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Medición de la vida media del mesón BDE
e identificación de quarks top a partir de la
reconstrucción de decaimientos de quarks b

Ariel Schwartzman

Director de Tesis: Ricardo Piegaia

Director Asistente: Meenakshi Narain

I‘lsta 'l‘esis presenta una medición preliminar de la vida media de mesón H": a traves

de la reconstrucción de su cadena de decaimiento, y dc la. produccion de quarks

top en el canal de electrón mas jets‘ usando el metodo de vértices desplazados

para la identificación de jets-b. Su principal contril)uci(')n es el desarrollo, imple­

mentack’my optimización del algoritmo de liltros de Kalman para la reconstrucción

de vértices, y del metodo de vértices desplazados para identificar jets provenientes de

la fragmentación de quarks l). Estos dos algoritmos forman ahora parte del paquete

estandar de reconstrucción del experimento D0), y explotan al maximo la tecnología

de punta de los nuevos detectores de trazas recientemente instalados. [Clanalisis

está. basado en datos tomados hasta abril de 2003 en el Colisionador lladionico pj)

de Fermilal), corespondiente a una luminosidad integrada de 60711)”. La medición

de T.-—l.57-_I_-0.[8 ps para el bosón B está de acuerdo con el valor aceptado de su vida

media, y permite esperar un nivel de precisión altamente competitivo para el linal

de la toma de datos.

Palabras claves: Modelo I'Ïslxínxlru',Mesones Í], Idmrtificación (lc jets-I), Producción.

(le (¡nar/s: top



Resumen

El detector de particulas D(/) fue disenado para el estudio de colisiones proton­

antiproton a altas energias en el colisionador (le hadrons Tevatron ubicado en el

Fermi National Accelerator Laboratory, en USA. Hasta el ano 2007, cuando el col­

isionador LI'IC entre en funcionamiento, el Tevatron es el unico acelerador de par­

ticulas en el mundo que produce colisiones de hadrons con una energia de centro

de masa de 1.96TeV. Una descripcion mas detallada del detector como asi tambien

del acelerados de particulas puede encontarse en los capitulos 2 y 3 de esta tesis.

DV)consiste de tres sub-detectores concentricos: detector de trazas, calorimetro y

detector de muones. El detector (le trazas, que es el mas proximo a la region de

interaccion, es responsable de la medicion tridimensional de las trayectorias de las

particulas cargadas que lo atraviesan como resultado de cada colision. Consiste de

tres componentes principales: un detector de silicio (le alta resolucion (SMT), un

detector (le fibras opticas (CFT) y un solenoide superconductor. El detector (le

silicio permite la determinacion precisa de vertices de interaccion, mientras que el

detector de fibras opticas agrega mediciones que permiten la reconstruccion eficiente

de trazas y, en conjuncion con el alto campo magnetico generado por el solenoide de

2 Teslas, una mejora en la determinacion del momento (curvatura) de las particulas.

Rodeando el detector de trazas, un calorimetro mide la energia depositada por todas

las particulas cargadas y neutrales que lo atraviesan. Consiste de aproximadamente

50.000celdas acad una conteniendo un material absorbente (uranio) y un centellador

(argon liquido). Cuando una particulas interactua con el calorimetro, produce una

lluvia de particulas secundarias en el material absorbente. La energia de la partícula

incidente es determinada mediante el tamano (lc la lluvia, mientras que la forma y

desarrollo (le la lluvia permite la identificacion de distinto tipo de particulas (como

electrones, fotones, y hadrones). Neutrinos no puede detectarse ni en el detector



de trazas ni en el calorimetro. Su presencia es deducida indirectan’iente mediante el

imbalance de la energia transversa medida en el calorimetro, es decir: un neutrino

es identificado como la energia faltante para satisfacer la conservacion de energia

transversa en el evento. Debido a que muones penetran el calorimetro, estos son

identificados mediante un detector (le trazas adicional localizado inmediatamente

despues del calorimetro. La Figira 1 muestra un esqueriiaudelndetectorde particulas.
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Figura 1: DG detector layout.

Dado que el acelerador (le particulas provee colisiones pï) con una frecuencia

de 4.7MH2 por segundo, seria imposible reconstruir y almacenar en discos cada

evento. Sin embargo, loseventos fisicos de interes poseen una seccion eficaz muchos

ordenes de magnitud menor, de modo que el detector cuenta con un sofisticado

sistema de disparo (trigger) que consiste en el agoritlimos rapidos que examinan

cada uno de los eventos (usando informacion parcial de los sub-detectores) y deciden

desacartar o almacenar el evento para su reconstruccion precisa olline. El sistema



de disparo consiste en tres niveles. El primer nivel consiste de un sistema (le disparo

electronico, basado en algoritmos muy simples, que selecciona eventos de interes

con una frecuencia de 5 — IOkHz. En general, el nivel 1 selecciona eventos con

significante depositos de energia en al calorimetro, senales en el detector de muones,

etc. El nivel 2 es tambien un sistema de disparo electronico que refina y combina

la informacion proventiente del nivel 1, aceptando eventos con una frecuencia de

lkHz. Finalmente, el trecer nivel de disparo es basado en complejos programas de

computacion que corren en un conjunto de procesadores comerciales y aceptan 50

eventos por segundo. Existen diversos algoritmos de disparo, cada uno adecuado

para distintos tipos de analisis.

Los eventos aceptados por el sistema de disparo consisten en las senales digitales

registradas por cada uno de los sub-detectores. Un complejo programa de com­

putacion orientado a objectos (C++) transforma la informacion digital en objcctos

fisicos tales como electrones, ncutrinos, muones, trazas y jets. Durante el desarrollo

de esta tesis, la universidad de Buenos Aires tomo parte cn el desarrollo e imple­

mentacion de una varios compententes de DQreco. Una descripcion general de la

reconstruccion e identificacion de objetos fisicos es dada cn el Capitulo 3.

Una parte fundental de esta tesis fue la implementacion y optimizacion del al­

goritmo para la rcconstruccion de vertices primarios y secundarios usando la in­

formacion de los detectores dc trazas. La reconstruccion de vertices consiste de

dos pasos principales relacionados entre si: la identificacion de conjuntos de trazas

pertenecientes a distintos vertices (le decaimiento, y la cstimacion precisa de los

parametros que describen al vertice y el momento de todas sus trazas asociadas con

la restriccion que provienen del vertice.

Como trabajo de tesis, implemente un algoritmo para la recontruccion de vertiees

basado en el Filtro de Kalman [33]. En esta tecnica (le ajuste de datos permite incor­

porar la informacion de cada medicion (traza) iterativamente. El filtro de Kalman



posee un modelo para la propagacion de trazas cargadas en un campo magnetico

que permite predecir los parametros del vertiee. Cada vez que una nueva traza es

incorporada, el filtro compara su predicion con el valor observado (le los parametros

de la traza y actualiza la estimacion de la poscion del vertice. El proceso se repite

hasta que todas las trazas son incorpm'adas. Como paso final, el Filtro de Kalman

iterativamente corrije los momentos de todas las trazas usando la infornnuzion mas

acualiza de los parametros del vertice. Esta idea es ilustrada en la ligura 2 para

el caso de la estimacion de un vertice de tres trazas. El algoritmo comienza con la

primer traza una predicion para la posicion del vertice. Esta predeccion es simple­

mente la distancia minima entre la traza y el origien de coordenadas. La predicciou

es combinada con la siguiente traza dando lugar a una nueva estimacion de la posi­

cion del vertice y del momento de la traza con la condicion de que provenga del

vertiee. lil proceso es repetido con la tercer traza. Como ultimo paso, el Filtro de

Kalman acualiza el momento de todas sus trazas utilizando el ultimo valor obtenido

para la posicion del vertice.

La identificacion de vertices primarios consiste de dos pasos: la reconstruccion

de todos los vertices de interaccion y la seleccion de la interaccion fuerte entre las

adicionales interacciones suaves. El algoritmo de para la reconstruccion de vertices

comienza formando grupos de trazas proximas entre si a lo largo de la direccion

Luego trazas con parametro de impacto pequeno, compatibles con provenir de

la interacciou principal, son seleccionadas. El Filtro de Kalman es utilizado para

estimar la posicion del vertiee para cada grupo de trazas seleccionadas. Finalmente,

la contrilmcimr (le cada traza al chï" del vertice es examindo. Mientras el X2 total

del vertiee es mayor que 1(), la traza que mas contribuye al x2 es removida, y el

vertiee es nuevamente calculado.

La seleccion de la interaccion fuerte se basa en un algoritmo probabilistico basado

en la diferencia de momento de las particulas provenientes interacciones fuertes y
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Aproximadamente 30% (le los eventos [Í (lecaen en el canal (le electron y jets,

donde uno (le los W decae leptonicamente, 11/1,y el otro liadronican¡ente en dos

quarks dando lugar a (los jets. La topología para este canal es entonces nn electron,

imbalance de energia transversa debido al neutrino, y cuatro jets, dos de los cuales

originados (le b quarks. La mayor fuente de contaminacion en este canal consiste

en produccion de W-I-jets que (la la lugar a la misma topología, con la diferencia

fundamental que, en general, b-quarks no se encuentran presentes. El metodo mas

elicaz para identificar al quark top se basa en la eficiente identificacion de quarks

h. lista tesis presenta el desarrollo, implemenation y optimizacion del metodo (le

identificacion de quarks b mediante la reconstruccion de vertices secundarios en jets

y sn aplicacion a la identificacion del quark top.

El primer paso para identificar eventos top consiste en seleccionar un subcon­

junto (le los datos liasado en cortes cinematicos. La seleccion consite en requerir un

electron central (|1¡| < 1.1) con momento transverso > '20GeV/c y asociado a

nn track, momento imbalance ¡[7- > ‘206‘cV y AMIA-,6) > 0.5, uno o mas jets con

1),.> lSGeV/c y el requirimiento del trigger “‘31\1115_2J’l‘15”.

El algoritmo para identificacion (le b es aplicado en los eventos que sobreviven la

seleccion cinematica. Jets son considerados como provenientes de b quarks si existe

al menos un vertice secundario dentro (le A1i(jet,ntzr) < 0.3.

El siguiente paso consiste en estimar el mumero dejets marcados provenientes del

los procesos contaminantes en los datos. Un exceso en el numero de jets marcados

sera interpretado como provenientes (le eventos top.

lilxiste una variedad de procesos, diferentes del top, que pueden dan lugar a jets

identificados como b (marks. Los mas importantes son: vertices secundarios l'alsosen

jets, produccion (le qnarks b y cen asociacion con Ws (WbÏ), Wcí', Wc) y produccion

directa de b quarks, siendo el primero el proceso dominante con una contribucion de

aproxiniadamente 90% del total. La cmrtribucion provenimrte (le distintos procesos



en funcion del numero de jets reconstruidos se muestra en la Tabla 4.

Source W + l jet W + 2 jets W + 3 jets W + 4 jets

woí; (0.88 i 0.04)% (1.57 i 0.09)% (3.17:i:)%

Wcé (1.25 :l: 0.13)% (2.33 :t O.26)% (3.34 :i: 0.88)%

W(bÏ)) (0.50 :l: 0.11)% (1.70 :i: 0.48)% (1.40 :t 0.44)% (0.92 :l: 0.83)%

W(cr':) (1.21 :i: 0.16)% (2.16 :l: 0.55)% (5.52 :I:0.88)% (9.28 :t 2.66)%

wc (2.96 :I:0.07)% (6.51 :t O.69)% (3.84 :l: 0.83)% (3.86 :t 1.69)%

Table 4: Summary of the fraction ofdifl'erent W+jets flavor processes as a function of

exclusive jet multiplicity obtained from ALPGEN simulation. We distinguish cases

in which the two heavy flavor jets are resolved (Wbli) from the cases where both

heavy llavor jets are reconstructed as a single jet (W(bÏ7))The remained background

corresponds to mistags.

En lugar de un calculo explicito del numero esperado de jets marcados en cada

uno de estos procesos, se uso la parametrizacion positiva del las TRFs en la muestra

em_ch la cual tiene en cuenta todos las posibles fuentes de produccion de b jets.

La precision de este metodo depende de hasta que punto la composicion de quark

pesados en la muestra em_ch se corresponde con la muestra pre-seleccionada de

electron+.jets. Esta forma (le estimacion de la contaminacion no puede ser utilizada

para una medida precisa de la seccion eficaz, pero consituye un metodo sencillo de

observar una senal de tfÏen los datos [46].

El numero esperado de eventos conteniendo como minimo un jet marcado prove­

niente de la contaminacion es calculado a partir de la funcion de marcado erronea

positiva (f(7¡,ntrk)) mediante la siguiente ecuacion:

N

P(n Z 1tags;Njets) = 1 —H (1 —f¿(n,ntrk)) (10)
.­

La idea es comparar el numero observado de eventos marcados en funcion del

numero inclusivo de jets (uno o mas, dos o mas, etc.) con el numero esperado (le



eventos marcados provenientes de la contaminacion. La presencia de eventos top

deberia ser observada como un exceso en el numero de eventos marcados en los

bines N11,“.2 3 y Nim 2 4.

La Figura 15 y Table Ssumariza el numero observado (le eventos marcados y

la estimaciou de la contaminacion para distintas multiplicidades de jets. Puede

notarse como el numero (le eventos marcados para e + 3jets y e + tljets, excede a

la expectacion de la contaminacion. Esta es la primera evidencia de produccion de

quark tops usando el metodo de vertices desplazados en el experimento DfÓ. Se

espera que este metodo sea la herrmienta mas importante para identificacion de top

quarks en el futuro. El exceso observado puede transformarce en una seccion eficaz

a traves de un estudio detallado de la contaminacion y la inclusion de elicieucias de

identificacion y luminosidad.

Source W+ 2 l jet W+ 2 2 jets W+ 2 3 jets W+ 2 -ljets

Background 15.2 5.7 1.3 0.5

Data 12 5 3 2

'l‘ahle 5: Summary of the expected and observed number ol"tagged events in the

W+jets sample as a function ofjet multiplicity. The number of background events

is expected to be an overestimate.

La Figura 16 muestra un evento candidato de produccion (le top con 3 jets en el

estado liual en el que puede observarse la presencia de (los vertices secundarios en

uno (le los jets.



Measurement of the Bi Lifetime and
Top Quark Identification using Secondary

Vertex b-tagging

Ariel Schwartzman

Thesis Advisor: Ricardo Piegaia

Assistant Advisor: Meenakshi Narain

This (lissertation presents a preliminary measurement of the Bi lifetime through the

full recmistruction of its decay chain, and the identification of top quark produc­

tion in the electron plus jets channel using the displaced vertex b-tagging method.

Its main contribution is the development, implementation and Optimization of the

Kahnan filter algorithm for vertex reconstruction, and of the displaced vertex tech­

nique l'or tagging jets arising from b quark fragmentation, both of which have now

become part of the standard DG)reconstruction package. These two algoritlnns fully

exploit the new state-of-the-art tracking detectors, recently installed as part of the

Run 2 DO)upgrade project. The analysis is based on data collected during Run 2a

at the Ferinilal) Tevatron pf) I-Iadron Collider up to April 2003, correspondng to an

integrated luminosity of 60pl)"'. The ineasnred B meson lifetiine of’r:l.57:l:(). 18ps

is in agreement with the current world average, with a competitive level of precision

expected when the full data. sample becomes available.

Kcyumrds: Standard Model. .Ict b-tagging. B life/ima. Top quark production.
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Chapter 1

Physics of Bottom and Top Quarks

This dissertation presents the measurement of the exclusive Bi' meson lifetime and

the identification of top quark production in the electron plus jets channel, using

the first Run 2a data collected at the Fermi National Accelerator Laboratory Teva­

tren, up to April 2003, corresponding to an integrated luminosity of GOpb"'. The ¡3

meson lifetime is obtained through the full reconstruction of the secondary vertiees

in its 1/1];K decay channel, where the .1/1/2gives rise to a ¡fili- pair. The identiÍi­

cation of top quark pairs decaying to a lepton, neutrino, and several hadronic jets

is accomplished using the displaced vertex b-tagging method.

This Thesis is organized as follows. After a hrin introduction, this Chapter sum­

marizes the theory of the bottom and top quarks, and the recent results obtained

by the CDF and DG collaborations. Chapters 2 and 3 respectiver introduce. the

D(/)detector, and the reconstruction and particle identification algorithms. Chap­

ter 4 describes the method developed to reconstruct primary and secondary vertices‘

and Chapter 5 details its application to the identification of jets originating from l)

quarks. Chapter 6 presents an algorithm designed to identify events with genuine

missing transverse energy, the signature of neutrino production. Chapter 7 discusses

the reconstruction of exclusive Bi meson decays and the measurement of its life­



time. Finally, in Chapter 8, we apply the above tools to the identification of top

quark production in the electron plus jets channel.

1.1 The Standard Model

The Standard Model of particle physics is the most successful attempt to date to

describe nature at very small distance scales. It is a theory of interacting quantnm

fields, whose excitations eorrespond to particles, with one separate field for each

type (or flavor) of particle.

There are two categories of particles based on their spin: fermions and bosons.

Particles in the first category, quarks and leptons, have spin 1/2, and are the building

blocks of matter. Those in the second category have spin 0, 1 or 2, like photons,

gluons and massive gauge bosons. They are the carries of the forces between quarks

and leptons. The interaction between two particles can be viewed, at the lowest

order in perturbation theory, as the exchange a virtual intermediator. Table 1.1

lists the Standard Model particles and their main properties.

We know of four fundamental forces in the universe: gravitational, electromag­

netic, weak and strong. Forces in gauge theories arise from certain localsymmetry in­

variances in the Lagrangian, and are each proportional to a constant, or “charge”. In

the electromagnetic interactions, this is the usual Coulomb electric charge, whereas

in strong interactions it is called “color”. Each quark carries one of three colors,

conventionally called “red”, “green” and “blue”.

Quantum Chromodynarnics (QCD) and the Electroweak Theory (EWK), which

unifies the electromagnetic and the weak interactions, constitute the Standard Model

of particle interactions. The remaining force is gravity, which is mediated by the

graniton. Gravitation is described by the classical General Theory of Relativity and,

at present, there is no quantum version of it. However, since gravity is much weaker

than all the other three forces, it is ignorable in almost all high-energy experirnents.



Symbol Name Mass (GeV) Charge (e)

Qnarks n up 0.003 2/3

(spin = (l down 0.006 —[/3

s strange 0.1 2/3

c charm 1.3 —1/3

b bottom 41.3 2/3

t top 175 -l/3

Leptons e electron 0.511 —l

(spin = %) ue electron nentrino < 3 x 10’9 l)

[t mnon 0.105 ——l

11,. muon nentrino < 2 x 10'lo U

T tau 1.777 —l

y, tan nentrino < 2 x 10’u U

Gange bosons 7 photon 0 (l

(spin = l) W W 80 :tl

Z Z 91 U

g glnon t) U

lliggs H i-Iiggs ? 0,?

Table 1.1: Particles of the standard model

1.1.1 The Electroweak Theory

ln the Standard Model, electroweak interactions are described by a local gange the­

ory based on the SU(2),, ®U(l)y symmetry group, with fonr interaction mediators,

or gauge bosons: the massless photon and the massive W“, W+ and Z bosons.

Qnarks and leptons, which transform as specific representations under SU(2)¡,,

'l‘he bottom and

All normal

are mass-ordered into three generations of two particles each.

top (¡uarks belong to the third and most massive (¡nark generation.

matter ¡n nature (protons, neutrons and electrons) is formed of particles from the

Iirst generation. Higher generations can be produced in high-energy interactions,

but they are nnstable and decay into first generation particles or photons. Each



T3 Q 1 2 3

Quarks +l/2 +2/3 u c t

—1/2 - 1/3 dc sc bc

Leptons + l / 2 0 ue 11,, y,

- 1/2 -l e ¡L T

Table 1.2: The three generations of quarks and leptons in the Standard Model. Q

and Ta are the charge and third component of the weak isospin, respectively.

generation of leptons consists of one charged and one uncharged particle. They are

the electron, the muon, the tau, and their corresponding neutrinos (ue, y” and 11,).

‘ . . . . . l 2Bach generation of quarks consrsts of two particles of week zsospzn(charge) +5 (+5)

and —% Table 1.2 summarizes the three familiesof quarks and leptons.

The c subscript on the negatively charged quarks denotes that the eigenstates

with respect to the weak interaction are not the same as the mass eigenstates.

Instead, weak eigenstates are rotated according to the Cabibbo-Kobayashi-Maskawa

(CKM) matrix, shown in eqnation 1.1. The non-diagonal elements in the CKM

matrix allow for transitions between different quark generations, and complex terms

accomodate-CP Violation within the Standard Model.

dc l/ud l/us l/ub d

sc = vcd ves Vd, s (lv-1)

bc Vid V13 Vu, b

The local gange invariance method for introducing interactions in a Lagrangian

requires massless gauge bosons. The Standard Model introduces however a new

scalar particle, the Higgs boson, to endow the W and Z bosons with mass via

the so-called spontaneously broken symmetry mechanism. Quarks and leptons also

acqnire mass via interaction with the Higgs boson.



1.1.2 Quantum Chromodynamics

Quantum Chromodynamics is the quantum theory of the strong force between

(¡narks and gluons. ln what concerns this Thesis, it is the base for the nnder­

standing ol' the bottom and top quark production ¡mechanismsin pi) collisions, and

is also key in the formation ol'jets, B hadrons, and the top quark decay products.

Quantum Chromodynamics is based on the SU(3) synnnetry group. The eight

generators ol'SU(3) correspond to the carriers ol'the strong force, the gluons. Quarks

come in three colors, the components ol' an SU(3) triplet. Since gluons carry color,

they may also interact among themselves. Leptons are colorless, and do not partic­

ipate in the strong force.

QUI) ¡s an asymptotic free theory, in which the value of the Coupling (y, slowly

tends to zero as the energy of the interaction increases, i.e. at shorter distances. This

is described at leading order by equation 1.2, valid lor Q >> A, where f is the number

ol"(¡nark llavors and A is a characteristic energy scale of the order 100 —200 MeV.

1‘27r"sm= (1.2)

As a consequence, at the high energies reached in modern particle accelerators,

quarks and glnons behave like l'ree particles.

()n the other hand, the strength of the strong interaction tends to increases

at low energies, or equivalently, with increasing distance scales. This snggests an

i-nf'rurcdsluve'ry domain, with quarks always appearing as bound states in the low

energy regime. lt is indeed an experimental fact that all observable l'ree particles

are colorless. lsolated quarks have never been observed, but they appear as qnark­

¡Ulthllill'k (mcsons) and three-quark (baryons) bound states, collectively called as

luul'rons.



1.1.3 Hadronization and Jets

The intermediate process, between the free quarks and gluons produced as a result

of the primary high energy interaction and the final state hadrons observed in the

detector, is called hadronization. This a low Q2 process, so perturbative calculations

are not applicable.

One common semi-empírica] model for hadronization is string fragmentation,

in which the quark-antiquark interaction is pictured as a V(r) oc kr potential,

analogous to the elastic potential in classical mechanics, where the string models

the cloud of gluons. As a quark-antiquark pair separates, the string stretches, until

it breaks and a new quark-antiquark pair pops out of the vacuum to form the new

ends of a new shorter string. These new strings also stretch and break, producing

more quark-antiquark pairs. The hadronization process stops when there is not

enough energy to generate new pairs.

