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CHAPTERR 1 Theory overview 

11 Effect of CP-violation 

1.11 System of neutral K-mesons 

Upp til l 1964 CP-symmetry. the symmetry under the combined 
operationn of charge conjugation (Cl and minor reflection (P). was 
consideredd to be exact in strong, electromagnetic and weak 
interactions.. In that year Cronin. Cristenson. Fitch and Turlay [1|, 
however,, observed that the long lived neutral K-meson. a CP-odd 
eigenstate,, decays at the 0.2<Vr level into a CP-even iCx final state. 
Thiss indicated that CP-symmetry is violated in the weak interaction. 

Whenn neutral K-mesons are produced in strong interactions they are 
producedd as flavour eigenstates in KK pairs. Neither the K° nor the K" 
havee a definite CP-value since: 

CP\KCP\K{){))) = \Kl) and CP\R{) = |AT°>. 
Wee can. however, define linear combinations which are CP-even and 
CP-oddd eigenstates respectively, i.e. 

„ oo Ki}  + Kl) . „o K{) -K[) 

AA  i = and K-, = 

Thee K [ can decay to JT+JI" since the KK system is CP-even. e.g. 

CP(KCP(K++ K)K) = C(TZ+K)P(K + K~) = ( - l / ( - l / = +1 
(forr the spin-0 K-mesons /=()). Similarly, the A'-, can decay into 
CP-oddd 3JC final state. 

Iff  CP-symmetry holds the A', and A\ are also mass eigenstates. 
Becausee the phase space for the 37t-decay is so much smaller than for 
thee 27T~decay there is a large difference in the lifetimes of A', and A% . 
T(/C.)/T(A'/)) ~ 580. As a consequence, when starting with an equal 
mixturee of A", and K2. as is the case at the time of production of the 
K(1(K°).. after a while the A", disappears and the Kz remains. The 
observationn that a tiny fraction of the A\ decays into n+K suggests that 
thee K\ and K2 are not mass eigenstates. To take this into account we 
definee mass eigenstates K, and Ks. which are mixture of the 
CP-eigenstates.. A", and A':. i.e.: 

A%% + 8A'| K.+zK, 
KKLL = ; and A\ = . (I) 

v"" 1 + |e|~ V 1 + i e j " 
Accordingg to this definition the long lived K, wil l decay into a 3TT 

1 1 
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(CP=-1)) and a 2TI (CP=+1) final states with 1/ 1̂ +\E\~ ande/ M̂ + £ . respectively. 
Twoo different sources of CP-violation are considered in the K"-system. The first one arises 

fromm flavour mixing, i.e. the transition from a K" to a K" (and inversely) as a consequence of 
weakk interaction diagram. This leads to CP-violation interference term. The other source of 
CP-violationn is a CP-violating transition in the decays of the CP-odd Kz into the CP-even 7UT. 
finall  state. The first source is called mixing induced CP-violation and is characterized by the 
parameterr £. The second source is called direct CP-violation and is characterized by a parameter 
8'.. Direct CP-violation. has recently been confirmed to be present at the level 
Rcie'/E)Rcie'/E) = ( 14.0  4.3)-10--' [31. 

1.22 CP-violation: zoom-out and zoom-in 

Thee origin of CP-violation is traditionally considered from two perspectives: a microscopic 
andd macroscopic one. 

Thee microscopic perspective is provided by the Standard Model (SM). The Lagrangian of the 
weakk interaction contains a 3x3 weak quark mixing matrix. It has a single complex phase which 
mayy account for the observation of CP-violation. 

Thee macroscopic perspective relates to the question of the origin of the baryon asymmetry in 
thee universe. Sakharov |4| stipulated that CP-violation is one of the three necessary ingredients 
too account for this asymmetry within the framework of the "hot universe" model [5]. This 
hypothesiss also predicts that the proton decays. So far this is not observed (proton lifetime is 
>1.6-10255 years |6|). 

Too assume that CP-violation is the source of the baryon asymmetry requires a much larger 
CP-violationn effect than is presently observed and can be accounted for by the SM [7], A 
possiblee explanation would be that CPV is a function of temperature and was much larger in the 
earlyy period of the universe. Much interest exists in searches for CPV effects beyond the SM 
whichh could give an explanation for this discrepancy. 

Experimentss studying the CP-violation in the K° system have reached unprecedented 
precision.. The limitation is therefore not so much the experimental but the theoretical 
uncertaintiess in the description of the K—run decay. In particular, the hadronic decay constant 
off  the K-meson. which appears in the theoretical predictions for the K—>7i7t decay includes 
non-perturbativee effects that cannot be calculated with high accuracy leading to a large 
uncertaintyy in the e'-parameter. 

Apartt from the K°-system. CP-violation effects can also be expected in the B-meson system. 
Becausee the B-meson consists of a heavy b-quark the theoretical predictions can be more 
precise.. Measurement of CP-violation in the B-system therefore offers an opportunity for a 
betterr understanding of the origin of the CP-violation. A wide range of experiments is prepared 
andd even presently running. The latter include experiments at the B-factories of SLAC and KEK 
(BaBarr and Belle) and at Desy (Hera-B). Finally, experiments are planned for the Tevatron and 
LHC. . 

Effectt  of CP-violation f f 
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22 Standard Model, CP-violation and B-physics 

TheThe Lagrangian of charged current weak interactions and CKM-matrix 

Itt the Standard Model the charged current weak interactions are described by the Laüransian: 

11 = --f^"i.-cL-'in V(KU 

(d, (d, 

\*>U \*>U 

WWrr
nn + hc (2) ) 

wheree qL are quark currents with left-handed helicitites. Wu is a mediating massive spin-1 boson 
held.. i> 2 '

s Hermi constant, ƒ is the Dirac matrix and V7
( AU is a quark mixing matrix: 

rr  v,ui v„ s vHh i 
CKM CKM 

V. V. 

0.9745-0.97600 0.217-0.224 0.0018-0.0045 

0.217-0.2244 0.9737-0.9753 0.036-0.042 

0.0044 - 0.013 0.035 - 0.042 0.9991 - 0.9994 

(3; ; 

Thee matrix is a 3x3 rotation matrix, where the Cabbibo angle |8| is the most basic. It sufficiently 
accountss for interactions between 3 generation of quarks and even accounts for CP-violating 
effectt which we aim to study. 

Unitarity Unitarity 

Wee assume that no other quarks than we already know (it. d, s\ c, b. i) exist. Therefore, the 
V r A UU is unitary: 

VVCKMCKM  VCKM' =  ] (4) 

Thiss relation generates 6 orthogonality and 6 normalization relations. For general 3x3 complex 
matrix,, the number of complex parameters is 32=9 and the number of real parameters 2x3:=18. 
respectively.. If the matrix is unitary, then this number reduces to 9 real parameters. Three of 
themm are the Euler angles and the other six are complex phases. One phase is global and 
thereforee is arbitrary, the two phases are relative in basis of (u, r. /)-quarks and the two phases 
aree also relative in the basis of (d. v. /?)-quarks. Finally, the number of independent parameters 
describingg any unitary complex 3x3 matrix is four: 3 real and one complex phase. 

Thee hierarchy of the matrix V (VÜ , is such that the diagonal elements are close to one. The 
off-diagonall  elements. VUs and VLL1. are O(0.1). For the higher generations elements. Y\h and V l v 

theirr values are of the order of 0.01. Elements farthest from the diagonal. VId and Vllh. are the 
smallest.. 0(0.001). This hierarchy was first noticed by Wollenstein. who parameterized the 
CKMM matrix [9] by expanding it in terms of A=|Vj . The expansion up to 0(Afl) leads to: 

r r -- 4 
A. . 

CKM CKM A~)S\A~)S\  p + !ï\ 

AhAh ( I - p - / T i ) 

Ah Ah 
1 1 

Ah'Ah' -Ah p + ix\ 

AhAh (p-/n.) 

Ah' Ah' 

AA22h' h' 

++  Oih ) 

Standardd Model, CP-violation and B-physies 3 3 
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wheree 'k. A.p.r|. p and r| are defined as: 

**  = \V«s\ 

nn = Ak Ak 

AA = 

pp = 

'K 'K 

AkAk} } 

PP = P ( ' - T) n - n ( i 4) 
Theirr values are determined from data [6]: 

A.. = 3 
4 4 

Vp"" + . 

Thee expansion of V ( X U up to 0(Ah) is justified for the precision achievahle at LHC. 

Triangles Triangles 

Thee 6 orthogonality relations (given by V ik-V jk*=0 and Vkl-Vk)*-0) can be represented 
graphicallyy by 6 different triangles on complex plane*'. The area of these triangles. J. is equal 
byy value and it is a measure of CP-violation in SM. With /=() the complexity of VCA-W vanishes 
(thee complex phase is equal to mod(O.Tr)) and as a consequence the CP-violation cannot be 
includedd in the SM. 

Fourr of the triangles have the shape where the one of the sides (or angles) is much less than 
thee other two. The K-meson mixing and K°—»JT7i decay diagrams mediated by a W-boson 
involvee products of CKM matrix elements. VL.dVL.s" and VusV lKl '. respectively. These products 
aree both included into the orthogonal relation: 

VV,u,,u,VVu> u> ++ V...V ++ v t<lv, == 0 / " r . vv - * „ / " , . < ~ » < 6 > 

Valuess of the first two terms are comparable by size, while the VkiV^ is proportional to k  ̂and 
thereforee is very small. The corresponding triangle is a narrow and long one (squashed). 

Onlyy two triangles are non-squashed, i.e. all sides are of the order of k. see Figure 1. These e 
triangless correspond to these two orthogonality relations: 

V...,V..,*V...,V..,* + V...V..,* + V.,V.,* = 0 ++ ^A-,/ i ++ vtllvlh-ltdltd till 

wheree the angles a. p\ y. 5y (often called weak phases) are defined as 

,,,*V,,,*Vthth = 0 

(7) ) 

(8) ) 

aa = are 

y'' = arg 

P P 
VV ,V // y rh 

VVniV„< niV„< 

vv  ^ 
vv ih 

V...V, V...V, 
Sy y arg g 

yy = arg 

lhlh* * 

(9) ) 

:)Thiss correspondence can be illustrated by the sum of three arbitrary complex numbers: 
ct+b+i-0.ct+b+i-0. On the complex plane, this relation is represented as a sum of three vectors added 
consecutivelyy thus forming a triangle. 

Standardd Model, CP-violation and B-physics 4 4 
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( l-A :2)(p:iD D 

Figuree 1: Two non-squashed triangles corresponding to unitary relations (7) and (8). 

Thee unitarity condition (4) is equivalent to the triangle conditions: 

aa + P + y y = . 10) ) 

ExampleExample of B„-> J/ty<t) 

Itt is useful to demonstrate here how the CP-violation enters the decay rates. Since the 
combinedd CP-operation (by definition) transforms the particle into the anti-particle, the 
CP-violationn shows up in asymmetry of decay rates of B-meson and B-meson. respectively. 
Figuree 2 shows dominant decay diagrams of Bs—>JA|/(|) decay process. This decay process is 

W W 

Figuree 2: Dominant diagrams of >JA|/ÓÓ decay. 

studiedd in this thesis. The decay rate asymmetry arises due to interference between the two 
diagramss and is proportional to r\: 

nn = v-.v v-.v v.v. y 
Byy taking into account that Vcs, Vcb and V tb are real for expansion of VCKM (5)- t ne arg(q) 
reducess to 2-arg(Vts). In definition of 8y we see that Vus is real and the complexity of Vcd is of 
thee order of A,4, while the complexity of V ts is of the order of X2 and therefore argd])~2Sy. 

Standardd Model, CP-violation and B-physics 5 5 
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UnitarityUnitarity test 

L'nitarityy of V ( A U can be tested through the measurements: 
1.. of all sides of triangles using branching ratios of decays of hadrons and oscillations 

off  neutral K- and B-mesons. 

2.. of all angles in triangles using flavour asymmetry in K- and B-dccays. 

Thee corresponding measurements are on-going and are planned. 

B-decays B-decays 

Typicall  channels to investigate the above mentioned weak phases are given in Table 1. 

Decayy Mode 

BBdd—>nn —>nn 

B^J/vK s s 

B,^DSK K 

B a^DK K 

B^J/v|/o o 

Weakk phase 

oc c 

P P 
7-25y y 

Y Y 

5y y 

Tablee 1: Pilot channels and parameters of interest. 

Thesee all are hadronic B-decays. Their description is difficult because of a non-negligible 
contributionn of hard gluons exchanges in decay processes. Because of heavy b-quark. which has 
aa mass (wh~5 GeV) much above characteristic strong interaction scale A-200 MeV at one hand 
andd the much below masses of W-boson and /-quark at the other hand, it is possible to account 
forr such contribution with the Heavy Quark Effective Theory [11]. Special techniques 
developedd by Wilson [12] allow to account for the gluon exchanges by re-weighting the 
interactionn terms of the initial Hamiltonian. leaving its structure non-changed. 

Thee main point of this discussion is that the heavy IV-boson and /-quark fields are integrated 
outt in the initial Hamiltonian leaving only strong interaction dependence. The operators 
responsiblee for interaction between quark currents in the decay process become CP-invariant. 
Thiss fact is used for derivation of time dependent evolution of" decays of neutral B-mesons into 
CPP self-conjugate final states | / } . satisfying the relation: (CP)\f) = . 

Notee that due to low mass of kaon (wK~49() MeV) HQET cannot be applied and uncertainties 
inn the interpretation of e and e' are dominated by QCD effects. In addition to this fact, only few 
K-decayy channels are available for CP-violation studies making improvement in CPV studies 
veryy difficult for the K-meson sector. 

2.11 Time evolution of decay rates 

Att the production point the B-meson has a certain flavour, i.e. the evolution of meson is 
describedd with flavour eigenstates, \B). which are degenerate in pure QCD hamiltonian and 
havee certain quark content. The degeneration removes in presence of perturbing weak 
interactionn (HW «HS) which provides mixing of the opposite flavours. Binary quantum system 
withh dissipation (decay) included is described with a set of two differential equations of 

Standardd Model, CP-violation and B-physics 
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Schrödingerr type: 

'\ lt\bd) ) 

M nn M[2\ 
++ i 

rr  r 

rr  r 
a(t) a(t) 
bU) bU) 

( I I I 

whichh describes the time evolution of the state vector ^ ( n) - cHt)\B) + b(t)\B). CPT 
symmetryy implies that M, ]=M : :=M and F, i = r : : =r . The solution of (11) can be found through 
diagonali/ationn of the Hamiltonian matrix. H-M+iV. giving the eigenvalues. mHj-i-YjjSI2 and 
timee evolution of eigenstates (mass-eigenstatesl: 

\B,(t))\B,(t)) = \BL(()))-e 

T„i T„i 
(12; ; 

\B\Bnnii))ii))  = \BH(()))e 

wheree mH + m,=4-\M\, Am=;/// r m,=2-\M\. A r= r 7 /- Y, = 2Re(MVYv)/ M{2\. The Am value 
iss positive by definition, while the sign of A r is unknown and it is a subject of special_study [ 14). 

Thee eigenstates are the linear combinations of the flavour states, \B) and \B). initially 
produced: : 

HH pB + qB B pB cjB 13 

>jp~>jp~ + tf >J I>~ + q~ 
wheree p and q are defined from diagonalization of the H matrix: 

qq _ , \M\f-iYV 

P P 
== + M l 2 - / T i : : 

14) ) 

Timee evolution of the flavour eigenstates is then: 

|B(/)>> = \B(()))x+(t) +  C+\B(()))x_(t: 

\B(!))\B(!)) = l-\B(()))fi (t)-\B(i)))fi+{t) 

where e 

15) ) 

t>t> ++ (t)(t) = -\c\p\- inil!-Vlr}  + c\p{- imHt -rnt\] 

!!_(r)!!_(r)  = -[c\p{-iml_t-riT}-c\p{-hnHt-r l] t\\ 

Decayss are described with transition amplitudes from initial state |#(()))_U)i' \B({)))) mto the 
null  state (_/'| (or (/] ). These are:,4, = (f'\H\B). A 

A-A- = (f\H\B). Accordingly, we find the time evolutions:' 
finalfinal state (f\ (or (/] ). These are:,4, = (f\H\B). A = (f\H\B). A, = (f\H\B) and 

AAff{t){t)  = At(l))x + (t) +  1AlH))f>At) = Ai-(OH!>  + (t) + i}f>At)) 

AA At) =  l-(AA())x(t) + -A (0)fi+(t)) =  !-AA()H!>At) + r\ti+U)) 
q\q\ ' P I J q ' 

( 1 6 ) ) 

wheree \]-p/c/-A,(())/A,(()). Amplitudes A and A- look similarly with./—»/ substitution in these 

Standardd Model, CP-vioIation and B-physics 7 7 
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2.22 "Gol d plated"  Bs—>J/\|/0 decay 

Thee B,^J/y(j) decay is often characterized as "gold plated'*. The reason tor this is that the 
penguinn diagrams, which in most non-leptonic B-decays can obscure any CP-violating effects, 
aree expected to have negligible contribution in this decay. Also, in the SM the decay depends on 
onee single amplitude, which makes the interpretation of results more reliable. Experimentally 
thee decay is attractive, because a large fraction of the decays wil l proceed via J/\j/—>/+/ and 
(J)^K+K"" which then allow an accurate determination of the secondary vertex and an almost 
backgroundd free event sample. 

Thee final state in this decay is an admixture of two CP-eigenstates. which can be separated 
throughh an angular analysis of the decay production of the i/\\f and the 0. The rather tedious 
theoreticall  formalism of this angular analysis is summarized in Appendix A. 

Thee accessible physics information includes not only Bs-Bs decay and mixing parameters. AFV 

andd Am. but also the weak phase. 8y. The analysis allows to extract the CP-observable: 

t,At,Aff(0) (0) 

^ oo ~ / M , . « ) )

Itss structure in the SM is given by: 

1 W K ff A +A
 ( ! 7 > 

wheree Apcn are the penguin amplitudes and/\,(. is the current-current amplitude responsible for 
Bs-^JA|/00 decay. Despite the fact that the "current-current" amplitude is "color-suppressed", the 
pentzuinn diagrams are suppressed even more because of their loop structure: 

Thee SM prediction of 8y is ot the order of 0.03. therefore assuming uncertainties in the 
penguinn estimations at the level of their values, i.e. 0{  lO"3). the theoretical uncertainties in the 
extractionn of 5y can be at the level of 109r \ 

Iff  5y is much larger then expected, than: 
 CP phase, 6y, is large. 

 the penguins are larger. The time-dependencies wil l be modified so that the size of 
thee Apcn can be measured. 

Bothh cases wil l indicate an existence of effects beyond the SM. In first case 8y should exceed 
0.055 (CL-959r prediction by SM). In the second case the penguin contribution should be 
significantlyy different from zero. The subclass of the second case is an existence of unknown 
processs which also modifies the CP-observable (17). 

Possiblee models describing the New Physics domain are discussed frequently (see. for 
examplee [17]). These models give predictions about size of penguin or 6y increase. They include 
thee four quark generations (V c xw becomes 4x4). large CP-violation in strong interactions, 
multi-doublett Higgs. supersymmetry and the model including FCNC Z-mediated processes. 

Itt should be stressed, however, that the observation of large Sy or penguin contribution in 
B^J/\]/(ll)0(KK )) alone wil l not allow distinction between the models. The analysis wil l be 
completee together with results of analyses of other, complementary. B-decays. 

*)I tt is suggested 116] that comparison to the measurements of Bd—>J/vj/p" and Bd^J/yK 
decays,, which have similar decay diagrams, may reduce these uncertainties. In these 
twoo cases, the only limiting factor is the non exact 5t/(3) symmetry between uds 
quarks. . 

Standardd Model, CP-violation and B-physics 8 8 
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33 Overview of the thesis 
Inn this thesis I wil l describe one of components of the trigger system and studies of sensitivity 

ofof LHCb experiment to extract physics parameters from analysis of Bs—»JA|/(ll)ó( KK) decay. 
Thee Large Hadron Collider and the LHCb experiment for precision measurements ot' 

CP-violationn are given in Chapter 2. It includes the description of all detector components 
togetherr with data acquisition and trigger system. Chapter 3 describes results from the silicon 
detectorr with the test beam. The description of the pile-up trigger is given in the Chapter 4. Its 
applicationn as a luminosity monitor is described in Chapter 5. The analysis of event selection 
andd corresponding study of possible extraction of physics parameters is discussed in Chapter 6. 

Overvieww of the thesis 9 9 



CHAPTERR 2 The LHC and LHCb 

44 Introduction 

Thiss chapter describes the LHCb setup and its experimental 
environment.. It starts with the description of the Large Hadron 
Colliderr (LHC). which is the source of B-mesons. Then the LHCb 
detectorr is reviewed indicating why a particular choice for individual 
detectorr components was made and how data from particular detectors 
aree analyzed. At the end. the trigger and DAQ architecture are given in 
somee detail. 

55 Large Hadron Collider 

Thee LHC |18] is CERN's next accelerator facility. It is a collider 
withh two proton beams rotating in opposite directions and colliding 
withh a cm. energy of J~s=14 TeV. The main experimental topics of 
thiss machine are the searches for Higgs particles (Atlas and CMS), the 
quark-gluonn plasma (Alice), the study of CP-violation effects (mainly 
byy LHCb. but also Atlas and CMS) and effects of possible physics 
outsidee the Standard Model (SM). 

Inn order to be sensitive to these phenomena, which are characterized 
byy very small signal to background ratios, high luminosities are 
required.. The luminosity proposed for the LHC is HP4 s ' cm :. This 
cann be achieved by rillin g the ring with a large number of very dense 
bunches.. The density foreseen is 10" particles per bunch. At such 
densitiess one has to cope with disturbances due to the bunch crossings. 
Whilee only a tiny fraction of the particles interact, all the others are 
deflectedd by the strong electromagnetic field of the opposing bunch. 
Thesee deflections, which are stronger for denser bunches, accumulate 
turnn after turn and may eventually lead to particle loss. This 
beam-beamm effect was studied in previous colliders. It was found that 
onee cannot increase the bunch density beyond a certain beam-beam 
limi tt in order to preserve a sufficiently long beam lifetime. In order to 
reachh the desired luminosity the LHC has to operate as close as 
possiblee to this limit . Its injectors, the old PS and SPS. are refurbished 
too provide the required beam density. 

Thee bunches traveling in the vacuum pipe leave behind an 
electromagneticc wake-field which perturbs the succeeding bunches. 
Thesee perturbations accumulate and lead to large collective 
instabilities,, which if not suppressed may cause the loss of the beam. 

10 0 
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Compensationn systems to counteract these effects include special elements to compensate for 
imperfections,, special coating of the beam pipe to reduce the resistance to beam induced wall 
currentss and complex feedback systems. 

Thee luminosity is given by: 

LL - — F ds» 

wheree A'| 2 are the number of protons per bunch. kh the number of bunches, / the revolution 
frequency.. 7 the relativistic factor. en the normalized transverse emmittance. P the value of the 
betatronn function at the interaction point, and F a reduction factor of about 0.9 which takes into 
accountt the fact that the beams cross at an angle [ 18|. From this formula it follows that to 
achievee a high luminosity one has to make the number of particles (TVt and N2) and the bunch 
crossingg frequency as high as possible, while keeping en and P small. The transverse 
emmittance.. £„. characterizes compactness and divergence of the bunch and depends on 
beam-beamm effects, while the amplitude function. p \ is a measure of the ability of the magnet 
opticss to focus the beam at the interaction point. The nominal values of these parameters are 
presentedd in the Table 2. 

Value e 

1.05-10" " 

2835 5 

11245.5 5 

7460.6 6 

3.75 5 

0.5 5 

Tablee 2: LHC performance parameters 118|. Numbers give the design 
luminosityy of 1034 s~' cm2. 

Thee Radio Frequency (RF) of the LHC is 400 MHz. However, only every tenth RF bucket can 
bee tilled corresponding to a minimum bunch distance of 25 ns and a total number of 3564 
bunchess along the circumference of the ring. The bunch crossing structure is given by: 

3564== ll[3(81/? + 8f) + 30f] + 2(81/? + 8^)+ \\9e (19) 

wheree b is a bunch crossing (BC) and e is an empty crossing (0BC). This bunch structure is due 
too the iillin g scheme of the injectors: PS {81 bunches with 25 ns space = PS-train) and SPS 
(33 PS-trains). Empty bunches (or beam gaps) arise due to a non-integer ratio of the PS. SPS and 
LHCC revolution frequencies. This results in 2835 actually filled bunches. 

Thee LHCb detector wil l be located at Intersection Point 8. The size of the experimental area 
doess not allow the detector to be positioned in the middle of the hall. The interaction region is 
shiftedd 11.5 m off the center. This and the demand of a relatively low luminosity of 
<5-10̂ ^ c m "V requires a modification of the LHC optics at the interaction point. As a 
consequencee the existing cavern can be used maximally giving 19.7 m of free space for the 
LHCbb detector. The lower luminosity with an average interaction rate of <1.5 per bunch 

Parameter r 

N N 

h h 
f f 

Y Y 

£„ „ 

P P 

Units s 

Hz z 

f imrad d 

m m 
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crossingg allows its reliable operation because of the lower counting rate in the detector 
components.. Because of the shift of the interaction point from its nominal position a fraction of 
thee bunches misses each other and the BC structure now will be: 

35644 = 8[ 3(78/7+ l i e) + 30e] + 2(78fc + l i e) + 119c (20) 
++ 2[3(78/;+ l l e) + 30e] + 2(78& + l i e) + 119e 

Thiss gives 2652 bunch crossings, i.e. only 74.4% of all non-empty BC's are expected to have an 
interaction. . 

Thee bunch size at the interaction point is given by Gaussians. The longitudinal and transverse 
dimensionss are given by a=7.5 cm and o=75 |am respectively. The interaction volume is due to 
thee crossing of two bunches and has a G=5.3 cm longitudinally o=53 (j.m transversally. 

66 LHCb detectors 

Forr the studies described in this thesis, we base ourselves on the layout and the technologies 
givenn in the Technical Proposal of LHCb [19]. even though the development and design of the 
detectorr technology is still on-going. The analysis presented in Chapter 6 however, is not 
sensitivee to the detailed design. In the following we give a brief description of the detector 
components. . 

Thee dominant production mechanism of bb-quarks in proton-proton collisions is the fusion of 
twoo (or more) gluons radiated from the quark-constituents of the colliding protons. This leads 
too a flat distribution in rapidity of produced particles and accordingly to an enhanced production 
ratee at small polar angles. This dictates the choice of a forward spectrometer at the LHC. The 
enhancementt of the production rate and the correlation between the production angles of b and 
ft-quarksft-quarks is illustrated by Figure 3, where the polar angle (with respect to the beam axis) of the 

1000 0 

800 0 

Figuree 3: Correlation of angle of b-quark and angle of è-quark produced in the same 
pp-interaction. . 
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hadronn containing a b-quark in bb-event is plotted versus the polar angle of the other hadron 
containingg the b-quark. 

Thee LHCb detector covers the forward region around the direction of one of the proton beams 
fromm 10 to 300 mrad in polar angle, see Figure 4. Since B-particies are produced in the forward 

Bendingg Plane Muonn Detector 
Shieldd Magnet ECAL L HCAL L 

00 5 

Figur ee 4: LHCb detector. 

10 0 15 5 z[m]]  20 

directionn the design leads to a large acceptance for the two B-particles in a bb production event. 
Onee of these has to be fully reconstructed while the other should be sufficiently well 
reconstructedd to provide a flavour tag. The forward geometry of LHCb makes it possible to 
measuree the B-decay distance for a large range of momenta of the B-particles. Since the average 
momentumm of the forwardly produced B-particles are large, the decay lengths are equally large. 
Thiss provides better conditions for the study of systematics than in case of a central geometry 
detector,, like ATLA S or CMS. where there is an upper limi t on the measured momentum. 

6.11 Detector  components 

Inn the LHCb detector one can distinguish the following five principal detector systems (see 
Figuree 4): 

I.. The vertex detector system. It contains a silicon vertex detector telescope and a 
pileupp veto counter. These are used in the event trigger and for the reconstruction 
off  vertices. The vertex detector itself is enclosed by a vacuum tank and the beam 
pipe. . 
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2.. Aerogel and gas Ring Imaging CHerenkov (RICH) counters. They are used for 
particlee identification. 

3.. A spectrometer consisting of a tracking system and a dipole magnet. It measures 
thee track momenta and provides information on the trajectories o\' charged 
particless (measured in the other detector components of the LHCb). 

4.. Electromagnetic and hadron calorimeters. They are used to trigger on bb-events. 
Thee electromagnetic calorimeter is optimized for efficient K reconstruction. 

5.. A muon detector composed of iron filters, interleaved with tracking chambers. It 
iss used in the off-line analysis, to tag the /;-llavour and to identify muons for the 
trigger. . 

AA right-handed coordinate system is used with its origin at the center of the interaction volume, 
withh the --axis along the beam direction and v-axis pointing upwards. Charged particles are bent 
inn the horizontal \--plane. 

6,22 Vertex detector 

Thee vertex detector provides precise information about charged particle trajectories near to the 
interactionn point. This allows for the reconstruction of the primary vertex and possible 
secondaryy decay vertices and provides input for the Level-0 pile-up and Level-1 topology 
trigger.. Final states of B-mesons have to be detected with branching ratios « 10°. The 
detectionn of background and the demand of a minimum dilution in the measurement of 
CP-asymmetryy requires the B-meson decay time to be measured with a resolution of the order 
off  50 fs or better. This roughly corresponds to a resolution of 300 pm in determining the decay 
vertexx position. The forward detector geometry allows this goal to be achieved by placing vertex 
detectorss as close to the interaction region as possible. 

Forr this reason, all the detectors including the readout electronics are located inside a special 
vacuumm vessel which includes a roman pot system for moving the detectors away from the beam 
duringg the beam filling . The vessel has a thin forward window which extends over the full LHCb 
detectorr acceptance. It is connected to a specially designed part of the beam pipe which passes 
throughh all detectors downstream of the vacuum tank. This part is about 20 meters long and is 
madee of two conical parts: the first is 1.5 m long and has a 25 mrad opening angle, and the 
secondd is 16 m long and has a 10 mrad opening angle. The pipe has an aluminium wall with 
thicknesss ranging from 1 to 6 mm. 

Thee individual elements of the vertex detector are silicon semiconductor strip detectors. The 
detectorss have //-strip readout and individual /^-isolation between the strips, see Figure 5. The 
/f-implantss are capacitively coupled to aluminium strips. The aluminium strip resistivity is about 
200 Q/cm and its capacitance to the implant is about 12 pF/cm. These values were chosen to 
providee low heating of the strip and a fast collection of the charge left in the detector by ionizing 
particles. . 

Thee vertex detector consists of 17 stations of silicon strip detectors around the interaction 
pointt (IP) between /.= -18 cm and +80 cm. Each station has two discs separated by 2 mm with 
circularr (r) and radial (Ö) strips. The distance between the first 12 stations is 4 cm. The 
remainingg five stations are positioned at :=35. 50. 60. 70. 80 cm. All discs are made of two 
halves.. The upper halve is shifted by 2 cm with respect to the lower one. This is done in order 
too avoid mechanical interference, provide better coverage of acceptance and improve detector 
alignment.. The two halves are retracted by 3 cm during LHC beam injection. 

Thee detector provides high precision measurements of tracks and vertices around the IP. The 
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Figuree 5: Schematic cross-section of the silicon detectors showing the depletion 
regionn alter irradiation 

requiredd precision and the high radiation conditions in the region close to the beam demand a 
smalll  strip pitch of a few tens of microns. Geometry details are given in Figure 6. The stripsize 

2566 + 640 
== 896 strips 

61°° silicon vertex detector elements 
^-detectorr r-detector 

(stripss not to scale) 
23844 + 256 + 241 

2655 strips 

400 jim 

400 urn 

800 urn 

1.00 2.5 [cm] 6.0 1.0 

Figuree 6: Layout of vertex detectors. 

