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ABSTRACT 


MEASUREMENT OF THE RATIO 


BR(B+-+JIt/J[(+} 

BR(BO-+JIt/J[(O) 


AT THE COLLIDER DETECTOR AT FERMILAB 


Julio B. Gonzalez-Atavales 


Nigel S. Lockyer 


We report on the first reconstruction of the decay mode B°(ljfl) -+ JI",J(~ ill 

Ii hadronic environment. The dala were obtained al the Collider Detector at Fel'­

milab (CDP) in pp collisions at V8 1.8 'reV. The resulting J/tPJ(~ signal COll­

5ists of 36 ± 6.1 events with a signal-to-uoise ratio of II. We also reconstruct the 

decay modes D± -+ J/tPJ(± and D± -+ J/tPJ('±. Assuming identical production 

rates for D+ and DO mesons we measure lhe ratio of branching ratios DR(D+ -+ 

J/tPH+)/DH.(B" --t 0.88 ± 0.18 (stat.) ± 0.06 (sys.). This ratio provides an 

indirect measurement of the ratio of lifetimes r(D+)/r(DO). We also use the value 

BR(D+ --t Jf.pf(+) 0.110 ± 0.015 (staL) ± 0.09 (sys.)% reported by the CLEO 

collaboration to oMain DR(DO --t J/tPJlO) = 0.125 ± 0.031 (stat.) ± 0.014 (sys.)%. 

This is the first measurement of a branching ratio in the b-quark system at COP. The 

statistkal significance of this result is similar 1.0 the significance of a previous resull 

by the CLEO collaboration. We colllpare the ratio of branching ratios measurement 

and the branching ratio result to recent values from other experiments and theoretical 

," t I I I I I 
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Chapter 1 

Introduction 

This thesis d"scribes the first reconstruction of the decay mode BO( 8") IN>II~ in 

a hadronic en"ironment. We also reconstruct the decay modes H± -'t .IN/I± and 

B± -'t Jf.pH·±. TIle data Were obtained at the Collider Detector at Fermilab (CDf') 

ill pp collisions at.Jl; 1.8 TeV during tile 1992·93 run (Hun·!a). An important 

quantity defined for unstable particles is the branching ratio, which is the probability 

that a given f}article will decay into a particular final state. Using the reconstructed 

.INl\~ and JNA'± modes we make a measurement of the ratio of branching ratios 

BR(B+ -'t Jf.pl\+)/BR(BO -'t J/1/>1I"). The 1\0 iun admixture of 50% II'~ and 50% 

J(~, The lIZ call1lot be recollstructed at CDF, so the J(" signal is inferred from the 

ollser"eel Jf.p/\~ sigllal. By IIsing isospin in \'ariance, the ratio of branching ratios is 

shown to COITe8I)OnU to the ratio of Iifetimcs r( B+)/r(BO), which is an important 

(illantity to te.~t the prescnt understanding of the /r'lnark system, Olll' measurement 

of BR(iJ+ JNg+)/BII(lI" JNK") together with the HR(LJ+ ,!Ni\+j-'t 

, , f i 



2 

measured br the CLEO wllahoratioll (CLEO) can be used to calculate 1311(/30 -+ 

.f/1/JI\O). The statistical significallce of this result is similar to the significance of a 

rreviolls result by the CLEO collaboration. This is thc first time a branching ratio 

has been measured ill the b-quark system at COl". 

In this Chapter we will first point out some landmarks in the development of b­

physics and then give a brief summary of how our measurement relates to the main 

theoretical issues prescntly discnssed in the study of I>-physics. 

1.1 A Brief History and Status of Beauty 

The first evidence of thc cxistence of a quark from a third generation came from 

the discovcry in 1977 of a narrow resonance in the mass region 9.5-10.5 CeV /c2 by 

Lederman et al. at Fermilah. The resonance was observed in the mass spectrum of 

muon pairs prod uced in the process I) + nucleus -> 1'+ I' - +X. A year later these 

results were wlifirmed in c+,,- experiments at the DORIS storage ring in Hamhurg. 

The important 1 (4S) was first observed in e+ e- collisions at CESR at Cornell ill 

1980. Thc mass of this state 10.6 is approximately 20 MeV /e2 ahove 

the threshold for open beauty pmductioll, meaning this state. is the first bb resonance 

which can decay into BB mesons, each containing a /rquark. Since then CESR has 

accumulated high statistics at the 1(45), which is currently the principal source of 

information 011 LJ decays. 

:l 

The disco\,(!ry of the /rquark had hcell predated by some theoretical analysis which 

predicted a third gellcration of quarks. The third·falllily lepton (T) had already been 

discovered in 1975, prcdicting (via the assumption of Icptoll'qllark universality) the 

existence of a third family of quarks. III 197:1 Kohayashi and Maskawa had already 

shown the need of a third (juark family ill order to incorporate CP violation ill the 

Standard Modd (S.M.). 

The first fully reconstl'llcted B mesons were reported in 198:\ by the CLEO [collab· 

oration. Since then the /r(l'lark system has Ill'o\'ided a great deal to our uuderstanding 

of the S.M. The surprisingly long lifetime of the H mesons (- 1.5 ps) provided the 

first evidence that the couplings gi\'en by the Cahibbo-Kobayashi·Maskawa (CKM) 

matrix (sec Section A.I) could be different from I or A (A Sill(OC.bihb,,». The 

observation of mixing in the I>-systcm by the AnCUS collaboration at DESY, again 

much larger than expected, was further evidence that this system call provide rich 

quantum lIIechanicalpheuomena. 

Presently, one of the main goals of particle physics is to oil",!r\'c CI' violation 

outside the Kaon system. The fi,rst ohservation of CP violation was reported about 

30 years ago (see Appendix A) from tl", Cl'violating decay [,'£ -> 11'+11'-, but so 

far there is not a clear ulI(krstanding of its origills. The extremely successful S.M. 

predicts small CI'\'iolating effeels in the f) system (mesons cOlltainillg "charm") while 

suhsLantial dfeds arc expected in the B system [19, Chapter XI. 
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Our present knowledge of the IJ system is primarily hased on data obtained at 

e+e- colliders, in particular at machines operating at the T(4S) resonance. The 

irruption of hadron collideI'" a. a viahle alternative is a recent event. The first full 

rccoustruction of B llIesons at a hatlronic machine was reported in 1992 by the COF 

collahoration (4J. The ohservation was perfonnet\ at PENN by Richartl Hughes for 

his Ph.D. thesis. lie measured a cross section of 

--> bX; /"n ~ 11.5 OeV Ie, :5 1.0) 6.1 ± 1.9 ± 2.'1 /lh (1.1 ) 

using a sample of 14 el'Cllts. The main advantage of a hadrouit: machine compared 

to an e+e- collider is a much higher cross section for producing i>-<juarks (50,000 nh 

cOlllpared to I nh for 1'(4S) machines). On tbe other band, beauty is produced only 

in a tillY fraction of all collisions. Also, a typical bevent has many more particles in 

a badron machine thall in an T(4S) e+e- collideI'. This led Hlany to believe that B 

mesons could not be reconstructed cleanly enough to study CP violation in a hadron 

machine. 

The measurement reported here demonstrates the possibility of very cleanly reCOil' 

~trucLjng the "golden mode" for the study of CP violation in a hadronic environment. 

The higher /rproduction rate of PI' collisions results in our sample of 36 events 

beillg larger than the 10 events sample reported by CLEO [3J. By the end of Run-Ia 

our sample was the largest in the world l
. 

IN(~w data taken during the ongoing Ruu~lb makes the prcsftllt JII/JH~ s"'nplt~ at CDF larger 
than tlte one reporteu hem. 

t I 
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The study of CP violation is beyond the capabilities of the present experimental 

facilities [5J. The SlIIall branching ratio for th<, interesting 1lI0des (~ 0.0005 for the 

JIN{~), and the need to identify the lJO(8°) nature of the LJ-lIIcson at production 

time, nwan that huge numbers of i>-'1uarks lJ(~d to be produced. The alternaLives 

so far are dedicated machines (the SO called lJ-[acLorics) or dedicated experiments at 

existing or [utme hadron machines. At the moment, two lJ·[actories are being built 

(one at SLAC and one at KEK) while a fixed target experimellt has h<'>f:1I apl'rol'ed 

at DESY (II ERA-B). There is also a proposal for a collider experiment (!,UB) at the 

Large lIadron Collider at CERN (LUC). 

1. '2 Theoretical Context 

The physics of hadrons containing heauty is expected to helll ill tcstiug the present 

understanding o[ the Stantlard Model hecause the heavy mass of ti,e /r'luark allows for 

cleaner theoretical predictions titan in other <jllil.rk sysicms. 1"1'0111 all experimental 

point of \'iew, the long lifetillle of the i>-'Iuark (eT(li) "" 0.04;) em) and the first 

successful operation of a silicon \'()rtex detector at it hatlrouic machine by the C[>F 

collaboration has allowed significant progress in the isolation of b evcuts. 

The measurement the of ratio of brauching ratios reported here can he shown to 

correspond Lo it measurement of the ratio of lifctinws r(LJ+)IT(LJU) by assuming the 

1 I 
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following equality between thcpartial decay rates 

l'(B+ I'(B" -+ J/if>/{O) (1.2) 

The ratio of lifetime. is an important quantity to test the validity of the understandillg 

of a heavy quark system. The naive spectator model assnmes that the lifetime of a 

meson containing a hea,'Y quark (c or b) is entirely determined from the properties 

of the hcavy quark; that is, the light quark is II "spectator" in the decay (see left 

diagram ill Fig. 1.1). This models predicts, in particular, a universal lifetime for all 

mesons containing the same heavy quark. In the charm quark sector this expectatioll 

is violated, the measured ratio of lifetimes being [48J: 

T(D+)
r( DO) 2.55 ± 0.04 ( La) 

The e'lliality of the decay rates2 can be motivated by realizing that the quark 

trallsition involved ill the decays (b -+ ccs) conserves isospin3
; i.e. it commutes with 

the isospin operators. The initial and final states of both modes are isospin partners 

permiUing liS to write 

ccs)IB+ > < l/¢'l{OIT-O(b -+ ccs)r+IBG > 

< .Jf.pl\GIO(b .:cs)IBG> ( JA) 

'A similar arguillent for [)+. [)o scmilel'lollic decay ral"" can be found ill Ref. 119. Section IV.GJ. 

31sospin is an upJuoximate symmetry of the strong interactions. In the quark the" anu 
tile d arc in an isospin doublet Is~piH symmetry then means nil; ~ "'d, To a very degree of 
apilroXlmationj the strong iut.cractioB docs Jlot distinguish a "down" quark rrom an quark. 

< 
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with r+, r- (T+)I the raising and lowering isospill operators. Tl,,~ sallle argllillent 

can he IIscd for b --> CI+ v and C 81-v". 

Another way of motivating this asStlll1l.Lio[l is hy cOllsiderillg the main diagrams 

which contribute to hoth modes <is showlI ill Fig. 1.1. In both dia.~ramg til<! light 

quarks do not participate in the decay interaction, so 110 di/fercHee is expected. The 

non-s[.cciator diagram showl! in Fig. 1.2 --thought to playa role ill the variations of 

lifetimes among B mesons ··does not contribute to this decay as it requires the same 

qnark flavour (qa) in both final states. 

ii---~-

w~; -.. ,#~: 
_ i.C.ii~ 

s b~ S 
u(d) u(d) u(d) u(d) 

Figure 1.1: Two diagrams {8} IVllid, mntri/wtc to the <lecay modes 
LJ+(BO) -> J/if'K+(j(O). 'fhe Icft oue is 11 spcctat.or diagram, whidl is 
coloJ'-suppressed by tlle Ilced to matd, the color of II", decay products of 
ti,e W IVith the color of tlw'otlwr quarks. The rigll! oue is a pCllguiu dia­
gram, which is suppressed beciluse at least tlll'ee gillolls are ueeded to create 
tile .IN{cc) state {9. Sectioll B.lO}. 1'1", ,dative amplitude of ti,e peugui" 
diagram to tl,e tree level diagram is expected to be ~ 10-3 

4Thanks to lkaros fligi for poiutiug out this arguuu:nt (0 U:i. 

http:spcctat.or
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b ~ c 

C
qa 

w 

d • -qa 
U 

Figure 1.2: Excllallge diagram for BU decays. En tllis diagram tbe liglJt 
quark participates in tile interaction a/lowillg differences betweell B+ and BO 
decays. Tilis diagl"am does not participate in the decay mode B" -> Jf.pl(o. 

With this assumption we then have: 

BR(B+ --+ JjtpE(+) r(B+ --+ Jjtpl(+)/r(B+ -> X) 
BR(BU --+ Jjtp[(O) r(BO --+ JNKO)/r(Bo --+ X) 

1/r(B+ --+ X) 
l/r(BO --+ X) 

T(B+)/T(BO) ( 1.5) 

A theoretical prediction based on QCD and using an expansion in I/mb is available 

in Ref. [2]. It gives 

f~
T( B+) '='= I +0.05 (200 MeV)' ( 1.6) 
T(BO) 

where fB is the B meson <Iecay constant which is estimate<l to be [7, Eq. (110)][19, 

Table 12] fB Rl 180 ± 50 MeV. This means that the ratio is expected to exceed 1.0 

9 

by a few percent to ten percent, in better agreement with the pre<liction of the naive 

spectator model. There is confidence that the ratio is greater than unity'. 

At the moment, CDF has a <Iirect measurement of the in<livi<luallifetimes T(Jl+) 

an<l T( BU) [6] awl obtains 

T(B+) . 
T(BO) = 1.02 ± 0.16 (stat.) ± 0.06 (sys.) (1.7) 

The result pre.eute<l in this thesis is complementary aud indepen<lent of this mea­

slIrcrncnt. 

We expect that the methods developed for the ratio of branching ratios measure­

ment call be directly applied to other dccay modes already ohsen'e<l at COF, for 

example BU --+ Jj¢.[(oU an<l B+ --+ Jf¢J"o+ (see Sedioll 5.5). This will have a twofol<l 

significance. By computing the ratio of branchillg ratios with respect to the Jj¢.J.. ± 

all<l then using the CLEO Bll(B+ --+ J/.pJ.. +)6 we will be able to measure absolute 

branching ratios with belter statistical significance than CLEO. Allother use of the 

ratio of branching ratios is as a test of the applicability of the factorization hypoth­

esis PO] for colour-suppressed processes [11]. We can rea<lily see that the following 

relation holds: 

B ll(Jlo --+ J N K oU)II _ 
BR(BO --+ JjtpJ\U) 

r(Bo --+ J NJ.. oO)/l'(BU -> X) 

I'(BO --+ JNJ\O)/l'(BO --+ X) 


!lCOlllllleliL rrom Ikaras Bigi. 

"This is CLEO'. lIIost popul.lc~ H ~cc.y lIIo~e. 

I t I 

http:popul.lc
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1'(13° -> JNf(*") 
(1.8)

T(lJo --+ J/1/;I(O) 

with a similar relation for tl", charged modes. Models uased 011 the factorization 

hypothesis can predict the ratio of decay rates /l and the fraction of longitudinal 

polarization 

rJ, i'(B --+ J#J(')L 
(1.9)r l'(8 -+ J/1/JJ(') 

As shown in ltd. the data available to date allow one 1·0 discard SOUle models 

uased on the factorization approach. There is a preliminary CDF result for 

l'Lr 0.66 ± O.IO:gyg (UO) 

which could ue colHplemeuted with a measurement of R. 

'Iesting the applicability and limits of the factorization approach is important 

becanse it provides predictions for branching ratios for yet unobserved decay modes. 

It is expected that (;1' violation should be manifested in the b-quark system. So 

far CP violation has only been ouserved in the Kaon system, but the thL'Qretical 

imlJlicaLiollS remain uncertain [1, section 26.2.3J[21J. TIl" BO(jjO) -+ JNJ(~ decay 

mode is considered to be the "golden mode" for the study of CP violation in the Ir 

,!uark system because the theoretical implications of an observed asymmetry arc very 

clean. We review a few concepts of el' violation ill Appendix A and the theoretical 

simplifications that give the JNK~ the .taLus it presently enjoys. 

Chapter 2 

THE COLLIDER DETECTOR AT FERMILAB 

The CDF detector is a general purpose detector surrounding ttl(' BO interaction re­

gion at tbe Fermilab Tevatron (see Section 2.1). It mnsists of a central and a for­

ward/backward region where tracking, calorimetry, and muon detection subsystem. 

are arranged to cover almost tlte entire solid angle. A p<'rspectivc view is shown ill 

Fig. 2.1. The wmponcnts used for this analysis arc all <:ontain"d in the central re­

gioll, where the combination of a 14.1 KG magnetic field and a larg<: tra"king chamber 

(eTC) permit a precise llleaSllremellt of the momentum of charged particles. Two 

other tracking de\'ices are present in tbis region; tb" SVX and the VTX, as shown in 

Fig. 2.2. TluT'e sets of drift chambers are used to identify muolls (CIlIU, eMI' and 

CMX) by their penetration of the central calorimeter. 

'I'bi. section will first describe the accelerator and thcn the main components 

of the CDF detector which have rd<:vance for this II\casurellleut. A more ddailcd 

ovef\'iew of the detector can be found in [lee. [22). 

II 



Figure 2.2: A cut-away vielV tIl rough tIle forlVard Iialf of CD/<'. The detector 
is forlVard-backlVard sym/lletric. Tile c/IIpllasis is 011 tile celltral detector, 
wllile tile forlVard calorimeter is 1I0t to .,calc, but is included to illustrate 
tile full COF pseudorapidity rallge. 
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2.1 The Tevatron at Fermilab 

The Tcvatron at Fermila" [2:1, 21, 38J is presently the most powerful accelerator in 

the world, providing PI' collisions with a center of mass energy of 1.8 TeV. Its layout 

is shown in Fig. 2.:1. 

