.,) is splitinto two branches (Gifjnt son, GiNiieft son) IS given by:

Ginifather - Ginileftson - Ginirightson (64)



Multivariate Analysis Method 55

At the end, if a leaf has a purity greater than a given valueis called signal leaf or
background leaf. To classify an event as signal or backgtatis checked if the event
belongs to a signal leaf or a background leaf. The resultegis called a decision tree.

6.2 Boosted Decision Tree

The difference of a BDT to a standard decision tree is the bapsigorithm. A BDT
learns from its mistakes. At the beginning all events areeaighted and a first tree is
built. If a signal event ends up on a background leaf or a backgl event ends up on
a signal leaf, then the weight of this event is increased gtem). A second tree is then
built, taking into account the new weights. The whole prazedccan be repeated up to
several 100 times.

The next step is to assignsaoreto an event. If an event is found on a background
leaf it gets the score of -1 and if it is on a signal leaf the@sstl score is +1. At the
end the sum of all scores is the final score of the event. Evattlishigh scores are most
likely signal events and events with low scores tend to bé&dpaeind like. This method
of classification is very efficient and robust.

There are different methods for the boosting. One of the conlynused algorithms
is AdaBoos{83] which also was used in this analysis.

6.2.1 AdaBoost-Algorithm

A sample of totalV events is taken and;,,.., trees are generated and the weight of each
event is initially taken as; = 1/N. Furthermore:

e m is the index of an individual tree

e ;. set of variables for théth event

e y; = 1 if the eventis a signal event elge= 0

e w;. the weight for each event

e T,.(x;) = lifthei-th event belongs to a signal leaf of theth tree, elsé’,,(z;,) = 0

e [; = 1ifan eventis misclassified)( # 1,.(z;)), elsel; = 0 if an event is classified
correctly @; = T,,.(x;))
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For them-th tree a misclassification rater and a boost weight,,, can be calculated.

N
: I
erry, = E};u:)l (6.5)
i=1 i
1—err,

where = 1 in the standard AdaBoost method. Misclassified events arstéddy this
factor, by changing the weight of each event to

w; — w; x evmh (6.7)

The entire event sample is then renormalized to keep thertotaber of events (sum of
all weights) in a tree constant; — w;/ ) . w;. The final score for an event is then given

by:

Ntrees

T(x) = Y anTn(z:) (6.8)

A schematic overview how to get the final score of an event ba seFig. 6.2.

6.3 Toolkit for Multivariate Analysis

TMVA (Toolkit for MultivariateAnalysis) [84] is a package integrated in ROOT [85] for
processing and parallel evaluation of various multivarigassification techniques. The
usage if this tool requires a sample of signal events and alsaoh background events.
The two samples are splitted into a training and a test sgrmapieg the random splitting
tool of the TMVA package. After training with the trainingrsgle, the obtained selection
is tested on the independent test sample to estimate theaagoof the procedure. It is
important to have two independent samples for training astrig otherwise the result
would be biased.

6.4 Optimization

After the evaluation of the BDT the optimal cut value on the B@§ponse, which is a
combination of all cut variables has to be found. There afferéint approaches for the
optimization to enhance the signal (S) over the backgroBid (

1. S/v/B
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Z.C(IHT“_[(X)
Weighted Sample ) = > Ty
Weighted Sample ) = > T,(x)
Weighted Sample ) = > T,
Training Sample ) e > T,

Figure 6.2: An overview of getting the final score of an evi&(].

2. S/\/S+B

Maximization of these expression could lead to really loficefncies and breaks down
when the signal and backround tends to be 0. An other appregoren by G. Punzi [86].

In an experiment a theorkl, is the current best theory and as a result of the experiment
we wish to confirm or disprove the theoFy, in favor of a new theoryd,,,. In a counting
experiment with presence of background there is the dsotetervable, the number of
observed events, which are Poisson-distributed with méaxmected number of back-
ground events3 and a possible contribution of signal evefis

p(n|Hy) = e BB"/n! (6.9)

p(nlHy) = e P-5(B + 8,,)" /n! (6.10)

To completely define the test a desired significance levehd CL has to be chosen and
this leads to the constraist, > S,,.;, (see Fig. 6.3).
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Smin

Figure 6.3: The lower limit of the sensitivity regid),,;,, for a search experiment with
(significance, CL) respectively of (95,95%),(30,95%) and (50,90%) [86].

With a Gaussian approximation of the Poisson a simple reaunlbe obtained.

Spmin = aV'B + b\/B + Spin (6.11)

wherea andb are the number of standard deviations corresponding temeel Gaussian
tests. Solving Equation 6.11 f6f,,;,,:

2
Siin = %+a@+g\/bz+4a@+43 (6.12)

Equation 6.12 is valid for one specific set of data selectr@eréa but can be modified to
a general case wherge andsS,,, depend on the cuts

2

~+aV/BH) + g\/b2 +day/B(t) + 4B(t) (6.13)

Further the signal yiel&,,, can be written as
Sm(t) =€(t)- Loy (6.14)

wheree is the efficiency at a chosen cut valugjs the integrated luminosity and,, is
the cross section of the process being searched. Equatibie&n now be inverted to find
the minimum "detectable” cross section.

%t ay/B() + 5\/V + day/B(D) + 4B(1)
Tmin = €(t)- L

(6.15)
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The maximum sensitivity is attained whep, is smallest. This means that the Equation:

e(t) (6.16)
% +ay\/B(t) + g\/lﬂ + 4a\/B(t) + 4B(t)

has to be maximized. By choosiag= b the expression 6.16 becomes even simpler

b __ (6.17)

a/2++/B(t)

This simple equation can be maximized depending on therdiffecutst to find the best
cut value. a is a constant and has to be chosen depending on the numbemafsd
deviations corresponding to the confidence level at whielstgnal hypothesis is tested.



60

Multivariate Analysis Method




Chapter 7

Data and Event Selection

7.1 Data Sample and Selection

The analyses that are described in the following sectiome performed on data taken by
the D@ detector between August 2002 and August 2008, camelspg to an integrated
luminosity of 4.1fb! (see Fig. 3.3). Data taken with the detector before the Layer
installation, which happend in spring 2006, is named as Rai(ll4 fb!') and data after
spring 2006 is named as Run IIb (2.7 ). Two reduce the data a preselected subsample
is used that contains only events with at least two recocigdumuons.