2.55 4.1 [cm] 6.0 

iss optimized to achieve small hit occupancy, minimize the amount of material due to detectors 
(multiplee scattering) and provide a reliable measurement of all accepted tracks. The strip pitch 
inn the inner part of the detector (radius<2.56cm) is 40 p.m yielding a single hit precision of 
6-99 pm. whereas at large radii a pitch of 80 urn is foreseen corresponding to a single hit 
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resolutionn of" 10-18 |im. 
Thee time between bunch crossings determines the choice of electronics. Full charge collection 

requiress that the peaking time of the readout must not exceed 25 ns. In order to minimize signal 
overlapp (from different bunch crossings) the FWHM of the signal shape must not exceed 25 ns. 
Ass not all the signals can be transferred every bunch crossing, pipeline buffers with a length of 
1688 bunch crossings are included. The readout chip contains preamplifiers, signal comparators 
andd buffer logic. Since the data are used both in the trigger and the off-line analysis, the chip 
hass two buffers of equal length: one is dedicated to the data acquisition and another to the 
triggering. . 

Thee circulation of the proton bunches with high frequency causes pick-up in the readout 
system.. RF-shielding is foreseen in order to minimize this effect. 

6.33 Trackin g system 

Downstreamm of the vertex detector the tracking system provides a momentum measurement 
off  charged particles and an appropriate reference for all information obtained with other 
detectorr components. In particular it allows the propagation of tracks between the vertex 
detectorr and the RICH and the extrapolation of tracks to the electromagnetic and hadron 
calorimeterss and muon detectors. The system consists of 11 stations of tracking chambers 
(Tll  -Tl 1) located between the vertex detector and the calorimeters. Each station contains several 
planess with wire orientation at 0. ° (Y,IM ) with respect to the vertical. This provides efficient 
rejectionn of ghost tracks. Stations adjacent to the RICH detectors have additional detector 
planes,, which provide precision measurements in the non-bending plane. 

Thee system is split into two parts: Inner and Outer Trackers. This is done because of the large 
occupanciess expected near the beam. In the outer tracker region the particle flux is less than 
1.4xl055 cm'" s~' and allows the use of wire drift chambers. The Inner Tracker covers a region 
off  60x40 cm2 around the beam pipe. The particle fluxes here can reach up to 3.5X101 cm"- s" . 
Thiss requires a different technology. Due to its small size, the separation of station Tl into an 
innerr and an outer region was deemed inappropriate so that the Inner Tracker here is extended 
too cover the full acceptance. 

Thee dipole magnet provides a total held length of 4 T-m over a short effective length. The held 
iss oriented along the y-axis and has a maximum value of L IT . The yoke aperture is 4.3 m 
horizontallyy and 3.6 m vertically. This results in nearly 100% acceptance for charged particles 
withh a momentum above 2 GeV. The iron shield upstream of the magnet reduces the stray held 
inn the vicinity of the vertex detector and the RICH1 detector (see Figure 4). During operation it 
iss foreseen to reverse regularly the polarity of the magnet Held to reduce systematic errors in the 
asymmetryy measurement expected from CP-violations. 

AA momentum resolution of 039c is expected for particles with a momentum in the range from 
55 to 200 GeV/c. For momenta under 100 Gev/c it is mainly limited by multiple scattering. 

6.3.16.3.1 Outer Tracker 

Thee technology foreseen for the outer tracking is gas drift chambers. An Outer region only 
existss in l Oof the tracking stations. The first one (Tl ) downstream of the vacuum tank uses only 
Innerr tracker technology. A single station consists of 6-8 layers with y.it.v.y orientations, which 
providess measurements for three dimensional track reconstruction. Each layer has 5 mm drift 
cells.. The material in a single layer of the detector is equivalent to 0A7c of radiation length (X()). 
Stationss 2. 10 and I I. around the RICH counters, contain two additional A modules. The total 
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numberr of channels foreseen in the outer tracking system is 1 ]().()()(). 
Thee chamber dimensions follow the LHCb acceptance and increase from 75x75 cm" (T2. at 

.-=2177 cm) to 360x297 cm- (TIL at :=M65cm) in the .v and v directions, respectively. 
Chamberss are split into modules in order to have no wires longer than ~3 in. 

Usingg a fast CF4-based drift gas. the maximum signal latency covers two bunch-crossing 
intervals.. The estimated single cell resolution is <200 (tin. An expected maximum cell 
occupancyy of less than 10rr determines the inner boundary of the Outer Tracker. 

Thee tracker wil l be readout by 8-channel preamplifier/discriminator chips. The on-board TDC 
wil ll  be driven by the bunch-crossing clock. Bach individual channel is designed to have a 
Level-00 pipeline. Time measurement within 25 ns and 5-bit precision will be sufficient. 

Usagee of the tracker for triggering is foreseen. This is. however, still under investigation and 
iss not considered in this thesis. 

6.3.26.3.2 Inner Tracker 

Thee inside dimensions of the Inner Tracker are determined by the diameter of the beam pipe 
(fromm 3.6 to 13 cm). The outside dimensions are 60x40 cm"" (in .v.y) everywhere except Tl 
(70x700 enr) and T2 (60x60 cnr). This results in a total detector area of 14 m:. 

Threee technologies are currently under investigation for the inner tracker. They are: 
 MicroStrip Gas Chamber with Gaseous Electron Multiplier (MSGC + GEM). 
Recentt studies have demonstrated stable operation of MSGC+3GEM layers 
(so-calledd triple GEM). 

 Micro Cathode Strip Chambers (MCSC). 

 Silicon Strip Detectors, as a back-up option in case neither of the previous two 
performss adequately. 

Thesee technologies have similar over-all properties: 
 Readout pitch of 220 jam with a single hit resolution of better than 65 u.m. 

 Signal latency less than the bunch-crossing interval. 

 A total number of channels of about 220.000. 
Inn the simulation we have used these properties without specification of the technique 

employed. . 

6.44 RICH detectors 

Thee RICH detectors allow the identification of pions and kaons over a wide momentum range. 
Thiss is crucial information to increase the signal to background ratio for b-decays and provides 
aa kaon tag for CP asymmetry measurements. 

Chargedd particles traversing the material with a velocity exceeding the phase velocity in that 
materiall  emit electromagnetic (Cherenkov ') radiation around an angle proportional to inverse 
velocityy of this particle: cos6( = l / (pV) . where 0, is the angle of the Cherenkov radiation 
withh respect to the flight path of the particle. The Cherenkov radiation is a threshold 
phenomenon,, i.e. the light is produced only above the critical speed of the particle: vt=$tc=c/n. 
wheree n is the refractive index of a radiator. The number of emitted photons depends on the 

*)Cherenkovv has discovered this phenomena during his Ph.D. work in the experiment done under 
supervisionn and close collaboration with S.Vavilov. In Russia both are appreciated and it is 
namedd "Vavilov-Cherenko\ radiation". The story is memorized by V.Ginzburg [20]. 
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Radius s 

lengthh of the radiator: N = 27taLsin:8(.( 1 /X2 - \/'kl). where 'k, and X2 determine the wave 
lengthh range of detected photons and a is the fine-structure constant. A 1 m thick radiator 
producess -120 photons in the range 400 <X<  700 nm. Assuming the photodetectors to have a 
quantumm efficiency of -0.3 we can detect 40 photoelectrons. 

RICHH (Ring Imaging CHerenkov counter) 
detectorss detect ring images formed by 
Cherenkovv photons that are emitted by 
chargedd particles crossing the radiator (see 
Figuree 7). Given the momentum of the 
particlee the measurement of the radius of the 
producedd ring allows the separation of 
particless of different mass. In particular it 
allowss the separation of kaons and pions. The 
momentumm and entry point of the particle are 
providedd by the tracking system. A system of 
focusingg mirrors (not shown on the picture) 
focusess the ring onto a compact array of 
photodetectors.. reducing the size of the whole 
detector,, and reflects the image outside the 
detectionn acceptance allowing the use of 
non-radiationn hard electronics. 

Thee RICH detectors at LHCb have to 
identifyy charged particles over the momentum range 1-150 GeV/c and within the large 
acceptancee of 10-330 mrad. Particle identification is crucial to reduce background in selected 
finalfinal states and to provide an efficient kaon tag. The angle-momentum correlation of particles 
generatedd in proton-proton interactions at high energy (as 9~l/p) requires the use of two RICH 
detectorss in order to provide particle ID over the full momentum range. 
TheThe upstream, RICH], detector has both, a silica aerogel and a C4F|0 gas radiator, and is 
designedd to identify low-momentum tracks. It has an acceptance from 25 to 330 mrad in both x 
andd v projections and is situated upstream of the magnet, between chambers Tl and T2. The 
estimatedd resolution for the emission angle of a photoelectron is 1.1(1.45) mrad for 
C4F100 (Silica) radiators. This corresponds to a 0.15 (0.37) mrad angular resolution per track. 
TheThe downstream, RICH2, detector uses CF4 gas as radiator. It has an angular acceptance of 
10-1200 mrad in x and 10-100 mrad in y. It is positioned between chambers T10 and T i l . The 
resolutionn of the emission angle is estimated to be 0.06 (0.35) mrad per track (photoelectron). 

Fromm a maximum likelihood analysis it is concluded that tracks from b-events can be 
identifiedd with efficiencies and purities above 9(Y7c. A 3o separation of pions and kaons is 
achievedd over the momentum range 1-150 GeV/c. where RICH1 provides coverage from 1 to 
400 GeV/r and RICH2 from 5 to 150 GeV/r. 

Centerr of Ring 

Figuree 7: Principal scheme of RICH 
detector. . 

6.55 Calorimeters 

Thee calorimetry system of LHCb consist of an electromagnetic calorimeter with preshower 
detectorr and a hadron calorimeter. It identifies photons, electrons and hadrons and measures 
theirr position and energy. The information wil l be used in the trigger and in the off-line analysis. 
Thee chosen detector segmentation is a compromise between a small number of readout channels 
andd a low occupancy with reasonable position and energy resolutions. The cell sizes and 
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positionss match in all three sub-systems (preshower. electromagnetic and hadron calorimeters) 
inn order to facilitate their use in the trigger. 

Inclusionn of the calorimeter information in the Level-0 trigger requires the signal collection 
timee in all three detectors to be below 25 ns. 

6.5.16.5.1 Electromagnetic calorimeter and Preshower detector 

Thee interaction of photons/electrons with matter leads to a cascade of e+/e pairs and 
bremsstrahlungg photons, which continues til l the energy of the secondary particles in the 
cascadee falls below the critical energy. Ec. or til l particles leave the detector volume (leakage). 
EEcc is determined by the mass of a positron-electron pair (~l MeV) and the ability of an electron 
too emit a bremsstrahlung photon, with energy losses due to ioni/.ation starting to dominate at 
electronn energies below a few MeV for heavy and dense materials with Z>30. The energy of 
electronss and positrons below £\ dissipates in the material through the ionization and excitation 
off  atoms. The preshower and the electromagnetic calorimeter are located between :=1230 and 
13199 cm and have a total radiation length of 25 X0. 
TheThe preshower detector is positioned in front of the electromagnetic calorimeter at r= 1230 cm. 
Itt consists of 1.4 cm of lead (2.5 X0) followed by 1 cm of scintillators. The difference in the 
developmentt of the electromagnetic shower induced by a photon or an electron allows their 
separation.. This information is used in the Level-0 high-p1 triggers and in the offline-analysis. 

Thee signals from the scintillator are readout with Photo Multiplier Tubes f PMT) and digitized 
withh 8-bit ADC's. 
ElectromagneticElectromagnetic calorimeter. The efficient reconstruction of rc(),s and their discrimination from 
electronss and charged hadrons with overlapping photons requires a fine transverse 
segmentation.. In order to reduce the complexity of the detectors while maintaining a decent 
position/energyy resolution three different cells sizes in three radial regions (,v xy) are foreseen: 
4x44 cm- in the_region up to 192x320 cm2. 8x8 cm2 in the subsequent region up to 384x512 cm2 

andd 16x16 cm2 finally up to 640x832 cm2. The detectors use Schashlik technology with lead as 
thee absorber material. The energy resolution is (3(E)/E = \()CA / JË ® 1.5% (Em GeV). 

6.5.26.5.2 Hadron calorimeter 

Thee purpose of the hadron calorimeter is identification of hadronic particles. The main process 
usedd in this detector is the inelastic interaction of hadrons with the detector material. The 
productss of the primary interaction are mainly pions: TT* and 7t°. Charged pions are detected in 
thee sensitive material of the detector (scintillators), while neutral pions decay to gammas and 
generatee electromagnetic showers. The scintillator response to the electromagnetic shower is 
largerr than that to charged pions because of the cut-off (-mK - 140 MeV/c2) in the cascade 
developmentt for the latter. Therefore, fluctuations in the JT° component of the shower directly 
contributee to a deterioration of the energy resolution. Part of the energy in inelastic interactions 
off  hadrons goes into the excitation of nuclei with the subsequent emission of low energetic 
gammass and neutrons. A small fraction (~17r) of the shower particles, such as muons and 
neutrinos,, are leaving the detector without interaction. Sampling fluctuations due to the inactive 
materiall  of the detectors (of "'sandwich" type) are twice as large as for electromagnetic 
calorimeters.. The above three sources of uncertainties add-up to an energy resolution for the 
hadronn calorimeter of 70-90%\E{GeV). 

Thee shower length is proportional to the nuclear interaction length (A[). In order to have full 
energyy absorption over short distances calorimeters are made from heavy inactive material 
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interspacedd with active scintillator material. In the LHCb detector the absorber material is iron, 
whichh has advantages in cost and constructional stability over, for example, lead (Pb). 

Thee hadron calorimeter (HCAL) cells are embedded in an iron support structure. They are 
1.55 m long corresponding to 7.3 k{. Each of the cells matches 4 ECAL cells (1: 2 x 2). As in the 
casee of the ECAL this results in three regions with different cell size. The expected energy 
resolutionn is c(E)/E = SOW / JË ® 57c. The outside dimension of the HCAL is 8.96 m x 
7.044 m with a square hole of 0.64 in x 0.64 m to let the beam pass through. Material between 
thee beam pipe and the inner surface of the HCAL absorbs the products of interactions o\' 
particless with the pipe. 

Thee scintillators are readout by PMT's. The signals are digitized and inserted into the data 
streamm at the bunch crossing rate of 40 MHz. The 12-bit dynamic range of the digitized signal 
impliess an energy range dependent on the polar angle: 50 MeV —> 200 GeV for the inner region. 
255 MeV -» 100 GeV for the middle region and 12.5 MeV -> 50 GeV for the outer region. The 
contributionn to the resolution due to this digitalization scheme is negligible with respect to other 
contributionss to the energy resolution of the calorimeters. 

6.66 Muon detector 

Thee muon detector allows the identification of muons. This information is used in the Level-0 
trigger,, the offline reconstruction and the flavour tagging. The detector consists of a muon shield 
andd a set of chambers. The shield is composed of the ECAL. the HCAL and four layers of steel. 
Fivee muon tracking stations. M1-M5. are interspaced with the steel layers. The total radiation 
(interaction)) length in front of muon station M2 is 112.5 X() (10.4 X{), Each station of M3-M5 
iss shielded with an additional 39.3 X() (4.2 A.]). The full detector can be penetrated by a muon 
withh an energy of 6 GeV or higher. Other particles than muons (except neutrinos) have a small 
chancee to survive. The station Ml is not shielded. It is positioned in front of the ECAL 
calorimeterr and is used in the photon and electron triggers. Positions of stations M1-M5 are 
zz = 1195. 1500. 1620. 1740 and 1860 cm respectively. " 

Mostt of the outer acceptance is covered with Mukigap Resistive Plate Chambers (MRPC) 
whilee the inner part is filled with Cathode Pad Chambers (CPC). The higher occupancy around 
thee beam pipe is the reason for their division. The upstream M1 station is using CPC technology. 

AA total number of 236k channels wil l be readout by electronics mounted on the edge of the 
detectors.. The signals are pipelined in on-board buffers. Logical combinations of channels 
reducee this number to 45164 for use in the Level-0 trigger. 

77 Event t r igger  and select ion 

7.11 Introductio n 

LHCbb should effectively select useful (signal) events and store them onto tape. The main 
physicss objective of the LHCb is the study of CP-violation in decays of neutral B-mesons. For 
thiss reason, we want to detect particular B-decay channels and have the possibility to tag the 
flavourr of the decaying B-meson. Storage devices can not record all events produced in 
proton-protonn interactions and even not all potentially reconstructible B-mesons. This demands 
thee reduction of data to an acceptable level using the trigger system, while enhancing the 
fractionfraction of B-events in the remaining data sample. 

Thee expected rate of signal events is proportional to the cross section for bb-production 
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(Ghb=0.55 mb). This corresponds to a 100 kHz. rate of B-events at a luminosity of 2 T 0, : s'1 cm :. 
Sincee we cannot store all B-mesons we must optimize the trigger selection for the feu (pilot) 
channelss in which we want to study CP-violation. Some of these interesting channels are given 
inn Table 3. The decay channels listed in the table allow the measurement of all annles of the 
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Tablee 3: Pilot channels and parameters of interest. 

CKMM unitarity triangle (see Chapter 1). They also give access to the CP parameters with small 
theoreticall  uncertainties. Their visible branching ratios ' are all of the order of 10° or lower. 

Featuress of B-events in the LHCb detectors used for the selection are the following: 

Duee to the large mass of b-hadrons and their relatively 
largee transverse momentum with respect to the beam 
directionn their decay products have on average a large 
transversee momentum (pt) too. 

Level-0 0 

2.. The lifetime of the b-quark is about 1.5 ps. B-particles 
acceptedd by the spectrometer have typically a momentum 
off  about 80 GeV. A /?-event will , therefore, contain decay 
verticess which are separated from the interaction point by Level-1&2 
~11 cm on average. Tracks associated with these vertices 
havee large impact parameters with respect to the primary 
interactionn point. 

3.. The small decay width of B-hadrons. the large mass 
differencee between c and /?-quarks and the excellent 
mass-resolutionn of the LHCb spectrometer allow an Level-3 
efficientt background rejection and preselection of signal 
events. . 

Thee backgrounds, which must be rejected by the trigger system fall into two distinct 
categories.. The first consists of minimum bias events, which do not contain any B-hadron. The 
particless in these events have typically a lower p, than the particles associated with a B-hadron. 

(Visiblee branching ratio is defined as the product of branching ratios of deca\s leading to a 
detectedd final state. 
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Thee rate is proportional to the total inelastic cross-section which is estimated to be Gmb=8() mb. 
Thee second category consists of events with multiple primary interactions. Since events with 
multiplee interactions confuse the standard Level-0 trigger and reconstruction algorithms, it is 
imperativee to recognize and remove these events at an early stage. The rate of these events 
dependss on the luminosity and follows Poisson statistics. For example, at a luminosity of 2-10, : 

s~ll cm"- events with multiple interactions represent 41r/r of the total number of bunch crossings 
withh at least one inelastic interaction. 

Thee required data reduction level depends on the capacity of the off-line storage devices and 
onn the data flow obtained from the entire LHCb detector. The LHCb has 950k readout channels, 
whichh at a bunch crossing frequency of 40 MHz corresponds to a data flow of 40 TB/s whereas 
onlyy 20 MB/s can be stored on tapes. Therefore, the data reduction must be at least a factor 
200000.. Sophisticated on-line analysis is slow and wil l cause a loss of statistics due to the 
deadtimee of the detection system. The classical solution to this problem is a multi-level trigger 
schemee with simple and fast selection at the beginning to create more comfortable conditions 
forr the operation of more sophisticated and slow algorithms at the end. Temporary data storage 
inn pipeline buffers reduces the deadtime effect due to the limited latency of corresponding 
triggers. . 

Thee LHCb has a 4-level (from Level-0 to Level-3) trigger system. Logically they can be split 
intoo two groups. The first group of triggers. Level-0 and Level-1, uses local information from 
individuall  detectors. At Level-0 we consider only raw data. The Level-1 uses data after zero 
subtractionn and clustering of hits. The levels 2 and 3 employ more sophisticated algorithms 
usingg combinations of data from several (Level-2) or all (Level-3) detectors and analyze global 
eventt information. 

7.22 Level-0 

Thee Level-0 triggers exploit the relatively high transverse momentum of B-decay products 
comparedd to that of particles from minimum bias events. There wil l be four "high-p, triggers" 
runningg in parallel. They are specialized to detect electrons, photons, hadrons and muons 
respectively.. The first three share a common algorithm although with different selection cuts and 
usee raw calorimetry information, while the last one uses data from the muon detectors. The pt 

resolutionn at Level-0 is limited since the total number of channels used in the algorithms is 
smallerr than in the off-line analysis and because of simplifications in the algorithms. 

Anotherr type of trigger is the "pileup" trigger, which identifies and vetoes events w ith multiple 
interactions. . 

Thee Level-0 bandwidth is fixed at 1 MHz. At the average LHCb luminosity the data rate 
shouldd therefore be reduced by a factor of about 16. 

7.2.17.2.1 Calorimeter triggers 

Anyy charged particle depositing more energy than that of a minimum ionizing particle in the 
calorimeterr is either an electron, a hadron or a photon. The transverse calorimeter segmentation 
allowss the estimation of the center of gravity of isolated clusters and provides a rough 
measurementt of transverse momentum. A projective geometry with respect to the mean 
interactionn point is used for the cell sizes and their positions in order to simplify the algorithms. 
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ElectronElectron trigger 

Thee electron trigger uses data from the pad chamber. Ml . in front of the calorimeters, 
preshowerr and the FXAL. The projectivity of pads and cells is exploited in the algorithm by 
matchingg signals in corresponding detector elements. First, a signal above the threshold of 
33 GeV in a 3x3 cell window is searched for in the calorimeter. The signal in the central cell is 
requiredd to be above any of its eight neighbors (isolation cut). The center of gravity is calculated 
andd is taken as the position of the isolated cluster. Predictions are made for the position of the 
padd chamber using two hvpotheses. one for positive and one for negative charge, using in 
additionn an estimate of the electron energy. Comparison with the measured pad chamber 
positionn then allows the rejection of background from gamma which is converted in the material 
betweenn the interaction point and the calorimeter. The addition of the pad chamber 
measurementt improves the p, resolution for particles with momentum below -20 GeV. An 
energyy above 3 M1P is demanded in the preshower in order to remove gammas, which induce 
similarr electromagnetic showers as electrons. The central cluster energy (£(.) is required to be 
att least 4(YA of the total energy seen in the 3x3 window <£y). Finally the transverse energy (Et) 
iss calculated from Ec and the position of the cluster. 

Thee Et cut is tuned to achieve a suppression of -100 for inelastic single pp interactions. The 
electronn trigger selects with high efficiency and purity B-events with electrons in the final state, 
suchh as semileptonic decays (tagging) and decays containing J/T—>ee in the decay chain. 

PhotonPhoton trigger algorithm 

Thiss trigger follows the electron trigger algorithm with two exceptions. Firstly, the pad 
chamberr should have no hits within the search window. Secondly, the Et cut is significantly 
higherr with a rejection factor of about 150 of single minimum bias events. 

HadronHadron trigger algorithm 

Eventss with a hadron in the final state of a B-decay are accepted by the high E, signature in 
thee hadron calorimeter. Clusters in 3x3 cell windows are searched for with E,>5 GeV. Cluster 
positionn and particle trajectory are calculated in the same manner as for the electron trigger, 
usingg the pad chamber. The energy in the ECAL ?>x?i clusters along the trajectory is added to 
givee the total energy of the candidate (Et(lt). The E, is calculated using the total energy and 
positionn of the cluster. 

Withh a minimum bias rejection factor of -17 the trigger retains bö'/r o\' BÓ—>KTI decays. As 
expectedd the higher multiplicity decays, such as Bv—»D+jr. have a smaller retention of 3()9r. 
Thiss trigger has no particular background source. However, its performance is influenced by the 
energyy resolution in the HCAL and the large cell granularity that determines the resolution o\' 
thee cluster position. 

7.2.27.2.2 Muon trigger 

Thee muon trigger operates in a relatively easy environment where all other than muon high 
energyy particles have been absorbed in the muon filters. Its purpose is to select semileptonic 
B-decayss with a muon in the final state. The trigger algorithm uses all five pad chambers. Ml 
too M5. of the muon detector. It proceeds in several steps. All active pads in the M3 chamber are 
consideredd as candidate seeds. If hits are found within a search window in the M2. M4 and M5 
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chambers,, then the active pad of M2 closest to the center of the search window is taken. The 
v-interceptt coordinate in M1 is predicted by the M2 and M3 pad coordinates and the closest pad 
hitt to this .v-coordinate is chosen. The y-slope (angle with respect to the beam in -v-plane) is 
determinedd from the MI and M2 pad coordinates. A rough v-intercept is calculated with respect 
too the nominal position of the interaction point. A successful candidate must have a value of the 
v-interceptt below a certain limit , which is determined by the pad sizes of the muon chambers. 
Thee v-slope (angle with respect to the beam in cv-plane: i.e. the bending plane) is determined 
fromm the Ml and M2 pad coordinates. The v-slope is recalculated using the M1 pad hit and the 
coordinatee of the nominal interaction point. The p, of the muon candidate is calculated from the 
x-x- and y-slopes and the nominal magnetic field. The pt cut is tuned to reject minimum bias 
events. . 

Simulationss suggest that the main background comes from interactions of low angle, mainly 
veryy energetic, particles with the beam pipe and from muons from 7T./K decays. Contributions 
fromm other sources, like punch-through or overlap with background muons, are found to be 
small. . 

7.2.37.2.3 Pileup Veto 

Att the nominal luminosity of LHCb (2-103: s"1 cm2) a large fraction (40%) of the bunch 
crossingss contains more than one pp interaction. These events are preferably accepted by the 
high-ptt triggers, thus usurping the LO-bandwidth (1MHz). Therefore, some fraction of the 
B-eventss potentially accepted by Level-0 is lost. In order to keep these events bunch crossings 
withh multiple interactions must be detected and removed from the data stream. 

Too this aim a special purpose trigger is built, which can do a fast reconstruction of primary 
verticess and give an estimate of their number, to be implemented at Level-0. Because of the long 
interactionn region (G=5.3 cm) the primary vertices created in multiple interactions are widely 
spreadd along the beam axis and only a modest vertex resolution (<3 mm) is necessary to achieve 
goodd detection efficiency (>90%) for multiple interactions. 

Thee algorithm uses linear correlations o\' track hits measured in two planes of the vertex 
detectorr with azimuthal strips giving a vertex resolution of the order of 1 mm. By tuning the 
triggerr to select 95% of single interaction events the efficiency to detect double and higher 
multiplicityy events is greater then 70%. As a result. 30-40% more B-events can be collected. 

Thee pileup algorithm is a topic of this thesis and is described in greater detail in Chapter 4. 

7.2.47.2.4 Level-0 Decision Unit 

Thee Level-0 decision unit combines all relevant information collected at Level-0 in order to 
alloww or deny the further processing of event data. The maximal time to establish the usefulness 
off  an event is fixed to 4.2 p:s. This presumes a 168 long buffer (168x25 ns) in which the data are 
waitingg for a decision in a pipeline queue. 

Thee event production rate at the nominal luminosity is about 16 MHz. With assumed 
efficiencyy of the pileup veto the input data flow is reduced to -13 MHz. This eases the load of 
thee high-p, triggers, which can use more relaxed cuts in order to achieve an output rate of 1 MHz. 

Thee output rate is optimized to select events of particular interest for the CP-violation study. 
Aboutt 90r/r of the events are selected with the high-p, muon (20%). electron (10%) and hadron 
(60%)) triggers. The remaining 10% correspond to single events with high-p, photon and 
multi-leptonss triggers. The prthresholds are adjusted in accordance to the physics needs. The 
correspondingg trigger efficiencies are given in Table 4. Examples of channels that can be 
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high-p,, e 

63 3 

6 6 

8 8 

high-p,, h 

17 7 

16 6 

70 0 

All l 

72 2 

88 8 

76 6 

high-p,, LI 

B^J /V feo l^+ tagg 17 

Bj-^JmnnjKs+tagg 87 

Bj—>JT7TT 14 

Tablee 4: Levcl-0 high-p, trigger efficiencies for some selected channels. Bold 
numberss indicate correspondent correlations. [21 ] 

selectedd with the above high-p, triggers are: 

 e: b -> e+X (flavour tag). Typical example: B —> J /T (eV) + X: 

 ii : b —s> (i+X (flavour tag). Typical example: B —> J/47(|i+|j.") + X: 

 h: B"-> J C V. B j ' - > D \ K ~ : 

 y: Bs° -> K °Y-

Thee I.evel-0 decision unit is programmable so that the selection criteria can be easily changed 
too reflect physics interests. An event selected by the Level-0 trigger proceeds to the next level. 

7.33 Level-1 

Thee Level-1 trigger uses data from the vertex detector and tracking system. It analyses 
topologicall  information represented by relative positions of primary vertex, tracks and 
secondaryy vertices. Decay vertices of B-particles are well separated from the interaction point 
duee to the long lifetime of the b-quark (see Section 7.1. "Introduction"). This leads to high 
impactt parameters of B-decay products. The high momentum of the tracks can also be used in 
thee selection criteria for B-events. The selection cuts are tuned so that the input data rate of 
11 MH/ is reduced to 40 kHz at the output. 

7.3.17.3.1 Topology trigger 

Thee Level-1 topology trigger uses data from the silicon vertex detector to select events on the 
basiss of topology information. In order to do this the algorithm should be able to reconstruct 
trackss and vertices. This is done in a few consecutive steps (see Figure 8). These are described 
extensivelyy in the Technical Proposal and are summarized below: 

 The algorithm first starts to select 2D-tracks in the /"-plane using all possible 3-hit 
combinationss in 3 consecutive stations, then combines these 2D-traeks to build 
vertices. . 

 These vertices are used to determine, in combination with the information on the 
^-coordinatess of the /--sectors, a 3D primary vertex. 

 The impact parameter of each track is calculated with respect to the primary vertex 
andd a probability that the track belongs to the primary vertex is determined from a 
lookk up table. Tracks with a low probabilities are selected and the information from 
thee 0-detector is added to give a 3D-track after which the impact parameter is 
recalculated. . 

 From these 3D tracks those combinations are taken for which the track to track 
distancee at the point of closest approach is less than 200 \im. For each combination 
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Figuree 8: Illustration of the Level-1 topology trigger algorithm. 

B-decay B-decay 

aa secondary vertex is determined. A vertex probability is assigned to each of these 
vertices. . 

 Subsequently, using the product of all vertex probabilities an event probability is 
calculatedd which determines whether the event is likely to be a minimum bias 
eventt or not. 

Thee algorithm is difficult to optimize for events with more than one primary interaction. 
Firstly,, twice larger average occupancy wil l lead to a quadratic increase of computing time. 
Secondly,, the assignment of tracks to a primary vertex is highly ambiguous in the presence of 
otherr vertices. 

7.44 Level-2 

Too better select b-events more complete information from different detectors is necessary. 
Sloww tracks with large multiple scattering are the main source of fake secondary vertices in the 
Level-11 topology trigger. The momentum measured in the spectrometer helps to improve the 
primaryy vertex estimate and the resolution of the impact parameter. This results in a more 
efficientt rejection of events with light quark hadrons while very few B-events are lost. 

Thee track reconstruction algorithm proceeds along the following steps: 
 Reconstruction of 3D-tracks in the forward and backward directions with respect 
too the primary vertex. The same algorithm is used as in Level-1. Tracks which 
sharee common hits are rejected. 

 The momentum of the track is evaluated using the fact that it is proportional to the 
inversee of the polar angle. This allows an estimate of the effect of multiple 
scatteringg due to material between the primary vertex and the first silicon detector 
traversedd by the track. The resolution of the impact parameter is estimated from 
thee detector resolution and the multiple scattering. 

 For each track with impact parameter IP and resolution 6(IP) a significance 
IP/5(IP)) is determined. The sum of these significances is minimized and the 
positionn of the primary vertex is found with a resolution of (5A. 8V. 5Z)V = 
(9.. 9. 38) urn. 
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 Forward tracks with large impact parameter significance (IP/6(IP)>2) are 
extrapolatedd to the first tracking station. The Kalman technique is used (tit and 
patternn recognition) to propagate the track up to the 5th station, which is in the 
middlee of the magnet. 

 After selecting tracks with a predetermined number of hits in the tracker (at least 
44 in all stations and at least one in stations T3-T5. see Figure 4 on page 13) about 
90%% of high momentum (p>2 GeV/c) tracks remain. The impact parameter 
resolutionn of these tracks is recalculated. The relative momentum resolution of 
selectedd tracks is about \'7c. 

Ann event is accepted if there are at least 3 tracks with IP/5(1P)>3. Background from Ks and A 
decayss is reduced by requiring IP<2 mm. The efficiency to recognize the two and three body 
decayss and the decay channel B^JAVX is about 80%. For B ^ DX decays, which have typically 
aa higher multiplicity, the efficiency is about 90%. At the same time only 6.5% of i/t/.sr-events 
enteringg the Level-2 are accepted. 

