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Introduction

This thesis decribes the all hadronic {f analysis on the ~ 100 pb~! of data collected so
far by the CDE experiment {Chapter 2 and Chapter 3) in the pp collisions at /= = 2
TeV of Tevatron {Fermilabs).

At the Tevatron energy the production g —» tf is dominant. In the Standard Model
the tguark decays very often in a W beson and in a bquark (Chapter 1). Because
the top mass is greater than the sum m{W) + m(b), the W boson is not virtual and the
possible final states for the ¢ events depend on the W decay. The best channel for the top
discovery i3 when one or both W bosons decay leptonically [single lepton + jet charnnel or
di-leptonic channel). In these cases we have very small background contaminations which
can be eliminated with kinematical requests or requiring the presence of a b-jet. Instead,
the largest branching ratio (44%) is when both W's decay in gi':

tF - WHEW B — (g7 1b{qd")b (1)

giving a final state with 6 jets. Unfortunately this channel is affected by a very large
QCD background which makes very difficult the isclation of the signal.
Starting with a signal/background ratio of about 1077 it i3 necessary to study a selection
able to reduce the background events but keeping a good signal efficiency.
Chapter 4 is dedicated to the description of the algorithms which recontruct the tracks
and the jets at CDF.
In our analysis the signal events are characterized by the presence of 6 quarks in the final
state which can make 6 jets identified in the calorimeter. Because the jets can be merged,
lost along the beam or fail the threshold in energy, the minimal jet multeplicity required
is 5. After that we make a very tight selection based on the kinematical characteristics of
the events (Chapter 5).
In this way we can increase the signal /background ratio to about 1/15 which is a good
improvement but is not enough. Because the i events have always two b-gquarks in the
final state, we can also require at least one b-jet (Chapter 6) requiring a secondary vertex
coming from a b guark decay.
Putting together the optimized kinematicals selection and b-tagging we are able to evi-
dentiate a small if signal from which we derive a measurement of the T production cross
section (Chapter 7).

wip ]






Chapter 1

Theory and phenomenology of the
Standard Model

The top quark mass is a fundamental parameter of the Standard Model (5] and is needed
for extracting other parameters from precision electroweak measuments. In this chapter
a briel review of the Standard Model, focused on the problem of introducing masses for
both vector bosons and fermions, will be presented. This will introduce the issue of Higps
Physics. The evaluation of the range for the Higes boson mass depends strongly by the
experimental value of the top mass. The top quark and its existence, established by direct
experimental observation at the Fermilab Tevatron by the CDF and DO Collaborations,
will be dealt with in this chapter.

1.1 Introduction to the Standard Model

1.1.1 Towards a unified electroweak theory

The first approach to weak interactions finds i1s origing in 1934,
when Fermi [1] proposed a theory able to account for the nuclear
A-decay process (see fig. 1.1), which can be expressed as:

I rp4e = .

Diriven from experimental observations, suggesting for weak de-
cays longer lifetimes than in electromagnetic processes, Fermi's Figure L1: n—pe iy
idea consisted of treating weak interactions as ‘point-like’ electro-
magnetic interactions. In order to make such an analogy clear,
the electromagnetic scattering of an electron off a proton (see
fig. 1.2) can be considered:

£ p e

Due to the fact that lepton and baryon numbers are conserved,
this process can be thought as the interaction of two currents
(indicated in figure 1.2 as J,) via a single {virtual) photon ex-
change, which leads to the scattering amplitude
ol Figure 1.2: ep—rep
Maopy'p pe Yl




where g is the momentum transfer, +, the Dirac matrix and p (e] the fermion spinor. For
Lhe cross section, QED predicts

4

oo | M[Em (1.1)
&

where s is the square of the center of mass energy of the e—p system and e is the electron
charge.

By analogy, Fermi supposed that weak processes, such as the S-decay, could be de-
seribed in a similar way. Using the partons inside nucleons, the requirement of ‘contact’
interaction leads to the amplitude

MeocGp (B p ) (T0d) .

where the form of I'™ has been determined to be 4#(1 -5 /2, in order to aceount for parity
and charge conjugation violations which characterize weak interactions' The numerical
value of the Fermi’s constant, G, hag been estimated by comparison of the theoreti-
cal prediction for the S-decay rate with the empirical measurement to be 1.16639(1) =
10-*GeV % Now, il the weak process

vpt+d —re4u,

which is described by a diagram similar to the one in fig. 1.1, or any other weak scattering
process, 18 considerad, the Fermi theory predicts a crose section:

o~ Gps . (1.2

For weak processes at high energies, this relation states that the cross section 18 divergent
with s. This goes against the S-matrix unitarity. In other words, the expression (1.2) is
a symptom of the sickness affecting the Fermi theory: non-renormalizability.

A possible solution to this problem consists in forcing the analogy between weak
and electromagnetic processes by removing Permi's assumption of ‘contact’ interaction in
favour of a vector boson mediated weak interaction” (see fig. 1.3).

Figure 1.3: e—d elostic scattering as seen by fermi and VB theories.

‘For a definition of the Dirac matrices +®, 45, see for example [2].
*This approach ks known as ive (Intermediate Vector Boson) theory.



In order to preserve the short-range characteristic of the weak interactions, the inter-
mediate boson (the so called W™ particle) has to be massive. This has the immediate
consequence of intreducing a massive vector boson propagator

pe_atas
) (1.3)
¢~ M

into the amplitude of the considered process.

Although the IvB theory reproduces Fermi’s results in the low energy limit, removing at
the same time the unitarity viclations that appear at tree-level, it presents some difficulties
that affect heavily its predictability:

o the IVE theory cannot describe some processes at tree-level. This is the case, for

instance, of ¢ 4 My =k e | By

o unitarity viclations still emerge at tree-level in processes like ete™ — WHW= | where

the total amplitude is the result of the interference of a weak and an electromagnetic
contriition {E-EE ﬁg 1.4}.

Figure 1.4: 1vB theory contributions to ete” 2 WHW

These sipnals seem to sugeest that the IVE theory i3 not complete. The simplest and most
logical way of addressing the problem consists in the introduction of an additional vector
boson [ZY) with the following properties:

o it must be neutral, in order to enable neutral currents? at tree-level (see fg. 1.5);

o as the W*_ it must interact “electroweakly’ in order to be able to interfere destrue-
tively both with the weak and the electromagnetic diagrams which concur to a
given process when these are simultaneously divergent. In the case of the process
e¥e” = WHW™, the additional contribution is shown in fig. 1.6.

488 opposed to the currents nvolving the emission or absorption of a charged vector boson, which
are Indicated as “charged currents’. In agreement with observatlons, neutral currents do not change the
fermion flavoue.
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Figure 1.6: 2" contribu-
Figure 1.5: er, —ber, tion to efe” = WHW= fuee

fig. 1.4)

This solution solves all the maodel diseases mentioned above®, but the cure works at tree-
level only: higher-order calculations are still not possible. The reason this happens can
be studied by considering the eross section of the simple box diagram shown in fg. 1.7,
where the (divergent) contribution of the loop integral is put in evidence (the divergence
arises when the limit Alcutofl value) —» oo is taken).

v, W e
- AWy -
N
el &k i
* }x;;; - .‘Lf‘-kll A2
: o~ - — E”..,[: kkh-.-

Figure 1.7: Hor diagram JI'rJf'
the electroweak theory.

Since the effect evidenced in fig. 1.7 becomes progressively more severe as the perturbative
order increases, it is clear that predictions bevond the tree level are not possible.

It is then clear that all problems are originated by the behaviour of the vector boson
propagator in case of massive bosons V' — see expression (1.3): in this case, the term
gg® (M5 at high energies causes the suppression of the 1/¢* factor from the denominator,
and, consequently, of the two 1/k* factors which enable converging results in the cross
section of QED processes (where M. =0).

1.1.2 The Standard Model of electroweak interactions

The previous paragraph has put in evidence the difficulty of formulating a renormalizable
theory capable of describing the reality of electroweak interactions in terms of processes
characterized by massive bosons exchanges,

At the same time, the origin of QED renormalizability comes from its intermediate
boson being massless. This can be understood in terms of an underlying local symmetry

1At least In the limit of massless fermlons. See for example [3), § 21.2.
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obeved by the theory: the Lagrangian density £ of a system interacting electromagneti-
cally has to be invariant under the field transformation

Plx) :-::'Qﬂ[’:'i,irl:r} ,

where () — the generator of the transformation — is the electric charge operator. The sym-
metry group which deseribes such a transformation is an U(1) group, which is indicated as
U(1) ., in order to remind the electromagnetic nature of the generator. The locality of the
transformation is ensured by the space-time dependence of the transformation parameter
it.

On one hand the invariance under U(1),, guarantees that electric charge conservation
holds, while, on the other, a new vector field A* — which can be associated to the 5
intermediate boson — has to be introduced in £ through an interaction term with fermion
fields. Although a kinetic term for A* is allowed by the overall symmetry, this does not
hold true for a mass term, which imply necessarily that My =0. In other words, M, =01s
a signal that the U(1)__ symmetry is not violated, which in turn implies electric charge
conservation.

The attempt of obtaining a renormalizable theory of electroweak interactions consists
in providing the electroweak theory with a gauge® symmetry capable of reproducing the
characteristic weak current left-right asymmetry responsible of parity and charge conju-
gation violations. In order to identify the local group, the weak charged current

1
J“:EIE*'I."‘L[I T ¥
can be written as

JU=L4*+*L (1.4)

L=3(1 ’f“](?):(?)f*

' :%l:'ﬁ | 'E':r-‘!]I .

with

where 7, stand for the usual Pauli matrices¥. Note that writing (1.4) forces the fermion
fields o =£, vy to be assigned to some multiplet representation of the underlying {unknown)
gauge group, of which v+ will be one of the penerators. In other words, this procedure

is almed at pointing out an explicit sign of the gauge group by simple phenomenclogical
considerations.

In the same way, the hermitian conjugate current gt
.IF'*:E’;#T L,

with

| :
T ZEI:‘T] iTa)

B
Le. local
#Note that the subseript “L7 to the lepton doublet reminds the action of the operator [1—=) /2, which
selects the left-hand heliclty peojectbon of & feemion Held.
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haz to be considered, sinee it 18 involved into the interaction as much as J* is,

Since gauge bosons and currents are in one-to-one correspondence with the generators
of the symmetry group, and sinee these, in turn, form a closed set with respect to the
commutation operation, then the guantity

L+* [':rI T ] Lzz'r"'r;;,l.:.ff

deseribes an other admissible weak current. In particular, it represents the weak neutral
current, whose existence has been anticipated on the basis of phenomenological consid-
erations (see pag. 9). No more weak currents — independent from J#, J#F 1 — can be
introduced in this way, since [rs, 75| =277,

Therefore, weak currents have beon written in a form that points out a ELI[E]—EJ'I!]HLﬁLIiE
structure of weak interactions, since SU(2) is the group generated by the Pauli matrices.
However, it should be noted that only left-handed fermions have been arranged in this
seenario’. Since right-handed fermions, such as g and £g, do not participate in weak
processes involving charged currents, one can suppose of arranging them into SU(2),
ginglets.

As previously mentioned, gauge bosons are in one-to-one correspondence to group
generators of local symmetries. Therefore, a vector boson field W has to be associated
to each of SU(2), generator 7. While the structure of the charged currents J#, Jo
suggests that a suitable combination of the W fields (precisely (W 5 iW%) A/2) should
be considered for representing the W= bosons, it is immediately clear that the neutral
current J and, consequently, W1, cannot be identified with the electromagnetic current
and its intermediate boson () respectively. Two reasons support this conclusion: first,
electromagnetic currénts do not couple electrically neutral objects, such as neutrinos.
Secondly, electromagnetic currents do not exhibit parity or charge conjugation violations:
in fact, they are characterized by a vector Lorentz bilinear (4.¢. £ F — soe pag. 7), allowing
both left and right-handed fermions to be involved in the electromagnetic interaction.
However, from the comparison betweon the weak neutral current

J§ = (Pery v —Ery* L) {1.5)
and the electromagnetic current
S = = (Eav bn+ ™) (1.6)

it can be noted that the last term in the right-hand side of [1.5) is part of the electro-
magnetic current (1.6) as well. This suggests that the electromagnetic current can be
expressed in terms of the weak neutral current J§' and a new neutral current, indicated
as ‘weak hypercharge’ current J3 associated to an ad hoe neutral penerator Y of a gaupe
U{1} symmetry® which corresponds to a newtral gauge boson, B, The simultaneous
gauge-invariance under SU{2); and U{1},,, can therefore be expressed in terms of gange-
invariance under the SU(2), = U{1),. group, where U{1),. is the Abelian group generated
by Y.

TThis s the reason why this symmetry group Is usually indicated as SU(Z), .

EBy definition, the relation between the neutral generabors s

Q=I:4Y , (1.7}
where Iz=173/2 Is called ‘weak Isospin’. The corresponding clgenvalues will be Iindicaved by g, i3 and j.
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In this way, not only has the gauge symmetry group of the electroweak sector of the
Standard Model been identified in SU{2); = U1}y, but also the interactions between
gauge bosons and fermions [gJ“WF, g W gJ.:WH# and gU{,‘-HF: where g, g' — the
so-called ‘coupling constants’ — deseribe the strength of the weak and hypercharge cur-
rent interactions) have been established in a very natural way according to symumnetry
congiderations.  As anticipated for leptons, lefi-handed fermionie fields participating in
this picture are arranged into “weak isospin’ doublets

i wp f =1 _
( E )L . q_= l L Ei_"\-‘:“1':-

Q= ] —r g=2/3 u=u,c,t
N d g g= 1/3 " d=d,s.b °

(1), e

while their right-handed partners are SU(2),; singlets (i.e. with i3 =0)":

L

where

E=fg, f=epur1
U=ug, u=u,e.t
D=dg, d=d,8 b

Hence, the model of electroweak interactions has been provided with a non-Abelian
gauge invariance. Theories which exhibit this behaviour are known as Yang-Mills {yu)
theories [4). Their peculiarity consists in being renormalizable unless mass terms — which
provide an explicit breaking of the gauge svmmetry'” — are introduced. Apparently, no
step forward has been made with respect to the extension of the 1vE theory. However,
the mere essence of ¥M theories (symmetry), enables to exploit a mechanism that gives
mass to both gauge bosons and fermions without an explicit violation of the gauge sym-
metry [5],[6),[7] nor the renormalizability [8].

1.1.3 The Higgs mechanism

The breaking of a continuous symmetry can be achieved in two ways

explicit: the Lagrangian density £ containg terms which violate the gauge symmetry;

spontaneous: the Lagrangian density £ is invariant under a given symmetry, while the
vacuum state {ground state) is not.

As previously mentioned, explicit symmetry breakings lead to non-renormalizable models,
in the following we will consider the aspects of spontanecusly broken symmetries.

For a spontaneous symmetry breaking (288) to happen within the gauge theory of
electroweak interactions, a pair of {complex) scalar fields has to be introduced into the

"Being Qiveg) =0, fa(1eg) =0 and, consequently, ¥ i) =10, vy states do not undergo electroweak
interactions and, therefore, do not take part In the electroweak pletune.

WExartly as for QED, mass terms for gauge bosons are not allowed by symmetry requirernents. The
same holds true for fermion masses.
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model. In order to be eligible for a 888 mechanism, these fields must exhibit non-trivial
transformations properties under the gauge groups they are meant to break. The simplest
way of doing this consists in arranging the two scalar fields into a SU{2) doublet:

(%))

According to gauge invariance and renormalizability, the most general term of sell-inter-
action for the scalar fields is described by the potential

Vig)=p'ad'p+ Mo o) | (1.8)
which, for AZ0 and p* <0 ", has a minimum for:

o 1. ; . . ;.u."! e
|6 =3 [wi+witvatel] =—5r=7 . (1.9)

The spontaneous breaking of the SU{2), symmetry takes place in the act of choosing a
particular vacuum state from the multitude defined by [1.9). If the situation where

e
wir=we=w@ =0, gy= T:ﬂ

is chosen, the vacuum expectation value (VEV) is

o= :_’i ( ’ ) (1.10)

and the ¢ field variations around the minimum ¢y =¢(0) can be always written as

_iﬂit. 2l fu 1)
¢[I]_‘,.ﬁ e ( v+ hlz) ) (1.11)

by adjusting the value of the scalar fields ¢;{ ). The number of these felds, which play the
same role of the Goldstone bosons in the case of spontaneously broken global symmetries,
corresponds to the number of broken generators. They are known as ‘would-be Goldstone'
bosons sinee, in virtue of the SU({2)-invariance exhibited by V{g), they can be gauged away
by the transformation [/{z)=e~*=n/ Therefore':

%0~ wrhio) -

This is essentially the core of the Higgs mechanism [90: of the four degrees of freedom
associated to the initial scalar fields 5y, three are absorbed in the would-be Goldstone
bosons gauging procedure, to be returned in terms of longitudinal degrees of freedom of
three gauge bosons, which in this way acquire a mass. The fourth degree of freedom is
associated to f(x) (the Higgs boson HY) and represents the only physical scalar field of
the model. Its mass,

Mp=+22 (1.13)

depends on the free parameter A, and therefore is not predicted by the theory.