CO Interaction 

Regio. 

_lor 

DO Intuac:t.ion Region 

(DO DeIeCWr) 

Accumulator p Ellract 

pi'll"'" 
Figure 2.3: [,ayollt of tile HmJJilab Tevatron. [t delivers collisiolls with 11 

centcr of lIlass energy of 1.8 TeV. It is at present tlte wor/d's most powerful 
accelerator 

The process of producing these collisions starts at a CocKcroft-Walton iKcclerator. 

1'1. is device adds all electron to hydrogen atoms and electrostatically accelerates the 
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ll- iOlls to 750 KeV. Then a linear accelerator 150 m long (the Linac) applies an 

oscillatingelectri(: field to innease the clImgy of the ions to 0100 l\·leV. Before entering 

t],c third stage, the ions pass through a carhon foil which remov,," the two electrons. 

The third stage con Mists of a rapidly cycling synchrotron ~ 150 III ill diameter (the 

Hooster) which increases the proton's energy to 8 (leV in approximately 20,000 revo-

Illtiolls. There are normally 12 bunches of proton's in the Booster, which are fed into 

the Main Ring, a synchrotron made out of 1,000 conventional, copper-coiled magnets. 

Presently the Main Ring increases the protons energy to 150 GeV. The final boost of 

energy is provided hy the Tevatron, a synchrotron located directly below the Main 

Ring. E'luipped with 1,000 superconducting magnets the Tcvatl'Oli accelerates the 

protons to 900 GeV. 

The antiprotolls are produced by focusing 120 GeV protons from the Main Rillg 

into a target. The <collisions in the target prodllce a wide range of secondary particles 

including Jllany antiprotons. These arc selected and sent to the Dehuncher where the 

momentum spread of the p sample is reduced by stochastic cooling. After this the 

antiprotons are moved to the Acc~mulator ring for storage. When enough antiprotons 

have b~'en collected, they are inj<.'Cled into the Main fling and then into the Tcvatron 

where the energy is raised to 900 GeV. 
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2.2 The Central Tracking Chamber (CTC) 

The CTC is the maill tracking system at CD 1-', providiug precise momentulillIleasure-

IIIcnts of charged tracks It is a large drift chamber with a length of 3.2 III aud an 

"xtcrnal diamder of 276 em. The chamber has 84 layers of sense wires arranged illto 

5 axial superlayers and 1 stereo "uperlayers. An axial superlayer contains 12 seuse 

wires parallel to the symmetry axis. A stereo superlayer has 6 sense wires oriellted 

at ±3· (alternating between successive stereo superlayers) with resped to the "ym­

metry axis and satisfying r(zI>d = r( -ZM) where r is the distance to the origin in 

the x-y plane and ZM refers to the z-coordinate of the forward endplate. Within each 

superlayer, groups of sense-and field-wires are arranged in planes that configure cells 

inclined at an angle of 45° with respect to the radial direction (Fig. 2.1). This tilt is 

devised to compensate for the (..orelltz reducing dead time and linearizing the 

time· to-distance relationship at the end of the cells by making the drift trajectories 

approximately azimuthaL The large tilt angle results in an azimuthal overlap (about 

which guarantees that particles with PT > 2.5 CeV Ie will cross II. plane of 

sense wires in each snperlaycr and generate a series of hits with small drift times. 

These "prompt" hits are used by the Central Fast Tracker (eFT) to reconstruct high 

momcutulIl tracks on-line. 

lin the prc:sence or crOtiliCd magnetic and elcclrk fields electrons drifting in a ,gas wiH approxi .. 
maldy move al an angle {J with respeel to tlie electric field directioll. 
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2760.00 mm O.D. 

Figure 2.4; Bud view of the C,mtral Tracking Chamber showing tile 9 su­
per/ayers and tile azimuthal ofirmtatioll of tlie cells. 
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2.3 The Vertex Time Projection Chamber (VTX) 

The VTX detector uscd for Run-Ia is an upgraded version of the similar detector 

used in the 88-89 run (261. The VTX consists of 28 double time projection chambers 

(modules) located along the z·axis covering a length of 2.8 m and with a radius 

of 21 cm. The main purpose is to provide r-z information to complement the r-<jJ 

information provided by the CTC detector. It achieves a 2 mm z-vertex resolution 

for the primary vertex. 

2.4 The Silicon Vertex Detector (SVX) 

The SVX detector used for Run-Ia was the first silicon detector to he successfully 

operated in the environment of a hadron machine. With a measured impact parameter 

resolution for a single track of a = 13 + 40/ PT pm this detector became a key 

element in the study of B-decays. 

The 'levatron 's pp collision point is distri buted along the beam line with a = 30 em. 

This refluircs a long detector. The SVX detector consists of two barrels (an isometric 

view of Olle of them is shown in Fig. 2.5) each containing four radial layers of silicon 

strip detectors located between radiuses of 3.0 and 7.9 cm. Each layer is made out of 

twelve groups of silicon detectors. Each of these groups (a ladder) has three silicon 

detectors, 8.5 cm long, electrically bonded along z, so each individual readout channel 

sees a 25.5 cm long strip. A group of four ladders at a common azimuthal angle is 
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called a wedge. The silicon detectors are composed of p-type silicon strips deposited 

Oil all n-type silicon substrate 300 lUll thi(:k. The pitch of these strips is 60 /lm for 

the three inner layers alld 55 /lm for the outermost layer. The .:harge deposited by 

an ionizing particle is detected hy an IC located at the external end of the ladder. 

This chip amplifies, samples, sparsifies, and multiplexes data from 128 input channels 

which are DC coupled to the silicon strips. Given that the total nUlllber of SVX 

channels was '16080, sparsification of the data was necessary to reduce the size of the 

data read out. 

Alignment 

The SV X position rclati ve to the CTC must be known predscly enough to rell­

del' its measurements meaningful. Two procedures were used to determine the strip 

positions. During assembly the strips of the silicon detectors were measured directly 

with a TV camera to an accuracy of 2.5 /llll. Uuring installation of tbe VTX·SVX 

assembly into the CTC optical surveys were conduded. After installation, an olT·line 

procedure using CTC tracks was used to align each barrel (treated as a rigid body) 

to the CTC, to align the individual ladders within a wedge, and to determine the 

wedge-to-wedge relative position. 
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Figure 2.5: An isometric view of one of tlte SVX barrels s!Jowing tIle four 
layers of ladders mounted on the beryllium bulklteads. 
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The alignment of the three inner ladders implied radial shifts 011 all three layers 

which could be as large as 200 1'111 [27) for sOllle of the ladders. The shifts are a 

systematic erred of unknown origin. 

2.5 The Central Muon System (CMU) 

The eMU consists of 48 groups of drift chambers located at the hack of the hadron 

calorimder (see Fig. 2.2 and Fig. 2.6). Each group is divided into 3 chambers 

each chamber subtends - 4.2' ill azimuth. The location of the chambers 

within a central calorimeter wedge is shown in Fig. 2.6. The chambers (one is shown 

in Fig. 2.7) are composed of 16 cells arranged ill four layers of 4 cells each. There are 

only 8 anode wires in a chamber hecause alternate cells in a layer share the same wire. 

The drift times at each layer are showlI in Fig. can be used to implement a 

Level J central muon trigger [28] by requiring 

-121,1/3 - < IMAX (2.1) 

where IMAX is a programmable threshold that can be varied in Ins steps. This 

requirement is equivalent to the condition or a maximulJI angle {} between the mllon 

candidate and the radial centerline (going through the origin of the CDF global 

coordinate system). Without considering multiple scattering, the angle u is related to 

the 1''/' of the muon, a larger 0 indicating a smaller PT. Thus the l.e,'ell condition of a 

maximum drift time is equivalent to requiring a miuimullI i'T of the muon candidate . 

• 




Figure 2.7: Cross section of a single muon dlamber, showing drift times for 
layers 2 and 4. There ilre oIlly 8 anode wires because altcrnate cells ill a 
layer slmre the sanle wire. 

2.6 Tbe Central Muon Upgrade (CMP) 

This additionalsd of chamhers is located behind stccl The material ill the 

calorimeters provides five absorption lel1ghts which add,,,1 to the sted shielding results 

in it total of 8 absorptiOlt lengths. While the pundt-through contamination 

of the muon candidates, the extra shielding only allows for muons with P > 2.5 r 

Ge V Ic to reach the CM P chambers. This reduces tl", importauce of this system for 

onr analysis. This system adds additional coverage heyond that of the CM U. 
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2.7 The Central Muon Extension (CMX) 

This set of chambers provides additional coverage in the rauge 0.6 < < 1. During 

the early part of the rull Ii vcry high ratc of fake triggers was observed due to "fake" 

stubs. Many of these stubs originate from particles scattered off the beam pipe or the 

forward calorimeter hy low augle tracks. To reduce this problem a new beam pipe 

with less material was iustalled mid-run to reduce the 1I0ise hits. For most of the 

!'till only muon (~alldidates which passed the Level 2 trigger were considered in the 

IN trigger. The hadronic energy deposited in the calorimeter tower associated with 

the mllon candidate track was re"uired to be greater than 0.5 GeV, as expected for 

a minimum iOlliziug particle frolll the interaction point. 
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Chapter 3 

TRACKING AT COF 

An important dilferencc between the modes ullder eOllsideration comes froIll the char­

acteristics of the final tracks. For the JNj{± mode the tracks identified as the JI.± 

arc significantly harder than the tracks identified as .. 's frolll the mode. E\'eu 

1II0re, the long lifetime of the means that these tn,,:ks will have a large impact 

parameter with reaped to the beam spot. The performance of the tracking algorithm 

for tracks with large impact parameter in a real event is eXl'eded to be worse than 

for tracks coming from the beam spot. 

In this chapter we will deoc:ribe the tracking algorithm used for Run-Ia. 

3.1 CTC Tracking 

The tracking algorithm lIsed at COle follows the usual prescription of splitting the task 

of track-finding into two stages section 2.3]. The first stage is pattern recognition, 

where groups of hits in the d{~tector are identified as belonging to a track. The secolld 

stage is fitting the hits to a track lIlodel. In the cas,! of CIW, the track model is a 
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h,~lix described by the 5 parallleters t:,</Jo,wtO,du and 20 (Appendix 

3.1.1 General Scheme 

The eTC tracking combines features frolll two independent algorithllls, convention· 

ally labeled "A" [30J and "13" [311. The steering routine for pattern recognit.ioll and 

track fitting is CTCDRV. The steps followed by this routine are; 

I. 	Do the pattern recognition in the , ..", plane. Use both algorithms" A" and "il" 

to identify tracks indepcudently. 

2. 	 Delete extra versions of identical tracks. 

3. 	 Do the stereo pattern recognition and fit. 

4. 	 Apply selection criteria aud delete tracks considered inecoverahle. 

5. 	 AUempt. to recover tracks t.hat failed but were /lot deleted by previous step. 

Also try to improve marginal successes. 

Double versions of the same track are recognized by finding track pairs which 

share too many identical hits: only the "best" track is kept. The stereo pattern 

recognition procedure and the fit procedure frolll algorithm "A" are applied to a1l2D 

trach availahle at this stage. Only tracks that satisfy a set of quality requirements 

arc kept. Tracks that fail the seleclion criteria are deleted except for those that have 

enough hits to likely he real tracks. The criteria used to keep a low-quality track is 
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• There are at least 16 hils ill tl", inlier 2 axial stlperlayers. 

• There are at least 18 hits in the illner 3 axial sUlleda)'cr •. 

• There arc at least 27 hits. 

About 95% of the kcptlow'{luality tracks are stereo failures fwm algorithm"A". 

Approximately 25% of these call be saved by rUllning the stereo pattern recognition 

from algorithm "B". 

3.1.2 Tracking Algorithms 

Here we describe the two tracking algorithms used for Run-Ia. 

Algorithm "An 

• 	 Find all line segments in the axial superlayers. 

• 	 Moving frolll the outermost to the innermost super\ayer, find lillks belween 

segments in the superlayer under consideration and unlillk,~d segments in the 

two immediately outer sUperlay,,!'s or tracks already identified. 

• 	 Perform a fast approximate cirde fit to all the axial hits associated with the 

track so far. This fit yields intermediate values for c, do and <Po. 

• 	 For each ,.. </> fitted track, hits 011 stereo cells which collid have hits from the 

track ullClp,r consideration are converted to a z position. 
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• 	 A zero-gradient fitter is used to lit the 5 parameters simultaneously. 

Algorithm "8" 

• 	 Find a "high quality" seed segment in an axial superlayer. 

• 	 Extend this seed segment in both directions. The initial step of this process 

uses the beam axis point to define an initial circular road where to look for hits. 

After a second segment has been found the beam position is not used. 

• 	 Perform a full axial fit. 

• 	 1)0 stereo patteJ'll recognition for these fitted 20 tracks alld perform a 5 param­

eter fit. 

As expected [29, section 2.4.2]melhod "A" is the fastest and it is used for the 

Level 3 trigger. 

The line segmellts for method" A" are foulld by looping over innermost wires, i. 

If wires i, i + I and i +2 all have hits, loop over hits on wire i and i +2, ignoring 

hits marked as "noise" or as "used" by earlier tracking results. The hits from wires 

j and i +2 are used to provide a rough estimate of the aspect angle associated with 

each combination. Given that each wire may register se\'eral hits and each hit has an 

azimuthal ambiguity, there are se\'eral combinations which arc sorted by increasing 

n; this means the algorithm searches for high-P.r tracks first. For each combinatioll a 

, 
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prediction for the drift time in layer i +I is made allll hits matching this prediction 

within a road arc searched for on wire i +I. If all acceptable set of three hits is foulld 

thell extra hits are searched for ill the superlayer (lleighbouring cells are included 

in the search). A search is considered a success if there are fewer misses than hits 

associated with the segment. A wire is considered a miss if 110 hit is found within the 

road and no preceding hit extellds inside the road ("obscured" hit). 

\Vhell a good line segment is found, the hit 011 wire i is marked as "used". The 

scgl\lellt is also converted to all equivalellt circle by assumillg do = 0 and taking the 

line as tangent to the circle. This allows us to compute c and 90 for all line segments. 

To link segments across superlayers all e'lui\'alcnt circles in the outer superlayer 

are extrapolated to the cellter of the inner superlayer and an expected position, r/ , 

is computed. Then all inner segments are compared to these extrapolations, and a 

test is performed on the slopes of the segments. 

The left drawing in Fig. 3.1 shows the two variables used to compare the extraI" 

olated circle to the inner segment. The code requires f < 7r /2 and I < I cm. Uecause 

the extrapolation uses the assumption of do = 0 these requirements are biased against , 

large impact parameter tracks; for that reason the road is kept as wide as possible. 

The right drawing in Fig. 3.1 shows the angle-test applied to link candidates. With· 

out resolution elTeds, the angles (} alld 0' should match for segmcllts tangential to the 

same circle. The code requires 1sin(O - 0')1 < 0.025. 

f 
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Figure 3.1: Geometry for tcst used to liuk segments across Sllperlayers. [,e£! 
drawing sliows variables used in tlie "position" test wbilc rigltt drawing 
shows angles 0 and 0' Ilsed jn tl,e "angle" test 

3.2 SVX Tracking 

The SVX information is nsed to dramatically improve the impact pararueter (do) and 

angle (4)0) resolution of eTC tracks. It aloo llll,.rovcs the momentum resolution. 

The SVX tracking algorithm uses tllC progressi"" mdhod to associate hits in the 

SVX to tracks already found by the eTC. The algorithm starts with the GTC lit and 

then updates tbe track paramders whem,ver there is a new hit found in the SVX. 

The advantages of this proceclur(! arc 

• 	 The method is fast and stable. 

• 	 Pattern recognition and track fitting arc done simultaneously. In case more 

tball one can(lidatc is fOlllld, tl,e X' is used to selecl the b"st candidate. 

• 	 Multiple scattering is treated correctly. 

• Alignment {Corrections can he indllded each tiflle a new hit is added. 

The algorithm searches for hits around th" illlcrseetion poiltt of the extrapolated 

track and the measurement plane beillg collsidcred; the track error matrix defines 

the size of the region where hits arc searched for. When a track is extrapolated the 

effects of Illultiple scattering alld ionization energy 10"' arc aecoullt<,d for. [f a duster 

is found the illformatioll is addcd to the fit alld the procedure is repeated IIlltil all 

four SVX layers have heell searched for hits. Track candidates are required to have 

at least two dusters in the SVX alld a ,,2 below a ecrtain ,·alue. 



Chapter 4 

DATA SAMPLE 

The data lIse,l was collected during the 1992-1993 CDF run (Run-Ia) and r.orre~ponds 

to it to!'al integrated luminosity of 19.3 ph-I. At the Te\'atrou only one in ahout olle 

thousand collisions produces a bb pair. Thus sOllie selection mechanism is required 

that rejects minimulll hias evcnts and keeps lrel'('lIts. The decay mode JII/J -+ 1'+ 1'­

provides a simple trigger to select interesting events on-line. During Rnn-Ia a JI1/.> 

sample was selected via a trigger set up in three lel'els of increasing complexity. A 

description of these levcis follows. 

4.1 .IltP Trigger 

The Levell central muon trigger requires It lIlUOU stuh wit.h PT > 2.0 GeV Ie. 