Afterr the Level-2 the selected sample contains only 8-10% minimum bias events. The average 
outputt rate is 5 kHz. 

7.55 Level-3 

Thee Level-3 trigger (also called Event Filter) has almost the complexity of the off-line 
analysis.. It uses particle identification information to select particular decays of the B-mesons. 
Fourr topological classes are considered: 

 Two body decays: charged two-body combinations compatible with the mass of 
thee B-meson (e.g. B—>7T7i, B ^ K K . B—>Kit. B—>p.|i); 

 Dilepton decays: pair of leptons from a displaced decay vertex compatible w ith the 

J/VV mass (e.g. B^J/VKS. B^JAPK*. BS-^J/T(J)): 

 Low multiplicity decays with neutrals: two charged tracks and a n or photon 

which,, combined, correspond to the B-meson mass (e.g. Bd^p+Jt". p 7t and 

Bd.s->K"YJ: : 

 Decays with D-mesons: any of the above categories with a combination 
compatiblee with the D-meson mass. 

 Non B-physics channels: those including charm particles, tau lepton etc. 

Duee to the limited time available for the decision, the selection algorithms are simplified 
comparedd with those used in the off-line analysis. This results in a slightly worse vertex and 
momentumm resolution and particle identification than can be obtained in the off-line analysis. 
Thee output rate at this level is about 200 events per second. These are stored on tape. The 
contributionn from minimum bias events to this sample is estimated to be less than 1%. 

7.66 Data acquisition 

Thee philosophy of the Data Acquisition (DAQ) system is rather standard. It is implemented as 
aa multi-level system. The data are stored in pipeline buffers while waiting for a positive decision 
fromm the corresponding trigger level. The buffer length depends on the complexity of the 
algorithmm and the available computing power. The pipeline lengths at Level-0 and Level-1 are 
proportionall  to the latency of these triggers. 

Thee data and decision flow can be summarized in the following steps (see Figure 9): 
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Figuree 9: Data Acquisition and Trigger scheme. 

 Data obtained at 40 MHz are stored in on-board pipeline buffers waiting for the 
receiptt of the Level-0 decision from the decision unit (LODU). The data is shifted 
synchronouslyy through the pipeline buffers under supervision of the "Timing and 
Fastt Control" unit. An asynchronous solution would in principle also be possible, 
however,, for the moment is disfavored. After receiving the Level-0 "OK"' the data 
wil ll  be transferred to off-detector Level-1 buffers at a rate of 1 MHz. 

 The data is in the Level-1 buffer is waiting for the Level-1 decision, in a similar 
wayy as in the Level-0. 

 A positive Level-1 decision starts the process of event building. It uses the 
individuall  Readout Units, a Readout Network (RU) and Sub-Farm Controllers 
(SFC).. The RU collects data from one or more front-end links, the network 
redistributess all the parts of a given event to one destination and the SFC assembles 
alll  data from different detectors into a full event data block. The assembled event 
informationn is used by the Level-2 and Level-3 trigger algorithms which decide 
eitherr to keep an event or not. 

Thee functionality of the data acquisition system is continuously monitored at the different 
levels. . 
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CHAPTERR 3 Test beam results of 

prototypeprototype silicon detector 

Thee vertex detector is a crucial element of the LHCb detector. It is 
usedd for the precision measurement of tracks and decay vertices, both 
off-linee and on-line. In this thesis we wil l describe in detail two 
possiblee additional applications, i.e. the vetoing of event with multiple 
interactionss and the luminosity monitoring. The development of the 
detectorr requires an understanding of the detector operation, the 
requirementss for its mechanical precision and experience in the 
analysiss of the data. 

Inn this chapter we discuss test beam results obtained with a prototype 
vertexx detector and compare them with Monte Carlo simulations. 

Thee use of the detector for tasks relevant to this thesis are described 
inn subsequent chapters, i.e. pileup trigger algorithm (Chapter 4) and 
luminosityy monitor (Chapter 5). 

88 Silicon detector 

Thee LHCb experiment requires interaction and decay vertices to be 
determinedd with a precision of the order of 200 (im or better. To 
achievee this a vertex detector is used, which is very close to the 
interactionn point. The high radiation conditions at this position and the 
factt that the detector has to operate inside a vacuum tank lead us to a 
designn using silicon strip detectors. As described in Chapter 2 the 
detectorr will be used in the: 

 offline analysis to determine with high precision vertices 
andd impact parameters of tracks for the flavour tag; 

 Level-1 and -2 triggers to tag on the presence of a 
secondaryy vertex: 

 Leve 1-0 pileup trigger for the fast identification and 
localizationn of the primary vertex and the testing of 
eventss with multiple primary vertices (see Chapter 4). 

Siliconn detectors are known since the beginning of the 50"s for their 
excellentt energy resolution [22|. They are also characterized by 
simplicityy of handling due to the rigid, selfsupporting structure and by 
simplicityy of operation. In the last 20 years they have been 
increasinglyy used for precision coordinate measurements. The first 
siliconn strip detector was used at CERN in 1983 by the NA32 
collaborationn [231. Since then various improvements have been made 
(i.e.. pixels, production technology and readout optimization) but the 
mainn principle of a thin, efficient and highly partitioned detector has 
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notnot changed. 
Inn the following we give a brief description of charged particle detection with silicon 

detectors.. For a detailed description of semiconductor devices we refer to [24]. 
Whenn a charged particle crosses a silicon detector it deposits a fraction of its energy in the 

detector.. The LHCb intends to use 150 |im thick silicon detectors. For this thickness the most 
probablee energy deposited for a minimum ionising charged particle is 46 keV. Fluctuations in 
thee energy deposition result in the so-called Landau distribution as shown in Figure 10 for the 
LHCbb silicon detector. 

Thee principle of a silicon strip detector is shown schematically in Figure 1 1. A voltage across 

Figuree 10: Distribution of energy-
depositedd in 150 um silicon 
detector.. The plot is a result of 
simulationn with SICB. 
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Figuree 11: Cross section of the 
siliconn strip detector. 

thee detector creates a depleted region with a uniformly distributed volume charge. This creates 
ann electric held almost linearly changing over the depth of the depletion region. When a particle 
crossess the detector a tube of ionization plasma is formed along the track in the depleted part of 
thee detector. Electrons and holes created by the ionization are pulled in opposite directions and 
startt to drift to the strip and ground side, respectively. In doing so they diffuse, can recombine 
andd can be captured by the imperfections in the material. The number of imperfections increases 
duee to radiation damage. This damage therefore increases with time and is proportional to the 
integratedd (lux of particles passing through the detectors. 

Thee signal current on the strip is induced by the net motion of electrons and holes. The typical 
currentt value is so small that it must be amplified before a reliable measurement (or digitization) 
cann be done. Both, the amplification and the digitization of the signal, are usually implemented 
withinn a single readout chip. 

Obviously,, the overall detector performance depends on the operation regime of the silicon 
andd the parameters of the readout chip. In this chapter we wil l discuss the results from the LHCb 
prototypee silicon detector in a test beam set-up at the CERN-SPS. In this test the hit and vertex 
resolutionss are measured. The effect of charge sharing over several strips is demonstrated and 
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describedd with a simple model. Simulated data are generated for the detector set-up and 
comparedd with the experimental results. 

99 Beam test 

9.11 Setup and data acquisition 

9.1.19.1.1 Experimental setup 

Thee test beam setup consists of 6 detectors measuring the radius (r) and 6 detectors measuring 
thee azimuthal angle of a track hit ($). There are three pairs of r-, (|)-detectors on the left side 
(SLl-3)) and three on the right side (SR1-3). Each detector is a -70 degree sector with inner 
radiuss of 1 cm and outer radius of 5 cm. One r-detector and one 0-detector form a station with 
aa distance between them of about 2-5 mm. The distance between stations is about 4 cm. see 
Figuree 12. 

targets ::  12x300mikron s wit h 1c m spac e 
2xl00mikron s s 

yy  (up ) 

; ; 

--  ó  O r  r  0 

Orr  r  0  O r 

Figuree 12: The set-up of detectors. It consists of detectors (left: SR1-3 and 
right:: SLl-3), scintillators (CM. V) and targets (77-/2). 

Thee strip configuration is optimized so that good track/vertex resolution is obtained using a 
minimumm of readout channels. Therefore, the strip pitch varies with radius. Their values are 
shownn in Figure 13. This strip layout is close to that given in the TP of LHCb 119]. 

Inn order to reproduce a situation as expected in LHCb operation (with primary and secondary 
vertices)) a layered copper target was designed, fabricated and installed in front of the 
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10.00mmm V 

49.88mm m 

Figuree 13: Prototype detectors used in the test beam runs. Strip directions are shown as 
dashedd lines. 

Si-detectorss with a distance between the most downstream target and the first detector of about 
7.55 cm. The set of targets consists of twelve thick targets of 300 Jim thickness (T1-T12) and two 
thinn targets of 100 u.m thickness (T4' and T8"). Their radius is 1 mm. The targets are glued to 
100 (j.m kapton foils and are mounted in a supporting tube. The separation between the thick 
targetss is 1 cm. while the thin target T4'(T8') is placed in the middle between targets T4 and T5 
(T88 and T9). Figure 14 shows a photograph of the target setup. 

Figuree 14: The set of targets. The front side of the support structure was fixed to 
thee support frame of the detectors. The beam entered from the rear side. The 
individuall  targets are clearly visible in the middle. 

Thee beam is bunched with a 2.37 sec bunch length and with a 14.4 sec bunch interval. Each 
bunchh contains KP-106 pions with a momentum of 120 GeV/c. The transverse si/e of the beam 
iss öyXGf/ ~ 4x7 mm2. 

Signalss from four scintillators define the trigger for the testbeam setup (see Figure 15). 
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11 T r i gger 

Figur ee 15: Data Acquisition scheme of target run. Trigger scheme of parallel tracks 

runn included signals from C2 or C3 depending on the tested side. 

Theyy are: 
 CI: a scintillator with a cross section of 2.5x2.5 mm2 and a thickness of about 
4.55 mm. 

 V: a scintillator with a cross section of 20x20 mm2, a thickness of 2.5 mm and a 
centrall  hole with a diameter of 2 mm. 

 C2 and C3: scintillators which are 12 cm wide and 1 cm thick and have a shape at 
thee top corresponding to the 72° silicon sector. 

Thee counters CI and V were readout with 0.3 inch photomultipliers (PM). C2 and C3 were 
readoutt with 2 inch diameter PM tubes. The analogue signals of the PM's were converted, if 
exceedingg a threshold value, into logical ones. The signal length was 50 ns (100 ns) for the CI 
andd V (C2 and C3) counters. Two forward scintillators. CI and V. were mounted on a rail 
connectedd to the detector frame. 

Twoo different trigger combinations were used for the pileup algorithm study: 
1.. Target run: to select interactions of the beam particles with one of the targets an 

anti-coincidencee of CI and V was required in coincidence with either C2 or C3, i.e. 
C1-V-(C2+C3).C1-V-(C2+C3). Figure 15 illustrates the trigger scheme. The pileup algorithm was 
appliedd to these data. 

2.. Parallel tracks run: the beam counters (CI and V) and the set of targets were 
removedd to allow the beam to pass one of the two sides of the detector setup. A 
signall  from the rear scintillators (C2 or C3, depending on which side was tested) 
triggeredd the DAQ. These data were used to determine the resolution of the 
detectors. . 
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Dataa were collected with a readout system consisting of a read-out chip on the silicon detector. 
VM EE modules to readout the detector signal and software. The readout required a minimum of 
122 ms. This corresponds to the readout of 12000 channels in sequence at a 1 MHz readout rate. 
AA  Software Busy flag denied readout of any subsequent triggered event until all data were 
transmittedd to the computer. 

Thee counting rate of C2 or C3 (used as trigger for the parallel tracks run) was -5-KP per 
bunchh whereas on average an event was stored every 15.21 ms [25]. In the target run due to the 
moree restrictive trigger scheme we had about 70-80 triggers per bunch. This corresponded to a 
deadd time of -30 CA. and accordingly to -50 events per bunch stored on the tape. 

AA bias voltage of 70 V was applied to the Si-detectors in order to ensure the best possible 
performancee in terms of hit resolution, signal to noise ratio and charge collection efficiency. 
Withh this bias voltage the silicon detector is fully depleted. The value was determined in the 
laboratoryy on the basis of the volt-ampere characteristics of the detector '. The charge 
integrationn time was about 1.4 jas. It is iarge compared to the charge collection time of about 
700 ns '. The analogue amplitude from each detector was digitized using a 12 bit ADC. The raw 
hitt information (event number/strip number/ADC count) was stored on tape and analyzed 
offline. . 

Thee detectors were aligned mechanically by means of special alignment equipment. This 
measuredd the positions of targets and silicon detectors through mechanical touching of 
referencee points. A separate procedure established the relative positions of the detector planes 
andd the reference points. The measurement was done several times in the lab before and after 
thee tests took place. 

9.22 Offlin e analysis 

9.2.19.2.1 Introduction 

Forr the off-line analysis we have to develop the tools for searching clusters of hits, finding and 
fittingg tracks and vertices, determine the resolutions of the detectors and develop a MC program 
thatt is able to reproduce the data. 

Thee resolution of the detectors is first determined from the parallel tracks data run. in 
particularr the subsample in which there is only one beam track. Events where more than one 
trackk is found constitute another part of the sample. These data are used to develop our pattern 
recognitionn and track fit  procedure. The quality of the track fit can be verified by comparing the 
resolutionss found in this multiple track sample with those determined in the single track sample. 

Withh the tools developed for track finding and fitting we process the data from the target 
sample.. This leads to the development of a procedure for vertex finding and fitting and gives us 
informationn about the resolution of reconstructed vertices. 

*)Whenn the detector is fully depleted the generation current is almost a constant function of the 
voltage.. It is known that this current is proportional to the depleted volume of the detector. 

**) AA 70 ns corresponds to the collection of roughly 99^ of all electrons and holes generated by 
ann ionizing particle. In normal conditions the collection time for holes is 3 times larger than for 
electrons. . 
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9.2.29.2.2 Cluster search 

Thee rirst stage in the data analysis is rinding clusters of signal strips in the detector 
correspondingg to the passing of ionizing particles. 

Thee cluster search is done in two steps. First, for every detector the signal pedestal and noise 
levelss are determined for the group of neighboring channels which are connected to the same 
readoutt chip. These groups consists of 64 to 256 channels. For a group it is assumed that the 
pedestall  is a linear function of the strip number. /'. and can be approximated as <p>+si.  where 
vv is the slope. We start in the first event with the calculation of the average pedestal value . </;>. 
takingg the ADC counts of all strips in the group. A first estimate of the noise level is given by 
thee G of the ADC count fluctuations. Using these first estimates of the pedestal value and the 
noisee level, channels are eliminated which exceed by 3G the pedestal level. For the remaining 
channelss the slope s is determined. After three iterations <p>. v and a have converged. In the 
subsequentt events </;>. s and o", are continuously updated. After 50 events it is believed that the 
proceduree for determining pedestal and noise level has stabilised and the real cluster search 
starts.. The pedestal and noise level nevertheless have to be continuously updated because of 
effectss as low frequency oscillations of the biasing voltage and because of pick-ups in the 
readoutt chain. The algorithm of the cluster search looks for groups of signal strips, where the 
ADCC count exceeds the pedestal value by 3(7,. The position of a found cluster is calculated using 
thee center of gravity algorithm. 

9.2.39.2.3 Track fit 

AA track candidate is formed by a combination of six clusters, i.e. one cluster per detector. The 
clusterss are fitted to a straight line. i.e. assuming no multiple scattering. The track fit results in 
fourr track parameters (Appendix B): 

 x0. y0 - the intercepts of the straight line with the plane zM) and 

 ,vv. vv - the slopes of the track in (xz) and (v-)-planes respectively. 

Thee track parameters are obtained by minimization of a ^-function. This function is defined 
ass the sum of the squares of the weighted distances between the predicted position of the track 
att the detector and the measured cluster position. The weights are proportional to the 
measurementt errors, e - w/J\2. where u- is the width of the strip hit by the track. The X^mais 
dependss on the track parameters. /. as: 

// = 1.6 l, 

Thee track selection always requires 6 clusters per track (/=1.6). The distances, d. are determined 
ass the distance of closest approach to the average position of the cluster. 

Thee x : minimization utilizes the MINUI T package [26]. An estimate of the initial values of 
thee track parameters is necessary as the / : function has a very deep and narrow minimum. 

AA simple and robust iterative procedure {track estimator) was developed to find the starting 
valuess for the track parameters for any combination of clusters. It uses the fact that the detectors 
aree grouped in stations with a small distance between /  and ^-detectors (about 2 mm). The 
proceduree starts with an estimate of all track parameters using 3 rand 3 d) measurements where 
thee distance between r- and (^detectors is assumed to be zero. This provides three 3D-points 
wheree : is given by the position of the /-detector. The least square method (LSM) returns track 
parameters,, which are used to estimate the radius measurement at the true position o\' the 
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Ö-detectors.. The resulting improved 3D-points are fitted to a straight line in a similar manner to 
thee previous step. Track parameters obtained with the estimator are very close to those found 
withh MINUIT : the y} °f the estimator is only 2-3 times larger than the minimum %2 obtained 
withh MINUIT . Good track candidates are selected by the / : value given by MINUIT : tracks with 
X:<2()()) are accepted. 

9.2.49.2.4 Alignment 

Thee alignment of the detector was checked by minimizing (for selected tracks), in both the 
parallell  tracks and target samples, the sum of the individual yj~ of the track tits. i.e. the following 
XX22 was minimized as a function of the detector positions R: 

Insteadd of the track fit described in 9.2.3 results of a faster analytic track tit were used developed 
byy V.Chabaud [27 j . The detector positions found by this alignment procedure are shifted by less 
thann 50 jum in the transverse and less than 100 (im in the longitudinal (beam) direction, and 
rotatedd by less than 50 mrad with respect to the positions measured mechanically. 

Sincee the track fit of V.Chabaud involves approximations which negatively affect the hit 
resolutionn we checked the alignment using the track fit described in section 9.2.3. For this we 
lookedd for the difference between the prediction of the position of a track, using our track fit. 
andd the cluster. A possible misalignment leads to a radius residual Ar which is a function of <j) 
andd is given by: 

.v""  + v" 
Arr = x cos<\> + v sine ——. (23) 

wheree .v, and v, are the tranverse offsets. In deriving this formula it is assumed that the 
longitudinall  positions of the detectors are correct and that the detectors are perpendicular to the 
beam.. Figure 16 shows Ar(cf)) for the SLI r-detector. The left distribution is the result of 
introducingg a shift of the detector by 100 |im in the v- and 50 jam in the y-direction. After 
correctingg the detector position Figure 16B is obtained. The remaining slope in the distribution 
correspondss to an effective y-shift of 9 jam. Looking at all detectors this appears to be 
consistentt with statistics. 

Sincee the pile-up trigger algorithm requires detectors to be precisely aligned it is important 
thatt the alignment procedure can be done in a reasonably short time under actual LHCb running 
conditions.. The alignment procedure is estimated to take, because of time-consuming x2 

minimization,, about 30 minutes using the CPU-farms proposed for the Level-1 trigger. This 
wouldd still be acceptable as the typical run period wil l be 10 hours. A faster procedure, 
moreover,, seems possible using equation (23). 

9.2.59.2.5 Resolution 

Too determine the detector resolutions the single track sample obtained in the parallel tracks 
runn was used. The resolution of the position measurements was estimated by analysing the 
residuall  of clusters in single detectors. Considering 3 equidistant detectors and assuming an 
equall  hit resolution for all of them, the single hit resolution is equal to the RMS of the residual 
measuredd in the middle of the setup (SL2 or SR2) multiplied by a factor JYTl. Figures 17 and 
188 show these residuals obtained after the track fit with MINUIT . Table 5 summarizes the 
results. . 
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AA B 

Figuree 16: Residuals of radius cluster positions as a function of (|). Left plot (A) 
showss the residuals where the shift of detector position in x and y. A fit  with eq.23 
reproducess this shifts. The right plot (B) shows the residuals after applying the 
correctionss from the fit. 

Trackss found in the parallel tracks run correspond to monoenergetic particles with momentum 
off  120 GeV/c, while in the target run secondary tracks have momenta, which are mostly in the 
rangee 0.2-0.5 GeV/c. For the beam tracks multiple scattering is negligible while for the 
secondaryy tracks in the target sample it is significant. Compared to the parallel beam tracks an 
averagee deterioration of the resolution by 14% is observed in the target run sample. It amounts 
too 11% for tracks with polar angle between 0.04 rad and 0.15 rad and to 26% for polar angles 
abovee 0.15 rad. This reflects the correlation between momentum and polar angle for secondary 
particless produced in the beam-target interaction. 

9.2.69.2.6 Event reconstruction 

TrackTrack finding 

Forr studies of the pileup trigger we have to find in every event all possible tracks and all 
vertices.. The tracks are determined from fits to all 6-cluster combinations in either left or right 
sidee detectors. Clusters are assigned to tracks in three successive steps: 

1.. all combinations of 6 clusters are fitted to a straight line using the procedure 
describedd in section 9.2.3. A loose quality cut of j(-<200 is applied: 

2.. combinations satisfying this loose cut are sorted according to their /2 : 

3.. those combinations with a unique set of clusters and the best j(2 are selected. 

Thee hit resolutions obtained with all tracks found in the parallel tracks run are equal to those 
foundd in the single track subsample of this run. see Figure 19 and Table 6. Finally, good tracks 
aree selected by a %: probability >1%. The background of combinatorial origin contributes to this 
samplee at 3.2+0.1% level. 
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Figuree 17: Track radius residuals for middle (SL2 and SR2) detectors. Residuals are 
givenn for inner and outer areas in both types of detectors. 

Afterr having results from the track fit it is possible to study the effect of the center of gravity 
algorithmm on the calculation of the cluster position. The algorithm introduces a bias in the 2-strip 
clusterr position. This is shown in Figure 20. This bias was parametrised and corrected for in the 
clusterr reconstruction. This improves the cluster position resolution by 1 u.m. 

VertexVertex finding 

Forr the vertex reconstruction a minimum of two tracks is required one on the left and one on 
thee right side of the detector. The right side tracks are combined with the left side tracks yielding 
two-trackk vertices. The two-track vertex position is found by: 

1 1 
v.([/?x.v,, I  .V, j £(* * * l ) ) 

r,, + 
(24) ) 

v .. 1) nn = 7 [s,[s, xs2] 

Beamm test 38 8 



Testt  beam results of prototype silicon detector 

LEFT T 

-O.00ffl.004).003).00a.0011 0 0.0OÜ.0020.003D.004J.O05 
Phii residual, radians 

ll  mrad 

<res>=0.01+0.011 mrad 
350--

-o.oom.oo4).ooa).u02).ooii  o O.OOD.OOÏ).OOD.OO<O.U05 
Phii residual, radians 

0=0.31+0.011 mrad 

11 mrad 

200 0 

180 0 

160 0 

140 0 

l?() ) 

100 0 

BO O 

60 0 

JO O 

?0 0 

RIGHT T 

' ' 
' ' 

I I \ \ 

-O.OOffl.OCME.OOffl.OOa.OOll 0 O.OOD.0020.003J.004J.005 
/\/\ r n i r\ r\i P^i residual, radians 

ll  mrad 

<res>=0.05+0.0ll  mrad 

450 0 

400 0 

350 0 

300 0 

250 0 

200 0 

150 0 

100 0 

50 0 

| | 

-0.00ffl.004).003).00a).0011 0 O.OOD.002).003).0041.005 
Phii residual, radians 

rj=0.32+O.011 mrad 

<res>=0.07+0.011 mrad 

Figuree 18: Track d)-residuals for middle (SL2 and SR2) detectors. Residuals are given 
forr inner and outer areas in both types of detectors. 

Detector/Area,, units 

radius/inner,, microns 

radius/outer,, microns 

angle/inner,, milliradians 

angle/outer,, milliradians 

Resolutionn at Left side 

6.2+0.1 1 

1 1 

1 1 

0.311 1 

Resolutionn at Right side 

1 1 

11.5+0.1 1 

0.93+0.01 1 

1 1 

Tablee 5: Detector resolutions obtained in the parallel tracks sample. 

wheree (/-|..s,) and (r2.si) are the parameters of the left side track and right side track, 
respectively:: rvis the 3D position of the vertex. The vertex is accepted if the distance of closest 
approachh between tracks is less than 1 mm. The vertex positions from two tracks combinations 
weree grouped around the expected target positions (found from vertices in the sample with only 
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Figuree 19: Radius hit residuals after the pattern recognition. The two upper plots are the 
residualss from the inner (left) and outer (right) regions of the SR2 r-detectors, respectively. 
Thee two lower plots are residuals from the inner (left) and outer (right) regions of the SL2 

. . 

Detector/Area,, units 

radius/inner,, |im 

radius/outer,, |um 

Resolutionn at Left side 

1 1 

5 5 

Resolutionn at Right side 

5.810.1 1 

12.0+0.2 2 

Tablee 6: Detector resolutions after pattern recognition. 

onee track per side. i.e. two tracks per event) and then averaged to provide the event vertex. The 
effectt of correlations due to the use of the same track in different vertices was not taken into 
account.. The target profile, is the distribution of event vertex positions along the beam-axis, 
shownn in Figure 21. 

9.2.79.2.7 Monte Carlo simulation 

Thee test beam results were compared to a Monte Carlo simulation, which uses the GEANT 
3.211 package [28] for track propagation through the detector set-up. and a simplified track fit. 
Thee simulated set-up consists of a set of 14 copper targets and six wheel detectors of which three 
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urn n 

Figuree 20: Residual (lop plot) of the radius measurement as a function of the position 
onn the strip. Statistics (middle plot) and mean position of the cluster (bottom plot) are 
alsoo shown. Plots are constructed using a periodic window with a width of 3 strips, i.e. 
stripss 4.5.6 (7.8.9...) are the same as 1.2.3. Points are fitted to trigonometric functions. 

Figuree 21: Distribution of reconstructed interaction points (Left). Target profiles 
(Right)) were fit to a Lorenz (or Breit-Wigner) distribution assuming a flat background. 
Thee FWHM is taken as the vertex resolution. Vertices reconstructed between targets 
correspondd to beam-air interactions. 
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aree at z = 7, II  and 15 cm. and the other three at z = 7.1, 11.1 15.1 cm. The truck propagation 
includedd the interaction of particles with material, multiple scattering and decays of particles. 
Thee characteristics of the detector response such as hit clustering and noise were not included, 
i.e.. 100% hit efficiency was assumed. The comparison of absolute event rates was impossible 
ass the trigger information was not monitored. 

Thee analysis of the data is done as an application in ROOT [29] and is written in C++. The 
GEANTT simulation is written in FORTRAN. A simplified track tit procedure is used in the 
simulation,, in which the track hits are points in euclidean coordinates, (x.x.z) and not in polar 
oness as in the real set-up. The fit also assumes that there is no correlation between r and <j) 
measurement.. Therefore, the least square method can be used to fit separately hits in the (x,z) 
andd (y,z) plane. The hit positions are smeared using Gaussian distributions with widths taken 
fromm the resolutions found in the data analysis, see Table 5. The uncertainty of the .v-coordinate 
iss dominated by the resolution in the /'-measurement (Sr=5.v) and the uncertainty of the 
y-coordinatee by the resolution in the (^-measurement (8y=r-8())). The resulting track parameters 
aree defined in the same way as in the data analysis. No pattern recognition was performed. 

Duringg the development of the simulation 
programm it was found that the default 
generatorr of hadron interactions in GEANT. 
GEISHA,, poorly reproduces the angular 
distributionn of tracks coming from the 
primaryy interaction. This is due to the 
switchingg between two generator regimes 
aroundd a hadron momentum of 2 GeV/c (in 
orderr to speed up the algorithm). Since the 
momentum,, p, and the angle of the 
secondaries.. 9. are correlated as 0-1/p we 
couldd see this effect in the angular 
distributionn of tracks. The FLUKA generator 
[30]]  is a more detailed simulation and better 
describess the test beam data, see Figure 22. In 
orderr to simulate the measurements in the 
LHCbb silicon detector both programs can be ,,. , - „ , „ 

,, higurt'22: Slopes or tracks given by 
used,, despite their difference, because the . ., , " ,, 

.,, ,. , ,  . data (points with error bars) and by 
contributionn oi hadromc interactions to the , . ., , ,,. „ I t T , . 

simulationn (dashed line). FLUKA 
errorss of the track measurement is very small ,,,., . . 

,, . . J yi\)\ is used to simulate beam-target 
comparedd to multiple scattering. 

interactions. . 9.2.89.2.8 Vertex resolution 

Too test the performance of the pileup trigger algorithm the positions of the targets and vertex 
resolutionss have to be known. For this purpose, we selected events with a maximum of two 
trackss on a side and searched for vertices. The peaks in the vertex distribution (see Figure 21) 
aree fitted to a Lorentz function. The contribution due to the target thicknes is subtracted. The 
halff  width at half maximum (HWHM) is taken as the vertex resolution. The HWHM is related 
too the sigma of a Gaussian by HWHM = (21n2)l/;-o ~ 1.177a. The right plot in Figure 21 
showss two target profiles. Tl and T12. with HWHM equal to 232+9 urn and 621+16 urn. 
respectively.. Figure 23 shows the vertex resolution as a function of the target positions. Vertex 
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resolutionss obtained from a Monte Carlo simulation are also given. The relative difference 
betweenn data and simulation is on average . see Figure 23(B). 

: : 
A) ) 

--

J J 

::

Figuree 23: The vertex resolution versus the position of the vertex (A): Minuitfit and 
MCMC refer to the resolutions obtained from the test beam data and the Monte Carlo 
simulation:: MC, no MS refers to resolutions obtained from the test beam simulations 
withoutt multiple scattering and S1CB refers to results from the LHCb Monte Carlo 
simulationn for the ]W->\i\i.  decay. The relative difference of the beam test resolutions 
(MC(MC and Minuit fit) is on average % (B). 

Thee vertex resolution has contributions from the non-zero hit resolution and from multiple 
scattering.. The multiple scattering is less for high momentum particles like those expected at 
LHCb.. The average momentum of the secondary particles produced in the pion-target 
interactionss of the test beam is about 500 MeV/c. while the particles reconstructible by the 
LHCbb spectrometer are expected to have momenta above 2 GeV/c. peaking at 10 GeV/c and 
withh a mean value of about 30-40 GeV/c. The LHCb situation therefore can be reproduced by 
usingg our test beam Monte Carlo without multiple scattering. This yields a vertex resolution 
(HWHM)) of -70 [tin at Tl (the target closest to the detectors). This is compared to the vertex 
resolutionn of a typical two-body decay. J/vf->(iu.. which is simulated with the full LHCb Monte 
Carloo program, see Figure 23 ("SICB, J/xT->|j.n." points). 

Thee target positions and two tracks vertex resolutions obtained from the off-line analysis are 
givenn in Table 7. These values wil l be used in the study of the pile-up algorithm performance. 

9.2.99.2.9 Charge distribution 

Onee of the factors influencing the hit resolution is the charge collected on the strips in the 
cluster.. To study this effect of charge sharing we used tracks with a %2 probability >lr/r and 
consideredd the size of the r-clusters of SL2 and SR2. 

Thee charge distribution over the strips of the detector is a complex function. It depends on the 
appliedd voltage, the detector thickness and the temperature. The charge collected on a strip may 
bee distorted by effects of non-linearity of the electric held, dependence of the charge mobility 
onn the electric field, traps etc. The charge distribution without diffusion is a simple step function 
extendingg from the entrance to the exit detector point. It is the largest contribution to the track 
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TN N 

1 1 

-> > 

3 3 

4 4 

4* * 

5 5 

6 6 

7 7 

8 8 

8" " 

9 9 

10 0 

11 1 

12 2 

z,, cm 

-0.554+-0.002 2 

-1.603+-0.002 2 

-2.6I0+-0.002 2 

-3.625+-0.002 2 

-4.11 14+-0.003 

-4.628+-0.002 2 

-5.642+-0.003 3 

-6.652+-O.002 2 

-7.675+-0.003 3 

-8.189+-0.004 4 

-8.679+-0.003 3 

-9.69I+-0.003 3 

-10.696+-0.004 4 

-11.722+-0.003 3 

a,, cm 

0.039+-0.001 1 

().045+-().(XJ2 2 

0.047+-0.002 2 

().056+-(),()02 2 

0.056+-0.003 3 

O.057+-0.002 2 

O.072+-O.0O2 2 

0.074+-0.002 2 

0.087+-0.003 3 

0.057+-0.005 5 

0.090+-0.003 3 

,, O.081+-O.O03 

0.102+-0.004 4 

0.098+-0.003 3 

Tablee 7: Positions of targets (T1 -T1 2) and the vertex resolutions. 

resolution.. The noise added to the strip amplitude can bias the true position of the hits due to 
fluctuationss in the amplitude. Moreover, if not subtracted it can increase the cluster width. The 
ratioo of signal to noise is between 20 and 40 [25]. 

