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Chapterr 1 

Theoreticall  context 

InIn this thesis a study of the track reconstruction in the LHCb detector is described. The 
LHCbb detector is optimised for the measurement of B meson production and decay at 
thee LHC, in particular the observation and measurement of CP asymmetries in specific 
BB meson decays. In this chapter the theoretical context for these measurements is dis-
cussed.. It is, however, not intended to give a full theoretical description of CP violation 
inn neutral B meson decays. For more detailed descriptions the reader is referred to 
excellentt publications and textbooks[7, 8, 9, 10]. 

Sectionn 1.1 describes the concept of CP violation. Section 1.2 explains how CP vio-
lationn is incorporated in the Standard Model. Section 1.3 describes the neutral B meson 
system.. Section 1.4 discusses two B decay channels which for the LHCb experiment are 
usedd as benchmark channels for track reconstruction. Section 1.5 describes production 
characteristicss of B mesons at the LHC. 

1.11 CP violation 

Thee violation of CP symmetry implies that the laws of nature are not invariant under 
thee combined Charge and Parity transformation. Parity P is the inversion of space 
coordinatess (exchange of left and right handedness). Charge conjugation C changes the 
signn of the "internal" quantum numbers such as charge and baryon number. 

Forr a long time physics was assumed to be invariant under the parity transformation, 
i.e.. the mirror image of any physical process obeys the same physical laws as the original 
process.. However, in 1957 an experiment [11] showed that the electrons emitted in the 
betaa decay of  mCo are predominantly produced in the direction opposite to the spin of 
thee cobalt nucleus. The mirror image of an electron decay opposite to the spin direction 
iss a decay along the spin direction. After the alignment of the spins the observation of 
aa top/down asymmetry in the experiment immediately implies the violation of parity. 

Later,, it was observed that in the decay 7r+ —> /x+i/p the neutrino always emerges 
leftt handed. Again, parity is violated as the mirror process, i.e. with the neutrino 
rightt handed, does not occur. However, the charge conjugate of the mirror process, i.e. 
7T""  —> (jTvtl with the anti-neutrino right handed, was observed. Therefore, it seemed 
thatt the symmetry is restored under the combined operation of C and P. 



6 6 Theoreticall  context 

fermion n 

lepton n 

quark k 

family y 
II  II III 
ee ft T 

vvee v  ̂ vT 

n e t t 
dd s b 

q/e q/e 

-1 1 
0 0 

2/3 3 
-1/3 3 

Tablee 1.1: The three families of elementary fermions in the Standard Model, i.e. the 
leptonss and quarks. 

However,, in 1964 also CP symmetry was demonstrated to be violated in the decay 
off  neutral kaons[3]. An interesting aspect of neutral kaons is the ability for a K° to 
transformm into the anti-particle K° and vice versa (see section 1.3 for the similar un-
derlyingg mechanism for neutral B mesons in the Standard Model). It turned out that 
thee particles observed in nature (the mass eigenstates) are not A'0 and A^0, but linear 
combinationss of these states. Two states are observed with quite distinct lifetimes; Ks 

withh T = 0.89 x 10- 10 s and KL with r = 5.2 x 10"8 s. The experiment in 1964 showed 
thee KL to be composed of the CP = — 1 eigenstate K2 with a small admixture of the 
CPCP = +1 eigenstate Ku i.e. 

\KL)\KL) = -7=L={\K 1)+€\K2)) . (1.1) 

Experimentallyy e is found to be (2.271  0.017) x 10~3[4] demonstrating violation of 
CPCP symmetry in the mixing of K° and K°. The next section shows how CP violation 
iss incorporated in the standard model. 

1.22 CP violation in the Standard Model 

Thee Standard Model provides an accurate theoretical framework for the description of 
thee interactions between the fundamental constituents of matter. Matter is thought to 
bee made out of two types of fundamental fermions (spin | particles): quarks and leptons. 
Interactionss are described by the exchange of spin 1 bosons. The interactions described 
byy the Standard Model are the electromagnetic-, weak- and strong-force. Gravitation, 
thee fourth fundamental interaction, is not incorporated in the model. 

Thee fundamental fermions of the Standard Model are divided into three families with 
similarr properties but increasing mass. Each family contains a lepton with an associated 
lepton-neutrinoo as well as an up- and down- type quark (see table 1.1). Together with the 
correspondingg anti-particles the Standard Model incorporates 24 fundamental fermions1. 
Wi t hh the recent[12] direct observation of the tau neutrino all fermions of the Standard 
Modell  are experimentally observed. 