In order to get only good quality data, data quality monitgris performed online and
offline. The selection of good runs is based on informationest in the D@ Run Quality
Database [87]. The requirements ensure that no hardwameefioccurred and that all
readout crates are included in the readout for the muonmay8&], the SMT and the CFT.
The tracking quality is particularly important for the iddgication of muons originating
from the secondary vertex and for building the event vaegsbl

7.2 B-physics trigger strategy

The most appealing features of hadron machines as a toaldg Btphysics is their very
high cross section fdb production and the access to all sort$-dkavoured hadrons. On
the other hand the fraction éfevents is small, about 0740.5% of the overall event rate
and it is challenging to develop a trigger system to selext #tvents. The goal of th8-
physics trigger strategy [89] is to maximize the numbeBgbhysics events being written
to tape. The selection of thB events often relies on semi-leptonic or multi-leptonic
B decays. A first background suppression can be achieved dyeting on a certain
leptonp, threshold, as the leptons &f decays tend to have a harderspectra than from

61



62 Data and Event Selection

minimum bias events. At low momenta the preferred choicéhefléptons triggers are
muons, since they are easily identified at trigger level. é&talron dimuon triggers are
used for lifetime and mass measurements while the singlenravents are exploited for
mixing analysis. In addition there are triggers on dispibeertices.

7.2.1 Muon Triggers

All the decays studied in this thesis contain two muons infthal state. Triggering
events starts in the L1 muon trigger system. The muon sigesat L1 are separated into
four categories based on lose and tight requirements iereittuon scintillator or wire
chambers[90]. At L2 these muon candidates are then matchegdadks in the central
tracker, and the trigger is fired if the tracks of the matchacdmcandidates satisfy a
pre-definedy, cut and a track match quality cut. All dimuon triggers aredobgn muon
scintillator hits at L1, a muon quality requirement at L2 atifflerent criteria at L3. The
main dimuon triggers are based on the muon system only ftreriaking the advantage
of the full  coverage of the muon system, unlike track based triggerse@ily, D@ has
an approximate bandwidth limit at L3 of writing 50 Hz to tapbeve 10% of this rate is
allocated toB physics. The dimuon trigger has a present L3 rate of about[2®]z

Dimuon Triggers

The L1 and L2 requirements are the same for most of the usedodirtriggers. The
L1 condition, abbreviatethu2ptxatxx, requires two muonsnfu2), without a specific

p; threshold ptx), anywhere in the detectoa), with tight scintillator hits t), but with

no wire hits kx). The L2 condition requires at least one medium muon. Theds8 c
ditions often require somg; threshold for the muons or an additional track. As we try
to maximize the number of events all dimuon triggers havenhesed except those trig-
gers which require some missing energy. The main dimuogerigsed forB physics is
DMU1 _1L1MM2 which uses the same requirementsragptxatxx for L1 and requires

at least a medium muon at L2. In Table 7.1 an overview of sommeidn triggers is given.

7.3 Monte Carlo Simulation (MC)

Monte Carlo samples with about 200k events of the followingays, which are under
study in this thesis were generated:

° Bi—>Ki,u+/L_



63

Data and Event Selection

9/A9D 9< *d Yum

LONW 8S00| 3UO 1SE9] uoNnw 8s00| auo 1ses| ly  xxjexidznwi €/9NT TNING
(12b61y 1win| ybiy
wo Ge> |7AAd wnipaw wayl Jo auo  xxyexydznw IHTNING
9/A99 <YM suonw wnipaw g 1Ses| 1k ‘suonw OM|
9/A99 G<yMm uonw 3s00| BUO pue uonw wnipaw
/N8O G< HlIm Xorl) BUO I1Se”| IV auo0 1se9| Iy xgexdznw - GLTGINT TNING
J/A99 G< 1qum Jayio ayl uonw wnipaw
9/A99 G<UWM U0 ‘suonw aS00| OM| auo 1se9| Iy xgexdenut SNTZNIZ TNING
wo Ge> [2|Ad ‘9/A8D < 'dpue
G'Z > lpm uonw winipaw auo uonw wnipaw xxyexidznwi ZINANTIT TNNG
pue 8s00| U0 1Se3| 1Y auo 1se’| Iy
o 21 11 awreN Jabbuy

*s186611) uoNwiIp aWoS JO M3IAIBAQ T/ 3|gel



064 Data and Event Selection

o B* - JjK*
o By — K*ptp~
e BY— J/vh K*(892)

As the detector layout changed from Run lla to Run llb Monte Csamples for both
Runs had to be generated. The Monte Carlo version for Run llaowikras p17 and for
Run llb it is called p20. For all samples, PYTHIA [91] was used the generation of
events. For thé&-decay samples, a modified version of the program EvtGenf88Jused

to simulate theB-decays. EvtGen has been developed for the simulatigf-décays at
colliders operating at th&(4S) resonance, such as the PEP-II collider at SLAC [93] and
the KEKB collider at KEK [94]. At these colliders the twe mesons are predominantly
produced by the decay af(4S), and the twa3-mesons are in a coherent quantum state.
This coherence does not exist betwdgimeson pairs produced at a hadron collider. The
version of the EvtGen program used at D@ has therefore beelifiatbto remove the
coherence between thig&-mesons.

PYTHIA and EvtGen were used to generateevents with the condition for the
quarksp? > 0.1 GeV/c andn®| < 4.2 required on the parton level.

After the event generation, the D@ Mess package (D@ Monteo@Earént Selection
System) [95] is used to apply cuts on generator level, thdieymnd the selections that
are offered by the generator or EvtGen. On all Monte Carlo $esnphe following re-
guirements were applied at generator level:

e p; of the B candidate> 4.0 GeV/c
e At least two opposite charged muons with

— muonp; > 1.5 GeV/c
— |n] < 2.1 for each muon

e p, of the kaon and pion had to be larger than 0.5 GeV/c
e p, of the Ji) had to be larger than 4 GeV/c

The two muons were required to come from fheéneson in the decayB8* — K+ utu~,

BY — K*ptu~ and from theJ/« in the other cases. For all decays these cuts have
different efficiencies which are 7% for B* — J/y K*, 6% for B* — K*p*tu~,
4.0% for B — J /v K*(892) and 3.7% for B) — K* ju ™.

The D@ GSTAR program (D@ GEANT Simulation of the Total Appas Re-
sponse) [96] is used to track the particles through the tmtand simulate their interac-
tions with the material of the detector. The D@ Sim [97] peogrsimulates the detector
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response and signal digitization, based on the D@ GSTARubugnally, event recon-
struction is performed by the D@ RECO [68] program. In all sasgiminimum bias
events” were overlaid. The number of "minimum bias eventaswandomly distributed
following a Poisson distribution with an average of 0.8.