Inn order to reproduce the charge distributions on the strip we use the following formulas from 
Damerell'ss review on silicon detectors [24]: 

 Einstein relation: 

wheree D is the diffusion coefficient. J J = 1 3 50 cm2/(Vs) is the mobility of the 
electron.. kT'is the Boltzman temperature and q is the charge (we set it to 1). 

 The effect of diffusion on the width of the charge distribution, which is 
proportionall  to the drift time of the charge. xd\ 

44 = 2DTd (25) 
 The variation of the drift time as a function of the distance: 

dd . (d-l\ 
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duee to the fact that the electric field is a linear function of the distance / to the strip 
2 2 

side:: E(x) - -2\xV(d - l)/d with d the thickness of the detector and V the 
appliedd voltage. 

Combiningg these formulae into a single expression we find the charge distribution on the strip 
sidee ' of the detector. It is a convolution integral of gaussian distributions with sigmas an given 
byy (25): 

exp p 

r(x )) = J dx 
2Aln n 

171,11 In 
H>> Aout 

wheree xin and xout are the entry and exit point of the particle in the detector and 
AA = (kTd )/V.. Definitions of some variables are sketched in Figure 24. The factor ,4 
includess all detector dependent constants. 

Thee integration is done numerically. Results for the charge distributions of tracks with 
differentt inclination angles are shown in Figure 25. Despite the obvious asymmetry in the 

Figuree 24: Illustration of the effect 
contributingg to the charge 
distribution.. The diffusion is larger 
att larger distance and drift time. 

Figuree 25: Charge distribution for 
differentt track inclinations, as given 
byy our model: (top-bottom) 0.0. 
0.03.0.33 radians. Charge in all 
distributionss is normalised to 1. 

distributionn its mean value corresponds exactly to the middle between the entry and exit points 

*)wee have neglected the hole component, because it only shows up in the time evolution of the 
signall  on the strip and must be equal to zero over infinitely long collection times. This is the 
easee for 1.4 ps integration time and 70 ns collection time of the holes. 
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off  the track. Therefore, no bias is introduced by diffusion. 
Usingg this simple model we can explain the cluster size, i.e. the number of strips in a cluster, 

ass a function of incident angle (a), see Figure 26. This plot uses tracks found in the target run 
withh a x : probability >1% and considers the /--clusters of SL2 and SR2. For this purpose the I{x) 
distributionn was integrated over individual strips (digitization). 

600 microns strip 

1 1 

0.5 5 

00 0.05 0.1 0.15 0.2 0.25 0.3 
Polarr angle, rad 

Figuree 26: Number of strips in the r-clusteras a function of the polar angle of 
thee associated track. Numbers at every bin are the mean values in every polar 
anglee bin. Lines are the simulation results. Target run data are used. 

Thee noise cut is essential because it determines not only the cluster size at a=0. but also the 
transitionn between the constant and linear part of the function shown in Figure 26. For instance, 
thee model without noise cut gives a cluster size of 2.5 at a=0 for a 40 u.m strip. The cluster size 
remainss constant up toO. I radians. The slope of the linear part is independent of the value of the 
noisee cut. For our model a noise cut equivalent to 6 ADC counts is applied. It is consistent with 
thee noise level measured in the data [25]. 

Thee model describes the data well at small polar angles, while at large angles the predicted 
clusterr size is somewhat larger than the observed one. The size of the bias in determining the 
clusterr position as described in the Section "Track finding", page 37. and shown in Figure 20 is 
alsoo reproduced with this model. 

100 Summary 

AA silicon detector test set-up was placed in a 120 GeV/c pion beam at the CERN SPS. For the 
dataa analysis a track fit procedure was developed using MINUIT . It was found that coordinates 
aree measured with average resolutions of 6 (1 1.5) microns in radius and 0.9(0.3) milliradians in 
anglee for the inner (outer) parts of the detectors. Charge sharing effects are observed and 
reproducedd by a simple model, which includes charge diffusion. For the analysis with the pileup 
triggerr algorithm, reconstructed tracks arc selected on the basis of %2 probability, keeping 99% 
off  the real tracks. The combinatorial background is 3.2+0.1%. 

Montee Carlo simulations were developed for the track fit and vertex reconstruction. By 
parametrizingg the hit resolution with values obtained from the analysis the simulation 
reproducess the vertex resolution. It is shown that a two track vertex measured with the test beam 
hass a resolution (HWHM) of 230 |jm. When extrapolating this value to the conditions expected 
inn LHCb this value becomes 70 |am. 
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CHAPTERR 4 Triggering pile-up events 

Thiss chapter describes a fast method to identity events with more 
thann one interaction per bunch crossing at the LHC for triggering 
purposes.. The performance of this trigger and its stability is studied as 
aa function of detector characteristics, the hardware implementation of 
thee readout and the trigger algorithm. Limitations due to alignment 
errorss are studied in the test beam data and compared to simulations. 

111 Introduction 

Thee large total cross section for colliding protons (Chapter 2. 
Triggerr Introduction) at the LHC leads to very high particle fluxes in 
thee forward direction. This requires LHCb to operate at reduced 
luminositiess in order to keep the average rate for inelastic interactions 
att less than 1.5 per bunch crossing ( SO with a nominal average rate 
off  0.53 '. B-mesons are predominantly produced in the forward 
direction.. The decay vertex is therefore mainly distributed along the 
--axiss with the measurement of the --distance dominating the lifetime 
determinationn of B-mesons. The Level-1 vertex trigger (Chapter 2) 
usess the information about the topology of an event. An efficient 
triggerr on the decay distance of #-meson candidates requires the 
unambiguouss association of tracks and vertices. If two primary 
verticess are present in one event, it is in principle possible to associate 
trackss with high efficiency to either of the two vertices. However, this 
requiress a significant increase in the complexity of the trigger 
algorithmm with a corresponding increase (>4) in logic and memory. If 
trackss cannot unambiguously be associated with primary vertices the 
performancee of the topology trigger degrades. 

Thee selection of an event sample corresponding to bunch crossings 
withh single interactions (single events) necessitates early tagging and 
removall  of bunch crossings with multiple interactions (pileup events). 
Thee Level-0 trigger is designed to reduce the event rate to 1 MHz from 
ann input rate due to inelastic interactions of about 10-20 MHz 
dependingg on luminosity. The removal of pileup events from the data 
streamm is important at this early stage as can be seen from a 
considerationn of the composition of vertex multiplicities in a bunch 
crossing. . 

*)Thiss should be compared with interaction rates of the order of 10 
att CMS and Atlas. 
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Thee number of interactions in one BC follows a Poisson probability distribution: 

P(n.\i)P(n.\i) = z-rt'-V (26) 
IV. IV. 

wheree n is the number of interactions occurring in one BC and |i is the average number of 
interactions,, which is proportional to the luminosity. L. and the inelastic cross section. o„1(/. i.e. 
|i~Zx7„,f/.. With a,-„(,/=80 mb, an average luminosity of 2-l(F: s"1 cm - and a bunch crossing 
frequencyy of 40 MHz: 

„„ = J^L. = „.53 
ƒƒ C- £/^A S 

wheree e/ms ~15CA is the fraction of non-empty crossings at the LHC '. This gives the fraction of 
singlee interaction events normalized to all non-zero interactions in one BC: 

ii  -P(M[x: 
==  0.75 

n.5.1 1 

Althoughh only 25% of the bunch crossings have multiple interactions, the effect on the trigger 
iss more serious as the probability of accepting a Leve 1-0 high-p, trigger increases with the 
numberr of interactions per bunch crossing. The probability to give a fake trigger due to cluster 
overlapp and as a result a total p,(Et) above threshold is increased. As a result the fraction of single 
interactionn events accepted by the Level-0 high-p, triggers decreases to less than 60f/r at the 
averagee luminosity value. 

Thee situation could be improved if it were possible to tag and remove events with multiple 
interactionss at Level-0. The corresponding Level-0 bandwidth would then be used by single 
interactionn events and the efficiency would be increased. 

Inn this chapter we wil l show that this indeed is possible. We wil l show that our method of 
searchingg for primary vertices at Level-0 is more effective than others proposed. The 
performancee of this method is studied in detail by Monte Carlo. Data from the silicon detector 
beamm test are used to evaluate the algorithm under real experimental conditions. Implementation 
aspectss are discussed in connection with limitations found in the simulations. An estimate of the 
gainn in statistics of B-mesons is given at the end. 

11.11 Methods to tag multipl e interaction events 

Theree are three signatures to possibly tag events with multiple interactions: 
1.. total energy in the calorimeters. 

2.. time of flight clusters and 

3.. interaction points associated with primary vertices. 
Inn the following we briefly discuss these signatures from the viewpoint of the rejection of pileup 
events. . 

11.1.111.1.1 Calorimetry, total energy trigger 

Thee total energy of the reaction products of the proton-proton interaction is equal to the 
collisionn energy. The measured energy of secondary particles therefore would seem to be an 

(Inn ~25fr of all BC\ bunches will not meet each other at IPS. see Chapter 2. LHC. 
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ideall  discrete parameter to tag multiple interactions. In fact, such a trigger was proposed in the 
LOIofLHCb[31]. . 

Unfortunately,, most of the energy in interactions at the LHC is concentrated in the beam 
directionn and therefore a large fraction of this energy is leaking into the beam pipe without 
detection.. This leads to large fluctuations in the energy measured in the calorimeters and 
accordinglyy to a significant decrease in the efficiency for using total measured energy as the 
parameterr to select single events. Indeed about 5()c/c of double interaction events would be 
rejectedd while keeping 95% of events with single interactions, see Figure 27. 

Figuree 27: Distribution of total energy detected in the calorimeters for single 
B-eventss (A) and double events (B). that pass the level-0 trigger. The evolution of 
doublee event retention as a function of single event efficiency (C). while varying the 
Et0,, threshold. 

11.1.2Time11.1.2Time of flight clusters 

Thee particle density in the LHC bunch is distributed along ; with Ob=7.5 cm in the laboratory 
system.. Since the crossing angle of the two bunches. 0.1 mrad. leads to a reduction factor of 
almostt exactly l / \2. the interaction region of the two colliding bunches has also a Gaussian 
distributionn with 0//V2 =o..=5.3 cm. The time distribution of the interactions is Gaussian as well 
withh a, = ajc = 180 ps. 

Mostt particles produced in a proton-proton interaction at LHC energies have velocities 
P>0.99.. They wil l form a wave front expanding from the small interaction volume, making a 
timee cluster. Two interactions wil l produce two time clusters. The clusters are distributed with 
aa sigma of ((oc/c)2+G/

2)"2 = otJl = 250 ps. In order to separate two clusters of particles with 
sufficientt rejection efficiency (~907r) a time resolution of -40 ps or better is required. 

Introductio n n 49 9 



Triggerin gg pile-up events 

Detectorss that might be considered for this purpose are: 
 Scintillator counters. However, they have at best -80 ps resolution. 

 Resistive Plate Chambers 132]. They have an excellent time resolution of 50 ps and 
aree relatively cheap to manufacture. These chambers would be the best solution. 

Thee time of (light method is well known and is successfully used for vertex detection at 
machiness where the interaction region is longer than at the LHC: at the Tevatron (CDF. DO) and 
att HERA (ZEUS). In these experiments time resolutions of 200 ps are achieved, which are 
sufficientt in these cases, but not for the LHC. Even RPC's with an ideal time resolution of 50 ps 
falll  short of the 40 ps required at the LHC. 

11.1.311.1.3 Vertex trigger 

Reconstructionn of the vertex, using information from detectors surrounding the interaction 
volume,, is the most powerful option for rejecting multi-interaction events under LHCb 
operatingg conditions. A double vertex resolution of only I cm allows already a rejection of 90% 
off  all double vertex events. The vertex reconstruction requires coordinate measurement and 
patternn recognition to be performed at a speed commensurate w ith the available time at Level-0. 
AA simple algorithm, which uses a coincidence matrix to correlate hits induced by a set of tracks 
fromm the same vertex, has been developed for the fast reconstruction of the position of the 
interactionn point [33]. 

11.22 Solutions at LHC b 

Threee different detector configurations around the interaction point were considered. They all 
usee a similar algorithm, which is capable of reconstructing primary vertices within the Level-0 
latency.. Their pros and cons are discussed below. 

11.2.111.2.1 Barrel detector 

Heree a barrel detector surrounds the interaction point in the central region of rapidities, see 
Figuree 28 for an approximate layout. The reconstruction algorithm correlates hits obtained in 
planee A and B. Hits due to tracks from the same vertex correlate perfectly giving clusters along 
thee diagonals in the hit correlation plot (insert in the figure). A primary vertex corresponds to 
suchh a cluster. This configuration has the advantage that it allows an extremely accurate 
recognitionn of the vertex position. a.~200fim. The feasibility of the implementation has been 
provenn [33]. The disadvantages of this configuration are: 

1.. Detectors in the barrel region enlarge the volume of the vacuum tank. This makes 
itt difficult to maintain the ultra high vacuum in the LHC pipe. Moreover, large size 
detectorss would be necessary in this case. 

2.. Only a small fraction of all tracks is accepted. The detection efficiency of two 
verticess is limited by fluctuations in the combinatorial background which scale 
withh the number of accepted tracks. The rejection power of pileup events with a 
barrell  detector was therefore only slightly better than that of a £,tJ,-based pileup 
tritieer. . 
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Figuree 28: Layout of a barrel vertex trigger detector. Two planes are positioned at 
distancess d and 2d from the beam with projective strip geometry allowing the use of a 
correlationn matrix. Diagonals populated with coincidences correspond to real vertices. 
Thee proton beam is directed along the z-axis. 

11.2.2Forward11.2.2Forward detector 

Anotherr possibility is to use the forward silicon detectors (downstream of the interaction 
region).. Their geometrical acceptance is larger than in the previous case providing a better 
pileupp rejection efficiency. However, they are already used in the Level-1 trigger. An additional 
taskk of triggering at the Level-0 would require more parallel channels inside the readout chip 
withh a subsequent deterioration of performance of the whole system. This would be 
unacceptable.. Insertion of additional forward detectors would be also unacceptable because the 
increasee in multiple scattering would compromise the off-line vertex resolution. Another fear is 
thatt the vertex of a B-hadron decaying within the acceptance of the LHCb spectrometer can be 
interpretedd as a second low multiplicity primary vertex and thus real B-events would be rejected. 

11.2.3Backward11.2.3Backward detector 

Thee region of negative rapidities (opposite to the LHCb spectrometer) is an ideal place for a 
pileupp trigger detector [34J. see Figure 29. The detectors do not interfere with the performance 
off  the forward silicon detector telescope and can be fully dedicated to the pileup trigger. The 
readoutt chip therefore can be designed exclusively for pileup triggering/detection. 

11.33 Method 

Thee pileup trigger algorithm uses hit correlations in two successive silicon detector planes. 
Thee detectors are positioned in the backward region inside the vacuum tank perpendicular to the 
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Figuree 29: Detector positions inside the vacuum tank are indicated with arrows: at 
-288 and -36 cm w.r.t. the mean interaction point (black center of oval in the middle of 
setup).. The lower halves of the detectors are shifted by 2 cm and are at -30 and -38 cm. 
Thee LHCb spectrometer is outside the picture on the right hand. 

beamm and parallel to each other (see Figure 30). Every plane is a wheel with 4 (or 6) silicon strip 
counterss using technology identical to the vertex detector r-planes. In both planes the radii of 
trackk hits. RA and R{i. are recorded. There is a simple relation between hits on a single track: 

z A - z K K 
RRAA ZPV-ZA . 7 *  B_RB ZA~ZB 

—— = = k or Zpy = = 
RRBB Zpv-ZB R  ̂ \ -k 

Ru Ru 

k k 
(27) ) 

wheree ZA ,ZB are the --positions of the detector and ZPV is the --position of the (unknown) track 
originn on the beam axis (i.e. the primary vertex). In other words the ratio of the two 
measurements,, k. uniquely determines the --position of the vertex. The relation (27) is precise 
iff  the condition: 

xx = y = 0 (28) 

holds,, i.e. the beam passes through the center of the detectors. This is practically the case at the 
LHCC where the interaction volume has a width G = 53 pirn. 

Figuree 31 illustrates an example of a typical double event. Figure 31(a) shows the correlation 
plott of RA versus RH. for tracks emerging from the two primary vertices. They are lined-up in 
accordancee to Equation 27. Each point on this plot corresponds to a track. Two lines with 
differentt slopes correspond to two vertices with different ZPV. The vertex information can be 
extractedd by summing the entries in a wedge between lines of constant k(ZPV). Figure 31(b) 
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BB A 

Z BB Z A 

Figuree 30: Schematic view of two pileup detector planes. 

Figuree 31: Correlation of the measurements in the two planes. A typical double 
interactionn event is displayed. True combinations (a), i.e. both hits from the same 
track,, and all combinations (b) are shown separately. The slope of a dotted line 
correspondss to a .--position of a vertex. The number of entries between lines of 
constantt ratio RR/R,\ is shown in histogram (c) as a function of z- The true 
combinationss contribute to the shaded peaks. 

showss all hit combinations in the same two vertex event. Because we now include, as we should, 
alll  fake hit combinations, the lines are more difficult to detect. The projection of points within 
^--wedges,, giving the distribution of Zn-predictions. are shown in Figure 31(c). Here the two 
shadedd peaks represent the two vertices while the other entries are of combinatorial origin. The 
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heightt of the peak is proportional to the number of tracks accepted for this vertex. 
Thee efficiency to find the vertex with the highest track-multiplicity (with the highest 

correspondingg peak) is close to 100%. However, there is a possibility that the two interactions 
producee very different numbers of tracks. As a consequence, the height of the two peaks in the 
histogramm can be different and the smallest one can disappear in the combinatorial background. 

AA few additional steps are introduced to cope with this problem. After the largest peak is 
detected,, hits corresponding to combinations which contributed to this peak are masked and 
eliminatedd from the coincidence matrix. This significantly reduces the combinatorial 
backgroundd and the second vertex peak now appears well above the background. Figure 32 
showss an example. 

Figuree 32: Hit masking in double event. True peaks are shaded. Hits associated with 
thee highest peak (Top plot) are searched and masked. After a second iteration in the 
correlationn matrix the small peak is above the combinatorial background (dashed line 
onn both plots). 

11.44 Conclusions 

Att the end of this introduction we can conclude the following: 
 From the three methods dicussed. reconstruction of the interaction point (primary 
vertex)) position provides in principle the best rejection of pileup events with only 
aa modest requirement on the double vertex resolution (1 cm is adequate): 

 Detectors positioned in the backward direction (opposite to the spectrometer w.r.t. 
interactionn region) can be used in this trigger without interference with other 
detectorss in the LHCb acceptance: 

 A method using the correlation of hits in the two backward detectors can be 
employedd for fast vertex tagging with sufficient rejection of multiple interactions. 

Inn the remainder of this chapter we wil l demonstrate the feasibility of the chosen solution and 
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methodd and specify characteristics of the hardware implementation. The beam test (Chapter 3) 
usess a similar, forward, geometry with radius detectors. Events recorded with these detectors 
weree used to test the algorithm. Reconstruction of tracks and vertices in the off-line analysis 
allowss an estimate of the performance of the pileup algorithm. The algorithm is also applied to 
dataa generated with a Monte Carlo program developed for the off-line study. Finally, by using 
thee LHCb MC program and the same pileup algorithm we test and predict the trigger 
performancee at LHCb. 

122 Pileup trigger  algorithm with beam test data 

Inn Chapter 3 we described the detector set-up used in the test beam, and the track and vertex 
reconstructionn of both the test data and simulated data. Using the information from this event 
reconstructionn as input (called in the following "off-line") the pile-up trigger algorithm (the 
descriptionn follows next) was applied to evaluate the vertex detection efficiency of the algorithm 
andd the resolution of the vertex under test beam conditions. By comparing results from the 
analysiss of the data with those from Monte Carlo simulations the Monte Carlo program is shown 
too reliably predict the LHCb situation. 

12.11 Algorith m in software 

Thee beam-target interaction probability in the test beam is very low: the estimated probability 
off  having a second interaction at another target is less than 10°. Given these test beam 
conditionss it is therefore reasonable to test only the efficiency in finding the first vertex and its 
resolution. . 

Forr each event the off-line vertex is read and the hits of detectors SLI (SRI) and SL3 (SR3) are 
fedd into a simulated coincidence matrix box. 

Thiss coincidence matrix is implemented as a loop overall possible combinations of hits found 
inn the detectors A and B f see Figure 33). where A=SLI or SRI and B=SL3 or SR3. Combinations 
aree considered only between clusters of SLI and SL3 (SRI and SRJ) detectors. The distances 
betweenn the detectors and between detectors and vertex positions are similar to those foreseen 
att the LHCb. The vertex resolution of the system is limited by multiple scattering in the material 
betweenn interaction point and detector. It determines the minimum bin si/e of the histogram of 
coincidences.. The level of combinatorial background limits the maximum bin si/e. The optimal 
binn si/.e as a function of r is shown in Figure 34. The histogram range (search window) is 30 cm 
longg (equal to that at LHCb). Possible corrections for detector alignment and beam shifts are 
includedd inside the software coincidence matrix box. when necessary. 

AA peak finder program searches for a vertex candidate by looking for the highest peak formed 
byy hit combinations. The position of the peak is calculated as a weighted mean of the positions 
off  three neighboring bins. i.e. the bin with maximum content and its two neighbors: 

ii  i 

// = - 1 ƒ = - 1 

wheree /=() denotes the bin with maximum content, and ht are the contents of the bins. If one of 
thee bins adjacent to the maximum bin has a height. hr such that h-/hu > 1 / 3 then the sum is 
extendedd to 4 bins. i.e. the two bins, h, and //,,. plus their two neighbors. Parameters to be 
analysedd in the algorithm performance study are the size. 57 (52). and position. Zl {Z2). of the 
firstt (second) found peak, where the si/e is defined as the sum in the denominator of 
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Figuree 33: Flow chart of the pileup trigger algorithm. 

relationn (29). 
Initiall yy it was not clear whether the chosen algorithm (histogram method, i.e. histogram 

projectionprojection and peak finding) was optimal. Therefore, for comparison a second algorithm was 
testedd called cluster search. It stores all (RA. /?B)-combinations in an array, ordered according 
too predicted -. If the distance between two neighboring combinations is less than the combined 
measurementt error: 

li-z^JAZi+Azj, li-z^JAZi+Azj, 
thee two are joined into a new one with an error given as: 

11 I I 

A:~A:~ A:' Az' 

(30) ) 

(31) ) 
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Figuree 34: Bin parameter as a function of Z in the histogram method (bin parameter is 
aa bin size) and cluster search method (bin parameter is error. A:, attributed to hit 
combination).. Beam test. 

Thee new entry has a .--value which is the weighted average of the two merged combinations: 

Thee previous steps are then repeated. The size of each new combination is equal to the total 
numberr of merged combinations. 

Thee errors. A-(z), are simply parameterized as a linear function of z, see Figure 34. After not 
moree than three iterations all combinations are grouped into clusters. The cluster with the largest 
sizee is considered to be the vertex-candidate. Fake combinations may group as well but in 
generall  with a small size. 

12.22 Results 

12.2.112.2.1 Alignment constants 

Thee position of a detector in space is determined by 6 constants: 3 space points and 3 angles. 
Ideallyy detectors should be perpendicular to the beam axis with the /-strip forming circles 
throughh the center of which passes the beam. Shifts and rotations with respect to the ideal 
detectorr positions may influence the performance of the trigger. In the following we will discuss 
thee possible importance of such shifts/rotations. 

Becausee of its simplicity, the pileup algorithm is not taking into account the following 
shifts/rotations: : 

 Shift along Y. The circular /--strip is for our segment mostly directed along the 
y-axis. . 

 Rotation in the KZ-plane. This would lead to strip ends at different --positions. It 
cannott be accounted for since the 0 is unknown. 

 Rotation in AT-plane. The radius is invariant with respect to this transformation. 

Thee algorithm cannot account for the first two. The mechanical adjustment which is done before 
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installationn of the detector must therefore be carried out with great care and the design of the 
mechanicss supporting the detector should be sufficiently rigid to prevent unwanted shift or 
rotations.. The last correction does not affect the trigger performance at all. 

Thee rotation which inclines the detector with respect to the beam (in the XZ-plane) introduces 
aa c-dependence of the /--strips: different strips are at different -. In practice the value of the 
rotationn angle is small and gives a negligible contribution to the vertex resolution. It was 
checkedd in simulations that with a detector inclination of about 50 mrad the vertex finding 
efficiencyy changes by not more than -OA'/r. 

Wee are therefore left with only possible shifts in the X and Z position. These were determined 
inn two different ways: 

Inn the off-line alignment the shifts with respect to the ideal position are obtained from the 
analysiss of reconstructed off-line tracks (Chapter 3. Alignment). 

Inn the self-alignment those shifts are obtained from the pileup algorithm itself. Detector 
positionss are varied in such a way that positions of vertices (targets) found independently with 
thee left and the right side of the set-up are the same. The correction to the --position of the 
detectorr is civen bv: 

wheree zd (d-A.B) is the position of the detector, z.j -> are the vertex positions measured with the 
pairr of sectors with fixed positions and -/_?' are the vertex positions measured with the pair of 
sectorss to be aligned. 

Thee main disadvantage of this method is that there is a correlation between longitudinal and 
transversee shifts of the detector. Indeed, we found that the --shifts are rather large (up to 2-3 mm 
forr detectors of station 3). 

We.. therefore, have three sets of constants: those obtained from the mechanical alignment and 
thosee obtained by correcting these values with either the off-line alignment procedure or the 
self-alignmentt procedure. 

12.2.2Event12.2.2Event selection 

Too determine the resolution and efficiency of the algorithm we use a sample of events from 
thee test data described in Chapter 3. with the requirement thai events have at least one two-track 
vertex.. If more than one two tracks vertex is found we average the position of those vertices. If 
suchh an average vertex position corresponds to a target position then this event is selected. All 
clusterss found in the event are used in the pile-up algorithm. The total statistics amounts to 
186022 events. Vertex coordinates found with full event reconstruction (given in Chapter 3) are 
referredd to as off-line. 

12.2.312.2.3 Resolutions and Vertex finding efficiency 

Afterr applying the pile-up algorithm to the events, the vertex finding efficiency and the vertex 
resolutionn are estimated. The resolution is determined from the residuals of the vertex positions 
foundd off-line and those found with the pile-up algorithm, see Figure 35. The total efficiency is 
definedd as the ratio of the number of vertex candidates obtained from the pile-up algorithm. Nrr. 
too the number of off-line vertices. NRLC. selected within a 3o window around the target position 
(both,, target positions and sigmas are given in Table 7. Chapter 3). where G is the off-line vertex 
resolution.. The distribution of the residuals is the sum of two Gaussian distributions. One is due 
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Figuree 35: Residuals between 
pileupp eandidates and off-line 
verticess (vertex resolution). The 
totall  vertex finding efficiency is 
calculatedd from the integral of the 
fittedfitted two Gaussians. From this 
plott we derive a 92+195-- (stat. error) 
efficiencyy and a 2.8 mm average 
vertexx resolution. 

Figuree 36: Vertex resolution as a 
functionn of target position. Monte 
Carloo points are connected with a 
l i n e . . 

too the hit resolution, the other due to multiple scattering. NPU is defined as the integral of the 
combinedd distribution. 

Thee vertex resolutions and vertex finding efficiencies of the pileup algorithm are compared to 
thee Monte Carlo results. The simulation program is described in Chapter 3. Hits generated with 
thee MC were stored and analyzed in the same manner as the data. Here the MC pile-up vertex 
iss compared to the MC off-line vertex. 

Thee performance of the pile-up algorithm was studied with the three different sets of constants 
discussedd in Section 12.2.1. The results are very comparable as shown in Table 8. Figure 36 
showss the .--dependence of the vertex resolution obtained with the off-line alignment set. 

Alignments s 

mechanical l 

off-line e 

self-alignment t 

Data a 

Vertexx finding 
efficiency,, % 

89+1 1 

92+1 1 

92+1 1 

Averagee vertex 
resolution,, mm 

1 1 

1 1 

2.8+0.1 1 

Montee Carlo 

Vertexx finding 
efficiency,, % 

2 2 

1 1 

--

Averagee vertex 
resolution,, mm 

4.0+0.2 2 

2.6+0.1 1 

--

Tablee 8: Comparison of algorithm performances with given different alignments and 
betweenn test beam data and simulated data. Statistical errors are given. 
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12.2.4lnteraction12.2.4lnteraction region width and position 

reconstructedd vertex 

Assumingg the detector positions to be 
knownn correctly, it is important to be able to 
predictt the influence of the parameters 
definingg the interaction region on the 
performancee of the algorithm. In this respect 
wee consider the two most "influential" 
parameters:: the mean position and the width 
off  the interaction region. The first parameter 
wil ll  be monitored and updated on-line in 
LHCb.. This is not the case for the second one 
ass the transverse vertex position is unknown at 
thee Level-0 trigger. Figure 37 illustrates that 
thee effect of an uncertainty in the position of 
thee interaction is a shift in the ZPV calculated 
byy the pile-up algorithm depending on the 
trackk inclination. As a consequence, the resolution on ZPV becomes worse. The peak 
correspondingg to a vertex wil l therefore have a reduced height while the level of the 
combinatoriall  background remains the same. This problem holds both for LHCb and the beam 
test. . 

Forr a target diameter of 1 mm the off-line vertex resolution in the transverse direction is about 
2500 urn. By adding an additional smearing to the transverse vertex position (making the 
resolutionn worse) we can measure the dependence of the vertex finding efficiency and vertex 
resolutionn as a function of the width of the interaction region (see Figure 38). 

reall  vertex 

Figuree 37: Effect of the uncertainty 
off  the beam position on the estimated 
ZZPVPV in the pile-up algorithm. 

12.2.5Vertex12.2.5Vertex finding: histogram method versus cluster search 

Both,, histogram method and cluster finding methods (see descriptions in Section 12.1). were 
compared.. The cluster finding method performs slightly better than the histogram method. This 
iss because the histogram bins integrate over the information carried by individual coincidences, 
whilee the cluster search deals with these coincidences separately. Figure 39 shows the relative 
differencee of the vertex resolution and the vertex finding efficiency for the two methods as a 
functionn of transverse vertex width. 

12.33 Conclusions 

Thee pileup trigger algorithm has been tested with data obtained from the beam test of the 
siliconn detector. The pile-up algorithm provides a vertex position, which is compared to the 
off-lineoff-line vertex for the event. This allowed the determination of the vertex resolution and the 
vertexx finding efficiency. Performances are comparable for different detector alignments. The 
self-alignmentt procedure which is using the pile-up trigger information is as good as the off-line 
alignmentt procedure: therefore, both can be used equally. We conclude that the mechanical 
alignmentt is not a critical issue for the trigger. 

Wee compared the histogram method with a cluster search method as an alternative. Both 
methodss perform at a similar level, so, we conclude that the histogram method, which has the 
advantagee of a simpler and therefore faster algorithm, extracts the vertex information from the 
dataa with a satisfactory efficiency. 
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Figuree 38: Vertex finding 
efficiencyy (top) and average vertex 
resolutionn (bottom) as a function of 
beamm width. 

Figuree 39: Relative comparison of 
vertexx finding efficiency (top) and 
averagee vertex resolution (bottom) 
forr the cluster search (CS) and 
histogramm method (HM) as a 
functionn of transversal vertex 
resolutionn (beam width). 

Itt is rather difficult to extrapolate the beam test results to the LHCb situation. The main reason 
iss the smaller acceptance of the test set-up (only 1/3 of that of the LHCb detector). A rough 
extrapolationn of the efficiency would suggest that if is close to 100%. Another difference is the 
softerr momentum spectrum of the particles, which influences the vertex resolution. For a more 
reliablee prediction the pile-up algorithm has to be tested in a simulated LHCb environment. The 
factt that for the test set-up actual and MC results agree gives a strong justification for this 
approach. . 