Quantumm Electro Dynamics (QED) gives the quantum field description of electro-
magneticc interactions between charged fermions. The corresponding electromagnetic 

1Eachh quark can in addition occur in three colour states. 
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currentt is mediated by the exchange of photons. In the sixties Glashow, Weinberg and 
Salamm [13, 14, 15] developed a theory combining the electromagnetic and weak inter-
actions.. They predicted the existence of three mediators of the weak interaction, i.e. 
thee Z, W+ and W~. These massive bosons were found in 1983[16, 17]. The theory of 
thee strong interactions, Quantum Chromo Dynamics (QCD), describes an interaction 
thatt acts only between quarks. The strong interaction is mediated by 8 gauge bosons 
collectivelyy called gluons. 

Thee charged current weak interaction (mediated by the exchange of W  bosons) is 
knownn to maximally violate P. The violation is explained by the sum of a vector and 
axial-vectorr in the hadronic charged current of this interaction2, i.e. it has the form: 

j «« = (ü,c,t)7«(l-7&)VcKM l * J , (1.2) 

wheree 7U are the Dirac matrices, 1 — 75 the projection operator to left handed states 
andd VCKM the 3 x 3 unitary Cabibbo-Kobayashi-Maskawa matrix[18, 19] 

// Kd Vus Kb \ 
VCKMM = Kd Vcs Vch . (1.3) 

VV Kd Ks Kb / 

Thee CKM matrix relates the flavour eigenstates of the down type quarks (d, s, b) to the 
weakk interaction eigenstates (d',s',b'), i.e. 

II  * I = VCKM I a I . (1.4) 

Thee elements of VCKM express the relative strength of the couplings between the up and 
downn type quarks. The requirement of unitarity of the matrix, i.e. VCKM  V^KM = 1, 
introducess constraints between the elements. In general three real parameters and six 
phasess can be defined for a unitary 3 x 3 matrix. Five can however be removed by 
appropriatee re-phasing of the quark fields without changing the physically observable 
quantities.. A popular parametrisation is due to Wolfenstein[20] expressed in powers of 
thee sine of the Cabibbo angle[18] A = 0.222  0.002[4]: 

// l - A 2 / 2 A A\3{p-ir})\ 
KK MM  = -A 1 - A2/2 ^A2 )+0 (A4) , (1.5) 

\AX\AX33{l-p-irt){l-p-irt)  -AX2 1 / 

withh A, p and 77 real numbers. The phase, i.e. the imaginary component if],  is the source 
off  CP violation in the Standard Model. 

Thee unitarity relation of the CKM matrix that is most relevant for B mesons decays 

E ^ ^ ^ K d ^^ + Kd^b + KdKb^o , (1.6) 

22AA vector changes sign under the parity operation whereas an axial vector does not. 
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Figuree 1.1: The unitarity triangle with the angles a, ji  and 7. 

Thee three complex quantities VidV  ̂ form a triangle in the complex plane as shown in 
hguree 1.1. The angles of this unitarity triangle are defined by: 

arg g 

:"" :r:,~Wi] 

arg g 
KdKb b 

Recently,, the experiments BaBar and Belle made direct measurements of the angle j3 
usingg Bd meson decays. The BaBar result is[5]: 

sin2/?? = ) . (1.8) 

Thee Belle result is [6]: 

sinn 2/3 = 0.82 ) . (1.9) 

Thee area of the unitarity triangle is a measure of the amount of CP violation, i.e. in 
casee no CP violation would exist the triangle would collapse into a line[21]. The BaBar 
andd Belle results thus show the existence of CP violation in B meson decays. 

Inn order to test if the Standard Model provides the full explanation of the observed 
CPCP violation additional measurements are required. If the sides and angles of the 
unitarityy triangle(s) are independently measured the triangle becomes over-constrained. 
LHCbb aims to test the internal consistency of the Standard Model by making precision 
measurementss on many different B meson decay channels. 



1.3.. Neutral B mesons 9 9 
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Figuree 1.2: Feynman box diagrams for neutral B°-B° oscillations. The index i rep-
resentss one of the up-type quarks u, c, t. The index j represents a d or s 
quarkk making up the B  ̂ respectively Bs meson. 

1.33 Neutral B mesons 

Neutrall  B meson decays are interesting to study CP violation for several reasons: 

•• Due to the large b quark mass, Heavy Quark Effective Theory (HQET)[22] provides 
aa framework to calculate hadronic effects. Hence the theoretical uncertainties in 
thesee calculations are much smaller than for the kaon system. 