7.4 Discriminating Variables

The selected variables used in the analyses to distingeistelen signal and background
events are described in the following section. Fig. 7.1 shaweketch of the discriminating
variables for the decap® — K+ utu.

Proton 'P\ Anti-Proton

Figure 7.1: Pictogram for visualisation of the discrimingtvariables of the decag* —
K:l: ,u*,u_.

Transverse Decay Length Significance

The B* and B mesons have a lifetime of about 1.6 ps[98] leading to a prdgeny
length of about 500m. This characteristic is a good quantity to reject backgdoevents.
The transverse decay length, is calculated as

ﬁ
—B
lvtw'pt

B

L. =
w by

(7.1)

where ' ? is the transverse momentum vector of theandidate and_f +t2 1S the vector
pointing from the primary vertex to the secondary vertexe Tscriminating variables
used in the multivariate analysis is the transverse decaphesignificancd.,, /0 L, with
0L,, described as the error on the transverse decay length.
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Isolation

Due to fragmentation characteristics it is expected thatihmeson carries most of the
energy of theéh quark and thus the number of additional tracks close t@ineeson tends

to be small. The isolation variablgis used as a second discriminating variable for the
Boosted decision tree:

7 (BY)|
T(BH+ > p(AR < 1)

tracki# B

Here,> ., ... 5 Pi is the scalar sum over the momenta of all tracks excludingrthens
and the kaon within a cone &R < 1 around the momentum vector ( B*) of the B
meson, wherd\R = /(A¢)2 + (An)2.

Opening Anglea

The opening (or pointing) angle is defined as the angle between the momentum vector

—

p’(B) of the B candidate and the vecto?m between the primary and the secondary
vertex. This angle should be aroundibthe B meson is built out of the right daughter
particles. This variable ensures the consistency betweeditection of the decay vertex
and the momentum vector of th¢ candidate.

x? of secondary vertex

The? of the secondary vertex should be of the orgér= 2n — 3 wheren is the number
of tracks.

Impact Parameter

To define the impact parameters, first the point of closestcagh (PCA) is defined as
projection of the track trajectory in the axial plane to thienary vertex. Thexial impact
parameterifp®) is defined as the distance between the PCA and the vertex iaxtak
plane. Thestereoimpact parameterif®) is the difference of z-coordinates between the
PCA on the three dimensional track and the primary vertex.

¢ Minimal Axial Muon Impact Parameter The impact parameters of the two muons
(zp,), originating from the displaced secondary vertex abameson, tend to be
large. In this analysis the projection of the impact parameg the axial plane of
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the primary vertex is used. The multivariate analysis usesrinimal axial impact
parameter significance of the two muons, defined as:

ca 2 - a 2
. o . Zpy,l . Zpy,g
ip, = Min ((&pf“) ; <5ipﬁz> ) (7.2)

wheredipy is the error on the axial impact parameter.

e Impact parameter significance of the kaonin this analysis the impact parameter
significance is defined &sp% /dip}%)* + (ip5/diph)?. The third B meson decay
particle, for example the charged ka#ait of B+ — K* ;* 1~ also tends to have
a large impact parameter with respect to the primary vertex.



68

Data and Event Selection




Chapter 8
Rare DecayB* — K=yt~

In this Chapter we present the search for the rare dé&cay- K+ "~ and a measure-
ment of its branching fraction. For normalisation purpasesdecayB* — J/¢ K+ is
being used as described in section 2.6. The dégay—~ K+ u*pu~ only occurs via box
and penguin diagrams as shown in Fig. 8.1. At D@ the inclusaggch foh — s ™ ™
was performed earlier in Run | and a limitbf— spu* = < 3.2-107* at 90% CL was

set usingl = 5042.7 pb 1 [99].

ut
v Z e
w
U - u u i U

Figure 8.1: SM diagrams for the dec&y — K+ utu~.

8.1 Introduction

For the decayB* — K=+ it~ we have three tracks in the final state. The two muons
should give a clear signature and then a third track is addexbking at the dimuon
spectra of data and Monte Carlo in Fig.8.2 several resonataede seen in the data.

69
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The branching fractions of the decays wittVa) or a+ in the final state are orders of
magnitude larger than that of the non-resonant dégay— K= u* .
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Figure 8.2: The dimuon invariant mass distribution of thermtéoCarlo (left) and data
(right).The region between the red lines is removed in theudin invariant mass spectra
of the decayB3* — K* T~ andB% — K* .

The J/v mass width in data and in Monte Carlo is fitted by a single Gangsiee Fig.
8.3), resulting in a mass resolution®f=65 MeV/¢ for Monte Carlo and =75 MeV/¢
for data, respectively.

X2/ ndf 35.41/37 X2/ ndf 1845/ 43

Constant 298.9+4.7 ~ E Constant  4.037e+04 + 51
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Figure 8.3: The 4/ resolution in Monte Carlof =65 MeV/c) on the left and in Data
(o =75 MeV/E) on the right side.

For the calibration procesB* — J/¢ K* the invariantu™ 4~ mass is required to
be in the range of 2.84 GeVWc< m,,+ ,~ <3.35GeV/¢€. For the signal proces8* —
K#* pru~ the mass regions of the resonances — p*p~ and(2S) — ut
(2.5GeV/€ <m,+,- <4.04GeV/¢) are excluded. This mass exclusion region corre-
sponds tot 8¢ of the J/¢ mass in order to make sure that no noticeable contribution
from the J /4 tail leaks into the signal window. For thg2S) resonance the same reso-
lution as for theJ/« was taken but only- 50 is excluded.
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8.2 Pre-selection

A medium quality for the two muons is required. Both muons néedsatisfy
p >2.5GeV/c and have to be in the central rapidity regigh <2.0. They need to
have at least 2 hits in the Silicon Microstrip Tracker (SMMy& hits in the Central Fiber
Tracker (CFT). The sum of their charges has to be zero. The plarticle is required to
havep;, > 0.5GeV/c and at least one hit in the SMT. A secondary vertduils out of
these three particles and@ < 35 of the vertex fit is required.

After the secondary vertex is found, the invariant mass efthiree particles is cal-
culated. As there are more than oBecandidate in each event, the candidate with the
highestp, of the K in each event is selected. All preselection cuts are sumaetdhiin
Table 8.1.