The Level 2 centra! muon trigger requires that at least oue of the LCI'ei I muons 

match a CFT t.rack. The CFT only seardlc. for tracks with PT > 3 so 

re(luiring a CFT track iIHI)OSeS this higher PT cutoff Oll one of the mllOllS. There is 

also an extra reqllirelllcnlthat the two Level I mllons cannot he in adjacent. modules 
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ill Ii' if thcy are Cll'lU. If one muon is UMX they calIlIot he in the sallle module. This 

separation requirement is needed to n:dU(:e backgroulltls fWIll IHlllchthrouj(h which 

arc manifested a., a duster of muon stubs close to cadI oUIl~r. 

The Lel'cI :l trigger uses a faster tracking algorithm thau til<! one used offline 

to reconstruct tracks in the eTC. It also links 11111011 stuh. with eTC tracks. The 

matching between IIlllon stubs and eTC tracks is recluircd to he within 4<7. The 

M(ll+,l-) of the surviving llluon candidates is required to be within 600 MeV le2 of 

the .IN lllass. EI'ents ]lagging all these re{luirClllellts were written to tape for further 

processing .. minc. 

4,2 Offline Production 

At this level of the data-processing the detector information is analyzed and organized 

according to quantities of interest for physics analysis. Pattel'll recognition is run on 

the hit information collected by the UTU to form lruck c<llld;.(all:s, and then a fit is 

performed to obtain track parameters from these candidates. Track segments from 

the mllon chambers are linked with CTC tracks to form lIluon candidates. 

4.3 Candidate Events 

To obtain the final salllille of IN candi,late c"cnts we apply the following re(luirements 

on the matching quality between the stub ill the muon system and the associated eTC 
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track: 

• 	 The x; < 9.0. For ";~ with hits in the eMU detectur, x; is the Olle l''Ileasured 

hy that detector. If the muon has a GMI' fit bllt not a eMU fit then X; is 

the one measured hy the eMI' system. If the muon only has a fit ill the CMX 

system then we require X; < 12.0. 

• 	 For eMU muons also require X! < 12.0. 

The 1'+1'- pairs satisfying all these requirements are then wnstrained to originate 

at a common vertex. The X~. fur this fit is relluired to satisfy Prob(X~.) > 0.01. The 

resulting distribution of M(I'+p-) is shown in Fig. 1.1. The fitted function is the 

SUIll of two gaussians representing the Jfrp signal plus a cOllstant term representing 

the background. 

The final sample of J/t/; candidate events is obtained by simultaneously vertex amI 

mass constraining the I'+P- pairs to the mass and requiring that the increment 

in X} resultiug from the mass constraint satisfy Proh(~X~.) > 0.01. 
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Chapter 5 

B MESON RECONSTRUCTION 

In this chapter the selection criteria used to extract the different B sigllal" arc de­

scribed and motivated. We also prescnt the resulting distributions for three dccay 

modes of interest to liS. 

5.1 Track Selection 

The identification of exc1usi,'e decay modes of B mesons is accomplished via the dis­

trillll~ion of the llIallS of the B candidates formed using the momenta of all daughters 

of the decaying H. It is important theu to select tracks whose parameters are well 

measured. For tracks which only have eTC information, it turns out that it is 

to re(luire the track information to be three dimellSIOllal. For tracks which have asso­

ciated hits in the SVX the selection is lIIore mrnplicated due to random association of 

noise hits with th" track. These noise hits will have two important effects. In general, 

these noise hits will steer the track parameters in randolll directions. Thus a track 

coming froIll the primary ,'er'lex will get steered away frotll the primary ,'ertex aud 

:Hi 
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tIIay create fake secondary "crtexes sectioll "Oata "dection"]. The second effect 

is tlrat loug lived particles like the I\~ or the N' will not poiut back to their point 

of origin, whidr will calise a decrease in eHkiency wltclI poillting constraints pIllS a 

![lIality of the fit Cllt are imposed on these par!.iei(·s. 

5.1.1 SVX Track Selectioll for Reconstruction 

We have made a study of the preserl<:c of spurious SVX hits 011 the tracks used to 

recon~truct the candidates To show the existence of had SVX hits we select 

a sample of tracks which satisfy the following re(luirements: 

• 	 1I0th'lf tracks must ha"e d./(1d, > ~. lIere d rr is the 'If impact paramcier with 

respect to the beam position and lId. its uncertainty. 

• The l\~ secondary vertex must be outside the active volumc of the SVX. 

• Olle of thc tracks must lIa,'e an SVX fit. 

We show ill Fig. 5.1 the normalized distribution of The existcnce of a 

)leak proves the SVX hits are spurious. A selection algorithm is ",ceded in ordcl 

to reject bad SVX iuformation for single tracks hcfore they are IIs(~d to s(!ardl for 

I\~'s. 

There are two types of quantities which ean he nsed to idclitify siugle tracks with 

bad SVX hits. Olle type is based 011 tlte \.~vx fwm the flttet! SVX dusters. The 

I 
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Figure 5.1; Normalized ma.s distribution for f(~ callelielates IVllidl decay 
outside tile active volume of tile SVX. Olle of (/Ie tracks is required to have 
all SVX fit tllUs demonstrating tile presence ofspllrious hits. Lcft plot shows 
tllc resulting distribution wilen only thc cTc information is useel for both 
tracks. flig/Jt plot shows tile effect of using tl,e bad SVX information. Tllere 
is a considerable widening of the distribution from II 1.6 to u 2.'1. 
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other olle iH hased 011 requiring high quality SVX clusters. Fur our study we defined 

a high quality cluster to he: 

• 	 The duster is flot shared with other tracks. 

• 	The dllster has lIO Ilead strips. 

• The leIlgth of the duster is less than <\ strips. 

We considered three SVX selection algorithms and rated them according to tllc 

nnmber of /(~'s found by the following fillder scheme: 

• 	 The SVX information for all individual track is used ollly if it passes the SVX 

sde<:tion algoriLhm under consideration. 

• 	 The SVX information is rejected if the 1r+ ,,- has only olle Lrack wiLh SVX hits 

or if the decay ,'cftex is oULside the third SVX layer. 

• 	 d.jlId. > 3 aud < 5.0. lIere!lli is the I\~ impact paralllet.!r with 

I"('SIIcct to the primary verLex all,f17dh its ullt:crtainty. 

The three SVX selectiolls arc labeled" A", "11" and "e" and arc defined as follows: 

,. A" 	 Require liXl < 6, with liXl defined to be U", increment of the \~vx when Ii 

dustcr is addcd LO the fit. Also require one of the e1l1stcr" to bc it high 'plality 

duster. 
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"Il" 	 When litting th" tracK tQ the dllsters only collsider clusters for whid. 11>;2 < G. 

Also re'llIir" OIlC of the dusters to be a high quality duster. 

"e" 	Itc'Iuire X~vx/l1hits < 6 /H.d at least two high quality clusters 

In Table 5.1 we show the performance of each selection algorithm. lcor comparison 

the entry "GTC only" shows results when the SVX information is not used. The 

column labeled "% increase" shows the % of extra J\~'s that we find by using the SV X 

informatioll. The colullln "% SVX-SVX" shows the I,ercentage of 11'+11'- combinations 

which have an SVX fit. The "S/N" column shows tlte SIN ratio from the K~ mass 

peak. 

We conclude thal: 

• 	 Algorithm "e" gives us the higl.est number of 

• 	 Between 20 and 30 % of the reconstructed lI~'s hal'e SVX information which 


passes 01\1' quality requirements. 


• 	The proper use of the SVX information increases the /(~ reconstruction elli­

ciency by about 20% but it does not imp.ove the SIN ratio of the I(Z. 


Finally, we choose the following SVX selectioll algorithm when reconstructing 

J\~'s. 

The SVX information is used only if: 

J I I I 

011 

Table 5.1: The effect o[ different 8VX track selection algorithms. teft 
nll/llbers are for mns earlier tban 42000 wllile rigl.t olles are [or ruIlS later 
tban 4(;000. 

Algorithm I # J(~ 1.'10 iIH;:JS;~% ~~:;:~V~ 
eTC only 12810/6~12 0/0 13/15 0/0 

U,\U I 3300/67:10 17/12 1"/1,1 2:1/18 

uU" I 3,100/6870 21/1·1 12/12 29/24 

"C" I 3450/6970 23/16 14/14 I 28/21 

< 6 where .. hit. is the nUlllbcr of fitted SVX clusters. • The 

• 	If nhits ·1 the SVX lit is accepted. For nhits 2,3 we further re'luire at least 

two high fluality clusters. 

• 	 Both tracks must hal'e SVX informatioll and the recolIstrncted 2·1) \'crtex IIlllst 

be inside the area defined by the third SVX layer. 

If these requirements arc not ,met the eTC information is nsed instead. 

5.1.2 SVX Track Selection for Other Tracks 

By recollstl'ucting scI'eral 8 decay lIlodes (w(~ have look.,,1 at 8° -. lN/I'(892Jo 

ill addition to the lIlodes showlI later in this chapter) we realized that the M(lJ) 

resolution illlprol'es slightly whc .. a more relaxed sd of S\,X re'luirelUcflts is applied 

f 	 I I I 
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to the other tracks used for the M(B) re<:ol1structioll. 

For tracks that are not used to reconstruct a li~ candidate the SVX informatiou 

is used only if: 

• 	 The X~vx/llhits < Ii where uhits is the number of fitted SVX dusters. 

• 	 If nhits = 3,4 the SVX frt is accepted, For uhits = 2 we further require at least 

one high quality cluster. 

If these requirements are not met the eTC information is l1sed instead. 

5,2 Improving the Tracking Resolution 

The track reconstruction algorithm descrihed in Chapter 3 is intended to reconstruct 

tracks without makillg use of the information provided hy the assumed track produc­

tion mechanism. For illstance, the p+ p- track candidates lISed to reconstruct the Jf.p 

should originate from a common vertex. 

When searching [or a specific physical process, the extra information available 

can he used to impro,'c the track parameters by imposing extra conditions. The 

usc of constraints is also useful to diminate background hy first imposing the givcn 

constraint and then cutting on the "quality of the fit" By increasing the number 

of constraints applied it is possihle to define an incremental X} which is the increment 

in X~. when new constraints arc imposed. 

4:1 

Fin HUlI-la a software package was available that allowed us to impose the follow­

iug rC<luirClllcnts: 

• 	 A set of tracks could be fon:cd to originate from a comlllon vertex. This is 

called a vertex constraint. 

• 	 The lille along tilc total lllomentuIIl of tracks originating at a coIllmon vertex 

could he forced to include it given Iwint. This is called a point constraint. This 

constraint could be imposed in the x-y plane only (called a:.ll) point ,:onstraint) 

or ill three dimensions (called a 3D point constraint). 

• 	 The mass of a set of tracks could he forCt:d to some value. This is called a mass 

constraint. 

The code allowed for several secondary ,'crtexcs and Olle primary ,'crtex. 

5.2.1 Constraints for the IN'I\.± Mode 

The following is an ordered list of tile constraints applied to the tracks used to rcwn­

stflld this lIIode. 

• The p+ p- tracks should originate at a comJllon vertex. 

• 	 The M(p+I'-) = J/(JN). 

• The 	/,+ p- tracks plus the JI± track caudidate should originate at a common 

vertex. 

L 
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• 	 A 20 and thell It :11) 1'0111t constraint to the primary vertex is imposed 011 the 

/1+ p- f(± system. 

5.2.2 Constraints for the Mode 

The following is an orderc.llist of the constraints applied to the tracks nsed to recolI­

struct this mode. 

• 	 The /1+ /1- tracks should originate at a common vertex. 

• 	 The M(/j+/j-) = M(.IN). 

• 	 The 11'+11'- track candid"tcs should originate at a common vertex. 

M(I(~).• 	 The 

• 	 A 3D point constraint to the 1'+"- vertex is imposed on the 1r+>r- total mo­

mentum. 

• 	 A 2D and then a 3D point constraint to the primary vertex is imposed on the 

/1+ p-I(~ system. 

5.3 Kaon Selection 

During the 1992-1993 rull, CDI-' did not have a particle II) system which could dif­

ferentiate Kaons from pions in the Pr range of interest (ronghly PI' > U.5 (leV /e 

for B events passing the .IN To seled the K± tra.:k candidates We lise the 
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fact that particles from B decays have n 1'1' distribution which is hnrder· Lhnn the 

backgrollnd amlin" LI", IJ lIlass [38, Fig. 7.4]. 

The CT(l(~) = 2.676 em allows olle to rccolIstl'Uct a ver}' clean J(~ sigllal b}' 

applying cuts on d./f7d, and the Fig. 5.2 we show the sample 

uscd ill the HU reconstruction. We have r<~qllire<l d. /ad, > 2, > 1.0 em 

and > 0.01 for th" vertex and point collstraint ill<:rements of Here 

l'x.(I\~) rerers to the I\~ decay length with respect to the bcalll pO:lition along the 

momentullI. If we defille is Lo be the Kg decay point, XI' the beam position, and 

P the direction of the momenLulIl of the J(~ we then have 

LI.(I\~) (xs - xp)· P 	 (5.1) 

where all vecLor quanti Lies are in the x·y (llaur~. 

Having n dean Kaoll signal for the .INJ(~ Illode but not for the .IN>K± mode 

results ill very different signal-Lo-Iloise ratios for the rccollstrucLc.1 JJ signals. This 

indica.tes that Kaon 10 is an important component for a deter:tor trying to do JJ 

physics itt a hadron collider. 

5.4 Combinatoric Background Reduction 

The .IN sample defined in Chapter -I has been shown to have a "prompL" component 

with no lifetime and a long lived WtnPOIICllt which is supposed to originaLe frolll 

LJ .IN-X [40, Page I], We show these two COmpOI1Cllts ill Fig. 5,3, The «uanLiLy 

• 
 f I 
I 



.1(. 

~-.~----r-~-r-Tr, , I I i I! r-::2250 ...... "(~) t 10001) t 1:3:0 0 
N f.I • tL.,tn t 0.0001 o.V/e" h K. -+ ltn:­, JU 2000 OJ • '.sa t G.lf, ..V/a f\ 

l 

> 01 • 1.91 t O.:S• ••V/o 

N(J!. INt_}. 7III 1750 

:E: 
It'I 1500 

rt 1250 

, 1000 

III.u 750 


d 
 1i 500 

2;0 

o~,~~·~~~~~~~~~~~~__
0.44 

H(1t+1t-) (GeV/c2
) 

Figure 5.2: Distribution of M(.-+.--) for 1(2 calldidates used ill tlte iJo 
reconstruction. TI,e l\~ sigllal is very clean and allows for a significant 
reduction of the combinatorial background around ti,e BO signal. 
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plotted is A which is defined to be the "psCUdO"-CT(lJ) wl11puted with /,+ 1'- measured 

"uantities plus a correction fador to take into account the missing 1<1' carried by X. 

It is possible to obtain the fraction of IN', which come from a B hy fittillg the A 

distribution to a prompt componeut (to model th" .IN's with 110 Illus a long 

li"ed eoml'Ofu:mt (for the JI>f;'s from H's) plus all extra functio" obtained from l,he 

IN sidebands ['11] (to 1Il0dei the continuum under the .IN,). For with Pr > ,1 

Ge V / c the H fraction is found to be 19.6 ±0.<1 %. The data can be split in Pl' bins and 

a lJ fraction is obtained for each bin. This way the B fradion is shown to increase 

smoothly froJll 13.3 ± 0.5% for ·1 < l<r < 5 GeV Ie, to 42.1 ± 4.\1% for 13 < PI' < j.l 

GeV Ie. 

Tile 20% B purity of the Jj.p sample added to the presellce of extra tracks in 

B events produced by the hadronization of the (,.'Iuark and the lLlHlerlying event 

re(luire the usc of selection cuts to reduce the combinatol'ial background to the 11 

signaL Iladronization refers to the process by which a parton from it high energy 

collision aC(luires It partner from the \'acuul1l to forll1 a colourless meson or haryolI, 

This process induces other track~ around the original parton. The ll1l<lerlying e"cnt 

refers to the tracks created hy the fragments frolll the PI' collision. 

For Rlln-la data there W(~rc four types of selection nit"ria s1I(:ccssfuliy used to 

extrad different B signals. These criteria arc slImmarized helow: 

I. [~r cuts 011 the extra 1.racks used to fOl'1I1 tit" 

__________________________________________________________________~ 
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2. Cuts requiring a IJ vertex that is displaced from the primary vertex. 

:1. 	 Cuts requirillg that the topology of the tracks used to form the M(IJ) be con­

sistent with the specific decay mode. 

.1. 	 Isolation cuts using the empirical observation that the fraction of PT carried by 

tracks around the B candidate is smaller for B evcnts than for the background 

events [·121. 

Tlie combination of criteria 2 and 3 provides a very powerful rejection of the 

combinatorial background by first incrementing the B purity of tlie IN sample and 

then rejectillg tracks whicli are not consistellt witli comillg from tlie secondary vertex 

determined by tlie ,,+,,- pair. At a liadron machine all important wntributioll to the 

combinatorial background comes from tracks originating at the primary vertex. 

For the B signals reconstructed in this tliesis wc have only used cuts based on 

criteria I through 3. 

5.5 IJ± -> J/t/JI\'± Decay Mode 

As an independent example of the B reconstruction Jlletliods we sliow tlie mode 

B± -> Jj¢l\'± which we obsen'ed for tlie first time at CDF. The [.;O± is reconstructed 

via the decay chain [';O± -> 1\~7f±. The cuts applied are: 

• 	 Both Illuons have SVX information. 
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• cr(tJ) > 0.01 ('III. 

• /~/,(8) > Ii (icV /e, > I GeV/c, PI'(7l'±) > 0.5 GcV/c. 