As result of the hadronization, initial partons (quarks and gluons) are converted

into showers of hadrons, or jets that travel more or less in the direction of the initial

parton. Experimentally jets are identified as large energy deposition in localized

calorimeter cells in a particle detector.

1.1.4 pï) Collisions

At the Tevatron, b and t quarks are produced as a result of proton-antiproton

collisions. Protons (antiprotons) are made of three uud (üücÏ) “valence” quarks and a

“sea” of virtual gluons and quark-antiquark pairs which can be of any flavor. Quarks

and gluons are collectively called partons. Our knowledge of the internal structure

of a hadron is encompassed by the Parton Distribution Functions, fi”(:1:), defined

such that in a hadron H, with momentum P>>M”, the number of partons of type 1T

carrying a fraction of the parent hadron momentum in the range [2, :r+d:1:],is given

by f¿"(2;)(l:c. These Parton Distribution Functions (PDFs) cannot be caleulated



from lirst principles, and have to be empirically determined from data, mainly from

measurements of electron, muon and neutrino deep inelastic scattering structure

functions, and Drell-Yan lepton-pair production in hadron collisions

Cross sections involving partous in the initial state are calculated by the convolu­

tion of the parton distribution functions and the perturbatively computed respective

partonic process, summed over all contributing partons and integrated over all val­

ues of; 'l‘he initial state infrared divergences present in all partonic cross sections

above tree level are partially absorbed in the PDFs in a procedure called fuctoriza­

lion, which separates the perturbative (high energy) from the nou-perturl)ative (low

energy) processes. The PDFs are therefore dependent, in addition to 1;,on an energy

parameter called the factorization scale pp, that determines the separation between

the long- and short-distance physics Although the PDF’s are extracted from

data taken at a finite number of energy scales, the Gribov-Lipatov-Altarelli-l"arisi

((¡Li\l’) [-1]equations are used to evolve the parton distribution functions to other

momentum regions.

'l‘here are different sets of PDFs, depending on the assumptions done on their

pararnetrization, the data sets taken into account, and the relative weight assigned

to each experiment in the lits. For example, in their CTEQB [5] set, the C'l‘lfIQ

group considers fixed target direct photon data and lepton asymmetries in pï) W

production, in addition to Drell-Yanu and DIS experiments. In their C'l‘lL‘QLl[ti]

set, they add the inclusive jet energy spectrum from CDF and DQ), while the

MRS'I‘ [7] parametrization incorporates instead charm data in lepton-hadron scat­

tering and neutrino production of dimuons. Figure 1.1 shows, as an example, a

(I'l‘lCQparanietrization of the quark and gluon distribution functions in the proton

at two factorization scales. It is interesting to remark that the quark over gluon

dominance changes at about :1:N 0.1 which, as will be shown below, it implies that

the main contributing channels are different for bottom and top production.
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Figure 1.1: The CTEQ4M PDF’s for quarks and gluons inside the proton at ¡FF=

Q2 = 10 and 100 GeVz.

When the momentum fractions of the two colliding partons are Il and m2,the

partonic center-of-mass frame will have a total available energy of EÉM = 4 371.122E3,

where E,J is 'the energy of the proton and antiproton beams, and it will be boosted

by [3 = (ml -—1:2)/(a:¡ + (1:2)along the beam direction.

Since these fractions are different from event to event, every pï) (:ollision occurs

with a different and unknown CM energy and longitudinal boost. For this rea.­

son collider physics, and in particular this Thesis, heavily relies on boost invariant

quantities along the beam direction, like the transverse momentum fír (or trans­

verse energy Er, for calorimetric measurements) and position variables like 4), the

azimuthal angle, and 77,the pseudorapidity , related to the polar angle 0 through

77= —ln tan (0/2) for massless particles.



1.2 The Bottom Quark

'l'he section discusses bquark production and decay in pï) collisions, and some aspects

ol"its physics relevant to the design of algoritlnns suited l'or its identification, 'l‘his

is important not only for the purpose of measnring B hadron properties, hut also in

the light ol"its relevance in top production. ln effect, given that top quarks decay

with 99% probability into a Wb pair, tt events will always contain two b quarks in

their final state.

'l‘he b quark was discovered in 1977 at Fll'llllléll), in a fixed target experiment [8]

which collided high energy protons on nuclei. 'l‘he experiment showed an enhance­

ment in the rate of ¡fip‘ pairs with an invariant mass N95 GeV/c2 which was

interpreted as a bÏ)bound state called T, now known to be the first ol' a family of

the hottonium bl;bound states, the strong l'orce analog of the electronlagnetically

hound positronium.

1.2.]. bE Production Mechanisms

'l‘he b quarks in pï) collisions are produced predominantly in pairs, as the result

ol"the strong interaction between one parten from the proton and another parton

l'rom the antiproton. The cross section for producing a b quark in a pj) collision

is ealculated hy convoluting the perturhative parton cross section with the proton

distribution functions:

' , — dza i" —) 11X, L.­

(pï) —)bX) = d;1:,(l:t‘,f¡'(11),,pp)f;’(:1:1,,u¡.-)—¿———-—¿LZ(1.3)
¿J

')
( '(7

dpr du dpp dr;

where i and j are the incoming partons, [ff the proton and antiproton I)l)l"s, and

(Iza(-ij —-)b..\')/dp¡n(.l7¡is the parton-levt-rl cross section for the ij a bX process,

which is calculated perturbatively in powers of the strong eoupling constant mln"),

at renormalization and factorization scales [LRand /L[.',usually chosen of the order

ol the energy scale of the event.
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Figure 1.2: Leading order diagrams for bh production.

Figure 1.2 shows the leading order (LO) Feynman diagrams for bh pair produc­

tion and Figure 1.3 illustrates some of the processes entering the next-to-lcading

order (NLO) QCD calculation. The contribution to the total (¡5cross section from

higher order production mechanisms is comparable to that of direct production.

This can be ,qualitatively understood because, for instance7 the gg —>gg cross scc—

tion is about a factor 100 larger than gg —>bb , and the rate of gluon splitting to

bottom quarks (g ——>bh ) is proportional to as, which is of the order of 0.1.

The gluon-gluon initial states dominate the bh production cross section since the

gluon PDF is higher than the quark’s at low momentum fractionsl, as it can bc seen

on Figure 1.1.

In hadron colliders, the bÏJproduction mechanisms have been traditionally grouped

into three categories: direct production, flavor excitation and gluon splittiug. In

IAt least N10 GeV/c are required to create a bb pair. Since the proton momentum at the

Tevatron Run 2 is NlOOOGcV/c, typical parton momentum fractions for bb production are. in the

range mN 0.01,0.1
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Figure 1.3: Next-to-leading order diagrams for bh production: TOp: Direct produc­

tion processes with gluon radiation, Bottom: (left) Ílavor excitation, (right) gluon

splitting.

perturbation theory, the three processes are not independent due to interference

between them.

At next-to-leading order, direct production is basically a 2 —>2 parten subprocess

with the addition of gluon radiation in the final state. Flavor excitation consists in

an initial state gluon splitting into a bhpair before interactng with a parton from

the other hadron. In gluon splitting, a gluon in the final state splits into a bh pair.

In Monte Carlo event simulators (such as PYTHIA [9], HERWIG[10] and ISAJET [11])

based on a leading-order matrix element calculation, the three categories are gener­

ated separater without interference. Higher order is mimicked by allowing initial

and linal partons to radiate according to the Altarelli-Parisi evolution kernels, and

the final showered partons are hadronized using empírica] fragmentation models

tuned to experimental results. In the Monte Carlo, direct production, Í‘lavorexcita­

tion and gluon splitting, are defined by the number of b quarks entering and leaving

iOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO0.0.0.0.1



the leading-order ¡matrix element. Direct production has no b quarks in the initial

state and two of them in the final state. Flavor excitation has one b quark in both

the initial and final states. The initial b quark belongs to the proton sea and is

described by the parton distribution functions. Gluon splitting has no I)quarks in

neither the initial nor final state. The bh pair is created during the parton showerng

process.

Final state b quarks hadronize into B hadrons. During the fragmentation pro­

cess, other particles will also be produced along with the B hadron, giving rise to

b-jets. The partons from the proton and antiproton remnants, not directly involved

in the b quark production, also undergo hadronization generating the so-called 1m,­

dcrlying event, conformed by low p-r particles which tend to have small angles with

respect to the beam pipe. In general, the momentum of the underlying event parti­

cles are uncorrelated with the final B hadron direction.

Directly produced b-jets are mvbalanced and back-to-back in the azimnthal angle

(¡5. However they are not 3-D balanced because b-jets may be boosted in the z

direction due to the different proton momentum fractions carried by the initial

partons. In the llavor excitation process, the b quark which does not participate

in the hard scatter belongs to the underlying event, resulting in a forward (large

n) b-jet. The angular Ad) separation between the two b-jets is therefore expected

to be flat. Gluon splitted b-jets are expected to be collinear since they originate

from the splitting of a gluon and will tend to be identified as a same hadronic jet.

The azimuthal separation between the two gluon splitted b-jets thus peaks at small

angles.

1.2.2 Heavy Flavor Hadrons

B hadrons are produced as result of the hadronization process of b quarks. Since

the probability for pair quark-antiquark creation from the vacuum depends on the



Hadron Composition Mass [MeV/cz] Lifetime [ps]

B+ bü 5279.13: 0.5 1.674 :l: 0.018

13° mi 5279.3 :t 0.7 1.542 i 0.016

132 bs 5369.6 i 2.4 1.461 d: 0.057

B: bé 6400 :t 520 0.46 :t 0.21

A2 biuí 5624 :l: 9 1.229 :l: 0.080

Table 1.3: Summary ol"B hadron properties

Hadron Composition Mass [MeV/c2] Lifetime [ps]

D+ (:(Ï 1869.4 :l: 0.5 1.051 :l: 0.013.

Du cü 1864.1 :l: 1.0 0.4741: 0.028

D: (:5 1969.0 :t 1.4 0.490 :i: 0.09

A: cutl 22841.9:t 0.6 0.200 :t 0.006

Table 1.4: Summary of D hadron properties

quark-autiquark mass, the most common 13 hadrons are [FU-m) and [30(511).Each

comprises approximately 38% ol' the produced B hadrous. BS (lis) is the next most

common IJ’meson, comprising 11% of the cases. The Bt'f' mesou is made ol' a (.-and

a l) quark and, the c quark being much more massive than the u-(l-s, they amount

to only NUUOIUOol' the B hadrons produced in pï) collisions. The remaining 13%

is basieally comprised of A), baryons. The hadronization process l'or e quarks is

similar to that of the b, the resulting mesons are generically called 1), Ac being the

most common baryon. Tables 1.3 and 1.4 summarize some properties of the B and

I) hadrons.

B hadrous (lecay via the weak interactiou. The simplest description is provided

by the spectuior model, in which the heavy quark decays via an electroweak (liagram

into a virtual W and a c quark, and the lighter quark (the spectator) plays no

role. [3 hadrou decays are classified in semi-leptonic or hadrouic depending on the

W decay, which can respectively give rise to a charged lepton and its associated



W- disiül b üií
W­b c üa\ (¡ls

u = ü 17.

Figure 1.4: Diagrams for simple B‘ decays in the spectator model.

neutrino, or a quark-antiquark pair. Figure 1.4 shows a few simple examples l'or

B‘ decay within the spectator model. Depending on the choice for the W“ decay

vertex, the final states illustrated are semilept'onic, D08 17,,where (fcan be c‘, ¡1.-or

'r’; or hadronic, Don‘, D”D;, DOK’, .1/11)K' and J/i/JW'.

1.2.3 B Hadron Lifetimes

Precise measurements of the B lifetimes are key to the determination of the CKM

matrix elements involved in CP Violation, as well as to understand B hadron decay

mechanisms beyond the simple spectator model. According to it, the naive expec­

tation would be that all B hadron lifetimes are equal. This is in fact to lirst order

true, as the experimental values are 1.65, 1.55, 1.49, 0.46 and 1.23 x10"2see, [or

B+ (Ïm), B0 (13d),B? (Bs), B: (Ec), A2(bud), respectively. The shorter BJ lifetime

can be understood in the light that both b and c quarks can decay weakly. And the

slightly lower value for B? is accomodatcd because of the larger phase Space available

for the decay products due to the higher mass of the s quark, ms > mm. l-lowever,

the fact that T(Bi) > 7'(BO)can only be explained via non-spectator mechanisms,

such as Pauli interference effects between contributing diagrams. For example, both

diagrams on Figure 1.4 contribute to the B’ ——)Dop’ decay, while only the left one

does for B0 —)D+p’.

B meson lifetimes have been measuer in several e+e‘ collider experiments, such

14



as HAB/Ut, BELL, LBP and SLD, as well as in pÏ) collisions, by the CDF collabora­

tion. At BELL and BABAR, e'le’ beams are tuned at the TMS) resonance so that

only 11""and B0 mesons are produced as a result ol' the TMS) decay. The relative

error ou the Bi and BO lifetimes is of the order ol"N3% in both experiments. At

LBP, B", B" and 132are produced via e+e’ —)Z. ’l‘he relative measurerneut error

l'or 131"and 13” mesous is close 5.0%, whereas it is N12”o l'or BS.

CDI" measured all 13meson lifetimes, and is the only one to have produced the

heavier members of the family. The measurement precision for Bi and [3° mesons

is similar to LBP, while the relative error for the [38 lil'etime is N45%. CDF used

l'ully reconstructed B (lecays to measure the individual B lifetimes while an average

inclusive 13hadron lil'etime was obtained via partially reconstructed B --+ J/r/¡X

events. 'l‘he measured average B lifetime is smaller than that of the Bi or 13°, as

expected l'orm the contrilmtion from B hadrons with shorter lil'etimes.

'l‘he upgraded DV) detector is expected to measure B meson lil'etimes with a

precision better than 5% by the use of a completly new Silicon vertex detector,

central liber tracker and trigger system as well as an improved muon system with

large 1)coverage.

'l‘he main advantage l'or measuring B lil'etimes at hadron colliders is that the

bli production cross section is very large. At the 'l‘evatron, it is approximately l'our

orders ol"magnitude larger than in e‘l'e‘ experiments. I'lowever, the background is

higher because less than one in a thousand pï) collisions results in b quark produc­

tion, whereas this l'raction is mi l'or el'e' . Furthermore, the presence ol' multiple

interactions and underlying event particles l'rom the proton-antiproton renmants,

render the identilication of 13hadrons even more dillicult experin’lentally.



1.3 The Top Quark

This section addresses the physics of the top quark and a summary of the recent

results obtained at the two Tevatron Collider experiments.

The top quark was discovered in 1995 at Fermilab by the CDF and D0) collab­

orations. lIowever, even prior its discovery, the Standard Model provided several

compelling theoretical and experimental arguments for its existence. Some of them

are briefly summarized below:

1.

N

Results from precision electroweak measurements: The comparison

between high precision electroweak measurements at LEP, SLC and Fermilab,

with their corresponding Standard Model predictions, allowed to set limits on

the top and Higgs boson masses, because their values enter the ealeulations

via virtual loop corrections. Some of these measurements include the Z/W

mass and width, branching ratios and asymmetries. Prior to its discovery, the

best indirect limit on the top quark mass was mt = 178 :t 8‘33 Golf/C2.

. Cancellation of anomaly diagrams: The divergence introduced by the

chiral anomaly in the triangle diagram shown in Figure 1.5 cannot be solved

by renormalization techniques. In the electroweak theory, however, the fermion

contributions from each generation add up to zero, (lemanding the existence of

a top quark to complete the cancellation in the third generation, thus rendering

the theory anomaly free.

. B°—É° mixing: Within the Standard Model B0 and É” mesons can mix

with each other through box diagrams, as shown in Figure 1.6. A heavy top

quark becomes necessary in the internal lines of these diagrams to explain the

experimental level of mixing.
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Figure 1.5: Example of anomaly triangle diagram.

Figure 1.6: BO —13° inixing diagrains.

1.3.1 Top Quark Production

'l‘here are two mechanisms that yield top quarks in pi) collisions: pair (pj) -->[Í

and single top (pÏ) —)iX) production. The dominant procews is the l'orlner, and

its leading order Feynman diagranis are shown in Figure 1.7: (¡ü —>tÏ (quark

annihilation) and gg —)tí (gluon fusion). At the ’l‘evatron, approximately 90%

ol" til.production proceeds through the (¡Üchannel. The preerninence of the qÏj

(-ontrilnrtion can be understood from inspection of Figure 1.1, and ol"equation

Ef.“ ..—_.Il;1:¡:r-¿1')Ifin Section 1.1.4. In effect, the lllllllllllllll center-ol-¡nass energy

needed to ('reate a ¿Í pair is 350 G'eV, requiring a value ol"¿r z 0.18, which is in lar-t.

usually larger il' the event is hoosted and/or the [Í pair is created with kiuetic energy.

ln this range ol"proton lnornenturn l'ractious, the quark contribution dorninates over

the gluon’s.

'l‘he theoretical ¿Í production cross-sections are in the range ol' N (5.7—7.51)!)for

m, a l75 (¡'eV/c2 and = 2Tel/, with an expected uncertaint)l ol"N’%. At next­
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Figure 1.7: Leading order tt production diagrams.

to-leading order, the predicted cross section is N8.8 pb. It should be noted that the

total inelastic cross section in pp collisions is approximately ten orders of magnitude

higher than that for tí production. rendering the subtracion of the background a

formidable task, that will be addressed in Chapters 5 and 8.

There are two dominant processes for single top production, W/g fusion and VV*

production, 'whose lowest order diagrams are shown in Figure 1.8. The respective

cross sections for a top quark mass of mt = 175GeV/c2 are 1.44 :t 0.43 pb and

0.74 i 0.04pl). Single top production is however very difficult to disentangle from

the background, and has not been observed yet in DQ. In this thesis, we only

consider top quarks produced in pairs.

1.3.2 Top Quark Decay

Given its high mass, the top quark decays before it hadronizes. The top quark

lifetime is of the order of 10'243, whereas typical timescales for hadronization are

about one order of magnitude shorter.
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Figure 1.8: Leading order diagrams for single top production in pfi collisions.

According to the Standard Model, the top quark decays predominantly to bl/V

since the decay inodes t —>sW and t ——>dW are suppressed by the CKM inatrix

factors ¡VLSIand thdl.

The (lecay mode of the tí pair is determined by the fate of the two W bosons, as

shown in Figure 1.9. Each W boson Inay decay hadronically or leptonically. All three

(ez/e,¡LI/fl,TI/T)leptonic W decays are kineinatically allowed. The hadronic decay of

the W produces first and second generation qq pairs, and since every qnark cornes

in three colors, there are six possible hadronic decay inodes. Hence, as Table 1.5

shows, the probability for a W boson to (lecay in each ol"the two available quark

final states is approximately 1/3, while for each leptonic channel it is 1/9.

Since the t and {Ïdecay independently, events can be classified according to the

(lill'ercnt W decay rnodes as follows (see Table 1.6).

o dilepton events, in which both PVdecay leptonically. Despite its low branch­

ing ratio, this channel is characterized by very low background (especially in

the en channel). Its final state signature consists of two b-jets, two leptons

IOOOÓOOOOOOOOOOCOOQOOOOOOOOOOOOÓOOOÓOOOOO000......
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Figure 1.9: Standard Model decay modes of tt pairs.

decay mode branching ratio

leptonic t —)beije 1/9 33%

t —+bull,l 1/9

f, ——)le/T 1/9

hadronic t —>bqq7 2/ 3 67%

Table 1.5: Possible decay modes of the top quark and approximate branching ratios.

and large momentum imbalance in the plane transverse to the bcam from the

two unobserved neutrinos.

lepton+jets events, in Which one W decays leptonically and the other

hadronically. This channel has larger branching ratio compared to the (lile­

ton channel, but it also suffers from a larger background from QCD multith

events and single W production with associated jets.

all-jets events, in Whichboth W decay hadronically. Its signature consists

of six jets in the final state. This is the channel With the largest cross section

but it also has a huge background from QCD multijet process which makes

its identification very difficult. from QCD multijet processes which makes its



decay mode branchng ratio

(lilepton [Í —)bbcuceu‘. 1/81

tí —>lil-muuuy" 1/81

tí —)(¡LPI/dll!” 2/81 5%

lepton + jets tí —)¿Il-MHij 12/81

tÏ —>bïmu” jj 12/81 30%

all-jets ú —>blijjjj 36/81 44%

T channels [Í —)bÏn’X 17/81 21%

Table 1.6: Possible decay modes ol"¿Í events

identification very challeuging.

Tau channels are classified in a dill'erent category since tau leptons are dillicult

to identify experimentally.

1.3.3 The Lepton + Jets channel

The signature of this channel consists of two b-jets, a leptou and a ueutriuo from

the leptonic W decay, plus two additional quark-jets from the hadronic W vertex.

'l‘here may also he additional jets l'rom QCD radiation from the initial (ISR) or linal

(FSR) state. Since the neutrino does uot iutcract with the detector, we infer its

presence l'rom the momentum imbalance in the plane transvcrse to the heam, which

we measure through the event missing transverse energy, 127-,to be discussed in detail

in Chapter (i. From an experimental point ol' view, ¿Í events are characterized hy a

high pl- lepton, Ilï,‘yand ll or morejets, two ol' which originate from b l'ragmeutation.

"l‘hedominant background sources are QCD multijet production, and single W

production with additional radiated jets.

ln the lirst case, one of the jets is misidentilied as an electrou and fake I/ÏT is

produced hy energy resolution fluctuations in the (:alorimeter. Consider l'or instauce

2 halanced back-to-back jets ol"pp = 100GeV/c each. If the energy resolution
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Figure 1.10: Example of QCD W + jets production.

is APT/pp = 0.1, there is then a 17% probability for the ET to be greater than

20 G’eV/c due to energy resolution fluctuations. This probability increases if there

are more than 2 jets in the event. Since lepton+jets events contain several hadronic

jets, the probability to fake ET from jet energy resolutions in QCD multijet events

is not negligible.

Figure 1.10 shows an example of W+jets production, which has a similar sig­

nature than tí events, with the exception that in general there are no jets from b

fragmentation.. This is an important point, for all top decay channels contain two

b-jets. The identification of b-jets (b-taggz'ng)is therefore an essential technique (to

be discussed in detail in Chapter 5) to separate top from background events, since

none of the main top backgrounds contain heavy flavor.

1.4 Top Quark Results

This section summarizes the current knowledge and the latest cross section and mass

measurement results from CDF and DQ experiments.
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1.4.1 CDF Top Quark Results

CDI" employed b-tagging as the main technique to isolate the top (¡uark signal

l'rom background. Two dill'erent methods were used: secondary vertex b-tagging

(Sl‘ICV'l'X) and sol't lepton tagging (SLT). The lirst method searches l'or secondary

vertices -displaced from the primary event vertex- within jets l'rom the decay ol"long

lived 13hadrons. This is the same method developed and used in this Thesis for

the lirst time in DQ’).The second method searches l'or the presence ol' a sol't lepton

(electron or muon) within jets, iudicative of a semileptonic b decay. The b-tagging

elliciency ol"the SLT method is limited by the branching ratio, which is roughly 5%

lor each ol the two leptonic modes.

ln the lepton+jets channel, the tt cross section measurement is determined by

comparing the total number ol' observed events with at least one tagged jet (single

tagged events) with its prediction computed from all background contributions in

the l'l' + il, =|jets sample. The main sources of backgrounds are the pï)’ —>ll’g with

y ---r>bl) , y ——>(tE , pï) —->We physics processe, and mistags, tagged events which

(lo not contain heavy llavor. Smaller background contributions are QCD nmltijet

production, single top, WW, lil/Z, ZZ and Z —>TT.