UThe first condition ensures the existence of a bower bound for V7, while the second selects a degenerate
VAL,
2In the se-called unitary gauge.
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However, the rencrmalizability of the sm
enables to set a range of admissible val-
ues of Mg, This can be done by solv-
ing the system of the one-loop renor-
malization group equations, which even-
tually describes the running of the gquar- 2
tic coupling constant A as a lunction of
g, the renormalization seale. The be-
haviour of A{p) for different initial con-
ditions A[Mz) — each related to a given . . — g}
value of My by the relation (1.13) - L A
is depicted in fg. 1.8 {where the initial
conditions Mg==60, 100, 130,150,130, 210 Figure 1.8: Running of A in fenction of en-
GeV/e* have been used [10]). Upper and  ergy scale A.
lower bounds can them be set on Mg by
requiring that A < 1 (perturbative regime
condition) and at the same time A >0 (trivialily limit) up to a certain seale A which will
define the upper limit of validity for the Higgs sector of the sm.

The actual symmetry exhibited by V{¢) is larger than SU(2). Indeed, V(g) is left
invariant by the action of the U{1) transformation.
The vacuum state [1.10), violating the residual U{1l) symmetry as well, leads to the
spontaneous breaking of all four generators of the gauge symmetry. The possibility of
giving mass to the photon, arising from the additional would-be Goldstone boson implied
by the U[1) breaking, is however ruled out sinee (1.10) preserves {3+ 1)/2, generator of
Ufl)en (see (1.7)). Since this is a combination of broken generators the violated gauge
symmetry is partly recovered

SU(2), % U1}y — U1}, .

and only three would-be Goldstone bosons are allowed.

Omee the SU{2); = U{l)y-gauge invariant Lagrangian density for the scalar field ¢ has
boen obtained

Lo=(D*) (D)~ V()
whore

!

DH =@k in:[I}I% g B4(x) 5

(with @ = 1,3), the mass terms for the gauge bosons can be found by computing the
kinetic term of Lo for ¢=y:

1. . | R

E-uiy‘z (WIWa+ WE Wy ) = E‘-‘zﬂbl"'": I#ww (1.14)
1. ,

—o (g'B* — gW5) (/B —gWau) =

e (4 (%) ow
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While (1.14) states that the combinations W* = [W¥ 3 W) /2, which can be interpreted
in terms of W™ bosons, acquire a mass of

1
Mw= 2v

expression [1.15) predicts the mass eigenvalues M, 4 = (v/2) /g% 44", 0 for the neutral
bosons mass eigenstates

24N costy sin W

A T\ sinfly  cosfy B+ :
where fy (Welnberg angle} is defined by the diagonalization condition tandy =gy for
the mass matrix contained in (1.15). Onee A¥ the massless eipenstate associated to the

unbroken generator €2, is identified with the photon field v, the remaining field Z* will
represent the neutral boson 2. In this way, 2" will be given the mass:

1 vy

Mg =- .
. 2 eos e

The rotation in the space of neutral boson fields modifies the couplings of the neutral
currents to the corresponding gauge bosons

Eu Ff ot [IH- ﬂ:-l.[l! ﬁ'w I.':;:} yl.l’cm f.i'u;.r
';.'ﬂ_' ~ gsin By}

expressions that establish a formal relationship between weak and electromagnetic inter-
actions. In particular, the latter sugpests that

e=gsinfy ,
which in turn — together with the diagonalization requirement (tan fy =g’ ) — lmplies:
e=g' cosfy .

The interaction of H" with the gauge bosons can be found by following a similar
procedure:  the kinetie term of Lg this time has to be expanded in terms of (1.12).
Neglecting the kinetic term for h, one obtains

2 wrbar= o 1 2 gtons A%
(u%]’f[um]::(m{vw HW, i—,gli‘:é.d'“.ﬂ#) (1 | ;) :

expresaion which describes, besides the gauge bosons mass terms, the interaction vertices:

’LE?‘EE. ' J'Iri';yr,,,,-"v

hWHW M3 -

;rﬁﬂzf NJH?HMZ-H ' (1.16)
KEZL ~ Miga/(20%)

REW W~ Mg (20%)

As previously mentioned, explicit fermion mass terms are forbidden by the electroweak
gauge symmetry. However, fermion masses can be generated by the Higps boson vev if
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the Lagrangian density of the model includes a SU(2), » U{1), -symmetric term which
describes the interactions between fermions and HY in terms of Yukawa couplings

Lyvue= [Eq‘:n’mE} [ﬁ-ﬂmﬂ -ﬁ&huU} e, (1.17)

where ¢ is defined as the charge conjugate of ¢

- u'
¢=:-=>ru¢':( ‘-'“w )

and fig, b and by are generic n % nomatrices in the generation space', since EU[E]L
singlets and doublets carry the same quantum numbers across fermion generations.

Fermion masses and couplings with HY emerge explicitly when expression [1.17) is
evaluated in the unitary gauge (i.e. in terms of (1.12) and (1.18)):

1 - — .
o E(u Fh) [(Erhetr) + (dhndr+ughyug)] + he. . (1.19)

If quarks are considered, the determination of « and d-type quark masses corresponds to
diagonalizing the matrices fip and fiy;. This can be done introducing the mass eigenstates
u”, d¥ connected to the interaction eigenstates wu, o by two biunitary transformations

L =Uf;u}:" . U= UR“?;

do=Vid) | d=Vads, ° (1.20)

where the hermitian Uy, Ug, Vi, Vp matrices are chosen so that
Ui hplip=diag(hl, 3, ... K8
VihoVe=diag(hy, b5, .. &)

with h.['r_-,n real and non-negative. In this way, the hadronie sector of (1.19) can be written
in the form

1 b1
Lo — E[‘E‘ [ IL}IZ (r?;-n.flﬁr.l!ljn [ E}Lfl{:u‘urn) + fc.
Jml

which puts in evidence both quark masses

J'J'I{:— ‘l@ 5 J'J'!ﬁ— .UIE

and quark couplings to H:

HOgg ~ 9 | (1.21)

LH

134 has the same transformatlon propertles of ¢ under SU(2) ;. Furthermore, the Auctuations around
s VEY qfu can be written as:

. 1 .
dix)= E‘E{ v+hiz) ) . (L18]

" 45 of this writing, n=3.
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However, the rotation in the peneration space induced by (1.20) affects the charged
hadronic current. In fact, recalling (1.4)

JE =T r Q=g yPdy =10 U v Viedd =@ P Vi d) =T 4" Vg wd?

Verar is known as Cabibbo-Kobayashi-Maskawa matrix and describes the mixing ampli-
tude in Havour changing currents' [12],[13].

A different. behaviour i on the other hand predicted for leptons. The difference is
essentially due to the vy carrving no electroweak quantum numbers, therefore forbidding
any Yukawa coupling involving -Er This implies the existence of only one mass matrix, hg,
which can be diagonalized by the biunitary transformation

VE hp VE= ding(hL, b2, ..., h2)

(where flé are required to be real and non-negative), which identifies the leptonic mass
eigenstates

f,r_:l’}ffi . fq:i’ﬁf} ;

at the same time, assuming 1, massless, the same transformation holds for the lefi-handed
neutring

s

This makes the leptonic term in [1.19]
1 E1Y
L= E["J‘ FRYY (?‘:v.r_hﬁ;ﬂk) ke
Jm1

clearly diagonal, while leaving weak charged currents unaffected
P =Dt LTy =TV Vil =T VI Ve =T
Similarly to quarks, charged leptons masses are

£
mf:h%ll .
2

in terms of which their eouplings to HY can be expressed:

HOBE ~ (1.29)

'LI

1.2 The role of the top quark in the Standard Model

Quarks and leptons constitute the basie building blocks of matter in the Standard Model.
There are three generations of quarks and lepton in the model, with identical quantum
numbers but different masses. Within each generation, quarks and leptons appear in pairs
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Figure 1.9: Leptons and quarks in SU2)x< Uf1). Also shoun are the values for the SU2)
weak isospin (Iy), Uf1) weak hyperchange (YY) and electric charge ().

(see fig. 1.9). The lefi-handed quarks form weak-isospin doublets, with the electric charge
Q=+2/3 and Q=-1/3 quarks having wealk isospin I;=-+1/2 and -1/2 respectively.

The tau lepton [7) was the Orst particle of the third generation to be discovered. A
short time later, in 1977, the T was discovered at Fermilab as a resonance in the p*p
invariant mags spectrum in the reaction p + nucleon —» g p” 4 X, This resonance was
interpreted as a bb bound state {the T}, wich subsequently decays into muon pairs.

In the past twenty vears a tremendous amount of experimental data on the propertics
of the b quark and of lavored hadrons have become available, mostly from experiments
at ete” colliders. Both the charge and the weak iscspin of the bottom quark are by now
well established (= -1/3 and I,= -1/2).

The value of the charge was first inferred from measurements of the T leptonic width
at the DORIS ete” storage ring. This widih is proportional to the square of the charge of
the b quark (see fig. 1.10) and can be quantitatively estimated from heavy quark-antiquark
potential models.

t '[;ll T '[;ll
T_ﬁ m&&ﬁ{

“
Figure 1.10: Feynman diagram for T — ete™.

The charge assignment was subsequently confirmed by the measurement of the ratio
R=a(ete” — hadrons)/o(ete” — ptu~).

16 ap tree-level, these processes can be deseribed by charged current phenomena only. In fact, the
detected suppression of Havour changlog meuteal curvents [FeRG) lead to quark SE7(2) doublets through
the aid mechanksm [11).
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At lowest order and ignoring resonance effects, R= 3. 3¢, where the factor of
three arises from the fact that guarks come in three colors. The sum is over all guarks
that can be produced all quarks with mass below one-half the center-of-mass energy of

the ete” system.

The weak isospin of the b quark was first extracted from the forward-backward asym-
metry I[.Jipa} inete s b, This ASYMmMeLry is defined in terms of the bquark production
cross section o(b) as

a8 > 90°) — a(b, § < 90°)
alb, @ = 90°) + aib, § < 907)

..-'lpg = [123]
where § is the polar angle of the b quark in the ¢*e” center of mass as measured from
the direction of Hight of the e™.

The asymmetry originates from the coupling of the Z to fermions, which in the Stan-
dard Model depends on the weak isospin through a term in the Lagrangian of the form
Fyelgy = gam)2#f, where fis the fermion spinor and the vector and axial couplings gy
and ga are given by

Iy = 20 sin’ thr

= 1.24
d 2sinfiyrcosty [ )
1y
= 1.25
44 2sinthycosty (1.25)

where fw is the Weinberg angle. The first measurement of Arg was performed in
the mid-eighties and was found to be consistent with the Standard Model prediction.
Alternative isespin assignments for the bottom quark were also found to be inconsistent
with the ohserved suppression of the faver-changing neutral-current decays of B mesons.

If the b quark formed a weak-isospin singlet and if there were only five quarks [w,
d, e, 5, b), then it can be shown that the branching ratio B(B — X[H{") =0.12 and
B(B —» Xiw) == 0.026. This was scon found to be inconsistent with the first upper limits
placed on Bavor-changing neutral currents in b decays, B(B — XIT[7) <0.008 at 90%
C.L.

The I3=-1/2 isospin of the bottom quark implies the existence of an additional quark,
the top quark, as the third-generation weak-isospin partner of the bottom quark. Fur-
thermore, the existence of such a third-generation quark doublet, in conjunction with
the presence of three lepton generations, ensures the necessary cancellations in diagrams
contributing to triangle anomalies.

For the electroweak theory to be renormalizable, the sum over fermions for diagrams
like that displayed in fig. 1.11 should vanish. l}.u: contributions to this diagram for each
fermion in the theory is proportional to J"l."ﬁgﬂlﬂ‘! where the [actor N.=3 i3 the number
of colors and applies to quarks only. Hence L}.u: contribution from a lepton isodoublet
exactly cancels that of a quark isodoublet. With three lepton generations, the existence
of a third quark isodoublet, whose members are the top and bottom guarks, results in
the desired cancellation of triangle anomalies.

Measurement of the Z width at the LEP and SLC colliders rule out the existence of a
fourth-generation neutring with mass M, < Mz /2. Unless the fourth-generation neutring
is very massive, no additional generations are allowed in the context of the Standard
Model. The top gquark 13 therefore the last fermion expected in the Standard Model.
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Figure 1.11: An example af a fermion triangle diagram thet could eause an anomaly.

Only the Higgs boson s left to be discoversd in order to complete the particle and feld
content of the minimal Standard Model.

While the Standard Model predicts the charge and weak isospin of the top quark
(Q=2/3 and [,=1/2), its mass remains a free parameter. The recent top mass measure-
ments yield M, = 174.345.1 GeV/e*[14] a factor of 40 higher than the mass of the
second-heaviest lundamental fermion (the & quark). The reason for such a high mass
is a mystery of the Standard Model. [t does, however, cccur quite naturally in local
superasymmetric theories where the electroweak symmetry is broken through radiative
corrections.

The value of the top mass enters in the calculation of radiative corrections 1o a large
number of electroweak observables. The level of precision achieved in these measurements
is a good enough that a comparison between the measured top mass and the caleulation
of electroweak radiative corrections provides a stringent test of electroweak theory and is
sensitive to physics beyond the Standard Model.

1.3 Top quark production

Because of its large mass, the top quark can only be observed directly in collider exper-
iments where sufficiently high center-of-mass energies are achieved. In electron-positron
collisions, top quark are produced in pairs via a photon or a . Since at lowest order
this is a purely electroweak process, the cross section and production kinematics can be
precisely predicted, but at present no ete” collider has reached a sufficient energy.

Significantly higher center-of-mass energies have been achieved at hadron colliders: top
guarks are produced by colliding partons (quarks, gluons, and antiquarks) from protons
and antiprotons. There are three mechanisms for top production in pF collisions:

e pair production of top quark, pp — ¢ + X. The leading-order Feynman diagrams
for this process are shown in fig. 1.12. At higher order, gluon-gquark initial states
also contribute. ¢ pairs can also be produced through a £ or a photon, but with a
much smaller cross section.
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Figure 1.12: Lowest-order Feynman diograms for production of IT pairs in pp collisions.

e Single top quark production is dominated by two processes: the s-channel We[W
virtual) and the t-channel W-gluon fusion process. The cross section is proportional
to the CKM matrix element Vi (see fig. 1.13).
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Figure 1.13: Lowest-order Feynman diagraoms for Drell-Yan production of th pairs in
ni — W= — th.

s single top quark production via W-gluon Tusion (see fig. 1.14). Photon-gluon and
Z-gluon fusion are also allowed with a much lower cross section.

Figure 1.14: Lowest-order Feynman diograms for production of a single top gquark via
W-igluon fusion in pp collisions.

At the Permilab Tevatron the strong interaction paie-production process (pg — ) is
the dominant one for a wide range of top masses. Furthermore, among all lowest order
diagrams of fig. 1.12, the quark annibilation one (g§ —» ) provides the majority (= 900

of the production cross section.
The pair-production cross section for heavy quarks such as the top can be calculated

in perturbative QUD. It is factorized as a product of the parton distribution functions
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inside the protons and the parton-parton point-like cross section, and is written as a sum
over contributions from partons inside the proton and antiproton:

olpp > 1) =Y f deFz, 1) (1.26)
i
™ j-r.f:r."1 &y [I-j: ;1”}&{1 (4, ;.l.!, M:ﬂ?} (1.27)

The functions F; and Fy are the number densities of light partons [quarks, antiquarks
and gluons) evaluated at a scale p in the proton and antiproton; z; and x; are the
manentum fractions of the incoming partons, &y 18 the point-like cross section for it —+
t and & = ayx g8 18 the square of the center-of-mass energy of the parton-parton collision.

The factorization and renormalization scale p i3 an arbitrary parameter with the di-
mengion of an energy, which is introduced in the renormalization procedure. The exact
result for the croas section should be independent of the value of u, however, since calou-
lations are performed to Gnite order in perturbative QUD, eross section predictions are in
general dependent on the cholee of the scale, which is usually taken to be of the order of
Migp- The sensitivity of perturbative caleulations to reasonable variations in g is used to
estimate the aceuracy of the prediction. Parametrizations of the parton number densities
{F and Fj) are extracted from fits to a large number of experimental results, mostly from
deep-inelastic scattering.

The cross section for pg — 1 can also be written as

do

dlyy . . .
&= 2 g Sl Mug) (1.28)
if

where 7 = §/s and dLy;/dr are the differential parton luminosities.

The reliability of the modelling of ¢ production is an important issue. Top production
is usually modelled using a QU D-shower Monte Carlo program, such as [ISAJET, HERWIG
or PYTHLA.

In all these Monte Carlo programs, the initial hard scatter is generated from tree-level
matrix elements convoluted with parametrizations of the parton distribution Fanetions.
Initial and final state partons are then developed into a gluon and ¢ radiation caseade.
The QCD shower i terminated when the virtual invariant mase of the parton in the
cascade becomes smaller than a minimum value at which point QCD is expected to break
down.

The main differences between these Monte Carlo event generators are in the modelling
of the radiation processes. ISAJET implies an independent fragmentation model, Le.,
radiation from each parton oceurs independently from the structure of the rest of the
event, whereas in both HERWIG and PYTHIA the radiation is more realistically emitted
taking into account color correlations between all partons in the initial and final states.
The output of these Monte Carlo event penerators consists of a list of stable particles
which can be fed to a detector simulation for detailed studies of the expected signature
of a top event.
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1.3.1 Top quark hadronization

CJuarks are not observed as free particles but are confined to form hadronic bound states.
The top quark, however, is unique in that its mass is high enough that it decays before
hadronization. According to the Standard Model, top quarks undergo the weak decay
f = Wb, where the W boson s real if Mygp = My + My, and virtual stherwise.