Table 8.1: Preselection cuts for ti&" — K= ;*;~ candidates. For the calibration
channelB* — J/¢) K* the same cuts are applied except for the invajiantnass where
the range 2.84 GeVic< m < 3.35GeV/é is selected.

ptp—
Cuts value
muon quality medium
sum of muon charge 0
muonp)’ Py >2.5GeV/c
pseudo rapidity of muons In.| <2.0
muon tracking hits 2 SMT, 2 CFT
third particle p; >0.5GeV/c; 1 SMT hit
excluded mass window | 2.50GeV/é < M, < 4.04 GeV/¢
Vertex Y2 <35
best candidate highestpX

For the further analysis the mass resolution of fiie — K* 1~ decay has to be
determined. Theu K+ mass distributions of the Monte Carle* — K+t~ decay
and theJ/y K* mass distribution of the calibration channgf — .J/¢» K* with no
mass constraint on thé/y» mass are compared in Fig.8.4. The resolutions in the two
distributions, as determined by a single Gaussian fit, agood agreement. Thé/
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mass fits in Fig. 8.3 demonstrate that the mass resoluti@iraat in Monte Carlo is a few
percent better than in data and thus we scale the obséivedss resolution in Monte
Carlo B¥ — K¥* pu*pu~ events in order to obtain a more precise expectation ofthe

mass resolution in data. To determine the resolution in ftatd3* — K*p"u~ the
following Equation is used:

(AMdata)2 = (AMMonteCarlo)2 + (AMunkmown>2 (81)

There are some unknown effects which enlarge the resolutidata compared to Monte
Carlo. This is taken into account in the tet8\V/,,,100, IN EqQuation 8.LAM,, . known 1S
determined by thd /1) mass resolution of the normalisation chanfél — J/) K* (see

Fig. 8.3) and so a resolution of 100 Me¥is calculated for thé3* — K+ i+~ channel
in data.

X2/ ndf 182.9/59 X? I ndf 45.53/45

Prob 0.4498
po 12.92+0.10
pl -1.208 + 0.019
p2 737.2£16.3
p3 5.251+ 0.002
0.09432 + 0.00234

Constant 74807

Mean 5.281+ 0.001

Sigma  0.09327 + 0.00100

Events/0.007 GeV/c?
Events/0.02 GeVi/c?

5 5.1 52 53 5.4 55 5.6

52 5.4 56 5.8
Invariant mass (u p K) [GeV/c?]

Invariant mass (J/ K) [GeV/c?]

Figure 8.4: TheB* — K=+ u*p~ invariant mass distributions of the signal Monte Carlo
(left histogram) and of the calibration dat&{ — J/¢» K*) (no mass constraint on the

J/¢). The Gaussian fit results in mass widthsrof(934-1) MeV/c* for the Monte Carlo
and ofo =(94+2) MeV/¢ for the data.

8.3 Trigger Simulation

The trigger is simulated by reweighting the Monte Carlo eseadcording to a thresh-
old function applied to the, of the muons. In addition it turns out, that the simulated
pP distribution of the calibration channel does not compietehtch the data, therefore
an additional weighting function for the? distribution has been determined as in other
B physics analyses [100]. The trigger threshold functiorssthe p® weighting are cor-
related, thus an iterative procedure to optimize the waghfiunctions was chosen.All
weighting functions are always applied eventwise. Theygigsimulation ang?” weight-

ing is performed for p17 Monte Carlo which is used for Run lla 2@ Monte Carlo

used for Run IlIb independently. In this section we show thalte$or Run lla data and
pl7 Monte Carlo.
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The method to determine the threshold function for a singlemrtrigger is described
in Ref. [101]. A function of the type

Fpy) = 2a — d

-erflb(p — ¢)] + g (8.2)

was used with

2 r 2
erf = —/ e Udt 8.3
77 Jy &9

In our case two muons are required in the trigger. Two diffetiereshold values need to
be applied to the first (higher,) and second (lowep;) muon, respectively. In order to
determine the trigger function, the data of the) K calibration dataset after the prese-
lection as described in section 8.2 is used, withoutztheut and only requiring a loose
muon quality. In order to obtain a higher-purity sample®f — J/¢ K+ events for the
calculation of the reweighting function an additional cattbe decay length significance

is applied requiring the3 candidate to be separated from the primary vertex by at least
4.0 standard deviations. The effect of this additionakciin is demonstrated in Fig. 8.5.
This cut is not part of the main event selection.

W 12500

@ 12000 N_Signal= 10191 3000

N_BG= 123387

N_Signal= 8585

2500 N_BG= 18291

2000

[TTTT T TT[TTTT[TTTT | FT[TTTT]
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54 55 56 57 58 1008 5~"7295"""5 51 5.2 2~ 55 56 5.7

&

4.9 5 51 5.2

5.8

Invariant mass ( JA K*) [GeV/d] Invariant mass ( JAp K*) [GeV/c]

Figure 8.5: The calibration dat&* — .J/y K* after the preselection cuts (left) and
with the additional decay length significance cut (righthisTadditional cut is only used

for the trigger calibration of the Monte Carlo. Note that tleea@on the vertical scale is

suppressed.

For the first muong*'), the parameters of the threshold function were taken fiwen t
single muon trigger, described in [101]. For the second mup7), all parameters of the
threshold function were redetermined, using a similar ieths in [101]. Two data sets
were compared: The preselected data described above, ampéeghat was obtained by
applying all pre-selection cuts except the dimuon trigdeg. 8.6 (right) shows the ratio
of thep”* distributions of the two data sets. To this histogram theestimeshold function
as described in Equation 8.2 is fitted to obtain the paramé&eithe second muon. After
applying these weights to the Monte Caplp spectra there are still some discrepancies
between data and Monte Carlo (see Fig. 8.7).
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Figure 8.6: The trigger threshold function fpﬁl (left) andp!® (right) to be applied to the
Monte Carlo events. The histogram in the right figure repressiire ratio of the two data
selections, with and without the dimuon trigger requiretmdie bin size of the histo is
0.2GeV/c

L0.16F °Q +
> > Iy K
(Do_14:_ (_')025'_ + —— Data Run lla
S C S L —— pl7 Trigger pt c=4.3
9'0.12_— Q r
a2 T 2 02
CICJ 0.1_— g r
> o > N
W osk Wo.1sF
0.06F r
C 01
0.04f
C 0.05-
0.02 r
O:III IIIIIIIIIIIIIIIIIII-.:-:-T-'_ITT—'_I- O-IIEIIIIIIIIIII_'_IT ——l—IIIIIIIIILLI
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
1 2
p!"[GeVic] p” [GeVic]

Figure 8.7: The!"' (left) andpff2 (right) distributions fordata after preselectiqicrosses)
and Monte Carlo (line) events, after reweighting with the tgger threshold functions.