With an integrated luminosity of 105.1]2b", CDI" observed ‘29 (25) Sl‘XÏÍV'l‘X

(Slll‘) single tagged events with 8.0 :l: 1.0 (13.2 :l: 1.2) expected background events.

This excess yields a cross section ol'aú = 5.08:tl.5-/l pl)l'or the SECVTX method and

El.[Bi-1261)!) l'or the SLT, l'or m, = 175 GeV/É’. ln the dileptou channel, (.Íl)l"‘(Jl,

observed nine candidate events. The predicted munber ol' background, estimated

using n combination of data and Monte Carlo, was 1.3 j: 0.=l (0.8 ;L 0.2) yielding

a cross section ol' ati = 8.5Ï1jlpb. Finally, in the all-jets channel, CDF measured

(JH' :. 7.61321Á). The all channels combined result is (¡tz = 05311)!)

'l‘he top quark mass was measured in the dilepton, lepton+jets and all-jets chan­

uel by means ol"a constrained kinematic lit. The method consists in litting a com­



bination of background and tí signal for different top quark mass hypothesis, and

extractig the mass by maximizng a likelihood function. The all-channel combined

result is 1m = 176.1 :t 6.6GeV/c2.

1.4.2 DG Top Quark Results

DO) identified top quark events by means of two methods: a topological analysis

based on the kinematies of the tí linal state and a soft muon b-tagging analysis

similar to the SLT CDF method. The DQ)experiment did not have a silicou detector

during Run l to perform secondary vertex tagging.

In the dilepton analysis, DG combined the ec, uu, C/Land el/ channels observing

9 candidates events over a background of 2.69 j: 0.66 events resultiug in a ati =

6.02 :l: 3.21121).

In the combined lepton+jets channel, 39 candidate events were observed with a

background prediction of 13.97 d: 2.22 events, yielding ati = 5.31 :t 1.72pl).

The all-jets channel analysis eonsisted of 41 observed events over 24.80 i: 2.37

predicted background events, resulting in ati = 7.33 :t 3.20 pl).

The combined D0) cross section result is ati = 5.69 :l: 1.60pl).

The top 'quark mass washalso determined using a constrained fit method using

(lilepton and lepton+jets events. The final combined top quark mass is m, -—-172.1i

5.2 i 4.9 (mV/c2



Chapter 2

Experimental Apparatus

This chapter describes the upgraded Fermilab Tevatron accelerator and the D(/)de­

tector during its second period of operation, the Run II. The accelerator upgrade [12]

allowed a decrease in the bunch crossing time from the Runl value ol 3.5;¿3 to 396727.9.

The DG detector upgrade [13]consisted of the addition of a superconducting magnet,

a completely new high resolution tracking system, the upgrade of the muon system,

the addition of preshower detectors and improvements on the trigger, electronics

and data acquisition systems.

2.1 The Accelerator

The Tevatron collider accelerates protons and antiprotons at a center-of-mass energy

of 2.0TeV. Until the finalization of the Large Hadron Collider (LHC) at CERN,

The Tevatron will continue to be the highest energy hadron collider in the world.

2.1.1 Accelerator Concepts

l’article accelerators consist of two main components: Radio Frequency (RF) cavities

and Magnets. RF cavities are used to increase the kinetic energy of the charged



particles and Magnets are used to hend particles into a circular orhit -in the case

ol"collider accelerators-, focalize the particle beam and transfer particle beams l'rom

one system to another.

RF cavíties

In a lll" cavity, oscillating electric currents are used to create time dependent electric

lield in the longitudinal direction of a particle beam in order to increase the kinetic

energy ol' the incoming particles. RF cavities are resonant structures with a natural

resonant frequency. Given the oscillating nature of the generated electric lield, an

lll“ cavity will accelerate particles only during half o period of oscillation, when the

electric lield points in the direction of the heam momentum. In order to ohtain a net

gain ol"kinetic energy, particles must he shielded during the second hall"of period

ol"oscillation, when the electric Íield would decelerate the particle heam. There are

basically two methods of shielding particles from decelerating fields inside an RI"

cavity: hy means ol' the use of drift tubes and by changing the Rl" frequency. 'l‘he

l'ormer can only l)e used in Linear accelerators while the later is the acceleration

method ol' syru'ln'otron circular accelerators.

ln the lirst case, grounded drift tubes are inserted inside the cavity so that when

the electric lield points in the wrong direction, the particle is hiding inside the dril't

tuhe and it is not accelerated. lt simply drifts. If the RF cavity has a constant

frequency, as particles gain kinetic energy, the time particles take to pass each dril't

tube shortens. Thns, the drift tubes need to be longer after each RF cavity. This is

the structure of the ’I‘evatron Linac accelerator D'I‘L.

Une important characteristics ol' RF cavity acceleration is that a continnous

heam ol' particles will emerge in discrete packets of particles called brmchcs. 'l‘his

hunch structure appears from the fact that particles that enter the cavity when

the electric lield is correct, get accelerated through the dril't tubes. l’articles slightly



Figure 2.16: Forward muon mini-drift tube Chambers.

Multiple interaction corrections are performed from the standard deviation of

the time measurements in the two detectors.

The electronics of the LM provides two output paths: FASTZ and SLOWZ. The

FASTZ path consist of the difference between the analog sum of the time signals

at each of the two detectors. In the SLOWZ path, analog signals are digitized

and calibrated to form the quantities Nh“, Zti, 215?, tmm and tm”. The LOVTX

boards use these quantities to calculate the average and standard deviation of the

times between each end of the detectors providing the SLOWZ vertex position and

a multiple interaction flag.

2.3 The D0 Trigger System

Due to the very high rate of 4.7MHz pï) collisions, it is not possible to record an

analyze every event from every crossing at the DQ detector. The trigger system [24]

allows to select only a small fraction of interesting events by means of series of

hardware and software fast filters which partially reconstruct events and search for
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Figure 2.17: One quadrant 7'—(/)view of the forward muon scintillation pixel counters.

particular physics signals of interest. The trigger framework consist of three level

of selection stages: Level 1 (L1), Level 2 (L2), and Level 3 (L3). The LM detector

provides an initial Level O (L0) trigger detecting non-difractive inelastic collisions.

The L1 consist of a hardware trigger based on simple algorithms implemented in

Field Programmable Gate Arrays (FPGAS). L1 output rate is in the range 5 —

lOkHz. The L2 is a second hardware trigger which refines and combines the L1

outputs, accepting events with a rate of lkHz. L3 trigger is based on complex

software algorithms running on a set ol"high performance commercial processors

with an output rate of SOHz.

2.3.1 Level 1 Trigger

The Li trigger decision is made based on the information from the calorimeter, the

CFT, CPS, FPS and muon scintillation counters subsystems. The caloriineter, fiber

tracker and preshower detectors provide electron triggering for ln}< 2.5. The CFT

and union systems cover the region In] < 2.0
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A veto on cosmic muons is applied by requiring the time difference between

scintillator hits in B or C layers and the A layer to be consistent with a muon coming

from the interaction region. The muon tracks are extrapolated to the point of closest

approach (PCA) to the primary vertex and their parameters are compared with those

of central tracks at PCA. For all central tracks within 1 radian in azimuthal anrl

polar angle of a muon track at PCA a global fit is performed.

The muon reconstruction efficiencyis measuer in the data using the calorimeter

detector, as its fine segmentation allows to identify muons by the signature of a

minimally ionizing particle. Using Z —)[th events, the reconstruction efficiency in

the data was measured to be [29]82.9 :t 1.4% and the muon-track matching cfficieny

is 76.8 :l: 0.2%.



Chapter 4

Vertex Reeonstruction

This Chapter describes the development of algorithms for the reconstruction of

primary and secondary vertices using the tracking information from the SMT and

CFT sub-detectors. Vertex reconstruction consists of two main steps: vertex finding

and litting. Vertex fitting involves the estimation of the position and the momentum

vectors ola set of tracks emanating from a unique interaction point. Vertex finding

corresponds to the identification of sets of tracks belonging to a same decay vertex.

In the past, the most common method for vertex fitting has been the method

of Least Squares. In this method, all candidate tracks are fitted globally in a single

step, requiring the inversion of large matrices with dimension proportional to the

number of tracks. In addition, this formalism is not flexible for adding or removing

tracks from different vertex hypotliesis.

The Kalman filter is a. local recursive Least Squares algorithm that allows to

incorporate the information of different particle trajectories about the vertex con­

secutively. The dimension of matrices to invert is proportional to the number of

parameters to estimate. The Kalman Filter algorithm was originally developed to

estimate the state of (linear) dynamic systems and has been applied to dill'erent ar­

eas such as tracking of ballistic missiles, satellite positioning and image recognition
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among others. In High Energy Physics, the Kalman filter technique is applied l'or

tracking and vertex litting.

At L N 1032c1n‘2sec‘l an average ol"2.5 additional minimum bias interactions

per crossing is expected. Thus, at the Tevatron Collider, the vertex reconstruction

procedure is involved because the algorithms must be able to deal not only with

the hard scatter primary vertex, but also with additional mininnnn blas interactions

and displaced secondary vertices produced in the decay of long-lived particles.

As part of this Thesis, l have analyzed the different vertex algorithms, written

and implemented the Kalman Filter code within the DQ)suite of reconstruction

programs, and studied and optimized its performance with different MC and data

samples. This chapter summarizes this work and is organized as follows: We brielly

described the most connnon vertex fitting method and its disavantages in Section 11.1.

Section 4.2 describes the general Kalman Filter formalism. Section ¿1.3discusses the

application ol' the Kalman filter technique to vertex litting‘. Sections 4.4 and 4.5

describe the primary vertex finding algorithm and the identilication ol' the hard

scatter vertex l'rom additional minimum blas interactions. Section ¿1.6discusses

algoritlnns l'or secondary vertex reconstruction.

4.1 The Least Squares Formalism

ln the Least Squares l'ormalism, the coordinates ol' the vertex are determined by

minimizing the impact parameter (or distance ol' closest approach) ol"tracks with

respect to the vertex. This technique is also known as the Impact Pit/"amater Algo­

'I'itlun.

ln the transverse plane, the distance ol"closest approach of a track a to a vertex

V, can be written as:

¿ii= lnu_ (Él:'
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where (see Figure 4.1) l7 is the vector from the origin to the vertex, Él“ is the unit

vector from the point of closest approach, Pa, to the vertex, and 11,,is the projection

of 13,,onto É“ (1),,= 13,,-

Vertcx

Figure 4.1: Transverse impact parameter definition.

In the longitudinal plane, the impact parameter e: is defined, in the linear track

approximation, as:

e: = Iza —vz + cot0(üa - V); (4.2)

where fín is a unit vector in the transverse track direction, {la = (sin ómcos d),,,0),

d)”is the azimuth of the track at 13a,0 is the polar angle of the track, and z,l is the

projection along z of the vector from the origin to the point of closest approach of

the track to the origin in the transverse plane.

The reason not to define a 3D-impact parameter, but to work with separte Rafi

and z impact parameters, is due to the fact that the SMT resolution is signifi­

cantly difl'erent in the transverse and longitudinal planes. Thus, in case of a poor z

information for a given track, only the Rafiinformation will be used.
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'l‘he vertex position is obtained by minimizing the x2 function:

2 V _ (6:92 , Lili 43M ¿“202202 lzwá)? (')
(l (l

where 05"and 05 are the uncertanties in the transverse and logitudinal impact pa­

rameters and the smns are taken over all the tracks used in the lit. The value ol' the

X2 l'unction can be calculated analytically as

X204)= fl - 2B,"+ (¿L-’l)

The elements fl, B, and CU-are defined in [32]. The values V,-which minimize

the X3 can be obtained by:

v.»= (cet-JB] (-1.5)

Among the disavantages ol"this technique are the l'act that it does not use the

l'ull tracking information, it is not llexible in adding or removing tracks l'rom a vertex

hyphothesis, and it does not constrain the track momenta to go through the linal

litted position.

4.2 The Kalman Filter Formalism

'l‘he Kalman Filter allows to use the full track information, not only the impact

¡mrameter inl'm'mation, for the estimation ol' the vertex position. In addition, track

momenta are re-computed with the constraint that the trajectories go through the

litted vertex position.

'J‘he Kalman Filter is the optima] recursive estimator of the state ol' a linear

dynamic system. We consider that at time instant k, a dynamic system is described

by a n x l state vector mk. The state vector normally cannot be observed directly.

'l‘he quantities measured from the system are linear functions of the state vector

described by the measurement equation

mk = HM“. -I- (k (¿1.6)



where Hk is an l X n measurement matrix, the l x 1 vector (k represents the mea­

surement error, and mk is an n x 1 vector deseribing the measurement vector.

The evolution of the state vector with time is modeled as a Gauss-Markov process

described by the system eqnation

II: = Fic-¡31:4 + wk-i (4-7)

where F is a n x n transition matrix that relates the state vector at time k to the

time k —1. It contains all the information about the dynamics of the system. The

n x 1 wk_¡ vector is called process noise and represents a random disturbance of

the system between k —1 and k states. A typical example of process noise ¡s the

multiple scattering suffered by a particle traveling from layers k —1 to k of a.silieon

detector. In the case of vertex fitting,wk_¡ is zero.

The random variables uk and ek are assumed to be independent with normal

probability distributions:

P(wk) = N(Ü,Qk) (4-8)

peo = No, vt) (4.9)

COUIWk,6k]= 0

The Kalman Filter algorithm consist of three steps:

o Prediction: is the estimation of the state of the system at time k from the

knowledege of the system at time lc —l.

mi" = Fk_¡zk_¡ (4.11)

C's-l = Fk_¡Ck_¡F¡Z:_¡+ Qk_l (4.12)

where Ci" = conte?“ —.1:',:")is the predicted state vector covarianee matrix.

o Filtering: is the estimation of the state vector at time k based on all pre­

vious measurements. It is computed as a linear combination of a predietion
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estimate l and a weighted difference between the measurement mk and a

measurement prediction 1151:22-l

:rk 21'27] + It'k(7n.k—Hurt") (¿1.13)

Ck= - Kka)th"
where Kk is the. Kalman Gaia matrix:

Kk= CÏ'HüVk + Hka'HZ')’l

derived hy minimizing the traco of the covariance matrix Ck.

Equation ¿1.15shows that when the measurement errors approaches zero, the

gain matrix tends to Uk" and the actual numsurements mk are weigthed more

than the prediction. On the other hand, when the predicted covariance matrix

Of approaches zero, the gain matrix tends to zero and the prediction is

wcighted more than the measurements.

Smoothing: it consists in the estimation of the state vector at past times

using the full available information. The iinal state vector estimate, contain­

ing the full information about the system, is propagath back to all previous

estimates:

¿1:2 = ¿L'k + .—’lk(;t"¿f__¡-—1:24) (41.16)

¿f= Ck + MCL] —ct; ¡Mi (4.17)

where AL.is the Smoothm' Cain matrix:

Ak = (;'k1«‘¿."((;'tj,_,)"' (¿1.13)

Kalman Filter equations can also be derived in a more synunetric form called

maig/Liedmeans formalism. In this equivalent representation, the liltering step is
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given by a linear combination of the prediction estimate asi-1 and the system ¡nea­

surements mk:

xk = Ck[(C,Ï"')"rc:—l + HZ‘kak] (4.19)

Ck= “Ci-l)" + HIGka] (4.20)

with Gk = V;l

The X2contribution is the sum of two terms: the distance between the measured

and predicted state vector and the distance between the predicted and filtered state

vector:

X2= (mk - Hkmk)TGk(mk - ch-Tk) + (-Tk- I:_1)T(CIÏ_1)_I(II€ - “Iii-l) (4-21)

Figure 4.2 illustrates the idea behind the Kalman Filter in the case of estimating

a particle trajectory. The Filter starts with the first track hit at layer k —1 and

makesa predictionfor the hit at layerk The predictionis combinedwith the

actual measurement at layer k, producing an updated estimator mk.The light (tones

represent the predicted covariance matrix error for the hit position. This process is

repeated until the last detector layer. During the smoothing, the process is reversed,

and, starting from the last hit, the track is back propagated until the first layer by

using the full available information.

4.2.1 TheExtendedKalmanFilter

When the process to be estimated and or the measurement equations are non­

linear, it is possible to apply the Kalman Filter by linearizing the equations around

a previous estimate by means of a Taylor expansion. For instance, in the case of a

non-linear ¡measurement equation:

mk = hk(rvk) + ek (4.22)

hk =hk(1:2)+ Hk(a:k— = c2 + Hkazk (4.23)



k+1. .

k . .

k—1' J
Figure 4.2: Kalman Filter example of track estimation.

with

(:22 ¡“(12) —kag (11.24)

and

' - (3M
Hi” = ’?' 4.25

i ¿Mi < >

is the Jacohian of the transformation.

Since

(m;c —02) = kak + ek (4.26)

all the Kalman Filter equations remain the same with the variable change:

mk z (mk - c2) (4.27)

The point of expansion is usually chosen as the previous filter estimate of the

state vector :rk_1. However, if the current estimate xk is very different from the true

1:,“ the first-orden expansion is not good any more and the final estimate may be

significantly different from the current state of the system.
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One approach to reduce the elïect of non-linearities consists in applying itera­

tively the EKF around the previous estimate. This procees is called Iterated Ex­

tended Kalman Filter (IEKF) and can be implemented locally or globaly. The first.

case corresponds to re-linearizing the equations in each step until convergcnce. In

the second case, the EKF is first applied to the full data starting with an initial

estimate as linearization point and next, the process is repeated using the new esti­

mate as expansion point until convergence is reached. The choice between the two

methods depends on the stability of the solution for the particular system equations.

4.3 Vertex Fitting Using the Kalman Filter

Starting from a set of reconstructed tracks, the goal is to estimate the position of

the vertex interaction and the momentum of the tracks at this point.

4.3.1 Definitions

In a uniform magnetic field, charged particles describe a helicoidal trajectory which

is fully described by 5 parameters. The most commonly used set of helix parameters

for a measured charged track is defined as

mk = (dca, zdca, d),tan /\, l) (4.28)
Pr

The 5 x 5 track covariance matrix error is denoted by Vk= GF, and the parameter’s

description is:

o dca (distance of CIOSestapproach): minimal distance from the lielix to the z

axis. Its sign is given by the sign of the vector product (dEa x lñ‘), where (15a

is the vector from the origin of the coordinate system to dca.

o zdca: the z-coordinate of (ica.
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o (/3:angie between the transverse momentum ])'¡‘at (ica and the w-axis.

o /\: the slope of the helix, defined by /\ = sin (dz/ds).

o e/pl-z it measures the track curvatnre, being e the charge of the particle.

'l‘he first three parameters in (4.28) define a 3-dimensional point of the helix (the

DGA point) in cylindrieal coordinates and the last three parameters define the geo­

metric momentmn vector of the particle at the DCA, denoted by q = (gb,tan /\,

'l‘he conversion between geometrie and kinematic momentum fi = (pI,p,J,[)z) is

given by

IrII Iql . Iql
p. = cosó p. = — sm (I) p = tan A (¿1.29)

l e/Pr J e/M‘ z e/Pr

and the covariance matrix for the kinematic momentum is

0,, = JC,,J"‘ (4.30)

where 0,, is the covariance matrix for the geometric momentum and J is the jacobian

of the transformation, given by

"py o _PI/(e/Ï)t)

J= m o —py/(e/n) (4-31)

0 Pt -ez)z/(0/P¿)

'l‘he state vector :le is defined as the vertex position, :i’k, and the geometrie

monwntmn of track k at :i’k

.‘L'k= (¿EL-,(Ïk)

with :it'k= (:1:,y,z)k and (Ïk= (db,tanA,e/p¡-)k

'l‘he covariance matrices for the vertex position and the geometrie momentum

are denoted by Ck and Dk respectively.
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4.3.2 Measurement Equation

The measurement equation that relates the track parameters m with the state vector

.1:is nonlinear due to the presence of a magnetic field:

mk = ÍI.k(Ïk, (Ïk) + 6k (4.33)

lt canbelinearizcdaround as

mk= C2+ Akfk+ Bká'k

with
ahk ahkAk= Bk= (435)

The mathematical expresions for c, A and B are given in appenrlix ??.

4.3.3 Filter Equations

Since there is no dynamics involved in a.vertex fit (the next track cannot he predictccl

from the previous one), the system equation is very simple:

32k=Ik_¡

Due to fact that there is no prior information about the track momentum (Ïk, we

assign an “infinito” covariance matrix to the “predicted” momenta qt". So, the

prediction equations are

5:4 = fic-l (lt-l = (Ïk (4-38)

Ci" = Ck_. Di“ = (1/6)"1 (4.39)

Where we separated the vertex position zi},and the momentum q); from the state

vector mk for clarity.
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Ck = (-o-u(g:-'¿k,-.m—:1:k)is the vcrtcx position covariance u'iutrix and Dk = (:uv((jfl"“‘—

(Ïk) is Llw.track momentum (:ovariance.

In the weighted means foriiialism, the filter equatious are given by:

37k= Ck[C;_Ï¡í’k_¡ + AZ‘Gfi-mk —02)] (4.40)

(Ïk = WkBZ‘GkÜnk —(:2.—Apu] (11.41)

Ci. = (Cai + AZ‘GL’Ak)” (4.42)

Dk = Wk+ kag‘GkAkaAZ'Gk13ka (4.43)

Ek = —WkBZ.'GkAka (4.44)

with

w. = (BZ'GkBkr' (4.45)

G5 = Gk —GkBkaBZ'Gk (4.46)

(:0'1)(:Ek)= Ck, (f()U((Ïk)= Dk, cov(í"k,(Ïk) = Ek (4.47)

The X2 is given by

xi = xi-. + x'í (4.48)

witli

(17,0)= (rc-1%-,)T(Ck_¡)-l(:1:—wk_¡)+(mk—c2—Akx—qu)'er(1nk-c2—Ak:u—Bk(/)

(4.49)

'l‘hu smootlwr cquations constrain all tracks to the final vertex estiumtez

= :ïïN (¿1.50)

(Ï'k‘= I/VkBZ'Gflmk — (:2 — i-‘ikw,.)] (4.51)

C'kf= CN (4.52)

D; = m. + WkBZ'Gk/lkCNAZ'GkBka (4.53)
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l: = —l’VkBZ‘GkAkCN

The correlation between two tracks k and j is given by

Q2, = ¡kBZ‘GkAkCNAg'GJ-ijj (4.55)

4.3.4 The Concept of Vertex Fitting by Means of the Kalman

Filter Techinque

Consider the case of fitting the 3 tracks shown in figure 4.3. The KF starts with

a vertex estimation at the origin and an initial covariance matrix of the order of

centimeters in order not to bias the final result. In the first step, one track is added

to the filter and, according to (4.49), the first vertex estimate is the distance of

closest approach to the origin. The track momentum at the vertex is simply the

original track momentum.

When the second track is added, the new estimate is found by a compromiso

between the distance from the new to the previous vertex estimate and the difference

between the new 5-helix parameters and the actual track parameters.

It is clear from figure 4.3 that the track direction remains basically unmodified

at first order, most of the change being in the dca and zdca track parameters. lt

must also be noted that the full track information is used in the minimization, not

only the impact parameter.

When the third track is added, a new estimate for the vertex position and the

momentum ’ofthis track at the vertex is found by minimizing (4.49). In this stage,

all the information has been incorporated to the Kalman Filter. Thus, the final

vertex position is not dependent on the order the tracks were added.