•• Due to the existence of B° - B° oscillations, two interfering amplitudes (i.e. the 
directt decay B° —> ƒ and the decay via mixing B° —> B —> ƒ) with possibly 
differentt phases contribute to the decay of a neutral B meson. Because these 
amplitudess are expected to be of the same order the CP asymmetry is expected 
too be large. 

Inn this section the physics of the neutral B meson system is described. The symbols B° 
andd B° are used to represent the particle and anti-particle states of both B  ̂ as B°. 

B°B° - B° oscillations (mixing) occur in the Standard Model through the exchange 
off two W bosons via the box diagrams shown in figure 1.2. The dominant diagrams 
aree the ones that exchange two top quarks (i.e. i = t). This is due to the high top 
quarkk mass (compared to charm and up quarks) and because the diagrams are Cabibbo 
favoured[23]. . 

Thee time dependent wave function for neutral B mesons can be written as the 
superposition: : 

<H(t)<H(t)  = a{t)\B°) + b(t)\B°) . (1.10) 

Thee time evolution of this system is described by the Schrödinger equation: 

d<5/d<5/ ( 
dtdt V 2 

(1.11) ) 

withh M and F the 2 x 2 mass and decay matrices. Normalising and diagonalising 
HH results in the two mass eigenstates Bi and BH expressed in terms of the flavour 
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eigenstatess B° and B°: 

BL)BL) = - T = = ( p | 50 ) + ? | £ ° >) VfVf + 
BH)BH) = - = = = ( p | B ° > - g | B 0 )) . (1.12) 

v9T T 
Theyy have a simple exponential evolution in time, i.e 

\B\BLL{t)){t))  =  c-(rL/2+tA/L) f | B L ( 0 ) ) 

\B\BHH(t))(t)) = e-{r" /2+iMH)t\BH(0)) . (1.13) 

I tt then follows that the evolution of an initiall y (t = 0) pure B° (or B°) is given by: 

|£ jh y 8(0>> = 5+(*)|B°> + (<//p)fl-(0|ö°> 

| ^h y s( f ) >> = (p /9) f f - ( t ) |B°>+f l+ (0 |^°> • (1-14) 

with h 
(t)(t) = - (e-(r/72+iwut  e-(r„/2+iMH) tj ( 1 1 5 ) 

Whatt is measured experimentally are the decay rates of particles into final states. 
Thee time-dependent rates for initially pure B° and B° states decaying into final state 
ƒƒ at time t are given by: 

^(0^ | ( / i^ h y s ( t )> | 22 = !4fl 
2 2 

-- / + ( * ) - / - ( t ) ) , (1.16) 

wheree T is the average decay width of the two mass eigenstates, and with Aj = (f\B°), 
i.e.. the instantaneous decay amplitude for a flavour eigenstate B° into final state ƒ. 
Thee functions I+(t)  and I-(t) are given by: 

Arr Ar 
II++ (t)(t) = (1 + |A|2)cosh — * - 2 R e ( A ) s i n h — t 

I_(t)I_(t) = (1 - |A|2)cosAm* -2Im(A)s inAm< , (1.17) 

withh A r and Am the mass and decay width differences of the mass eigenstates. The 
complexx parameter A is given by: 

AA = * £ , (1.18) 
pAf pAf 

withh A/ = (f\B0S}, i.e. the instantaneous decay amplitude B° —> ƒ. 
Thee above equations hold in general for all neutral B decays. The components of the 

decayy rate formulae express the time dependence due to the oscillations. The specifics 
forr a certain decay, i.e. the difference in decay amplitudes, is expressed in the single 
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parameterr A. A similar set of equations for the time-dependent rates R/(t) and Rj{t) 
off  the B° and B° states decaying into final state ƒ is obtained by replacing A f —• Aj•, 
A// —> /I ƒ and interchanging p and q in equations 1.16-1.18. The parameter A then 

transformss into A = £ -~£. 
qq A j 

CPCP violation is studied by measuring the decay-rate asymmetry between particles 
andd anti-particles. In the time dependent decay-rate asymmetries 

AAff{t){t)  = 
Rf(t)-RRf(t)-Rff(t) (t) 
RRff(t)(t) + Rf(t) 

Rf{t)Rf{t) - RAt) AA>u>u = mrm (U9) 

acceptancee effects of the detector are cancelled since the asymmetries are built from 
identicall particles. In case the final state is a CP eigenstate ƒ = ƒ and the rate 
asymmetriess A/(t) and Aj(t) are identical. This asymmetry is a CP asymmetry and 
cann directly be used to demonstrate CP violation. If in addition the decay is dominated 
byy a single CKM phase and under the assumption3 \q/p\ = 1 the parameter |A| — 1. 
Combiningg equation 1.16 and 1.17 into equation 1.19, and assuming A r = 0, the CP 
asymmetryy simplifies to: 

AAccp{t)p{t) = -lm(X) sin Amt . (1.20) 

Thee term sin(Amt) expresses the B°—B° oscillations, the amplitude Im(A) is the amount 
off CP violation. 