133 Pileup trigger at LHCb 

13.11 Importan t additions 

Thee prediction of' the trigger performance at LHCb requires the generation of simulated data 
inn the LHCb detector set-up and the digitization of the generated signal before processing these 
withh the pile-up algorithm. 

13.1.113.1.1 Detector simulation 

Forr the generation of simulated data the full Monte Carlo program of LHCb (SICB) is used. 
Itt uses Pythia 5.7 [36] for the simulation of proton-proton interactions and Geant 3.21 [28] to 
trackk particles through the detector. 

Thee pileup detector geometry in the simulation consists of 4 halt' discs of silicon detectors 
positionedd at : = -28. -36 cm (upper halves) and z = -30. -38 cm (lower halves) (see Figure 29). 
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Theirr dimensions extend from 1 to 6 cm in radius. Each detector half is split into 2 sectors (4 
perr wheel). Detectors are surrounded with 100 pm thick aluminium RF-shields. The distance 
betweenn RF-shield and detector is 1 mm. Each detector is equipped with readout plates and 
detectorr support. 

Thee detector response is stored into an array of hits. The information stored for each hit 
comprisess the radius values of entry and exit points of the track, the energy deposited in the 
detectorr (dE/dX) and the track-z'af. Radii and dE/dX are used in the digitization, while the 
track-idtrack-id is used in efficiency determinations. Figure 40 shows very schematically the trigger 
simulation. . 

Hit t 
dE/dX.xdE/dX.xmm,x,xiniini, , 

idTrack idTrack 

Detectorr efficiency 

44 \ 

Algorithm m Vertexx Resolution 

Checkk Truth 

Findd Peak 

r r 
Muskk Digi 

Z1.S1.B1 1 

Histogram m 

Coincide e 
and d 
Findd Peak 

Z2.S2.B2 2 

Figuree 40: Scheme of pileup trigger simulation at LHCb. Algorithm part is shared with 
beamm test simulation (Figure 33). 
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13.1.2Digitization 13.1.2Digitization 

AA particle traversing a silicon detector may cross more than one strip, therefore the deposited 
chargee is partitioned accordingly. A simple algorithm allows this effect to be taken into account 
byy explicitly calculating the fraction of the track path "seen" by a particular strip. These 
fractionss are calculated in projections along the .v-coordinate. see Figure 41 A. The resulting 
stripp charge distribution is wider than the Landau distribution as there is an increased probability 
forr small charges (shown in Figure 41(B)). We considered two detector thicknesses. 150 and 
3000 pin. The first one was actually simulated in SICB, while in the second case, the deposited 
chargee was multiplied by a factor two and the exit coordinate was recalculated according to the 
slopee of the track. The dE/dX distribution is flatter than that for a 150 pm thick detector. 
Optionallyy charge diffusion may be added, using the program developed for the analysis of the 
clusterr width, described in Chapter 3. 

A! ! 

*in*in  + l -t„„,. // \ ^ 

:' ' 

-- dE/dX.keV V 

Figuree 41: An illustration of the spread of the signal over the strips (A) and the resulting 
amplitudee spectrum (B). The noise has a Gaussian distribution and is added to all strips. 
Thee flat part below -35 keV is due to the strip geometry shown in (A). The dE/dX 
distributionn for 150 pm and 300 pin thick detectors is shown after the sharing of the 
signal. . 

13.1.3Event13.1.3Event samples 

Thee events used in our study pass the Level-0 trigger requirements (see Chaper 2. Trigger). 
Thee total statistics is 5000 for single and double interaction events, respectively. For each event 
thee hits of detector A (z=-28. -30 cm) and detector B (z=-36. -38 cm) and the position of the 
vertexx (vertices) are recorded. 

13.1.4Performance 13.1.4Performance 

Fromm these MC event samples the trigger performance is determined. The performance is 
characterizedd by two parameters: e,. the single event efficiency, and e:. the double event 

Pileupp trigger  at LHC b 63 3 



Triggerin gg pile-up events 

retention,retention, £, is determined us the fraction of single events, triggered by the high-pt Level-0 
trigger,, which is indeed identified by the pile-up algorithm as single events: 

rL0+Pileup p 

-- = e, 
A' ' 

SS I I j L' ] C 

' vv single 

£TT is defined as the fraction of double events, triggered by the high-p, Level-0 trigger, and 
identifiedd by the pile-up algorithm as single events: 

,LO+Pileup p 

1 1 
A' ' double e 

A A 
LO O 
double e 

== t , 

Inn a similar manner we define the retention for events with more than two interactions. One can 
definee the purity of the final sample as: 

A' ' 
LO+Pileup p 

A' ' 
LO+Pileup p P P 

However,, since the purity changes with luminosity it is more transparent to study the pileup 
triggerr performance in terms of the parameters £| and e: as these are luminosity independent. 
Thee final purity can then easily be extracted. 

Thee ultimate goal is to maximize £, and minimize £2. In the histogram method for the pile-up 
algorithmm one looks for the bin with the highest content (SI) and then searches for a possible 
secondd peak in the histogram (see Sections 11.3 and 12.1). The size of this second highest peak. 
S2,S2, is different for single and multiple events respectively and this allows the separation of 
singlee events from events with multiple interactions, see Figure 42. The sum of the two peaks 
(SI+S2)(SI+S2) follows the number of accepted tracks in a double event (Figure 43). The vertex 
resolutionn is shown in Figure 44 and the £i(£i) dependence is shown in Figure 45. 

Figuree 42: Size of the second peak. 
S2.. for sinsile and double events. 

Figuree 43: Correlation between 
S2+SS I (sum of two peaks) and 
numberr of accepted tracks in double 
event. . 

Pileupp trigger  at LHC b 64 4 



Triggerin gg pile-up events 

Figuree 44: Vertex residual between Figure 45: Double event retention 
thee generated vertex position and the versus single event retention. S2 and 
onee reconstructed by the algorithm. Z2 are parameters. Selection 

parameterss are chosen at 0.95 single 
eventt efficiency. 

Figuree 46 shows the combinatorial background. The histogram binning is chosen to minimize 
thee level of this background and make it constant over the entire interaction region. At the same 
timee the bin is large enough to collect sufficient entries from one vertex. 

Inn the following study we choose the S2 and Z2 parameters such that the single event 
efficiencyy is 95+0.3% which leads to a double event retention of . Binomial errors 
aree given. 

13.22 "Dependence"  factors 

Thee sensitivity of the pile-up trigger is influenced by two categories of factors. The first 
categoryy is related to the measurement of the position of track hits, the second one to the vertex 
reconstructionn itself. Figure 47 classifies the various independent factors contributing to these 
twoo categories. 

Fromm those factors labelled as "hit measurement" the first group is due to physics processes in 
thee detector. They include effects from fluctuations in the energy deposition along the track 
(geometryy effect), charge transport (including diffusion) and detector noise. The second group 
includess effects introduced by the data acquisition. Both groups contribute to the error on the 
amplitudee of the measured hit. 

Alsoo the factors labelled as "vertex measurement" can be split into two groups. The first one 
containss effects due to the algorithm itself, such as peak finding and alignment, the second one 
includess the effects due to general experimental conditions such as LHC performance and 
radiationn at the detector position. Since the performance study is based on Monte Carlo 
simulationss this last subgroup also includes possible uncertainties in the simulation itself. In the 
followingg we will discuss these different factors. 
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Figuree 46: Combinatorial background with regular 5 mm bin size (solid line) and 
variablee bin size (dashed line): 1 mm for -15<z<-10 cm, 2 mm for -10<Z<-5 cm, 3 mm 
forr -5<z<4 cm and 5 mm for 4<-< 15 cm 

Physicss processes 
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Figuree 47: Summary of effects and factors affecting the pileup trigger performance. 
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13.33 The measurement of track hit 

13.3.113.3.1 Detector operation 

ChargeCharge fluctuations 

Thee average energy deposited by a traversing particle is about 47 keV tor a 150 jam silicon 
detector.. The energy loss follows a Landau distribution. Assuming an ionization energy of 3.6 
eV/pairr and a typical Fano factor for silicon F=0.1 [6] the maximum of this distribution may 
varyy by 0.37-. The charge collection efficiency is less than 1007c because the fast readout of the 
pile-upp trigger implies that the sampling time is small (20-30 ns). Assuming a pessimistic 
chargee collection efficiency of 507c the corresponding charge fluctuation is ().47r. This does not 
affectt the pile-up trigger performance. 

ChargeCharge transport (drift and diffusion) 

Thee charge drift and diffusion were discussed in the previous chapter (Chapter 3. Charge 
distribution).. The drift time and correspondingly the diffusion depend on the mobility of 
electronss and holes, the thickness of the detector and the voltage applied. Two types of detector 
aree currently under consideration, see Table 9. In the LHCb Monte Carlo (SICB) detectors were 

Detector r 

Det-1 1 

Det-2 2 

Tablee 9: 

Thickness,, (im 

150 0 

300 0 

Paran n ïeterss of detector. 

Voltage,, V 

100 0 

150 0 

consideredd to be of type Det-1. The results for Det-2 detectors were obtained by scaling the 
correspondingg dE/dX by a factor of two. 

Thee effect of diffusion and charge transport depend on the thickness and the voltage applied. 
Off  course, other factors like the temperature, manufacturing technology and the radiation dose 
aree important, but the main characteristic, i.e. cluster size, is well reproduced using thickness 
andd voltage alone (see Figure 26). 

Usingg the program developed (Section 9.2.9) for simulation of the cluster size we concluded 
thatt the trigger performed equally well for both detector types. The efficiency to tag events with 
multiplee vertices did not vary by more than 0.27c 

Becausee the effect of diffusion is so small and its simulation takes a large amount of computer 
time,, due to the numerical integration that has to be performed, diffusion was turned off for the 
remainingg tests. 

13.3.2Signal13.3.2Signal measurement (readout) 

AmplitudeAmplitude selection 

Itt is foreseen that the pileup trigger will use binary readout. The main reason is that the hit 
informationn has to be made available to the trigger logic as fast as possible and there is. 
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therefore,, no time for either a cluster search or amplitude analysis. 
Inn this section we assume the simplified readout scheme of Figure 48. which includes 

amplifier,, shaper and comparator. In this study we assess limits on such readout characteristics 
ass noise level, shaping of the readout signal and cross talk between readout channels. This 
informationn is necessary to make correct design decisions for the readout electronics. 

Strip p Comparator r 

Figuree 48: Readout scheme. 

Inn our simple scheme the response of the pile-up system is studied as a function of the noise 
att the input of amplifier. The amplifier characteristics such as linearity and dynamic range are 
assumedd to be perfect. The amplified signal is shaped giving an amplitude proportional to the 
depositedd charge. The time evolution of the signal and the limit of 25 ns on the integration time 
contributee to variations of the amplitude. The output of the shaper is compared to a threshold. 
Finally,, the output of the binary signal is logically ORed for groups of four strips. 

NoiseNoise sources 

Thee energetic equivalent of the noise ' at the input of the amplifier of the readout chip can be 
expressedd as a quadratic sum of three contributions [25]: 

 leakage: AE,„ leuk-leuk-'N N 
' /„,*'/ , , 

parallell  noise: A£ = 

 serial noise: AE,-

kTt. kTt. 

let let 

q q 

kTR, kTR, 

wheree w is the energy to create one electron/hole pair. Tis a temperature in K. t„  is the peaking 
timee of the shaper . Rp and R, are the parallel and serial resistance at the input of amplifier. Cdc, 
iss the total capacity at the input of the amplifier, e is the Euler constant (e=2.1\) and k is the 
Boltzmann constant (k = 8.62x10° eV/K). Using the values from the test beam detector [25]: 
ll leakleak=0.ï=0.ï nA. fp=25 ns. u-3.6 eV. T=260K. Rp=\0 Mil R=\l .6 Q/cm (the resistance of the 
routingg line, typical 4 cm) and a typical value for the capacity C,/(,,= 10pF we obtain: 
AEAEuu,,llkllk=67=67 eV. A£;,= 183eV and AE,= l942eV. After summing the three contributions in 
quadraturee we find the energetic equivalent of the noise A£ equal to -1950 eV (or Equivalent 
Noisee Charge. ENC=47 1). This corresponds to S/N-20. 

")Inn the simulations the amplitude is expressed in energy units. 
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Thee noise introduced by the readout itself is. however, larger. Measurement with the testbeam 
prototypee readout chip yielded a signal to noise ratio of 63. which is much above the limit for 
thee Level-1 topology trigger of 12 [37]. However, the chip used in the testbeam is designed for 
sloww readout and is not likely to be a production high-speed chip at LHCb. As a simple 
estimationn let us consider a typical modern chip with an ENC characteristic function depending 
onn Cdet. It is well described with a linear function: ENC(C,/(,,) ~ (33-40)C(/</+60() (see. for 
examplee [ 381) or the same in energetic units: AE ~ (120-144 )-Cdel + 2160 (eV). Taking atypical 
valuee of Cdel we obtain S/N ~ 13-14. This particular example comes from a four year old chip 
design.. It is clear that either Cdet should be minimized (at the cost of charge collection 
efficiency)) or the design of the chip should be changed such that the ENC(Cl/(,,) wil l be smaller. 
Forr that reason, new SCTA and Helix [ 39] chip designs are under development, which hopefully 
wil ll  give the expected noise level. 

Inn order to determine whether the pileup trigger wil l be the limiting factor in the design of the 
readoutt chip we investigate the effect of noise on the algorithm as a function of the signal to 
noisee ratio. Figure 49 shows the double event retention as a function of the signal to noise ratio. 
Demandingg that the double event retention is less than 15c/c (£, is fixed to 95%) we find that S/N 
shouldd be better than 6-7 for the 150 p.m and 5-6 for the 300 urn thick detector. Despite the fact 
thatt the dE/dX for a 300 pan thick detector is scaled up by a factor of two the limiting S/N ratio 
doess not scale with the same factor. This is explained by the dE/dX distribution shown in Figure 
4KB). . 

Thee detector noise in our simulation does not depend on the strip si/e/configuration, therefore, 
thee detectors with so-called I-mask and II-mask (Figure 50) are equivalent in this respect. 

.. . 

. . 

: : 

: : 

/ / 

Figuree 49: Double event retention 
ass a function of' the signal to noise 
ratio.. Noise cuts of 3o" (for only the 
1500 u.m thick detector) and 5G (lor 
bothh 150 uni and 300 urn detectors) 
off  noise distribution are applied. 

Figuree 50: Strip width for detectors 
withh I-mask and II-mask. 
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Shaper Shaper 

Ass discussed before, the charge deposited in the volume of the detector must be collected and 
integratedd before digitization. After the integrated signal has been compared to a threshold value 
andd has been digitized the readout channel must fall back to its zero level which indicates the 
readinesss of the channel to register another track hit. This is called signal shaping and is done 
byy the shaper which in its simplest form consists of a trivial RC-CR (integrator-differentiator) 
chain. . 

Ann ideal shaper gives an output amplitude at the peaking time of 25 ns. A(25 ns), which is 
exactlyy proportional to the charge deposited'1. The proportionality constant is called the charge 
collectionn efficiency. CCE, and is ideally equal to 1. The time dependence of the current on the 
chargee to strip distance, i.e. the place where the charge was deposited makes CCE<\ and not 
constant.. This directly translates into a variation of the amplitude at the peaking time of 25 ns. 
Thiss effect is well known in other slower detectors such as drift chambers or scintillators [40]. 

Thee amplitude variation is estimated using a simple model of the silicon detector as discussed 
inn Section 9.2.9 and making assumptions about: 

 the charge carriers mobility |411 and 

 the shaper function with several integration times. Td. in the range from 10 to 30 ns 
andd with the requirement that the amplitude at the 25 ns peaking time is reduced 
too 30% at the second bunch crossing arrival, i.e. A(5Q ns) = 0.3-A{25 ns). 

Thee convolution integral of the current induced on the strip for a given shaper function was 
calculatedd numerically. 

Itt is found that in the most pessimistic case of Td=30 ns and a fully depleted detector"""' the 
amplitudee variation is less then 2.5% and the CCE is above 0.98 at peaking time (Tp=25 ns). To 
investigatee the effect of a varying CCE on the algorithm, the CCE was parameterized as a linear 
functionn of .v. the charge distance to the strip: 

CCE(x/d)CCE(x/d) = CCE25  (1 + Var[CCE25]  • (.x/d-Q.5)) 

wheree d is the detector thickness. CCE25>().9$ and Var[CCE25] varies between 0 and 0.025. 
Withh such a variation of CCE in the trigger simulation no change in the trigger performance has 
beenn found. 

OverspillOverspill of signal 

Thee shaper output of a readout channel is compared with the threshold value for every bunch 
crossing.. For a large deposited charge there is a non-zero probability that the exponentially 
decreasingg shaper output still exceeds the threshold at these next bunch crossing(s). In that case 
thee channel wil l be active and an accidental "ghost" hit (overspill effect) is recorded. 

Inn order to calculate the rate R of the extra hits due to the overspill alone we have to take into 
accountt the intensity of the source (luminosity), the strip acceptance and the efficiency. We 
definee the following quantities: 

*)Thee output of the shaper as a function of time is Ait). It is a convolution of the current lit) 
inducedd on the strip and the shaper function .S'(/) (or pulse response): A(t) = /(/) ® Sit). We 
choosee the parameters of Sit) such that with Iit)=dit) (delta function) the integral of Ait) is 
equall  to 1. 

**)Forr the 300 u.m thick detector a bias voltage of 70 V pros ides full depletion of the detector 
andd leads to the slowest development of the current. 
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 OBC - the bunch crossing of interest; 

 (-n)BC - the bunch crossing preceding OBC by nx25 ns; 

 fn(Acut,a) - fraction of hits from (-n)BC for which the remaining signal exceeds the 

thresholdd at OBC. where 

-- ACM is the threshold value: 

-- a (A(50 ns)/A(25 ns)) is the fraction of the amplitude seen 25 ns after the 
peakingg of the signal (this is a constant depending on the shaper): 

f„f„  is extracted from a plot similar to Figure 41B with the dE/dX value scaled down 

byy a: 

 v - hit occupancy, i.e. probability per event to have a hit in a strip. 

 1 (1 :/„v)' U ls the rate of hits seen in OBC from (-n)BC if the a mean number of 
interactionss per bunch crossing is |_i: 

 £_„( l-e"u) - event rate in (-/;)BC. where 

-- £,_,„  is the fraction of the time the (-n)BC has an interaction. This has to do 
withh the bunch structure at the LHC (Chapter 2. LHC). The values are: 8., 
=0.987.. e.2=0.974. e.3=0.962, e.4=0.949. 

Thee probability to have a ghost hit in a strip due to a hit in a previous BC for which the remaining 
signall  has an amplitude above threshold is then given by: 

R R - n ^ - t i - ( i - / „ v ff  ]-e_„( } } (34) ) 

Figuree 51 shows this hit rate as a function of the average event rate. |i. We have chosen a 1 % hit 

noo masking 

maskk strip (or logical channel 

Figuree 51: Rate R as a function of 
averagee event rate. Three curves 
correspondd to a=0.5 (top). 0.3 
(middle)) and 0.2 (bottom) values. 

Figuree 52: Effect of the change in 
aa on the double event retention 
assumingg 95c7c efficiency for single 
eventss with a single interaction in the 
preceedingg BC. See text for details. 
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occupancyy of a strip in a single event, although in realistic detector simulations it seems to he 
smallerr (-0.7%). The resulting rate, R, is typically below V7c for LHCb event rates. This rate 
cann be interpreted in two ways. One is to interpret it as an increase in the average activity in the 
chipp and another as an increase of the average noise level due to overspill. 

Lookingg simply at the rate is. however, a somewhat optimistic view of the situation for the 
followingg two reasons: 

 noise fluctuations in the readout channel on top of the remnant amplitude may lead 
too an amplitude exceeding the threshold and give a ghost hit; 

 the hits that survive from one bunch crossing to the next are remnants from good 
trackss from valid vertices. If enough of these survive they will give a fake second 
vertexx in an event with only one vertex. We find that//{z^,„-25 keV, a=3()c/c) -
IC/Zr.. So. this effect may not be negligible. 

Too study these effects we have tuned for each a the algorithm thresholds, so that the fraction 
off  single events of interest (OBC) which are preceeded by another single event {-1BC) is kept at 
thee 959r level. The hit amplitudes in -lBC-event are artificially reduced by a factor 2.5-5 
(a=0.4-0.2).. The noise is generated withS/N-11 and the threshold is set at 5a of the noise level. 
Withh the values of S2 and Z2 determined before the response of the algorithm is tested with a 
samplee of double events, where the preceeding BC's are empty. The result is shown in Figure 52 
ass a function of a. 

Inn principle, the effect of the overspill is a reductionn in the efficiency for single events. If we. 
however,, increase in the algorithm the threshold level for the peak of the second vertex in order 
too retain a 95c/c single event retention this translates into an increase in double event 
retention,, £_,. 

Figuree 52 shows this double event retention as a function of the overspill factor ex, which as 
mentionedd before is a property of the shaper. The trigger remains operational upto values of 
a=0.2.. above which the performance rapidly deteriorates. 

Thee most simple and reliable solution to this problem is to mask the output channel (after the 
discriminator)) during 1-2 subsequent BC's. i.e for the next 25-50 ns. This will cause only a 
smalll  inefficiency of the channel equal to the rate R. This solution is tested with our 
OBCC + (-l)BC sample and the result is also shown on Figure 52 (flat line). The double event 
retentionn deteriorates very littl e with respect to the ideal situation (ot=0). 

CrossCross talks 

Thee capacitive connections between strips and readout channels lead to cross talk between 
neighboringg channels. We simulated this effect by adding a fraction a of the amplitude of each 
stripp to both neighbors. Up to a=3()7r no effect on the pileup trigger was found. 

StripStrip mask 

Twoo strip masks were compared: 1-mask and H-mosk. Figure 50 shows the width of the strips 
ass a function of radius. It is found that both masks give an equivalent pileup trigger performance. 
Thiss can be explained by the 4 times wider logical pitchsi/e used in our readout, which makes 
thee difference between the two masks neelicible. 
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13.44 Vertex measurement 

13.4.113.4.1 Data processing (algorithm) 

PeakPeak Search 

Inn the beam test data we found that the histogram method and the cluster search perform 
equallyy well, which indicates that they are both efficient and extract the maximum possible 
informationn from the data. 

Thee major difference between these two methods is that the histogram method is much easier 
too implement in hardware since it corresponds to parallel data processing: all combinations are 
takenn in coincidence at once and the matrix cells are directly connected to the histogram bins. 
Byy contrast, the cluster search requires sorting of combinations by c-value. two-three iterations 
inn older to join clusters and also requires floating point arithmetic. The only feasible method for 
implementationn in LHCb is. therefore, the histogram method. 

HitHit masking 

Thee width of the masking window influences the algorithm performance. This was tested and 
showss a minimum at 3.75 times the size of the histogram bin. see Figure 53. The rise of the 
doublee event retention for a narrow window is due to the inefficient rejection of hits from the 
foundd peak, while for a wide window we have an increasing probability to mask the second 
peak. . 

Figuree 53: Double event retention Figure 54: Double event retention 
ass a function of the hit masking as a function of beam shut, w ith 
window.. The minimum is at value and without corrections, 
off  the bin factor of 3.75. 
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Alignment Alignment 

Thee alignment was considered with the test beam. It was demonstrated that the detectors can 
toleratee a misalignment of up to 100 |iin in the transverse direction and up to 200 jam in the 
directionn of the beam. 

Independentlyy of that we tested with the MC the dependence of the pileup trigger performance 
onn beam shifts. In the event generator the interaction region was shifted by 100. 400. 700 and 
10000 u_m in the .v-direction (moving the beam horizontally ') and the pileup algorithm was 
applied,, see Figure 54. For each shift a correction was determined by looking at the ê  minimum 
ass a function of the correction. It is found that the beam position must be known with 50 (am 
precisionn in order to satify the requirement |Ae2| < 1 %. 

13.4.2Experimental13.4.2Experimental conditions 

Radiation Radiation 

Thee material surrounding the pileup detector, 
suchh as the vacuum tank, the outside detectors 
andd the walls of the experimental hall produce 
secondaryy particles induced by nuclear 
interactionss of primary particles with the 
material.. The secondary fluxes are estimated to 
generatee on average 2 hits in each detector 
wheell  [19]. To estimate the effect of these 
particless on the performance of the pile-up 
algorithmm we randomly added additional hits 
sincee the source of these secondary tracks is 
ratherr far from the beam axis. Therefore, hits 
aree generated separately for both detectors and 
aree distributed uniformly over the detector 
surfacee and isotropically over angle of 
incidencee of the track. The number of tracks is 
distributedd according to a Poisson distribution. 
Thee resulting double event retention as a 
functionn of the average number of tracks 
acceptedd by the detector is shown in Figure 55. 

Figuree 55: Double event retention 
ass a function of the rate ol' 
isotropicallyy distributed radiation 
tracks. . 

PhysicsPhysics generator and simulation 

Thee track multiplicity is the most important event characteristic influencing the acceptance 
ratee of this trigger. The robustness of the algorithm was tested with two options of the Pythia 
eventt generator. The minimum bias and B-events are generated with similar multiplicities if the 
defaultt option is used. With the other option. IM=3 (program flags are MSTP(52)=I and 
MSTP(511 )=9). the track multiplicity of the minimum bias events is peaking at small values and 
hass a long tail while B-events have a flatter and wider multiplicity distribution. 

^horizontall  shift provides the largest effect on the performance. 
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Pythiaa 5.7, default 

Pythiaa 5.7. IM= 3 

Pvthiaa 6.134, default 

12 2 

30 0 

13 3 

Thee acceptance values for the different event 
generatorr settings are summarized in Table 10. We 
seee that even with the unrealistic (as we believe) 
conditionss of option IM=3 we obtain a maximum 
doublee event retention of 3()9t which is considered 
ass an acceptable upper limit of the pile-up 
algorithmm performance. The most recent version of 
Pythiaa includes an updated structure function of the 
protonn and gives a double event retention of LV/c 

Withh the chosen detector and readout parameters 
multiplee scattering does not affect the performance 
off  the pileup algorithm. 

Thee trigger performance is studied as a function of the number of accepted tracks. The study 
iss done by randomly removing real tracks and their hits from the simulation. It is found that by 
removingg 59f of the accepted tracks we increase the double event retention by V'h. 

Tablee 10: Double event 
retentionn with different Pythia 
options:: default and IM=3. see 
text. . 

13.55 Summary of trigger  performance 

Thee effect of various factors on the trigger performance is summarized in Table 1 1. The 
followingg conclusions can be made: 

Dependencee factor Limitation s s 
Absolutee change of double 
eventt  retention, Ae-,,% 

Intrinsicc resolution 

Noise e 

Shaper r 

Extraa hits due to overspill 

Crosss talk 

Stripp mask 

Detectorr alignment 

Beamm position, stability 

Isotropicc radiation 

Trackk multiplicity 

. . .. . 

S/N>> 6-7 (150 urn thick) 
S/N>> 5-6 (300 urn thick) 

Var[CCE)<5% % 

A(50ns)<0.25-/U255 ns) 
StripfLog.channel)) mask 

crosss talk fraction < 3()7r 

I-maskI-mask and II-musk 

transversee position <I0() jim 
z-posiiionn <200 u.m 

shiftt <500 |im 
positionn known better 50 u.m 

<55 additional tracks 

-59ff  change of total accepted 
tracks s 

noo effect 

<1 1 

noo effect 

<1 1 
-0.2 2 

<0.5 5 

noo difference 

1 1 

1 1 

<1 1 

++ 1 

Tablee 11: Trigger performance summary. Double event retention is given with cuts 
selectingg 959r of single B-events. Absolute changes refer to the baseline performance. 
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 The intrinsic resolution caused by fluctuations in the ionization has no effect on the 
triggerr performance: 

 The algorithm can tolerate high noise levels before the noise threshold starts to 
affectt the detector efficiency. For a detector of 150 (im the S/N ratio should be 
largerr than 6-7 and for a 300 urn thick detector this should be S/N>5-6: 

 Demands on the performance of the shaper are small. All chips on the market are 
satisfactoryy for our needs (Beetle or SCTA). However, overspill causes problems. 
Thiss can be solved by masking a readout channel during 1-2 consecutive BCs: 

 The algorithm can tolerate a high level of cross talk between readout channels, 
whichh suggests that in practice this is not a limitating factor in the detector and chip 
design: : 

 The algorithm will work even with a rough (-100 (imj detector alignment. The 
threee methods described before give a similar alignment performance and are 
satisfactoryy from the point of view of trigger performance. 

 Twice the level of predicted isotropic radiation can be tolerated. Higher levels of 
radiationn result in a very modest deterioration in performance (see Figure 55): 

 The event generator has a small effect on e2. Only very unrealistic assumptions 
aboutt the parameters of the generator lead to a significant effect. 

Alll  this suggests that it is feasible to build the proposed pileup trigger and operate it reliably 
underr a wide range of experimental conditions. 

144 Luminosity optimization 

14.11 Trigger  model 

Thee input parameters taken for this study are the same as in the Technical Proposal of 
LHCbb [19]: 

 the bb-production cross section amounts to 0.5 mb; 
 the total inelastic cross section amounts to 80 mb: 

 the optimal luminosity is 2-1032 cm"V and the maximum luminosity is 
S-lO-^cm-V: : 

 the fraction of non-empty bunch crossings is 0.744. 
Thee Level-0 trigger is a combination of several high-pt triggers and the pileup veto. For the 

purposee of these calculations a separate study of their selection cuts is not required because after 
theirr optimization the acceptance of the Level-0 trigger mainly depends on: 

 event composition: relative contribution of events with «-interactions. 
 combined response of Level-0 high-pt triggers to an event with «-interactions and 
 Level-0 bandwidth. 

Thee acceptance of the high-p, trigger for events containing a 6-quark (fi-event) or for minimum 
biass (MB) events is a complex function of the applied thresholds. By tuning the thresholds we 
cann vary the B-selection efficiency, but also the M£-acceptance. Figure 56 shows the 
dependencee of MB-retention. zSiB. on the efficiency for fl-event selection, e«. by the high-pt 

muon.. hadron and electron triggers. The plot shows the trigger responses to inclusive processes. 
b^eXX and b—>p.X. and exclusive decay modes. B—>KK and BS^D+

STT. It is assumed that the 
Level-0Level-0 bandwidth will be shared between electron, muon and hadron triggers with proportions 
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--

_ _ 

--

Figuree 56: Trigger functions. Performances of high-p, triggers is given: u-trigger for 
b—>u.X.. hadron-trigger for B—»7t7t and B^D+

S7i and e-trigger for B—>eX process. The 
dottedd lines show the result of a parameterization of the trigger performance given by 
functionn (35) for two different values of the parameter x. 

0.1,, 0.2 and 0.6 (see Chapter 2. Trigger), respectively. The trigger performance can be 
approximatelyy parameterized as: 

E«« = k(eMB)x (35) 

withh values of x varying between 0.3 and 0.5 and £=0.5/0.P. Our eB(eMS)-parameterization is 
assumedd to be linear between the points (eg' ,E B̂ )=(().5.0.1) and (1.0,1.0) as we do not know 
thee trigger performance in this range. 

Thee final bandwidth for the output of the Level-0 trigger is limited to 1 MHz. In the following 
wee investigate the effect of inclusion of the pile-up trigger on the rate of B-events at the output 
off  the Level-0 trigger. 

Thee efficiency for retention of MB events in the high-p, triggers increases significantly with 
multiplee interactions. Table I 2 shows the retention efficiency for the pileup trigger for multiple 
interactionss with the selection tuned to 95% efficiency for B-events that pass the high 
pt-triggers.. The data sets used are: 

 Set-1. SICB with interaction model 3 (see Table 10). This model of Pythia yields 
aa large difference in the multiplicity distribution of MB and B-events. Because the 
MBB events have a large probability to have a low multiplicity and the algorithm is 
tunedd to keep B-events this leads to a low efficiency for recognising the multiple 
MBB interactions. 

 Set-2. The standard interaction model of Pythia 5.7. This yields similar multiplicity 
forr MB and B-events and so gives the same rejection in B and MB single events. 