Decay modes such as ¢ — Wg and ¢t — Wd are also allowed. They are suppressed by
factors of [Vi,|*/|Vel® = 107" and |Vig|*/|Vis|* = 5 x 107 where, respectively, V], is the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix element.

The expected width of the top quark, and hence the lifetime as a function of its mass, is
shown in fig. 1.15.
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Figure 1.15: The Standard Model width of the top quark as o funclion of ils moass.

The hadronization process is not well understood. However, the formation of hadrons
is estimated to take place in a time of the order Apep = O(100Mel)"" = O(107%)
seconds,
As can be seen in fig. 1.15 the top lifetime becomes shorter than this characteristic time
if the top mass is higher than appreximately 100 GeV /e,
The execeedingly short top quark lifetime is due not only to the very high mass but also
to the fact that Mgy = My, 80 that the top can decay into Wh and this decay mode is
not CEM suppressed.
Even if hadronization effects do occur in #f production, they, although potentially, are not
expected to be experimentally observable. The reason is that the fragmentation of heavy
quarks is hard, ie., the fractional energy loss of the top quark as it hadronizes is small.
Distorsions to the kinematics of the top quark from the perturbative partonic caleulation
are minimal. Additional particles produced in the hadronization process have little effect
on the overall event topology.
If a top hadron is indeed produced, the kinematics of the top decay will not be very
different from that of a free quark decay, sinee the companion quark i3 8o much lighter.

1.3.2 Underlying event

After the hard collision, the remnants of the proton/antiproton also hadronize. This
process cannot be described within the framework of perturbative QCD and is therefore
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poorly understood. The particles from the remnant hadronization are usually referred to
as the wnderlying event. The structure of the underlying event is similar to that of the
bulk of soft pg collisions (the so called minimum bias events).

Minimum bias events are events collected with a simple interaction trigger. This trigger
usually consists of a coincidence between larpe banks of seintillator counters in the very
forward and backward regions and is highly efficient for all types of inelastic pi collisions.
In minimum bias events the average transverse momentum of the hadrons is < Pp =2 500
MeV fe.

Muost of energy is carried away by particles that remain inside the beam pipe and are
not seen in the detector. The charged particle multiplicity in the central region per unit
paeudorapidity [dﬂ’“*:"dr;] grows approximately logarithmically with the center of mass
EnergEy.

1.4 Top quark decay

Since the top quark decays with a very short lifetime, only its decay producis can be
detected.

According to the Standard Madel the top quark decays as { — Wh where the W boson is
real or virtual depending on the top mass.

Typical final states for the leading pair-production process therefore belong to three
classes:

1. = WHWE — gi'bg"a™h,
2. tf — WHWE = g’ béizh + bubad'h,
3.0 = WHWE — fub b,

where 1,2 and 3 are referred to as the all-hadronie, lepton + jets and dilepton channels
respectively. The quarks in the final state can emit radiation and eventually evolve into

jets and hadrons. The precise number of jets reconstructed by the detectors varies event
by event.

1.4.1 Dilepton Mode

In this channel, both W's decay leptonically (W —» Ip) and we search for leptonic W
decays to an electron or a muon' . The nominal gignature in this channel requires two
high-FPp leptons, missing transverse energy (from the two neutrinos) and two jets from
the b-quarks.

Acceptance for this channel i3 small mostly due to the product branching ratios of both
W’s decaying leptonically (BR(W — lv) x BR(W — lv) = 5%). Backgrounds however
are very small. Although not a-priori part of the search, we examine the jets in dilepton
events for indications that they originated from b quarks.

" Decays Into 's lead to a more complicated experimental signature and are not wsually considered In
this chanpel
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1.4.2 Lepton + Jets Mode

In this channel, one of the W's decays leptonically to either an electron or muon'’ (plus
neutring) and the other W decays decays hadronically to a pair of quarks. The nominal
signature is a lepton, missing transverse energy and four jets: two from the b quarks
and two from the decay of the W, Approximately 30% of the ¢f events have this decay
gignature.

The background from Wmultijet production is large. However, tf events contain two b
quarks jets and these can be distinguished from gluon and light quark jets in the back-
ground using two b quark tagging technigques. The first technique locates a displaced
vertex using the silicon vertex detector (SVX Tag).

The second locates a low Pr electron or muon primarily from the semileptonic decay of a
b quark or sequential ¢ quark (SLT Tag).

The first technigue looks for displaced vertices, while the second one locates low- Pr elec-
trons or muons from the semileptonic decays of b quarks {or sequential ¢ quarks).

1.4.3 All Hadronic Mode

In this channel both W bosons decay into quark-antiquark pairs, leading to an all hadronie
final state, containing no hogh Pr leptons, and with a total branching ratio of about 4/9
into quark-antiquark pairs, leading to an all hadronic final state, containing no high Pr
leptons.

Since the expected decay signature involves only hadronic jets, a very large background
from standard QUD multijet production is present and dominates over 1 production. To
reduce this background it is important to search for a b quark decays with a displaced
secondary vertices.

1.5 Production Cross section oy

An accurate measurement of the ¢t production eross section i3 a precigion test of QCD.
A eross section which is significantly higher than the theoretical expectation would be a
sign of non-Standard Maodel production mechanisms, for example an anomalous couplings
in QCD.

In order to correctly evaluate the acceptance, the reliability of the jet counting and &
tagging are important issue. With 2 fb6~! of data it will be possible to measure the b
tagging efficiency in top events, using dilepton events selected without a b tag and the
ratio of single to double tags in lepton-+jets events. These studies will give uncertainties
that scale with +'N.

With large samples, one can measure the bottom and charm content as a function of jet
multiplicity in W + jet events using the er distribution of the tagged jets and use this 1o
tune the Monte Carlo models for W+ > 3-jet backgrounds.

Accounting for all effects the total £ eross section at /s = L& TeV, measured by CDF,
with 110 pb~' of data (Run I} is 6.5 pb [15], to be compared to the value measured by
Do, 5.69 £ 1.21 + 1.04 pb[16]. At /s = 2 TeV we expect a slightly larger cross section.

1T 4 pain decays Into r's are not considered to be part of this channel
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Theoretical caleulations[17] give ogly/s = 2 TeV) = 7 pb. For the 2 f6~! of Run 11 we
expect a precision of about 9%, This will challenge QUD, and provide a sensitive test for
non standard production and decay mechanisms.

1.6 Top quark Mass

The top quark mass will be one of the most important electroweak measuerement made at
the Tevatron. In combination with the VW mass, ., constraing the mass of the Standard
Model Higps boson. Fig.1.16 shows how the top and W mass measurements constrain the

Higgs mass. In the figure, the uncertainty on the top mass is taken as 4 Gel//e’.
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Figure 1.16: W and top masses egpecled for 2 b1
Different values of Higgs mass are shown.

CDF measures the top mass in all three channels obtaining an average value of
176.146.6 Gel /18], D0 measures top mass using the single and double lepton chan-
nels with an average of 172.147.1 GeV/c?[19]. The combination of the two measurements
amounts to 174.345.1 Gel’/e®. Currently, the statistical and systematic uncertainties on
CDF’s top mass measurement are both about 5 GeV. The statistical uncertainty scales

as 1/ fﬂrﬂ, g0 in Run 11 the uncertainty will be dominated by systematics.
Almost all of the systematic uncertainties in the top mass measurement are coupled to

the reliability of the Monte Carlo models for the mass spectrum for signal and background
evelE. J‘!l.EELl]Lli.]]g‘ the model 8 accurate, most of the uncertainty i8 related to resolution
effects. Instrumental contributions include calorimeter nonlinearity, losses in eracks, dead
zones and the uncertainty of the absolute energy seale. A larger and more difficult pare
of the energy uncertainty concerns the reliability of the extrapolation to parton energies.
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If all systematic effects can be measured the systematic uncertainties should also scale as
1f/y/ [ £dt and in this case the systematic error would be reduced to = 2 Gel//e®.
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Chapter 2

Tevatron and CDF upgrades for
Runll

With the shutdown of LEP, occurred at the beginning of November 2000, Tevatron re-
maing the only machine where collisions above the TeV-scale are observable, making this
accelerator the best candidate for new physics discoveries until the start of LHC.

The machine and detectors setup for Run @ were not optimal for these kind of searches,
and the statistics was too small to achieve enough sensitivity on rare processes (like Higps
physics) whose limited produection cross sections essentially reflect the smallness of the
electroweak coupling constant and the high mass of the new particles involved. The
ambitious physics poals that have been proposed for Runll therefore needed specific
upgrades of both the accelerator complex and detector components.

This chapter describes the upgrades that the Tevatron accelerator and the CDF detec-
tor' have undergone, leaving to the following chapter the discussion of the optimization
of physics tools in terms of the new detector setup.

2.1 The accelerator upgrade

The numbser of events which are expected for a given process is given by the expression:

Nm,:r.r-f:iiﬂ ,

where o 13 the crogs section of the considered process and £ is the experiment instanta-
neous luminosity. The Ny, can be increased in three ways:

1. performing the experiment in a situation that maximizes o;
2. angmenting the experiment instantaneous luminesity;
3. increasing the running time of the experiment.

Being aimed at pursuing a larger statistics, the proposed upgrades for Tevatron, the
accelerator facility at Fermilab, essentially follow the previous scheme. Steps 1 and 2
reapectively translates into:

"Most of the Informatlon about the detector upgrades ks contalned in [1].
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& increasing the center of mass energy of the pg collisions;
& increasing the luminesity of the accelerator.

Collision energy. As mentioned in the previous chapter, the Runll of Tevatron is
characterized by a center of mass energy of v"_H: 2 TeV, some 10% higher than in Runl;
this enhances production cross sections for signals which are within the physics goals of
Runll: for instance, ¢ and HY production cross sections are respectively ~ 40% and
~ 30% higher than in the Runl scenario.

Accelerator luminosity. While the collision energy influences the production cross
section, the accelerator luminosity — related to the collision frequency — affects the datasets
in the sense that determines the rate at which pi collisions occur. The instantaneous

luminosity can be expressed as:
BNLN
Lot
E'JTIiE"i | -cr%]

whiere:

f: beam revolution frequency,
H: number of proton/antiproton bunches,
Nyp: number of protons fantiprotons per bunch,
Opp: Lransverse proton/antiproton bunch dimension at interaction point,

while the proportionality is provided by a form factor depending on the beam longi-
tudinal size and on its dispersion in phase space,

While maintaining the number of protons/antiprotons per bunch almaost the same than
in Run I, the most significant improvement towards high luminesities has been achieved
by increasing the number of bunches from 6 to 36; this, together with reduced bunch sizes,
is responsible for an expected instantaneous luminesity of ~ 10*% em™s™! for Runll.

Two side-effects come as consequences
of augmenting the number of bunches, af-
fecting both detector operation and event
reconstruction. First, a higher number of
bunches reduces the time between ecolli- -
sions, which in turn implies a shorter time .
available for readout. According to the Hummer
number of bunches, the crossing time de-  inieracions
creases from 3.5 pus (Runl, 6 bunches) to 1—;‘:.'.1% 1n
396 and 132ns in Runll for 36 and 108
bunches respectively. This has a strong
consequence on readout and triggering pro-
cedures: events collected by the detector
need to be piled up in memory and fed Lumircsity
to the trigger boards through a pipeline in
order to avoid readout latency during pro-  Figure 2,10 Average number of interactions
cessing. Secondly, more than one hard or  per beam crossing.
semi-hard scattering can occur in a beam
crogsing: the average number N of interactions per beam crossing 18 determined by the
number of bunches and by the instantaneous luminosity [see fg. 2.1).
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In the following, a description of the various components of Tevatron in Runll con-
fguration is provided.

2.1.1 Proton production and Booster

The proton source at Fermilab is composed by a 400 MeV linear accelerator 150m long,
the Linac, which is fed with T30 keV negative hydrogen ions by a Cockeroft-Walton
accelerator. Exiting from the Linac, the two electrons are stripped off the ions when the
latter traverse a thin sheet of graphite. The so-obtained protons are injected into a small
synchrotron having a diameter of 150m, the Booster, which accelerates protons to an
energy of 8 GeV. At the same time, the Booster collects the protons into bunches, part
of which are used for antiproton production.

2.1.2 The Main Injector

The bunches of protons produced in the Booster are injected into the Main Injector, a
dkm proton syncrotron, whose main function is aceelerating protons and antiprotons to
an energy of 150 GeV, ready to be injected into the Tevatron. Another feature of the
Main Injector consists in its capability of decelerating antiprotons, a functionality which
reveals very useful for recovering unused antiprotons when Tevatron is not in colliding
e

The Main Injector replaces the Main Hing, in use during Run I, which, being initially
planned for proton acceleration in fixed target experiments, was not optimal to be driven
as an injector for the Tevatron due to its low phase space acceptance.

2.1.3 Antiproton production and cooling

Antiprotons are produced by dumping a 120 GeV proton bunch from the Main Injector
onto a nickel target; the antiprotons produced in the collision are collected by a lithium
lens, from which they emerge with an energy of ~ 8 GeV. The pulses of antiprotons are
fedd into the Debuncher Ring, where they are collected as a continuum and stochastically
cooled; further cooling procesds in the Accumulator, into which they are moved from the
Debuncher Ring. When a sufficiently high number of antiprotons is available, they are
cooled into a bunch and this is injected into the Recycler Ring,.

2.1.4 The Recycler Ring

The Recyeler Ring serves as an antiproton accumulating ring and 18 located in the same
cavity hosting the Main Injector. The purpose of this device — which did not exist at all
during Runl - is electron-cooling and storing the bunches of antiprotons produced by the
Accumulator or recovered by the Main Injector until they are used again. This enables
an efficient management of the antiproton bunches: on one hand, at the end of a run
they are not dumped (as it used to be during Runl), while on the other — thanks to the
architecture of the Recyeler Ring, based upon permanent magnets — they can be stored
without the risk of loosing the beam as a consequence of power losses or surges. The
importance of this device is related to the limiting power of the antiproton production
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on the colliding procedure at Fermilab: for this reason, the recyeling of antiprotons can
provide itsell a factor two increase on the average integrated luminosity.

2.1.5 The Tevatron

The Tevatron ig a Gkm pp circular collider: oppositely charged beams are arranged to
circulate in opposite directions within the same beam pipe. The energy of proton and
antiproton bunches is raised from 150 GeV' [(i.e., the nominal value of the beam energy on
exiting the Main Injector) to 1 TeV before beams are crossed® and collisions take place.

Exploiting the upgrades developed specifically for each component of the accelerator
chain, the Tevatron will be capable of producing pi collisions at /s = 2 TeV with a
luminesity that, after machine fine tuning, should reach the value of £2=2x 10* an=*s-1,
which would allow the delivery of a total integrated luminosity of 2 f6~! in approximately
twi years”,

2.1.6 The Tevatron Monitors

The quality of the beams provided by the Tevatron needs to be constantly monitored in
order to permit effective control of the physics processes taking place in the detectors; in
particular, beam luminesity and loss, together with positioning and dispersion, need to
be kept under control.

Luminosity monitor: although for Bunll the instantaneous luminesity £ is expecetd
to undergo a factor ten increase, the average luminosity per bunch remains almost
constant with respect to Hunl. For this reason, a luminosity monitor based on the
same Lechnology used during Hunl - that is, scintillator arrays placed on both
sides of the interaction region — can be used in Runll. Lumincsity is defined by
congidering time coincidences between particles (both in p and p directions) leaving
the interaction point, while an estimate of beam losses can be given in terms of
another time coincidence, fulfilled by particles moving through the interaction region
in the proton or antiproton direction.

Beam position monitor: beam position and profile monitoring follows essentially the
scherme used in Run L. In this picture, the tracking devices of each detector are en-
gaged at the beginning of each data-taking Gl for determining the beam average
pogition, as well as their profiles and direction. This information is made imme-
diately available to the Tevatron control room in order to optimize the accelerator
performance.

2.2 The CDFII detector

The Collider Detector at Fermilab (CDF) has been upgraded in order to accommodate
both the increased luminosity and the reduced time-interval between consecutive bunches,
which require faster readout and triggering.

20 the twelve beam crossing possible polnts, ten are avolded by means of electrostatic separators; the
remalning two corpespoaed to the COF and Db Interaction polots,

*At present the recycler I8 nod yet completed, and the typical luminosity I8 of the order of 3
Ax 10 em 2!
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Figure 2.2: The cDF I detector

Faor these reasons all tracking devices, which are coneentrated in the inner part of CDF,
have been redesigned. At the same time, new readout electronics has been provided to
all detector subsystems.

Furthermore, the long pericd of machine development [started in 1996) has permitted
the review of the whole detector in terms of an acceptance inerease, which has mainly in-
terested the tracking, the calorimeter and the muon systems (whose increased peometrical
coverage can be appreciated in fig. 2.2).

Before giving a briel deseription of ¢bF 11 subdetectors, it is convenient to define the
two currently used coordinate systems.

Cartesian system: the : axis is coincident with the beamline, its positive direction
parallel to the motion of protons. The ry plane containg the nominal interaction point,
which coincides with the center of cDF. The + axis is oriented horizontally towards the
outer side of the accelerator ring, while the i axis remaing defined by requiring (z, i, z)
to a be right-handed syvstem.