• dr/ad. > 2, /,".(I\~) > O. 

• IM(J(~7l'±) - M(I{'±ll < (l.08 GcV/c'. 

• I'roh(L',X}) > 0.01. 

We show the re.ulling distrihution in Fig. 5.'1. The sigllal is very clean due lo lhe 

cI,'all sample showl! earlier (Fig. 5.2) and the requirenwnl of SVX information 011 

the muon track •. 

5.6 IJ± -t IN/{± and 8°(8°) Modes 

'n, isolate the IJ signals used in this measurement we require the following sel of ellls. 

Cuts common to both modes 

• Olle /1 musl hav(~ P'[ > 1.8 GeV/e and the ollieI' one P'[ > 2.5 (leV Ie. 

• The /,+ /1- lIlust satisfy the trigger re(juirelllcnts. 

• cr( 8l > O.oJ em. 

• 1'r(1J) > 7 OcV /t:, f'.r(l\) > 1.5 GeVIe. 

;'1 

s± -t J/ljIK't'"I.) 
...... H{II') I 15.S ± t.t> 

• • 5.211 t O.OOt o.V/c):I " 
(J - 11 :t 2 ••V/C' 

o 1H(B )/H(lk!kh S.l.... 4 

...... 
III 

~ • 2 


~, 


M(J/IjIK*±) (GeV/cl 
) 

Figure 5..1: Mass distributiull for J!¢'K'± decay mode. '1'/", .dectioll fe­
quirements are described in the text. 130th IIIUOIlS hal'e b"en re'luire<i to 
have SVX iuformatioll 
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• 	 > 0.01 wbere is tbe iUClelllent after a new constraint 

has DL'eU added. 

• The I\± track and 1I"'S tnu:ks Illust satisfy R" > 86 CIll. 

lIere lle rder" to the radius at which a given track leaves the volUllIe of the eTC. 

The relations used to cOlllpute Rf; arc described ill Appendix n. 

Extra cuts for mode 

• d./Ud. 	> 2 with d, the 11" track impdct parnmcLer witb respeeL to the hedlll 

position. 

• 	 The Lx.(I\~) > 1 CIll. 

• 	PT(1I") > 0.35 

The is computed with the J/.p secondary verLex and the This way 

we eliminate the systematic effect coming from the different number of SVX tracks 

the two modes have. The trigger and PT requirements on the muon tracks are needed 

to allow for a good M .C. simulation of the Kaon spectrulll. The Illi: > 86 cm and 

Pr(1I") > 0.35 GeV/c cuLs are required to use our measured value of the tracking 

eflicicncy. 

The resulting mass distributions arc shown in Fig. 5.5 and Fig. 5.6. 
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Chapter 6 

MEASURING THE RATIO OF BRANCHING RATIOS 

In this chapter we disclIss the relationships and ,!uantities needed to deiermille the 

riltio of brallching riltios. 

6.1 Method 

The basic relations between the observed number of events awl the ratios 

for each mode are shown in Eq. 6.1 and Eq. 6.2. 

LX "'(fip -+ b -+ B+) X BR(!;+ -+ Jj¢>I\+) x 'H' 

LX "(fiJl-+ b -+ BU) x BR(u" -+ JNIIO) x 'HO == N(JNJ\~) (6.2) 

lIere L is the integrated lllmill",~iiy, eH+ and 'RO arc the rcrOllsil'llction elliciencics for 

each mode including the hranching ratios BIl(JN -+ /,+/,-) and BIl(l\'~ -+ 1l'+1l'-). 

At this point we need to assume that the probability of the process b -+ Jj+ is the 

saTlle as for the process b-+ B". This assumption has beeu used bdore at CDF (SLOC 

55 
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Hd. aIHl rderenc(~s t\ bb q"ark pair will fragment in all igospin~ill"ariallt 

milliner as long as it does not interact with the fragments from the pp collision 

This ig expected to hold ill the ceutlal region at high momentulll transfers. 

'Ve then ohtain the following expression for the ratio of branching ratios 

BU(lJ+ -t .Ij.pl\+) == x fBU (6.3)
IJll(lJO -t .IN/1°) fB+ 

where the factor of 2 is a consequence of the fad that the II" decays as a only 

50% of the time; when it decays as a lit, we lose the event because COl" cannot deted 

lIt:s. 

6.2 Determining the Number or Observed Events 

We determine the number of observed events for each mode from Fig. 6~ 1 and Fig. 6.2. 

These plots show the distribution of normalized mass, i.e., we compute the mass of 

the lJ candidate, subtract the lJ mass and di"ide by the ullcertainty of the mass mea­

surement computed llsing the errors on the track parameters. \Ve usc the normalized 

Illass uccau~e we are mixing data that hav(~ tracks in the SVX with data that only 

have GTC tracks. These two sets of data have diffcwnt lIlass resolutions. Dividing 

by the predicted resolution takes care of this clTeel. 

A uinlled-maxilllllm-likclihood method 138, Section is used to fit the (HlIllb"r 

of observed eveuts, The function fitted is 

I (TIl - 11)2 bw 
= Ns x bw = exp(----) +Ny x-- (6.1)

v2~u 2u 2 5u 

I 

;17 

where hw is the bill width. 

The fit is performe.\ with the software fH,,,kage PI\\\'. This code e,'"fuat,," til(! 

function J at the center of "ach bin to ohtain a prediction for the II1lmber of culricH 

pcr hin. It then ,·aries N.~, II and Ny to maximize the log-likelihood fuuction (we fix 

.,. '" \.(1). 

1'0 compute the lHllllher of clltries predicted by the fundion J we simply sum 

across the billS of interesl 

tV EJ(mi)::::fJ(m)dm 
i bw 

The lIulIlher or signal events is then given by No and the number of background 

evellts ill a ±2J)u region arouud the fitted mean I' is given by Ny. 

III Tahle (U we summarize the number of filled e"cntS ror each dccay mode. 

Table 6.1 ~ Number of fitted events (Ns) (rolll di.tributiolls SIIOIVII JIJ Fig. 6. J 
and Pig. 6.2. 

Dccay l\·lode :Y., 

JNI\~ :\6.0 ± 6A 

J/N,± I 139.3 ± 15.7 

, ,
I I I I 
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Chapter 7 

CTC TRACKING EFFICIENCY 

The description of the details of the tracking algorithm" An indicates that the perfor­

mance of the algorithm Hlay be lower for soft tracks, large impact parameter tracks, 

and tracks in "Imsy" envirolllnents, The pion tracks from the will be softer and 

have larger impact parameters than the /(± tracks, so it different efficiency may be 

expeded for the two B decay modes. In this chapter we report ou the mea8l1Tement 

of the tracking efficiency used in this analysis, 

To measure the trackiug effidency We embed M.C. tracks in data J/t/J events. We 

""v""",,,u a new technique wl.ich orients the M.C. tracks with respect to the J/t/J 

frolll the data in a way which permits the reconstruction of the [J mass after the 

whole event has been H,tracked. This allows a lIIore realistic definition of the tracking 

cmciency than the definitions used by previous analyses. We have also allowed the 

ICt tracks to decay, which is an improvement Over all previous treatments 132J. 

We provide a summary of the procedure, A detailed report call be fouud ill 
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,
I 	 I 

(il 

Itef, [3;)J. 

7.1 Method 


The algorithm used is detail cd here. 


I. 	 l'or each IN evcnt, several M,G. events are generated for the particular decay 

mode under I:onsideratioll. 

2. 	 The tracks related to the Kaon (the l{aon itself for the I,± and the pion. 

for the J(~) are rotated to keep their relative ori(~ntati()11 to the IN direction. 

The rotated trlicb are requil'ed to he within the g.~ometrical acceptance of til<! 

detector. 

3. 	 A simulation program is used to generate the hits these tracks would I)roduce 

in the eTC. The same program is used to merge these hits into the data event. 

4. 	 The event is retrackcd, 

5. The embedded tracks are searched for. 

To rotate the momenta we lIsed the fortllula described in Appendix C. This 

is a new procedure which allows us to reconstruct the [J lIIaSS after !'ctracking the 

event. The definition of the tracking efliciency is then straightforward using the litted 

number of 8's frolll the lIIass distributioll of all lJ candidates in thc C"Cllt. To form 

the /J candidates we lise all the tracks ill the e"ent. 

I t I 
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The procedure of making a 31) rotation on the fimtl tracks docs 1I0t <:OlIsel"'C the 

PI' of t.he rot.ated tnu;ks. The t.rackillg efficiency is " fllnction of the PT so this effed 

"OId.\ skew our result,. We checked that, on average, the 1'1' distributions herore and 

after the rotation arc the 'alllc. 

A track generated with the M.C. may not be reconstructed because it docs not 

go throngh the adive volume of the eTC or becanse of indlkiencies of the tracking 

algorithm. To disclltanglc the illcflicicncy coming [Will the gt.'OlIIetrical coverage of 

the detector from the incfficieney coming from the tracking algorithm we colnl'ute 

the "exit radius" (from !lOW 011 1lJ.;) of tile helix as explained in Appendix BA and 

measure th" tracking efliciell(;), olily for tra"k, with HE > 86.0 Clll 

The routine used to generate the hits receives as illput the helix paramciers for 

the particular track and starting and ending radiuses between which the simulation 

takes place. It then applies dE/dx losses and lIIultiplescattcring smearing to simulate 

the effect of the llIaterial frolll the starting radius of the particle to the inside of the 

ere. This means that particles from sccoudary "ertice:;, like the l\'+1\'- fWIll the f{~ 

vertex, arc scatiered less t.han partieles from tlte primary vert.ex. 

7.2 Efficiency Definition 

There are two defiuitiolls a"ailable for the tnicking measurement. The 

knowledge of the original track parameters of the cmbedded track allows ouc to scarell 
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for it in the recollstructcd evcnL liy colllparillg the original parameters to param­

etcrs of all tracKs in the evenL. This deHuitiou has the followiug characteristics: 

• 	 It aliows one to measure a "single" track eiliei,,"!:y, as it is possible to identify 

an elllheJded track as "fouud" or "lost", 

• 	It is not realistic when COlll{.at'eJ to tire JJ recollstl'lldioll proceJurc foliowe.l in 

t.he data lor which we lIen:1 have the original track paralll,,!.crs. 

To implement this definition we ,Idine a "mat<:hing X'" as 

I::.hT COV-I (") 6.}' 	 (7. i) 

wllcre I::.}' refers to the difference hetw,""1 the remnstnlt;tcd track prtramders alHl the 

original track parameters and Cov(h) is the wvariaucc matrix for the recollstru<:tcd 

track (with parameters It). We ddine it tnH:k to be "fonnd" by the xiI method if 

there is at least OIlC track ;n the rcLrack.·d eveut with \if < " where 0 d"l.etuls on 

tlte starting radius of the particle 

We can provide a Illore reali~tic measurement of t.he clll,ictLq than the X:{f def­

inition becanse ollr embeJdiug algorithm allows us 1.0 rcconstnH:t a IJ peak after 

retrackillg. We Jdill" the t.racking efficiency to be tl", filtio of fitted [J evcnt, i" the 

peak to the Humber of clIlb,!(lded Kaons. This definitioll has the following charncicr­

lstics: 
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• 	There is flO way of kflowing whether a particular track has bcell found or not. 


We are only concerned with the total number of reconstruded B's . 


• 	It is more realisti" than the previous definition as it follows the uSlld B rct:oll ­

strudioll procedure 1Il0re dosely. 


7.3 Tracking Efficiency Results for Mode 

To estimate the importance of modeling the finite lifetime of the JI± we show results 

for the case when the Kt's at·c not allowed to decay previous Jneastlremcnts have 

irnpoocd lhis restnctloll In Fig. 7.1 we show the tracking ellieieney as a function of 

together wilh the reconstructed lJ peak after retracking the evellt. The 1'1' 

Curve <Iuickly rcaches it plateau, so we fit a constant value for PI' > I GeVIe. The fit 

gives au efficiency of 97.4 ± 0.1%. The lIlass plot is for embedded tracks with I'T> I 

GeV Ie. By fitting the nllmber of reconstructed B events and taking the ratio to tile 

number of embedded [{aous we get an eflideney of 96.5 ± 0.7%. The smali dilference 

between these two methods is taken a.~ a systematic error. We estimate a I% upper 

bouud for this uncertainty. 

We HOW procL'Cd with the full simulation. The l{±'s are allowed to decay according 

to Table 7.1. The charged daughters rrom the decay are also embedded. 

In Fig. 7.2 we show tire tracking emdency a.~ a function of PT(I{±) tugether with 

the r(~coIl.tructed lJ peak after rctracking the event. The PI' curve slowly reaches a 

ko.rz '-'-'-'--'--'-I-'~--'l 
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Figure 7.1: Tracking ellicicIIcy for embedded fI'± trilcks. 'l'JIC JI± 's am IIOt 

allolVed to decay. Left plot sllows tIle tracking ef/icieru:.I' (acmrdillg to tire 
xiI definition) as a function of p.r. Rig/It plot sholl'., tllC re<'Ous/melcd B 
peak after retrackiIlg I"e event. 

t I J r 	 t t t r 



(jG 

plateau. We lit a COllstant vallie for Pr > 3 GeV Ie. The lit gives an eflicicllcy of 

91.G±0.2%. The milSS plot is for embedded tracks with Pr > I GeV It;. The efficiency 

frollt the lIlaRS plot is measu rcd to be 91.0 ± 0,6%. 
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Figure 7.2: li'ackillg efficiency (or embedded [\± tracks, The l(± 's arc 
allowed to decay, Left plot shows the tracking cflldency (according to tbe 
xlt definitioll) as a (ullctioll of P'r, Right plot shows the recollstmeted B 
peak after l'etracking tbe evellt, 

We conclude that, as expected, the finite lifetime of the [(± lowers the tracking 

efficiency (- 6% for > 1 GeV Ie). Softer tracks have a higher chance to decay 

before crossing enough CTC wires, thus the loss ill tracking cflkiclIcy is greater for 

softer tracks. 
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7.3.1 Systematic Effects for the JN1';± Mode 

We study the e(feet of the topology of the data c"ents used. The event topology for 

events with a .IN produced in the decay of a lJ mesoll will elilfer [Will a generic IN 

e"ent. Given that the tracking elficiency depends on the lIumber of tracks nearby, 

we need to check how much our result depends ou the evcllt topology. We estimate 

the importance of this cffect by requiring the <Ii-muon pair to have an 8VX fit, We 

then measure the efficiency with and without a CT t:ut 011 the IN vertex. The CT cut 

greatly increases the B purity of the sample a!lowing us to estimate the size of the 

systematic introduced by the event topology. 

We IllCaSlife the tracking efficiency to be 91.1 ±O.9% when 110 CT (;\It is applied and 

91.l ± 1.6% whcn a CT > 0.0 I elll is applied. We conclude that the cvent topology of 

the JjifJ events does 110t contrioute a significant systematic error to our measurement. 

We also measure the probability that a track found by one eHiciency definition 

fails when the other definition is used. About 1% of the tracks show this behaviour. 

Finally we assign a 1.4% systematic error to the measurement of the tra<:king 

efficiency. 

7.3.2 Tracking Efficiency for the IN/i% Mode 

We have mcasured the tracking eHiciclicy for Pr(l{±) > 1.0 GcV Ie to be !JJ.O ± 

0.6 (stat.) ± 1.4 (sys.)%. 
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Table 7.1: List of simulated decays (or the l\±. 

(\+ Uecay Modes Fraction (1';/1') 

/1+ "" 

11"+11"0 

1f+1r+1f­

7r+ 11"011"0 

,.+ 1/,,11"0 

c+ve 1l"° 

63.5 % 

21.2 % 

5.6 % 

1.7 % 

3.2 % 

4.8 % 

~ 

1.4 Tracking Efficiency Results for the JNJ\~ Mode 

/ .. Fig. 7.3 we show the dependence of the tracking e[UcicHcy as a function of do (the 

track impact parameter). As expected the effiei("",y lowers with do. 

" 

Itll t 
I 

lit 
o ~- .-'~-~ • 

Figure 7.3: 1hcking emciency a, a (um:(io!! o( d,,, au, pion track impact 
parameter, with do expressed ill (em). 

In Fig. 7.4 we show the PT dependence of the tracking efficiency for 11"'5 from the 

I\~. The left and right plots only dilrer in the range of p, displayed. The arrow 

on the left plot shows the minimulII PI' for 11" 's IIsc.1 ill this analysis. The right plot 

shows a drop of the which is caused by the hoost of the decay distance. 

This increase ill the decay distance with fl., mealls that sorne will decay inside 

the eTC with the daughter 11"'8 crossing fewer wire layers. 

\Vc 1I0W proceed to show the 11 mass after retra<:killg the event. In Fig. 7.5 

we show the B peak for all tracks in the el'eut with and withollt tllf, requirement of 

1 1 II I I I I f t 
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Figure 7.4: 'lhckillg efficiency a., a {uJlelioll o{ (J,r(1I:). Left ilnd rigilL plot 
only differ ill ti,e PI' rilllge. 'I'ile afrow iudicates tbe cut applied ill tile fatio 
,,( braudlillg fatios IIWilSlIrCllleJlt. The drop S/JOIVJI fry ti,e right plot is due 
to tIle boost ill tile I\~ decay distallce witl! P/,. 

(:11(11:+11:-) - M(K~»IO' < :\. The trackillg efficiency for recollstructing the /\~l fur 

PT(I(Z) > 1 GcV/caud 1'1'(11:) > 0.35 GeV/c is measured to be 87.4 ± 1.0% without 

a K~ lIIass window and 8fJ.8 ± 0.5% with a I(~ lIlass window. 