Also the p? distribution shows some disagreement between data andeMgeanto.
In order to correct for this, an additional exponential reghéng function is determined
using the calibration channél* — J/¢ K=.
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The ratio of thep? distributions ofB* — J /¢ K* in data and Monte Carlo is shown
in Fig. 8.9. It is fitted with an exponential function:

f(pl) =exp(s+t-p}) (8.4)

This weight is applied to the Monte Carlo distributions in @&idad to the trigger weights.
The resultingy}’ distributions can be seen in Fig. 8.8. The threshold of dataMonte
Carlo of thep”' shows still some discrepancies. As jifé spectra for the dimuon trigger
is expected to be softer than for the single muon triggerpdrameter of the trigger
function 8.2 of the first muon, which describes the threshisldefitted to the data.
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Figure 8.8: The!"' (left) andp!® (right) distributions fordata after preselectiqerosses)
and Monte Carlo (line) events, after reweighting the Montel&€Cavents with the two
trigger threshold functions and applying th¢ weight.

As a second iteration of the weighting procedure,jiiedistributions are then com-
pared again and the final weighting functions are obtaindtk fit of thep? ratio with
Equation 8.4 results in = 0.784 4+ 0.0550 andt = —0.052 + 0.003. Due to the discrep-
ancies on low? an additional cut op? > 8 GeV /c is applied on both Monte Carlo and
data. Thep? spectra before and after applying th weights can be seen in Fig. 8.10.
The plots in Fig. 8.11 show the spectra of the muons in Monte Carlo and data after ap-
plying the weight-functions. Due to this reweighting prdaee a satisfactory agreement
between data and Monte Carlo could be obtained. The resyléragneters of the thresh-
old functions for both muons are given in Table 8.2. All theadiminating variables of
the decayB* — J/v K* are compared in Monte Carlo and data to see if the weighting
is correct and can bee seen in Fig. 8.12.
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Figure 8.9: Weighting function determined from the ratigoffdistributions for Run lla
data and for p17 Monte Carlo, for the calibration chanBel— J/v K=.
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Figure 8.10:p? distributions of theB* — J/¢) K* calibration channel. The Monte
Carlo distribution (line) is compared to the preselectec datosses) before (left) and
after (right) applying the, reweighting function.
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Figure 8.11: The!' (left) andp!” (right) distributions fodata after preselectiqrosses)
and Monte Carlo (line) events, after reweighting with theeoted trigger threshold func-
tions and they” weighting function (after final iteration).

Table 8.2: Parameters of the Monte Carlo trigger threshoidtfan

a b c d
p17f(pfl) 0.9477| 0.7223| 3.683| 0.9656
pl7 f(pl?) | 0.7739| 0.5974| 1.061| =~
p20f(pf1) 0.9693| 0.9593| 3.702| 0.98
p20 f(p/?) | 0.8510| 0.6411| 1.04 | =~

8.4 Final selection - TMVA

To obtain the best possible distinction between signal aaxkdround a six-variable
multivariate analysis (MVA) is performed. The Toolkit forMivariate Data Analysis
(TMVA) implemented in the ROOT analysis software is usedtfis purpose.

Due to the exclusion of the of/¢) and(25) resonances in the invariant mass of
the dimuon system, no peaking background is expected iniginalsvindow. A back-
ground sample is obtained from the data after preselectidhd upper (4.379 GeVic
to 4.979GeV/¢) and lower (5.579 GeVfcto 6.179 GeV/é) sidebands of the invari-
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Figure 8.12: The discriminating variables of the calibvatchannel of Monte Carlo (line)
and data (crosses) after applying all the weighting fumstiim the Monte Carlo.
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Figure 8.13: The definition of the sidebands9¢ to —30), (+30 to +90) and signal
region (20 to 4+20) for the data of the decag™ — K=* ;u~. The mass resolution in
the data is assumed to be=100 MeV/¢ as described in section 8.2

ant uuK* mass distribution (see Fig.8.13). The signal sample ctnsisthe prese-
lected B* — K=t~ Monte Carlo events in the mass window of (5.079 GéM(t
5.479 GeV/@).

The following variables are used in the MVA:

Transverse decay length significar(see Fig. 8.14)

Isolation variable(see Fig. 8.14)

Opening anglésee Fig. 8.15)

Vertex quality(see Fig. 8.15)

Muon impact paramete(see Fig. 8.16)

Kaon impact parametgisee Fig. 8.16)
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As MVA selection method we have chosen a Boosted Decision(B®&). The discrim-
inating variables are tested to find the best separationdegtwgignal and background.
Fig. 8.17 shows the distribution of the final selection Vialezof the BDT.

[ L B s B B By B B B B B B L e LS A B S s e

Cut value

Cut value
e ——

Normalised
Normalised

0.2 04
BDT response BDT response

0.2 0.4

Figure 8.17: Distribution of the Boosted Decision Treedmnal(filled) andbackground
(shaded). The plot on the left is for Run lla and p17 Monte Camlibthe plot on the right
is Run lIb data and p20 Monte Carlo.

The optimization criterion of Punzi is used to derive thetloes on the BDT response.
The Punzi variable” is defined as

€o:
p=—_ %9 __ 8.5
(1,/2 + V Nback ( )

The paramete¢,;, stands for the reconstruction efficiency of the signal whecheter-
mined from Monte Carlo)N,.. is the expected number of background events interpolated
from the sidebands andis a constant and has to be chosen depending on the number of
standard deviations corresponding to the confidence Iéwehizh the signal hypothesis

is tested. For example= 2 corresponds to a 95C.L. anda = 5 corresponds to a 90

C.L. For this analysis = 2 was chosen.

To obtain the best cut value on the BDT response a scan of all BEllies has been
performed. N, was determined by an exponential distribution, fitted todata using
the upper and lower sidebands without taking the eventsdrsidinal window into ac-
count. Fig. 8.18 shows and the Monte Carlo selection efficiency as a function of the cu
value on the BDT response. The best cut value on the BDT resf@nRen Ila data was
obtained at 0.11 and for Run lIb data at 0.05. All events onitji@ side of the cut value
were used in the following section.
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Figure 8.18: The Punzi valug (left) and the signal selection efficieney,, (right) as
a function of the BDT response cut, as determined on Monte Qdtloall weighting
functions applied. The data is from Run Ilb and the Monte Carfa20.