 Set-3. The standard interaction model of Pythia 5.7 but without multiple scattering 
andd detector simulation. This evidently leads to the best performance of the pile-up 
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1MB) ) 

95(98) ) 

95(95) ) 

2MB B 

30 0 

15 5 

3MB B 

10 0 

5 5 

Set-1 1 

Set-2 2 

Set-33 95(95) 10 1 

Tablee 12: Pileup trigger acceptances (in ci ) tor single B-events and for minimum 
biass events with a different number of interactions per bunch: 1 MB (single event). 
2MBB (double event) and 3MB (triple event). Trigger cuts were tuned to accept 95r/r 
off  selected B-events by the high-p, triggers. For an explanation of the "Sets" see the 
text. . 

trigger. . 
Thee pile-up trigger thresholds are tuned to retain -95 ck of B-events with a single interaction. It 
retainss only 10-30 c/( of all double and l-l()c7c of all triple interaction events. Hvents with more 
thann three interactions are retained with a neslieible probability. With the retention of a simile 
MBB event by the high-p, trigger given by e Uf l the retention efficiency for double MB events is 
givenn by: 

e2A/BB = ' - d - e ^ M l - t f ; . ) 
wheree the term (1-R:> parameterizes the correlations of the two independent events in the 
high-p,, trigger (overlap of clusters etc.). R2 is determined from Monte Carlo to be R.-0.003. 
Similarly,, the retention efficiency for triple interaction events is given by: 

4MH4MH = l - ( l - e ï ; / , M l - / f 2 ) 3 ( ! - /? ,) 
wheree the term (1-R3) parameterizes the three events correlations (R_-,=().024). 

Thee mean number of interactions per bunch crossing is given by: 

MM = ^ ^  ' 
' ' 

wheree L is the luminosity. Gin is inelastic cross section. /[  Hc = 40 MHz is the bunch crossing 
frequencyy and fnc = 0.744 is the fraction of non-empty bunches (Chapter 2. LHC). The 
probabilityy to produce /^-interactions per bunch crossing is then given by the Poisson 
probability: : 

IIII  - u 

P„P„  = P(\i.n) = ^ - (36) 

Thee rate of n-interaction events. Rir is then: 
RRnn = PJ'iMcfiK 

Figuree 57 shows the rates for 1. 2 etc interaction events as a function of L. 
Withh the Level-0 high-pt triggers the rate of inelastic minimum bias events with ^-interactions 

iss reduced (see Figure 58): 

Thee high-p, cuts are tuned to satisfy the condition Y R}i = R = 1 MHz. The rate following 
fromm the combined pileup and high-p, triggers is: 
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Rate.MHzz | 

inelasticc cross section = 80 mb 
non-emptyy bunches = 74.4% 

Figuree 57: Production rate of events with 0.1.2 etc. interactions as a function of 
luminosity. . 

Rate,MHz| | 
~"1 1 

0.8 8 

0.6 6 

04 4 

0.2 2 

1 1 

2 2 

3 3 . . 

4 4 

11 2 88 S 10 

Figuree 58: Rate of inelastic events (A-0.3) accepted by Level-0 high-pt trigger. Events 
withh multiple interactions contribute significantly to the available bandwidth. 

R R 
LOPLOP I; 

^ i £ n M B E n f [ ' ' 
,L0PI ,L0PI 

(38) ) 

dependencee on Thesee rates also must conform to the bandwidth R-\ MHz . The Rn 

luminosityy is shown in Figure 59. 
Thiss figure shows that by including the pileup trigger and relaxing the high-p, trigger 

thresholdss a significantly larger fraction of the events are single interaction events. As the 
B-eventss are a subsample of the single interaction events also these wil l be enhanced. 

Thee rate of single B-events can be calculated as the product of a probability to produce a 
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Figuree 59: Rate of inelastic events (Set-1 and A-0 .3) accepted by the Level-0 
high-p,triggerss and the piie-up veto. 

h-quarkk and the probability to produce no MB-event within the same bunch crossing multiplied 
byy /LHC/IIC- s ee t n e upper curve in Figure 60. The other rates shown in this figure are calculated 
forr different options of the event generator as given in Table 12 and for different performances 
off  the high-p, trigger as parameterized by the factor x in (35). The rates correspond to using the 
high-p,, triggers alone (two lowest curves) is using both high-p, and pileup triggers (three curves 
inn the middle). For luminosities (2-5)-1032 cm V the differences between rates within the two 
setss do not exceed 3 kHz (<10% of the rate values). There is no significant difference at lower 
luminosities. . 

Thee maximum statistics can be collected at a luminosity of 3-1032 cm"V . As a result of the 
inclusionn of the pileup veto, the collected statistics is higher by at least 40 % compared to using 
thee high-p, triggers alone. The distribution is also more flat, which provides a more stable 
performancee of the Level-0 trigger over a large range of luminosities. 

14.22 Conclusions 

Inn this short study we demonstrated the importance of including the pileup trigger in the 
Level-00 trigger to enhance the selected sample of single B-events. The use of the pileup trigger 
givess a gain of at least 40% in statistics of single B-events. 

155 Hardware implementation 

15.11 Detector 

Afterr the discussion of the test beam and Monte Carlo studies of the pileup algorithm we will 
inn this section discuss the feasibility of the implementation of the system. 

Itt is decided that the silicon strip detectors with /-strips wil l be used for the pileup trigger. It 
wass shown that all strip configurations under consideration can be used. The thickness of the 
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Figuree 60: Rate of single b-events as a function of luminosity. The upper curve is the rate 
off  single bb-events at the LHC. The set of curves in the middle represent the rate of 
B-eventss after applying the high-pt (x=0.3) triggers and the pileup veto for three different 
setss {Set-1, Set-2 and Set-3). The two lowest curves are obtained using the high-pt triggers 
alonee assuming different rejection power (A-0.3 and A-0.5). Vertical lines indicate the 
optimall  and maximal luminosities for LHCb running. 

detectorr is not critical, although a thickness of 300 |am is preferred in view of the better signal 
too noise ratio. 

15.22 Readout 

15.2.115.2.1 Readout chip 

Thee Beetle [39] is the readout chip chosen for the pileup detectors. The chip consists of a few 
blocks:: preamplifier, shaper. discriminator (comparator) and pipeline buffer, see Figure 61. The 
firstt three blocks amplify the amplitude proportional to the collected charge, digitize the 
analoguee signal and store it in the buffer or send it oxer a transmission line to a processor. The 
binaryy output of the Beetle is used which means that the only condition is that the signal is above 
threshold.. Strip masking after a hit is registered for one or two subsequent bunches as discussed 
ass a possible cure for the overspill problem is included in the chip design. 

Forr the purpose of fast triggering and speeding the data transport four strips are grouped in the 
readoutt into the logical readout channel. 

15.2.2Feed-out15.2.2Feed-out of the signal 

Thee output of the readout chip is transmitted over 10 m long twisted flat striplike kapton cables 
too outside the vacuum tank. The flexibility  of these cables is a very important feature as the 
detectorss wil l be retracted at least twice per fill.  The use of LVDS (Low Voltage Differential 
Signaling)) drivers and receivers is foreseen. The transmission capacity of one line should be 
equall  to 40 Mbit/s in order to ensure data transport without losses. The TP strip configuration 
requiress 3600 lines (the present design of the detector has only 2048 lines). By increasing the 
outputt frequency and multiplexing the signal the number of lines can be reduced by a factor of 
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Figuree 61: Schematic view of the Beetle readout chip. In practice two outputs will be 
used:: one for pileup trigger (or'ed output of 4 comparators) and another will be pipelined 
andd transferred to DAQ system by receipt from LO-trigger. 

two.. This requires a single line transmission capacity of 80 Mbit/s implying the development of 
customm LVDS-drivers as foreseen for the Beetle. 

Thee transport of the signals over a 10 m long cable at 80 Mbit/s is not a technological problem. 
AA possible complication is the broadening of the binary signal over the cable (which acts as a 
RC-chi\in). RC-chi\in). 

Thee data, either analogue or binary, are put in parallel in the pipeline buffer. These buffered 
dataa wil l be sent to the DAQ system at Level-1 and are later used in the alignment and 
monitoringg of the detector. 

15.33 Processor 

Thee processor part of the trigger is not yet developed. However, an outline of the design exists. 
Thee block diagram of the off-detector electronics consisting of the data LVDS-receivers and a 
processorr is shown in Figure 62. 

Thee processor system consists of four identical vertex finders. Each vertex finder handles one 
completee event. The event demultiplexer distributes the events to the vertex finders. The 
processingg steps in the processor are clocked by the bunch crossing signal. 

Thee data of one event are put into a Vertex Finder in parallel, segment by segment, into two 
separatee branches, as indicated in Figure 64. The first (upper) branch is for finding the first 
vertex,, the second (lower) one for finding a possible second vertex. The Correlation Matrix 
correlatess data from two corresponding segments and counts the number of coincidences in the 
wedges.. The Segment Histogrammer adds the wedge counts from all four segment pairs to a 
histogramm which is input to the Peak Finder. It finds a first peak. 

Thee processing of the data in the second branch is waiting until the first peak is found. After 
receivingg information that a peak is found hit combinations corresponding to the peak are 
removedd from the databy the Hit Masking unit. Then, the same sequence of steps as done for 
thee first peak is followed for finding a second peak. 
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Figuree 62: Data receivers and the processor. 

Thee partitioning of the detector in segments helps to reduce combinatorial background. Every 
histogramm contains 128 bins. Figure 63 shows the distributions of the first and the second peak 
heightss in a double interaction event. The histogram used in the upper branch of the vertex finder 
cann accomodate 6 bits per bin, while the histogram used in the lower branch can have 4 bits per 
bin. . 

Figuree 63: Distribution of the maximum in the histogram for double event. The 
maximumm is shown before and after the masking. 
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Figuree 64: Vertex finder. 

Thee Peak Finder searches for the largest peak in the histogram. It constructs a digital 
histogramm which is a 2/J>-table of bits, where the columns contain the accumulated wedge counts 
andd the rows contain the corresponding bits. The search procedure starts with the most 
significantt bit. i.e. in the highest row. and continues to search down, row by row. til l a non-zero 
valuee in a bin in the row is found. The output of the Vertex Finder consists of the encoded 
positionss of the first and second peaks (and thus of the possible vertices) in the histogram. 

Aboutt 300,000 logic gates are needed for the Vertex Finder (mostly for the coincidence 
matrix).. When we think of the Vertex Finder as a single integrated circuit (i.e. a Field 
Programmablee Gate Array (FPGA). this FPGA needs 2 x 300=600 inputs (<300 strips per 
segment)) and about 50 outputs and control lines. Current FPGAs have as much as 1.5 M gates 
andd 624 input/output (I/O). 

Hitt masking is necessary in order to improve the efficiency in finding the second vertex. This 
requiress not only data keeping during the first peak finding, but also a backward search of 
correlationss and a reference to the hits contributing to a particular correlation. There are two 
possiblee strategies for this. The first one uses interconnections inside the Correlation Matrix. 
Thee second one uses Look-Up Tables where every cell/coincidence contains the link to the 
contributingg hits. 

Thee total time needed for finding the first peak is estimated to be 625 ns. The second peak 
findingfinding wil l require the same amount of time (625 ns) in addition to the time necessary to search 
andd mask hits from the first peak (about 100 ns). Rough estimates suggest that the total time wil l 
bee well within the Level-0 latency of 4 us. An estimate of the time necessary for decision 
makingg and its delivery to the Level-0 decision unit (L0DU) is given in Table 13. 

166 Summary 

Inn this chapter the response of the pileup trigger algorithm to the beam test data was compared 
too the data from the Monte Carlo, described in the previous chapter. Satisfactory agreement was 
obtained. . 
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Causee of delay 

Timee of flight 

Detector—^Beetle e 

Cablee Beetle^processor 

Insidee processor 

Synchronizationn protocol 

Processor—»LO-decisionn unit 

Total l 

Tablee 13: Pile-up veto 

Distance,, cm 

28-36 6 

20 0 

1000 0 

7000 0 

atency. . 

Time,, ns 

<1 1 

<5 5 

52 2 

625++ (625+ 100 

125 5 

364 4 

1S97 7 

AA wide range of issues possibly influencing the trigger perfomance is investigated, such as 
detectorr characteristics, strip configuration, readout specifications, detector misalignment and 
thee simulation itself. It is shown that the trigger performance is very stable. We demonstrated 
alsoo that because of the presence of unwanted multiple interactions the use of the pileup trigger 
helpss to gain up to 40 9c of statistics for B-events in the large range of luminosities planned for 
LHCbb runs. There are no technological limitations for the hardware implementation of the 
algorithm. . 
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CHAPTERR 5 The pile-up detector as a 

luminosityluminosity monitor 

Ass a by product the pile-up detector and trigger algorithm can he 
usedd to monitor the luminosity of the LHC machine. In this chapter we 
investigatee this use of the pileup detector. The luminosity monitoring 
dependss on the feature that the pile-up algorithm is able to classify 
bunchh crossings according to the number of inelastic interactions that 
havee occurred. The mean number of interactions per bunch crossing 
dependss on the luminosity and hence the distribution over the 
categoriess zero - one - more interactions also varies with luminosity. 

Inn view of the large number of interactions per bunch crossing and 
thee fact that the bunch crossings always involve the same bunches '. it 
iss in principle possible to determine the luminosity at the single bunch 
crossingg level. The monitoring of the luminosity for individual bunch 
crossingss is necessary as the bunch to bunch fluctuation (up to 10%) 
leadss to a non-linear correction factor due to the Level-0 acceptance 
rate.. For a precision measurement of the absolute luminosity this 
factorr has to be known. Possible systematic effects and calibration 
proceduress are described. 

177 Introduction 

17.11 Method 

Thee measurement of the luminosity and its monitoring are 
necessary: : 

1.. for a better control of the stability of the trigger and DAQ 
systemss of the experiment: 

2.. for the measurement of absolute cross sections and 
branchingg ratios. 

Itt can be done by using the pileup detector and trigger algorithm 
describedd in the previous chapter. The detector is capable of 
classifyingg bunch crossings (BC) according to the number of 
interactions.. A Poisson distribution: 

a" a" 
P{n)P{n) = ^-e~V 

*)Duee to the equal length and the fixed radio-frequency of the two 
acceleratorr rings a bunch will always meet the same opposite 
bunch.. This creates 2652 individual hunch crossings. 
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describess the probability of n interactions to occur. The average number of interactions per BC. 
p.. is proportional to the luminosity. L: u = Gdc| L. where adL,t is the cross section seen by the 
detector.. Hereafter we wil l call (.1 the "relative luminosity". 

Thee pileup detector is able to classify BC's in three different classes: bunch crossings with 
zeroo interactions (Nu). with a single interaction (N,) and with multiple interactions (A\). 
Becausee of the high bunch crossing frequency at the LHC it is possible to collect large statistics 
forr each of these classes in a very short time. In particular, at the average luminosity of 2TOl 2 

cmm V 1 the rate for classes N„.  TV, and ZVV wil l be 18 MHz. 9.3 MHz and 3 MHz. respectively. 
Thiss would, in principle, give within one second a ().]</<  statistical accuracy in measuring the 
luminosity. . 

17.22 Analyti c approach 

Inn this analysis we consider four estimators of the relative luminosity ji : 

 /frm'o estimator: [i  = A^/A',, 

 Zero Events estimator: [I  = -log( A' ( )/A
/
/) 

 NonZeroEvents estimator, found as the minimum of the x1'-

-- ( e , - u VM ) 2 ( ev - [ l - < ' " M { 1 + n ) | f 
11 = ' , + — (39) 

Ae,, A E V 

 FullSample estimator, found as the minimum of the x."• 

-- < e( ) - ^ ' V ( £ , - | ^ ~M ) ~ ( ev - M -e~^(\ + u ) ] f 
X'X' = ; — + + — ; (40) 

Ae0~~ AE ," &£\ 

wheree 8; = N/N f. N, is the number of BC classified in class /, and Nf is the total number of 
BC'ss considered. The fractions e,-follow multinomial distributions, since A',, + N ] + N^, - N f•. 
Therefore,, the errors are given by Ae' = N t(Nf - N:)/N"f . 

Thee errors on the last two luminosity estimators are given bv: 

V[u ]]  = 
,tl[l' ,tl[l' 

Directt error propagation yields the errors for the first two estimators. The uncertainties are all 
proportionall  to J] /Nt . The only difference is the proportionality constant which depends on 
thee information used. 

Thee precision with which the estimators determine the luminosity varies. The Ratio estimator 
hass the worst precision whereas the FullSample estimator has the best. Figure 65 shows as a 
functionn of the luminosity the time necessary to obtain a precision of 0.5r/r on the relative 
luminosityy for a single bunch crossing. For the luminosities used by LHCb this precision is 
reachedd for the Ratio estimator w ithin 20 seconds. The singularity at \l-0 for the Ratio estimator 
iss due to the fact that the relative error for this estimator behaves as JI / N ] ~ J\ /([it) as JU—>(). 
Asymptoticallyy the FullSample and NonZeroEvent estimators are identical, as the zero event 
classs vanishes as fi —> °°. 

Introductio n n 87 7 



Thee pile-up detector  as a luminosity monitor 
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Figuree 65: Calibration time necessary to determine the relative luminosity for one bunch 
crossingg with a statistical accuracy of 0.59c. The dashed line corresponds to the average 
luminosityy and the solid line to the maximum luminosity allowed at the LHCb. Lines 
representt (from top to bottom) four estimators: Ratio, ZeroEvents. NonZeroEvents and 
FullSample. FullSample. 

Itt should be mentioned, that Figure 65 only gives the statistical accuracy. Systematic effects 
mayy be important and indeed it wil l turn out that the ZeroEvent estimator taking into account 
bothh statistical and systematic contributions to the error has the best performance. 

188 Systematic effects 

Beforee embarking on the study of the systematics of the luminosity determination two 
commentss are in order: 

 The determination of the absolute luminosity requires the know ledge of the 
acceptancee of the pile-up detector for the 'known' inelastic cross section. This is 
discussedd at the end of the chapter. Since the acceptance is independent of the 
luminosityy the determination of the relative luminosity, however, (bunch-bunch or 
run-run)) is quite straightforward. The systematics of this relative measurement wil l 
bee discussed. 

 The determination of the luminosity from the number of interactions per bunch 
crossingg is strictly only possible if the 'real' number of interactions is known. 
Migrationn from one class to another due to detector effects form the major cause 
off  systematic uncertainty in the luminosity determination. 

18.11 Mont e Carl o model 

Too study the systematics of the luminosity determination, we performed a MC simulation of 
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thee response o\~ the pile-up detector and algorithm to multiple interaction beam crossings. The 
detectorr simulation was identical to that of Chapter 4 with the exception of multiple scattering 
whichh is not switched on. The working point for the algorithm was that of Chapter 4 and 
correspondss to a single event efficiency of 95(.4 and a double event retention of 1 2C'<. 

Thee latest version of Pythia 6.134 [36] is chosen for the event generation in this study. The 
differencee with version 5.7 which was used for the pile-up trigger performance is minimal. 

Sixx event samples w ith 1 through 6 interactions per crossing were generated using Pythia. A 
samplee w ith zero events was generated separately. In this case there are no interactions visible 
inn the detector except for e.g. beam-gas and elastic interactions and the activity of the detector 
iss the result of noise and other accidentals. In particular, we injected random noise into the 
systemm with a sigma of 3.9 keV (S/N=l 1 ) and requiring a 3G threshold on the amplitude. In 
addition,, we added on average 2 random hits in each detector to allow for background radiation 
tracks.. The Zero Events sample and the six samples with pp interactions, were mixed in 
proportionss corresponding to ten different Poisson probabilities with an average number of 
interactionss per BC varying from 0.1344 to 1.344 with a 0.1344 increment. 

18.22 ZeroEvents estimator 

Forr this analysis we use the distribution of the largest peak (57) of the pile-up algorithm shown 
inn Figure 66. Three separate components can be distinguished in this distribution: a peak at 
smalll  values of 5/, which corresponds to ZeroEvents. a distribution, which is due to accepted 
diffractivee events and a broad (up to SI-50-10) distribution, which is due to inelastic 
interactions.. The diffractive component is hardly distinguishable in Figure 66 but clearly 
presentt when comparing it to Figure 67 where diffraction is switched off. The difference is 
highlightedd by the dashed line in Figure 66. 

Too extract the ZeroEvents component we lit therefore the spectrum of Figure 66. with the 
followingg three contributions: 

1.. A gaussian distribution centered at 57=0 with a width of . 
correspondingg to the Zero Event category. G(). 

2.. A gaussian distribution describing the response to accepted diffractive events. Gn, 

3.. A broad distribution due to inelastic events. From our Monte Carlo study this 
distributionn is well described by a V (Gamma) distribution: 

T(yi.n.b)T(yi.n.b) = (s]y'-ei"'- ]-nh. 

Forr all values of the luminosity this gives a good description of the SI distribution 
off  the inelastic component (see Figures 66 and 67). 

Inn our simulation the shape of the ZeroEvents distribution is calibrated with the sample ot 
ZeroEventsZeroEvents only (200k events). In the LHCb experiment it wil l be possible to determine this 
distributionn from events recorded during unpaired bunch crossings, which occur in 25.6f/c of all 
bunchh crossings. This procedure we call Gircalibration. 

Byy fitting the SI distribution to the sum of these contributions, /f 57): 

./(.SI)) = A()- G'0((). ol] ) + Al)- G/:>(0, ol)) + Al r<|a. n.b) (41) 

wheree G0 is obtained from the G()-calibration. the ZeroEvent component can be obtained as the 
integrall  of A{)  G()(0. Gn). The relative luminosity. \A. is directly extracted from this number 
(A(|)) using ZeroEvents estimator (given in section I 7.2). 

Fromm the above analysis we obtain a value of u. ((^-measured) which can be compared with the 
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Figuree 66: Distribution of largest Figure 67: Distribution of largest 
peakk size. Diffractive events are peak size. Diffractive events are 
roughlyy indicated by dashed line. sw itched off. 
Thee inserted is a blown up part of 
thiss distribution for 0 < Sj < 10. 
Threee lines represent the 
luminositiess (from up to down) 5. 
2.5.. 0.5 x I032 cm"V'. 

inputt value of it (u-generated). The difference between these two values, Au. shows a systematic 
shiftt for these samples when the diffraction is switched on (Figure 68). This shift is due to the 
loww acceptance for diffractive events, see Table 14. which makes it difficult to properly account 
forr the diffractive contributions. This leads to an additional contribution to the ZeroEvents 
samplee (or A0). This additional contribution from diffractive events changes with luminosity. 
Indeed,, if we switch off the diffraction there is no shift at all (see Figure 67. lower curve). The 
relativee shift. A|i/u. decreases with increasing luminosity because the probability of a 
non-acceptedd diffractive event is decreasing faster than for a Zero Event. 

Thiss effect is described by the following formula: 

^oo = Pu + X < W M-) ( 4 2 ) 

""  = i 
wheree p is the estimate of the ZeroEvents probability. Pn are Poisson probabilities to have 
«-interactionss in one BC and a„  is the fraction of such BC's identified as ZeroEvent. 
Extrapolatingg from present data (see review in [42]) indicates that the total cross section can 
consistt of % of elastic and 10-20% of diffractive events (keeping the inelastic part at the 
50-60%% level) '. Pythia 6.134 with default settings gives an inelastic cross section of 55 mb and 

*)Thee large uncertainties in these numbers are mostly coming from the incompatibility of two 
directt measurements at Tevatron energies (\ s= 1.8 TeV) performed by E710 [431 and CDF [44]. 
Thee situation is expected to improve as CDF will repeat the measurements at higher energy 
afterr 2001. 

Systematicc effects 90 0 



Thee pile-up detector  as a luminosity monitor 

^T-TLniu"" " " 

0 0 

Figuree 68: Au./u. the upper curve 
withh diffraction included, the lower 
curvee when the diffraction is off in 
thee event generator. 

Figuree 69: Au/u as a function of ,u 
includingg shift correction. 

elasticc single diffractive 

geometricall  acceptance 0.0% 46.7% 

doublee diffractive inelastic 

55.8%% 99.94% 

Tablee 14: The geometrical acceptance for different event categories is given. The 
geometricall  acceptance is defined as the fraction of events having at least one track in 
bothh wheels of the pileup detector. All digits are significant. Pythia 6.134 is used. 

aa diffractive cross section of 25 mb with a total cross section of 102 mb. The geometrical 
detectorr acceptance for diffractive events is <50r/r (Table 14). therefore, they wil l contribute at 
<127rr level. Indeed, fitting Ap/u with equation 42 we find that single diffractive events are the 
onlyy cause of the shift. The coefficient 2 agrees with our rough estimates. The 
coefficientss a„  for /?>1 are equal to zero within errors. This can be explained by the fact that a 
doublee 'diffractive+inelastic' event wil l be seen by the algorithm as a single inelastic event and 
wil ll  contribute to the inelastic pan of the 57-distribution. From this analysis it follows that we 
cann correct for the shift using equation 42 with only a,*0 (see Figure 69). Terms with ;?>1 may-
startt contributing to the shift at higher luminosities like those foreseen at ATLA S or CMS. 

Anotherr possible source of systematica is due to the G0-calibration. The change in the 
measuredd relative luminosity is shown in Figure 70. The upper/lower curves indicate the shifts 
inn the measured luminosity, induced by a change of the value of G0 up/down by \7r. As the 
calibrationn of o can be done much more precisely and its precision is limited by statistics only 
thiss systematic error wil l be kept well below 1%. It is important to notice that the GO-calibration 
cann be done very precisely for any function describing the first term in (41). 

Inn this analysis we presented only the results using the ZeroEvents estimator for the 
luminosity.. For the other estimators, which rely on the selection of events with a single 
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Figuree 70: The relative shift of the measured luminosity, Au/u. as u function of 
luminosity.. Three different cases illustrate the possible systematic effects due to a poor 
G0-calibration.. The statistical error of 0.1% can be achieved in less than 1 sec. An over-
andd underestimation of 1 % as shown in this plot therefore represents a very pessimistic 
situation.. Diffraction is switched off. 

interactionn (£,) we should use in addition the second peak (S2) distribution. The analysis of 52 
iss more difficult as the efficiency in finding the second peak depends on detector alignment, 
acceptancee and beam position. This makes the correction procedure which relies heavily upon 
thee Monte Carlo simulation much more complex. Because of the complexity of our simulation 
modell  no conclusions can be drawn for other than the ZeroEvents estimator about the level of 
possiblee systematic errors. 

Wee can conclude from this study that the pile-up detector and algorithm can provide a 
measurementt of the relative luminosity. In view of its simple control of systematic effects the 
bestt estimator is the ZeroEvents estimator. The precision of this method is limited mainly by the 
acceptancee of the detector for diffractive events. The shift in A|i/u introduced is -10% but the 
relativee luminosity varies only by -2% over the luminosity range expected for the LHCb 
experiment.. Even with a relatively poor knowledge of the diffractive cross section corrections 
cann be made such that the level of accuracy improves to <1%. 

18.33 Absolute normalization and total cross section measurement 

Inn this section methods are reviewed, which could be used by LHCb to determine the absolute 
normalization.. Interested readers are referred to respective references for details. 

Too determine the absolute luminosity a measurement of the detector constant. kD, is required. 
Itt is given by: 

u.D=L-G-ytD, , 
wheree L is the luminosity, o is the total cross section and (iD is the average event rate observed 
byy the detector. 
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VanVan der Meer method 

Thee van der Meer method [45] was invented and used at the ISR for total cross section 
measurements.. The cross section seen by the detector, o-kl\ is calibrated by separating the 
beamss vertically, and measuring the rate in the detector as a function of the separation. The ISR 
hadd continuous beams, therefore, a one-dimensional scan was sufficient. In contrast, the LHC 
beamm has a bunch structure. This requires at least a scan in two dimensions: perpendicular and 
longitudinal.. It was found [461 that also an additional scan in time is necessary. Due to this 
increasedd complexity' the measurement becomes less reliable. The ATLA S collaboration has 
estimatedd [47] the precision of this method to be at best 8r/r. 

NormalizationNormalization to TOTEM 

Thee TOTEM [42] experiment wil l measure the elastic, diffractive and inelastic cross sections 
eachh with 1-2 ck precision. Angular track distributions will be measured by TOTEM. Tuning 
Montee Carlo distributions (diffractive+inelastic part) to these measurements wil l allow a 
reasonablyy precise determination of k'\ Similar measurements done by CDF and DO suggest 
thatt the normalization precision can be as low as 5-bc/c. The largest systematic effect is due to 
thee uncertainty in the total cross section measurement (see footnote on page 90). The systematic 
errorr from the luminosity detector itself is at the level of <2'/(. 

NormalizationNormalization to known processes 

Inn LEP experiments the cross section for {electromagnetic) Bhaba interactions was measured 
forr luminosity calibration. A 0.1% precision was achieved. 

Inn pp interactions the QCD predictions for particular processes are less precise. There is a 
proposal,, however, of using the W production cross section for normalization. Theoretical 
uncertaintiess of pp-»WW-»ll are at the 1 ch level. Central detectors at the Tevatron and the LHC 
intendd to use this process for luminosity calibrations [471. 

Duee to the large mass of the W the acceptance of LHCb for this process is small thus reducing 
itss usefulness. Inclusive bb-production (pp—>bb^J|a) which also has a ~ I <7r theoretical 
uncertaintyy could provide an alternative for LHCb. The acceptance for this process is large 
whilee the experiment has an efficient double muon trigger to select these events. This makes this 
processs a very promising one for absolute cross section normalization at LHCb. 

AA potentially large source of systematica in absolute luminosity measurements is the data 
acquisition.. Because of the fixed bandwidth of the Level-0 trigger f 1 MHz), the non-linear 
dependencee of the trigger acceptance on the p,-cuts and fluctuations at the bunch-bunch level of 
upp to l()7f ** ' the event loss is also a non-linear function of both the average luminosity and the 
fluctuationsfluctuations with respect to its average value. It is estimated that neglecting the above mentioned 
fluctuationss may lead to a systematic shift in the measured absolute luminosity value which 
variess from 27c to 59c within the LHCb luminosity range (<5'I(F- cm :s '). The length of 
readoutt buffers and their readout speed are estimated to cause a \9< loss of events. These 
systematicc effects wil l be corrected for in the normalization procedure. 

:|:)Thee van der Meer method only uses a ID convolution integral, while the LHC will require a 
3D-con\olutionn integral. 

**)Thi ss \alue is observed at other hadron accelerators like the Tevatron and HHRA. The 
fluctuationsfluctuations are due to injectors. 
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199 Summary 

Thee pileup detector can serve not only as a device for triggering on single interaction events, 
butt also as a luminosity monitor. We estimate that the precision in determining the relative 
luminosityy (event rate) is about 0.57c. This precision can be achieved at the single bunch 
crossingg level after 20 seconds of data collection assuming 2652 BC"s at IPS. 

Severall  estimators of the luminosity have been considered. The best estimator from a 
statisticall  point of view uses all classes of interaction multiplicities (FullSample). In real 
experimentall  conditions, however, the Zero Events estimator gives the most reliable 
measurement.. The analysis strategy for this sample was explained in detail. It was shown that 
thee variation of the measured luminosity value does not exceed 27c. while after correction this 
variationn can be kept at 0.57c. Various experimental effects can be accounted for by the 
GVcalibration. . 

Thee low acceptance of diffractive events causes the most important bias in the relative and 
absolutee luminosity measurements. We show that using simple assumptions it can be properly 
accountedd for and allows this systematic error to be kept below 0.57c Systematic effects due to 
thee trigger and data acquisition will cause shifts from 2-59r. These can be taken into account by 
thee normalization procedure. 

Thee possible determination of the absolute luminosity is discussed. Experience of CDF and 
DOO suggests that the measurement of the absolute luminosity can be done with 5-6% precision 
andd better. 
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decaydecay mode 

Thee sensitivity of a detector to the physics of interest is the driving 
factorr behind the choice of detector technology and the design of the 
triggerr and data acquisition system. In this chapter we discuss the 
sensitivityy of the LHCb detector to the decay channel 
B,, —> JA|/(|i|i)(t)(KK). We consider the following three stages: 

 the event simulation involving a detailed modelling of 
thee detector and a realistic digitization of the detector 
response: : 

 the reconstruction of the events from the simulated data 
andd the determination of the physical quantities relevant 
forr the physics analysis, e.g. track momentum and 
particlee ID: 

 the study of the decay parameters and the extraction of 
thee relevant physics information. 