1.4.1 Systematic Effect for tbe JNI{~ Mode 

This mode has an extra source of systrnllatics due to the requirement of (M("+11:-) 

<:1. Presently at CDl" there is some ullcertainty as to the magnitude 

of the predicted track errors. To measure the impact of this uncertaillty we scale 

the track errors and measure a change of about 1% in the emdency. We assign a 

systemlltic of I% to this dTed. 
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Figure 7.5: l1ecolls!rucLcd B mass peak. teft "lot IIses all tracks ill ""ell! 
w/iile rigil! "Ivt re'lllires (M(,,+,,-) - ;\I(I';~)/cr < :I. 
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7.4.2 Tracking Efficiency for the Jf.pJ{~ Mode 

We: hal'" IlIci\~ured th" tracking cHiciency for > I GcV/c, P'J'("') > U.:!5 

GeV Ie to be 87.1 ± 1.0 ± 1.7 
Chapter 8 

RECONSTRUCTION EJ..'nCIENCIES 

The measurement of the ratio of branching ratios requires \13 to determine the ratio 

of the rcco1lstruction eUiciencics between the modes (see Chapter 6). lIere we will 

define the eHicieJ](:ies n<...~led Rud descrihe the method used to obtain them. 

8.1 Monte Carlo Event Generator 

SOllie of the efficiencies will hal'e to be computed with a prediction of the /rquark PT 

spectrulll provided hy a Monte GRrlO generator [26, Chapter 5i. This cod(, generates 

/r'luarks with a PT distribution determined from a next-to-Ieading order QeD cal­

culation. This calculation has tll",ertainties originating [rom the /r'luark mass, the 

rcnortnalizaLion scale ami the structure fundions. The /r'luark. are generated in the 

rallidiLy region - 1.0 < y(IJ) < 1.0 using the calculated correlation hetween the P'J'(b) 

and the rapidity disLributioll. 

The generated /r'juark is lhclI fragmented into a JJ+ or a JJu ae<:ording to the 

I'etersoll [ragmcntaLioll funeLioll [:18, Section 2.:1]. The de!:ay packag(: QQ , devdoped 

7:1 

, , iII I 
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at CLEO, is used to Corce tile decays IJ+ .... IN/\+, Jj" .... IN/\.~ and JI¢' -i 1'+1'-. 

The K~ -i lr+ lr - decay is not forced at this stage. The decay package is set ,to mouel 

the expected polarizatioll of the .iN', 

8.2 Monte Carlo Sample 

After the momenta of the JJ decay prouucts have been generated, the detector re­

"('Ollse is simulated with CDFSIM. This package traces cadi particle through t.he 

detector until I.he particlc stops or exits the detector volume. As the particle traverses 

the detector dE/dx and multiple scattering effect.s are simulated together with the 

information that the adive regions oC the detector arc expected to generate. The 

/\~ -i )'1'+)'1'- decay is forced at this stage. 

The simulated Jata are then processed with the same oflline production paekage 

IIsed for the Hun-fa data. 

8.3 .iN> Trigger Simulation 

Even though the trigger efficiency for the IN cancels in the ratio of efficiencies, we 

need to simulate the turn-on of the trigger in order to determine its effects on the 

spectra of lhe Kaoll sector. 

The trigger simulation used for this analysis parameterizes lhe responses of the 

Level I a!Hi Level 2 triggers as a Cllllction of the Pr(I'). It also implements the 

15 

algorithm described ill Sectioll ,1.1. 

The re'ponse of the Level I trigger was obtained b)' analyzing a uata sailiple 

that passed a siugle muon trigger. The IlIass he tween the trigger IIIIIOU and illl)' 

other IIlliOn ill the cvcut was computed and JjIi> candidates were identified from the 

M(/l+ /.-) distrihution. This second lIluon was then ,,"cd to llIeasure the turn-on of the 

ellidcllcy of tl,e Le\'eI I trigger. The efficiency of the Levd 2 trigger Was determilled 

dir<~<:tly from the .iN data described in Chapter·1. The IN trigger only 

requires Oil" of the lIluon legs to pass the Level 2 trigger. The other IIIUOIi Can thell 

be lIsed to determine the ("I'e! 2 trigger effiriency 

The crfed of the .iN trigger is considered by wcightillg each M.e. event by the 

prohaoility of passillg the triggcl'. 

8,4 .iNII± Efficiency 

The isolation procedure of the n± signal .!.'Scribed ill Section 5.6 d"tcrlllines the 

following striug of dliciellcie, for the IN'/';:± lIIo!l., 

(Pr(B) <,,(H) x 'IN x 'P,.(h') X 

l:H.t:{f\) x (TrAt:king X t X) (8.l) 

Not all the eHicielicics in the formula aool'e arc IIccded as SOllie of the terms cancel 

wlien taking the ratio of efficiencies between hoth 1Il0d"s. We now describe each term 

iudicitting which ones we callcel. 

L ____________________________________________________________________L-__________________________________________________________________~ 
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Efficiency of the ['1'( LJ) > 7 GeVIe cut, cPr(lJ) 

The <Pr(lJ) is the dlicieu"Y of the Pr(lJ) > 7 CeV Ie cut. This efficicncy !:aIlcds 

ill the ratio because til(' sallie cut is applied 1.0 both Illodes. 

Efficiency of detecting the .IN, <J/v; 

lIere <ltV> is the dliciency of detecting the IN. [t includes the branching ratio 

-I I'+p-) , the 1'1'(11) cuts, the trigger efficiency, the I' tracking e[[[eiclley, 

and the p geometrical acceptallce. The <JtV> calleds in the ratio of cHicicncies Imt tllis 

ratio will have a residual dependency on these cuts through their influence 011 the PI' 

spectrulll of the Kaon. 

Efficiency of the Jet selection, <P1,(K) X <ll£(K) 

The fPr(K) X <R.(K) is the £>1'( /{±) cut efficiency times the I(± geometrical aC' 

!:eptanee. The <Py(K) cancels ill the ratio b"canse we apply the same cut on both 

rHodes. The 'RE(K) is determined from the M.e. sample by selecting all Lhe events 

that satisfy the P.r(B) > 7 CeV Ie, PI'(l1) > 1.8,2.5 UcV Ie cuts and which have a re­

constructed .II1/;, defined as a di·muoll with mass within ±3cr of the P.D.G. [50] value 

for M(J/¢». From these events we count all generated J\±'s from the f:J which satisfy 

the Ile(/(±) > 86 em .:ut. The erred of the IN trigger is considered by weighting 

each evcnt by the of pas.iug the trigger. 

, I t 

Efficiency of the Prob(~xt·) > 0.01 cut 

The "X' is the efficiency of the Prob(~.\:i') > 0.01 Lut applied Lo Lhe increment 

afLer Ii new cons(,raint has bccu added. 

I'(JI' the .lNI\± mode it "au he decomposed as 

tx2 t~f(Jji-J~-) X t.\/(i,t,I-) x 

(,I'(lil x fP",(JNIi) X ff',(JNIi) (8.2) 

I1ere V rders to a vertex t:OllstrainL, P"'1I refers Lo it pointing constraint in the 

x·y plane and pz refers to it pointing constraint in the Z flirection. [II tI", ratio 

of elliciellcie••e,·crai of these e!liciencics will callccllca\'ing us only to t:OIIIpute the 

reduced X' efficiency 

(~, '1'(/,) (8.3) 

We IIIllst also realize that the .lNJ(~ mode has all cflllivalcllL term (.0 tV(K) in the 

I'oiut wllstl'aints of the 11'+11'-. We could thillk of V(li) as two silllllitanmug point 

cOllstraiuts of 11 charged trat:k. SO We! take the ratio of efficiencies to be independent 

of the t~, for the mode. We will assign a systematic error to this aSSUlllption. 

8.5 JIN\~ Efficiency 

The I'cI:Ongtl'lu:tiou elfkiellcy for th" Illod" can be factorized as 

<P.r(H) X (a(H) X 'J/¥ X 'Pd/'~l x 

f t • I 
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(J\~. X {/l'I'iU:killg X tL'-II(h·~.) X tdlf /l1d,:,( X t:X'l (8A) 

Efficiency of detecting the Kg, fJ{~ 

The '}{~ is the d"tedioll efficiency and it includes the Pr{7r) cuts alld til" 

geollletrical acceptance. We determiuc it from the M.C. by selecting all the e\'cllts 

that satisfy t.he Pr(ll) > 7 GcV Ie, Vr(l') > 1.8,2.5 GeV Ie ents and wl,ieh have it 

reconstructed IN, definet! as a .Ii-muon with mass within au of the P.D.G. \'alue. 

FWlIl these evcllts we COllllt all "'+7r- from the I1~ which satisfy the > 0.:15 

GeVIe Clit and have ill!(7r) > 86 CIIl. We make sure these arc the 7r'S down the decay 

chain of t.he lJ as CDFSIM adds 7r', to the origillal el'ctlt. We take into acwllnt the 

dfect of the trigger dfidency by weighting each e\'ent by the probability of passing 

the trigger, computed with MU2TRG. We split this dliciency as 

(8.5)'J{~ 'Rdrr) x tPl'(rr) 

Efficiency of the > 1.0 cm cut 

The efficiency for Lx.(J\~) > 1.0 em is determined by embedding tracks ill real 

data. 

Efficiency of the d.ll1do > 2 cut, (d%.o 

Now we n.,ed the efficiency of the drr/Ud. > 2 cut. We determine this erlieien(;y 

with the indusive l\~ salllpl". We reCOllst.rllcl. II rcasol!ilbly deal! l\~ sample Ily 

computillg the vertex constraiued M("'+7r-) "lid reqlliring {Jx"(l\~l > 1.0 em and 

< ,I with dK the (i~ illlpad pal''''"cte... We then plot the distribution of 

M("'+7r-) bcfow and after applying thed.lu.;, > 2 cut a, it is showu in Fig. 8.L We 

lIIeasure (d./Od, 87 t 2% where the error is stat.ist;"a!.0= 
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Figure 8.1, /)istribntioll uf M("'+7r-) uscd r.o nlea,,,!',, tI,e ellieicne\' 
d./Ud, > 2 wt. The left "Iot sJlOlV.~ the distributiOIl befure the 
ellt i, applied wIlile the right "Iut sllows tile tiistriblltioll after Ute cut has 
bcell applied. 

Efficiency of the l'mb(~x~.) > 0.01 cut 

The 'X' is the emelcner of the Prob(~X;,,) > 0.01 Cllt appli(~d to the illtremcnt in 

055 



• 

80 81 

x} after a lIew COllstraiut has heen added. For the mode it call he decolllPosed these term~ in the ratio of eHiciencies ali<I then the ouly tlcpends on the 11"+1\"­

as Vertex and Mass constraints. Thus tl,,, only eHiclcney that we Heed to compute is 

'Xl tV("t,.-) x (M{.*,.-) x tV(1l't,,--) X (.\I(,,+rr-) (8.8) 

ty(.+.-) X tp(.+.-) X (M(.+.-) X 
We compuk (V('+'-) by using the inclusive J\~ sample (kscrihed earlier plus the 

(P••(JNK%.) X (P,(JNK~) (8.n) > 2 ClIt. We add this extra cut to reduce the ha.:kgroulHl. If the errors 

Ikrc I',:y refers to a pointing constraint in the x-y plane and pz refers to a were gaussian thiM cut should have an clIicicncy of 0.99, from this procedure we get 

pointing c01lstraint in the z direction. In the ratio of efficiencies several of these <V(.h-) = 0.98 ± 0.02 where the error is statistical. 

efficiencies will canccllcaving us only to compute the reduc:ed X2 eflkiency 
We cannot apply the same procedure Lo compute (.11(11"+11"-) because this constraint 

changes the distrihution of M (11"+1\"-). Instead we lit the distributioll of d,.- jf1d, before 

i~' iy(.+.-) X f.P(.+.-) X iM(.+.-) (8.7) 
and after the i'roh(LlX}) > 0.01 eut is applied. We measure "11(11"+1\"-) 0.99±O.O:l. 

The cancellation of the efficiencies docs not deserve any commellts. The 

cancellation of the elliciencies [or the point constraints of the JNJI.~ system to the 

beam position against the efficiencies for the sa!Tle constraints imposetl on Lhe JNICt 

system is motivated from a study of the IN -t p+ p- and the vi -t IN'1I"+'1r- decays. 

It was observetl that the efficiency of the Prob(.6.X}) > 0.01 cut was independent of 

the number of final tracks involved in the cOllstraint. 

The JNJ(± mode has a term equivalent to the point constraint of the 11"+1\"­ in 

the x~. when the /(± tratk is added to the lit. The 1I11mber of degrees of freedom is 

the sallie for hotl, types of constraints and both constraints involve the requirement 

that the Kaoll trajectory sholiltl go through the J1+ p- secondary vertex. So IVe cancel 

, , , , ,
f • I • t 
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Table 8.1: r:llici"uci"s for LI,e .IN'/\'± mode. The dlieielJ(;;"s I,ave bee/J 
computed for eveuts tlJiil satisfy the I'r( B) > 7 GeVie, 1'1'(,,) > 1.8,2.5 
GcVIe cuts, '/'I,e "V"llts are also required to I,ave a reconstructed .IN. 

Cut I l.;Hiciellcy Value 

f- I 
0.980lldll) > 86 em 

Tracking 0.91 

Table 8.2: J~J/iciellcics for tl,e .IN'[(~ 1Il0de, TJw efficiellcies JUlve been 
cO!TIpute"] for evcuts tlra! satisfy the Pr(B) > 7 GeVlc, 1'1'(1') > 1.8,2.5 
(leVIe cuts. Tlrc "vwts arc also required to Ildve it recollstmeted .IN· 

Efficiency Value 

Rdrr) > 86 em 

Cut 

0.94 

1'1'(rr) > 0.35 CeY Ie 0,93 

2 prey drs 0,87:1 

Tracking 0,S7 

/'£v(l(~) > I em 0.92 


2 !>re" cf[s O.SO 


J,lod, > 2 0.87 


Prob(Ln}) > 0.01 0.97 

Chapter 9 

Systematic Uncertainties 

This chapter discuS3es our study of systematic IIllcertainti"s for tIll! ['atio of hranching 

ratios, We expect the systematics to be "Illail 1":!:iiUSe ill the ratio of cfliciclJ<:ics 

"e\'eral fadors cancel. We will s<:c that from all the possible source of systematic 

errors considered, Oldy three conlri!,u!,,, to the total systematic ern)r of 6..1%. 

9.1 CT(H) cut 

A simplifying assumption IIsed is this analysis is to call('(,1 I,h" efficiencies for tlte 

cr( H) > lUll (Ill ellL. Uccause the JJ+ and the Uo may have <Jifrcrent lifetimes we 

need to assigll a systematic error:hrc to this assumption. In ltd. [:16, Section 5.2.21 

a method to estimate the eT(il) Cltt clliciellCj' is described, The met!.o.1 consiuers 

the B illeson lif<:timc anu the det.,ctor r,,,ollltiol1 to compute the efficiellcy frolll the 

cOII\'olut;oll of an expollential ([or the cr(ll) distrihution) with it gaussian (to IIJo,lel 

the detector resolution), They condude that an ulI","lainty o[ ~ 50 IJlII ill the B 

lifetime produces it 2% IIl1certainty in the cfliciclI<'Y of the cr( B) cut, We assign" -1'70 

sa 
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systematic e!'for to this source. 

Thi, systematic error should get reduced when a helter measurement of tl)(~ IJ+ 

alld lJo lifetimes is available. 

9.2 Tracking Efficiency 

We lISC 0.87 ± 0.02 for the JNI\~ mode and 0.91 ± 0.02 for the mode. The 

quoted errors are upper bounds for the systematic IIncerlaillties of the method IIsed 

to measure it. We assign a 4% systematic elTOI [or the ratio of tracking efficiencies. 

9.3 Monte Carlo Spectrum 

We study the effect of hardening and softening the default spectrum used by the 

mOllte carlo generator described ill Section 8.1. 

The two thick curves ill Fig. 9.1 show tWIl theoretical slIapes available by changing 

tI,e default b-cluark mass and the renormalization scale. There is a significant variation 

o[ the absolute scales hetween the two curves but no significant change of the shape 

of the C!lI'Ve". Onr measurement is not sensitive to a variation of the [l"OSS section 

scalc becallse we arc measuring a ratio but there could be sOllie residual dependence 

Oil the shape given the different kinemati<:s of the Kaoll sedor for the decay modes. 

To study the dependence o[ ollr result 011 the Pl'(b) spectrtllll we produce two 

lIlaximal variations of the theoretical shapes spectrum by llluitiplying or divi.ling the 
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spectrum hy (mt + /"r(b)l)OA This factor is chosen I",,:allse it approximately takes 

011" curve into the oLher. 

With thesc two maximal variation. we compute the elliciencics shown in Table 9.1 

ouly using quantities available at the generatioll level. We show the change in the 

cut dlicicnC}' for completeness (the ratio docs not depend on this 

We see that the expected dellendencc is observed. that is, a harder spectrulII 

gives a higher cJliciellcy for the I'd I\~) wt. TII(~re is no dependence of the other cuts 

OJI the P.r(B) spectrum so we do lIO\' assign auy systematic error~. 

Ta!..l" 9.1: ElTect of maxima} ,liap" variations SIIOWIl ill Fig. 9.1. 