8.5 Results

8.5.1 Branching fraction for B* — K= uu~

The Figures. 8.19 and 8.20 show the invariant mass of thenstewted. . X' candidates
after applying the BDT-cut at 0.11 (Run lla) and 0.05 (Run lIb)tloa full data sample
as described in the previous sections. In total 25 (Run lld)Xh(Run IIb) events are
observed in the 400 MeX¢? wide signal window around thB* mass, corresponding to
+20 of the B* mass resolution. The number of background events in thelsiggion
was estimated by an exponential fit to the lower and uppebaiu#s in theu K mass
plot as defined in Fig. 8.13. The fit is interpolated into tlgnai region and the number
of background events is determined from the integral ovierftinction within the signal
region to bel6.0 + 4.0(stat) for Run lla and’.5 + 2.7(stat) for Run Ilb. For the signal
region a single Gaussian is added to the exponential distribleading to:

(r —5.279 GeV/C2)2)

(0.1 GeV/c2)? (8:6)

f(x) = expla+b-2) + - exp (—

For the fit the width and the mean of the signal are kept at theid values. Integrating
the fitted function over the signal window in Fig. 8.19 and.Bi@0 gives 7.&5.0 (stat)
signal events for Run lla and 10:4.4 (stat) signal events for Run llb.
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Figure 8.19: ReconstructedBnass for the decapp™ — K* 11~ in Run lla data. The
+20 signal window corresponds to the shaded area.
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Figure 8.20: ReconstructedBnass for the decag®™ — K+ i~ in Run lib data. The
+20 signal window corresponds to the shaded area.

Since the number of signal events is small, we attempt toelan upper limit for the
branching fractiol3(B* — K= u*u~) according to Equation 2.16 replacing,,, the
number of signal events, kby;,,, the upper limit.

BB — K* i) = —m . Nom (gt gy %) B — it ) (8.7)

NNorm €Signal

Ny, can be calculated using a program based on a frequentisinjgalCousins) ap-
proach which includes a proper treatment of the systematarsedescribed by Gaus-
sians [102, 103, 104].

In Table 8.3 all sources of the uncertainties on the brancliaction B(B* —
K#* pu*p~) calculation can be found. The dominating uncertainty ofualé®.4% (Run
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lla) and 40.7 (Run lIb) originates from the statistics of the small numbkoloserved
events. The systematic uncertainty on the BDT method wasat&d by varying the
cut value on the BDT response and observing the resultingti@mi of the branching
fraction. The uncertainty on the Monte Carlo weighting isedetined by determing the
branching fraction with and without the”-weight. The analysis was performed with
loose, medium or tight quality muons and the differencefefresulting branching frac-
tions were used as the systematical error due to the muoityqUdde branching fractions
B(J/v — ptp~) = (5.88+0.1) x 1072 andB(B* — J/¥ K*) = (1.0 £0.04) x 1073
are taken from the PDG [14].

Table 8.3: The sources of the relative uncertainties of taadhing fraction calculation.

Data Run lla Run Ilb
Source relative uncertaintyq] relative uncertainty %]
Number of B+ — K* u*pu~ events 65.4 40.7
Number of B* — J/v K* events 2.5 2.7
Efficiency ratioe yorm /€signal negligible negligible
Total statistical uncertainty 65.4 40.8
Monte Carlo weighting 8.0 5.8
BDT method 12.5 8.3
Muon quality 14.2 12.5
B(J/ — ut p) 1.7 1.7
B(B* — J/¢ K*) 4.0 4.0
Total systematic uncertainty 21.0 16.7

Together with the total of 25 (19) observed events in the 48¥K? wide signal
region this corresponds to an upper limit/gf,, = 23.6 including a 21.0% systematical
uncertainty (see Table 8.3) for Run lla ang,, = 24.3 including a 16.7%, systematical
uncertainty for Run llb.

The mass resolution of thB* — J /) K¥ is better due to the mass constraint on the
J/v and is found to be 45 Me\?. N,,,., is the number of reconstructed events of the
normalization channeB* — J/¢ K*. For the normalization chann&* — J/¢ K+
similar cuts as specified in Table 8.1 were applied and the$awA was performed. The
background of the invariant/«) K mass was described best by a second order polynomial
distribution and for the signal a single Gaussian is addeelfsg. 8.21). The fit to the Run
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lla data results in 157740 (stat) events and that to the Run Ilb data in 1644 (stat)

events. The number of events from the signal channel in thmaaation channel is
negligible.
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Figure 8.21: Reconstructde™ mass for the decapp® — J/¢ K in Run lla (left) and
Run 1Ib (right) data. The shaded area highlightsZr range, where =45MeV/c.

The efficiencies g;yn. andey,., for the signal and normalization channel are deter-
mined from Monte Carlo simulated events, including all sebeccuts and corrections,
resulting iNexorm/€signar=2.02£0.17 (syst) for Run Ila and 1.20.10 (syst) for Run llb.
The systematic uncertainty includes the effect of weighthre Monte Carlo data, as de-
scribed in Section 8.2. The statistical uncertainty on ffieiency ratio is negligible.

As a result the upper limit for the branching fraction fét — K= "~ according
to Equation 8.7 and including the systematic uncertaitiésd in Table 8.3 is
B(B* - K*¥ ™) <184 x 107" Runlla (8.8)

B(B¥ — K*¥puTp™) <150 x 1077 Runllb (8.9)
at 95% CL.

In addition, we tried to estimate the actual branching foectrom the number of ob-
served signal events. To calculate the branching fradtign in Equation 8.7 is replaced

by the number of signal events from the fit. Including all utamties the branching
fraction is

B(B* — K*pu"p™) = 6.07 4 3.96 (stat) + 1.27 (syst) x 1077 Runlla  (8.10)
B(B* — K*puTp™) = 6.63 +2.71 (stat) + 1.11 (syst) x 1077 Runllb  (8.11)

The combination of Run lla and Run Ilb results in the final bramgliraction of
B(B* — K* " p™) = 6.45 4 2.24 (stat) + 1.19 (syst) x 1077 (8.12)

Within the errors this measurement is in agreement with Mg &diction (see Table 2.2)
and previous measurements of other experiments (see Tahple 2

An overview of all numbers entering the branching fracti@fcalation is given in
Table 8.4.
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Table 8.4: The values for the different variables of Equa8d for different BDT cut

values without their errors.

Run lla Run llb
Variable BDT cut 0.11| BDT cut 0.05
Niim (Naig) 7.8(23.6) | 10.7 (24.3)
Nyorm 1577 1614
N MenteCarlo 2369 1014
N MonteCarlo 1303 721
ENorm/ €Signal 2.09 1.70
Branching fraction, 6.0710~" 6.6310°7




Chapter 9

The decayB!) — K* i p~

This Chapter describes the search for the rare decaj) ef K* "y ~. As normalisation
channelBY — J/v K*(892) is used withJ/¢» — u*pu~. The same trigger-conditions as
described in chapter 8 are used and the strategy of the aa\ke same. For the final
selection the BDT method is used.