200 Event simulation and selection 

20.11 Detector  simulation 

Thee LHCb event simulation is done with the SICB program [19]. It 
hass the following main components: the Pythia 5.7/Jetset 7.4 event 
generatorr [36] with default settings. Geant 3.21 [28]. the detector 
definitionss and the event reconstruction. 

Thee main features of the detector simulation are summarized in 
Tablee 15. It includes the full implementation of the beam pipe 
geometryy and the vacuum tank and a realistic representation of the 
nonhomogeneous-magneticc held. 

AA full implementation of the pattern recognition of tracks is only 
donee for the vertex detector. For the main tracking system it is studied 
inn the framework of the Level-2 trigger, where it is found to give an 
efficiencyy close to l()07r for tracks with momentum above 2 GeV. 

Trackk parameters are obtained by a fit  procedure based on the 
Kalman-filterr algorithm, where the energy losses along the trajectory 
off  the particle and multiple scattering are taken into account. 

Forr the RICH the HPD resolution and efficiency are parameterized 
givingg comparable results as those obtained from a separate study. The 
particlee identity (e. (i, ju, K, p) is determined using probabilities 
obtainedd from actual RICH measurements. Information from the 
ECALL or the muon detectors is added if available. 
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Silicon n 
detector r 

Response e 

dE/dX.. charge sharing 

Digitization n 

Stripp map (40/60/80 u.m 
andd (})-detectors, see 
Sectionn 6.2). cluster 
search h 

Resolutions s 

6-188 fim (-pitch) 

RICH H 

Outer r 
Tracker r 

Inner r 
Tracker r 

ECAL L 

HCAL L 

Muon n 
detector r 

Cherenkovv photons 

Driftt time and ionization 
clusters s 

Parametrizedd efficiency 
andd resolutions of HPD 
(seee Section 6.4) 

10244 channel TDC is 
assumed d 

0.15(0.36)) mrad per track 
forr RICH 1 C4F|()(Silica) 
andd 0.06 mrad per track 
forr RICH2 

2000 |im 

(Ap/pp - 0.3-0.4̂  ) 

positionn is smeared with 60 |im resolution 

dE/dX(cut:: 1 MeVfore 
andd u. 10 MeV for had-
rons).. shower develop-
ment,, energy leakage 

dE/dXX with 500 MeV 
cutt for all particles 

dE/dX X 

averagee resolution is 
o(E)/Eo(E)/E = UWc/JË@l.5c/<  (£inGeV) 

averageaverage resolution is 
o(E)/Eo(E)/E = MWc/ JË ® 5<Z (Zi'inGcV) 

parameterizedd efficiency and resolution 

(43) ) 

Tablee 15: Detectors simulation used for physics study. 

20.22 Event production and selection 

Thee annual number of Bs —> J/y(jiji)(])(KK ) events amounts to: 

NN H = Tx Lx G/fi x P(! B) x P( 0MB) x Br X £ / N X E / ( X £ / : X £Krc-. 

where: : 

 T- 107 ,v is the number of seconds per year: 

 L=210?: cm'- s'1 is the average luminosity at LHCb: 

 Ghj, = 500 u.b. the assumed cross section for bb production in /^-collisions at LHC 

energies: : 

 P{ 1B) x H0MB) - 0.59. the fraction of bunch crossings with a single B-event and 
withoutt an accompanying minimum bias (MB) event, assuming GWi=80 mb: 

 Br=3- 10'fl, the overall branching ratio for the decay Bs —» J/\y(p:u.)<j)(KK). 
includingg the fraction of /?-quarks hadronizing into a Bs-meson (J\=0A 1): 

. the efficiencies of the Level-0. -J and -2 triggers and the reconstruction <£w/.-f-). 

Thiss leads to an expected number of events per year of 80000. using the efficiencies e,. 
determinedd in the remainder of this chapter. 

Eventt  simulation and selection 96 6 



CPP violation in Bs—>JA|/(|) decay mode 

20.33 Event samples 

Forr our study we use two samples: one sample of signal (i.e. with production of a 
Bs—>J/\|/(( 11 )0(KK) ) events, which should be selected with the largest possible efficiency, the 
otherr sample consisting of background events, which should be removed with high efficiency. 

Thee sample of signal events used in the analysis consists of 18800 events with a 
Bss —» J/vy(|i|i)<J>(KK) decay. For reasons of generator efficiency, events were generated with the 
additionall  requirement that one of the B-particles falls within a 600 mrad forward cone. This 
conditionn is satisfied by 4(Wc of the events generated within 4JI. All events subsequently passed 
thee full LHCb detector simulation, after which the trigger algorithms were applied and the 
reconstructionn was done. A sample of 1509 events satisfied the Level-0. Level-1 and Level-2 
triggerr conditions and was used for cuts optimization. 

AA sample of 430k background events (inclusive bb-events) passed the detector simulation and 
wass submitted to the trigger conditions of Level-0 and Level-!. The resulting sample consists 
off  9890 events. 

F.achh event in our analysis corresponds to a bunch crossing with a single interaction. 

20.44 Event selection 

Inn this section we review the software environment used for the event selection, estimate the 
numberr of events produced at the LHC and the number of events collected during data 
acquisition.. Details on the event selection and the precision of some important parameters are 
givenn and the background level is evaluated at the end. 

Thee procedure starts first with applying the Level-0. -1 and -2 trigger condition. Then the 
promaryy vertex is determined after which the preselection is done consisting of a check on 
particlee identity, track and vertex fit quality, and selecting on combinations of 2K and 2p 
combinationss falling within the mass window of the Bs. Finally, the performance of the selection 
proceduree is determined in terms of resolution of proper lifetime and mass of the Bs and its 
helicityy angles. 

20.4.120.4.1 SEL_JPSIPHI program 

AA general purpose output format is developed providing complete information about the 
physicall  quantities we want to analyze, while reducing the amount of data. The same 
environmentt was used before for the analyses of Bd^JAj/K s. J/yK and Bŝ »JAj/(t) decays for 
thee LOI of LHCb [311. 

Column-wisee n-tuples iCWN) (48] are used to store the relevant information. This includes 
thee "true" and measured information of reconstructed particles which contributed to the selected 
finall  state. All references between the reconstructed entities are stored as well. This uses the 
apparentt tree structure of a decay where all branches (particles) can be addressed and analyzed 
throughh references. 

First,, all possible JAj/ and <J) combinations are searched. The JA|/d) combinations having an 
invariantt mass within a lOOMeV window around the central mass of the Bs are then selected. 
Onlyy those tracks in the track list which form a Bs candidate are stored in the n-tuples. An order 
o\'o\' magnitude data reduction is achieved in this way. Using these n-tuples the preprocessing of 
thee data can be done only once while a fast optimization of the selection cuts can be done 
afterwards. . 

Apartt from the track information the other event information included is the position of the 
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primaryy vertex, the separate acceptance flags for Bs. J/y and 0 decays, the flags for 
ByBj-oscillationn and the triggers, tagging information and the "true" kinematic values of the 
generatedd B-hadrons in the event. 

20.4.2Triggering20.4.2Triggering events 

Thee trigger efficiencies. £,. are discussed below. The events available for the off-line analysis 
havee to pass 3 of the 4 trigger levels (upto Level-2). The last trigger level (Level-3) is simply a 
sett of loose off-line cuts. It is assumed that the Level-3 trigger has an efficiency of 100% and 
doess not influence the reconstruction performance. Details about the trigger algorithm are given 
inn Chapter 2. 

Eventss with aB^-> J/V|/((i|U)<J)(KK) decay are triggered at Level-0 by the presence of a high-p, 
muonn (muon detectors) or kaon (hadron calorimeters). The Level-1 and Level-2 trigger 
algorithmss require events to satisfy the event topology corresponding to a /?-quark decay. They 
performm a fast and crude reconstruction of tracks and vertices in 3D space. The Level-2 trigger 
improvess the precision of the impact parameter calculation with respect to that of Level-1. It 
usess a straight line fit in which the multiple scattering error is included taking into account the 
momentumm of the particles estimated with the spectrometer. Table 16 summarizes the rejection 
factorss at the various trigger levels for three event samples: Bs —» J/\j/(|iu_)(t>(KK). b-inclusive 
andd minimum bias events. Because of the tight selection criteria, i.e. particle identification and 
reconstructionn of high mass states (JA|/. D and B-mesons) the minimum bias sample is reduced 
too practically zero at Level-3 while no events of interest wil l be rejected. In the following 
discussionn the selection cuts are optimized so that the ratio of obtained signal events <BS—>J/y<|)) 
too the background (/^-inclusive) is maximized. 

i i 

Produced d 

Accepted d 

Level-0 0 

L00 x Level-1 

LOxx LI  x Level-2 

L00 x LI  x L2 x Level-3 

Bss -> JA|/(up)<MKK ) 

0.322 Hz 

10.5+0.17f f 

% % 

7 7 

3.11 7 

3.11 % (0.01 Hz) 

b-inclusive e 

566 kHz 

40% % 

-4.4% % 

-2.3%%  (1.3 kHz) 

-0.36%% (200 Hz) 

minimumm bias 

12.33 MHz 

8% % 

0.3% % 

~4-10'5(5kHz) ) 

0 0 

Tablee 16: Triggers efficiency for events of interest, b-inclusive and minimum bias 
events.. Efficiencies are normalized to correspondent events produced within 4ir. 
Tildee sign. '~'. shows rough estimations from the technical proposal. The numbers 
forr minimum bias are taken from TP. 

20.4.3Primary20.4.3Primary vertex reconstruction 

AA  x2 minimization is used to reconstruct the primary vertex from fully reconstructed tracks 
andd those tracks seen in the vertex detector upstream of the interaction point. The procedure is 
iterative. . 

Thee '£- quantity to be minimized is: 
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I! I! 

X 2( .v ,vv )) = ^ { v " ^ - . (44) 

wheree A/-j=(.v,.-.v,: yv-yt), is the transverse difference hetween the vertex coordinates (.v, and \\) 
andd coordinates (.v, and y,) of the point of closest approach of track-/ and V1 is the inverse 
covariancee matrix of the track-/ parameters. Both, covariance matrix and track parameters, are 
propagatedd to the estimated vertex point (.v,. y r -,.). If there is a multiple scattering between the 
vertexx point and the first measurement the errors on the slope of the track are increased in 
accordancee with the thickness of the material and the estimated momentum of the track. For 
backwardd tracks, the contribution to the error in the vertex position due to multiple scattering is 
estimatedd from the angle of the track with respect to the beam axis, which is a measure of the 
momentumm of the track. 

Att the beginning of the fit  procedure, all tracks are included and starting values for the vertex 
candidatess are estimated. Tracks with a large distance (3G) to the estimated vertex position are 
excludedd and the vertex position is recalculated. After 2-3 iterations the process stops with an 
averagee of about 40 tracks remaining. The number of tracks has roughly a Gaussian distribution 
withh G ~ 1 2. The resulting vertex resolution is ( o r Gv, G-) = . 9.6+0.1, ) jjm. see 
Figuree 71. An average positive bias of 3 (im along the --axis (beam axis) is attributed to 
decayy products of B-hadrons (the one we reconstruct and the accompanying one) which are 
includedd in the vertex fit. Figure 71 (bottom-right plot) shows the shift as a function of the 
shortestt B-decay distance. 

20.4.420.4.4 Preselection 

Eachh event contains about 20 to 80 tracks. Therefore, the number of all 4-track combinations 
iss very large. The preselection reduces the number of possible combinations for further event 
processing.. It consists of the following cuts: 

 Track fit  quality. Tracks with jf :<1000 are selected: 

 Particle ID. The particle identification system (RICH, calorimeters and muon 
detectors)) associates one or more identifiers to each reconstructed track with 
normalizedd probabilities. A particle ID can have three quality levels: 

-- consistent ID. i.e. the selected ID has the probability greater than 0.05: 

-- best ID. i.e. the ID has the largest probability: 

-- unique ID, i.e. all other possibilities are excluded by 5G. 

AA summary of the reduction of the signal and background events as a function of 
thee rejected ID-class combinations (those for \1\1 and KK) is given in Table 17. 
Trackss with consistent ID are selected. 

 Vertex fit  quality. Vertices JA|/, 0 and Bs with x2<200 are selected: 

 Mass window. A window of 0 MeV around the central mass value of the Bsis 

appliedd to (JA|/<j))-combinations. 

Figuress 72 and 73 show the distribution of selected J/v|/ and <&  candidates from the b-inclusive 
(background)) and sicnal events where in the latter case true candidates are selected onlv. 
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Figuree 71: Differences between reconstructed and generated positions of the primary 
vertexx are shown for the 18800 signal events before trigger selection. The center of the 
;-plott is fitted with a Gaussian (dashed line). The bottom/right plot shows the shift 
alongg the --axis of the reconstructed vertex position as a function of the minimal 
B-decayy distance. 

IDD option s 

consistent/best t 

best/best t 

best/unique e 

di-muo nn combinatio n di-kao n combinatio n 

tru ee (fro m JAj/ ) fals e tru e (fro m 0) fals e 

99 9 

91 1 

88 8 

unique/uniquee 68 

44 4 

13 3 

10 0 

6 6 

99 9 

91 1 

90 0 

69 9 

61 1 

7 7 

5 5 

1 1 

Tablee 17: Summary of muon and kaon selection by particle ID option. In the 
preselection,, those tracks are accepted which are consistent with a muon or a kaon 
(thesee samples correspond to 100%). 
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Figuree 72: Invariant mass of Figure 73: Invariant mass of 
selectedd di-muons. The peak is due selected di-kaon. The peak is due to 
too real J/t|i->rara decay and the other real (|)^KK decays and the other 
distributionn is due to b-inclusive distribution is due to b-inclusive 
eventss including all combinations. events including all combinations. 

20.4.5Decay20.4.5Decay vertex measurement 

Fourr track combinations which pass the above cuts are considered as Bs—»JA|/(|> candidates. 
Forr these candidates a vertex is reconstructed. 

Thee tracks are subjected to further quality cuts. The magnetic field makes that charged 
particless with p < 2 GeV wil l not exit the magnet or fall outside the acceptance. They wil l have 
aa reduced number of hits (less than 25 hits in the tracking detectors), large multiple scattering 
errorss and therefore lower pattern recognition efficiency. For this reason at least 25 hits are 
requiredd in the tracking detectors (hits in the vertex detectors are not included). Each four track 
combinationn must have at least 2 tracks with a minimum of 3 hits in the vertex detector. One of 
thesee tracks must be a muon. A cut. p > 2 GeV. for kaon tracks is introduced. For muons the 
combinedd momentum cut*' p(u.+)-p(|T) > 20 GeV: (see Figure 74) is more efficient than a 
separatee momentum cut. The momentum resolution for muons and kaons is 0.36% for selected 
trackk candidates with p>2 GeV. 

Thee 4-prong Bs-decay vertex should have 4 charged tracks associated with it which are 
identifiedd as muons and kaons. The 3D position of the vertex is found by a x2 minimization 
similarr to that used for the primary vertex reconstruction. Figure 75 shows the vertex resolution. 
Thee distribution can be represented by two Gaussians. a narrow one with a c of 115 |am and a 
broadd one with a O of 380 |am with respective weights 0.75 and 0.25. The broad Gaussian is due 
too multiple scattering of low momentum tracks and is correlated with the opening angle of the 
<))-decayy (see Figure 78). A substantial background rejection is achieved by a cut y}lND<3, 

**  (neglecting the muon mass M((i(i ) ~/:>(u+)-/)(u/H 1-cosa), where a is the angle between the two 
muonss in the lab-system. 
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Figuree 75: KKu.u - vertex 
resolution.. The distribution is the 
summ of two Gaussians, one with 
o=ll  15 urn, the second with 
G=3800 [lm (containing about 25% 
off  all events). No trigger 
requirementss are applied. 

wheree ND is a number of degrees of freedom. Figure 79 shows the x2 distribution for the signal 
andd background events. 

20.4.6Mass20.4.6Mass and momenta resolutions 

Thee invariant masses of (KK) . (|a|U) and (J/\\i<\>)  are determined after the 4-prong vertex 
selection.. Bs and J/y have normal mass distributions centered at the nominal mass values with 
aiuLi)=9-33 MeV and G(Jm) l=l 1.9 MeV respectively, see Figure 76. The mass resolution of the 0 
ann order of magnitude better than that of the J/y. The invariant mass of selected 
(KK)-combinationss follows a Breit-Wigner distribution with a width of 5.0 MeV. rather then a 
Gaussiann distribution. 

Forr events satisfying the 3ö cut on the J/y and Bs masses the momentum resolution of the 
Bs-candidatee is 0.24%. A further improvement of the momentum of the Bs-candidate is achieved 
byy applying a constrained fit to the vertex. The method of Lagrangian multipliers is used with 
thee Bs and J/y masses imposed as kinematical constraints. As a result the momentum resolution 
improvess to 0.1% for all four final state tracks and the B,. while the width of the 0-mass 
distributionn reduces to 2 MeV. see Figure 77. The major background in the KK-mass 
distributionn comes from YJn misidentification. It gives rise to a hieh mass tail. A cut at 
1.0755 GeV is applied. 

Sincee the inclusive cross section of ())-meson production is large in pp-interactions we require 
thee decay distance to be larger than 400 urn in order to reduce the background from prompt 
Ó-production. . 

Figuree 74: p{\x+)-p([i.')  distribution 
forr ttu-candidate. True J/\(/—>jaja 
combinationss (data points) and all 
combinationss from b-inclusive 
(histogram)) arc shown. The arrow 
indicatess the applied cut. 

Eventt  simulation and selection 102 2 



CPP violation in Bs^JAj/ o decay mode 

Figuree 76: Mass distributions for (a) JA|/o-and (b) U.U.- combinations after all selection 
cutss and Level 0-2 triggers are applied. 

ff  r = 4.6+0.2 MeV 

tt ) M= 1019+0.1 MeV 

f'' \ 

Figuree 77: KK-mass distribution for events with a 30 cut on the B., and JAj/ mass (in 
Figuree 76). Level 0-2 triggers are applied. 

20.4.7'Propertime 20.4.7'Propertime 

Thee proper lifetime of the Bs-candidate is given by x=LM/p, where L is the distance between 
thee primary and secondary vertices, p is the momentum and M is the mass of the Bs-candidate. 
Al ll  values used in the calculation of x, with the exception of the primary vertex coordinates are 
thee result of the constrained vertex fit. The distribution has a resolution of 31+1 /.v. see Figure 80. 
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Figuree 79: y- probability of the 
4-prongg vertex fit. Signal (data 
points)) and b-inclusive events 
(histogram)) are shown. The full 
probabilityy range is shown in the 
corner.. The background is 
normalizedd in such a way that the 
distributionss cross around the cut 
valuee of 1% (arrow). 

Thee bias in the z-coodinate of the primary vertex does not translate into a bias in the lifetime 
off  Bs-mesons. 

20.4.820.4.8 Performance 

Inn Table 18 we summarize the effect of the various cuts on the retention of both signal and 
backgroundd events.The overall efficience in selecting signal events is found to be 2.47c. 

Thee cumulative rejection efficiency of background events is found to be 6-10 7. Since this 
numberr is so small we cannot simply start from our sample of 430k events and apply the various 
cutss in succession. The number is therefore determined in a different way. Two methods were 
used.. The first one is based in the assumption that the cuts in Table 1 8 are independent. To proof 
thiss assumption the Pearson's x2 is calculated. For this 2x2 contingency tables are made which 
representt the effect of applying the the two cuts. A ~/_2 is determined from the contents of the 
tablee which tests the independence of two cuts. The two cuts are assumed to be independent if 
thee ^-probability is smaller than 1 c/c. This appeared to be the case for all cuts in Table 18. with 
thee exception of the first three, which therefore have been combined. 

Thee second method assumes that the invariant mass of JA|/<t>- and Lt|i-combinations for 
backgroundd events behaves linearly around the Bs and J/y invariant mass (see Figure 76). By-
takingg a large mass window around these masses the background under the Bs-peak can be 
estimatedd by using a scale factor. The two methods give consistent results. 

Thee resolutions of time and ancle measurements are given in Table 19. 

Figuree 78: 4-prong vertex 
resolutionn as a function of open 
anglee of <|>-decay. 
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Figuree 80: The residual between the proper lifetime reconstructed and the one 
generated.. Level 0-2 trigger requirements and all euts are applied. 

Selectionn requirements Signal, [fraction] 

Triggerr  selection (LOxLlxU) 0.031 

Numberr  of hits in tracking (98.3  3)x0.03 1 

Trackk momentum cuts 

ID-optionss (best/best) 

X~X~ of vertex fit 

3aa mass cut of Bs and JAj/-can-
didates s 

M KK << 1.075 GeV 

1 1 

1 1 

1 1 

1 1 

1 1 

bb^X ,, [fraction] 

0.023 3 

0.023x0.07=1.6-Kr3 3 

0.023x0.07x0.2=3.2-l(r4 4 

0.023x0.07x0.2x0.05=9.7-10"6 6 

0.023x0.07x0.2x0.03x0.22 = 1.910"6 

Decayy Length > 4()0um 1 ' 0.023x0.07x0.2x0.03x0.2x0.3 = 6-10'7 

Cumulativee efficiency (2.44  0.1 )10 2 6-10"7 7 

Tablee 18: Summary of effect of selection cuts on signal events normalized to the 
numberr of events passing the combined Level-0 x Level-1 x Level-2 triggers. The effects 
off  the same cuts is given separately for b-inclusive events. 

20.55 Statistics: signal and background 

Followingg the discussion of event production in Section 20.2 and the events selection in Table 
188 the expected number of signal events for one year of data taking is 80000. 

Wee now have to estimate the background to this number. To do so we have to generate a large 
numberr of inclusive bb-events. assuming (see Section 20.2. "Event production and selection") 
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Parameterr  x. fs cost9), xlO' 3 0, mrad costH*), xlO"- ' 

311 1 h 3 7 (5 lr/r) 
Resolutionn f) ) 

meann value 7.8 mean value 8.6 

Tablee 19: Resolutions of the Bs decay parameters. The statistics is given tor 1 146 true 
B s\\ events after triggering and event selection. The 9 and 4*  resolutions are fitted to the 
summ of two Gaussians as these angles correlate with the momentum. This is not the case 
torr the o-angle. where the resolution therefore is represented by a single Gaussian. 

thee contribution to the background from non-bb minimum bias events to be negligibly small. In 
practicee this turns out to be difficult as particular decay channels, which are expected to be a 
majorr source of background, have a very small cross section and would require non-realistic 
numberr of inclusive bb-events to achieve the desired sensitivity for estimating their 
contribution.. This is in particular the case for decays of the type B^J/V|/(n.|u)X and more 
specificallyy for Bd̂ >JA|/(ju\|a)K'(K7ü) and Bd^>JA|/(|in)Ks(7Ui). 

Inclusivee J/v|/ production in B-decays comprises three sources: BVB". B°/B(1 and Bs/Bs. The 
contributionn from the inclusive B+(B )—>JA|/X+(X") decay is negligible since in order to form a 
neutrall  final state X(1 we must combine two uncorrected charged particles which would have a 
veryy small probability to fall within the tight mass window for <J)^KK. In addition, the invariant 
masss of the JAj/X() combination wil l be much below the Bs mass due to missing momentum. 

Forr neutral J/\j/X° combination (from B°/B° and Bs/Bj this also holds unless the J/yX° is a 
genuinee decay channel and these X° constitute a combination that when assumed to be KK will 
havee a reasonable chance to fall within the mass window for a 0—>KK decay. This is the case 
forr K°-»7C7C and K*-»JtK. Contributions of Bd-»JAj/(M.u.)K*(K7i) and Bd-»JA|f(|i|i)Ks(JE7C) to the 
backgroundd are estimated with samples of 3400 untriggered events where the Bd falls within the 
6000 mrad forward cone. 

AA summary of the expected background from these sources is given in the Table 20, where for 
completenesss we have also given an estimate for the inclusive background rate B^J/\|/(u.u.)X 
whichh is extrapolated from direct estimates of Bd—>J/y(ji|i)K"(Kn) and Bd—»J/y(|iji)Ks(jni) 
decays. . 

Inn addition to the channels mentioned in Table 20. we have estimated the possible background 
fromm the Bs-*xw(yJ/\y)fy decay mode, which has a comparable branching ratio as Bs—>JAj/(b. Due 
too the energy associated with the photon the invariant mass of the mjKK-combination is -300 
MeVV below that of the Bs meson. This eliminates this decay as a possible source of background. 

Becausee of a possible underestimate of the contamination of kaons by pions the numbers in 
thee last column of Table 20 have to be increased by about 307c. 

211 Sensitivit y stud y 

Inn this section we discuss how we extract from the sample of Bs—>J/\|/(J) decays the relevant 
CP-violationn parameters and determine the sensistivity that can be achieved. Since the 
CP-violationn effect manifests itself through flavour asymmetry it is essencial to determine the 
flavourr of the B, at the time of its production. This can be done by tagging, which makes use of 
thee associated production of bb-pairs. The tagging efficiencies and the dilution of the tag 
becausee of mixing therefore enters into the sensitivity studies. 

Thee sample of single events left after applying the trigger requirements and the event selection 
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Channel l 

JWnn)<KKK) ) 

bbb -> X (4jr) 

B->JAF(mj )) X 

Bd-*J/4'Gin) ) 
KK  (TTK) 

K s(7T7l) ) 

Cumulativ ee Branching 
(normalizedd to bb in 4p) 

t ' s x B r ( B ^ J / ^ )x x 
B r (J /T^^ pp.) x Br(cMKK) = 
0.111 x9 .3- l ( r4x 0.06x0.49 

== 3-itr6 

1.0 1.0 

(t;; + td)xBr (B^J /H/ X) x 
Br(J/H'->uu.)) = 0.51 x 0.016 
xx 0.06 - 5-10"* 

f j xB r tB j - ^ /M 'K^ x x 
Br(J/y->> \i\x) x Br(K%7iK) 
== 0.4x 1.35-10"3x0.06x 1.0 
== 3.2-10T5 

f dxBr(Bd-»J/H'Ks)x x 
Br fJ /H^^ \x\x) x Br(Ks->7t7i) 
== 0.4 x4.45-10"4x 0.06 x 
0.699 = 7.4-W6 

? L 0 X X 

f [ , i x x 

£|.2 2 

0.031 1 

0.023 3 

0.03 3 

0.038 8 

0.025 5 

eRK C C 

0.76 6 

3100 s 

<0.011 1 

<().011 1 

<0.011 1 

Off-lin e e 
statis--
ticss per 
year r 

80000 0 

-10 0 

<850 0 

<66 6 

<15 5 

*B/S.*B/S. % 

0.01 1 

<1 1 

<0.1 1 

<0.02 2 

Tablee 20: Statistics collected using Level 0-2 triggers and reconstructed in one year. 
Thee signal decay mode is highlighted with bold box. Number of B-mesons produced in 
4jrr within one year is 1.I21012. Inclusive bb^X are generated within 4K. We assume 
thatt our selection cuts have 100% correlation with Level-3 trigger and therefore no 
furtherr reduction of off-line statistics will be observed. 

criteriaa is so small (1147 events) that we cannot use it for determining the sensitivity. We 
thereforee have generated a sample of 80000 events, corresponding to the expected annual 
statistics,, without doing the full reconstruction and parameterizing the detector performance 
(e.g.. acceptance). The background is assumed to be negligibly small following the results of the 
backgroundd analysis discussed in the previous section. 

Thee sensitivity analysis is done in two steps: 
 in the first step, the decay constants. T and AH and the relative contribution of CP+ 
andd CP- components to the decay rates are measured first. This fit does not require 
flavourr tagging, therefore the whole selected sample is used: 

 in the second step the values determined in the first step are used to extract the 
weakk phase. 8y. from the tagged sample. 

21.0.121.0.1 Acceptance 

Thee lifetime and angular distributions are affected by the geometrical acceptance and by the 
triggerr and other selection criteria. These effects are taken into account with an acceptance 
functionn which depends on the proper lifetime of the Bs and its decay angles, i.e. 6. <f> and H7 (for 
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thee definitions of the angles see Figure 84, Appendix). The acceptance function can be 
factori/.edd as: 

A{x,A{x, cose. 0. cos¥) = M(T)-4(cos9)->\(<l))-/ l(cosvP) 
A(T)) is parameterized by: 

A(T ) ° CC '—, (45) 

11 +(ciTY 

Thee «-parameter is equal to 2.1+0.1 ps1. The angular acceptances A(coxQ). A{$) and/Hcos^), 
aree constants. 

21.11 Determination of T, Ar  and CP+ and CP- decay rate contribution s 

Tablee 22. in Appendix A. shows that the Bs—>J/\|/cp decay is sensitive to the decay parameters 

off  the mass-eigenstates of Bs through the time measurement alone. In the absence of flavour 

informationn at the time of production the time dependence is given by RHe "T + Rt e~ 'T . The 
helicityy structure of the decay and a simultaneous analysis of the T and cos 6 dependence allows 
aa more precise measurement of the two components. After integrating out the helicity angles 
andd leaving only the time i and cos 8 dependence we can write the decay rate in the following 
form: : 

== *"<° > / 7 7 rV <] + c o^ 9 ) + 2*. "\ 1 - cos-6) l (46) didcosQdidcosQ " \RH(i)) 

Dataa were grouped in two dimensional (0. T(-histogram bins with Ntj the number of events in 
thee bin U,j)=(ij.  cosGy). The predicted values in bin (ij)  are a functions of V, A r and 
RRLL(Q)/R(Q)/RHH(Q)(Q) = R, i.e../;;(r. Ar . /?). are given by equation (46). The x2-function: 

22 (fi.(r,Ar,R)-N..)2 

wass minimized using MINUIT . The bin size is determined by the requirement to have a 
non-zeroo count in all bins. This leads to a bin size which is 5 times larger than the resolution of 
both,, time and 6. measurements. A large number of "experiments" was simulated each 
correspondingg to one year statistics making it possible to optimize the minimization procedure. 
Figuree 81 shows the angular distribution produced in one "experiment" in different proper time 
intervalss (T/TBS) assuming R - 0.15*'. The angular dependence changes a function of T/TBS. 

Thee x2 function is found to have the expected parabolic behavior around the minimum. This 
behaviorr is observed for data samples as small as 6-10k events. With lower statistics the errors 
becomee asymmetric. 

Twoo different fits were performed, one with the assumption that V. the mean decay width of 
Bs.. is known and another one where F is assumed to be unknown. The results are presented in 
Figuree 82 and Figure 83 respectively. From this we conclude that LHCb can measure A r with 
aa relative accuracy down to 0.036 for R=()3 and 0.051 for /?=(). 15 within one year of data taking. 

)Thee /?-parameter is estimated to be equal to 0.1-0.5 [49]. For the calculations we used the 
J/yKK decay form factors and assumed SU(3)-Havour svmmetrv. 
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Figuree 81: Cos(9)-dependence for several x/xn intervals. Points (crosses) reflect 
"experimental""  statistics collected in the T/lB-bin as a function of cos 9 assuming 
R=0.R=0.15.15. Curves represent the fit result. 

Noticee that the error increases for increasing R when T is fixed, while it decreases when the 
meann decay constant. V. is measured. This behavior is due to correlations between the 
parameters.. The T-Ar correlation is the strongest and negative when the V is free. The R-AV 
correlationn is also negative but weaker. 

Possiblee systematic effects due to the acceptance of the detector (a 10% change of «-parameter 
inn eq.(45)) and due to normalization contribute to the error values at less than the 1% level. 

21.22 Determination of the weak phase, 5y 

21.2.121.2.1 Formalism 

Forr the moment no systematic studies of the tag performance have been done, therefore we 
assumee the average performances used in the Technical Proposal. Assuming a tag efficiency 
equall  to 0.4 reduces the effective statistics of 5 years to 160000 events. The wrong tag fraction 
iss 30%. 