Cut DJ::FAUI:I' SOFT IIAIlD 

PT(I\~) > 1.5 GeVIf: 67± 1% 64 ± 1% 71 ±1% 

1'-1"(11') > 0.35 GeV /e 92± 1% 91 ± 1% 92± 1% 

L,.( I\~) > 1 em 94 ± 1% 94 ± 1% 9·1 ± 1% 

9.4 Trigger Systematics 

We investigate tllf~ c1fed of the U11(:ertainties of the t,rigger lIIodel on our ratio of 

dficiencies. \Ve select high/low dliciellc), curves for the Level 1 trigger and th" Level 

2 trigger. We do lIot ohserve an)' sigllificallt variation. \V" IIlllst poillt out that we 

II 
,

I f I I I I I I t t 



81; 

10 

o 10 20 30 40 50 60 

Figure 9.1: Maximal variations of the default P.r(b) spectrum used ill tllis 
analysis. TI", two tllick wrves are obtained by c1l1illging t1lC default b-quark 
mass and tile rcnormalization scale. Tile [!.ill curves ,IIOW tIle variations 
olltained by multiplying or dividing tile spectrum by (mg +PJ'(b)2)04. TII;s 
factor is dJOseu because il. approximately takes OJle tllmr)' curve iuto tIle 

other. 
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have changed the turn-on CUrves according to th" Ullc(!rtaiuty of the CMlfclIl'\'cs. 

The IIncertainties for the CMX s)'stem arc larger alld i1re (r(ak.! iudep(m.!ently. 

We c!tange the Le"e11 CMX trigger turn-on maximally and again we filldllo uepell­

dence of 0111' eIlicicllcics Oil tlie trigger 1Il0de!. 

We must point out that we found 110 depe",l"nce of the individual emdenc;cs. 

This indicates that the Kaon Pr spectrum is insensitive to the IIncertainties of th" 

trigger turn-oil. 

9,5 Pion Impact Cut 

We study" possible systematic errol' wllIillg frolll the spectrum into the 

1I1Casuremellt of the pion impact Cllt cflici,,"c),. We are concerned that harde" 

lIIay have a larger d, distribution and thus a higher cllicicnq'. We apply diffcl'clIt 

ell1.3 alld measure the efliciellcy. The results arc given in Tab. 9.2. No 

<l"pelldence can be seell. This could IIlean a cancellation hdw<:C1I two competing 

clfccts related to the boost. Olle is the loger ,Iccay length of bo",tctl l\rs which 

results ill larger .. illlpad parameters. The other effect is tire tie(:rca,c of the ..+..­

opcllillg angle which rcsllits iu smaller .. impact IJarallldel's. 
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'ntble !).2: l~flicielJC.J' of drlfYd, > 2 Cl)t for different vailles of P1'(J\X). 

elfPr(I\~) > GeV Ie 

0.0 0.87 ± 0.02 

1.0 0.88 ±0.02 

1.5 0.89± 0.02 

2.0 0.S7 ±0.02 

3.0 10.86 ± 0.02 

9.6 1'-1' Dependence of the Probability Cut 

We are concerned with a possihle anomalous Pr dependence of the tracking errors. 

A study performed 011 the J/¢ normalized lIlass indicates that the width of the 

distribution has a slight depelldcllcc on the 1'1' of the J1 tracks. 

To study the efrect of this dependence on our > 0.0 I cut we splil. the 

sample according to the PI' of the softest lL We cut at 0.1;5 GeV Ie trying to 

split the sample ill halves. In Table 9.3 we show the resulting efficiency for the "ertex 

t:Otlstrain cut. In Table 9.4 we show the resulting efficietlcy for the mass constrain 

fllt. 

TIle change is minimal whcn compared to the statistical error. Wc assigll 110 

systematic error to this dred. 
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Tahle 9.:1: Study of I~r(r.) dcpcIJdeJJL'C of tile eflicicJJCY of the Prob(aX}) > 
0.01 cut for the vertex constraint. The crmr is statistical. 

1~J'(1 df 

< 0.65 GcV/.: 197 ± 2% 

> 0.65 GcVlc I !IS ± 2% 

Table 9,4: Study of Pr (r.) dcpendcllcc of tile ,,(ficiCIICY of tile Prob(axJ.) > 
0.01 cuI for the mass conslraint. The error is statistical. 

df 

> 0.65 GeV/c 199 ±2% 

9.7 Dependence on 1'1' Cuts 

To gct an idea of the dependeuce or our result ou the J~r cuts applied to the Band 

thc Kaons We show in Tablc 9.5 ratio of brauchiug ratios obtained with tlilfereut 

1"1' cut.. The last column shows the varialions of the re.ult when cOlllpared to the 

vallie 0.77. The Ilumber of ''''cnts aud the crficiencies arc slightly differ<~lIt frolll the 

final I'alucs lIH<~d iii 0111' measurelIlent be!:,,",c th('y were determined ill it different 

lIIanner. We colidudc that the variations ille II'cll withi" tile statistical llIlc(!rtaillty 

, ,
t I I I I I t I t t I 
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of the lIICaSlll'em<!nt. We ""igu lIO systematic enol' to thesc selection cuts. 
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Table 9.5: [)cpclldem:c of tile lJ Il/ lJ II OJ! !lIe [lr( ll) and I\aon 1-'7' cuLs. 
Vii/lies of tile PI' wts are ill Ill/its of UcV/". I';rrurs ill the IJR/BR are 
statisticallmiy. 

JNI\± JNI\~ ~«} BIl/ lJll LlS(JU) 

P7'( IJ) i'7'(I{±) 1-'7( fJ) Pr(l\~) 
,-f..-. - 1·---· - '­

6 I 6 I 174/<15 .77 ± .15 0,00 

(i 1.5 6 1.5 150/,11 ,80 LI6 0,03 

6 2 6 :.! 108/2~j ,8;; LJ!) 0.08 

6 2.5 6 2.rt 83/2:1 .8~ ± ,23 0.11 

(i a 6 :1 71/22 .79 ± .20 0.02 
-_. f..-.. 

7 I 7 I 1:17/,/0 .78 ± .16 0.01 

7 1.5 7 1.5 132/~17 ,77±.I6 (l,OO 

7 2 7 2 10·1/:10 .78 ± .18 0.01 

7 2.5 7 2.5 8a/2:1 .85 ± .2·1 0.08 

7 3 7 :\ 71/22 .79 ± .22 0.02 
~-.. .­

S 1 I 12·1/37 .76 ± ,l(i -(J.() 1~ 

S 1.5 8 [,5 lIS/:j.J ,i-l±,16 -0.0:1 

8 2 8 2 96/27 ,79 ± ,18 0,02 

8 2.5 8 2.;' 80/22 .81i± .2:1 0,09 

8 :I 8 :I 70/22 ,77 ± ,If) ROO 
---- -- ._-- _1..... 

--~ 
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9.8 Fitting Procedure 

vVe investigate th,~ effect of two parts of our litting procedure 011 the N(JN/I±)I 

ratio: tlIC fiLtilig function and tlie width of the gaussian used to moJeI 

the signal. 

9.8.1 Integrate Across the Bin 

As explained in Seetion 6.2 the number of signal evellts is only approximately givCJJ 

hy the parameter Ns, the exact value given by a slim like the Olle shown ill Eq. 6.5. 

An alternative pro!:e"u!'c is to fit the function 

j(m) Ns x 
bw • bw bw+ -) - frc'I(m - -)) + NfJ X -
2u 2u 5u 

which is obtained by using Eq. 6.5 for only Oil!! bin. IIere'lI == -1')lu and freq is 

the CERN library funeLion defined as 

I j.e 12 
frc'!(x) t= exp( - - )dl

v21f -00 2 

The Jifference between fitting J and j is that the parameter Ns now truly repre­

sents the number of signal events. The fit is shown in Fig. 9.2. 

9.8.2 Float the Width of tbe Gaussian 

For our reslIlt we fix the width of the ganssian to I. In Fig. 9.3 we show ~he dfect 

of letting the width noat function fitted is The litted width i, given by 

paralllcLer P3. 

~J:l 

16 1>(1"''''''' 1,. 
80 

pI l6,28:t. 

4 
P2 .2824(-01 *­ 70 
PJ U)OQ± 

12 
_~~__ .l286 f: 60 

10 50 

8 40 

6 30 

4 20 

2 10 

0 0 
-10 0 10 -10 0 10 

l"igure 9.2: Fit using function j, wbicb is tlescrilw<l ill tlw tex!. Tile Hum/WI' 
of evcllts is given b.v parameter 1'1. 

, , I I , , I I I 
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9.8.3 Results 

III Table 9.G we slllIlmarize the ratio of the nlilTlOer of events from the three p~o<:edllre" 

reported in this thesis. We do not assign a systematic uncertainty to the fitting 

procedure because the changes are well contained within the statistical errors. 

Table 9.6: Vependen<:e of tIte fatio of obscryed eVllllts with tIte fitting pro­

cedure. The ratio is N(J/N{±)/N(JNfI.~)· 

N(Jf,pfl.±) RatioMethod N(Jf,p[(~) 
..~--

Fit f 36.0 ± 6.4 139.3 ± 15.7 3.87 ± 0.82 

Fit j 36.3 ± 6.2 141.8 ± 15.9 3.91 ± 0.8:! 

Float (J 37.1 ± 6.5 1·15.2 ± 17.8 3.91 ± 0.83 
-
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8016 PI )1,10± ~"57 145.i± 17"62:["""".2ttl£-olT,. .t. -lUgP2 70 -.lHJ7:t .14et:4 11'] 1.tSSt , 
l.OtH '* .1216. 

~4 __ J.660± 118,1 :f; 11t W~6012 
50 
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10 
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6 
 jO 


4 
 20 


2 
 10 

0 
 0

0 -10 0 10 

Fignre 9.3; Fit with a lJaating widtIt. TIle !lIllnller of event.., is given Ill' 
parameter P I and the width /11' parameter 1'3. 
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9.9 Cancellation of I'rob(t..X}.) > 0.01 

We have aSSlllll(!d the following canceilatioll of cHidellcies 

IV(I\) x <P.v(JNI\) x tf',(JNI\) 

As it was indicated in Section 8.5, the cancellation of the ellkiencies for the point 

<:01l5traillt8 of the two lJ systems is ex peeled to hold as a result of the 'mdepclldence 

of the efficiellcy of the > O.OJ cut with respcct to the Humber of tracks 

ill\'olved in the wnstraillt. 

We now check whether the cancellation of the efficiencies for the P(,,+,,-) and 

V(J{) constraints holds in the M.e. sample. This is necessary because these two 

constraints are treated dilrcrently by the algorithm. The constraint of the f(~ is 

t[('atcd as a point constraint while the J{± is treated as a vertex constraint. In 

Fig. !1.4 we show the distrilllltioll of when the J(± is added or when the [(~ is 

point constrained in :lD. The fit shown is a X2 distribution with 2 dof and a scaling 

factor given by parameter 1'2. We only fit the region 0-].1 to avoid the tails coming 

frolll non-gaussian errors. We wllclude that the shaJJes are consistent with each other. 

We know proceed to compute the efficiency for the Proh(t..X}) > 0.01 cut. To do 

this we count the number of evcnts within ±2.5(1 in the norlllalized M(IJ) distrihution 

before and after applyiug the cut. loVe measure CP(rrh-) 0.962 ± 0,002 and cV(lq 

0.967 ± 0.002. The errors are binomial. 

,I I I 

10 

o 10 20 30 o 10 20 30 

Figure 9.4: Distribution of t..X~. W/lell Ille !{± i., added (len) or lI"I.ell Ille 
!\~ is POill! constrained ill :1·lJ (riglJt). The fitted scaling fador is 1'2. Tile 
fitted vailles are fairly consistent. 

,t • I 
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If the smearing of measured {tuantitics were gallssian, this cut would he 99% 

dlicient. The M.e. prcdids onl), a 9(,% emdenc),. We assigu a 3% systematic error 

-as an IIp)l{~r limit- to lhe cancellation of the efficiencies of the I'rob(6xl) > {!.OI 

culs. 

9.10 Summary of Systematics 

In Table 9.7 we sUlIlmarize the values used ill this analysis for the systematic error 

eslimates. 

Table 9.7: Valu"s (or tile systematics associated witll this measuremeIlt. 

Origin 

[1'(8) > 0.(11 em 

Value 

,I 

Tracking Efficiency 4 

Prob > 0.01 3 
r­ --­

combined 6.4 

Chapter 10 

RESULTS AND CONCLUSIONS 

The measured ratio of the numbers of event.s is obt.ained flOm the fitted valnes shown 

in Table 6.1 

N(JN>~(~) 3.87 ± 0.82 (staL) ( Ill.! ) 

The enor 'plotcd represents a 21% statistical error and it is the dOllliuant rlllee!'­

tainty of t.he measurement. 

The ratio of elficiencies is determined from Tables S.1 alld 8.2, namely we have 

«IlE(r.) x (p1'(')) x 
{JJ!/;K* 

X (L,.(I.;~)) X (..,/Ud., X f.~, 
tk,.;(K, X (Traj_king 

0.87:\ x 0.80 x 0.87 x 0.97 
0.980 x 1).91 

O.6G I ± 0.0,12 (s)'".) (10.2) 

The systematic e!'ro!' corl'espomls 1.0 I.he (,.'1% [mill Tahle 9.7. 'fbi, ratio of cflkicllcic" 

lleeds to be corrected fo!' the branching ratio 7r+7i"-) hc[atlse \\'c forced 

99 
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I,his decay mode during simulation. So using Eq. Ii.:! we get 

BR(lJt -I IN'Kt) 1 N(J/tPJ(t) X (tl° x 
-> 1t t 1l'-)

BIl(BO -I J /tPf(") 2 N(JN,J(~) (tit 

0.5 x (:1.87 ± x (O.uG[ ± 0,{'12) x 0./;86 

0.88 ± 0.18 (sLilt.) ± 0.06 ( 10.3) 

We uow lISC tl,e CLEO value for BIl(J1t from Ref. [3] to obLain 

B Il( i:JO -> 0.125 0.031 (stal.) ± 0.014 % (10.4 ) 

10.1 	 Comparison to other Measurements and Theory 

We bave collected in Tahle 10.1 a list of wcent measnrements of the 

ratio. All COl·' measurements refer to the same rlln. We can see that our lII(,asurelll€nt 

is consistent with all other measurements within our statistical errors. We can also 

s~'C that our measurement is collsistent with the prediction available in Ref. [2J which 

gives 

r(n+) I~ 
r(1JO) ~ 1 + 0.0.5 (200 MeV)2 

where Itl is the lJ meson decay constant. Using an estimated vallie of Tahle 12] 

IB;:::: 180±50 MeV the ratio is expected to exceclll.O hy a few percent to 10 percent. 

,I 	 I I 
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Tahle 10.1; A sutltlmuy of recent ratio of lifetimes IIIca'Ufernellts. 

Experiment Tecilllique T(lJ+)/r(lJU) 

CDF lJll(B+ -> JNA·t)/ HIl(IJ" JNJi") 0.88 ± 0.18 ± 0.06 

CLEO [45] Bll(JJ+ -. Xlv)1 BJl([J" Xlv) 111.9:1 ± 0.18 ± 0.12 

OPAL [4(1J J)/ 0.99± 


DELPHI [HI 
 Event Topology 1.06~g:r ± O.W 

iJlt 1.00~gg ± 0.10 

CDF [6J JNI, Direct 

DELPHI ['18J I 
1.()2 ± 0.16 ± 0.06 

CDF [49J DI 10.96 ± 0.10 ± 0.05 

10.2 	 Comparison to Other Exclusive Branching Ratio Measurements and 

Theory 

In tltis Sectioll we compare 0111' results to other experimellts whid. use the sallie 

exclusive channels to compute tl", branching ratios for .JNJ\± alHI \V" ollly 

COlli pare to <.:1,1-:0 II, given that Vhcir statistics far surpass the other cxpcrimcllts. We 

can sec that our measuremcnt uf the ratio of h.anching ratios has the best statistical 

error (20% compared to :15%), this is expect"II as CLEO ollly reports 10.0±:1.2 evcllts 

for the IN'I\~ Illode. We then COlli pare our mcasnrellll,llt for JIN';") , Th" 

CDl" statistical error now increases lip to 25% be,;allsc we lise the CLEO value for 

,1 f I 	 f 
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JJ U( LJt -> ,IfNU) , This statistical error is mmparable to the ~12% stati,tical errOr 

for CLEO's measurenwllt of lJll( lJo ---i 

Table 10,2: LJraIH:lling ratios mCitSUferllCnt available at present for tire ex­

clusive decay c/Jalwds, '/'I", values for AltGV.':i, CU~O 1.5 ami CU~O II 
lVere takcll [rom l1e[, [11]. P,D,G, 1994 refers to tile world average value 
givell ill HeE. [,50)' 

lJ l1(lJo -> J/tP J(O) % HatioSo llrce lJJl(lJ+ - J/if'/.;t) % 

c )F 0,88 ± 0.18 ± 0,060,125 ± 0.031 ± 0.0\<1 

0.89 ± 0.82 


c "EO 1.5 


0.081.0,01 0.09 ± 0.07A ltGUS 

0,07 ± 0,04 1.3 ± 0,9 


c "EO II 


0,09 ± 0.03 

1.47 ± 0,511: 0.20 

p D,G.1994 

0.075 1. 0.024 1: 0.0080.110 ± 0.015 ± 0.009 

0,1021. (LOI4 1.36 ± 0.'120.07" ± 0,021 

From HeL we obtain a predidion baseu on the factorization approach. The 

method IISCS resliits fWIII AnGUS and CLEO to fit an clreetive parameter a,. The 

modes used in the fit arc 8° -t and Bt --+ Jf.pl{t, JNj('+. The 

result is iu,i 0,26 ± 0,01 ± 0,01 ± 0.02, where the iirst error is .tatistieal, and the 

sceond and thirt! are systematic The prediction of 

I3il(JJO --+ Jf.pJ(0) = 1.817a~% (10.6) 

10:1 

ell II he ""cd to get 

-t "" 1),1:!:1 ± O,(}i% (10.7) 

where tile ''1TOr is the comhined '!ITOr ill (Iuatil'alul'e fmlll tile a-, IIllCI,rtaiutie". 