Polar system: the origin of the system is the same as in the Cartesian case. The
azimuthal angle ¢ is measured in the xy plane starting from the r axis, being positive in
the anti-clockwise direction. The polar angle # is measured from the positive direction of
the z axis. Finally, r defines the transverse distance from the z axis. The pseudorapidily,
defined in terms of § as:

ff==In [L:E.n{ﬂf?}] .

is particularly useful at hadron colliders, where events are boosted along the beamline?,

"The longitudinal momenta of the colliding partons are distributed according to the Bjorken z |
therefore oot Ieading to a complete cancellation of pe In the oollisioen.
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Figure 2.3: r—¢ view of the CDF 11 delector (half detector shown ).

since it transforms linearly under Lorentz-hoosts:
7)== 1j4-tanh ™' 4

(having indicated with & the relative velocity associated to the boost). This implies that
peeudorapidity gaps, An, are relativistic invariants, preserving in this way the average
particle fux per unit of 5. This fact has influenced the segmentation of the calorimetric
apparatus.

2.2.1 The tracking system

The detector subsystems, enclosed in a superconducting solencid providing a uniform
magnetic field® of 1.57T, are essentially dedicated to the reconstruction of the charged
particles trajectories. The description of the each component of the tracking system is
arranged according to an ‘outside-in’ scheme.

T nte uter Tr

The Central Outer Tracker (CoT) 18 a new open-cell drift chamber, replacing the Central
Tracking Chamber (CTC) that was unable to meet the necessary specifications needed for
waorking in the typical Run 1l environment, where high occupancies and event rates are ex-
pected.

“The magnetic fleld produced by the solenold Is parallel to the beamline; lis uniformity refers o a
cylindrical Gducial volume ~3.5m long and ~2.8m wide.




From the mechanical point of view, the
problem of occupancy has been solved by
redducing the physical dimensions of the
cells. This has been done by increasing by a
factor of four the number of available cells.
Each cell, containing an array of 12 sense
wires, is tilted with respect to the radial
direction (see fig. 2.4) by an angle which
minimizes the drift time, which in the coT
ig ~a times shorter than in the ome, This
result, obtained also by optimizing the gas
mixture contained by the chamber volume,
meets the necessity of completing the col-
lection of showering electrons before the
next bunch crossing.

The overall cell layout follows from the
Runl configuration: cells are organized
in eight superlayers, whose arrangement is
vigible in fig. 2.4, Even-numbered super-
layers, equipped with axial wires, provide
r— ¢ information, while v — z information
comes [rom the odd-numbered superlayers,
whose wires are assembled with a small
stereo angle (£3%). Sinee all cells contain
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12 sense wires, stereo sampling in the CoOT i8 double than in the Runl oTo.
The cor, covering a radial region between 40 and 138 cm, is capable of tracking in the
region with || < 1, provided that the track traversing its volume has Pp =300 Mel//e.

The Intermediate Silicon Layers

The Intermediate Silicon Layers (18L) de-
tector i8 based on double-sided silicon crye-
tals: one side of each crystal provides an
axial (ie. pure r—¢) measurement, while
the other one has stereo microstrips sup-
plying z information.

The structure of this detector varies ac-
cording to the 5 range:

n|<1: a single layer of silicon crystals

is placed at an average radius of
Sy in

1< |n|<2: two layers of silicon erystals are
placed at average radii of ~ 20 and
e 20 e

The number of layers in the ISL ranges be-
tween one and two according to n to ac-

Figure 2.5:

Perspective view af 1SL.
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commaodate the possibility of stand-alone silicon tracking (in combination with svx 1 -
see next section and fig. 2.8) in the central region but also where coT information 18 in-
complete or missing. In both cases, the contribution of 15L, thanks to its stereo sampling,
enables a full three-dimensional reconstruction.

The Silicon Vertex Detector

The Silicon Vertex Detector (SVXIL) is
a five-layer detector wrapped around the
beam pipe:  lavers, grouped into 12 ¢-
wedges, are placed at radii ranging from
2.5 and 106em [see g 2.6, where outer-
most radiug is 12.9cm). Each layer is as-
sembled by means of double-sided silicon
walers. The detector is subdivided into
three identical barrels, which are aligned
along the beamline (see fig. 2.6), in order to
provide adequate = coverage [+£45 em from
the nominal interaction point).

Oune side of all layers is characterized
by axial microstrips, providing r —¢ infor-
mation. The other side of the layers, con-
versely, supplies r—z information by means
of stereo microstrips. Microstrips belong-
ing to layers® 0, 1 and 3 have a 90° stereo
angle; this angle reduces to 1.2° for the re-
maining layers.

Figure 2.6: r— ¢ view of SVX 1L

Svx 11 provides information to a dedicated trigger system (SvT — see § 3.1.2), that
performs a fast search for displaced tracks (ie. tracks not originated in the primary
vertex).

Layer 00

Layer 00 is a single-sided layer of silicon ervstals placed on the outer side of the beam
pipe at a radial distance of ~ 1.5 cm from the beamline (see fgs. 2.7). It supplies r—¢
information only, but its position makes it the perfect tool for increasing the track impact
parameter resolution of the tracking system.

#Layers are numbered from 0 to 4 according to an ‘inslde-out” order.
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Figure 2.7: r—¢ view of silicon delectors, Figure 2.8: r—z view of silicon detectors.

2.2.2 The time of fight

Placed in the gap between the magnet and the outer wall of the coT, the detector for time
of fight measurement [2] is essentially an array of scintillator bars ~3m long and ~ 4 em
thick. The beam section is trapezoidal in shape, in order to better fit the cylindrical
cavity they are supposed to fll, at the same time reducing the uninstrumented regions
(eracks). The average bar width, on the other hand, turned out to be ~4em in order to
fulfill cecupancy requirements.

Scintillator bars are read-out at both ends by photomultiplier tubes, both providing
a time of passing and a pulse-height. The comparison of the readings performed at each
end provides an estimate of the z-coordinate of the charged particle that traversed the
scintillating material, which is then used for matching the time of fight determination
- leading to particle identification — to a track reconstructed by the tracking system.
The time of Hight measurement is performed computing the time interval between the
interaction and the signal in the scintillators.

2.2.3 The calorimeters

The calorimetry system consists of inner electromagnetic and outer hadronic sections,
both segmented according to a common scheme which relies on azimuthal wedpges (Ag=
15%), each wedge corresponding to an array of towers projecting towards the peometrical
center of the detector. The result is a eylindrical barrel providing almest full azimuthal
acceptance and coverage up to || < 3.64

The purpose of calorfimetry is performing measurements of the energy” depositions
releassd by charged and neatral particles leaving the tracking and magnet regions, as well

TAlthough calorimeiry measurements provide estimates of E=Ep+ Br (where Er. Er are defined
with respect to the z axls), only transverse encrgy components (Er) are eelevant at hadron colllders.
This Is because the total energy of hard scattering processes emerging from pf collisions & varlable due
b the Bjorken z-dependence carried by the energy of each colllding parton.
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as providing information about the missing transverse energy. As will be explained in the
next chapter, this detector is of crucial importance also for cluster and jet reconstruction.

The central and endwall calorimeters

The central and endwall calorimeters, vk
providing  acceptance in the |n|<1.1
region (|n|<1.2 for hadronie section),
have been retained almost unchanged
from Runl, the only major upgrades
being  related to  readout  electronics.
Each tower, corresponding to
AnxAdp=0.11x15" is an independent
sampling system consisting of alternating
layers of lead and seintillator, backed by
an irop-scintillator sandwich. The former,
contributing a total thickness of ~ 18 ra-
diation lengths® (Xg], is dedicated to the
electromagnetic energy component, while
the latter, corresponding to ~ 5 interac-
tion lengths {Ay), provides a measure of the
hadronic energy.
Light pulses recorded in the various acin-
tillator tiles are collected by wavelength
shifters and carried outside the detector
volume by light guides, where they are read  Figure 2.9 Perspective view of cendral
by photomultiplier tubes. A perspective  colorimeter half- wedge.
view of a central calorimeter hall-wedge
(1 = 0) 18 depicted in fg. 2.9, where both the arrangement in projective towers and
the light-gathering system (only the electromagnetic system is sketched) are visible. En-
ergy resolutions achievable by this detector are influeneed by their mechanical structure
(sampling) and by stochastic Huctuations due to the photomultipliers response. Global
estimates assign resolutions of 14% )/ Ep|GeV] for electromapgnetic and 75%/\/ Ep[GeV)
for hadronic towers.

Two position detectors are included in each wedpge of the central electromagnetic
calorimeter:
Shower Maximum Detector: embedded within the lead-seintillator sandwich at a
radial depth of r = 184em | in correspondence to the maximum shower development,
two-dimensional strip-wire chambers [CES, for Central Electromagnetic Strip chamber)
provide position and pulse-height information about electromagnetic showers by measur-
ing their charge deposition. Chamber geometry 18 usually described in terms of the local
wadge-coordinate system defined in fig. 2.9: each half-wedge™ hests two CES modules,
providing coverage in the : =6.2+121.2¢cm and z =121.2+239.6 cm regions. Chambers
are segmented along the z direction in strips having an approximate pitch of 2em, leading

*Equivalent to ~ 1 interaction length.
*Equivalent to ~ 59X, (including coll, which eontributes by ~1Xg).
19 45 previously mentioned, & half-wedge subtends & Ag=15°, 5 & (b reghon.,
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to a total of 64 strip channels in each chamber module. A 32-wire array is coupled to
each chamber module. Wires, with a ~ 2.5 cm spacing, are parallel to the z direction,
providing in this way a 90" reading of the charge deposition with respect to strips. As
will be discussed in the next chapter, CES can contribute effectively to increasing the
purity of electromagnetic objects: besides providing a finer azimuthal segmentation than
calorimeter towers, CES can reject early hadronic showers occurring in the outer portion
of the electromagnetic towers.

Preradiator: [cPR) mounted in front of the innermost face of the electromagnetic towers,
the preradiator consists of two wire chamber modules for each hall-wedge. In practice,
this device follows the same structure and wire arrangement provided to the CES wire
chamber, the only difference being related to shorter wire spacing [~ 2.2em) o fie the
projecting wedge profile and slightly reduced p-acceptance [z =7.14+119.7cm and = =
123.5+235.76 em delimit the boundaries of active regions). The preradiator collects the
charge depositions released by showers that initiate in the tracking or coil material. The
information provided by this detector can be used for a further background rejection on
selecting electrons or photons (which can be better separated from plons according to
their average larger deposition in the CPR).

Although calorimeter response is fast enough to meet the tighter time requirements
imposed by Run ll, wire chambers associated to CES and OPR may need to undergo in-
tegration over several beam crossings; this, however, should not be a problem sinee the
high pranularity exhibited by these devices guarantees a low detector occupancy.

The plug calorimeters

The active material for the Runl plug calorimeter consisted of proportional tubes, whose
time response could not be matched to the operational conditions of Run II. For this rea-
gon, this detector has been substituted by a new unit, whose r— ¢ section i8 depicted in
fig. 2.10, which also shows its relative position within ¢bF. From a functional point of
view, the upgraded plug calorimeters essentially follow the scheme of the central calorime-
ter, with both the electromagnetic and hadronic sections relying on alternating layers of
absorbing material (lead and iron respectively) and seintillator tiles, leading to a thickness
of ~ 21Xy [~ 1Ay) and ~T)y in the two cases. As for the central calorimeter, scintillators
are read out by photomultiplier tubes [placed on the outside of each end plug) receiving
the light pulses through a complex of wave length shifters, which collect the signals from
the tiles, and light guides.
The  upgraded plug  calorimeters  provide  acceptance  throughout  the  region
1.10< || <3.64. While the central calorimeter is characterized by an almost constant
7 — ¢ granularity, both the 5 and ¢ segmentation of the plug are variable: according to
increasing 1, Ang ranges from 0.10 to (.64 on approaching the beamline. At the same time,
the azimuthal segmentation decreases from 7.5 to 15° at the boundary between the Hith
and the fourth highest 5 towers.
Also in this case, the energy resolutions are the result of limited sampling performed by
scintillating tiles and stochastic fuctuations affecting the photomultipliers. Electromag-
netic and hadronie resolutions, respectively 16% 4/ E[GeV] and 80 90% A/ E[GeV], have
been measured for single electrons and pions.

A Shower Maximum Detector (sMD) is embedded in correspondence of a radial
depth of ~ 6X,. Instead of relying on the wire-strip chamber technique used for the
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Figure 2.10: v~z view of plug calorimeler system. Figure 2.11: Ferspective view of
plug shower manimum defector.

central calorimeter, in this case arrays of scintillating strips have been chosen. The $MD
is divided in eight 45° azimuthal sectors'', each consisting of two layvers (named U and V)
of Smm pitch scintillating strips. Strips belonging to the same layer are oriented along a
common direction coincident with one of the two sector radial boundaries (see Rg. 2.11),
in such a way that U and V strips form an angle of 43" among them, which enables two-
dimensional pogition measurements. Furthermore, in order to reduce detector occupancy,
on the basis of which the strip pitch has been optimized, 5 segmentation is provided 1o
the strips (visible in fig. 2.11).

Light signals in this detector are collected by wavelength shifter fibers embedded in the
strips and read-out by means of photomultiplier tubes placed at the rear of the plug
calorimeter.

2.2.4 The muon system

Muon detectors are arranged in such a way to enclose the whole detector (see fig. 2.2). This
arrangement is aimed at exploiting the fact that, being muons very penetrating particles,
a natural separation from other charged tracks arises from inner detector shielding.

The muon system has undergone two substantial upgrades for RunIl: first, a global
increase in the acceptance, essentially achieved by extending Run [ coverage to uninstro-
mented regions (see g, 2.12). Second, the forward muon detection relies on the improved
tracking capabilities, which allows momentum determinations based only on the central
salencidal field. For this reason, during Run 1l there will be no need for the toroidal fields.
Instead, the steel toroids will provide mechanical support for the new forward detectors
as well as adequate shielding. Purthermore, toroids will be pushed towards the central
detector for increasing the acceptance also in the forward reglons.

epctors segmentation 8 matched to tower boundaries.
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Figure 2.12: Muon systerm n—¢ map.

The muon system consists of four subdetectors:
Central Muon Chambers [cMmU), placed immediately outside the hadron calorimeter,
are substantially unchanged from Runl. They consist of 144 modules each containing
16 6.35 = 2.68 cm rectangular drift cells stacked in four layers with a small azimuthal
offset. Three such modules cover a hall-wedge of the calorimeter, providing a global
I = 0.6 coverage. Muons with Fr2 L5 GeV /e are able to traverse the whole calorimeter
region and leave a signal in the cMmu. Their position can be determined by merging the
information eoming from drift times (supplying ¢) with a = coordinate estimated on the
basis of charge division. Drift tubes will be driven in proportional mode with a masimum
drift time of 800 ns.
Central Muon Upgrade (cMP) consisis of a second set of four staggered layers of
2.5 15 e drift tubes arranged behind an additional 60 cm of steel'® according to a rect-
angular geometry (iLe., they form a box around the central detector). The mismatch
between the inner eyvlindrical structure and the outer box resulis in a curved acceptance
boundary, which is evidenced in fg. 2.12. Muons must have Pr22.2 GelV/e for reaching
the cMp. Similarly to MU, drift tubes are run in proportional mode (maximum drift
time of 1.4 gs), but, on the contrary, they do not provide z information.
On the outer surface of cMP a layer of rectangular scintillator counters'® is installed in
such a way that each scintillator tile covers two drift cells in width and hall a cell in
length.
t‘fb.ﬂli acceptance has been increased by 1T% for Hun 1L
Central Muon Extension {cMx) provides coverage in the 0,65 [n] =1 by means of ar-
rays of drift tubes arranged in conical sections, which are then positioned at each end of

“Provided by the magnetic feld return yoke.
“"These form the Central Selntillaior Upgrade, or csp.
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the eentral detector and follow the oMP scheme. Drift tubes are embedded within two
layers of scintillator counters™; four scintillator tiles cover a A = 15° range, with tiles
being staggered between them in the two layers. Drift tubes, reachable by muons with
Pr > 1.4 GeV/e, are operated in proportional mode with masimum drift time of 1.4 us
and provide ¢ information; z information, on the other hand, is obtained from scintillator
Liming.
cMx will benefic of an improved acceptance by 45% in Run 1L
Intermediate Muon Detectors (1MU] extend muon identification up to g < 2, pro-
viding at the same time trigger capabilities for 5] < L5, Placed on the outer surface
of each toroid, its main structure consists of a barrel of drift chambers (run in propor-
tional mode with a maximum drift time of 800ns) coupled with scintillator tiles; the
arrangement follows the cMp/osp scheme. These detectors are reachable by muons with
Fr21.4220 Gel e

The slow response of the muon system can be overcome by exploiting their high
granularity, which, in principle, enables integration of signals collected by muon chambers
over several beam crossings. This, however, is a feasible possibility only in case a strong
reduction of the detector occupancy is achieved. During Run L, it was observed that most
[=095%) of the ionization detected in the muon system was originated by the Main Ring
rather than by piF collisions and Tevatron beam halo. In Hun 1l this situation is expected
to be much better, since, having replaced the Main Ring with the Main Injector and
having provided stronger shielding from beam halo to the most exposed devices (omx),
should reduce the activity — and, therefore, the cccupancy — of muon detectors. These
gide-improvements, together with the detector upgrades described above, are expected 1o
produce an effective enhancement in the performances of the muon system in Run 1L

Mantral Selntillator Extension or CSx.