Thee analysis of the tagged sample considers the measurement of the proper time only. In order 
too cancel first order effects due to detector acceptance we intend to measure the time dependent 
asymmetriess of both. Bs and Bs. decay rates. The time dependent asymmetry is given by: 

RR AX)-RTAX) 

ASY/IHX)ASY/IHX) = -i- =4 (48) 
RR Ax) + R Ax) 
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Figur ee 82: Estimates of' errors in \\=M~, F. (a), and R. (b). using the annual off-line 

statisticss of Bs —> JA|/(u.u)<t>(KK). The mean decay constant. Ts. is assumed to be 

known.. The inclined line in plot a) is the line ys=3Gy The error bars follow from the 

distributionn of the errors o, and aR obtained in 300 "experiments" each with a number 

off  events corresponding to the annual statistics (80000 events). 
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Figuree 83: Same as Figure 82. howeverr with the mean decay constant. Ts. a free 
parameter. . 
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wheree R, and R, are the decay rates at time T: 
V a , l u'V V 

A y i ) -- e 

RAT)*RAT)* e 

ATT T , ]-R AVzAVz \ R 
cosh—— 2  -cos2Sy sinh — -s in28y  sin Ami  i (49) ) 

ATT T „ 1-/? A r ii  i — /e . 
cosh—— 2  -cos28y  sinh—— + -s in2Sy  sinA/HT 

21.2.221.2.2 Fit 

Thee fitting procedure uses the Likelihood method. An event by event probability P, is 
calculatedd as a function of the measured proper lifetime T,, the corresponding time resolution 
ST ... physics parameter is the weak phase 8y. the wrong tag fraction cotac and the detector 
acceptancee Aft): 

i i 
V-T.) V-T.) 

dr. dr. 
,, 8T. 

P.(5y.P.(5y. i.. ST.) = f/?(8y, cot ,t)A(t)^-e ' 
ll  l I J ' tag 27T8T. 

t=0 0 
Thee Likelihood is determined as: 

A' ' 

L(8y)L(8y) = - X log^.(Sy,T;,8T,) 
// - 1 

andd is minimized as a function of 8y. The tagging parameters are assumed to be known as well 
ass the results of the first stage fit. i.e. T. AF and R. 

Thee event sample contains 50% Bs-mesons and 50% Bs-mesons. In order to simulate the 
mistags.. the flavour value was randomly swapped with a co, probability. Background was not 
includedd because of its small value. It was accounted for by means of a single 
factor:: f BC = 11 + Rg/S , where R[i/S is taken from the Table 20. 

Thee fit results are presented in the Table 21. The Sy resolution deteriorates with increase of 

xxss = Am/r 

Z?=0.05 5 

/?=().. 15 

R=()3 R=()3 

G(8y).. x 10 2 

ö(Öy),, x 10 : 

G(5y),, x 10": 

10 0 

0.4 4 

0.5 5 

0.7 7 

20 0 

0.5 5 

0.6 6 

0.9 9 

30 0 

0.6 6 

0.7 7 

l.O O 

Tablee 21: Fit results of öy weak phase. 5 years statistics and AI7r=0.15 are 
assumed. . 

oscillationn frequency Am/r due to limited vertex resolution. By making the resolution absolute 
(vertexx o is zero) the dependence is removed. Deterioration of 8y-resolution with increasing R 
iss due to the factor (1 -R)l( 1+R) in front of sin25y in expression (49). 
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21.33 Systematic effects 

Inn the determination of Sy we have to use the measured values of P. AI~ and R as determined 
inn 21.1 from the CP+ and CP- decay rates and the measured value of the asymmetries Asym. 
Systematicc effects in these measurements have to be properly understood and controlled. In the 
followingg we discuss the possible effects of the errors on the value of Sy: 

 The 5y determination is practically not affected by an error in I~ as it cancels in the 
expressionn for the asymmetry. (48). 

 The relative error in AV is expected to be about 0.01 after 5 years of data taking, 

withh a corresponding error on Sy of I0"4. 

 Also the error on R will be of the order of 0.01 with a corresponding error in Sy of 

aa few times 10"4. 

Thee error on As\m requires a more extensive discussion. Following reference [X] the observed 
flavourr asymmetry. Avyw„ /)S(T). can be written as: 

(11 - 2 o ) ) / ? - - ^ (l -2<n)R 
A.sxmA.sxm ,, (T) - =2 (50) 

RR + ^R 
./e e 

Thee rates, R and H, are defined by formula (49). co (co) is the wrong tag fraction in the flavour 
(anti-flavour)) sample, ///'is the ratio of anti-flavour/flavour production and e (e) is the detection 
efficiencyy for tagging particles with a positive (negative) charge: 

 A ratio ///'different from one is due to the fact that B-mesons have in the average 
largerr forward momentum than B-meson and therefore have a bigger chance to 
escapee in the beam pipe. Our simulation shows that this leads to ///=1.005. The 
errorr on this value is estimated to be few times 10"3 for one year statistics: 
Thee detection efficiencies for K+ and K" are not equal, because K+ and K have 
differentt absorption probabilities in the detector material. The effect is small but 
nott negligible. Calculation indicates that e/e=1.04. with an error of 0.01 because 
off  the uncertainty in the ratio of the cross section for K+p and K"p. 
Ann error on the combined ratio ft/ft off). 1 would lead to an error in Sy of 0.01. We 
expect,, using control channels, like B+^JA|/K+ and Bd—»JA|/K . that the error 
A(/£//£)) wil l be of the order of 1(P and accordingly would lead to a negligible 
contributionn to the error of Sy. 

 The wrong tag fractions co and co are about 0.3. The error on this value should be 
lesss than 0.02 in order to keep the error on Sy at the level of the statistical error. 

We.. therefore, conclude that systematic effects wil l have a very small effect on the 
Sy-measurements.. As discussed in Chapter 1 the SM predicts that Sy is less than 0.05 
(CL=959r).. Accordingly the LHCb experiment will be able to detect new effects at the 5a level 
afterr 5 years of data taking. 

Itt means that the LHCb experiment wil l be able to detect new effects at 5a within 5 years. 

222 Summar y 
Wee discussed the analysis of the decay B, -H> J/v|/((i(i)0(KK). A detailed simulation of the 

LHCbb shows that the detector measures the momenta of the final state particles very precisely. 
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Thee mass of the JA|/. 0 and Bs mesons can therefore be determined with very high resolution. 
Thee invariant mass resolution of the B, and JAj/ is 12.1 MeV and 9.3 MeV. respectively. The 
masss resolution of the <t> is small compared with the natural width (T=4.4 MeV). The vertex 
detectorr provides a measurement of the proper lifetime of the Bs with a precision of 31 ps. The 
excellentt particle identification provided by the RICH and the high precision vertex 
determinationn given by the silicon detector allow a clean selection of the Bs-candidates with a 
backgroundd contribution at the 17c level. 

Thee annual statistics of 80k of untagged and 32k of tagged events allows the measurement of 
thee parameters of interest (T. AT. R and 5y). The relative error in the decay constant. GtTl/r. is 
typicallyy less than 89J- depending on the /^-parameter. For R>0.\5 this error is better than 27c. 
Thee relative error on Ar  can be determined down to 3.7-5r/r depending on the value of R 
(0,15-0.3).. The determination of R is possible with a precision of about 0.01-0.02. 

Itt is finally possible to extract the weak phase, 5y, by an analysis of the Bv-lifetime distribution. 
Severall  possible systematic effects are considered: production asymmetry, tagging efficiency 
andd mistag rate. Their influence on the final result is small. Effects beyond the SM can be 
detectedd after 5 years of data taking. 
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APPENDIX:: A Rates formalism for 

BBss-^JA\f(ll)$(KK)-^JA\f(ll)$(KK) decay 

Thee B^—>JA\!(ll)b(KK) decay is determined by a few decay angular 
distributions.. In this appendix we derive the spin amplitudes of this decay, the 
correspondingg angular dependencies and their time dependence. The weak 
phasee of the CKM matrix, which is believed (by Standard Model) to be the 
sourcee of CP-violation. affects the time dependence of the angular 
distributions.. This is also discussed in this appendix. 

233 Angular  dependence 

23.11 Decay amplitude 

Thee Ss—>7A|/(f) decay rate as a function of the decay angles has been derived in reference [15] 
usingg polarisation amplitudes similar to those employed in QED for the description of the decay 
7tw—»yy.. Here, we show a derivation following the ideas and guidance of [50]. where the helicity 
formalismm is employed. This technique is well described by Suh-Urk Chung [51]. In the 
followingg we use the notations and conventions of his paper. 

Thee fis is a pseudo-scalar particle (Jp=0~) decaying into two vector particles. JA\f and (J), both 
withh quantum numbers Jpc = l"", 

Thee angles of the decay products of fis, JAy and §, are measured in their respective rest frames. 
Thee following notation is used: 

Q=(9.(p)) - the decay angles of Bs: 

£2y-(8v.(pv)) - the decay angles of JAy—>ll; 

Q(D=(60.(p(j))) - the decay angles of §—>KK. 

wheree 0, is the polar angle between the direction of flight of the decaying particle and the axis 
determinedd by the decay products and (p, is the azimuthal angle (see Figure 84). The decay 
amplitudee is a function of (cp^-cp^). Since the /?, is a scalar the Q distribution is isotropic. 

Thee Bŝ >JAy( 11 )§{KK) transition amplitude can be described as a product of three decay 
amplitudes: : 

MM = ( n6 , 0 , 0 | ró | l , / ; i ( b ) - { Q 4 „ l / 2 , l / 2 | rv | l . m¥ ) - < Q, l , l , ^ , - ^ | r | 0 , 0) (51) 

wheree the hist (most right) amplitude describes the #s-decay into the spin-1 particles. JA\i and (b, 
withh helicities X  ̂ and A.0. respectively, when the helicity axis is the J/y direction of flight. The 
correlationn between the polarization of the JA\f and of the <j> states is taken into account by these 
helicityy indices. The other two amplitudes describe the sequential .//ty—»11 and 0—>KK decays. In 
allall three amplitudes, the spin index in ]/) is canonic, while in (/'| we use the helicity indices. By 
aa judicious choice of the axes the canonic spin projections and the helicities of the JA\f and <\>  can 
bee made equal, i.e. m0=X0 and /«u=Av. 
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Ratess formalism for  Bs->JA|/(ll)<t>(KK ) decay 

Figuree 84: Definition of angles of the Bs—>JA|«|) decay and the subsequent JA\f^>\\ and 
((>-*KKK decay. The angles are defined in the rest frames of JA]f and cfi at the point of their 
decay. . 

B^-decay B^-decay 

Thiss amplitude is isotropic: 

<Q.. 1. l\,-\\TB\0,0)~A°KK-D°OK + K*{n)  = A ^ - D ° 0 * ( Q ) (52) 

wheree the last equivalence is due to the fact that Ax = 0 for X *  u. Therefore. 
X^,X^, = -Xé - X. where X, = . The A-f-A can be expanded in partial waves using the 
recouplingg coefficients between helicity and canonical states: 

,00 «00 «11 «22 .0 «00 5 

(53) ) 
00 «00 «11 «22 

" 1,~11 73 72 76 
wheree a;; are partial amplitudes. 

j y -decay y 

Thee JAy decays into two leptons each with spin-1/2. The spins of the leptons are aligned along 
thee direction -p0/jp0| in the rest frame of the JA\f. There are two amplitudes with a helicity sum 
equall  to zero and two other with a sum equal to : 

(Q,,.. 1/2. 1 / 2 1 ^ 1, m T > ~ A ^ + D ^ _ ^ a j O (54) 

wheree u  = 2 is the helicity of lepton. Only two amplitudes have to be considered. A 1 / 2 _1 /2 
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Ratess formalism for  Bs->JA|/(ll)(t)(KK ) decay 

andd /A. | . i | . since the JA\f—>ll is an electromagnetic decay and C-parity is conserved. 

o-decay y 

Thiss amplitude is the most simple, since the d> decays into two scalars: 

<n0.. o. o|r0|i, m0) - AIU)I)I K{;\Q0) ~ y;'-(n 0) 
wheree mó - Xó - -X. The A(){) is omitted in the final expression because it does not carry any 
helicityy information. 

FullFull angular distribution 
-i -i 

Thee B^JA\f(II)§{KK) decay rate is proportional to \M\~ : 

\M\\M\22 = S M>*M\ :55i i 
- I . I ) ) 

andd . therefore we can write: 

,oo "  A , , A ' * ^ l * , J 

Withh our definitions the rate is a function of the helicity angles ((p/r8/,) shown in Figure 84 for 
both.. JA]f and 0. particles. The standard formalism |15] makes use of transversity angles 
(<pT.9Tf'.. It has been proven [50] that the CP-eigenvalue of the final state is given by the 
transversityy as (-1 )T. The transversity frame, therefore provides a natural theoretical framework. 

Thee transversity axes relate to the helicity axes as: (xirxh,zh)^>(\\. - : r -.YX). The transformation 
iss therefore a rotation R such that: RQT=£lh. This operation can be done in two steps: 
JJ An/2) - i v { -7 i /2 ) . By rotating Qh around its y-axis and then around the --axis we therefore 
obtainn UT. t he amplitude can be reexpressed in the new angles with the formula: 

(57) ) 

ö,L«P,,e/l)== X ölu("4°H I -«Prer -q)T) 
kk  = 0. = I ~ y 

Applyingg the CP operator to amplitudes Af-f (in Equation 53) we see that the helicity 
amplitudess with  have no definite CP-value. while their linear superposition is 
CP-invariant: : 

AA +A A -A 
+++ " = An — - = /\, (58) 

wheree An and A  ̂ are CP-even and CP-odd states respectively. Comparing with (53) we notice 
thatt An can be expanded into S and D-partial waves and A  is proportional to a P-wave. 

Substitutingg (57) and (58) into (56) we find the angular dependences corresponding to each 
polarisationn amplitude. They are summarized in Table 22. The angular dependence is 
normalisedd to satisfv \A,,\' + \A : |~ + \A,<\~ - 1 . 

)Thee transversity. I. is a projection ot the JA\f spin onto the axis perpendicular to the JA\I 
momentumm and to the decay plane of the Ó. 
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11 Time dependence 

1.11 Time evolution of state ampli tude 

Thee state of a B-meson at time t=() is determined by the production mechanism of this particle. 
Thee dominant mechanism of b-production involves the strong interaction. Consequently, the 
neutrall  B-meson has a definite flavour at the moment of its birth. Subsequently (t>0) the initial 
flavourr has a chance to flip. i.e. a transition with AB-2 may occur. The reason for this is the 
presencee of the charged weak interaction, which is not flavour conserving. The presence of two 
interactions,, where one is relatively large (strong interaction) and the other is small (weak 
interaction),, necessarily leads to a two-level quantum system where mass splitting must take 
place. . 

Thiss phenomenon is described by considering the time evolution of the #-state in its general 
form: : 

«(nlflVfc'JlflVX^nl/,) ) (59) ) 

wheree \B ) and \B ) are eigenstates of the Hamiltonian including only strong interaction. Hs. 
andd \ft) are all possible decay final states. The weak interaction is such that H^«HS. therefore 
withh the Wigner-Weisskopf approximation: 

 </(()).£(())>() and c,(())=(), 

 the times under consideration much larger than the typical strong interaction time 
scalee and. 

 weak interactions between final states negligible. 

wee can use perturbation theory. It can be found [52] that the the ^-states decouple from the final 
statess (a(t) and b(t) do not depend on c(t)) and the time evolution follows a Schrodinger type 
equation: : 

dt\b(t)) dt\b(t)) MM2]2] My 
++ i 

r„„  r i : 

wheree M and V are the mass and decay matrices: 

M M ,,, = »i„8 yy. + <i|//w.|y> + X / , ( 
(i\H(i\Hww\n)(n\H\n)(n\H ww\j) \j) 

(60) ) 

(61 1 

r vv = 27i£o<™0 -En)(i\Hw\n)(n\Hw\j) (62) 

Inn order to describe the time evolution of the B-meson we should start with a definition of the 
B-mesonn states. The flavour eigenstate of the meson (B and B~ ) can be defined as a linear 
combinationn of mass eigenstates: 

lplp "  2q '• H-H-

orr inversely: 

gg = pB + c/B B = pB-qB 
LL ' ~i i  H ' ~ --, 

>iP~>iP~ + <f NP~ + q~ 
Thesee equations are true at any time, therefore, the state amplitudes of B and Z? evolve as: 

(63) ) 

(64) ) 
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Ratess formalism for  Bs—>JA|/(I1)0(KK ) decay 

\B(t))\B(t)) = 'H\ + i/ (\BL(t)) + \BH(l))) 

\B{t))\B{t)) = {\BL(t))-\BH(t))) 

(65) ) 

Sincee Bj and BH are mass cigenstates they each have a definite mass and decay constant: 

18,(0)) - | f l , { ( ) ) > e x p \ - i " i L t - —\ 

\B\BHHU))U)) = |S„(0)>exp \-i»rHt- — \ 

Substitutingg (66) into (65) but expressing BL and Bn in terms of B and B we find: 

(66) ) 

(67) ) 

^( |# (0) ) -^ {<) )>)exp< < 

and d 

fV V 

-- ^ > « » > - r*«>)>)exp| - imHt - ^ 

Afterr a littl e rearrangement we obtain the formula for the time evolution of the /?(ÖJ-meson 
state: : 

|fi(0)) = |fl(0»tf+(O + i|fl(0)Xt,'.(O 

\B~it))\B~it)) = ^|B{0))jEf (O-|B(0))l t f +(/) 

(68) ) 

where. . 

r r T// / *V V 
£+ ( 00 = - ; e x p j - / H J i r - ^ ~ ^ + e x p ^ - / w / / r - — 

. rr  i 
<?.(0 0 V V exp<̂ ^ - imLt - — \- exp - //»„ / - — 

f V V 

1.22 Time evolution of transition amplitudes 

Thee measurement of the fls—>7A|/(7/K!)(KK) decay includes the tagging of the flavour at 
productionn and the determination of the relative contributions of the CP-components at the 
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Ratess formalism for BŜ JA|/(11)(MKK) decay 

fi-mesonfi-meson decay tune. The decay process is described by the transition amplitude from the initial 
statee \B(t)) (or \B{t))) into the final state ( / ] . 

We_considerr a neutral final state with definite CP. The corresponding amplitudes are At=(f\B) 
andd Af=(f\B). Using these notations and (68) we find: 

AAff(i)(i)  = Af(0)s+(t) + ^Af(0)fi.it) = (69) 

AA((it)it)  = F(A(iQ)f>_it)  + ÏA (0)i ï f + (o) = 

wheree c,fp is the CP-eigenvalue of (ƒ] and r\t'\s an observable and is a complex number. These 
expressionss do not include any assumptions about the structure of the transition amplitudes. A,. 

Assumingg [10] the validity of the description of the 5s-decay in the Standard Model we can 
writee the ratio of decay amplitudes as follow: 

TT £ r/ncp-'cpa'cp-'cplfi) y y,(f\o!\B) 
^^  = g./ = »-'- = y ^2 . / =  - eCPn (70) 
PPAAff P I r](f\0'\B) * ' P X v](f]&\B)  ~ * ' n / ( * 

jj  = " .  / = / / , <

Heree <37 are operators, which define the four quark interactions in the effective Hamiltonian of 
thee b-quark decay and v, = Vj"Vjh. where VI; are the elements of the CKM matrix. The effective 
Hamiltoniann of the fi-decay has only two operators, which correspond to 6—>c and b^u 
transitionss ': 

HHeüeü(AB(AB = -\) = (//eff(Af l = + l ) ) ' = -£ Y v.O1 

hh . *—*

Onlyy one diagram (J~c) is present in case of Bs->7A|/0. This assumes a negligible contribution 
fromm penguin diagram. In addition. vc is almost real (the Wolfenstein parameterisation of CKM 
uptoo 0(?L4) gives a real value for VL.s*V t.b). Therefore, to a good approximation no CP-violation 
inn the decay is expected within the SM. A non-zero CP-violation effect however is expected 
fromm mixing. Its magnitude should be very small (|q/p|~l-l()"3) [53]. however, the phase of the 
correspondingg CKM-factor. arg(VtK/V tb)-arg(VCs"V cb)=5y. can be observed: 

~~pApA--ff = £ƒ nf=c,f e =qf e (71) 

andd is predicted by the SM to be below 0.05 (CL=95<7c). Now we are ready to write down all 
combinationss of amplitudes given in Equation 69: 

:)Thee rates involved the FCNC (Flavor Change Neutral Currents) are very small. Any not 
accountedd by the theory contributions will show up in this place. 
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A-it)A-it)  At(D = O-

A-A-tt(D-(D- A,ii) = 

p-;; j  ,4,(0)  ,4/(0) x J \^\2 + l\ Px\ , • i_x+ + q- ' \ -  six. + c,(/r\ t • ty\) • \s+\2 

Usingg equations. 71 and 72. we can derive all explicit time-dependences. The results of these 
calculationss are presented in Table 22, which summarizes the angular and time dependencies in 
thee binomial form: 

y?(/.e.(p,4')) = ^f-<- ' 'X^ / ' f e . cp .4M{ /> ( / ) +:r/-';(/)}. (73) 
-- tl 

where<// are row indices. 7 is a flavour value 7'-+l for #s and T=-1 for Bs. Tand U indices denote 
taggedd and untagged parts, i.e. the flavour dependent and independent ones. Here we used the 
assumptions: : 

:: 1. (74) 11 l \ A "'t  I / ( Ö . - Ö I 

A-AA-Aff = ^ - .A , ] *  ' : 

Fromm r\t = r\^- r||j = ei26y follows 1 + | r | j: = 2 and 1 - \r\\2 - 0. 
Wee further use the notation: 

rr  = 0 Ar = r / _ - r / / (75) 
Inn order to fit the experimental results to the formulas in Table 22 and Equation 73 we must 

retainn two independent strong phases: 

ÖNN - 50 = 5, 5 - 5 ( ) = 5z 5^-5,1 = 0 , - 5 , . (76) 

Thee other parameters are 

"I JJ = r, jili ! = r, 5y Sms (77) 
| '4o'' \Ao 

wheree 5y is the weak phase and Ams is the flavour oscillation frequency. 
Thee following features should be noticed: 

 the flavour dependent part F, contains an oscillatory term. .vmAms/. The weak 

phasee enters through the term sinlby. or c^.v25y in the two interference terms: 

 in the flavour independent part F,-\hc weak phase enters through the term cy>v25y. 

.v//?25yy in the two interference terms. 

 the strong phases enter the formalism only through the interference terms. 
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Summary Summary 

Thee Standard Model (SM) provides the framework for a possible violation of CP-symmetry in 
thee decay of neutral B-mesons. In the SM the Lagrangian describing the non-leptonic decays of 
B-mesonss contains a 3x3 weak quark mixing Cabbibo-Kobayashi-Maskawa (CKM) matrix 
whichh includes an imaginary phase that may result in CP-violation. Since the off-diagonal 
elementss of the matrix are small it is possible to use a simple parameterization, the so called 
Wolfensteinn parameterization, of this matrix. The CKM-matrix can be visualized in the form of 
triangles,, the area of which is a measure of the size of the CP-violation. 

Measurementt of the three angles of the triangle either confirms the SM explanation of 
CP-violationn or when not adding up to 180° indicates that there is a non-SM contribution to 
CP-violation.. An independent measurement of the three angles therefore is a consistency check 
inn the SM or inversely a probe for theories beyond the SM. 

Thee B-meson system is particulary sensitive to such effects but needs high energies (in 
pp-interactions)) and high luminosities to collect sufficient statistics in the decay channels of 
interest. . 

Thee LHC offers the opportunity to do these measurements. At a pp c.o.m. energy of 14 TeV the 
crosss section for bb production amounts to 500 jub. With a luminosity of 2-1032 cm-2 s"1 - below 
thee maximum luminosity of 1034 cm 2 s'1 - about 1012 bb pairs wil l be produced in a typical 
runningg year of 107 seconds. In order to use this large number a well designed experiment is 
neededd with an efficient triggering and data acquisition system. Since most bb pairs are produced 
inn the forward direction, the angular acceptance can be restricted to a forward cone of 300 mrad 
openingg angle. 

Inn Chapter 2 the LHCb detector is described. The detector is optimized for high precision 
studiess of CP-violation. An overview is given of the various detector elements and their expected 
performance,, the event selection criteria and corresponding trigger algorithms and the DAQ 
system.. The trigger includes at Level-0 a pile-up trigger which tags and rejects bunch crossings 
withh multiple interactions. 

Chapterr 3 represents results of a test of the prototype silicon detectors. It describes the data 
analysiss and compares the results to a MC simulation. The performance of the silicon detector is 
accuratelyy reproduced by these simulations. This justifies the extrapolation of the results to the 
expectedd experimental conditions at LHCb. 

Inn Chapter 4 a detailed description of the Level-0 pile-up trigger is given. This is an important 
contributionn to LHCb and therefore important topic of this thesis. Since a good performance of 
thee detection for B-meson studies requires that a bunch crossing contains only a single 
interaction,, it is. for optimization of the B-event yield, important to have a fast detection and hfgh 
rejectionn probability of multiple interactions in a bunch crossing. It is demonstrated that the use 
off  the pile-up trigger can increase by at least 40% the data collection efficiency of the experiment. 

Ann analysis is given of the various strategies that are considered for designing a pile-up tri"ser. 
Thesee include the measurement of the event total energy, detection of time of flight clusters and 
searchingg for interaction point. The search for interaction vertices appears to be the most simple 
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andd easy to implement strategy. It requires a special extension of the vertex detector upstream 
off  the interaction region. 

Implementationn details require a study of the response of the algorithm to varying 
characteristicss of the silicon detector, the readout chain and the algorithm itself. It is shown that 
thee trigger performance is stable giving almost no limiting implementation requirements. 

Thee performance of the pile-up trigger has been studied as a function of the luminosity using 
aa parameterization of the performance of the Level-0 high-pt triggers. 

Thee pile-up trigger can also be used to monitor the luminosity. This is described in Chapter 5. 
Thiss is done by identifying the number of interactions per bunch crossing. The measurement of 
thee luminosity leads to a better control of the data acquisition process and makes possible the 
measurementt of absolute branching ratios of decays. The analysis method used for the 
luminosityy monitor is described and its performance is studied as a function of luminosity. The 
sourcess of systematic effects and their correction are discussed. 

Inn Chapter 6 we study the decay BS->J/T(|UH)<|>(KK). Within the Standard Model this decay 
providess a clean way of extracting the weak phase, by. 

Thee study of simulated Bŝ J/T(U|a)(t)(KK) data includes an estimate of event yield and of the 
background.. It is shown that within 5 years of data taking LHCb will be capable to observe 
possiblee CP-violation effects beyond the Standard Model. 

Thee pileup trigger project was initiated by the author and on the basis of results described in 
thiss thesis accepted by the collaboration and included in the Technical Proposal of the LHCb 
experiment.. Also the ability of the experiment to measure the weak phase öythrought the decay 
Bŝ j/Hl(jijLt)())(KK )) was included in the Technical Proposal and was presented at the 1999 
CERNN Workshop on "The Standard Model Physics (and more) at the LHC'. 

127 7 



Samenvatting Samenvatting 

Ditt proefschrift geeft een beschrijving van een aantal voorbereidingen voorde LHCb. De LHCb 
iss een experiment, dat metingen /al verrichten aan schending van CP-symmetrie bij de nieuw te 
bouwenn proton-proton versneller op het CERN. Het Standaard Model (SM) levert het kader voor 
dee beschrijving van de schending van CP symmetrie. De Lagrangiaan. die /wakke vervallen van 
quarkss beschrijft, bevat namelijk een 3x3 quark-mengmatrix. De/e matrix, de 
Cabbibo-Kobayashi-Maskawaa (CKM) matrix genaamd, kan een complexe fase bevatten, die 
ervoorr kan zorgen dat CP-symmetrie geschonden wordt. De CKM matrix is een unitaire matrix, 
waarvann de niet-diagonale elementen klein zijn. De unitariteit leidt tot relaties tussen de 
elementenn van de CKM matrix (en zijn complex geconjugeerde). Deze relaties kunnen worden 
gevisualiseerdd in de vorm van driehoeken. De grootte van de drie hoeken van de driehoeken 
kunnenn door metingen aan vervallen van deeltjes en de daarbij optredende CP-schending worden 
bepaald.. Binnen het SM vindt men de grootste effecten van CP-schending bij de vervallen van 
mesonenn die b-quarks bevatten. 

Verschillendee vervallen kunnen informatie leveren over de drie hoeken. De unitariteit van de 
CKMM matrix vereist dat de som van de drie hoeken in de driehoeken 180 graden is. Meetbare 
afwijkingg hiervan betekent een bijdrage aan CP-schending van buiten het SM. Om B-mesonen in 
voldoendee aantallen te maken om de verwachte kleine effecten in enkele vervallen, die zelf kleine 
vertakkingsverhoudingenn hebben, te kunnen waarnemen zijn proton-proton (pp) botsingen bij 
hogee energie en hoge intensiteit (of luminositeit) nodig. De nieuwe pp-collider, de LHC, zal 
protonenn van 7 TeV op protonen van 7 TeV botsen. Bij deze energie is de werkzame doorsnede 
voorr produktie van paren van b en anti-b quarks van de orde van 500 microbarn. Dit betekent dat 
bijj  een luminositeit van 21032 cm"2 s"1 (ruim onder het maximum van 10?4cm"2 s') 1012 />anti-/? 
parenn per jaar geproduceerd worden. Om dergelijke grote aantallen aan te kunnen is het 
belangrijk,, dat het experiment optimaal ontworpen wordt en over een zeer efficient trigger en 
data-acquisitiee systeem beschikt. Aangezien de productie van b-quarks sterk in de voorwaartse 
richtingg is gepiekt, kan de detectie apparatuur geconcentreerd blijven in een hoekgebied beneden 
dee 300 mrad ten opzicte van de bundel. 

Naa een introductie over CP-schending in Hoofdstuk 1 werd in Hoofdstuk 2 een beschrijving 
gegevenn van de LHCb detector. Deze detector is geoptimaliseerd voor preciesie metingen van 
CP-schendingg in het B-meson systeem. De verschillende detector elementen en hun verwachte 
gedragg werden samengevat. Ook werden de criteria, waarmee B-mesonen geselecteerd worden, 
enn hun bijbehorende trigger algoritmes en het data acquisitie systeem beschreven. De trigger 
bevatt de zogenaamde "pile-up" trigger. 

Inn Hoofdstuk 3 werden de proeven, die aan de proto-type silicon detectoren gedaan zijn. 
beschreven.. Het gedrag van de detectoren werd met een speciaal ontwikkeld Monte Carlo 
programmaa vergeleken en er werd zeer goede overeenkomst gevonden tussen data en simulatie. 
Hierdoorr is het mogelijk betrouwbare voorspellingen te geven van het gedrag van de detectoren 
bijj  de LHC. Jn de LHC worden de protonen in de machine opgeslagen in bunches, die om de 
255 ns met elkaar in botsing worden gebracht. Bij de luminositeiten van de LHC is het niet 
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onwaarschijnlijkk dat bij een kruising meerdere interacties plaatsvinden. Deze multi-interactie 
bundell  kruisingen zijn zeer problematisch voor het schoon selecteren van B-meson 
gebeurtenissen.. Het is daarom noodzakelijk om deze zeer snel te herkennen en te verwijderen. 
Hiervoorr wordt de "pile-up" trigger gebruikt. 

Dezee trigger is een van de hoofd onderwerpen van dit proefschrift en werd in Hoofdstuk 4 
beschreven.. We hebben de verschillende ontwerpmogelijkheden belicht. Door het toevoegen 
vann enkele silicon detectoren in de achterwaartse richting en het gebruik van een speciale 
uitlezingg en trigger algoritme bleek het mogelijk multi-interactie kruisingen van kruisingen met 
eenn enkele interactie te onderscheiden met zeer hoge efficiëntie. Ook werd aangetoond dat het 
gebruikk van deze trigger leidt tot een toename van 4()c/c van bruikbare gebeurtenissen. Het 
ontwerpp werd getoetst door het variëren van de karakteristieken van de silicon detektoren. de 
uitlezingg en het algoritme. De trigger blijkt zeer stabiel te zijn. 

Inn Hoofdstuk 5 werd het gebruik van de pile-up trigger als monitor van de luminositeit van de 
LHCC onderzocht. In Hoofdstuk 6 bestudeerden we het verval B,—>JAV§. Dit verval levert de 
mogelijkheidd om via een analyse van de hoekverdelingen in het verval een meting the doen aan 
dee CP-schending in dit verval. De zwakke fase. delta-gamma, kan met redelijke preciesie 
wordenn bepaald. De achtergronden voor dit verval werden onderzocht. Het pile-up project werd 
doorr de schrijver van dit proefschrift begonnen, en is mede dankzij de resultaten, die in dit 
proefschriftt beschreven zijn nu opgenomen in het ontwerp van de LHCb. De mogelijkheid van 
metingg van de zwakke fase. delta-gamma, is bij 1999 CERN Workshop on "The Standard Model 
Physicss (and more) at the LHC" gepresenteerd. 
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