We can sec that there is I'cry good agrccIllcnt witl, 0111' mCaSlll'ClllcHL. This agn~'e-

ment should he taken with caution. As stated in Hd. It.e fadori~alion a"sump­

tion is not well fOllnded for colour suppressed .Iceap. 

10.3 Future Prospects 

In Table 10,:\ we list the three sonrces of ullccrtainties for the ratio of hrandling I'alios 

lBcasuremCIlt. \Ve see thaL the main 1Il1ccrtainLy in ollr lnea~mrenleHt nHne~ frolH the 

low statistits of the JN1{~ mode, Ililproving this value is llol all .'asy task, though. Itl 

Fig. 10.1 we sho\\' a JNi\~ peak obtnineu with the same data hnt wilh looser selectioll 

ClItS. We sec that the sigHal has increaseu to be 55 ± 9 PI·cnls. Tire statistical error 

now is 9/5;)* 100 = Hi% not the nail'ely expected"" v'5f./55 * 100 co 1:1%. The correct 

forllluia to lise for the uncertainty in Lh., Humher of ""ClIts Sis f1 "" with B 

the ulIlIlhcr of background Cl'cnt~ ullder the peak. This means that if we relax tli" 

Clits to gd tHore signal, the illlProl'ement. gets diluted by tl!" corrcspoll<lillg ill<;rclIll:nt 

of the Lat:kground. 

In this analysis we hal'e kept the nit" applied 1.0 earh tIIode as silnilal' as I,,,,,"ihle 

in order to keep a heLLer c:unLrol of ~}'stt~matic HrtccrLaillti(!!i alld pO:isihlc cnors ill the 
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computations, This meaHS that if we gain events by loosening sOllie cuts, we 

will get awol'S(' signal·to-noi"e ratio in the mode. This leads Us to conclude: 

• 	 The Illost obvious illllHol'cmcnt to the present measlIl'emellL will COllie from the 

ad,led data from the ongoing nm (Run.lb) with an expected LotallulIIinosity 

of 100 p,,-I by the end of July 1995, This will mean that our statistical error 

should reduce frolll 20% down to 10% once the whole data set is analyzed, The 

statisticallln<:eltainty of the branching ratio measurement should decrease frolll 

25% dowu to 17% (we have kept the IH'csenL CLEO ullcertaiuty of 11%), 

Table 10,;1: .'iolJrce~ u( ulI!:cl'taiuties (or tile ratio of brauchiug ratio mea­

surement. 

dbution % 

18 

Systematic 6.'1 

The three B decay modes reconstructed ill this thesis show very different signal-to­

noise ratios, The Jf.pIl± has SIN", 1.0, the Jj.pll·± has SIN", 5,0 and the 

hits SIN'" 10,0, This is indicating that the identification of Kaolls ill a hadrollic 

cllviro!llllcnt is an impol'taut isslIe to reduc(! background, We already poillted out ill 

I , I ,I I 

lOS 

CDP' Preliminary 
1 -,-,.--.--l'~-

28 

Int. Lum. : 20 pb-' 

S : 55 ± 9 
S/N: 2.3 


20 ,~ a : 15 (Mev/c') 


24 

l!') 

~16 

"" ;3 	 12 
C 
(\J 

> 
W 8 I[rlj~juIVlrl,,J~ 

o lL~d..-_L~~_",_,-L..L_L "-1-1."I_ ..1_~LJ"_l~!._-'_.l.....-L'_I-, ... I.I_,--l-..l..-..-.i-. 
- 5.1 5.2 5 . .1 5.4 5.5 5,6 

J/'lI'-Ks Muss (GeV/c') 

Figu!'e 10,1: Alass plut [or JN/i~ m",ie siJolring 55 ± 9 el'{'Hts, Tile ,(a­
tistieal cnol' is 16% because o( tl", iUCI'ease ill tlle background, Wit/IOU! 
background tIle statistical el'f<Jf would I.e 13%, 

• 
 f t t 
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Chapter 1 that the Fermilab TCI'atwJI has it b-'1l1a.-k production crOss sectioll that 

is [)O,OOO times larger tltal. a ,+,,- collideI' working at the '1(,18) resollance (at the 

energy of Llle, = 16 'reV, th" cross section is about 500,000 time. larger). This 

fact would make it hadron collide.- th" ideal place to study 13 physics were it not for 

the I'cry large backgrounds t\",1. have to be rejected. A particle 10 system capable of 

dilferclltiatillg Kaolls from pions in the Pr range 1.0 < 1'7' < 2.0 GcV /e could prOl'e 

useful to improve the S/N of the mode. 

The CDI-' silicon vertex detector has proven to be a "ery important clement of 

this analysis by allowing liS to lower the PT cuts while keeping it good signal-to-noise 

ratio. During Hun-Ia the SVX sulfered radiation damage, mainly from 30 pb-' of 

collisions, which lowered its performance [27J. The main dfeds of this dose arc all 

increment of the leakage curreuts of the SVX ladders, an increase of the dectl'OlIics 

noise and a decrease of the gain of the readout chip illstaUcd in the SVX detector. 

For RUll-Ib an AC-wuplcd detector (SVX') equipped with a radiation-hat'd readout 

chip was installed in its place. The SVX' is expected to sllt',·jl'e the radiation damage 

from a few \lll1ldred of data at the Tel'atron. All illlportaut drawback is that the 

SVX only !:Overed about 70% of the interaction region. This means that ouly abont 

60% of the iN's have both muon legs in the SVX, which reduces the impact of the 

SVX. For Hun-Ib a sllIali improvement was obtained by a change in the design that 

eliminated a Sill ali gap between the two barrels with a !:Onsequellt 5% increase in the 
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acc<'ptall(:e. A louger ddcdor (SVX-I1) collsisting of thlee hands will be ill place 

for 1l.ll11-1i (scheduled for the end of 1998) with a I.otallcngtll of 9G em (compared to 

51 Wt of the SVX and SVX' detectors). Allothel important feature of tire SVX-Il is 

that it has 3D tracking capabilities. 

Two iiRHulllptious were lIeeded ill the 1I1casuremcnts reported in this thesis, The 

first Due (Chapter G) is that the production of neutral and cbarged II lllt!SOIlS i, til<: 

same, namely 

17(pp b..... = 17('-;[1 ..... b-; llO) (10.8) 

This assulIIPtion has been used in published re,ults and it is expected to hold at CDF, 

The se(:ond assnmption refers to the equal rates for the paltial decay ratcs (sec the 

Introduction): 

qB+ ..... iNoJl+) = 1'(Uo ..... iNII") (10.9) 

In the future when an increased 1lI1ll1hcr o\' rcconstrurted ''''cnts allows fOl a significant 

rednction of the staListical error we should cons;,lcr mea'uring the ratios 

iu,tead: 

BIl([J+ ..... .INJ"+)u+ 1311(1/+ ..., ,JNfl+) 
BU(O" ..... iNdl''')

11.0 (tIUO)lJ/i(B" ..... .IN-I,D) 

The".! ratios (:all be uscd to check the ,'"Iidity of the factorization hYl'ullicsis for this 

t)'PC of decays. Neither of the two assumptions mentioll<:d above are lH"dcu for these 

ratios. 
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The main interest in the IN'I(~ mode COllle, from being the "golden mod,," for 

the Htudy of CP violation. In Appendix A.5 we show the several simplifications that 

this mode permits for th<, measlIrement of the angle /I of the uuitarity triangle. This 

thesis demonstrates that it is possible to recollstrud a very dean sample in 

a hadrollic environment. Based on this result an expression of interest by CDr' has 

heen suhmitted to Ferlllil"b tbat expects to with a ±O.IB ullcertainty 

hy tlIe elld of year 1999 with a total integrated luminosity of 1.5 fh- 1 
• Four hasic 

improvements over tbe present CDF performance are expected to make this measure· 

ment possible. The decay 1lI0de JjIjJ --+ e+e­ is expected to improve detection rates 

by a factor of two. The planned upgrade of the Data Acquisition System (UAQ) for 

Run-II will permit lowering the muon I~r trigger thresholds to 1.5 GeVIe (for Iluu-Ib 

the present DAQ cannot handle the trigger rate resulting in physics events geLLing 

A Time of Flight ~ystem is being proposed to provide separation of 

2.,. lip to 1.6 This should improve the efficiency to detect the other B in the 

cvenl. The tracking dud triggering acceptance would Ilc(~ to be improved also. 

The expected asymmetry if the GI(M phase is resl,ollsible for CP violation is 

expected to be [52] 0..'5:\ :S sin 2(3 :S 0.81, which means CP violatioll outside the 

Kaon system could b<, ohserve.1 in an upgraded version of CDF by the year 2000. 

Appendix A 

CP VIOLATION 

About 3(J years ago (UJM) Christ<!nson et at. [H] report",d tile observatiolL of the CP 

violating deeay [{~ --+ "'+"'-. The ".+".- can only have GP I [19, Section VI.B). 

The III is au eigenstate of the total lIamiltonian. If the Hamiltonian consen'ed CP 

then 11.7, woukl have CP = -I ami the decay would be forhiddclI. 

There is 110 solid theoretkal undcrstandillg of the origin of CI' violatioll. The 

eXI)(,rilllental observations thus far could be completely due to the being 

almost CP =­ -1(+1) eigellstatcs with a small i) mixture of the otlJer GI' eigen­

state. The Standard Model allows for this situatioll huL the predieLiolls have 

large ullcertainties. The obsen'ation of dired CP violation later} would rule 

ollL a class of models called supr~lJ)wk and could provide snpport for the S.M. The 

modes BO --+ IN[{~ together with JJo -t ".+".- S(~f\'e as a good probe of direct CP 

violatioll [15, Section VIII.U]. 

Tile measurement of CP aSYllImetries ill LJ d(~cIlYs call also provide (ile<:ks 011 
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physics heyond tilt: S.1IL Thi, could happell in several ways 

L Sigllificallt contri iHlt.iollS from lIew physics to B-l.J mixillg. 

2. 	 Unitarily of the CI\M lllatrix docs nol hold. 

3. 	 Decays where lhe expected S.M. asymmetl'y is slllall (like penguin dominated 

dccays), if measured to he large, would signal new physics. 

The slndy of CP violation may also have relevance lo explain the barron asym­

melry in the Universe. The preseut observed ratio between the nudcon density III' 

and photon density 1/ 1 is [17, E'l. 11.67]: 

",'II ~ Ilr" 	 (A.l ) 
T/) 

This density is computcd from the 2.7 K degree background blackbody radiation. 

This radiation call he traced back in lime to mean that abollt 10-7 sec afLt,r the 

origin of lhe Universe lhere was all asymmetry between the quark density and the 

anti"quark density of 

b=-~~ 10-" 	 (A.2) 
Uri + flqc 

Within the colltext of the S.M. this cosmological asymmetry can only be intro­

duecd as an initial houndary cOllditioll, which seems uJlesthelic. An alternative path 

is to postulate all illterndioll the S.M.) which would dynamically generate 

t.he aSYlllmetry around 10-"" sec into the Dig"Bang. This new interactioll would have 

to violate CP 

III 

A.I CKM Matrix 

The disc",,;on is taken from ltd. the minillial S.M. the Yuk""a 

iutcractioll is writteu as 118, forlll"l" (2. 

f' f' F 

L\'"k E +E r~<I~q~!tl.'r'(~H. + E + II.C. (A.3)
mn::::l mfl,=i /tl n:::: 1 

wl,cn, [''', I'd alltl i" arc arbitrary F X F matri!:es, ITt, II <>1'1' iudexcs that !'tm anoss 

the F familics. The symhols ami represent the SlJ(2) doublets of left-handed 

[,,!'mious 

!I~n 1 (;\.4) 
( (1/:1 

I, 

U (1"1

fml; v" 1 	 (A.5)
( c;!. 

I. 

The supcrscril)t 0 dCliotes "weak intcradion basis", that. is, the basis where the 

curreHts arc page 12G]. The symh,,1 p n'l'resents the douhlet of 

scalar particlc's 

p = ( p+ 1 	 (A.G) 
pO 

and 

(A.7), (::' 1 

II.C. means hermitian conjugate. 
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The condition that only th" left-handed fennions transform IInder the SU(2) gauge 

transformations forbids tho inclusion of bare fermion mass terms. The fermion masses 

arc generat,'d through spontaneous symmetry breaking by which the neutral compo­

uent of the Higgs field 'P acquires a vacuum expectation I'aille (here taken to be real 

and of magnitude v/J2). From Eq. A.3 we can see this V.KV. induces the following 

terms in the Lagrangian 

F - F f' 

CM ,f. il?'IX::'n~II~R +.f. ~nLr:,,~J,!R +m~. t.:.1),:"n~e~R + II.C. 

uV,[Utl~ +JiMdJh +c~}.J'e~ +H.C. (A.8) 

The maSH matrixes Mu(d,.) are in general complex and non-hermitian. A unitary 

transformation of th" fidds can be used to make them diagonal by expressing the 

Lagrangian in terms of the "mass eigenstate basis" of fermion fields, namely 

"I.° ALIII. (A.9) 

II~ := ARIIR (A.IO) 

with similar transformations for the J'l's and eO's. The electromagnetic and neutral 

weak cllrrents do not change form in this new basis. The leptonic part of the charged 

weak current does not change form either oecause the neutrinos are supposed to be 

massless. The part dealing with 'Iuarks generates interaction terms between fields 

from different families according to 

p-

I: 2dm Pt. Acmn ll n (A.II) 
IIIn=1 

I I I 4 
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with 1'1. the projection operator into left-handed fields ,1IId 

Ac:=At.'Ai. (A.12) 

is the generalized Cabibbo matrix. In the ("ase of F = :J this matrix is referred to 

as the Cabihbo-Kobayashi-Maskawa matrix (from now on V). The CKM matrix has 

enough degrees of freedom to contain an imaginary nllmber whose phase is ooservable. 

The matrix cau be written [20, page 16:13J 

rV~ V., V•• r '''''I' - ,.J 1I 
::: -A AA' (/\.13)V = Vcd \1;, Vcb 

AA3 (1 - (1- ill) -AA'V.d v., ll,b 

The second expression is known as the \Volfenstein's parameterization. The expan­

sion ill powers of the "small" parameter A P = 0.22) is motivated by the ooserved 

hierarchical stn\l:tllre of the couplings. The possibility of having" i' 0 allows liS to 

have a CI' I'iolating interaction in the S.M. 

With this definition the part of the Lagrangian providing interactions across [alll­

ilies can be written as [21 J 

II t , 

" 
II',~ ) (/\.1-1)Lint = l}.1 IV"+ +(d s b)I.,'· vtrCI(~1 .!L{(u12 C 1'1"" V rd.'; 1 

b rI. I. 

• 




114 

A.2 The Unitarity Triangle 

The CIi:M matrix deliIwd by E'l. A.12 is Ilnitary. This condition is collllllorrly repre­

"enied geometrically ill terms of triangles as shown ill Fig. A.I for the r(~latioll 

Vud V:b+ y:',tVct + V.d v.; = 0 (A. 

rc~caled hy V,dV.; 120]. The angle f3 can be expressed as 

V"jV,t){1 = (A.16)
V.dV.: 

with similar expressions for a amI 1. These three angles can he directly rdated to 

CP violating aSYlllmetries in the decay rates for quark transitions shown in Fig. A.!, 

We will sltow later how tlte decay mode Bd ---+ can determine the angle {1. 

A.3 BO·Bo Mixing 

The fact that the strong interaction dominates the production of hadrons allows one 

to produce states which are exclusively eigenstates of the strong interactions hut 

not of the total lIallli\toniall. Degenerate states of the strong interaction can be 

coupled by the weak interaction which call collnect quarks across families. Example 

of these systems are {Ko,gO}, ,li°}, {BO,BO}. The coupling among degenerate 

states means that a pure iuitial IBo > state will have a 180 > component after the 

system evolves according to the full Hamiltonian. This effect has important physical 
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Bib.>u) 

(p,T1) 

ex 

f!s(b·>u) Bd(b -> c) 

'Y ~ 
(0,0) (1.0) 

Figure A.l: Gwmctl'icaJ l'epreseutation of olle of ll", rc1atiollslJips given 
by tile unitarity of tile CKM matrix. Tlle trallsitiollS sllown arc tile unes 
cOllsidered best suiteel to /IIeasure tire corresponding augles. The decay 
lllode Bd ---+ IN' l\~ call determine tlle angle /1. 

consc<!ueuc<!s, Olle of thelll bciug that the USlllll exponential law for the dccay of 

IIl1stable particles does not apply for these systems. 