The updated track momenta, however, (lo depend on the order in which the

tracks were considered and this is why the smoother is necesary at the end of the

process. In last picure of figure 4.3 all tracks were constrained to the final vertex
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estimate using the smoothing equations.

Since the measurement equation is non-linear, the final verth position may be

track-order dependent and a re-iteration lincarizing the equations around the last

vertex estimate could be necessary until convergcnce (IEKF).

;\s was discussed above, the vertex estimate takes into account the full tracking

error matrix, as opposed to the more standard vertexing methods based on the

impact parameter information. In order to visualize the effect of the track errors

in the fit, Figure ¿1.4shows the same 3-track fit from Figure 41.3,when the third

track covariance matrix has been increased by a factor of 10. The Verth position,

as expected, turns out to be basically defined by the first two tracks. I‘Iowever,the

¡mrameters of the third track are still updated using the more precise information

for tracks l and 2

4.3.5 Vertex Fitting Example

ln this section, the Kahnan Filter vertex algorithm is applied to 100 Monte Carlo

simulated events of fivemuon particlcs generated at a vertex position 2 (-0.3, 0.2, z) cm,

with z given by a Canssian distribution of 0 = 30 cm.

Figure -l.5shows the KF vertex position distrilmtions. 'I‘hc RMS of the transverse

position is of the order of 10m”. It is important to note that this distributions are

not biased by the inital starting point at :ïï= (0,0,0) cm.

Figures «1.6and ¿1.7show some of the track parameter distributions before and

after the Kaliiian vertex constraincd fit. Note the important improvement in the

momentum resolution due to the use of the final verth estimate information during

the smoothing step.
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Figure 4.3: Example of 3-track vertex fit using the Kalman Filter
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Figure 4.4: Example of 3-t1'ack vertcx fit using the Kalman Filter when the covari­

¿LIICCnmtrix of (me of the tracks has been multiplied by 10.
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Figure 4.5: Kalman Filter reconstructed vertex distributions for 5-muon events.
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doa distribution L cm2/ndf=114.1/6q dca Kalman Filter L Chi2/ndr=104,2/4s
m: H Constant=139.8 25°? Constant: 258

1.o: Mean = 1.0559-05 m' Mean = -3.166e-06

Sigma =0.001642 Sigma :0.0009243
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zdca distribution Chi2/ndf=155.4/ zdca Kalman Filter Chi2/ndí=112.8/
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Mean = 2.2239-05 Mean =

= 0.005077 = 0.002864

Figure 4.6: Track parameters before (left) ¿mdafter (right) the Kalman Filter vertex

fit. Plotted is the (¿rrewmmmd —Igenemied) (alistríbution for daa and zdca.
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Figure 4.7: Track parameters before and after the Kalman Filter vertcx fit.



4.4 Primary Vertex Reconstruction

'l‘he accurate determination of the primary vertex is essential for the reconstruction

ol' physics objects such as electrons, jets, b-jets, ¡[7-and secondary vertices.

ln general, one does not know in advance which tracks belong to the primary

vertex. 'l‘hus, a pattern recognition (or vertex finding) algoritlun is necessary to be

able, by means ol' an iterative process, to identify the tracks coming l'rom a same

vertex. Since most of the particles produced in an interaction come from the primary

vertex, the algoritlun used to find these vertices is based on a “tear-down” approach.

The vertex search procedure consists of three steps: track clustering, track se­

lection, and vertex finding and fitting.

li‘irst, tracks are clustered along the z axis by means of the following algorithm:

o Order tracks by p,­

l.ooping in descendent order of track pr, add tracks to the pre-cluster il'A2 <

2 cm, where A: is the difference between the z ol'closest approach ol' the track,

and the pre-cluster z average position.

'l‘he A2 parameter was chosen such that it is small enough to resolve multiple

interactions and big enough to be able to cluster all tracks from each interaction

taking into account track resolution. 'l‘he particular value of 20m was determined

to optimize the primary vertex elliciency including SMT-only tracks with poor reso­

lution. 'l‘his parameter will be updated as newer versions of tracking are introduced.

Second, quality cuts are applied to the reconstructed tracks in every z-cluster in

order to remove l'ake and badly rewnstructed ones. ln addition, tracks are required

to be within 3 sigmas ol"the nominal transverse interaction position. 'l‘he track­

selection requirenumts are

o At least 2 hits in the SMT detector (Nm, > 2)
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o p7- > 0.5 GeV/e

o |dca./0(dca)| < 3

For every z-cluster of N selected tracks frk > 1, the tear-down vertex search

algorithm proceeds as follows:

o All selected tracks are fitted to a common vertex and the total X2of the fit is

computed, x2( frk).

o Each track is excluded separately of the fit and a new X2(Nf,,c—1) is eomputed.

o The track which gives the maximum difference x2( frk) — x2( frk — 1) is

removed from the vertex, if the total vertex x2 per degree of freedom exeeeds

a. threshold of 10.

o This procedure is repeated until the total vertex x2 per degree of freedom is

smaller than 10.

The final list of vertices found will contain the primary (hard seatter) vertex,

and additional minimum bias interactions.

4.4.1 Primary Vertex Performance in Simulated Events

In this section we check the primary vertex algorithm performance, and the basic

properties of the reconstructed primary vertices in a sample of simulated W(—)

qq)H (——)bh) events.

The algorithm efficiency is defined as the number of events with a eorreetly

identified vertex divided by the total number of events. A reconstructed vertex is

considered correct according to the following matching algorithm:

o the x2 between the 3-dimensional position of the reconstructed and the gen­

erated vertex is smaller than 50.
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Figure ¿1.8:Primary vertex reconstruction eÍliciency in the sirnulation

o the reconstructed and generated verticus share at least 2 tracks.

o 'l‘he sinnilated vertex has at least 2 tracks within the SMT acceptance, which

are reconstructed. (i.c. at least 2 sirnulated particles are reconstrncted |)y the

tracking algorithni)

Figure -'l.8shows the primary vertex reconstruction efficiency as a function ol'

the interactimi z position. lt is 99% in the central region. The elliciency (lrops

significantly for > 40cm due to the lack of SM'I‘ hit information in the input

tracks.

'l‘he number ol'attached tracks to the priinary vertex is shown in Figure 4.9. 'l‘his
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Figure 4.9: Primary vertex track-multiplicity in the simulatíon

magnitude stroneg depends on the physics (lata sample analyzed, being higher for

multijet final states such us this WHsample.

Figure 4.10 shows that the primary vertex resolution, computed as the differ­

ence between reeonstructed and generated vertex, is of the order of lólrm ¡n the

transverse plane, and 30/im in the longitudinal plane.

Shown in Figure 4.11 are the pull vertex distributions, computed as the difference

between reconstructed and generated vertex divided by the reconstrueted vertex

error. These distributions were fitted with a double Gaussian function. 'l‘he central

Gaussian accounts for the vertex pull resolution and contains information about

the proper error calculation. The second Gaussian accounts for the tails originated
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Figure 4.10: Primary vertex resolution in the Simulation

by niis-reconstructed vertices. There are many sources for the tztiis in the pull

distribution: badly reconstructed tracks in the vertex, mis-identified vertiees due

to 2Lminimum bias interaction very close to the hard vertex, misalignrnent, etc.

Ideally, the central Gaussian resolution should be 1, whereas it is N 1.1. The 10%

discrepaney is inostly due to the fact that the input curvature (l/pT) track paraineter

pull distribution is different froni 1.
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Figure 4.11: Primary vertex pull distributions in the simulation
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Figure 4.12: 'l‘rack nmltiplicity distribution of primary vertices in the data.

4.4.2 Primary Vertex Performance in Data

'l‘he primary vertex performace in the data was studied in a subsample oi"the run

157708, selected by events where any of the hadronic jet triggers were iired. Fig­

ure 41.12shows the track multiplicity distribution of the reconstructed primary ver­

tices. 'l‘he mean value and width of this distribution depends on the trigger used

to select the sample. Jet triggers give rise to higher track nmltiplicities than low pp

muon triggers.

Figure 41.13shows the :1:,y, and z distributions for vertices with '15 or more

attached tracks. This high track multiplicity requirement is to ensure that the

dominant contrilnition to these distributions is the actual beam size rather than the

intrinsic vertex resolution. These distrilnitions indicate that the beam spot position,

l'or this run, is centered at (1:,y) N (0, 0.052) cm, and the z distribution has a width

very close to the expected 250111i'or RunII.

Figures 41.14and 11.15show the primary vertex width as a function ol' the number

ol' attached tracks to the vertex. We see that for tracks multiplicities below JU, the

9-1



lendí 3159/70 ¡2/ nd! 2802 / 84

Conslanl 2092 Constant 1651

Mean -0.0003576 Mean -0.05244

Sigma 0.004363 Sigma 0.005539

Vertex posltlon Primary Vertex Y position [cm]

Constant 574.7
Mean 0.9074

25.32

Primary Vertex Z position [cm]

Figure 4.13: Primary vertex distributions in the data.
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Figure Jl.lll: Primary vertex :1:—widthas a function of the mnnber of attached tracks

in the data.

width is dominated by the vertex resolution, while at high multiplicities it is governed

by the width of the beam spot.

'l‘he variation of the ¿1:and y position of the primary vertex as a function of the

z position of the interaction is shown in Figures 4.16 and 4.17. 'l'he width of the

distribution in :1:and y as a function of z is shown in Figures 4.18 and {1.19. Only

vertices with 10 or more tracks were used in these plots.

We observe that the beam spot position varies by approximately 150¡un over

the length of the SMT and its a changes by approximately 25% of its central value

of 40m”. The beam spot position is rather stable within a run, or for consecutive

ones. llowever, we have observed large variations (of the order of the IDO/un.) after

accelerator shutdown periods.

'l‘he shape of the primary vertex width is due to two main effects: the beam spot

size delivered by the accelerator increases as function of Z and the vertex resolution

decreases beyond de geometric acceptance of the silicon vertex detector.
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Vertex track-multiplicity

Figure 4.15: Primary vertex y-width as a function of the number of attached tracks

in the data.

Z [cm]

Figure 4.16: Variation of the rc position of the primary vertex as a function of z in

the (lata.
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Figure 4.17: Vzn'iation of the y position of the primary vertex as a function of z in
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Figure 4.18: Width of the primary vurtcx in 1' ¡usu function of z in the (lata.
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Figure 4.19: Width of the primary vertex in y as a function of z in the data.

4.5 Primary Vertex Selection

The last step of the primary vertex reconstruction is the identification of the hard

scatter and additional minimum bias vertices of the event from the list of all pri­

mary vertices found. The selected primary vertex is used to reconstruct jets, b-jets,

clectrons and ET. Thus, it is important to optimize its performance to be able to

elliciently rcconstruct physics objects in the detector.

4.5.1 Minimum Bias Vertex Probability

Our goal is to assign to each vertex, a probability that it comes from a. minimum

bias interaction.

We could use a multivariate technique to assign a probability to each vertex, for

instance, training a neural network with kinematic variables associated to hard and

MB vertices. This, however, requires a model for the hard process which is physics

dependent leading to an approach that will be very different for each single physics
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Figure 11.20:¡rr spectrum of minimum hias and primary interactions tracks in a

i\*lonteCarlo sample ol' light quark jets.

process, and would require delining separate probability density functions l'or every

one.

lnstead, the primary selection algorithm is based only on the properties ol' MB

vertices and quantilies how similar the selected vertices are to the M13kinematics.

'l‘he unique assumption made is that tracks l'rom hard interactions have higher p1­

than tracks l'roin MB interactions, as it is shown in Figure 4.20.

'J‘he method consists in comparing the pr ol"particles associated to each inter­

action, with the pr spectrum of minimum |)ias particles in order to calculate, l'or

every vertex, the probability that there are no hard interaction tracks on them.
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The log¡0(])T)distribution is used to define the probability P(p'¡-) that the ob­

served ¡rr of a given track is compatible with coming from a MB interaction:

P(m-)= (4.56)
¡[amm P(w)de

where F(pq«) is the minimum bias track log¡0(pT) spectrum distribution obtained

from the Monte Carlo simulation. The track pq»cut OHof 0.5 G'cV/c is to avoid

including poorly or mis-reconstructed tracks in the probability calculation.

The probability that a vertex is consistent with a minimum bias interaction is

given by
N-l

PMI;=nz (4.57)
k=0

where [l is the product of the individual probabilities of the N > 0 tracks associated

to the vertex:
N

H = H P(PI') (4.58)
¡:1

Only tracks with pr > 0.5 are used for the calculation. We use the above defi­

nition instead of the simple product of track probabilities H since it is independent

of the numberof tracks used in the calculation.

Figures 4.21 and 4.22 show the MB track probability distribution for minimum

bias and hard seatter tracks in the simulation. The track probability for MB ver­

tices is quite flat, as expected, indicating that the F(p7-) distribution used correctly

describes the MB characteristics. Any discrepancy between the F(pr) distribution

used in the calculation and the actual distribution from the simulation would be

seen as peaks at P(p-r) = 0 (if the discrepancy is at high pr) or I’(pr) = l (if the

differences are at low pr).

The MB track probability for primary vertex interaction tracks peaks at (J, as

expected, showing the incompatibility of primary vertex tracks with minimum bias

tracks at high pT.
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Figura 4.21: Truck probability distribution ['m'minimum bias tracks in le simula­

Lion.
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Figure 4.22: Track probability distribution for primary vcrtcx tracks in the simula­

Lion.
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Figure 4.24: Vertex probability distribution for primary vertices in the simulation.
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are most likely not attached to the primary vertex. The use of these tracks provides

additional information to the probability discriniinator.

4.5.2 Primary Vertex Selection Performance in the Data

ln order to study the efficiency of the primary vertex selection in the data, we need

to he able to identify hard scatter and llllll bias vertices in an unbiased way. For

this purpose we selected di-niuon events (pp > 2GeV/c) where both niuons were

inatched to global tracks and the z distance of closest approach between the "2tracks

was snialler than 500/1171.The pr-weighted average z position of the di-ninon object

(niostly J/‘l/)S)was identified as the hard scatter vertex z position. We then study the

priinary vertex selection efficiency in events with at least 2 reconstructed vertices

separated by n'iore than 2 cni. Figure 4.25 shows that, in average, there are 1.2

vertices in this data sample.

Figure 4.26 shows the distribution ol' logw(pp) for niininuun bias interactions in

the data and the sirnulation. Note that the track pp turn-on is for pr > 0.5(¡eV or

loláiull’l') > ’3­

We.could define the FU») distribution separately i'or data and Monte Carlo in

order to account l'or the differences between siniulated and real MB events, but since

the agreement is reasonably good, we used the Monte Carlo Fon.) distribution also

l'or the data.

'l‘he priinary vertex selection elliciency, delined as the nuinber ol' correctly iden­

tilied hard scatter vertices divided by the total nuinber of events, is (¡ZKJUW= 0.97.

4.6 Secondary Vertex Reconstruction

'l‘he track selection procedure described in Section 4.4 allows to pick tracks that are

consistent with being produced in the pï) collision. Secondary particles produced in
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Figure 4.25: Vertcx multiplicity distribution in di-muon (lata.
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the (lecay of long lived hadrons, tend to have large impact parameters. Therefore,

secondary vertex tracks are most likely not attached to the primary or minimum bias

vertices. The purpose of secondary vertex reconstruction is to be able to identify the

decay of a B hadron from the signature of several tracks emanating from a common

point displaced from the primary interaction.

As a first approach, we tried to use all remaining tracks unassociated to the

primary and minimum bias vertices, produce all 2-track combinations seed vertices

and attach additional tracks to seeds when the distance between them were small

enough. This build-up method did not sucessfully work because the number of seed

vertices formed was too large resulting in an enormous number of fake secondary

vertices.

We finally decided to follow a more physics-motivath approach where we search

for vertices combining the simple build-up technique with a requirement of a given

physics content or topology of the vertices. The reconstruction of secondary vertices

in jets for b-quark identification and exclusive Bi mesons for lifetime measurements

are the subject of the next two Chapters. In this section we will describe the recon­

struction of Kg and A (usually called V05)secondary vertices which illustrate the

ability to find real vertices in the data.

4.6.1 V0 Vertex Reconstruction

The reconstruction of V0 secondary vertices starts by fitting all pair of opposite

charged tracks in the event. The identification of Kg and A vertices is done as a

second step by considering their physics characteristics.

Por the Kg —) 7r+7r’ search, both tracks are assumed to be charged pions,

whereas for the A —)piïrï, the highest pr track is assumed to be the proton and

the lowest p7-track the pion. These mass assignments are used in the calculation of

the vertex invariant mass. The additional physics requirements are:
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o Quality of the vertex lit: The vertex X2 probability (p7'0b(x2)) is required to

be greater than 1%.

Pointing to the primary vertex (collinearity): 'I‘he momentum ol"the secondary

vertex is required to point back towards the primary vertex where it is assumed

to come from‘. The vertex collinearity is defined as

(:os(L.:.y, fir) (41.59)

where Lïy is the transverse vertex decay length (LIy = FSV—ñav) and fi,- is

the vertex total transverse momentum defined as [ir = (216,:Ipj) sin(()).

'l‘he collinearity is required to be greater than 0.9999. Collinearity 'l means a

perl'ect pointing towards the primary vertex. Collinearity 0 occurs when the

momentum ol the secondary vertex is orthogonal to its decay length. Collinear­

ity —l means that the secondary vertex originated before than the primary

interaction, indicativo of a fake vertex.

lmpact l’arameter Significance (UPI/a): Since VUvertices are displaced from

the primary vertex, the track impact parameter significance is required to be

greater than 3. Note that primary vertex reconstructions requires |1P|/0 < 3

Figure 4.27 shows the invariant mass distribution of Kg secondary vertex candi­

dates before the quality cuts. A small Kg. mass peak can be observed over a huge

backgrouml.

Figures ¿1.28,4.29, and ¿1.30show the kinematic distributions of the three quality

variables used for the K2. vertex selection.

'l‘he K2. invariant mass after the x2 and impact parameter signilicance cuts is

shown in Figure ¿1.31.We can observe a significant improvement on the signal over

the background.

lln lhe case of B0 —>Ku + X, the pointing is towards the [3° vertex instead of towards the

primary vertex.
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Figure 4.28: x2 probability distribution of secondary vertices.
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Figure 4.31: Invariant mass of K2. secondary vertex candidates for prob(x'¿) > 0.01

and IIP/ol > 3.

The vertex collinearity distribution after the preliminary quality cuts is shown in

Figure 4.32, and its effect on the invariaut mass distribution is shown iu Figure 4.33.

Since the vertex Kalman Filter algorithm uses the re-fitted track momenta to

compute the invariant mass distribution, its Width is improved with respect to the

same distribution based on the original track parameters. Thus, vertex reconstruc­

tion eontributes in two aspects to the identification of V0secondary vertices: on the

one hand, the vertex requirement allows to reduce background events, on the other

hand, the vertex constraint fit of the track momenta, improves the mass resolution.

For comparison, Figure 4.34 shows the same invaríant mass distribution shown in

Figure 4.33, using the original track parameters. The mass resolution is improved

by a factor of 2.

The same quality cuts are applied in the identification of A and Á secondary

vertices, with the exception of the track mass assignment as it was already explained.
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Figure 4.34: Invariant mass of Kg secondary vertex candidates for prob(x2) > 0.01,

¡IP/ai > 3, and collinearity> 0.9999 using the unconstrained vertex track parame­

ters.

The invariant mass of the reconstruct'ed candidates is shown in Figure 4.35.
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Figure 11.35:Invariant mass of A and Á secondary vcrtcx candidatcs for prol)(x2) >

0.01, |II’/a| > 3, and collinearity> 0.9999.
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Chapter 5

Secondary Vertex b-tagging

This chapter describes the development and Optimization of the secondary vertex

b-tagger algorithm (SVT) at D0) and its performance in simulated tí events and

Run II data. Identification of b-quark jets is a crucial ingredient for many forefront

physics analyses which will be done during Run II: top quark production, search

for the Higgs Boson and search for exotic particles (SUSY and Teehnicolor), they

all predict b-quark in the final states. As it was outlined in Chapter 4, we use

a physics-oriented strategy for the search of secondary vertices in high p'r events,

different from the method used for exclusive B meson reconstruction.

This chapter is organized as follows. Section 5.1 describes the main character­

istics of B hadrons in top decays which will guide us in the development of the

SVT algorithm. Section 5.2 describes the secondary vertex b-tagger algorithm. Its

performance in Monte Carlo simulations and its Optimization with Run II (lata are

analyzed in Sections 5.3 and 5.4. In Section 5.5 we present the measurement of

the elliciency l'or tagging b-hadron jets via secondary vertex reconstruction in the

muon+jet data sample. We also derive the rate for mistagging a generic light quark

jet as a heavy flavor jet using a multijet data sample. Finally, Section 5.6 shows a

method to identify the b-jet llavor based on the charge of its associated tracks.
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5.1 Kinematics of B Hadrons in Top Quark De­

cays

ln this section we study the properties ol'B hadrons in top quark decays using a full

Monte (,‘arlo simulation of ¿Í events in the t —)Wb —)lub and Í—> WI) —)qq!) chan­

nels. The goal is to guide the development and Optimization of the secondary vertex

b-tag algoritlnn to maximize the elliciency for identifying b-jets while ininiinizing the

lake tag rate.

Figure 5.1 shows several kinematic (listributions for B hadrons l'roni top (leeays.

The average pr is 50 GeV/c and almost all ol' them are within |71|< 2. The average

number of charged particles with pp > 0.5 GeV/c is 5 and the mean transverse (lecay

length l'roin the prin'iary vertex is (Liu) = 3mm. 75 percent of the (lecay vertices

have LW > 1mm.

Figure 5.1: Properties ol‘B hadrons in top quark (lecays.

Figure 5.2 shows the same kinematie variables for the sequentially (lecaying

(:harnied I) hadron. The mean transverse (lecay length from the 13 (lecay vertex
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Figure 5.2: Properties of D hadrons in top quark decays.

is 1.6mm and its mean charged multiplicity is 2.2.

Figure 5.3 shows the AR = (A17)2+ (qu5)2 distance between the B hadron

direction and its decay charged descendants. Almost 99 percent of the B decay

particles are within a AR = 0.5 cone size around the B axis. The distance between

the B and the sequential D hadron directions is shown in figure 5.4. D (lecay

particles form a “sub-jet” not always pointing in the same direction of the B hadron.

Figures 5.5 and 5.6 show the transverse (dca) and longitudinal (zdca) impact

parameter of B/D hadron decay particles. A cut of IdcaI < 0.15 cm and Izdcal <

0.4 cm retaius 99% of them. This cut is useful to remove charged tracks from long

lived particle decays, such as Kg and A, which have very large impact parameters

due to their 2.5 cm and 7am mean (lecay lengths.

Figure 5.7 shows the number of charged particles within a 0.5 cone around the B

direction with impact parameter significance S = dca/o(dca) greater than 3 and for

different B (lecay lengths. When LIS,> 1mm, more than 70% of thejets have at least

2 displaced charged particles with |dca|/a(dca) > 3. The fraction of b-jets with at.
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with impact parameter signilicance greater than 3.

least two displaced charged tracks is shown in ligurc 5.8 as a function ol the 13hadron

decay length and Í'or (lill'erent signilicance values. These plots are important l'or

they give ns an idea ol' what level of elliciency we can expect in b-tagging. ¡“orshort

transverse decay lengths LW, the elliciency will be low because charged decay tracks

can’t acquire a large impact parameter and will therefore be mistaken as originating

l'rom the primary vertex. Only for LW l cm do we attain enough resolving power.