Ar^o o 

1.44 B decays in LHCb 

Manyy different decay modes of the B  ̂ and Bs exist. However, most of the decay modes 
interestingg for the study of CP violation have small branching ratios. Therefore, an effi
cientt reconstruction of these decays is essential. As is discussed in section 2.4 the selec
tionn of generic B decay events in LHCb is done at trigger level 1. To select the interesting 
BB meson decays from the large B sample, the full B decay needs to be reconstructed. 
Hence,, all stable decay products need to be efficiently and precisely reconstructed by 
thee tracking system. In this thesis the reconstruction of two benchmark decay modes is 
investigated.. Selected are a decay into two final state particles, i.e. B  ̂ —• 7r+7r~ and a 
decayy into four particles, i.e. Bs —• DfKT followed by Df —• K+K 7T . 

1 .4 . 11 Bd - > 7T + 7T-

Thee decay Bd —• 7r+n~ is interesting because the final state is a CP eigenstate. The 
decayy rate asymmetries Aj{t) and A/(t) in equation 1.19 are therefore CP asymmetries. 
Assumingg the b —> ü + W(ud) tree diagram in figure 1.3 (left) is the dominant Feynman 

3Thiss is expected to be a very good approximation for neutral B mesons. 
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Figuree 1.3: The tree(left) and penguin(right) Feynman diagrams for the decay 
BdBd —* TT+TT~ . The index i represents one of the up-type quarks u, c, t. 

diagramm contributing to this decay and using A = \X\el,p it can be shown that <p = 2a 
andd hence Im(A) = sin2cv. Therefore (using equation 1.20), the CP asymmetry is given 
by: : 

A„<A„<  = ~ sin la sin Amt . (1-21) 

Thiss channel can thus be used to measure the angle a of the unitarity triangle4. 
Thee Bd meson has an average lifetime of 1.56 x 10~12 s. It wil l travel on average about 

onee cm (seen from the LHCb lab-frame) before it decays (see figure 1.4). The decay is 
thereforee characterised by a displaced vertex made up by two oppositely charged tracks 
(pions).. The resulting momentum vector points to the primary vertex. The existence 
off  a B meson decay vertex a few mm apart from the primary interaction vertex is a 
generall  characteristic of B events. The LHCb experiment relies on the existence of these 
secondaryy vertices to trigger on B events (see trigger section 2.4). 

1.4.22 Bs -> DfK* 

Anotherr relevant channel is the decay of a Bs meson into a Ds meson and a kaon. 
Bothh decays Bs —> DjK+ and that of Bs —> D^K~ are possible. The leading order 
Feynmann diagram for the channel Bs -+ D~K+ is indicated in the left plot of figure 1.5. 
Thee decay is determined by the b —> c+ W(us) transition. The channel Bs —> D+K~ 
proceedss through the right diagram in figure 1.5, i.e. via a b —* ü + W(cs) transition. 
Thee conjugate diagrams hold for the decay of the Bs. 

Thee rate asymmetries AD-K+(t)  and AD+K- (t) are expected to be large. From these 

4Inn case the penguin diagram of figure 1.3 (right) contributes significantly (which seems to be the 
case[24])) the approximation leading to equation 1.20 does not hold. It can be shown that the CP 
asymmetryy is then given by: 

AnnAnn = a cos Amt+ b sin Amt , (1-22) 

wheree a and b depend on the ratio of the contribution of the penguin and tree diagrams and on the 
strongg phase difference between these diagrams[7]. 
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Bdd decay lengt h (cm) 

Figuree 1.4: The simulated decay length of the Bd meson in Bd —» n+n events. 