9.1 Introduction

There are several similarities between the decay chaBfjel> K* u*p~ and B* —
K:I: M+M_-

I
v Z o

b > W > 3 b >
w

d - d d - d

Figure 9.1: SM diagrams for the dec&) — K* u*u~.

The dimuon spectra is very similar and in the data there aedme resonances of
J /1 or ay as for the decays* — K+ up~. The main difference is that the final state
consists of four tracks. Th&™* decays into a kaon and a pion. As the D@ detector does
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not provide a particle identification one has to find correastignments for the third and
fourth particle. For each event exists a list of all the a8 ordered by thejy;. In the
reconstruction the<* candidates are built of the combination of all the partictethe
particle list except the muons. Then the masses of the kadthanpion are assigned to
the two decay particles of th&* to calculate the invariant mass of th&. The mass of
the K* tends to be shifted if the kaon mass is assigned to the piorviaedversa (see
Fig.9.2). K* — 7wK is used when the pion has the higher momenta then the kaon and
K* — K is used when the kaon has the higpethan the pion. The effect of assigning
the wrong mass to the particle with the higheiis smaller than for the low, particle.
By assigning a smaller mass to the lpwparticle, the final mass will be shifted to lower
values what can be seen in the left plot of Fig. 9.2.
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Figure 9.2: Invariant mass distributions of th& {)) pair. The plot on the left is for
the case that the higher momentum particle is the pion, tbieqn the right is for the
case where the higher momentum patrticle is the kaon. Thetmmination is the filled
distribution and if the wrong masses assigned to the deaupts (shaded). On the right
side the same is shown for the chanhg&l — K.

9.2 Pre-selection

The pre-selection cuts for the decd3f) — K*pu"u~ were very similar to those
used for theB* — K= p*p~ analysis. For the two muons the same cuts were ap-
plied as described in section 8.2. Th& decays into ak* and an¥ and it is re-
quired that both particles havera > 0.5 GeV/c and at least one hit in the SMT de-
tector. TheK* resolution in Monte Carlo is about 25 MeV/@as shown in Fig. 9.3.
The J/¢) and thei(2s) resonances were cut out from the dimuon mass spectrum
(2.5GeV/I€¢ <m,+,~ <4.04GeV/E). To further reduce background, a cut on the re-
constructed<* mass of 0.812 GeVtc< m - < 0.967 GeV/é was applied corresponding
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Figure 9.3: K*mass resolution (left) and thB; mass resolution (right) determined by
Monte Carlo.

to +30. In case of multipleB) candidates, the one with highest transverse momentum of
the K*was selected. The list of all pre-selection cuts is showrainld9.1.

Table 9.1: Preselection cuts for th&) — K*u*pu~ candidates. For the calibration
channelBY — J/v¢ K*(892) the same cuts are applied except for the invarianmass
where the range 2.84 GeV/e< m,,+ ,- <3.35GeV/¢ is selected.

Cuts value

muon quality medium (2)

sum of muon charge 0

muonp)’ P >2.5GeV/c

pseudo rapidity of muons In.| <2.0

muon tracking hits 2 SMT, 2 CFT

third and fourth particle p; >0.5GeV/c; 1 SMT hit
excluded mass window | 2.50GeV/é <M, < 4.04GeV/é
mass window of{* 0.816 GeV/é < my+ < 0.966 GeV/é
Vertex x?2 x? <35

best candidate highestpX”

As the same trigger was applied as ot — K= " pu~ the values for the Monte



90 The decayB) — K* utp~

Carlo trigger simulation were taken from section 8.3 and fhstweight depending on
the p? was newly determined and can be seen in Fig. 9.4. gfhepectrum before and
after applying theo? weights can be seen in Fig.9.5. Fig. 9.6 showspthdistributions
of the muons in Monte Carlo and data after applying the wefighttions. Due to this
reweighting procedure a satisfactory agreement betwetanata Monte Carlo could be
obtained.

DATA/MC
o o PoRR e
B B B B
-+
4.
a

o
>
mmE

plB [GeVic]

Figure 9.4: Weighting function determined from the rationfrp? data (Run IIb) over
p20 Monte Carlo for the calibration channe} — J/¢ K*(892).

For the further analysis thB) mass resolution in data has to be determined. Equa-
tion 8.1 was used and a mass resolution of about 93 MeVas obtained for the decay
BY — K*utp.

9.3 Final selection - TMVA

To obtain the best possible distinction between signal awkdround a similar analysis
as in section 8.4 was performed. In addition to the variabésribed in section 7.4 the
impact parameter of the additional particle was includetie Tollowing variables are
used in the MVA:

e Transverse decay length significar(see Fig. 9.7)

e Isolation variable(see Fig.9.7)
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e Opening anglésee Fig. 9.8)

e \ertex quality(see Fig. 9.8)

e Muon impact paramete(see Fig. 9.9)
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e Kaon impact parametdsee Fig. 9.9)

e Pion impact parametefsee Fig.9.10)
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Figure 9.7: The transverse decay length significance issloowthe left. On the right the

isolation variable can be seen. The filled histogram istgealand the shaded histogram
is thebackground
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Figure 9.8: The opening angle between the decay length achttmentum of the B is
shown on the left. On the right the vertgX can be seen. The filled histogram is the
signaland the shaded histogram is theckground

The sidebands for the,u/K* mass distribution were defined from 4.379 GeVito
4.979 GeV/é for the upper and 5.579 GeV¥/to 6.179 GeV/¢) for the lower sideband.
The signal region was defined between 5.093 Gé¥fud 5.465GeVik The BDT re-
sponse for the Monte Carlo and the sidebands is shown in Hify. 9The optimization

criterion of Punzi (Equation 8.5) gives best cut values-0f02 for Run Ila and0.10 for
Run lb.
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Figure 9.10: Pion impact parameter significance. The filistbgram is thesignaland
the shaded histogram is theckground

9.4 Results

The invariant mass of the reconstructedi ™ candidates after applying the BDT-cut at
—0.02 for Run lla, respectively di.10 for Run llb, is shown in the Fig. 9.12 and 9.13. In
total 12 (Run lla) and 19 (Run lib) events are observed in theM8&2/c? signal window,
corresponding to 2 standard deviations of Bfemass resolution.

As described in section 8.5 the data is fitted with an expaaletescribing the back-
ground and a Gaussian describing the signal.