In the B rest frame the time evolutioll is gi"ell by 119, Section VI.E] 

(A.17)'[:l=~[:l 

with 1i i!. 2 x 2 matrix rcpre:;en~ing au dfecti,'C lIamiitonian llaving contributions 

from the strong and weak interactions. 1i is not hermitian as tI", states do 

decay. The eigenstates of 1i are written a.~ 120] 

> > > 

IBH> > > (A.18) 
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with JI and L denotillg th" and low lIIilSS staLc, p and q arc fllnctiolls of the 

clelllents of ft. The two states will hilve different masses illld lifetimes. III the 

systelll the di [erel1<:" in Iifctillics i, SlIl}pose,1 to he lIegligi hie. 

lJ)' defining 

MH +M - 2 

t:../..I == 	 MH Ml, 

t::.Mt 
(A.l9)'PI 

the proper time evolution of a state which is pure B"( 8°) at t 0 is given by 

> exp(-iMt) x {cos'PtlJ3° > +i~ sill 
p 

exp(-['tj2)exp(-iMt) x {ifsill'PIIB" > +r.os'PdBo 
'I 

> 

A.4 Classes of CP Violation 

When computing decay amplitudes a distinction is made between tlte phases that 

arise from the Cl(fvllllatrix (ailed weak phases) and phases arising from filial state 

rescatt.t,ring effects (call",1 stroug phases). The amplitude of the process lJ --+ J with 

J sorne final state is related to the amplitude of its el' conjugate process as 

A(f:l--+ J) L: AJcxp(i(oj +,;,J) 

--.}) - ';'j)) (,\.21)L: 

I 	 I• 
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that is, the weak phases change sign and the strong phases reillain Illlchallged. 

Three classes of CP violating crfects cart be dclined. Direct CP violatiolt refers 

to a difference ill the decay rates between the I.wo processes in Eq. A.21 without any 

contribution from mixing dfeds. We Call sec that tlli, re'luires at least 2 terms ill the 

sum with different weak phases and different strong phases. CP violatioll via mixing 

refers to differences ill the decay rate due to intcrf("'cllce hetweclI the two paths showlI 

in Fig. A.2. Illdirect CP violatioll would arise from any dilference ill the lifetillles of 

the two eigellstates [20J. 

/fjO~ /no~ 
no . f no 	 j 

Figure A.2: Two colltrilmtiOlls to the total decay aIJJp/illJr/" of it nentral E 
JrJesou. The interference betll't'!n thew allow, for differences in the decay 
rail" of Idt diagralll and rig/It diagram. 

A.S CP Violation in the JNI\~ Mode 

The decay mode IJd -+ is often referred as the "golden 1II0de" for the study uf 

Cl' violation ill the JJ system. In this section we will sltow why this is so. 

The first thing to know is that the frolll a Ed tlecay is It CP eigenstate, 

, ,
I I I 	 I t f I I 
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>~ >. This allows liS Lo wriLe the following relations 

for the decal' raLes of the sLatcs defined in Eq. A .20: 

namely 

1'(BU(t) ..... J) exp(-l'tllAl2 x 

sin' <p. +1m (;~) sin 2<p,) 

1'(J.l"(t) ..... J) 

2 IpA 12 . 2 (l'A) . , {cos <p. + qA Sill <p. +1m qA 8m 2<,0.) (A.22) 

We make two approximations at this point. First we have neglected the effects of 

fl.!'; this can be shown to imply 

I~I I 

This dec...y mode can be shown to proceed mainly through the amplitude shown on 

the len of Fig. 1.1. From Eq. A.21 we can see this means 

AA exp(2i.p) 	 (A.24) 

in other words, the strong phase {, call1:eis and the ratio of amplitudes only depen,ls 

on the weak ph,,"e </>. 

With this simplifications we compute the aSYIllIlletry 

1'(8"(1) ..... J) - r(BO(I) ..... 1)
Acp 1'{8°(t) -t J) +1'(8°(t) -t /) 

sin(fl.Ml)11Il (;~) (A.25) 
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By considering the box diagram and the diagram in Fig. 1.1 is possible to show 

that [19, Section X.F] 

"A I<cjl(. "1<•• 1<: Il,dV,b 
(A.26)

I'A \(d I<c~ V,; \(, V,d V.; 

After some cancellations and 	using Eq. A.16 We find 

Acl' - sin 2/hin(fl.M t) (A.27) 



Appendix B 

CDF TRACK MODEl, 

A set of formllla~ needed for this analysis are described here, We wrote seventl rou· 

tines that implement them, Some of them are improvements over previollsly existing 

routines, others did /lot exist at the time. 

The CDr track belixes arc detcrmined by the fh'e parameters c, 1>0, cot 0, do, and 

zoo Dcfinitiolls for these paramciers can be found in the following text. 

B.l Derivation of 'frack Equations 

Frolll Fig. B.I we can write the following expression for the point (X-II) at which 

the mOInCntUln is drawlI (P+ for a positive particle and P- for a negative olle) 

x Xo +Irl cos ()( 

y Yo + 1,'1 sin 0' 

The angle 0' satisfies the following relations 

0' '"+ - 7r /2 0= 4>- - 37r /2 

120 

121 

p' 

(8)8 

yO 

p' 

,(j 

Figure B.I: 'Ji'ack ofa dlarged I'ltft.icie (/Imllgil CD},'" magnetic field rcgioll. 

which implies that 

(Os 0' SillQ+ = -~ilLQ- =QsinQ 

sin u -C08¢+ =cos¢- = -(JrosQ (Ital 

where we ,Idille ¢ to he the polar angle for the IIl0IlWlltUIll. If we define,. to he the 

radius of the circle times the charge Q of the particle we geL 

x ~;ll +rsiuQ 

II Yo-rcos9 (11..1) 

,I I I I fI I I I I I I I I I I I 
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Pollowing a similar kind of ~lrgllment and defining d == Jx~ + !I~ -11'1 we /:an write 

the coordinates of the point of closest approach as 

XCA -dQsin r/Jo 

yeA dQcos </>0 (B.5) 

where r/Jo is dclilled to be the angle of the momentum at the point of closest approach. 

We can also usc l~q. n.4 to get 

:eeA Xo +r sin </>0 

yr,A Yo r <:os </>0 

With the definition do == Qd and by using Eq. B.5 and Eq. B.G we find that 

Xo -(r +do) sin </>0 


!Io (r +d")cos</>,, (B.7) 


If we defiue .• to he the arc length along the circle projected 011 the x-y plane by 

the particle's trajectory froll! the point of closest approach, we can write the following 

relation between s and the turning of the track momentum 6.¢ 

6.</> S (13.8),. 

We can see that the momentum of positively charged particles turns in the dircc­

tion of increasing polar angle while negative particles do the opposite. The angles ¢ 

12:1 

and ¢o arc related as 

¢ '- <Po +6.¢ +2l11f (B.9) 

where 11 is an integer chosen to give", iu the nlllge 10-21[1 as is the CDF .:onvention. 

We finally write relations for the remaining two CDF track parameters c and cot 0 

c 
2,· 

cot 0 !!:. (13.10)
1', 


We can then write the relations; 


x l' sin r/J (r + sin 90 

y COS¢ + (1'+ do) cos 90 

z 20 +,~ cot 0 (IUt) 

B.2 Track Momentum at the Vertex 

The ellF track parameters arc given at the point of dosest approach to the z axis of 

the glohal CDF coordinate system. Por tracks I'rodll<:e<l by it long lived [larticle ( like 

the ".± tt'acks from a ) it is necessary to compute the momentum at the decay 

point :<s. This is very simple to achieve. From the first two previous t~quations we 

get 

siu¢ sin¢o+ Xs +d"siuCc 

cos</> cos¢U + (B.l2) 
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J:!l 

Ill' Jdillitioll ¢ is the angle of the t.allgent along the particle's trajectory, Theil 

the momentulIl vector is oLtailietl with 

1.498961': - 4 x 11 
I" (11.13) 

I', 1', cos ¢ 

IJy 1', sill ¢ 

1': p. cot 0 (lUI) 

when, B is the magnetic field in KGalJss, 

B.3 Helix Parameters from GENP 

lIere we Jerive formulas that allow one to obtain the track equatiom for a parti ­

e1e of given momentulIl p, <:!,eated at the point Xv, and with charge Q. We have 

implemented them in su"routine XV.P.Q.HELlX. 

It is straightforward fWlll [;;(1, B.l:I to get 

1,49896E 	 4 x B 
c= 

1'1 

"lit) from Eq. 1I.14 we get 

cot 0 = 12 (B.16) 
P. 

We compute the coordinates of the <eflu,r of the helix by using I':q. HA 

Xu Xu r sill.;\ 

Yo y, +rcosr;'> 

I t 

1~5 

where sill ¢ and cos ¢ arc obtained with 

sill 1> ~ 
1'1 

1', 
cos <P 	 (B.18) 

p, 

If we define 1'0 '= QJx~ + !It we thell have 

do =ro -,. (B.19) 

As it stalHb, this formula is wrrect but. IIl1l1lerically IIlIstable. This is I",,:allsc 

Idol ~ 11'01. To solve this problem we lise it techlli(p'" leaml from Joel lIciurid•. We 

ohtain an alternative eXI.H"CSS;OIl for do by flIull.iplying 10;(1.1),19 hy I 

(ro-r)(ru+r)/I' :V 
do=ru-I' 	 (1l.20)

(tu +1)/1' - [) 


If we usc E4. 11.17 we get 


:V (ro 1')(1'0 + I')/r 

+ + 2(y.,CQsr;'> ;C"SiIl9) 
I' 

1) 1t ru/r 

We !lOW obtai" <Po by using the followillg .e1atiolls from Eq. B.7 alit! E4. B.19 

:[0
Sill¢O 

I'u 

wsri>o 	 y~ (11.22) 
ru 

I I I fI 	 I 
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We thell usc 

rPo cdfplli (atan2 (8ill.po, cos <'/>0)) (B.23) 

wh{~re cdfphi is the staudard CDf' routiue which returns au angle between (0-211'). 

Now we proceed to colll()ute zoo This is a bit 1Il0re illvol\'ed. We lIlultiply the first 

line ill Ell' B.II by COs .po, the second line hy sin rPo and add them we get 

(B.24) 

If we 1I0W mllltiply the first line by sin.po and the second Jiue by cos.po ami subtract 

it from the first one we get 

5
<:08(-) = ---'--"-~':::~~ (8.25) 

l' r 

Aud finally we geL 


,. X atau:! 


It lIlust be poiuted Ollt that the soluLion provided is restricted to tracks that 

belld < 11' froul the poiuL of closest approach to Xv. For I" > 250 MeVIe, this 

approximation is an e)(cellent one. There is a simpler alternative to get 5. We lirst 

compute the angle .p at Xv 

.pI = cdfphi( ataIl2(l'u, [Ix)) (0.27) 

we call then compute ille beuding as 

6..p01 '-' .pI - .po +2ktr (B.28) 
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with k the iuteger that satislies 

l,pl </fo +2hl < 11' 

Ilnd we get for s 

5 c= ,.6.tJI 

ThllS we gel for Zo 

Zo ZIJ scot 0 (lUI) 

B.4 Exit Radius (Il8) 

We waut to compute the radius at which" helix exits the eTc. The formulas gil'en 

here Me implemented by !'Outine RADIUS. There is no e'lui,'alent CIW rontine to 

do this. The CDr rontiue TRPROP could he use<l with two Wliseclltivc calls to 

p!'Ovide this result. 

l
We first compute the turning a track undergoes to reach the eTC endpilltes. Let's 

define 

150.0 if cot 0> 0 
Z,I/ (11.32) 

-150.0 if cot 0 < 0 

Let's first comput(, the radial distdnce to the origin dS it function of the bending 

tJ,,¢. We take the first two lilies fmlll E'l' B.11 and cOBlpute 

Il" Jxz+y1 Jrz+ (r +doHr +d... - 2,. cos il.,;.) (1!.:l3) 
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Using E'I' U.S amI bottom lille in I~q. III I we filld tliat the bellding is given by 

D.q, = (2,11 - zu) 
rcolO 

If D.</> < If that llI"aus the helix reaches the end of lhe eTC withont turning 

illwards. Then we set 

Up, Vr2 + (r +do)(,· +do •• 2r cos D.4» ( ll.:l5) 

alld if JIg > RCTc we set Rg Ilc"I"c. 

If D.4> > If this means that the helix has turned inwards. There are two altematil"e 

sit,nations. The rnostlikcly one is that the helix has exited the CTC through the sides 

at some point.. The other possihility is that the partide turns iuwards without exitillg 

the ere. This is very unlikely but we can handle it without much difllculty. 

We compute the radius at the turning [Joint by evalnating Eq. B-33 at D.4> = If to 

get 

R,\I /r2 +(,. +do)(d" +3r) (B.36) 

If 1l.\1 < RCTC t hen we sel 

RE -RM (H.37) 

We do this a8 the lracking code will recoll8truct the inward and outwanl sections of 

the helix as two separate tracks. For lhe case of RM > R<.:,[c we sel 

Rp, 1i<:l"c (0.38) 

12!J 

B.5 Charged Particle Decay Vertex 

We need to dC/ille 3 points for the helix associated with the particle. The point of 

cioll(>Jlt approach t,o the origin, ito, the crealioll poillt :R1 , alld the .leeay point it1 . 

We g!!lIcrate an exponelltial distribution for it particle with lifetime T wilh 

d -crlog(u) (11.39) 

lIerc 1/ is a random variable with uniforlll distribution (0 - I). The distance 

tritveled by the partide in the litboratory referellce frame is lhen 

,1 ill d 

P 
(llAO)Met 

If we project both sides of the "'lnatioll illto the plane we gel 

PI"d -ct (BAI)
T M 

Assuming that the particle does not I"it"e lhe magneti.: field region we .:ompute 

the bending from .ill to iZ2 with 

dTD.q,ll "" (B.42) 
/' 

For very long lived particles this assumption will almost always be wl"ong, l)lIt 

WI"' ar<~ only interested in particles that ,lecay within the eTC. For particles dc(.aying 

outside Lire CTC we will !lot compute the decay ,·crlex. 

•
,I t I I I I• 1 
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We 1I0W compute th" betuli,lIg fwm Xo to X,. The reader must remember that ill 

general, the particle mayor may tlot go through -~o. In COF the generill assumption 

is that the particle docs HOt. 

This is it good approximation, iJut there are cases when it is not correct. An 

example of possible situations is for particles coming from the beam and pointiug 

towilrds Ute origin (the bcam spot is displaced). This is it frequent. sit.uatioll but the 

error is small. It could also happen that a daughter from a long Ii I'cd particle may 

mOl''! towards the origin. This will Ciluse bigger errors but its an unlikely situat.ion. 

lIere we do not Itlakc this assumption. We first need to compute</> at .Rt 

<p, cdfphi(atau2(Py, (13.'13) 

We can thell compute the beuding as 

690t '" 9t 90 +2h (I:H4) 

with k the illtcgcr that sntisfics 

I<p, </>o+2hl<1I" (BAS) 

The implicit assumption is that the a"solute value of the betiding is < 11". This is 

au excellent assumption for CDP. We can now compute the lotal bending from .Ro 

to Xl with 

64>02 6¢n + 6901 (BAli) 

J:ll 

If 16<;1",1 > Jr, that, means the Iwlix turns inward. We itrc not worried aiJout the 

illward portioll of the helix so we set 16<1>021 = 11". We now compute the decay radius 

of the particle with 

liD .,jrz +(r +(1u)(" +d" 2rcos 6</>0') (BAI) 

We can now decide whct.her the partide decays inside tlte efe or nol. For the 

case IIIJ ill-: ti,e particle has ,!ecaycd iusi,k awl we then cOlllpute the deca)' 

vcttex using formulas B.II with 

¢ ¢o +6¢o; (IUS) 

"Ius the arc length gil'en h)" 

"0' = 6"")1 X l' (BA9) 
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Appendix C 

ROTATING A VECTOR 

"Ve want to find the lillear transformation that rotates 11 vector it, into a vedor ill' 

It is possible to obtain the transformation as a matrix that is related to the EllieI' 

angles. For this lIote we will deri,'c a simpler formulation valid only for 3 dimensions. 

The formula.q developed here are implemented ill subroutine ROTATE. 

Let's defille n to be a unitary \'ector pcrpelldkular to the plane defined hy PI and 

Pl 

. p,xil2 
n --'- (C.l)

Ip, x P21 

Wc can now restate the problem as finding the linear transformation that rotates 

any vector arollnd n by all angle 0: gi veil by 

Iii, x P21 
sInO' 

Ip,IIil>1 
ii, . il> 

COSQ 

lP'rllpzl 

1:12 

1:1:1 

These expressiolls deli!!c (} ill the raIlg(' (O'1r J. 

A geueral vedol' v is more coIlvcIIiclitly (:xpre.scd as ;; = VII + ,lJ. with respect to 

;1. Theil a rotatioll around ,i lea"es VII unchanged. All we I1ced to worry about is the 

trallsfornlatioll o[V.l.' 

For U< 0 < 1r/2, iJ~ will Iw along the unitary vedor 

~ 11.1 + II X U.1 t.ano 
(C.3)

u = -::lu~.l.;-Iv'7.1=+~ta=!I'if2Q~' 

To verify this assertion the reader can check that " . '-' Icos n I "" (;Os a for 

the range of () IInder consideration. 

For 1r/2 < Ct < 1r th" reader call vcrify Lhat i7~ will he along -Ii hy realizing that 

-I' ·il, flv,l = -I cos 01 =coso for the range of n 1I1Ider consideration. 

Finally we call write 

~I Lant> IiJ.d Ii (CA)
VJ. = Itanol 

Using the expressions VII = (V"I}/I, ih = V-VII and lIy realizing that ,ixvJ. '" "XV 

we can write 

~, LaliO iJ - (v· n)il + tano;, x v 
(G.5) 

U J. I tannl II + tau 2,} ~ 


Finally we have the following expression for tl,,~ rotated ''<'ctor v' 


,I II I f f I t I I 1 I 



J:l4 

Ipi x ;,1
I,ann 

PI' p, 
II 
~I 

(il· iI)i. + 	 (C.6) 
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