Fig. 5.8 indicates that this could be increased by lowering the signilicance ent, .S'.

llut this is a compromise solution which increases the background, because at low S

Wt'start picking up tracks coming the primary intermztion, unrelated to the I} deca)l

chain.

ll was shown that the charmed I) hadron mean decay length l'rom the [1 verth

is 0.1(Scnr, so it is expected lhat a signilicant l'raction ol" the time, both vertices

will nol be resolved by the vertex rec<mstruction. 'l‘his means that very ol'ten, the

secondary vertex algoritlnn will mergc [3 and D particles into a connnon vertex. 'l‘he
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Figure 5.8: Fraction of b-jets with at least two displaced charged tracks as a function

of the B hadron decay length. Different symbols correspond to different impact

parameter significance values.

influence of D hadron particles to the reconstruction of b-jets was studied by finding

a secondary vertex from all tracks with dca/0(dca) > 3 within b-jets and comparing

the reconstructed vertex decay length with the B hadron true decay length. The

results are summarized in figures 5.9 and 5.10

The negative tail in figure 5.9 shows that most of the time, tracks from the

tertiary D vertex are included in the fit, either by combining D with B tracks or

by reconstructing both decay vertices. This is confirmed in figure 5.10 which shows

that the negative tail almost disappears when we plot the decay length difference

between the reconstructed vertex and the closest Monte Carlo vertex (B or D).

These studies indicates that D particles are important for b-jet secondary vertex

tagging since they can often be associated to the reconstructed displaced vertex from

a b-jet.

As a summary, we have seen that we can identify b-quark jets from top decays by
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Figure 5.9: Deeay length difference between the Monte Carlo generated B hadron

and the reeonstrneted vertex. The negative tail indieates that tracks from the ter­

tizn'y I) vertex are included ¡n the Íit

Figure 5.10: Deeny lenth difference between the elosest Monte Carlo generated

13/!) hadron and the reconstrueted vertex.
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tagging long lived hadron decay vertices within jets. The decay of B and D hadrons

consists of several charged particles emanating from a displaced vertex, with large

impact parameter significance. Note that our goal is to tag jets from b-quark decays

without the exclusive vertex reconstruction of the B/D hadron decays. With this

in mind, we have seen that it is important to make use of the charmcd tracks to

increase the b-jet reconstruction efficiency.

In the next sections we describe the development and Optimization of the sec­

ondary vertex algorithm guided by these Monte Carlo studies.

5.2 The Secondary Vertex b-tagging Algorithm

The secondary vertex b-tag algorithm consist of three main steps: the identification

of the primary interaction vertex, the reconstruction of displaced secondary vertices,

and the association of secondary vertices with calorimeter jets. The first two steps

are independent from the last one since vertex reconstruction relies on tracking

information only.

ln this section we first review the primary interaction vertex reconstruction and

then discuss the four steps composing the search for secondary vertices: track-jet

reconstruction, track selection, vertex finding and vertex selection.

5.2.1 Primary Vertex Determination

The reconstruction and selection of the event primary vertex was already discusst

in detail in Chapter 4. Here a brief outline is presented.

The primary vertex identification consists of 2 steps: first, the reconstruction

of all interactions in a given event, and second, the selection of the hard scatter

primary vertex.

Primary vertices are found using a Tear-down finding approach: First, tracks are
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clustered along the z axis by means ol'a cone algorithm and tracks with small impact

parameter significance with respect to (0,0) are selected. All selected tracks are

litted together to a common point and the x2 contribution of each individual track

to the vertex is computed. The track with the highest x2 contribution is excluded

and the vertex is re-litted. This process is iterated until the vertex xz/ndof is

smaller than lO. After a vertex is found, the whole procedure is repeated using the

remaining tracks in the event until no more tracks can be vertexed.

’l‘he selection ol' the hard scatter vertex is based on a probabilistic algoritlnn

described in more detail in Section 4.5. Based ou the dill'erent pr spectrmn between

tracks l'rom minimmn bias and hard interactions, a track minimum-bias probability

(h’lB-probability) is built integrating the distribution ol' track loglopr -obtained in

minimum bias events- from a given track pr to infinity (i.e. the MB-probability is the

probability that a track l'rom a minimum bias interaction can be reconstructed with

momentlun pp or higher). For each vertex, the individual track MB-probabilities

are combined to deline a verter h’lB-probability. 'l‘he vertex with the smallest MB­

probahility is selected as the hard scatter primary vertex of the event. Figure 5.11

shows the vertex and track multiplicities, and the z distribution of the selected hard

scatter vertex in the ch_em data sample.

5.2.2 Track-Jet Reconstruction

h'lotivated by the kinematic charactmistics of B hadron decays in Top events, the

search l'or displaced secondary vertices can be greatly simplified if we lirst pre­

clnster tracks within cone jets. As it was shown in 5.1, more than 98% ol' the B

decay particles are within a 0.5 cone around the 13direction.

’l‘hereare a number oladvantages in using track-based jets instead ol'calorimeter

jets (or a combination of both). 'l‘rack-based jets are not correlated with noisy jets

and are not allected by the tracker-caloriineter alignment. In addition, track-jets
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Figure 5.11: (a) Number of reconstructed primary vertices, (b) selected primary

vertex track multiplicity, (c) selected primary vertex z position.
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make use of the 3-Dimensional capabilities of the tracker detector allowing to build

3-Dimensional objects. This represents an advantage over the more common 2-Dim

association of tracks around calorimeter-based jets, because 3D track-jets are not

sensitive to minimum bias interactions. Furthermore, tracking information allows

to reconstruct low pr jets, whereas calorimeter jets have an energy threshold of

8 (¡eV/c.

There are many other advantages by using a track-jet clustering algorithm to

preselect tracks prior to secondary vertex reconstruction: the number of tracks in­

put to the vertex fitting algorithm is significatly reduced, the influence of fake or

unrelated tracks is minimized with no loss of efficiency,and the vertex reconstruction

becomes independent from calorimeter information since only tracking information

is used.

'l‘he track-jet reconstruction consists of three main steps: Z pre-clustering, track

selection and jet-clustering:

l. Z pre-clustering: cluster tracks according to their z of closest approach with

respect to z = 0.

o Order tracks by mv

o Looping in descendent order of track pr, tracks are added to the Z pre­

cluster if A2 < 20m, where Az is the difference between the z of closest

approach of the track to the origin and the pre-cluster z-average position.

“2.Track Selection: For every pre-cluster, identify its reconstructed vertex by

('lioosing the primary vertex with the highest multiplicity within 2 cm of the

center of the pl'C-(lelStOI'.Then select tracks with the following criteria:

o Ns'IILI, 2 3.

o pr > 0.5 GcV/c.
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o Ideal < 0.15 cm.

o lzdcal < 0.4 cm.

These cuts are motivated by the kinematics of B hadrons in tí Monte Carlo,

and by the track quality studies in data (section 5.4). The impact parame­

ters, |dca| and IzdcaI, are calculath with respect to the previously associated

primary vertex.

CA . Jet-Clustering: For every pre-cluster of selected tracks, cluster tracks in

the (77,45)plane using a jet algorithm. We have implemented two difl'erent

jet-clustering algorithms, as (liscussed below.

The Simple Cone Algorithm

The cone algorithm basically combines in a jet all tracks lying within a WR?area in

n —q‘)space. Its steps are:

o Starting with the highest pr > pff“ track, 77and d)are calculated.

o Looping in descending order of track pp, tracks are added to the jet cone if

AR = «(AM2 + (An)2 < R (5.1)

where R is the cone size.

o Once a track has been added to the jet, the jet variables are re-computed by

adding the track 4-momentum.

o The process is repeated until no more seed tracks are left.

The kT algorithm

The kr algorithm attemts to reconstruct back the (lecay chain leading to the final

jet. It clusters tracks recursively, by merging them either when they are close in

1]—45space, or when one of them is very soft:
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l. For every pair ol' tracks, compute

. ., Alt-.- 2 . . .

«1.-,-= minor-¡mpg ( 1% y (5.2)

du = dí = Pis 'i :1 (5-3)

2. li‘ind the minimum of all ¿ZU-and (1.-.

3. Il' the minimum is a (lú-(iaéj), combine tracks i and j into a composite object

k by adding their 3-momenta, and remove i and j from the list.

al. ll' the minimum is a (1,, then store the list ol"tracks associated to object z'as a

jet il' it contains 2 or more tracks, at least one with pp > IGCV/(f.

5. lterate until all tracks are clustered.

'l'he parameter D ensures that objects cannot be clustered if their separation

is greater than D. Ilowever, since an object here is a combination of one or more

tracks, tracks with AR > D can end up associated to the same track-jet.

'l‘he motivation for introducing the k'r algorithm, a successive recombination

scheme which is not limited to a given cone size, is that it ¡night provide better

ptu'l'ormance than a fixed cone algoritlnn to identify all the final particles l'rom a

b-jct, specially those from the tertiary D decay vertex.

In the following sections we describe the track jet reconstruction process, both

l'or the cone and the ICTalgorithms, and discuss the Optimization of the parame­

ters involved in track preselection and jet +reconstruction. We then measure

the elliciency to [ind track jets, showing that it is basically governed by the track

reumstruction elliciency, and (b) its angular resolution, which turns out to be simi­

lar to the calorimeter resolution even though track jets are not sensitive to neutral

particles. We study in detail the case when two track jets correspond to the same

calorimeter jet, and analyze its dependence on the algorithm and jet size.
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Track-Jet Parameter Optimization

In order to discriminate track-jets made of particles from the underlyiug event, we

studied the properties of track-jets associated to the primary interaction and track

jets from the additional minimum bias interactions in the data.

We use the same event selection described in the previous section and we identify

as hard interaction track-jets all those associated to the vertex with the smallest

minimum blas probability of the event. All remaining track-jets were identified as

minimum bias jets. We required minimum blas vertices to be more displaced than

10 centimeters from the primary vertex.

Figure 5.12 compares the distance between track-jets and the closest calorimeter

jet for primary and minimum blas track-jets. We see how min bias track-jets do not

show any correlation with calorimeter jets. Primary track-jets show on the contrary

a strong correlation with calorimeter jets, over a constant background arising from

difl'erence sources such us underlyiug event jets, wider jets reconstructed as 2 jets,

fakes, etc.

Figures 5.13 and 5.14 show the number of track-jets and the number of attached

tracks to them for primary and minimum bias jets. We observe a much smaller

number of track-jets associated to minimum bias interactions, most of them being

composed of only 2 tracks. These result is intuitively consistent with the picture of

the primary interaction as the one giving rise to a high pr high multiplicity inelastic

pfi collision. Remark also that it serves as a consistency check, for the primary

vertex identification was not based on track-jets nor multiplicities, but only on the

pr spectrum of the intervening tracks.

Figures 5.15 and 5.16 Show the total track-jet p7- and the seed ¡rr (highest p7­

track) for primary and minimum bias jets. As expected, we observe that minimum

bias jets are made of softer tracks than primary jets. Based on Figure 5.16, we will

select track-jets requiring a seed pp > chV/c, which keeps 99% of the primary
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Figure 5.12: Distribution of the AR distance between track-jets and calorimeterjets

in primary and minimum bias interactions

track-jets and rejects 40 percent of the underlying event jets.
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Figure 5.13: Number of track-jets in primary and minimum bias interactions

Track mulllpllcny

Figure 5.14: Track multiplicity for primary and minimum bias track-jets
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Track-Jet Clustering Performance in Data and Monte Carlo

In this section we study the performance of the track-jet algoritlnns in (li-jet data

and tt simulated events. We will focus on efi‘iciency, angular resolution and the

presence of extra jets due to the lack of the splitting and merging scheme, like the

one used for calorimeter jets.

Ejficiency

We define the efficiency to reconstruct track-jets in data, as the l'raction of

calorimetcr jets (p7-> 20 GeV/c, |71|< 2.0) matched to a track-jet within AR < 0.5.

We also define the double jet efficiency as the fraction of (li-jet events with both

calorimetcr jets matched to track-jets.

Single and double efficiencies are shown in figures 5.17 and 5.18 for the cone

algorithm, and in figures 5.19 and 5.20 for the k-¡vcase. The efficieny is not symmetric

along z due to hardware ineficiencies in the south SMT detector.

The main source of inefficiency is the tracking efficiency, that is, the absence of

2 or more good tracks pointing to the calorimetcr jet axis. In effect, the fraction of

calorimetcr jets with 2 good tracks within AR < 0.5, that are matched to a track­

jet, is 98% for R=0.5 cone jets, 99% for k-¡vD=O.5, and 100% for R=0.7 cone and

D=O.7 ICTjets. Here good track means that it passes the quality requirements used

to build track-jets.

Angular Resolution

The angular resolution is measuer by comparing Ad) between calorimetcr jets

and their closest track-jets.

Figure 5.21 shows the Aqfiresolution in the data and the simulation for 0.5 cone

track-jets with four or more attached tracks. The fraction of events in the tails in

the simulation and the data are 0.10 and 0.14 respectively.

Figures 5.22 and 5.23 compare the Ad) resolution in the data for cone and kr

jet algoritlnns as a function of the number of tracks in the jet. The resolution was
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Figure 5.20: Double track-jet. efficiency for the kr algorithm.
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Figure 5.21: Ad) resolution in the data (above) and in the simulatiou (below) for

R=().5 cone track-jets with 4 or more attached tracks.

obtained with a single Gaussian lit. We observe that increasing the size ol" the

clusteriug algoritlnn degrades the angular resolution. On the other hand, this one

iniproves, as expected, when the number of tracks is larger.

The track-jet multiplicity distribution in the data and the sin'iulatiou is shown in

Figure 5.24 l'or the 0.5 cone algoritlun. There is an average of one additional track

in the siinulation than in the data, and an excess of 2- and 3-track jets in the latter.

Extra Jets

If the AR distance between tracks from jet hadronization is wider than the size

used in the jet clustering algoritlun, instead of finding a single track-jet pointing

in the direction of the caloriineter jet, we could find one or inore additional low

multiplicity track-jets also pointing in the same direction but with larger Ali with

respect to the calorimcter jet. These extra jets can be identified by looking at

the second best calorinieter/track-jet match. A peak around AR ,5 Ro would be

indicative of the presence of extra-jets, where R0 is the either the cone size R or the
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Figure 5.22: Track jet Ad)resolution in the data for the cone algorithm as a function

of the number of tracks
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Figure 5.23: Track jet Ad) resolution in the data for the kT algoritlnn as a function

of the number of tracks
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Figure 5.24: Distribution of the track-jet multiplicity in'the data and the siniulation.

Io,-D parameter. Extra jets can also be reconstructed from the underlying event

or from soft radiation jets so we expect in addition a fiat AR distribution for the

second best inatched jet.

Figures 5.27 and 5.28 show the Aqfi,A1) and AR distributions of the best and

second best (:alorimeter/track-jet match for 0.5 kq'thS. Similar plots are obtained for

0.7 ICTand 0.5/0.7 cone jets. The small peaks at |d>|= 7Tof Figure 5.27 (:orresponds

to events where one of the track-jets was not reconstructed. Figure 5.28 show that,

in addition to the expected flat background from the underlying event and soft

radiation and the large peak at Ao = 7T,a small mound is visible at AR z 0.5, a

clear indication of the presence of extra-jets.

Figures 5.29 and 5.30 present the track ulultiplicity and highest pp track of the

best and second best match (if AR < 1.0) for 0.5 k'j' track-jets. We see that the

second best match track jet is made of fewer and softer tracks than the best match.

Again, similar plots hold for 0.7 kr and (LS/0.7 cone jets.

Tables 5.1 and 5.2 suunnarize the average multiplicity and average highest p,­
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Figure 5.25: Cone track-jet multiplicity in di-jet data events.
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Figure 5.26: kT track-jet multiplicity in di-jet data events.
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Figure 5.27: Distribution 01'34), A1}¡ind A]? between (ÍiliOl'illlCLL‘l’jOLSund the elosest

lraek-jel remustrueted with Llie0.5 lor algoritlnn.

iz .1 o | z a -| a l 2 n
CII-TinJcl A»"cono bell much CII-Ïlll Jal m1 Incond baul much

Figure 5.28: Distribution ol' A11),¿31/und AR between caloriineter jets und the

second (¿losest truck-jet reemistrueled with Llie0.5 lor algorithni.

1-12



for the best and second best matched track-jet for the different jet algorithms. We

observe that k7 algorithm always clusters more tracks than the cone algorithm for

the same parameter size.

The fact that the k7-jet algorithm finds jets with larger multiplicity than the

cone algorithm is due to the fact that it can cluster tracks which are separath by

more than its D size parameter, as it was explained in the introduction. This can

be observed in Figures 5.31 and 5.32 which show the width distribution for the best

and second best match for the cone and kr algorithms. The jet Width is defined as

a momentum weighted sum of the AR between the tracks belonging to the jet and

its direction.

0_ ——__—
EPM

where pr]- is the transverse momentum of the track j and (i is the track jet axis.

(5.4)

These figures illustrate that the second best matched jet tends to be wider. and that

cone and k7 jet width distributions are similar, except for a slowly dying tail in the

second case.

( multiplicity)
best match 2nd best match

Cone 0.5 3.93 2.42

kr 0.5 4.11 2.53

Cone 0.7 4.35 2.47

¡CT0.7 4.48 2.56

Table 5.1: Average multiplicity for the best and second best matched track jet for

the different jet algorithms.
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Figure 5.29: Track multiplicity of the best and second best track-jet cal-jet match

(if AR (track-jet, cal-jet) < 1.0) for 0.5 kq-track-jets.

Figure 5.30: I‘Iighestpp track of the best and second best track-jet cul-jet match (if

AR (track-jet, (ral-jet) < 1.0) for 0.5 kq' track-jets.
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(599d PT )

best match 2nd best match

Cone 0.5 9.18 2.39

kT 0.5 9.09 2.42

Cone 0.7 9.13 1.95

ka- 0.7 9.09 1.98

Table 5.2: Average highest pT for the best and second best matched track jet for

the different jet algorithms.
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Figure 5.31: Distribution ofjet width of the best ¡1ndsecond best nmtehes for the

0.5 (tone algorithin.
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Figure 5.32: Distribution of jet width of the best and second best matches for the

0.5 ¡er algorithni.
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5.2.3 Track Selection

For every track-jet, we select displaced tracks based on the impact parameter signifi­

cance .S'= dca/a(dca), with respect to the primary vertex. Motivated by Figure 5.7,

we impose a S > 3 requirement on eligible tracks. The impact parameter signifi­

cance can be calculated in the transverse or longitudinal plane or both. We have not

yet attempted to combine transverse and logitudinal impact parameter information.

Table 5.3 summarizes the b-tag track selection criteria.

Variable Cut

Number of SMT hits 2 3

Transverse impact parameter (Ideal) < 0.15 cm

Longitudinal impact parameter (Izdcal) < 0.40cm

Transversemomentum 2 0.5GeV/c

Impact Parameter significance (S) > 3

Table 5.3: Selection criteria for tracks used in the b-tag algorithm.

5.2.4 Vertex Finding and Fitting

In every track-jet with at least two selected tracks, we attempt to find a secondary

vertex. We implemented two different methods: the Tear-down and the Build- Up

algorithms, which tend to be complementary to each other. ln the first case, all

selected tracks within jets are fitted to a common vertex. The track with the largest

x2 contribution to the fit is removed and a new vertex is found. This process is

repeated until the total vertex x2 is smaller than a threshold x8. The Build-Up

algorithm starts finding seed 2-track vertices, by fitting all combination of pairs of

selected tracks in jets. Then, it attempts to attach additional tracks pointing to the

seeds according to the resulting x2 contribution to the vertex. All tracks considered
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are required to satisly the track selection criteria. The process is repeated until no

nlore tracks can be associated to seeds. This procedure is such that the resulting

vertices ¡night share tracks.

There are qualitative differences among these two methods: the Tear-Down ver­

tex finder tends to find less vertices with more attached tracks than the Build-Up

algorithrn, which usually finds more than one vertex perjet, with shared tracks. The

Tear-Down approach is expected to have higher purity and lower efficiency than the

Build-Up method.

The irnplernentation of secondary vertex b-tag algorithm in the DQ)software, pro­

vides the option to use any of these two finding algorithms, so that every particular

physics analysis can determine the most appropriate one.

5.2.5 Vertex Selection

If at least one vertex was found in ajet, we apply the vertex Selection criteria shown

in Table 5.4.

Variable Cut

Decay length, |I:Iy| < 2.6 cm

Decay length significance, ILIy/0(L1y)| > 5

Collinearity, Ely yïp/IEWII ['ípl > 0.9

h’lultiplicity, N Z 2

K2. rejection see text

“able 5.4: Selection criteria for secondary vertices

The transverse vertex decay length is defined as

A
CII 'cn

VIñryl = l‘lÏsv — "FM/I
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The first requirement attempts to rejeet vertices found inside the SMT detector

to reduce the number of secondary vertices produced by conversions due to the

interaction between primary particles and the SMT mechanical structure. It also

helps to reduce long lived neutral particle deeays (V05), such as K0 and A.

The collinearity angle is defined as the inner product of En, and the total vertex

transverse momentum computed as the sum of the momenta of all attached tracks

after the constrained fit. It is defined in the range (—1,1) and it measures how well

the secondary vertex points back to the primary. Negative collinearity angles have

two different sources:

o Misreconstruction.

o Resolution.

The former is the reconstruction of a fake vertex from tracks originating from difl'er­

ent decays, and is due to algorithm ineificiencies. The latter happens when, due to

tracking resolution fluctuations, tracks from a real displaced vertex are reconstructed

as coming from behind the primary vertex.

Kg vertices are identified as 2-track vertices of total charge Q = 0, with their

invariant mass within a window around the Kg mass (N = 2, Q = 0, 0.483 < M,”r <

0.503).

A jet is considered b-tagged if it contains at least one vertex with decay length

significance Iny/0(L1y)| > 5. Tags with LIS,< 0 are called negative tags whereas

tags with LIS,> 0 are called positive. The sign of the decay length is given by the

sign of the vertex collinearity angle.
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5.3 Algorithm Optimization and Performance in

the Simulation

In this section we study the effect of different parameters and selections of the b-tag

algoritlnn on the overall performance in the tf Monte Carlo sample. We compare

the use of several track-jet algorithms and the two vertex finder strategies. Since

the vertex decay length siguificance LI},is the most powerful discriminatiug variable

of the algorithm, we leave this variable as a tunable parameter.

5.3.1 Effect of Track-Jet Reconstruction

Figure 5.33 shows the number of tracks clustered by the Cone and k'p track-jet

algoritlnns for track-jets matched to b-jets. We observe that increasing the jet width

(cone size for cone algoritlnn or D parameter for KT) from 0.5 to 0.7 results in au

increase of 11% in the number of attached tracks. We don’t observe significant

differences on the average number of tracks associated by both jet algorithms.

Even if the average preperties of track-jet algorithms are similar, both algorithms

might impact differently on the b-tag algoritlun since what really matters for sec­

ondary vertex b-tagging is the ability to cluster the right tracks coming from 13and

D decays and cone/kr track-jets are not identical event by event. An example of the

different track assigmneut is shown in Figure 5.341.The plots correspond to the same

event reconstructed by cone and k7. algorithms of size 0.5. One of the jets found

by the cone algorithm is reconstructed as two different jets by kir. Figures 5.35

and 5.36 show the number of attached tracks in secondary vertices reconstructh

using different jet algorithms. We don’t observe significant differences among the

algoritlnns used. This suggests that the 11% of extra tracks clustered by the 0.7

track-jet algoritlnns do not contain significant number of displaced vertexable tracks.