Bibliography

[1] F. Abe ¢t al. (The CDFII Collaboration), “The CDF I Detector Technical Design
Report™, FERMILAB-PUB-96-390-E, Oct 1996,

[2] The coF Collaboration, 4 Time of Flight System for CDF? CDF internal note
2573, Feb 1994,



46



Chapter 3

The Trigger system and Data
Production

At 4/5=2 TeV, the ineclastic cross section for pd seattering 18 56 mb, which, in terms
of rate, means 5.6 million collisions per second for a typical instantaneous luminosity
of 10* em~*s~' expected for Runll. This value has to be compared with the typical
rate for processes of high interest at hadron colliders, respectively 7= 107* Hz for top
(corresponding to o =7 pb for M, =175 GeV'/c*) and 3= 107* Hz for Higgs production
{corresponding to o=0.26 {b for Mg=120 GEV}":.R 1.

The overwhelming abundance of pf collisions, therefore, requires data-taking being
controlled by a mechanism that Glters out all events which do not present the characteristic
signatures of the physical processes one is interested in. This mechanism is known as
trigger system and essentially consists of a collection of specific hardware modules driven
by speed-optimized software capable of performing a selection on the basis of pattern
recognition and reconstruction.

Events which are selected by the trigger system are saved permanently on a mass
storage deviee and subsequently fully reconstructed offline.

3.1 Trigger primitives

The trigger system is organized according to a three-level architecture. The output of
each level is feeded as input into the next level. The underlying philosophy of this proce-
dure consists essentially in reducing the rate at lower levels by means of very conservative
requirements aimed mainly at reducing the dead time, enabling in this way maore sophis-
ticated selections to be performed at higher levels.

For each level, a set of primitives, essentially physics objects directly measured by the
detector (such as energy depositions in the calorimeter) or obtained from them by running
some algorithm (such as jets), is defined. According to the signal one wants to isolate,
specific requirements are applied to a subset of primitives available at a given level; this
sets the erigger for that level.

The maximum allowed rate for a given level {(which is often referred to as ‘bandwidih')
reflects the hardware capability of buffering and, at the final level, of storing permanently
the collected events in the unit time. Table 3.1 summarizes some of the assumed boundary
conditions relative to two different seenarics at Run 1l Once triggers are built for each
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_'r_ﬂq.l.! regime Medium High

T.-": 2.0 TeV 2.0 TeV
£ 1w 10#erm2s~! | 2% 10 em 25!
Number of bunches a6 108
Bunch-crossing time 306 ns 132 ns
Mean interactions per crossing 2.3 1.5
Lewvel 1 bandwidth 40 KHz (400 pb) | 40 KHz (200 ub)
Level 2 bandwidth 300 Hz (3.0 pb) | 300 Hz (1.5 pb)
Level 3 bandwidth 75 Hz (750 nb) 75 Hz (375 nb)

Table 3.1: Hur Il nominal boundary conditions [1].

level, links across different levels are established by defining trigger paths. A trigger path
identifies a unique combination of Level 1, Level 2 and Level 3 triggers.

Datasets (or data streams) are then formed by merging the data samples collected via
different trigger paths. Hence, datasets are defined by a logic OR between trigger paths.
This definition of datasets enables a monitoring of the eross seetion of individual triggers
within the same trigger path in terms of luminesity variations and detector noise without
loss of information, since for each event its ‘trigger history’ is recorded.

Paih 1 Parih 2
L1 L1
Trigger Triggaer

= -

L2 L2
Trigger Trigaar
T
. L3 . L3
Trigger Trigaar
N,

L

Dariased

Figure 3.1: Schematic diagram of trigger primitives, paths and datasets.

A graphical representation of the trigger layout is depicted in fig. 3.1. In the following, a
list of trigger primitives will be presented for each of the three trigger levels.

3.1.1 Level 1

Level 1 trigger primitives have been conceived on the basis of a very simple mechanism,
aimed at minimizing the dead-time required for making a decision: fnding simple physics

objects and, at most, counting them. The nominal dead-time is ~ 5.5 ps.
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Primitives can be divided into four categories, according to the detector they are based
on, and are completely hardware- based.

Calorimetry

Calorimetry primitives can be subdivided into two classes:

object primitives: energy deposits detected’ in the central and plug calorimeter weight-
ed by an appropriate sind factor.

Within Level 1, towers are not considered individually, but merged in pairs along 7).
The primitives are addressed as “trigger towers’ and are Ag=~0.2x Ap=15" wide*,
the result is a 24 % 24 5 — ¢ map of the calorimeter region extending to || < 3.6.
Electromagnetic (EM) and total (EM-HAD) contributions are treated independently;

global primitives: transverse energy (EM{HAD) deposits recorded in all trigger towers
above a threshold® are involved into two different sum procedure:

o all i — ¢ towers are summed together into the definition of £ Ep;

o all 24 modules corresponding to each d-wedge are added together and the
Y Er. =YX Ep(¢) cosg, Lbp, =Lk (eb) sing sums computed

Correspondingly, object and global triggers can be defined. In both cases the trigger
reqquires a comparison between a detected transverse energy (single trigger tower Fr and
Ehedipem VED) and a threshold (EM and EM+HAD thresholds can be set independently).
In the case of object triggers, the number of towers above threshold is counted. This is
done by a 1-bit sum (0, = 1) for single-object triggers and by a 2-bit sum (0, 1, 2, =3}
for di-object triggers.

FT

XFT is the acronym of eXtremely Fast Tracker and stands for a hardwired algorithm for
track finding. A similar deviee [CFT, Central Fast Tracker) was in use during Runl for
identifying high momentum charged tracks in the ¢T¢ (Central Tracking Chamber). For
RunlIl, a new fast track finder has been designed for the cor. The guiding idea, on the
other hand, remains the same: performing a fast r — ¢ track reconstruction and returning
Fr, ¢y (the azimuthal direction of the track at the point of minimum approach with
reapect o the beam axis) and the extrapolated position at the outer layer of the coT of
the fitted track in case of success.

The xrT standards have been established in order to, at least, reach and possibly
overcome the performances exhibited by the cFr. On this basis, the main design poals
aret:

o track-finding efficiency greater than 96% for tracks with Pp> 1.5 Gel/fe;

L Although calorimeter responses are digitized Into 10-bit words, allowing a precision of 125 MeV, at
Level 1 only a preclsion of 250 MeV = avallable.

*Except for the highest |5] towers, whose coverage 1s Age 1.

48 1 GeV threshold has been set on the basis of efficiency maximization studies computed on W—bes,
algmal.

The corresponding measured performances for CFT are reported In brackets for comparison.



o 8P P < 2% [ GeV /e )l
& double fake-rate rejection with respect to the CFT.

A pood resolution on the ftted track oy (Sdy < B mrad) is required if the XFT output is to
be used as a seed for the Silicon Vertex Tracker ($vT), a Level 2 trigger algorithm that
will be deseribed later in this chapter.

The xFT works on the basis of a two-step procedure. First, track segments are iden-
tified in each axial superlayer of the cor (here numbered between 1 and 4). A track
sepment is searched for by a pattern recognition algorithm among all possible hit pat-
terng achievable by a track with Pr = 1.5 GelV/e in the 12 layers of sense wires of four
adjacent coT cells. Track segments (pizels) — defined by their ¢ position at superlayer 3
and slope™ — are then linked together into tracks. The starting point of the linking pro-
cedure 1s a valid pixel in superlayer 3, corresponding to a 1.25%wide coT slice. Starting
from this pixel, all combinations of track segments (roads) compatible with a Pr 2 1.5
GeV/e -track hypothesis are computed through different superlayers. Among all roads
found in each 1.25" coT slice, the one with the greatest number of associated pixelst and
highest Fp is returned by the algorithm together with its charge, Fp and & at superlayer
3.

Onee the tracks have been found, their information is sent to the extrapolation unit
(%xTRP), whose task primarily consists in mapping the XFT tracks by means of lookup
tables onto muon and electron primitives found by other Level 1 trigger processors. At the
game time, for each track, the ¢, Pr information is made available to Level 2 processors,
guch as sVT.

Furthermaore, the XTRE can generate itsell a Level 1 trigper accept, according to num-
ber of tracks, their topology and Pr threshold.

Muons

A Level 1 trigger muon object is obtained by matching a tracking primitive (i.e., a XFT
track] to a muon primitive.

The definition of muon primitive depends on the specific muon detector type: for
scintillators (€SP, CSX), a muon primitive corresponds either to single-hits or to coinei-
dences of hits. Differently, for wire chambers (MU, oMP, cMX), a cluster of hits (sfub) is
searched for. In the case of oMU, oMX, a stub is defined whenever a coincidence, within
a given Liuu:", is achieved between at least two hits collected in projective wires, id est, in
wires belonging to different radial layers. For ©MP, on the other hand, a pattern of hits in
a tube stack consistent with a traversing track is required for stub definition. A further
muon primitive is supplied by the hadron calorimeter, which is capable of signalling the
passing of a minimum ionizing particle in each trigger tower.

Two major improvements distinguish the Runll from the Runl muon trigger:

*Slope s determined by the two outer superlayers only.

#The possibility of & three-out-of-four match §s permitted for “short tracks’, which do not reach the
outer superlayer: large |g] tracks are Included Into this definition.

"The time interval ks implicitly connected with a lower Pr bound, therefore Py requirements for stubs
are achleved by adjusting the time window in the stub definitbon.



al

o an increased coverage for oMp (+17T%) and cMx (+50%) - see fig. 3.2 -, which
results both in an augmented purity of the sample collected by combining cyu and
CMP primitives and in an enhanced global acceptance;

o central tracking information from the XFT-XTRP will be available already at Level
1, providing a more effective fake-rate rejection;

As previously mentioned, ¥FT tracks and muon stubs information can be merged into
muon ohjects by means of a matching between trigger primitives. These procedures
congists of a r — ¢ track-stub match, which at Level 2 exploits only half of the full
detector azimuthal granularity® [~ 1.25%), and, eventually, of a Pr-based match, since
independent thresholds can be set on the Pp of the track and of the stub®. In order to
avold a double-counting when considering dimuon objects, at least an empty Ag =2.5°
segment is required between stubs.

El- cvMx BE3-oMP E . cMu
1

-1 0
L

i
T

15

=
=
—
—
[ -
T
I
—
=
-

i

=

-
—
A —
=

v

.

- -

i

0 T

Figure 3.2: Comparison between COF central muen system n—¢ map: Bunl {left) and
Run I {right) configurations.

Electrons

Electron triggers are formed in the same way as for muons. In this case, however, the
electron-oriented primitives achievable at Level 1 are essentially the calorimeter towers
which have been described in detail on page 49. A Level 1 electron trigger can be

#The 2.5° azimuthal resoluilon of the Level 1 track-stub match in RunIl Is twice the explolied reso-
lutkon in Runl, thanks to the Improved perlormances of XFT with reapect to CFT.

"However, it should be kept in mind that the preclsion on the Py measurement achieved by the
differential timing In the muon chambers Is lower than the corresponding quantity measured by the
XTHF.
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abtained requiring a trigger tower with an electromagnetic energy content above a certain
threshold to be matched to a XFT track fulfilling some Pr requirement. Rate constraints
effectively influence the possibilities one can pursue in choosing thresholds: in particular,
one can hope to lower the energy /momentum thresholds only by considering a two-electron
topelogy in order to recover an acceptable trigger rate.

3.1.2 Level 2

Selection procedures at Level 2 become more sophisticated than at Level 1, in the sense
that, while Level 1 is primarily devoted to rate reduction, at this point the less stringent
time constraints (~ 20 us) together with considerably lower rate, enable to concentrate
on the true aim of a selection: the improvement of the signal to background ratio, a
fundamental quantity for isolating a certain physical prooess.

If the core of the tools available at Level 2 is still given by hardwired requirements, a
set of time-optimized soltware procedures can be integrated in the trigger system.

Calorimetry

One of the most common features of high enerpy hadron collisions final states is jets:
they originate from the hadronization of energetic partons when, as a consequence of the
Lorentz boost, the particles produced in such a process tend to be compressed into a
narrow region of phase-space.

Since in peneral jets are not expected to be fully contained into a single trigger tower,
the energy threshold for Level 1 jet trigger requirements has to be set at a considerably
lower value than the typical jet energy in arder not to loose efficiency. This, however,
implies trigger rates which are too high to be fed directly into Level 3.

An effective rate reduction can be achieved at Level 2 by considering, instead of single
trigger tower energies'™, the energy associated to clusters of contiguous trigger towers.
The definition of clusters within an event requires an algorithm (elesler finder) whese
waorking prineiple — essentially unchanged from Runl - can be explained in terms of four
steps, a graphical representation of which can be found in fig. 3.3

Step 1 Two energy thresholds must be fed to the cluster finder: the seed threshold will
define which trigger towers have to be used as a starting point by the algorithm.
The shoulder threshold, on the other hand, essentially establish the duration of a
recursive procedure which will be deseribed in the third step.

Step 2 All trigger towers with energy content above the seed threshold are identified
and recorded as ‘seed towers’. When all seed towers have been found, a second loop
ig performed on the remaining trigger towers in order to tag the ‘shoulder towers’,
that is, the trigger towers whose energy exceeds the shoulder threshold.

Step 3 lterative procedure starting from the seed tower that, among all seed towers with
lowest 5 address (1), has the lowest ¢ address (¢;): a signal is sent to the four
n=1,+1 and ¢=4¢,+1 neighbouring trigger towers. If a signalled trigger vower is
a shoulder tower'', then, after being lagped as “found’, it signals in turn its three

"“Here and in the following, the term ‘energy’ indicates the transverse component Er.
UNote that seed towers [ulfill also the shoulder condition, unless the shoulder threshold is higher than
the seed threshold.



neighbouring trigwer towers. The procedure 18 repeated until no more contiguous
shoulder towers are found.

Step 4 Step 3 8 repeated for all seed towers not being fagged as “found’ in previous
iterations.
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Figure 3.3: Cluster finding procedure.



When the procedure comes to an end, clusters are identified with the groups of con-
tiguous trigger tower that have developed around a seed tower. Bach cluster is assigned
an energy equal to the sum of the energies'™ of all trigger towers belonging to the same
group. The n—¢ position of each cluster is then identified with the —¢ position of the
gecd tower which initiated the iterative procedure.

Within each event, the cluster finder procedure will be performed for each set of seed,
shoulder thresholds (pess) that has been defined. in this way, within the same event,
different topologies will be returned according to the typology of the clustering. The four
passes that have been defined for Run Il are:

o type Li Ef™(seed) =3.0 GeV , B8P (shoulder) = 1.0 GeV and Eb| seed, shoulder) = oo
for low-Pr electron/ photon;

o type 2: Ef™ seed) =8.0 GeV , ESP{shoulder) =7.5 GeV and E3*| seed, shoulder) = oo
for high-Pr electron/photon;

o type 3: Er{seed)=3.0 GeV | Ev(shoulder) =1.0 GeV (both hadronic and electromag-
netic components) for jet clustering;

o type 4: Ef™ seed) = 2.0 GeV , ES"[shoulder) = 0o and E%“dl:.ufcd,.uhuum;:'r}l = oo for
lowe-Fr electron in B-physics.

In the case of type 4 clusters, the choice of an infinite electromagnetic shoulder thresh-
old corresponds essentially to an implicit isolation requirement, since this procedure will
lead to single trigger tower clusters.  Iso-

) o . 5 soed tower (EMAHAD] X sammed owers
lation patterns can be explicitly required E— N —
. . - |- 1 1 1] ===
during clustering by asking the smallest xlzx] |[z]xl=[a] || [al=l=]=| =T T=T[ |=[=]x]
. . x|a|= x 3= x |a x x|a |x
of the sums depicted in fig. 3.4 to be less [ Lol il=l [ alelale el 1=l =]
||

than a given threshold. However, for low-
FPr electrons, produced for instance in the
semileptonic decays of B or C-hadrons, a
type 4 clustering is preferred, since, assum-
ing the identified cluster correctly tags the tower struck by the electron, any further tower
contribution to the energy would dilute the information deposited in the calorimeter by
the electron.

Exactly as for Level 1, Level 2 calorimetry primitives can be grouped into two categories:

Figure 3.4: Tower isolotion pallerns.

object primitives: energy depositions' associated to hadronic (tvpe 3) or electromag-
netie (type 1, 2 and 4) clusters. Besides energy content and type, the information
concerning the position of eluster(n—¢ address of seed towers) is stored, in order 1o
enable combinations between calorimetric and tracking (XFT) primitives;

global primitives: the number of clusters, according to cluster type and energy, is avail-
able at Level 2. Global energy sums are cluster-based, i.e. they are obtained by
summing the contributions of all clusters in an event. The total energy, X Ep, is
performed over all type 3 clusters, while other X Er observables can be defined
congidering different clusters subsets (for instance, on can compute the sum over

2Eleciromagnetic and total contributions separately.
1% 41 Level 2, the full calorimeter resolutlon of 125 MeV s explodted.



all type 3 clusters with Ep greater than a given minimum threshold). Global non
clusterized energies, on the other hand, are available at Level 1 only.

aVvT

The study of B-physics, that is processes involving b quarks, is of crucial importance at
hadron colliders. On one hand, this kind of physics allows precision measurements on the
Yukawa section of the Standard Model — related to the Cabibbo-Kobayashi-Maskawa ma-
trix and CF violation phenomena — by exploiting channels like Hﬂ rJ i+ Kg, B = wtx
By <+ p+ Kg. On the other hand, a high-FPr b enhanced statistics translates into an im-
proved knowledge on dijet mass resolution (for instance from Z' —+ bb), therefore enabling
maore control of energy-scale systematics. These studies are crucial for improvements in
top physics measurements and searches for new phenomena (HY HJE:I.