(9.1)

f(x) =expla+b-x)+c-exp <_ (z —5.279 GeV/c2)2>

(0.093 GeV /c2)2

The sidebands of the measured mass distributions wereiittecan exponential which
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Figure 9.12: Reconstructed; Bnass for the decaip) — K* ;"p~ in Run lla data. The
+20 range corresponds to the shaded area.

then was interpolated to the signal region. The integrahisféxponential over the signal
region was used to estimate the number of expected backdjexents. This results in
3.5+1.9(stat) events for Run lla and in 4:2.0(stat) events for Run Ilb. To obtain the
number of signal events of the dec&) — K* u*u~, the mass of thé3) was fixed to
the PDG value of\/5, = 5.279 GeV /c? and the width to the expected mass resolution of
om = 93MeV/c? The number of signal events was determined by integratieg the
Gaussian in the signal region. This resulted int7315(stat) signal events for Run Ila and
13.8t4.4(stat) signal events for Run llb.

Since the number of signal events is small, we attempt toselemn upper limit for
the branching fractio(B} — K* u*u~) according to Equation 2.16 replacing,,, the
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Figure 9.13: Reconstructed; Bnass for the deca?) — K* p*p~ in Run Ilb data. The
+20 range corresponds to the shaded area.

number of signal events, by;,,, the upper limit.

BBy — K*p"p~) = L Norm L B(BY — Jj K*(892)) - B(J /¢ — ' i)

NNorm €Signal (9 2)

Table 9.2 shows all sources of relative uncertainties ooahailation of the branching
fractionB(BY — K* "~ ). Due to the small number of signal events the statisticaterr
is the dominating error contribution. The systematic utasety on the BDT method was
estimated by choosing different BDT-cutvalues and obsgrte resulting variation of
the branching fraction. The uncertainty of the Monte Carlagiveng was determined
by measuring the branching fraction with and without the koGarlo weighting. The
systematic error of the muon quality was assumed to be the aaforB* — K+ it pu~.

The errors on the branching fractis#t.//«» — p™ p~) andB(B) — J/¢ K*(892)) were
taken from the PDG [14].

Fig.9.14 shows the invariant mass for the normalisatiomobh The background
was described by a second order polynomial and the signal@sussian. The fit to the
Run lla data results in 12535 (stat) events, the fit for the Run IIb data in 183 (stat)
events.

The same approach as described in section 8.5 is used tdataldy;,, using the
program pole [102, 103, 104]. The upper limit &f;,, = 19.3 including the systematic
uncertainty of 18.% for Run lla andN;,,, = 28.3 including the systematic uncertainty
of 16.6% for Run llb were calculated. This results in the upper limiis the decay
BY — K* u*p~ including the systematic uncertainties of:

BB} — K*putu™) <244 x 107" Runlla (9.3)

B(B) — K*utu~) <26.8x 107" Runlib (9.4)
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Table 9.2: The sources of the relative uncertainties of taadhing fraction calculation.

Data Run lla Run llb
Source relative uncertaintyq relative uncertainty%o]
Number of BY — K* u*p~ events 49.3 31.9
Number of BY — J/v K*(892) events 2.8 2.5
Efficiency ratioe yorm /€signal negligible negligible
Total statistical uncertainty 49.4 32.0
Monte Carlo weighting 5.7 3.3
BDT method 9.9 9.3
Muon quality 14.2 12.5
B(J/¥ — ptp) 1.7 1.7
B(BY — J/i K*(892)) 4.5 4.5
Total systematic uncertainty 18.9 16.6
s2
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Figure 9.14: Reconstructed;Bnass for the deca) — J/v K*(892) in Run lla (left)
and Run IIb (right) data. The shaded area highlight2a range, where =45MeV/c.

ata 95% CL.

By replacing V;;,,, with the number of signal events obtained from the fit (Equa-
tion 9.1) and with Equation 9.2 the branching fraction issdeined:

B(B — K*utu~) =8.98 4+ 4.44 (stat) + 1.70 (syst) x 1077 Runlla  (9.5)

B(BY — K*utu) = 13.08 £ 4.19 (stat) 4+ 2.17 (syst) x 1077 Runllb  (9.6)

The combination of Run lla and Run Ilb results in the final bramgliraction of

B(B) — K*putu~) = 11.15 £ 3.05 (stat) £ 1.94 (syst) x 1077 (9.7)
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Within the errors this measurements is in agreement withSileprediction (see Ta-
ble 2.2) and previous measurements of other experimeresiédae 2.3).
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Chapter 10

Conclusion

The data used for these analysis was collected during theA@§02 and August 2008
with a total luminosity of 4.1fb!. In the spring 2006 a new silicon layer was installed.
The data before the Layer 0 installation is know as Run lla anosity of about 1.4 fb'.
After the Layer 0 installation Run Ilb started with a lumintysdf about 2.7 fb!. Due to
the different detector layouts these two dataset are agdlyeparately.

For all physics analysis a well aligned detector is requir8thbility studies of the
software alignment algorithm were performed. It was foumat the systematic uncer-
tainties for the CFlazial andradial alignment are 2am. The position resolution for
the CFT is of about 100m. For the SMT thewxial alignment precision is pm, the
radial precision 7um and thez precision is 15:m, where the position resolution of the
SMT is about 2Q:m.

A search for the rare decay®™ — K=* utu~ was performed. By fitting a Gaussian
with a fixed mean: = 5.279 GeV/c? and widtho = 100 MeV /c? and an exponential to
the same datasets #8.0 (stat) signal and 16401.0 (stat) background events were found
for Run lla and 10.#4.4 (stat) signal and 4+2.0 (stat) background events were found
for Run IlIb. This results in the branching fraction of

B(B* — K* ™ p™) = 6.45 4 2.24 (stat) + 1.19 (syst) x 1077 (10.1)

This result is in agreement with the SM predictions and wittvpus measurements.

The similar analysis was performed for the rare deBgy— K* p* 1. By performig
a fit of a Gaussian with a different width= 93 MeV /c? to the two datasets, 7413.9(stat)
signal events were found for Run lla and 1:3484(stat) signal events have been found
for Run lIb. The branching fraction of

B(BY — K* putp~) = 11.15 + 3.05 (stat) + 1.94 (syst) x 1077 (10.2)

was calculated. The branching fraction agrees with the SMiption.

99



100 Conclusion

The Tevatron accelerator is scheduled to run until 2009 wiprojected integrated
luminosity of 8 fl-! - 9 fb~!. With such a large data sample the Tevatron experiments will
be able to further investigations on rare decays.
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