The algorithm pmformance is evaluated by two-dimensional plots of b-tagging
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Figure 5.33: Number of tracks clustered by the cone and kT track—jetalgorithms for

track-jets matched to b-jets

efficiency versus light-quark-tagging efficiency. The 1ight-quark-tagging efficieny is

measured as the fraction of light-quark taggable jets -in the tí Monte Carlo sample­

tagged as b-je’ts.

The overall tagging performance for different track-jet algorithms is shown as a

function of the decay length significance cut in figure 5.37. No significant differences

are observed. We thus choose the 0.5 Simple Cone as the track clustering algorithm

due to its simplicity over ICT,and its similar performance.

5.3.2 Effect of Vertex Finding

In this section we compare the properties of the secondary vertices obtained with the

Build- Up (BU) and Tear-Down (TD) vertex finding methods and their performance

to tag b-jets.

Figure 5.38 compares the number of tracks attached to secondary vertices recorr­

structed with the BU and TD algorithms from b and light quark jets. As expected,
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Figure 5.35: Number of attached tracks in secondary vertices reconstructed using

different sizes for the cone track-jet algorithm
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Figure 5.36: Number of attached tracks in secondary vertices reconstructh using

different sizes for the kT track-jet algorithm
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Figure 5.37: Overall tagging performance for different track-jet algoritth as a

function of the decay length significance cut.

the TD algorithm attaches more tracks to secondary vertices than BU, but the dif­

ference is small. It is not straightforward to estimate how the larger niultiplicity of

tags will impact the overall b-tagg‘ingefficiency; the measurement of the vertex de­

cay length will be improved by the presence of more (real) tracks, but, on the other

hand, the increase in the number of attached tracks to mis-reconstructed vertices in

light jets might dilute the discrimination power against them.

The overall b-taggging efficiency for both vertex finder algorithms is shown in fig­

ure 5.39. We also compare the algorithin performance using the second pass method

(allowing looser requirement on the significance of selected tracks but tightening the

vertex multiplicity). No significant differences are observed among the vertex finder

algorithins. BU method can achieve slightly higher efficienciesbut at a higher mistag

rate.
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Figure 5.38: Number of tracks attached to sccondary vertices reconstructed With

the BU and TD algorithms from b and light quark jets.
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Figure 5.39: Overall b-tagging efficiency for Tear-Down and Buil-Up vertex finder

algorithms.
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5.3.3 Effect of Track and Vertex Selection

The pre-selection of displaced tracks based ou its impact parameter siguificance

can be done in the transverse plane as well as in the longitudinal plane. The 3­

dimensional track selection can request tracks having Sn, > 3 01'Sz > 3, where Sn,

and Sz are the transverse and the longitudinal impact parameters with respect to

the primary vertex.

Figure 5.40 shows the tagging pm'formance for BU and TD algorithms using 2

and 3-Dimensional (3D) track selection. The 3D track-selection allows to achieve

higher b-tagging eflicicncies at higher mistag rates.

Figure 5.41 shows the overall performance for the Build-Up vertex algorithm,

after removing K2-displaced vertices. K2. are identified as 2 opposite charged track

vertices with 0.483 G'eV/c2 < Mm < 0.503 GeV/c2. The rejection of Kg. vertices

has a significant effect in reducing the mistag rate and keeping a high b-tagging

efficiency.

5.3.4 Performance

The performance of the secondary vertex b-tag algorithm was evaluated with the

following final set of parameters:

o 0.5 Simple Cone Track-Jet.

o 2D track-selection.

o Build-Up vertex finding.

o K2- rejection.

o Lw/U(L1.y) > 5

The primary vertex interaction was required to be within 40 cm of the center of

the SMT detector. Only jets with pp > [OCW/c and |71|< 2 were considered.
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Figure 5.40: Tagging performance for Buil-Up and Tear-Down algorithms using 2

and 3-Dimensional (3D) track selection.
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Figure 5.41: Overall performance for the Build-Up vertex algorithm after removing

identified Kg displaced vertices.
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Figure 5.42: b-tagging efficiency a function of the B hadron decay length.

The efficiency is defined with respect to track-jets matched to calorimeter jets

(AR(trk, cal) < 0.5). We will refer to them as taggable jets.

We consider a jet taggedif there is at least one secondary vertex within ARQutx,jet) <

0.3.

Figures 5.42 and 5.43 show the b-tagging efficiency as a function of the B hadron

decay length and b-jet multiplicity. The single and double event tagging efficiencies

are shown in figures 5.44 and 5.45 as a function of the total number ofjets iu the

event. We observe no significant dependence of the tagging efficiency on jet activity.

Table 5.5 summarizes the algorithm performance in tt- events.

5.4 Algorithm Optimization in the Data

In this section we concentrate on understanding the quality of global tracks in order

to discriminate good tracks from poorly measured ones. The selection of tracks is

one of the key points in the development of the secondary vertex b-tag algorithm,
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B multlpllclty

Figure 5.43: b-tagging efficiency as a function of the B hadron jet muitipiicity.

single b-tagging efficiency per event

Jet multiplicity

Figure 5.44: Event single b-tagging efficiency as a function of the inclusive number

of jets.
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double b-tagging efficiency per event

Jet multipllclty

Figure 5.415:Event double b-tagging elliciency as a function of the inclusive number

of jets.

since poorly measured tracks, in combination with any other one, will give rise to

fake secondary vertices.

We study the quality of reconstructed tracks in a multi-jet data sample with the

following requirements: requirements, designed to select clean (li-jet events:

l. Any Jet trigger.

2. 2 or more jets with pp > 20 GeV/c and |71|< 2.0.

3. Ad) > 175° between the 2 leading jets.

K
p.­ . Veto events with at least 1 jet not satisl'ying the above criteria.

Cn . Primary vertex |z| < ¿10(tm and «lor more attached tracks .

By requiring Ad) > 175° between the 2 leading jets, we make sure to select clean

jets for Optimization studies. Gluon splitted jets will be most likely be rejected by
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.let b-tag efficiency 0.648 :l: 0.006

Jet uds-tag efficiency 0.017 :t 0.002

Event single-tag efficiency 0.82 :l: 0.01

Event double-tag efficiency 0.35 :l: 0.01

Table 5.5: Performance of the b-tag algorithm in simulated tí events.

this criteria. The last requirement enables the selection of tracks with full SMT

information.

For every calorimeter jet, we match tracks with pr > 0.5 GeV/c and Izdcal <

0.5 cm within AR < 0.5 around the calorimeter jet axis and measure its signed

transverse impact parameter, IP.Figure 5.46 shows the IP distribution of tracks

with different number of SMT hits and 27 CFT hits. The‘small excess at positive

IP’s is (lue to the presence of long lived particles and heavy flavor jets, whereas

negative impact parameters are mostly due to track resolution.

We quantify the quality of tracks with different number of SMT hits as the

fraction with negative IP significance within 3 sigma of the primary vertex N(S >

—3)/N(S < 0). Since the majority of negative IP tracks are due to tracking reso­

lution, the track quality will be proportional to N(S > —3)/N(S < 0). Table 5.6

shows the fraction of tracks and the fraction of negative impact parameter tracks

within 3 sigma of the primary vertex.

Figure 5.47 shows the distribution of number of SMT hits per track in the data

and the Monte Carlo simulation. We observe a large discrepancy. In the simulation,

92% percent of the tracks has 3 or more hits, whereas in (lata this fraction is 78%.

Based on the results shown in Table 5.6 and Figure 5.46, we selected tracks

with 3 or more SMT hits, in order to keep to less than 10% the number of tracks

populating the tails of the transverse impact parameter distribution.

We will see that the performance of the secondary vertex b-tagging algorithm
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Figure 5.47: Distribution oí"the number oi"SMT hits in the data. (dots) und the

correspondng siiuulation (histogrum).
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No. of SMT hits Fraction N(S > —3)/N(S < 0)

1 0.069 0.439

2 0.133 0.761

3 0.249 0.893

4 or more 0.530 0.933

Table 5.6: Total fractíon of tracks and fraction of negative impact parameter tracks

within 3 sigma of the primary vertex in the data.

stroneg depends on the number of selected tracks. As the alignment and tracking

reconstruction algorithms continue to improve with the better understanding of the

detector, the number of selected good tracks will increase, resulting in an enhanced

overall b-tagging performance.

5.5 Algorithm Performance in the Data

ln this section we study the performance of the secondary vertex tagger algorithm

in inclusive jet and inclusive muon-jet samples. The goal is to understand how often

we mistakenly tag jets without heavy flavor and also how efficiently the jets from b

quark decays are identified. We also want to estimate how well we can predict the

expected number of tags from QCD production in different data samples.

The performance is evaluated by searching for secondary vertices within taggablc

jets and measuring the rate of positive and negative tags in different data samples.

A taggable jet is defined as a calorimeter jet matched to a track-jet with at least 2

tracks passing the track quality selection of Table 5.3.

We “tag” a jet according to the largest transverse (lecay length significance (Lry)

vertex found, around AR < 0.5 of the jet axis. If Lzy > 5, we call the jet a positive

tag whereas a negative tag is ajet with Lmy< —5. We apply the same vertex quality
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cuts defined in Section 5.3.11.

5.5.1 Data Samples

We use the following data samples to evaluate the performance of the b-tag algo­

rithni.

Inclusive inuon-jet sample (p+jet)

This sample is selected by requiring‘ a pp > 3GeV/c global inuou track, and

one or more calorimeter jets. W' require the rnuon to be in the vecinity of one

of the jets: AIM/aja) < 0.7.

.let-triggersample (ch_jet)

This sample was selected hy requiring any jet trigg‘erand at least one calorime­

ter jet. Wedivided this sample into a subsample with exactly 2jets (ch2_jet)

and another subsample with two or morejets (chINCL_jet).

Elvl-triggersample (ch_em)

’l‘his sample requires a single EM trigger (ENLHI, EM-HI_TR, EMJ'll, SII,

lBl\'I_l-lI_Sll_'l‘R),at least one electrou with p,- > 20.0 GeV/c, ¡[1. < 'lÜGeV

and one or more calorimeter jets. We subdivided this sample in a subsarnple

with exactly 2 jets (qcc12_em) and another subsample with two or more jets

(chINCL_em).

Inclusive electron sample (e+jets)

This sample requires the EIVIISJJ'I‘IÏ) trigger which consist of at least one

electromagnetic trigger tower in excess of 15GcV and two additional hadronic

trigger towers with energy above 15(.}'el/, one electron, one or more jets and
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ET < 15GeV. This sample is very close to the the sample used for top­

quark identification with the exception of the ET cut. This cut removes events

containing real electrons from W lcptonic decays.

5.5.2 Mistags

Tags in jets due to light quarks (u, d, s) are called mistags and they are most

probably caused by tracking errors and resolution effects. These effects cause that

tracks originating at the primary vertex appear as displaced. Mistagged secondary

vertices are expected to be distributed symmetrically about Lzy = 0. We measure

the mistag rate in the data as the fraction of jets with a negative tag. We also

measure the mistage rate as a function of the track-jet track multiplicity in inclusive

jet samples.

Positive tags from heavy flavor in inclusive jet samples are expected from the

three different sources already discussed in Section 5.1: direct production, gluon

splitting and flavor excitation. Direct production is responsible for N20% of heavy

flavor jets with energy above 20 G'cV [37], about 35% are produced by flavor ex­

citation and 45% by gluon splitting. The relative contribution of different process

changes after b-tagging is applied. Secondary vertex tagging is expected to be more

efficient for directly produced b-jets which tend to be back-to-back. b-jets which are

due to gluon splitting are not well separated and are often assigned to the same jet.

In the case of flavor excitation, one of the b-jcts does not participate in the hard

process and is often outside the detector acceptance.

The study of positive and negative tags in inclusive jet events was performed in

the ch_em and ch_jet samples described in section 5.4.

Figures 5.48 and 5.49 show the secondary vertex decay length and decay length

significanee distributions in the ch_em sample. The excess of positive decay

lengths is mostly from heavy flavor jets since we cxplicitly reject remaining Kg
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Figure 5.48: Secondary vertex decay length distribution in the ch_em data sample.

'I‘he excess ol"events with positive tags is mostly from heavy flavor.

vertices which pass the track selection criteria.

The positive (negative) tag rate is determined as the number ol' taggable jets

with a positive (negative) secondary vertex tag. A taggable jets is delined as a

jet with at least 2 tracks passing the track quality selection (3 or more SM'I‘ hits,

Ideal < 0.15 cm, IZ(Í(:(I.I< 0.4c1n, pp > ().¡')G(:V/(:).

We parametrize the positive and negative tag rate as a function of the number

of tracks in jets and 1;. This paranietrization is called Tag Rate Function ('I‘RF)

and it gives the probability that a jet with a given track multiplicity, will be tagged.

Due to the limited statistics, we only considered 2 7]bins in the pararneterization:

[nl < 1.0 and |11| > l.()

Figure 5.50 shows the 'l‘ltF 1>arametrization l'or positive and negative tags in the

ch_jet data sample, requiring “2inclusive jets in the central 17region. Similar plots

are obtained for inclusive and exclusive jets, in the central and forward regions, for

the ch_em and ch_jet data samples. Figure 5.51 compares the TRFs derived in
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Figure 5.49: Secondary vertex decay length significance distribution in the ch_em

(lata sample.

the 4 different samples in the central region.

We check that the parametrization chosen accurately predicts the positive and

negative tag rates by applying them to different data samples and examining various

kinematic variables which characterize the events and were not used in the process

of parametrizing the mistag rate function. Any (liscrepancy in the (listributions of

predicted and observed tags will indicate that a single variable is not sufficient to

correctly describe the tag rate.

We compare predicted and observed jet and event distributions. The predicted

tagged jets are estimated by weighting the particular distribution with the TRF of

every jet obtained from the inclusive chINCL_ern sample.

XM, = z X .TRF (5.6)
jets

The distribution of expected single tagged events (i.e. events with at least one b­

tagged jet), is obtained by combining the individual TRFs for jets in a given event.
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Figure 5.51: Tag rate function |mraluetrizatious in the 4 ch data samples for jet

|11| < 1.0.
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For instance, in a n-jet event with tag rate probabilities per jet TRFi, the single

event tag probability will be

P(event) = 1 —H (1 —TRFi)
i=l

which corresponds to the probability to tag at least one jet in the event.

Figures 5.52 and 5.53 compare the predicted and observed positively tagged

distributions in the inclusive ch_em sample for jet 77and pr.

Figures 5.54 and 5.55 compare the predicted and observed positively tagged

distributions in the inclusive ch_em sample for the event scalar ET and number of

jets.

The good agreement between prediction and observation in figures 5.52 to 5.55

indicates that the n and track multiplicity dependent TRF parameterizations cor­

rectly describes the data. The same distributions for the inclusive ch_jet sample

are shown in figures 5.56 to 5.59.

Figure 5.60 summarizes the relative difference between predicted and observed

tags in all diHerent samples.
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5.5.3 b-tagging Efficiency

We measured the efliciency to tag real b-jets in the b enriched inclusive muon-jct

sample. A large fraction of the events in this sample is expected to originate from

bÏ)production in which the decay of one of the b quarks produces the muon trigger

and the other a hadronic jet. The muon is not isolated but. produced in the vicinity

of a jet. We identify the muon and its associated calorimeter jet as the muon-jct in

which we look for secondary displaced vertices. The hadronic jet is referred to as the

away-jet. We require a muon with pq-> 2 GeV/c and a matched central track within

AR < 0.7 of a calorimeter jet with pp > 10GeV/c and |71|< 3. The calorimeter jet

is required to be matched AR < 0.5 to a track-jet with at least 2 tracks satisfyiug

the track selection criteria.

Figures 5.61 and 5.62 show the secondary vertex transverse decay length distri­

bution in muon-jet and away-jet tags. These distributions show a larger positive

excess than in inclusive jet events, due to their larger heavy flavor content. The

smaller positive excess in the away jet is expected due to the presence of gluon split­

ting and flavor excitation processes in the sample. In these cases, when one of the

b-jets is not reconstructed, the away jet is not a heavy flavor jet. A detailed study

of the away hadronic jet requires the generation of special Monte Carlo samples

unavailable at the time of writing this Thesis.

The b content of the muon-jet sample is obtained by using the fit templates

of the transverse momentum of the muon relative to the calorimeter jet axis (p’Tc')

[38]. Figure 5.63 shows the distribution of p5p"in the data and in the simulation,

for different Monte Carlo samples: bl), c6 and QCD. The bÏ) template includes the

sequential decay b —)c —)u which is indistinguishable from the direct b —)¡Ldecay.

These fit template functions are used to predict the b, c and light quark content

probabilities of muon-jets on an event-by-event basis.

The discrimination power of the pïfl variable is illustrated in figure 5.64, showing
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efficiency and purity as a function of the minimum pTTelcut. We require [2591>

1.0GeV to enhance the b content of the sample.

The secondary vertex jet tagging efficiency, in semileptonic b decays, is obtained

by counting the number of positive tags in the muon-jet sample and subtracting out

the number of expected c-jets and positive mistags from QCD, as explained below.

The heavy flavor content is obtained fmm the ¡25:31template fits. Let eh, ec, and 6ch

be the efliciencies, and Nb, NC, and chd the number, of b, c and light quark jets,

respectively. The total number of positive tags can be expressed as

+Tags : Nm, + N660+ chdech (5.7)

The total number of jets of a particular fiavor f = b,c, uds is obtained from the pg?‘

template fits applied to the muon-jets:

Nf = z F! (5.8)
¡t-jets

where Ff is the f-flavor content of the muon-jet.
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Figure 5.64: b-jet efficiency versus purity as a function of muon paid.

Given that the secondary vertex tagger algorithrn does not discrirninate b from

c vertices, we use the ratio of b- and c-jet tagging efficiencies in the sirnulation

to eliminate the 6‘,unknown in equation (5.7). We assume ec = Reb, with R =

¿(IFC/¿(ing

The last term in equation (5.7) is obtained from the parametrization of the

positive tag rate in the inclusive QCD data sample. The total number of positive

tags expected from QCD is obtained by Inultiplying the positive tag rate function,

evaluated at the track-jet multiplicity, by the ch fraction FM.

Thus, equation 5.7 can be solved for Eb:

6 : +Tüílb‘_' chd chd
'b M+RM wm

Figure 5.65 shows the Inuon-jet pp distribution in the data for all jets (points),

b-jets (grey), +Tags (solid black) and (¡cd (black line). The b-jet pT distribution is

obtained by weighting every pp bin of the histogram by Fb.

Figure 5.66 shows the b-tagging efl'iciency as a function of jet ¿DTobtained from
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Figure 5.65: Jet pT spectrum in the data for all jets (dots) and jets weighted with

the b-jet content from the pág template fits.

equation (5.9). The overall efficiency is cb = 0.29 :l: 0.02.

The primary reason for the different efficiencies obtained in the data and the

simulation is the lower number of good quality reconstructed tracks in jets, in the

former case. This is demonstrated in Figure 5.67, where the b-tagging efficiency

in muon-jets is plotted as a function of the track-jet multiplicity. We observe that

we can achieve more than 40% efficiency when the jet has four or more tracks.

Note that the b-tagging efficiency definition (5.9) subtracts the mistag background

contribution, This indicates that the increase in efficiency is not a consequence of

increasing the mistag rate.

It is not possible to measure the b—taggingefficiency in hadronic jets with our cur­

rent muon-jet sample, due to the smaller number of away-jets and the lack of Monte

Carlo sample containing all three bh heavy fiavor processes. This measurement will

be done for data reconstructed with further DQreco versions.

179



b-tagging efficiency ( u-jets )
0.7

0.6:­

0.5:­

0.4; I _.__

°°it+++++0.2L

0.1L

GFI“..11.1.¡“Miuuiuuinuhwh.i
20 30 40 50 60 70 80

JetpT
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Figure 5.67: b-jet tagging efficiency in seinileptonic ¡nu-jet events as function of the

number of tracks in the jet.
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5.6 Flavor Tagging

In addition to the the identification of b-quark jets, it is possible to discriminate

between b- and B-jets using the charge information of the tracks associated to jets.

The charge of a jet can be determined by computing a weighted sum of the

charge of tracks associated to a track-jet. The charge of a heavy quark is correlated

with the jet charge: If the heavy quark decays semileptonically, the lepton, which

has the same charge sign than the quark, will strongly contribute to the charge

average. When the heavy quark decays into a neutral meson, particles produced in

the fragmentation together with the neutral meson will also bear a memory of the

heavy quark charge sign.

We define the jet charge as a momentum weighted charge average of the tracks

iu the track-jet [39]

Q _ 2;; qj (zz--a)”
Z (¡31''51)"

where qj and ¡3,-are the charge and momentum of the track j, á is the jet direction

(5.10)

and rc is a parameter that weights tracks according to their momentum. If n —)0,

all tracks are equally weighted. If n —+oo, only the highest p7- track will contribute

to the jet charge.

Figures 5.68 and 5.69 show the jet charge distribution for b and ¿jets in a tt­

Monte Carlo sample for ¡e = 0.5 and K,= 1.0. The spikes at IQI = 1 are produced

when all tracks in the jet have the same charge.

In order to quantify the performance of flavor quark identification we define the

efficiency e, purity P and dilution D, as a function of the cut value Q of the jet

charge as follows:

o e = (Number of correctly tagged jets) / (all jets)

o P = (Number of correctly tagged jets) / (all tagged jets)

o D = (Number of correct tags - Number of mistags) / (all tagged jets)
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K = 0.5

Efficiency
Dílution

IQI

Figure 5.70: Performance of the jet flavor tagging as a function of the jet charge cut

Q for IS= 0.5.

A zero value for the dilution means that the jet charge gives a random answer

(half of the time it is right, half of the time it is wrong) whereas D : 1 corresponds

to a perfect algorithm.

Figures 5.70 and 5.71 show e, P and D for jet fiavor identification as a function

of the jet charge Q when K,= 0.5 and Ii : 1.0. For instance, if we tag b-jets when

Q > 0.1, using Ii 2 1.0, it is possible achieve an efficiency e = 0.54 and a purity

P = 0.62.

The jet charge distribution in the data was studied in the subset of di-muon

events containing a displaced Bi secondary vertex (Ki with pT > 1.5, SMThits 2 3,

collinearity > 0.9, xfi < 10, XÏQ< 20, lifetime > 0.02 cm). Once a B displaced vertex

was identified, we divide the event in two hemispheres considering the opposite

hemisphere as containing an unbiased b-jet. Thus, we loop over track-jets on the

opposite hemisphere and select the highest multiplicity jet with AR(B,jet) > 2.8

and pT > 4GeV. Figure 5.72 shows the jet charge distribution in the unbiased
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Figure 5.71: Perfornmnce of the jet llavor tagging as a function of the jet charge cut

Q for r; = 1.0.

opposite track-jet. This plot shows a ¡negative correlation between the B vertex

charge (given by the K charge) and the opposite-jet charge. The final tuning of the

Jet-Charge algorithm will be (lone in a larger sample of diinuon events.
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Figure 5.72: Distribution of jet charge in the B:t data sample for K,= 0.5.
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Chapter 6

ET Significance

This Chapter is devoted to the implementation of a probabilistic technique for the

identification of events with significant ET. There are many physics analyses that

can benefit from such a tool, like new phenomena searches with neutralino particles

in the final state, Higgs searches, top quark identification in the lepton channels,

etc.