Already during Runl ¢pP, being equipped with a vertex detector, was capable of
performing such studies, which essentially rely on reconstructing secondary vertices which
are produced as a consequence of the remarkable B-hadrons decay length {~ 500 pm).
However, this capability was confined to the offline analysis, while the tagging of the
interesting events was lelt to leptonic triggers. For this reason, the global efficiency
on B-physics was drastically reduced, while some specific processes — like, for instance,
BY — oter~, important for CP-vicolations measurements — were virtually undetectable.

During Runll, this lack will be flled by the introduction of the svT (Silicon Vertex
Tracker [2]}, a device for tagging displaced tracks already at trigger level. As previously
mentioned, in fact, displaced tracks (ie. with large impact parameter) can be interpreted
as signals of the existence of secondary decay vertices of heavy-flavoured objects. This
tool provides a response by merging the information supplied by the new silicon vertex
detector (svxi) with the output of the Level 1 fast tracker (XFT, see pag. 49) in time for
the Level 2 decision. In this way, the svT will allow the collection of fully hadronic decay
mardes of B-hadrons as well as an efficiency enhancement for the semileptonic channels by
enabling a lower Pp threshold for lepton tagging.

The working strategy of $VT is summarized
in fig. 3.5. First, svxit channels, grouped into 24 "=-
i sectors (each one of the 12 azimuthal wedges J s
18 divided in two sectors according to the sign
of z), are read out by T2 Hit Finders, which
perform pedestal and bad-channel subtraction.
Onee strip readout 18 completed, the Hit Find-
ers search for hit clusters on each layer contained
in the corresponding sectors, computing the cen-
troid of each admissible cluster. Centroids repre-
gent the most likely intersection points between
the trajectory of a track with each of the five
radial silicon layers of svxi1

Silicon clusters information is then transmit-
tedd to the Associative Memory Sequencer (AMS),
which, at the same time, is fed with the XTRE Figure 3.5: The svr date flow.
output. In the AMS, a first, tentative association

CTC

CTC Tracks

Hoads

AEEOCIATIVE
MEKIORY

MOnly four are used by SvT.



between clusters and XFT tracks takes place: this is done by lining up the clusters of a

given ¢ sector with outer XFT tracks. Due to the large number of possible combinations
arising from this procedure, each cluster is substituted by a superstrip, whose dimension
(250 pm) represents the best compromise between fake tracks rejection and cost. Then,
the association between stacks of superstrips and XFT tracks is performed: each admissible
combination, evaluated on the basis of lookup tables, defines a road, which represents a
broad track.
Roads, each corresponding to a set of four svXiI clusters and an outer XFT track, are then
sent to the Hit Buffers, which retrieve the full detector information (Le. the single hits
coordinates for each $VvXII cluster and the two XFT track parameters') to be used to fit
the track to an are of cireumference trajectory and obtain the three parameters Pr, ¢ and
d [lmpact parameter).

Simulations of the svT trigger show that the resolutions oy~ 35 pm (for Pr>2 GeV/e),
aa=1mrad and op, = 0.3% - Ff (with [Pr]= GeV) are at reach. As an example of the
rejecting power of the algorithm, one can consider the case of the B-decay BY — «%7-,
where the requirement of two XFT tracks (Pr{l) > 2 GeV/e and Pr(2) >3 GeV/e) well
separated (35" < 8¢ < 135%) fulfilling an additional request on the impact parameter
(|| = 100 gem) at Level 2 reduces the rate by a factor 107, whilst maintaining an efficiency
of ~ 50% on the signal.

Two potential problems need to be controlled in order for the svT trigger to meet
design specifications.  The frst concerns mechanical alignment of the svxir detector,
which has to be collinearly aligned with the beam axis within 100 mrad in order to keep
into account the fact that svT does not have z information. The second problem, related
Lo the occupancy of VXL, is directly connected to the event multiplicity. It may happen,
in fact, that high luminosity scenarios, where too many tracks are fed into svT, could
cause timing problems in the svT trigger. The control of this kind of problem needs
tuning of the $vT machinery on real data

MMuons

A minor difference distinguishes Level 2 from Level 1 muon primitives. This difference is
essentially related to the precision of the ¢g-matching between XFT tracks and stubs. At
Level 2, in fact, full detector resolution is exploited and the matching is performesd within
1.25" for oMU and oMx, while for ©MP the track segment to be matched to the XPrT track
has to be reconstructed within one-tube stack, which corresponds to an azimuthal coverage
of 1.25" at the closest radial distance from the beam axis, reducing to 0.6° towards the
edges of the chamber.

Electrons

At Level 2, central and plug shower maximum (XCES and XPES) primitives are available
for triggering on electrons and photons. The shower maximum detectors rely on the
strip/wire chambers (CES) contained in the central electromagnetic calorimeter towers
and on two-layers of scintillator strips (PES) located within the electromagnetic plug
calorimeters.

SNamely, the slgned curvature and the ¢ seed (fe the azimuthal coordinate of the track at axial
superlayer 3 of the COT — see page  S0).
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Both detectors provide a measurement of the charge deposition as well as a deter-
mination of the position of the intersection point of the track trajectory at the detector
surface. This is achieved by merging the information collected by strip pads and wires in
the central region or by U and ¥ plug seintillators strips.

The purpose of these detectors is two-fold: first, providing a rate-rejection handle
againgt non-electromagnetic matter and, second, enabling a separation between electrons
and photons.

3.2 Physics Objects

As shown in the previcus sections, physics objects are of fundamental importance for
selecting a signal from the bulk of background events produced in hadronic collisions.
However, it was pointed out that at trigger level, especially at Level 1 and 2, the full
detector resolutions are seldom exploited completely due to time constraints. The third
level of the trigger supplies a further step towards refining selection tools, which has the
two-fold implication of augmenting the selection purity and of lowering the event rate to
a level compatible with storing procedures.

3.2.1 Level 3

At Level 3, a more sophisticated event reconstruction is performed. This implies the
definition of a new class of physics objects, including three-dimensional tracks, jets and
identified leprons, which will be discussed in the following.

Some variables, as well as quantities that need a long processing (like, for instance,
global kinematical event observables, or track isolation properties), cannot be calculated
within the allowed time slot at trigger level. Further offline processing is then performed
on selected events.

3.2.2 Tracks

Tracks carrying an electric charge ge (where e is the positron charge) travelling with a
velocity v in a homogeneous magnetic field B experience a Lorentz force:

F=gevn B

that constraing the tracks to a helicoidal trajectory, whose radiug p, measured in the plane
transverse to B, i8 directly related to the track transverse momentum Pp according to
the relation:
Fr
P= lglel

A track trajectory is completely defined by five parameters [3]:
cot:  cotangent of polar angle of the helix measured at minimum approach to beam
axis;
' signed half curvature (same sign of g);
zo:  z-eoordinate of minimum approach to beam axis;
i impact parameter;
wo:  azimuthal angle of the helix at minimum approach to beam axis.
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Reconstruction

Some problems affected the tracking efficiency during Runl. These can be briefly sum-
marized as follows:

& the length of svX {~50ecm) was covering only part of the pf interaction region's,
Consequently, only ~ 60% of the events fell into the vertex detector acceptance;

o the four layers of silicon in svX, with a ~95% hit efficiency, vielded a global tracking
efficiency of ~ 7T6% in four-out-of-four hit assignment for tracks within detector
acceptance. Furthermore, the short lever arm (~ 5cm) induced a poor Pr resolution;

o the silicon layers in $vX were single-sided, thus providing r— ¢ information only;

o three-dimensional tracking efficiency was further degraded by limited stereo sam-
pling in the cTC.

The track-finding procedure used during Runl was based on linking svx hits to previously
fitted tracks in the cTe. This method, although improving the resolution achievable on
the track parameters, did not allow any recovery [rom outer tracking inefficiencies.

The tracking system for Run I has then been thought in order to fit a higher luminoes-
ity scenario and, at the same time, to correct the limitations observed during Run . For
this purpose, the CTC and the sVX have been substituted by the COT and a new silicon
complex respectively.

The adoption of the €oT, a tracking chamber which addresses the inereased luminosity
and reduced bunch spacing by adopting smaller drift cells, provides a faster response and
double stereo sampling with respect to Runl configuration.

Inner tracking (ie. for r < 48cm) is entrusted to a silicon multilayer complex, which
includes LAYEROD, svX11 and 15L. The combination of these devices resulis in up to eight
points for each fiducial track and guarantees a coverage of almost all the pf interaction
region. Position measurements'’| ranging from ~ 1.6 to ~28 em, supply a long lever arm
providing a Pr measurement, with a precision of 8 Pp/Pp ~0.4% in the silicon system alone.

The potentialities of this architecture o
can be fully exploited by means of a track- 2o
ing procedure, which integrates the infor- :
mation supplied by various detectors. Sev-
eral options are being investigated:  be-
sides the stand-alone COT reconstruction
and tracking in the silicon syatem seeded
from coT tracks (inherited from Bunl),
stand-alone silicon reconstruction amd out- a e
ward extension of silicon tracks in the corT : : 20 m
will tr possible.  The latter optiong al- LAvER 0 BVEN  INTERMEDMATE SILICON LAVERS

low tracking to be extended in the region N )
1< || <2 Figure 3.6: r—: view of CDF.

r.o

% The & coordinate of pf interactions Is approcimately Gaussian-disteibuted with o =30 cm.
1T A1 layers except. the Innermest provide both r—g and +—2 Information
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Figure 3.T: A comparison between expecled resolutions on fracking parameters achicvable
in stand-alone COT (left) and integrated tracking (right) environments [§].

Resolutions

To study the performances of the cDFII
tracking system, the dense environment of
b-jets in i events have been used.  As - - T st - « TS st

"
wm TEAS ¢ o bl Pl rvemir . m TOAR o bl s rrvsia

previously mentioned, if on one hand the F s e R
design of the new tracking detectors has N '

been developed aiming to achieve optimal [EEahE i _
performances even in a higher luminosity i T
seenario, on the other, this led to the in- " mee 0 aam

troduction of more material around the
interaction point (more silicon layers and Figure 3.8: A comparison belween erpected
20T stereo superlayers). Simulations have Pr resolulions for stand-alone cor (left) and
then been focussed on estimating the ef-  integrated tracking (right) [§].
fects that luminosity changes and multiple
scattering phenomena induce on the resolution of the tracking parameters. The effect
of multiple interactions (whose average number per beam crossing depends on both the
instantanecus luminosity and number of colliding bunches) is kept into account by mixing
one i event with a variable number of generated minimum bias events'® (see fg. 3.7).
Resolution estimates have been obtained as the difference between the reconstructed
track parameters and the corresponding generated quantities which have been supplied as
input to the tracking simulator. Results are shown in fgs. 3.7 and 3.8. Although fig. 3.8
refers to a low luminosity scenario, degradations due to multiple interactions (which have
been treated as described above) show a weak dependence on £, of the order of 10% for
£ spanning from 1{3) =« 10% em~%s~" to 2(6) « 107 em~2s~" in correspondence of 36{108)
Tevatron bunches.

8 An auto-accepting trigger path is used for collecting of unbiased events for callbration purposes.
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Both figs. 3.7 and 3.8 show a comparison of the tracking resolutions achievable by the
COT running in a stand-alone mode and by the integration of all tracking deviees. This
allows to appreciate the contribution of the silicon vertex detector, whose effect — related
to the increased number of layer and of their shorter distance from the beam axis - is
crucial for pursuing high precision measurements in particular on d and z5. The effect of
angmenting the number of silicon layers and of their arm lever, on the other hand, implies
an enhanced resolution on Pr as well. A summary of the resolutions achievable in Run I1
by CcD¥F is reported in table 3.2.

Resolution
CcoT | COTHSVXIISL
§Pp/FPp [ GeVje)™'] | 3= 107 1x107°
Sdl [pum] 600 30
$zq [pum] 3x 107 a0
& cot Gx10-? 4x10-%

Table 3.2: Summary of expected resolutions on various track porameters in Run [

In Runl, with an instantaneous luminogity IR e s, the oo could provide

& I!]ﬁ]’.[lﬂ;l’.lLIJI.[l resclution 3!%;'!’%2“.2%[{}: V}"t.' ] I as a stand-alone tracker and
§Pp{ Fr=~01%{ GeV/e )7 in combination with $vX or by using beam-constrained tracks.
The use of svX, on the other hand, implied a consistent increase in impact parameter res-

olution, passing from ~ 340 pm (stand-alone ©TC) to ~ 15 pm.
The determination of the absolute momentum scale can be obtained by means of a

comparison between a clean and known signal to some reference. In the case of CDF the
decay /b ptp is studied.

3.2.3 Primary vertex reconstruction

Reconstructed tracks enable the computation of the primary vertex in each event: its
z position is then used in defining the actual pseudorapidity of each physics ohject re-
eonstructed in the event, while it transverse position s important sinee it provides the
benchmark for secondary vertex-finding procedures. The g luminous region has a Gaus-
sian spread of about 35 pm in the transverse plane. Its location s known with good
precigion, but a more precise determination can be obtained with the track parameters.
Instead of relying on the beam spot location, an algorithm can be run on all reconstructed
tracks according to an iterative scheme used during Runl [vxpriM [5]): a Pp-weighted
fit is performed with the tracks in the ry plane. Tracks with large impact parameter with
respect to the fit vertex are discarded, and the fit is repeated until stability is reached.
The resulting resolution in the = and y coordinates of the primary vertex ranges from 6
Lo 26 pm, depending on the topology of the event and on the number of tracks used in the
fit. This determination of the primary vertex represents a significant improvement over
the beam spot information alone, and is more reliable on an event-by-event basis.
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3.2.4 Jets

lsolated partons emerging from the initial pp collision, due to their nature of strongly in-
teracting matter, undergo a prooess called fragmentation. During fragmentation, a parton
shower is developed from the original parton as an effect of the increasing strong eoupling
constant as lower FPp regimes are reached. Pragmentation terminates with hadronization,
a process where all partons recombine in colour singlet states, corresponding to on shell
hadrons. By momentum congervation, the more energetic the initial parton is, the closer
the resulting hadrons are confined in phase-space. These clusters of particles are called
jets and their importance is related to the fact that they represent the only physically-
measurable quantity carrying a reminescence of the initial parton.

Jet Clustering

The information provided by the cluster finder algorithm at trigger level can be considerad
as a first-order jet reconstruction. At Level 3, looser time constraints enables to exploit
the full detector segmentation for a better jet energy and direction determination.

Ar cpF a cone algorithm is wsed for jet reconstruction. The opening angle of the
cone is usually defined in terms of a radius in the 5—¢ plane. Due to the relativistic
properties of pseudorapidity, in fact, this definition allows to conveniently dentify jets by
circular disks on the 5 —¢ calorimetry map. The magnitude of the radius (R) has to be
chosen accordingly with the characteristics of the physical process under study: hence,
lower radii (typically 0.4) will be preferred in high multiplicity events, where a higher jet
reaclution s required.

The first step for jet clustering consists in assigning to each calorimeter tower (An=0.1,
Ag=15") a rig vector, with r representing the transverse energy deposition and 7, ¢
addressing the corresponding energy baryveenter!.

Preclustering. Vectors with Ep > 1 GeV are ranked according to a decreasing magnitude
order; the vector list is then scanned downwards in the following way:

1. a cirele of radius R is drawn around the first element of the list;

2. all vectors falling inside the cirele are summed 1o it and removed from the list;
3. a new circle is drawn around the next vector in the list;

4. steps 2 and 3 are repeated recursively until the end of the list is reached.

Clustering. A second iterative procedure involving all vectors with Er=0.1 GeV is
started:

4. the By associated to each circle is recomputed by merging all the enclosed vectors;
6. new circles are drawn around the so obtained resultants;

7. steps 5 and 6 are reiterated until a stable configuration™ is reached.

"The harycenter of the energy Is deflned assuming that all electromagnetic and hadronic energles have
been mleased at a depth of 6 radiation leagths (Xo) and 10 Interaction lengths (A} respectively.

M4 gable conflguration s achieved when circles are reconstructed in the same posithon for two con-
secutbve lterations; usually this happens after thees lterations.,
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It may happen that two circles overlap. In this case, if the total contribution of all vectors
belonging to the intersection region does not exceed the 75% of the magnitude of the
smaller of the two resultants, each vector is assigned to the closest resultant. Otherwise,
the two circles are replaced by a single one, centersd around the sum of their resultants.

The circles that remain at the end of the procedure are identified with jets if cheir
energy is large enough (typically 10 or 15 Gel') to guarantee their unambiguous interpre-
tation in terms of partons.

3.2.5 Leptons

Lepton detection and tagging is a erucial feature at hadron colliders, where their presence
provide a powerful handle to access electroweak processes. According to their production
mode, leptons can be broadly divided into two classes: prompt high-Pr leptons, mainly
coming from vector boson decay (Z2Y < £YE and W= 3 #%uy), and non-isolated leptons.
The latter, referring to leptons embedded within a jet, are usually characterized by a softer
FPr-spectrum and — in case a correct identification is provided — can be safely related to the
semileptonic decay of charmed or bottom hadrons. In fact, decaying bottom or charmed
hadrons are expected to emit an electron or a muon” in approximately 20% of the cases.
Furthermore, bottom hadrons decay in charmed hadrons®, whose downstream decays can
yield leptons.