B< < 

Figuree 1.5: Feynman diagrams of the decay of a Bs into a Ds K+ and into a DfK 
pair. . 
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Figuree 1.6: The kinematics of the decay Bs —> Ds K+. 

ratee asymmetries |A| and <j>  can be extracted. It can be shown[7] that: 

4>4> = arg A = —7' + A 

4>4> = 8Jg\ =  7 ' + A , (1.23) 

wheree the weak angle 7' = 7 —2Ó7. The angle $7 is a small phase in the Bs mixing and 7 
iss defined in equation 1.7. A is the strong-phase difference between the t - > c + W(us) 
andd b —*  u + W(cs) transition diagrams. By measuring both time dependent decay 
asymmetriess the angle 7' can thus be extracted. 

BBss mesons have an average lifetime of 1.6 x 10"12 s, and will , similarly to Bd, travel 
inn the LHCb lab-frame typically 1 cm. The Ds has a lifetime (0.46 x 10"12 s) and wil l 
travell  a few mm. In this thesis the decay of the Ds into KK-K is discussed0. The decay 
iss kinematically characterised by two oppositely charged kaons with an additional pion 
formingg a vertex displaced from the primary vertex. The resulting momentum vector 
pointss to the Bs decay vertex, which is made of this Ds together with an additional 
kaonn (see figure 1.6). 

1.55 B meson product ion 

Thee calculation of the B meson production cross sections in proton-proton collisions 
att the LHC are complicated due to non perturbative QCD effects as well as the fact 
thatt protons are composite particles. Heavy flavour production in a hadron collider is 

5Thee branching ratio for the Ds decay into these particles is about 5 %. Most other decays can not 
bee fully reconstructed because they contain neutrinos and neutral particles. 
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Figuree 1.7: Feynman diagrams of the dominant first order production mechanisms of 
heavyy quarks at the LHC. 

usuallyy described by splitting the interaction in a hard (high momentum transfer) part 
andd in a soft part. The hard part describes the strong interaction of constituent partons 
formingg heavy flavour quarks in terms of elementary processes such as the diagrams 
shownn in figure 1.7. Calculations of the cross section for heavy flavour production 
havee been performed to next-to-leading order precision (see e.g. [8] and references 
therein).. The calculations are quantitatively in good agreement with experimental data 
forr t quarks. However, for the lighter 6 quarks large discrepancies between calculations 
andd measurements are observed. Large uncertainties exist due to higher order effects. As 
inn reference[7] it is assumed that the cross section for inelastic proton-proton collisions 
iss 80 mb, the 66 cross section is taken to be 0.5 mb. 

Inn the strong interaction 6 quarks wil l always be produced in 66—pairs. Figure 1.8 
showss the relation between the polar angle (i.e. the angle with respect to the beam 
axis)) of a B meson and B meson produced in the same B event as obtained with the 
eventt generator PYTHIA[25]. The figure shows that the polar angle of the 6 quark and 
thatt of the 6 quark have a strong positive correlation. In addition, the figure shows that 
thee B meson production is peaked at small (~ O rad) and high(~ -n rad) 6, i.e. along 
thee beam. The fact that both B mesons are produced in the same forward region has 
ledd to the single arm forward geometry of the LHCb detector (see section 2.2). As can 
bee seen from figure 1.9 the LHCb angular acceptance of 10 mrad to 250 mrad covers a 
largee fraction of the phase-space of produced B mesons. 

Inn LHCb we are interested in studying specific B meson decays and hence in the 
efficientt reconstruction of the stable decay products of these mesons. In addition to the 
BB mesons many other particles are produced in the proton-proton collision. The tracks 
fromm the underlying event, i.e. all produced particles not directly associated with the 
B,B, need in principle6 not to be reconstructed. Figure 1.10 shows the primary charged 
particlee multiplicity within the LHCb acceptance for B —> 7r+7r~ events. In addition, the 
figurefigure shows the primary particle multiplicity for minimum bias7 inelastic interactions. 

6Thee current RICH (global) pattern recognition algorithm assumes most particles traversing the 
detectorr volume to be efficiently reconstructed. 

7AA minimum bias event is an event obtained with a random trigger, i.e. no selection(bias) on the 
typee of interaction is applied. 
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Figuree 1.8: Simulated correlation between the polar angle 9 of a B meson and of a 
BB meson simultaneously produced in a single event. 
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Figuree 1.9: Simulated pseudo-rapidity distribution (77 = — log(tan(ö/2))) for B mesons 
producedd at the LHC. The lines indicate the LHCb detector geometrical 
acceptance. . 
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Figuree 1.10: The simulated primary charged partiele multiplicity in the LHCb geomet-
ricc acceptance for B —> 7r+7r~ events and inelastic interactions. 

Thesee distributions show that the particle multiplicities for B events are expected to be 
higherr than for minimum bias inelastic interactions. 
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