The ET Significance (METsig) algoritlim was originally developed during Run

I [40]and, as part of this Thesis, I have adapted, optimized and implemented it for

Run II.

This chapter describes the METsig algorithm, its definition, Optimization with

Run lI data, and it analyses its performance for discriminating events with real ET

from events with fake or mis-measured ET.

6.1 The ET Significance Algorithm

6.1.1 Introduction

The missing transverse energy of an event is defined as the vector that needs to he

added to the transverse energy of all cells in the calorimeter in order to achieve a
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perfect balance in the transverse plane. In an ideal detector, a non-zero value is

the signal of the presence of non-interactng particles, like high-pr muons, neutrinos

or other beyond the Standard Model particles. However, experimental effects can

mimic a large (¿31‘measurement in an event that has none, due to its finite resolution.

The missing transverse energy resolution is governed by many effects: mis­

identification of the primary vertex, energy resolution ofjets, electrons, muons and

unclustered energy, hot cells, etc. Given a particular event with some measured

missing transverse energy ET, we may ask how likely it could be due to a resolution

fluctuation, taking into account the particular topology and measured physics ob­

jects in the event. In other words, which is the significance of the measured ET for

that particular event. Based on the knowledge of the energy resolution of the dif­

ferent physics objects, the METsig algoritlnn computes the probability distribution

for the ET, and it evaluates how likely the measured ET value is consistent with a

resolution lluctuation in the direction of the observed ET (á’),on an event-by-event

basis. This is illustrated in Figure 6.1, where an hypothetical transverse view of an

event is shown. The dark lines represent the transverse energy of two jets, the light

line the energy of an electron, the arrow the measured ET, and the point on the

arrow the magnitude of the The METsigalgorithm, by fluctuating the jet and

electron energies according to their resolutions, computes the expected ¡[T distri­

bution along the (í direction. The width of this probability distribution is used to

build a likelihood variable to quantify the number of standard deviations by which

the Í/JTprobability, in the direction of the measured ET, is different from 0.

The METsig algorithm was developed to discriminate events with real Mi,“from

those with fake or mis-measured 'l‘raditionally, this is performed through a

ET cut off above a certain value, such as ¿[T > 25 GeV/c. This approach has the

(lisadvantage that it depends on the event topology. Since events with several high

pr jets are more likely to give rise to a mismeasured large value of Lu than events
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Figure 6.1: Example of an event in the transverse energy plane. The METsig

algorithm computes the probability distribution for the ET, in the direction of the

measured ET, and it evaluates the number of standard deviations by which the E7­

probability, in the direction of the measured ET, is difl'erent from O.
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with lower jet multiplicity, any event selection based on a constant ¡[T cut olf will

perform dilferently depending on “101)7'spectrum and jet Inultiplicity. A cut on I/ÏT

significance, on the other hand, will retain events where the observed ET cannot be

explained by resolution effects, iïulependently of the event topology. This technique

has shown to be very effective in Run I analyses, outperforming other topological

methods developed to isolate events with large true

6.1.2 Algorithm Definition

We are interested in the probability distribution for the ET, due to the resolution

fluctuations of the N objects present in a particular event, each with respective

transverseenergies (Í = 1,N

Let us denote by ('í the actual u‘ieasured transverse missing energy ¡n the event,

(í = (I/ÏA'I",12,1"), ¡[J-u = lá'l, and consider that the module of the transverse energy

of physicsobjectj lluctnatesfrom to The resultingevent E7.wouldthen

change to

mi: r—Z(E-i.'—sm = «ï-zmam (6.1)

where y" is the direction of object j in the transverse plane.

The projection of ¡[T in the direction of the measured E3111,we called this direction

('í, will be denoted El; and is given by

a m r' .. .. . ¡
¡a- = I/Íq-—Z (Mi) mea) (0.2)

J

The probability distributions for the transverse energy fluctuations of the physics

objects, AE}, are experimentally found to be well described by gaussians, as dis­

cussed in detail in the following section. Thns

pum.) = N(o,aJ) (G.3)
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where 0]-= 0(Er};,nj) is the j‘" object transverse resolution and N (p, a) represents

a Gaussian distribution of mean value u and width 0. Actually, the resolutions are

parameterized as a function of for jets and Ej for electromagnetic objects, but

the conversion is readily done by knowing the respective rapidities .

Since a linear combination of gaussian (listributions is itself a gaussian distribu­

tion, the probabilitydistribution for the turns out to be

p (E7?) = N Er“, (6.4)

The unclustered energy object requires special consideration since we assume it can

fluctuate in any direction. Its contribution to the resolution, 03,3, is therefore not

multiplied by a cosine, yielding as a final result for the probability distribution of

ET projected along the direction of the rneasured transverse missing energy

N-l

= N 77v",Z 012-cosz(j',á')+ of“; (6.5)
j

Based on this probability density, we can define a pseudo likelihood

_ P (EL;l= E1731)_

where a is the variance of the ¡)(E'7Ï')probability distribution. This likelihood is

higher, the larger the probability that the of the event difiers from zero due to a

statistical fiuctuation. The likelihood as defined ranges between 0 and infinity, but
a

4 when ¡NET = 0) < e"1 in order to constrain L to valuesweset = )= e­
smaller than 10.0.

Figure6.2 showstwoexamplesof correspondingto eventswith large ET.

ln the first event (left plot), the ET is due to an energy imbalance from jet resolution

fluctuations.The width of is wideenoughto havea significantcontribution

at E7? = 0. In the second event (right plot), the ET is genuine, due to the presence
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. 1 u . . . .

of a neutrnio. 'l he 79(121.)distribution, even though it peaks at a lower value than

in the previous case, is very narrow, with ahnost no contribution at p(lfi,‘_‘= 0).

As a consecuence, both events with N 50 GeV/c, will have small and large ¡[T

significances due to their particular topology.

6.2 Probability Density Functions

In this section we will review how the energy resolutions are determined frorn the

data. We consider three different physics objects: jets, electromagnetic objects

(electrons and photons) and unclustered energy. We define the probability density

functions, p(E,-), such that the probability that the i‘" physics object has an energy

between E,—and E,—+ Mi}, is given by p(E¿)óE,-. These functions are well described

by gaussians.

6.2.1 Jets

The jet energy resolution ¡S obtained frorn the pp rnomentum imbalance in dijet

back-to-back events using the same rnethod as in RunI [41]. The method begins by

measuring the asynnnetry variable A,

Az — +Ef.) (6.7)

as a functionof the averagedi-jet pr, (ET) = (El. + In the ideal case of

ET-balanced jets at particle level, the jet resolution 037. is related to the width of

the asynnnetry distribution by the equation

31""= fiar (6.8)L,"

Formula 6.8 must be corrected for the fact that, in higher orders of the pertur­

bative ex )ansion or after hadronization the )resence of additional soft 'ets llll rht
) )
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Figure 6.2: Example ofp(E-,Ï1) in two events with large ET.
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|11| < 0.5 0.5 < |11| < 1.0 1.0 < |11| < 1.5 1.5 < |1¡|

N 0.0 :l: 3.0 7.9 :l: 1.7 0.0 :l: 33 9.0 :l: 7.0

S 0.98 :t 0.01 1.0 :t 0.2 1.8 :t 0.8 0.7 :l: 1.5

C 0.08 :l: 0.01 0.2 :t 0.1 0.0 :t 0.1 0.0 :l: 0.7

Table G.1: Jet energy resolution parametrisation fits.

introduce some imbalance in the transverse momentum of the two leadingjets. More­

over, soft jets are usually not reconstructed due to the 8GeV/c cut off on jet mn

Alter these effects are taken into account, the jet energy resolution is parametrised

with the formula

(6.9)

in four calorimeter detector-1} regions: |1¡| < 0.5, 0.5 < |71|< 1.0, 1.0 < I7}I< 1.5 and

1.5 < |1¡|.

ln formula 6.9, the sampling term, S describes sampling and showering [luctu­

ation of the incident particles, the limit on resolution at high energies is described

by the constant term C and noise Iluetuations that affect the low energy range are

given by the noise term, N.

The values of the fit parameters are summarized in table 6.1.

Tlms, the probability density for jets is given by

MET.) = 1V(E'r.-,0¡(E'r,"))l (6'10)

6.2.2 Unclustered Energy

The unclustered energy in an event corresponds to the calorimeter energy umissoci­

ated with jets. There are many sources for unclustered energy:

o Soft jets Due to the BGeV/c cut ofjet pp, the energy from sol't jets remains

unassociated to physics objects and adds to the unclustered energy ol"the

event.
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o Out-of-cone energy In the case of the fixed size 0.5 Cone jet algoritlnn used

in this analysis, energy outside a 0.5 radius around the jet axis will not be

associated to the reconstructed jet, contributing to the unclustered energy of

the event.

Warm regions Noisy calorimeter regions, usually called warm regions, might

contribute with calorimeter energy unassociated to jet objects.

Underlying event The energy distribution from parten remnants from the

hard interaction and additional minimum bias interactions also contribute with

energy unassociated to calorimeter jets.

In addition, the amount of unclustered energy in an event depends on the physics

process and its topology.

Figure 6.3 Shows the distribution of scalar transverse unclustered energy in

triggered-jet events as a function of the number of jets in the event. Since the

original data sample was selected by requiring at least one jet, the scalar unclus­

tered energy for O-jet events is zero. We observe how the mean value increases as

more jets contribute with more out-of-cone unclustered energy. Figure 6.4 shows

the ratio between scalar transverse unclustered energy and scalar total transverse

energy in the event. The fraction of unassociated energy to jets is of the order of

25%.

We parametrised the a: and y components of the unclustered energy resolution

as a function of the scalar unclustered energy in the event, by a linear relationship:

0'57.=(l+b'USET

We plan to extend this parametrisation considering the event jet multiplicity, as

a future improvement.

Figures 6.5 and 6.6 show the distribution of transverse x and y components of

the unclustered energy vector, in bins of scalar unclustered energy. The linear fits



Figure 6.3: Distribution of scalar unclustered energy as a function ofjet multiplicity

Figure 6.4: Fraction of the total transverse energy unassociated to jets as a function

of jet multiplicity.
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Figure 6.5: Distribution of the a: component of the unclustered transverse energy

vector in bins of scalar transverse unclustered energy.

to these distributions, are shown in Figures 6.7 and 6.8.

The probability density for the transverse unclustered energy is assumed to be

Normally and randomly distributed in the transverse plane, since it can fluctuate in

any direction:

P(E'I') = N(010U.E) (6-12)

6.2.3 Electrons and Photons

The probability density for electromagnetic objects is given by

77(Ei)= N(Ei,0i) (6.13)

where E} is is the energy of the elcctromagnetic object and a.- is its resolution,

derived from the Monte Carlo simulation [28]:

ai = 0.202 + 0.004E.- + 0.23MB}; (6.14)
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Figure G.6: Distribution of the y components of the unclustered energy vector in
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Figure 6.7: Unclustered energy resolution in the a: component.
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Figure 6.8: Unclustered energy resolution in the y component.

6.3 Test of Probability Density Functions

We tested the energy resolution parametrisations by comparing the predicted ET

distribution with the observed ET in different control samples with no real ET. The

distribution of predicted ET is obtained by assuming that the event has no real ET.

It is generated by resolution fluctuations of all measured physics objects according

to their PDF distributions:

En,“ = o —z óE,-—z (SE,-—¿UE (6.15)
jets l'IMs

Each (SE,-term is obtained by fluctuating the actual object energy at random, ac­

cording to its respective resolution distribution.

The tests were performed in two difTerent control samples:

o QCD inclusive: any jet trigger and two or more jets

o Zec: di-EM trigger, 2 tight EM objects and 0 jets

These samples were chosen since they have many physics differences: jet multi­

plicity, energy resolutions, color flow, etc.
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Since Z events have a different color flow than multijet events, it is expected

than the unclustered energy resolution, derived from multijet samples, is an over­

estimation for Z events. Tlms, we derived two different unclustered energy reso­

lutions: a minimum bios (mb) unclustered energy resolution, from minimum bias

triggered events, and a (¡cdunclustered energy resolution, from multijet events. The

constant term a for the minimum bias resolution is QGcV/c smaller than the ch

resolution.

6.3.1 QCD inclusive sample, HT > 100GeV/c

Figure G.9shows the con'iparison between predicted and observed ¡[T distributions

in linear and log scales. The first two distributions were obtained using the (¡cd

unclustered energy resolution, whereas the last two, with the mb resolution. We

applied a cut of HT > 100 to select a sample of high ET jets, where their resolutions

are know more accurately. The observed ¡[T is shown in black dots. The dark

grey histogram corresponds to the predicted ¡[T from unclustered energy resolution

ell'ects only. The light grey histogram is the resulting E7. distribution from jet

energy fluctuations only. The black histogram is the sum of unclustered and jet

energy resolutious, corresp<mdingto the final predicted We observe a very good

agreement between predicted and observed distributions for both unclustered

energy resolution parametrisations. The reason l'orthis is that the main contribution

to the [6Tcomes from jet energy lluctuations, being the unclustered energy a second

order effect.

6.3.2 QCD inclusive sample, 2 or more jets

ln this sub-sample with larger jet multiplicity, the unclustered energy contribution

is larger than before, due to a larger out-of-cone unassociated energy. Figure (5.10

shows the same four predicted-observed comparison distributions. We note a better
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Figure 6.9: Comparison between predioted (black histogram) and observed (dots) ET

distributions in the QCD HT > 100GcV/c sample. The dark (light) grey histograms

show the unclustered (jet) energy resolution contributions to the predicted ET. In

the top (bottom) plots the ch (mb) unclustered energy parametrisation was used.
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agreement between predicted and observed ¡[T distributions when we use the (¡cd

unclustered energy resolution, as expected.

6.3.3 di-EM sample, Ojets

Figure 6.11 shows the comparison. between predicted and observed ET distributions

in the Zee sample. ln this sample, which was selected by requiring to have no

reconstructed jets, the unclustered energy resolution is the leading contribution to

the ET distribution. Tlms, a better agreement, as expected, is observed for the case

where the mb unclustered energy is used.

These studies suggest that two (or many) unclustered energy resolution parametri­

sations might be used for different physics process. However, it must be noted that

the aim of the Ifir significance algorithm, is to discriminate events with large mis­

measured Ifi,‘ from events with real Since the largest source of mis-measured

ET comes from multijet events, where, as it was shown, the E'T is dominated by

jet energy fluctuations, the unclustered energy resolution parametrisation is not ex­

pected to play a significant role in the discrimination power of the method. 'l‘his

hypothesis is in fact verified in the next Section.

6.4 ET Significance Performance

In order to understand whether the ¡[T significance algorithm can be used to dis­

criminate between signal events, with large true IL}, and background events, with

zero true ET but large mis-measured 1])“ we considered two samples, one with true

missing transverse energy, and another without. The first is a sample ol' W+ 2 l

jets data events, and the second is a sample of QCD multijet data events containing

two or more jets, in which any missing transverse energy is most likely to arise from

detector effects.

For a )articular cut on the n si rnilieance likelihood and variable, Fir­l I E1 l I
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ET distributions in the QCD 2 2 jet sample. The dark (light) grey histograms show

the unclustered (jet) energy resolution contributions to the predicted ET. In the top

(bottom) plots the ch (mb) unclustered energy parametrisation was used.
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Figure 6.12: Signal vs. background efficiencies for the ET ch likelihood (black), ET

mb likelihood (light grey) and standard ET cut (dark grey).

ure 6.12 shows the number of signal versus background events left. We used two

(lifÏerent likelihood definitions, corresponding to ch (black) and mb (grey) unclus­

tered energy resolutions. We find that a cut on the ET significance likelihood that

keeps 80% of the signal events, retains 13% of background. If we want to achieve the

same background rejection, using a standard cut on ET, only 65% of the signal is

kept. Thus, the ET significance likelihood outperforms the standard selection based

on a ET cut ofl'.

For very high background rejection (below 2%), we observed that the mb reso­

lution likelihood allows to keep more signal than the ch likelihood. This is due to

the fact that the ch unclustered energy resolution overestimates its contribution in

W —)cu events, resulting in lower ET significance. On the other hand, for high sig­

nal efficiency, the QCD background dominates, and the ch unclustered resolution

gives an overall better performance.

Using the ch likelihood definition, Figure 6.13 shows a comparison between the

ET and the ET significance variable L for the W+ 2 1 jets and QCD+ 2 2 jets



samples. The likelihood cut was chosen such that it keeps the same amount ol'signal

events as a ¡[T > 20 GeV/c cut. We observed that the standard ET cut retains 30%

more background events than a E,- significance cut of L > 2.

The same comparison is shown in Figure 6.14 fora W+ Z 2 jets and QCD-l- 2 3

jets samples. We find that the standard ET > 20 GcV/c cut retains 26% more

background than L > 2.

The improved signal over background perfor'manCe of the ET significance algo­

ritlnn can be better understood from the correlation between ET significauce and

IZ'I'.Figure 6.15 shows such correlation iu a sample containing two electromagnetic

objects without track-n‘iatch requiremeut (i.e. consistent with being photons) where

any lll]. is probably due to resolution lluctuations of the photons and uuclustered

energy. We note a large number of events with ET > 15GeV/c but L < 2 which are

tagged, and can be rejected, as mis-measured I/ÏI,‘events by the METsig algorithm.

Finally, Figure 6.16 shows the likelihood distribution for 'y'ylür and W events in

a same plot to make it more evident the discrimination power of the method.

6.5 Conclusions

This Chapter has detailed the current implernentation and performance ol' the ¡[rr

siguilicance algoritlun for Run Il. We have shown that a cut on the IÁ‘Tlikelihood

variable is more powerful than a cut on the standard {5,-variable in terms of keeping

signal W+jets and rejecting QCD nmltijets events. The next step is to study the

application of the [[7-signilicance algorithm l'or the selection of the W+ 2 3 jets

sample for top quark identification. In addition, further improvements are expected

as the mis-vertexing and niuon PDF distributions are incorporated to this method.
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Chapter 7

Measurement of the Exclusive Bi

Lifetime

ln this chapter we present a preliminary measurement of the Bi meson lifetime

using the exclusive decay mode Bi —) .Í/ij) Ki with J/1/2 —) /L+/L_. The data

sample corresponds to an integrated luminosity of 47pl)“, collected during the July­

December 2002 period.

This chapter is organized as follows: Section 7.1 briefly summarizes basic kine­

matic characteristics of the Bi meson decays to guide the reconstruction and se­

lection of the Bi vertices used in this analysis. Section 7.2 describes the method

used to identify secondary B vertices in the decay mode Bi —).l/1/)(/i+¡u‘) Ki, and

the determination of the kinematic variables used to measure the lifetime. Finally,

section 7.3 describes the fitting technique used to extract the Bi meson lifetime.

7.1 Kinematics of Bi Meson Decays

ln this section we study the kinematics of the Bi —)J/1/2Ki decays with the MC

simulation. Our goal is to guide the reconstruction and selection of exclusive Blt
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meson decays in this mode. The simulated sample requires that each muon from the

J/1/2 has pT > 1.5GeV/c, so that they go through the toroid magnet of the muon

system, and |71|< 2.4, in order for them to be within the muon trigger acceptance.

The Bi is produced at the primary interaction vertex, it travels a small distance,

and decays (via the weak interaction) to J/‘t/JKi. The J/1/2decays immediately, via

the electromagnetic interactiou, to y if. Thus, the vertex decay topology consists

of two muons and a charged kaon emanating from a secondary displaced vertex, as

shown in Figure 7.1.

PV

Figure 7.1: BJr —>J/w K+ vertex decay topology. The B+ Ineson is produced

together with other fragmentation particles from the parent b-quark.
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Figure 7.2 shows the transverse and longitudinal momentum and 7]distribution

of the produced Bi vertices.

Mean 0.004326

RMS 1.566

Bn

Figure 7.2: Properties of Bi mesons in Bi —+J/7,bI(It decays

The longitudinal momentum, pz, depends of the event-by-event boost and is

greater, on average, than the transverse momentum. The combination of transverse

and longitudinal momentum give rise to the observed 77distribution.

The transverse momentum and 7)distributions for the final state particles are

shown in Figure 7.3. We observe how the transverse momentum of the kaon is

much softer than the muon’s. This can be inferred from Figure 7.4, where the ratios

pTu /pTB, pTK/pTB, and pTJ/V,/pTB are shown. Most of the transverse momentum

of the B meson is carried by the J/i/J, which in turn is divided symmetrically between

the two muons. Figure 7.5 shows that, on average, 70% of the B meson energy is

carried by the J /1/1,whereas 30% is carried by the kaon.
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Figure 7.3: Properties of the final state particles in Bi —+J/r/¡Ki decays. The

minimum track pT is 0.5 GeV/c for the kaon ¿1nd1.5 GeV/c for the muon.
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Figure 7.5: Fraction of the B meson energy carried by the J / 7/)and K decay particles,

The mean values are 70% and 30%, respectively.

The topology of the Bi vertex deeay can be understood from Figure 7.6, where

AR: W is plottedfordifferentpairsofparticles.Muonsarepro­
duced with a very large angie among each other. The mean value of AR(/¿,,u) is

approximately 80°. The J/zl) is produced more collinear with the B momentum than

the kaon. The dístributions of AR between the B and the muon and kaon momenta

indicate that the topology of the decay consists of a 3 charged tracks very spread in

space.
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Figure 7.6: Topology of the B;t —>J/1/)Kjt decay vertex.
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7.2 Exclusive Bi Vertex Reconstruction

As it was discussed in Section 4.6, the algorithm for the identification of Bi sec­

ondary vertices is based on the particular kinematic characteristics of this decay.

It consists of four main steps: the reconstruction and selection of the primary ver­

tex, the selection of the (lecay particles, the reconstruction of .I/rj) vertiees, and

the identification of J/1/2Ki decays, by combining the J/rj) vertices with Ki track

candidates.

7.2.1 Primary Vertex Identification

Primary vertices were reconstructed using the Kalman Filter technique described

in Chapter 4. For the selection of the hard scatter vertex, we did not use the

probabilistic algorithm but a different method based on the particular characteristics

of the di-muon data sample. Since the 2 muon tracks are originated from the hard

scatter vertex, we select the primary vertex as the closest one, in z, to the pr­

averagez position of the 2 muon tracks', ZM = (2):“, pri chai/z¿=l_2 pri), if

AZ = IZml—val < 30m.

7.2.2 p, and Ki Selection

The Bi reconstruction starts by preselecting the final state particles. Both muons

are required to be reconstructed as a segment in at least one layer of the muon sys­

tem, and matched to a central track containing at least 3 SMT hits and transverse

momentum greater than 1.5GcV/c. All remaining tracks, containing at least 3 SMT

hits and transverse momentum greater than 1.5GeV/c, are considered Kaon can­

didate tracks. The SMT hit requirement assures the track momentum is measured

lThis was, in fact, the unbiased method used to derive the minimum bias probability method

in Section 4.5.2.
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accurately. The p,- requirement reduces the number of background candidate events,

resulting from vertices with similar charactmistics to the Bi —)J/‘l/)1(:t decay, but

which are due to accidental combinations ol"real or fake nmons and tracks. Since

background events teud to have less energy than the signal events, a minimum p,­

requircmient for the final state partieles increases the signal over background ratio.

ln addition to the kinematie track selection, events were preselected by requiring

that any diumon trigger has lired.