Electrons

Electron tagging at CDF essentially relies on energy depositions in the electromagnetic
towers of the calorimeter. Identification procedures, however, depend on both the trans-
verse energy and the rapidity of the candidate. For electrons produced in the semileptonic
decay of bottom and charmed hadrons, being characterized by a softer Pr spectrum with
respect 1o prompt electrons, a reconstructed track extrapolating to an electromagnetic
deposit and consistent with E /P electron hypothesis is needed to reduce the background
from photons. Therefore, electron identification is limited within the acceptance of the
tracking system. During Run [, soft electron tagging was then performed within [n|<1. In
Run Il one hopes to fully exploit the new tracking capabilities as well as the performances
of the new plug calorimeter.

The possibility of a non-electron track faking an E/F requirement because of the
contribution of surrounding soft particles releasing energy in the same calorimeter towers
is still high. A further contribution may also comes from isolated hadrons performing
early showering (i e, before reaching the hadronic section of the calorimeter). Two sets
of requirements help in keeping these effects under control. The first one relies on two
purely calorimetric variables:

& EygafEm: an upper bound on this variable can essentially result in an upper bound
on the hadronic energy deposition detected within a jet cone. According to the
process that led to the electron, the ratio By /Eo.n can be computed on cluster
topologies other than jets, such as single towers or 3 x 3-tower sgquares.

* Tays, although produced with almost equal frequency than electirons and muons, due to their prob-
lematie detection, do oot glve a slgnificant contribution to B physics at CoF.
Qnce |Vea[* ~200-|Visl*.



63

& Ly, the lateral shower shape v, is a y-squared comparison of the observed calorime-
ter lateral shower profile to test-beam electrons.

The second set, on the other hand, exploits the information provided by the CES detector.
The latter proves to be of crucial importance for tagging non isolated electrons, due to
its finer granularity with respect to the calorimeter towers. A predetermined number
(typically 3, 5, 7, 9 or 11) of contiguous strips {or wires) is clustered around a seed, whose
rile can be plaved by a strip/wire either detecting an energy larger than 0.5 GeV or
intercepted by the trajectory of a reconstructed track. Three kinds of information are
accessible alter clustering:

pulse-height: the energy content of a cluster reconstructed either in the strip or in the
wire plane (E,, E.);

position: the centroids of the clusters reconstructed in the strip and wire planes provide
a x—z reading in the local wedge-coordinate system (see fig. 2.9). This information
is useful for providing a high quality track-cluster matching;

shape: two y-squared comparisons (X5 Xl ©f CES cluster profile fits (in strip and
wire planes respectively) to test beam electrons.

Cluster-based procedures for electron tagging, like the standard electron selection de-
seribed in table 3.3, however, contain several lmplicit isolation requirements that makes
them rather inefficient in case the soft electron is embedded in a jet, which is the most
likely situation expected in b and ¢ quark decays. Clustering procedures, in fact, tend to
average energy contributions coming from adjacent towers, making a few-GeV signal very
difficult to distinguish from the large backgrounds provided by photons and low-energy
hadrons releasing most of their energy in the electromagnetic calorimeter.

For this reason, during Runl a track-based soft electron tagging procedure®™ has been
studied [6] and applied in offline analyses involving b-jet identification, for instance in top
searches [7]. Instead of beginning from an electromagnetic deposition in the calorimeter,
the algorithm starts by extrapolating all tracks passing a standard set of loose quality eri-
teria to the central electromagnetic calorimeter (CEM) and to the muon chambers. Then,
if the track extrapolates to a fiducial region of the detector, it is Hagged as a ‘candi-
date’ track. In the following, candidate tracks undergo a selection criteria — whose main
redquiremnents are reported in table 3.3 — optimized for tagging electrons coming from b
quark decay.

The soft electron tagger is characterized by a fake rate of <0.4% per track, at the same
time retaining an average efficiency of ~ 70% on single electron tracks [8].

1 The soft electron track-hased procedure 1s & part of a more general algorithm, dedicated to soft lepton
tageing (often Indicated as S0T).

*The standard electron tagging procedure 18 cluster-hased: all ealorimetric quantities refer to recon-
astructed jets wnless expliclily remarked.

®The soft electron tagger relles on a track-based procedure: single tower quantity are used when
caloclmetrie varlables are computed. The tower 8 determined by extrapolating the candidate elecivon
track to the electromagnetic calorimetes.

In a 3% 3-tower square centered In the electron jet seed.

g, By, are five-steip/wire cluster energies.

M Ar and Az describing the spatial mismateh between track extrapolatbon at cEg and eluster centroid.
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Variable Std. electron cuts* Soft electron cuts*
(E7)em =7.5 GeV -
FPr =6 Gel e =2 GeV/e
EemfP - =0.7, <15
Epad/Eem < (.04 ** < .1
Lo <0.2 -
E, [P, B, /P - = min{(.6, 0.24+0.03F} GeV
| | ## < .o cem = max{0.7,1.82 = 0.1867F} cm
Azl 2 < Jem = 2¢m
Kiirip B < 1) <16
¥2, /6 =10 <16
Qorn - > 4744 - 11592 P{Pr) + T023( P/Pr)?
iy Y = 2015+ 0P pes GeVie

Table 3.3: Standard electron seleclion compured to soft electron requirements (P, Pr
expressed in GeVie) for Runl. Further emplonalion is provided in the lext

In order to achieve these goals, the soft electron algorithm exploits two more track-
dependent pieces of information supplied by the detector: the energy deposition in the
central preradiator {CPR) and the specific energy loss (dEfdz) experienced by the candi-
date track in traversing the central tracking chamber.
The cPR energy ((Jopg) 18 computed in a similar way 1o CES: a three-wire sum is per-
formed around the point the track extrapolates to. Since larger track 5 values correspond
to thicker layers of material travelled by the particle, larger charge depositions in the CPR
are expected for increasing 7. Exploiting this fact, a rough z matching can be obtained
between the CPR deposition and the track by introducing a F/Pr=1/sin # dependence in
the CPR pulse-height requirement.
Within the range of interest, dEfz is essentially independent from momentum if electrons
are considered. Conversely, a strong momentum dependence is exhibited by other parti-
cles, like muons and light charged hadrons, which can contaminate the electron sample.
The specific energy loss () I8 required to match the expected electron behaviour for
P <15 GeV/e

A seripus source of background for either cluster-based or track-based procedure is
due to photons arising from the decay of neutral pions, copiously produced within jets,
which tend to convert into electron-positron pairs in detector material. The Fp spectrum
of these electrons is not very different from that of electrons produced in b and ¢ quark
decays. This can be achieved by means of an algorithm that, after reconstructing all
possible conversion pairs within an event, discards any electron candidate that can be
associated to one leg of a conversion pair. In order to tag conversion pairs, the algorithm
performs a first selection on the basis of geometrical considerations: two variables, A cot
and AS = D — g — g, where D is the distance between the center of the two circular
Lrajectories — of radii py and py — deseribing the tracks in the r—¢ plane, are used to select
tracks compatible with coming from a common vertex®, constrained to lay within &0 em
from the beamline {where the highest concentration of material in the tracking volume
is found). Then, the two tracks fulfilling this requirement must converge to an invariant

** 4 ctual requirements on these varlables are |A cot &) = (0G and A5 <03 cm.
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Soft muon cuts
Variable CMUP#H CMU CMP CMX
Pr =3 GeV/e =2 GeVe =3 GeV/e =2 GeV/e
|."_"|.z.| o :Jm.:u{ﬂcr, ba [‘:m]- o max{ﬂ'n:r, g 1::11]- - -
| Az < max{ds, 2em} | < max{3do, 2em} | < max{3e, Som} -
| Auh| - - < 0.1 rad <0.1rad
Yhoas - <10 <10 QM
i - - - <9
N - - - <9
Ehag—¥0* # < 6 GeV < f GeV <6 GeV -

Table 3.4: Soft muon requirernents for Run l; further erplanation is provided in the text.
mass lower than 0.5 GeV /¢® o be tageed as a conversion pair.

Muons

Tagging in the case of muons is much less problematic than for electrons, sinee the natural
tendeney of muons to penetrate thick layers of materials can be exploited in order to
separate them from surrounding electromagnetic and hadronic matter. For this purpose,
the shielding offered by the calorimeters is used, while detection of charged particles
bevond them is achieved by means of the muon system. The usual method for tagging
muong consists in extrapolating a track to the muon system and matching it to a stub
reconstructed therein,

The soft muon algorithm differs from a standard selection essentially because a lower
Fr threshold implies taking into account the effect of multiple scattering, which becomes
more relevant the lower Pr the particle has. After extrapolation, the distances from
the edges of each detector as well as the average multiple scattering distance (oyg) are
computed for each track. These parameters are used to assign tracks o four different
fiducial regions of the muon system: oMU for tracks traversing both cMU and cMmp
volumes, cMufoMp for tracks passing through the MU/ oM P volume only, while escaping
the coverage of oMP /oMy, and cMx for tracks falling in the ¢Mx Aducial volume. Each
track falling in one of these classes is then matched to a muon stub; matching requirements
depend on the class the track belongs to, as described in table 3.4, From the expected
mismatch, ¥ variables are built for each matehing quantity: Az refers to the distance
between the extrapolated track and the stub in the transverse plane computed at the
inner radius of the muon detector, while Az refers to the mismateh in the z direction.
In particular, the variable xiﬁm takes into account the correlation between Ax and A,
the latter describing the mismateh between the track extrapolated direction and the stub
slope.
The major source of contamination in the case of muons arises from calorimeter punch-
throughs (secondary charged pions leakages through the outermest layer of the hadron
calorimeter) and from muons produced in the decays in Hight of kaons or picns, which
are responsible of ‘fake” stubs. The former is strongly limited by the coincidence of ouu
and CMP in the OMUP category. Furthermore, since punchthroughs are characterized by

T he value of & = -..-'n_qu+nEm with & pee deseriblng the resolutlon of the detector, will be used as an
eatlmate of the Gauwsslan fuctuation affecting the extrapolated posithon of the teack In the muon system.
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a higher activity in the muon chambers [especially in the oMU}, an upper limit on the
number of tubes involved in the stub definition (typically 5) is applied.

S atching requirements for ¢MUP tracks refer to stubs ln ¢MU only; the presence of & stub In CMP s
encagh to reduce background from punch-throughs,

The ;.;Lﬁr [CMU) replaces the stralght Ax requirement for Py <20 GeV fe.

*The ;.;Lﬁr [crP] replaces the Ax, Ad requirements foe Py < 10 GeV e

HThe xhaa, (CMX) replaces the Ag requirement Tor Pr <5 GeV/e.

*The variable Eg'* = defined a8 the sum of the momenta of all teacks reconstrueted within a cone
of B =10.2 around the candidate muon. This cut, applied to tracks with Pr =6 GeVie only, 15 almed
at Increasing muon puelty; above this value, muons — which are minlmom lonkeing particles — deposit
smaller energles In the calorimeters than hadrons.
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Chapter 4

Run 11 Event samples

With this study we begin to prepare the ground for the Run Il analysis of the top-pair
production and the subsequent all-hadronic decay.

The search for top in the all-hadronic state has been accomplished successfully in Run
1[1][2] and lead to the measurement of the top mass my, = 186.0 £ 10.0(stal) £ 5.7 syst)
Gel'/e?. In Run II we expect to improve that measurement by reducing the statistical
uncertainty by about a factor of 5 due, al least, to a 20% increase in integrated luminosity
and a == 30% increase in cross section. We also expect 1o improve the b-tag efficiency due
to both a larger geometrical acceptance and a better performance of the SVXII detector.

4.1 Jets at CDF

Jots are among the most interesting “objects” produced by a high energy collider, as they
characterize the experimental signature of many know physical events as well as of new
physics. Since they cannot be isolated, quarks and gluons can be studied only indirectly.
In particular, the study of a jet gives informations about the initiating parton as it consists
of a group of energetic particles which are emitted spatially collimated along the original
parton direction.

In pf collisions, jet production can be understood as a point-like collision of a quark or
gluon from the proton and an {antilguark or gluon from the antiproton. After colliding,
because of fragmentation, these scattered partons manifest themselves as “sprays” of
particles called “jets”.

In general, any inelastic scattering between a proton and an antiproton can be deseribod
as an elostic collision between a single proton and antiproton constituent. The non-
colliding constituents of the incoming proton and antiproton are called “beam fragments”
or “spectators” and contribute to the underlying event.

4.1.1 A brief Jet History

Jets were first observed at ete” colliders in 1975 when the center of mass energy reached
6-8 GeV at SPEAR[3]. When PEP and PETRA reached energies of 30-40 GeV, jets were
found to be the dominant feature of hadron production.

Jets in hadron collisions were observed for the frst time in early 80°s at the CERN. The
first collaboration to produce results was the UAL experiment at the Spas (s = 630

0
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GeV), which sought direct evidence of the top quark production in the decavs of the

recently discovered W bosons, pg — WX — thX [4].

4.1.2 Jet Reconstruction

In a collider experiment a jet appears tyvpically as an energy deposit shared among several
calorimeter towers. A reconstruct algorithm is then needed to recognize and reconstruct
a jet starting from the energy information of each calorimeter tower.

Fig, 4.1 gives ug an dea of the jet “development™ in the CDE detector. [t is the event
display of a typical di-jet event where two jets are produced.

Figure 4.1: CDF display of a fypical di-jet event

The CDE jet reconstruction process can be divided into two parts: first, a list of towers
is assigned to each jet by a clustering algorithm, then the energetic and geometrical
information of cach tower 18 combined to reconstruct the jet enerey and direction.

The clustering alporithm uwses a cone of a fixed radius to define a jet, the calorimeter
Lowers being its basic units. Energetic towers are assigned to jet clusters by an off-line
routine {JetClu) implementing the jet-finding algoritm in two steps (see Chapter 3):

s preclustering;
s clustering.

From the list of towers associated with the cluster, JetClu caleulates the jet fowr-
momentum components according to the following definitions:
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JIPTR+ (P2
where 1 18 the tower index and N the number of towers in the eluster. The azsimuthal

angles ¢, are evaluated according to the CDF coordinate system while the polar angles 8,
are caleulated respect to the event vertex along the beam axis.

Jet corrections

According to CDF definition, jets emerge from a vector sum of the momenta associated
to calorimeter towers enclosed in a certain region {cone), under the assumption that all
tower contributions come from massless particles originated in the primary vertex! and
detected in the energy baryeenter of each tower. Unambiguous results can be obtained
only il adequate corrections, aimed at reducing systematic effects degrading the energy
determination, are applied to the raw energies detected by the calorimeters.

Detector. During Runl, central and plug calorimeter relied on different detection tech-
nigques (scintillators and gas proportional chambers respectively). This introduced a non-
homogeneity in energy response that had to be accounted for. This effect should be
substantially reduced in Runll, thanks to the calorimeter plug upgrade, which will rely
on scintillators as active medinm.

Lmperfect calorimeter coverage as well as [imited response for low-FPr hadrons, contributes
in degrading energy measurements, sinee little or no energy deposition 18 detected for par-
ticles escaping through detector eracks — in particular at boundaries between the central
and plug regions — or for soft. hadrons reaching the hadron ealorimeter.

Clustering procedure. The clustering procedure deseribed above has a finite resolution
csmentially imposed by K, the jet n—¢ radius. Particles which, during hadronization or
subsequent hadron decay, are emitted at large angles, fail to contribute to the jet they
would naturally belong to. In the same way, oul-of-cone losses can be caused by low-Pr
particles being trapped in the magnetic field.

Underlying event and multiple interactions. These two phenomena produce obsery-
able effects in the jet clustering procedure. In the first case, strong interactions involving

'The definition of primary vertex s different for Level 3 and offline jet clustering: n the fiest case,
in fact, the collislon ls assumed to take place In the detector orlgln, while in the latter the pelonary
interaction polnt & reconstructed by ooeans of a beam-constralned ft of all tracks.
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beam remnants can introduce a Qux of hadrons that can interfere with particles produced
in the hard scattering process. This “extra production” of hadrons can have a relapse on
the jet definition, since some particles generated in the underlying event can be included
in the clustering procedure. The same can happen when multiple interactions cceur, e,
when two [or more) collisions ocour during the same beam cross. In this case, therefore,
more events are overlapped.

All these effects have been accounted for in the definition of jet corrections, whose
aim is to suitably rescale the transverse energy of each jet to a value which represents
the maost likely Ep that would have been measured if all the degrading effects were not
present. The most general form for the corrections to be applied to the Er of a jet (cone

= 1,.-"&-?{” | Jﬁ:;'l”] 153 the fﬂll-:‘:wing [5]:
Pr(R) = (PP [ B) % froy— UEM{E)) % fa,(R)~ UB{R)+ OC(R) .
where:

Jret: relative energy scale factor, correcting for non-uniformities in the detector
CeR[MILLEE;
UEM(R): correction for multiple interactions;
Jara[ 8} - absolute energy scale factor, rescaling the raw jet energy into the average
Lrue jel energy;
UE(R):  correction for underlying event;
OC(R):  oul-of-cone logses correction.