7.2.3 J/‘l/JReconstruction and Selection

J /-t’2——>¡[l/f vertex (lecays were reconstructed by a Kalman Filter vertex con­

strained fit of the two opposite charge muon tracks in the event. If there were more

than two muons in the event, all charged allowed pair combinations were consid­

ered at a first stage. The vertex X2 was required to be less than 10 to assure that

the two muons are consistent with originating from a same common spatial point.

The vertex constrained fit allows to improve the vertex mass resolution as ¡r track

momenta are refitted with the constraint that they come from the same vertex. ln

addition, the uncertainty in the transverse vertex decay length is required to be less

than 0.02 cm to reject poorly measured vertices. Figure 7.7 shows the decay length

error distribution of J/u’; vertex candidates.

F'gure 7.8 shows the invariant mass distribution for J/1/2candidates. The dis­

tribution was litted with a signal function consisting of 2 Gaussian, and a linear

background function. We observe 64974.2 :t XXXX signal J/zp events after back­

ground subtraction. A smaller mass peak l'or the 1/)(25')resonance at N3.6 GeV/c2

can also be observed. Figure 7.9 shows the 1/)(25) mass range in more detail. We

select J/‘I/Jvertex candidatos if their invariant mass is in the range 2.9 —3.3 GeV/c".
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Figure 7.7: Uncertainty in the transverse proper decay length ULWfor J/zp vertex

candidates. We require 0'sz < 0.02 cm

7.2.4 J/rb Ki Reconstruction and Selection

After a J/r/J candidate vertex was found, the algorithm attempts to attach to it an

additional kaon track, which passes the selection criteria described in Section 7.2.2.

A three track constrained vertex fit is performed with each kaon candidate. The

x2 contribution of the kaon track to the J/rl) K5c vertex (xa), as well as the total

vertex x2 (xfitz) is a measure of how well the additional track is consistent with the

hypothesis of originating from the .I/zj)vertex. We require X} < 10 and xítz < 20.

The loose X12,tzrequirement was chosen to increase the number of signal events.

When calculating the J/w Ki vertex invariant mass, the kaon track is assigned the

tabulated kaon mass [1], and the J/r/) vertex is constrained to the world average
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Figure 7.8: Invariant mass distribution of opposite charged muon tracks after vertex

selection cuts. The mean value of the central Gaussian fit function is 3.0751 i

0.0007 GeV/c2 and a = 0.054 i 0.001.

J/r/z mass If there are more than one B:t vertex candidate in an event, we

consider them all for the rest of the analysis. Figure 7.10 shows the invariant mass

distribution of the B:t vertex candidates. We observe a signal over background ratio

of 0.11. The same invariant mass plot, requiring a decay length greater than 200 ,um,

is shown in Figure 7.11, where the signal over background ratio is enhanced to 2.6.

Figures 7.10 and 7.1i were obtained with the additional requirement that

the J/Iz/JKJEcandidate vertex points back to the primary interaction vertex with

a collinearity angle larger than 0,9, where the collinearity angle is defined in Sec­

tion 5.2. This requiremth is very effective in removing background events, but due

to the fact that collinearity is a function of decay length, it cannot be applied for
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Figure 7.9: Invariant mass distribution of rb(2S) vertex candidates.

the lifetime measurement.

Table 7.1 summarizes the selection criteria used for J / 1/;K i identification.

7.3 Bi Lifetime Measurement

In this section we describe the fitting technique and the quantities used to measure

the Bi lifetime.

The signed transverse decay length is defined as the projection, along the B

meson transverse momentum direction, of the vector pointing from the primary to

the secondary Bi vertex:

.,J ( B PV) IpTl ( )

where 5T is the B transverse momentum vector.
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Figure 7.10: Invariant mass distribution of Bi candidate vertices.
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Figure 7.11: Invariant mass distribution of Blt candidate vertices, but including a

LW > 200 ¡un requirement.
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Il PT > 1.5GeV/c

[l SMT hits > 2

K p-r > 1.5GeV/c

K SMT hits > 2

J/‘Í’ XÏI: < 10

J/¡p a,“ < 0.02c1n

x} < 10

x3.” < 20

Table 7.1: Summary of Bi —+J/1/)K’k vertex reconstruction and selection criteria.

Lilyis negative when the reconstructed B meson seems to decay before the point

it was produced. For a zero-lifetime sample, a Gaussian distribution with mean

value Lfy = 0 is expected, with a wiclth governed by the tracking resolution.

The proper decay length, CT,is calculated l'or each event as

CT= LfyMBi / (7.2)

where MBi is the world average mass of the B+ meson and ¡3'1-is the measured

transverse momentum of the B hadron. Equation 7.2 is obtained from the following

relation:

CT= L3,: / 67 = Lfyz Mat / Ifil (7-3)

where Lfyz is the three-dimensional decay length and ¡3'the total B hadron momen­

tum.

7.3.1 Bi Proper Lifetime Fitting

We divide the Bi mass range in three regions: left side-band (4.6<M(B)<4.9),

signal (5.1<M(B)<5.4), and right side-band (5.6<M(B)<6.0), where all mass units

are implicitly in GeV/cz. The left and right side-band regions were chosen so that

they have similar number of events. The signal region contains a mixture of ap­

proximately 10% real Bi vertices plus background events. The proper lifetime
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Figure 7.12: Proper lifetime distribution in the left side-band, right side-band and

signal regions.

distributions of all Bi candidates in these three regions are shown in Figure 7.12.

Since we are interested in a lifetime measurement, we did not apply the collinearity

cut for the selection of Bi events.

We note that the proper lifetime distributions for the left side-band is very similar

to the same distribution in the signal region. This is due to the fact that real B

mesons, where one particle hasn’t been reconstructed, will appear to have a smaller

invariant mass. For instance, B —>J/i/JK’“r —+flfl1(g7ï+, where the KS is not

reconstructed and the pion is misidentified as the kaon track. Thus, we assume that

the left side-band region, as the signal region, is composed of a combination of real

OO0.000...CCO0.00000000ÓOOOOOOOOOO0.000000000000.



13i and background decays.

The fit to the lifetime distribution was done using an unbinned maximum log­

likelihood method [36]. The likelihood function was defined as:

N

L = H {Faiig+ (1 - F) ya] (7.4)
i=l

where N = 4031 is the number of events in the signal region, F is the fraction

of signal events, and giig and gáckare the proper decay length probability density

functions for the signal and background respectivcly.

The lifetime distribution of background events, gáck,was parametrized as a Gaus­

sian for zero-lifetime events (i.e. vertices with zero lifetime that appear displaced

due to resolution effects), one exponential for the negative lifetime background and

one exponential for the positive lifetime background. The two exponentials account

for non-Gaussian tails and we assume they can have different slopes, as we expect

some enhancement of events with positive lifetime due to the presence of sequential

semileptonic B decays in the di-muon sample. The width of the Gaussian is the

lifetime uncertainty of each event, rnultiplied by a scale factor e, to account for the

possibility that it is systematically underestimated.

The background distribution function was defined as:

—¡\?/2(ea¡)2 f_ _ e'—. _+ -z\¡/z\ .
(1 f+ f-) me," + A+e +

i = 7.’
gbck e_/\lg/2((al_)z f_ +X/A ( 0)

(1*f+—f—)—m—+A—_-C /\i>0

where e is the error scale factor, f+ and f_ the fractions of right and left side

exponentials, /\+ and A_ the respective coeflicients for the positive and negative

background exponential tails, and A,-and 0,-are the lifetime and its uncertainty for

the i‘h event.

The proper lifetime distribution for signal events, giiq, was parametrized as an



Exponential convoluted with a Gaussian resolution function:

' 1 oo _ c1('—A.)Ï _i:_r_(¿i = — e '-’WI) e H (l CT 7.6J g fiew ( ) ( >
where A” is the mean Bi proper (lecay length.

The fit results are listed in Table 7.2 and the proper deeay length distributions

with the [its superimposed are shown in Figure 7.13. We obtain

CT(B+) = 471d: 53(stut)p1n (7.7)

T(B+) = 1.57 :t 0.18 (stat)ps (7.8)

which is consistent with other Bi lifetime measurements The current world

average Bi lifetime is 1.674 :t 0.018ps.

Parameter Value

e 1.176 i 0.035

F 9.2i [3%

AU 0.0471 :t 0.0053 cm

A- 0.0077 :t 0.0018 cm

,\+ 0.0079 d: 0.00120”;

f- 5.2 i 1.7%

f+ 15.4 :l: 2.0%

Table 7.2: Fit parameters for the Bi lifetime measurement

Table 7.2 shows that the fraetion of signal B"t —)“¿Ki events is 9.2%. We

note that the errors in the lifetime are underestimated by 17.6%. There are several

hypothesis that may lead to a misestimation of the lifetime error. Some examples

¡LI'OZ

o underestimation of traek parameter errors is translated in a umlerestiniation

of vertex errors.

lo lx; C:
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signal contribution is shown with the solid line.

o non-Gaussian tails in the distribution of track parameters bias the vertex es­

timation which assumes Gaussian errors.

o the primary vertex is affected by the presence of small-lifetimc B vertex tracks.

Given the small number of events collected so far, statistical errors dominate over

systematic errors. Some sources of systematic errors and how they can be estimated

are listed bellow:

o Primary and secondary vertex determination: the effect of primary vertex

reconstruction can bc determined by using a different algorithm to find and

select the primary vertex, such us using the probabilistic selection method.
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Secondary vertex systematics (ran be evaluated by measurng the lil'etime at

the J/‘l/)decay vertex rather than at the Bit vertex. Both vertices are physically

identical, but experimentally they dill'er due to track and vertex resolution.

py-cuts: the effect of the kaon and J/‘tb pr, can be studied by estimating the

lifetime with diÍl'erent transverse momentum cuts.

Background paranretrization: the systeinatic uucertainty on the background

estimation can determined hy varying the the fraction and slopes ol' the expo­

nential functions by ila of the lit values and fixed them in the fit.

7.4 Conclusions

This chapter described the application of the Kalinan Filter vertex techniques devel­

oped to the measurement. of the Bi hadron lifetime in the exclusive decay channel

Bi —+J/1/)K*. This is a very first measurement using RunII (lata which will be

significantly improved within the next years, by using a much larger data sample.

The main motivation lor this analysis was to prove that the Kalman Filter algoritlmi

can he used to carry out B-physics measurements with the D0 detector.

An accurate measurement of B meson lil‘etimesare crucial for the measurement

of B —¡3 oscilations and other Standar Model parameters such us the the CKM

paran'ieter Vd,



Chapter 8

Top Quark Identification Using

Secondary Vertex b-tagging

In this Chapter we discuss the application of the secondary vertex b-tagger algoritlun

to the identification of top quark events in the electron plus jets channel.

As mentioned in Chapter 1, 30% of tí events decay in the lepton+jets chan­

nel, where one W decays leptonically, Kw, and the other one hadronically into two

quarks, giving rise to jets. The signature for this channel is thus a lepton, E7- from

the neutríno, and four jets, not necesarilly all reconstructed, but two of which orig­

inating from b quark fragmentation. The major background source for this channel

is W+jets production, which gives rise to basically the same final state signature,

with the important difference that in general no b quarks are present in this case.

Although several techniques have been (levised to isolate the tí signal, like ex­

ploiting its particular kínematics in a topologically based analysis, the most suc­

cessful methods rely on b-tagging, that is, identifying the presence of b-jets. There

are three main b-tagging methods: the soft lepton [42, 43], which searches for a jet

embedded low pr lepton from B (lecay; the impact parametcr [44, 45], exploiting

that particles from B decay should have in general large impact parameters with
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respect to the primary vertex; and the most sensitive one, the secondary vertcx,

which attempts to reconstruct the displaced B hadron decay vertex, as explained in

Chapter 5. During Run I, DG)did not have precision vertex tracking, and could thus

only implement this last method. This thesis has discussed in detail the develop­

ment, implementatiou and Optimization of the secondary vertex b-tagging for D(Ó,

exploiting the newly installed microstrip silicon vertex detector. In this Chapter we

present its preliminary application for top (¡uark identification.

Since tï events have two b-quarks in their final state, while no b quarks are present

in the majority of the W+jets background, the method consists in selecting c+jets

events with at least one b-tagged jet, and subtracting the tagged background in the

e+jets data sample. This Chapter is organized as follows: Section 8.1 describes the

selection of the e+jets data sample. Section 8.2 details the sources of background

tagged events and Section 8.3 compares the background estimation to the observed

number of tagged events. The excess of tagged events over background is associated

to tí .

8.1 Selection of the e+jets Sample

The c+jets sample, which contains the tí signal, ¡s pre-selected by requiring a high pp

electron, large MT,and at least one jet with transverse momentum ])'[‘> 15GeV/e.

Primary vertices were reconstructed with the 'I‘ear-dowu Kalman Filter vertex Í‘inder

(lescribed in Section 4.4 and selected using the minimum bias probability technique

detailed in Section 4.5. The two main backgrounds are W multi-jet production and

QCD events with a misidentified electron and mismeasured ET.

.»’\sunmiary ol' the pre-selection cuts for the e +jets sample is given in Table 8.1

Electrons were required to have ET > 20GeV/c and be associated with a track

match in order to reduce the QCD background contaminating the electrou sample.

One example ol' this background is a jet fragmenting into a leading 71'0,which decays
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EM particle, ET > 20 GeV/c, |11|< 1.1

Electron track match

Second electron veto

a),- > 20 GeV

Ad)(E1-,e) > 0.5

At least 1 jet with E1- > 15GcV/c

Trigger “EM15_2JT15”

Table 8.1: Summary of the pre-selection cuts for the e + jets sample.

with 98.8% branching ratio to a pair of collimated photons, thus producing basically

the same the signature as an isolated electron. Figure 8.1 shows the ET distribution

for electrons from a data sample containing a single EM trigger and an electron

with ET > 20 GcV/c and simulated tí events in the single electron channel. Most

of the data events in this sample consist of false electrons. Only electrons in the

central calorimeter were considered for this analysis. This was motivated from the

fact that all decay products in tí events tend to be more centrally produced than jets

from QCD processes. In addition, it is more difficult experimentally to discriminate

between true and false electrons in the forward region. Figure 8.2 shows the 77

distribution of electrons in the data and the simulation.

Events with two high pT isolated electrons were rejected in order to reduce some

of the Z+jets events in which the second electron falls into the detector acceptance.

Since W+jets and Z+jets events have similar production mechanisms, there is a

significant fraction of Z+jets events in the e+jets sample.

Since the electron from the W is produced with a neutrino, a cut of E1,-> 20 GeV

was applied in order to increase the purity for W events. The ET distribution for

simulated tí and data is shown in Figure 8.3. The missing ET significance was not

used in this analysis, as it was not yet approved by the collaboration at the time

of writing. Instead, topological cuts were required in order to eliminate events with
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fake high transverse missing energy due to energy resolution fluctuations. The main

contribution to fake ET originates due to the different resolution between hadronic

and electromagnetic jets. In multi-jet data, the distribution of the d)angle between

the 1737-and the electron, AÓ(ET,e) peaks at 0 and 180 degrees, whereas for tí

events it rises monotonically as shown in Figure 8.4. Thus, we require the minimum

opening angle between the electron and the ET to be greater than 0.5.

The trigger requirement was specifically designed for the e + jets channel and

studied in detail in [29]. The EM15_2JT15 trigger fires when the event consists of

at least one electromagnetic trigger tower in excess of 15GeV and two additional

liadronic trigger towers with energy above 15GeV.

Secondary vertices were reconstructed using the b-tagging algorithm described

in Section 5.2. A brief summary of the method is given below:

o Identification of the primary interaction vertex.
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o Reeonstruetion of secondary displaced vertiees.

—Find track-based jets using a 3-dimensional cone algoritlini of size 0.5.

Tracks are required to have at least ‘2SMT hits, p'p > 0.5 GeV, ideal <

0.15 crn and lzdcaI <0.4 cin.

—Select tracks with large transverse impact paraineter within track-jets

and find all possible 2-track seed vertices with thein.

—Select vertices based on their decay length, collinearity angle and vertex
2X . Rejeet identified V0 vertices and associate secondary vertices with

caloriineter jets if AR('utz,jet) < 0.5.

o A caloriineter jet is tagged as a b-jet if it has at least one secondary vertex

with decay length significance L1.y> 5. The decay length significance of a jet

is defined as the signed decay length divided by its error. This quantity is

signed positive if the secondary vertex is displaced frorn the primary vertex in

2341
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the same direction as the jet momentum and negative otherwise.

Figure 8.5 shows the distribution of the secondary vertex decay length and sig­

nificance in the selected c+jets sample. There is a 30% excess of positive tags,

indicating the presence of heavy flavor in the sample.

8.2 Tagged Background in the e+jets Sample

In order to understand whether the tagged events we observed in the e+jets sam­

ple are from tí events, we need to calculate how many tags we would expect from

background sources. There are several sources: mistag jets, heavy flavor production

in W+jets events, Wc production, direct bh production, WW, WZ, and Z —)TT

events. The largest backgrounds are heavy flavor processes in association with W

bosons (WbÏ), Wc6) where the bÏ)and cc pairs are produced from gluon spitting, and

Wc production (gs —)WC). Diboson production may produce tags through the de­

cay W —>cs and Z —)bÏ). Tags in Z ——)TT processes arise from tagging multi-prong

hadronic decays of long-lived taus.

Table 8.2 summarizes the contribution of the main tagged background sources

obtained from ALPGEN Monte Carlo simulations [47].

An accurate background estimate would require to calculate the fraction of

tagged events in Monte Carlo simulated background events, to scale it with a data­

Monte Carlo scale factor, and to normalize it to the number of observed W+jets

events in bins of jet multiplicity. This approach could not be followed given the

absence of large Monte Carlo background samples at the time this analysis was

performed.

Instead of an explicit calculation of the Wbb, ch and Wc backgrounds from

Monte Carlo, we use the positive tag rate parametrization +LIy obtained from

EMch sample (See Section 5.5.2) which accounts for all sources of heavy flavor



(N+ tags - N-tags) l Ntags = 0'30

300
H e + jets sample

250­

200 —

100­

50­

n ll l l l l l l l l l l l l l l l l l l l l l l l l l l l

-2 -1 .5 -1 -0.5 0 0.5 1 1.5 2
Transverse vertex decay length [cm]

(N -N /N = 0.30+ tags - tags) tags

350—— e + jets sample

300­

250­

200­

150L

100­

50*­

...-L -.____ 1l l l l l l l l l l I l l l l l l l

o -40 -20 0 20 40 60 80 100
Transverse vertex decay length significance

Figure 8.5: rl‘mnsvcrso voru'x (lu-ay length 21mlsignificance in thu (“Hats smnplo.



Source W + 1 jet W + 2 jets W + 3 jets W + 4 jets

WbÏ) (0.88 i 0.04)% (1.57 :t o.09)% (3.17:i:)%

W'CE (1.25 :l: 0.13)% (2.33 :l: 0.26)% (3.34 :t 0.88)%

W(bÏ)) (0.50 :l:0.11)% (1.70 :t 0.48)% (1.40 :t 0.44)% (0.92 :t 0.83)%

W(cé) (1.21 d: 0.16)% (2.15 :l: 0.55)% (5.52 :l: 0.88)% (9.28 :l: 2.66)%

Wc (2.96 :l: 0.07)% (6.51 :l: 0.69)% (3.84 :l: 0.83)% (3.86 :l: l.69)%

Table 8.2: Summary of the fraction of different W+jets flavor processes as a function

of exclusive jet multiplicity obtained from ALPGEN simulation. We distinguish

cases in which the two heavy flavor jets are resolved (WM-J)from the cases where both

heavy flavor jets are reconstructed as a single jet (W(b5)) The remaining background

corresponds to mistags.

production in multi-jet events in addition to mistags. This method is known to bc

an overestimation of heavy flavor in W+jets events [46] because

o heavy flavor production in W+jets events is through gluon splitting whercas

in multi-jet events it can also proceed through direct and flavor excitation

process.

o a higher fraction of gluon jets (in which heavy flavor is suppressed) is present

in W+jets events than in multi-jet events.

This calculation of background cannot be used for a cross-section measurement, but

it constitutes a simple method to observe a tí signal in the W+jets sample that can

be used as a cross-check to a. full MC background calculation [46].

The idea is to estimate the number of tagged background events as a function

of inclusive jet multiplicity. If we call f(n,ntrk) the positive jet tag probability

parametrization, the probability to tag an event is given by

N

P(n 2 1ta_(¡s;Njets) = 1- H (1 —f¡(n,nt1'k))
i=l

(8.1)
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Llwhere tagged event” means that it has at least one tagged jet. We then compare

it with the observed number in each inclusive jet multiplicity bin. The presence of

a it signal should be observed as an excess ol"tagged events in the NM, 2 3 and

NJ“, > 4 bins.

8.3 Application to the Data

Figures 8.6 to 8.9 show the comparison of the kinematic distributions between ob­

served and predicted tagged events, and the distribution of transverse vertex decay

length of the tagged jets as a function ofjet multiplicity. Figure 8.10 and Table 8.3

summarize the observed number of tagged events and the expected background for

dill'erent jet multiplicities. We note that the observed number of tags exceeds the

background expectation l'or e + 3jets and e + -ljets events, as we expect l'rom a

[Í contribution. This is the first evidence of top production in Run II data, and

the first application ever in DG)of the secondary vertex b-tagging technique. lt is

expected to become the major tool for top identification in the near future. The

observed excesses can be transformed into a cross section measurement upon a more

detailed background estimation based on Monte Carlo simulations [47], and the in­

clusion ol' the tagging efliciency and the luminosity.

Figure 8.1 l shows one ¿Í candidate event with one tagged jet (single tagged event)

in which two secondary vertices were found. 'I‘his vertex topology is consistent with

a decay chain of b —) 13 —) D.

With this first evidence of tt production using the displaced vertex b-tagging

method, this Thesis concludes. Its main purpose has been to develop the new tools

and analysis schemes that are necessary to harness the enormous physics potential

unleashed by the recent DV)upgrade ell'ort, and the starting of the high luminosity

Run II. The new state-()l'-tlie-art D(/) tracking system, and in particular the silicon

microstrip detector, has opened a myriad of possil_>ilitiesnot available during the
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Figure 8.11: Event display of a single tagged event. Calorinieter jets are drawn as

light grey boxes with its size proportional to pT. Black lines correspond to all tracks

within track-jets. Two secondary vertices are shown as dark circles and its attached

tracks are plotted as dark lines. The dark ellips‘ecorresponds to the electron.
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Source W+ 2 l jet W+ 2 2 jets W+ 2 3 jets W+ 2 4 jets

Background 15.2 5.7 1.3 0.5

Data 12 5 3 2

Table 8.3: Summary of the expected and observed number of tagged events in the

W+jets sample as a function of jet multiplicity. The number of background events

is expected to be an overestimate.

nevertheless fruitful Run I years. This Thesis has set the ground along two of these

lines, the pursue of B physics through the full reeonstruction of its secondary de­

cay vertices, and the identification of top quark production via its most promising

signature, the tagging of b-jets via displaced vertices. At the time of writing, Run

II data taking is starting after a long shutdown period, allowing only for the pre­

liminary physics results here presented. Within six months, however, extrapolation

of the present instantaneous luminosity leads to expect a statistics comparable to

the full Run I data taking, with an estimated sample of 30 tí events and 2000 fully

reconstructed Bi —)J/1,/¡Ki hadron decays, leading to exciting times in D0 for the

years to come.
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