The absolute calorimetric energy scale can be estimated by means of a two-step pro-
eedure.  First, the electromagnetic energy scale can be determined using a sample of
Jith—rete” or Z' v ete” events. This can be done exactly as for setting the momentum
scale of the tracking system by rencrmalizing the observed J/0(158) and Z° peaks to the
corresponding world average values. Hence, this information can be used for calibrating
the response of the hadronic calorimeter: once the process 2% —vete™ 41 jef is considered,
the hadronie energy scale can be determined by rencrmalizing the energy of the single jet
to the energy measured for the recolling leptons.,

4.1.3 DMonte Carlo Simulations

The main Monte Carlo sample we have used consists of 150000 inclusive ¢ events
generated with:

s Herwig, version 6.4;
o Fom = 1.96 TeV;
e My =175 Gev /e?;

and reconstructed through a realistic simulation of the detector. These events are then
processed {“production™) in the same way as the data.
Additional samples at different top masses (170, 180 Gev/c”) or with different generators
(PYTHIA) or in different conditions are produced in order to evaluate systematics on the
efficiency.
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4.2 The Multijet dataset

The dataset most suitable for the tf all-hadronic analysis is the multijet one because it
replicates better than any other dataset the final state topology, without loosing teo much

in efficiency.
This dataset i3 based on the muliijet frgger which, essentially, requires at least 4
clusters of calorimetric towers with a minimum amount of total energy. In particular, the

moat recent mudtifel trigger requires:

o at Level 1: at least 1 Tower with Ep = 10 GeV

e at Level 2 : at least 4 clusters with B > 15 GeV and total energy 5 Er >
125 GeV

e al Level 3: N, = 4, [JetClu) with Rope = 0.4 and E;.'" = 10 GeV

Such trigger has a cross section of about 10 nb and is fully efficient on #1 all-hadronic
events.
The sample we currently have amounts to an integrated luminosicy of 100 4+ 6 pb L

4.3 Multijet dataset Run IT vs Run I

Validation of this dataset can be insured by comparing some characteristic distributions
to those obtained on the Run [ multijet dataset. The most relevant quantities in this
dataset are calorimetric and, apart from minor differences due to different calibration of
the calorimeters, these quantities should behave in a similar fashion, We compare the
distributions for the following calorimetric variables (for JetClu jets, cone size 0.4):

e number of jets with Ep = 15 GeV and || < 2.0;
e Ep of these jets;

e 1 of these jets;

o total transverse energy, 3 Ep, of these jets.

This comparison is limited to events with > 5 jets and % Ep > 150 GeV because this is
the Run I dataset we have currently available. Unfortunately the calorimeter response in
Run 11 is about 4% less than in Run [; for this reason we have corrected the jet transverse
energy by a factor 1.04.

The figures 4.2, 4.3, 4.4 and 4.5 show indeed that these distributions, for Run [ and
Run II multijet events, are in close agreement. This gives us confidence on the validity
of the approach used in Run L, that is a refinement of the sample through a kinematical
selection. This will be the subject of next section.
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Figure 4.3: Jet Ep (JelClu, cone 0.4, Ep = 15 GeV, |n| < 2.0). The histogram is for

Run I events, the points are for Bun I events. Distributions normalized to equal area.
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Chapter 5

Kinematical Selection

The effective cross section of the multijet dataset (about 10 nb) is much larger than the
tf one (about 3 pb - level 3 requirements only) corresponding to S/8 == 1/3000: we nesd
a very discriminating selection. We know by Bun 1 experience that a simple first step
is to apply a kinematical selection based on calorimetrie quantities in order to achieve a
reasonably good S/B ratio.

As a guideline we will optimize the selection with respect to all-hadronic #f events i.e
where both Ws decay into jet. In the end, however, we will consider the inclusive efficiency
where all possibile W decays are considened.

All jet energies are raw quantities, i.e. those measured in the detector.

5.1 Preliminary Requests
Simple requests are applied for a minimal elean-up of the sample:
® |[Zuere| < 60 cm based on the 28 cm RMS beam spread in =

e 3 Ep <2000 GeV, B ,.I’,IE "Ep < 6 GeVito reject a few patological events.

5.2 Lepton removal

In order to obtain a sample orthogonal to the ones used for other i searches, we reject

events which contain at least one good high energy electron [(Er > 20 GeV) or one good
high-py muon (pr > 20 GeV/c).

5.3 The topology

The firat real step roquires a topology consistent with the basic process: T — bygrbgir.
The number of jets is not always six because jets can blend or can get lost along the beam
line. Besides, the radiation can produce other additional jets in the final state. For these
reasons (fg. 5.1), the selection requires a number of jets | JetClu, cone 0.4, Ep = 15
GeV, |n < 2.0):

5< Ny <8

(il
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Figure 5.1: Number of jets [JetClu, cone 0.4, E5 > 15 GeV, |n| < 2.0). The histogram

is for multijel events, the points are for t all-hadronic events. Distributions normalized
Lo egual ore.

The efficiency of this selection is about T6% on all-hadronic i events, while 12% of
the multijet events survive the cut.

5.4 Additional kinematical variables

We start using variables considered in the Run [ kinematical selection:
1. Y Ep =50 BL the total transverse energy of considered jets;

2.V Epf V%, the centrality, i.e., the fraction of the hard scatter energy which goes in
the transverse plane;

i A= E (1, the aplanarity caleulated in the center-of-mass of N jets.;

4. %, B, the non leading total energy obtained removing the two more energetic jels.

54.1 Y Er

Fig. 5.2 shows the spectrum in %} Ep for all-hadronic if events and for the multijet events
normalized at the same area. 1t is evident that this variable is very discriminant.
The cut on 3 Ep is chosen at the value which maximizes the statistic significance of

the signal, i.e., the ratio signal/y/background (see fig. 5.3), where the background is

represented by the multijet events themselves.
Thiz value corresponds Lo

3 Er = 250 GeV

Ounly 8% of the surviving multijet events pass this cut, while the relative efficiency is
about 61% on all-hadronic ¢ events.
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Figure 5.3: Signal significance as a function of the ¥ Ep cut

5.4.2 Centrality

Another characteristic of the all-hadronic i events is the “centrality” of the energy: the
jets coming from the t decay are emitted quite perpendicularly respect the beam direction.
For this reason, we expect a centrality distribution close to 1 for all-hadronic t events
while for background events we have E.ﬂ-']"l.'rﬂ,l"'_.':l smaller than 1.
The distributions, after cutting on % By, are showed in Gg. 5.4

Since the maximum value of S/ B as a function of 3 E.Tl.lrﬁ.l"'_a is reached arcund 0.75

{fig. 5.5) we require:
Y Er/3 > 0.75

54% of the surviving multijet events remains after this cut and the relative efficiency
on the £t all-hadronic events is about 837,
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Figure 5.4 Centrality {JetClu, cone 0.4, Er = 15 GeV, |n| = 2.0) for cvenls with 5
< Nijg < 8 and 3 Er = 250 GeV. The histogram is for mullijel cvents, the points are
Jor if all-hadronic events. Distribulions normalized to equal area.
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5.4.3 Aplanarity and non-leading energy

At this point the distribution in space of jets is very important, and in particular we con-
sider the variable Aplanarily '. The QUD processes are described as scattering processes
2 —» 2, where the final partons emit gluon radiation which produces other independent
jets. For this reason, the event aplanarity 18 not equal to zero but still guite small.
Instead, in the all-hadronie ¢ events the aplanarity has a larger value, in particular for
the *heavy”™ top quark mass.

Using the same considerations, there is another variable which can permit to separate the
signal from the background. It is the total transverse energy of the jets without the two
jets with the highest Ep, 3, Ep. Fig. 5.6 shows the distributions of aplanarity versus

' Aplanarity ks defined a8 A = %f}h where £y I8 the smallest of the three normalized clgenvalues of the

sphericity tensor My = ¥, P;‘Pg‘ P being the jet four-momentum. Aplanarity values range hetween 0
[In the case of two opposite jets) and 0.5 (Ior more evenly disteibuted jets].
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3 Ep for the tf events and for the multijet events and it is clear that QCD events have
low values for both variables while i events are distributed at higher values.

E

T A A P F°r

Likak: sk ke bk bk b b |

;

oy
(]
]
i
i
I
1
1

Figure 5.6: Aplanarily versus 3 5 Ep for i all-hadronic events (first plot) and for multijet
everils (second plot) for ecvents with § < Nige < 8 % Ep = 250 GeV and EE.—T,-"*.."E =
075,
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Figure 5.7: Aplonarity + 0.0035x3 5 Ep for events with § < Nj, < 8 3 Ey > 250
eV and E&r,-"*.-"ﬁ > [(.75.The histogram is for multijet events, the points are for ¢

all-hadronic events, Distributions normalized fo equal area,

As made in Run 1, we decide to cut the botton-left corner of the scatter plot by
redquiring:

Az (-0.0035 < 3, By + 0.55

The first coefficient has been chosen after several trials while the second one (see
fig.5.7) has been optimized for the maximum significance (see Hg.5.8).
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Figure 5.8: Signal significance as a function of the 4 + 0.0035x 3, Ep cut.

This final cut has a relative efficiency of 538% on all-hadronic i events, while accepting
17%, of the surviving multijet events.

5.5 Final kinematical selection
In summary, the uncertainty on the kinematical selection reguires:

L. | Zper| < 60 cm

2. ¥ Er < 2000 GeV, Pr /T Br < 6 (GeV?)
3. no high-pp leptons (e or p)

4. 5 < N(jet) < § (Ep = 15 GeV, |n| < 2.0)

5. Y Ep > 250 GeV

6. ¥ Er/v3 =075

7. A+ 0.0035% ¥, Er > 0.55

and its performance is described in Table 5.1 %,

*In a first period of data taking the trigger had no Level 2 reguirements; these difference disappear
once the kinematical cuts ave applied.
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Table 5.1: Kinemabical selection summary.e-Cum represents the cumulative efficiency of

the culs applied in cascade, while e-Rel is the relative efficiency of each cul. ”- Ldt = 100
+ & pb!)

| Cut | M. BEvents | e-Clum | e-Hel | 5/8 |
Multijet Trigger 1036208 0o% | 99% | 1,/5000
Clean-up 1017054 96% | 97% | 1/3400
N Tight Leptons 1009789 6% | 99% | 1,/3400
3 < Njet) <8 130867 T3% | T6% | 1/600
S Ep > 250 GeV 11025 45% | 61%: | 1/80
S Erfvi = 0.75 5089 IT% | 83% | 1/a0
A4+ 00035 = %, Er = 0.55 1023 220 | BB% | 1/15

In conclusion, these cuts select 1023 events (on 100 pb™') with an “exclusive™ efficiency
{on all-hadronic #f events) ¢ = 22%, corresponding to 578 = 1/15 (assuming o = 7 pb
and BR(#t — all-hadronic) = 44%. Instead if we consider all possible W decays we have
an “inclusive” efficiency ¢ = [10.4 £ 0.1)% and a slighty better ratio 5/8 = 1/14.

Unfortunately, this ratio is not good enough: we need to recur to the b-lag.

5.6 Systematic uncertainty on the kinematical effi-
clency
In order to evaluate the systematic uncertainty on the eveluation of the kinematical effi-

clency we have generated samples with different generators and different top masses (170
and 180 GeV /e®):

o HERWIG (default)

o HERWIG with all jet Er's increased by 4%

o HERWIG with all jet Er's decreased by 4%

o PYTHIA [default)

e PYTHIA with initial state radiation turned off

o PYTHIA with final state radiation turned off

For the dependence on the energy scale uncertainty we have compared the efficiencies
obtained when the jet energies are increased /decreased by a conservative 4% 3.
For the gluon radiation modeling we have compared PYTHIA (default) efficiency with
the ones obtained when turning off initial /final state radiation.
In addition, since the top mass is know with an uncertainty of = 5 GeV/e*, we compare
the efficiencies obtained for a top mass of 170 and 180 GeV /¢’
We summarize all these relative uncertainties in table 6.2,

This Is & preliminary rough evaluation. Onee a full sot. of studies of the jet energles are completed,
wii will expect & smaller uncertaloty on the scale.
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In all cases we have taken the semi-difference botween the two compared situations,
The total systematical uncertainty is taken as the quadrature sum af all sources: 200,

Table 5.2: Summary of syslemalic uncertainties.

Source Relative uncertainty
Energy Scale 14%
Fragmentation 11%

Mass 10%
Radiation (ISR} 14%
Radiation [FSR) 16%

Total 29%

In conclusion the i‘rfﬁ-:‘:iﬂm’ry of the kinematical selection is [11].-'-1 =+ E.Q]%-



Chapter 6

Search for Top events using
Secondary Vertex B-Tagging

Our method for isolating a top signal within the multijet sample is the selection of events
with at least one jet arising from b quark production. Given the relatively long b quark
lifetime (7, = 1.46 4 0.06 ps) we can lag long-lived hadrons within jets. The decay of a
long-lived hadron produces a signature of several charged particle trajectories emanating
from a point, or secondary vertex, separated from the pf interaction, or primary vertex.
We describe below this secondary vertex btagging technique and verify that it selects b
jets in control samples. We then caleulate the number of tagged events expected in the
multijet sample from background sources.

From this point on the role of the silicon detector is essential. For this reason we limit
ourselves to the runs in which the silicon detectors (SYX and [SL) were indeed powered-up
and integrated in the data acquisition. This dataset amounts to (69 £ 4) pb~".

6.1 Secondary Vertex Algorithm

In order to identify b-hadron decays within a jet, we search for its decay products, particles
which appear as charged tracks originating from a point separated from the pf interaction
by a significant distance, as indicated schematically in figure 6.1,

The pp interaction point is called the primary verfer and the b-hadron decay point
is called the secondary verfer. Most particles in an event, even in presence of real dis-
placed secondary vertex, will emanate from the primary vertex. In order to distinguish a
secondary vertex from the primary vertex, we base ourselves on the following quantities:

e the quality used to reconstruct the track in SVX;
# the track pp;

o the impact parameter d with respect to the primary vertesx and it8 ervor oy .

The algorithm SecVex wses the spatial resolution of the Silicon Vertex Detector to
determine the presence of secondary vertices in the event.

BY
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Figure 6.1: Simplified 24 projection of an event conlaining a jel with o secondary verter.

6.1.1 Selection of the tracks sample

SecVix takes the position of primary vertex from the average beamline which is filled for
each run'. Such beamline is known with an uncertainty of about 30 pm. The algorithm
counts the number of axial and stereo hits present in all layers of SVX and ISL to know
the number of hits shared between one track and the other. After that, only the hits not
shared between two or more tracks are counted and we call these hits as “fiducial”. Using
these information SecVix selects a group of “Aducial” tracks as shows in table 6.1:

Table 6.1: “Fidueial” tracks for SeeVis.

| Type of tracks | axial hits | axial and “fiducial® hits | stereo and “fiducial” hits |
“fiducial” in the COT =3 =1 =0
reconstructed only in the Silicon = 0 =3 =3

The algorithm considers as “fiducial™ in the COT only the tracks which have at least
4 hits in 2 axial superlayers and 2 stereo superlayers. From this group of “fducial” tracks,
SecVix chooses two subsamples called respectively “pass 17 and “pass 27; our selection
changes if SecViex works with 24 modality or with 34 modality.
In fact, in 2d modality these characteristics are required for the tracks:

e Pass 1:

L |5(do)| = 2.5
2. pr = 0.5 GeV/e

o Pass 2

L |S(do)| > 3

'In the near future we expect this o be replaced by an event-by-event vertex with a smalles wncertalngy.
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2. pr 2 1 GeV/c
while for 5d modality:

s Pass 1:

L \/8(do)? + 5(z)* = 2.5
2. pp = 0.5 Gel/e

s Pass 3

|
Ll

L. /STdo}” + 5(z0)"
2. pr 2 1 GeV/c

The selections are determined by the requests on the significance of dy (5(da) = do/o4,)
and =y (Szy) = (20 = Zpert ) /05 )-

6.1.2 Secondary Vertex finding

The algorithm finds the secondary vertex by forcing all available tracks (with hits in SVX)
to originate from the same point. By an iterative procedure, the track with higher y* is
eliminated and this process continues until the secondary vertex has at least 2 tracks with
a value of ¥* under an opportune threshold. For this reason we call “taggable” jets with
at least 2 pass 1 or pass 2 tracks.

6.1.3 Definition of the Tags

Having found the secondary vertex, SecVix moves on to the effective procedure of the
jet tagging. According to the used modality, the algorithm caleulates the decay length of
secondary vertices, Ly (Lag if used 5d modality). Lzy is the projection of the 2d vector
from the primary to the secondary vertex, .. fp,Hn, on the transverse jet direction:

Ly = (sce = Eprim) 008 et + (Ysee = Yprim) S0 e (6.1)

Lag, instead, i3 the same projection but in the tridimensional space:

Lag = Lyy ﬂinﬂjﬂ b {2 gee .E'F.ri."]} B0 Ei'jﬂ (6.2)

SeeVix considers generated by heavy quarks {positive tags) the jets with Ly signif-
icance (Lg,/op, ) greater then a fixed value while takes as negative tags the jets with a
decay length less then a negative value. Usually the negative tags are due to errors of
reconstruction and are called mis-fags
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6.2 b-tagging efficiency on tf events

To better define the b-tagging efficiency, we factorize it to account for different compo-
nents. The total efficiency can be defined as:

_ perall - erend
€ = iaggable ¥ €iag (6.3

whore:

® fiaggable 18 the efficiency to find at least 1 taggable jet in the event

. :.f:';""“ el ig the efficiency to tag at least 1 tageable jet in the event

In particular, accounting for the possibility of tagging jets not from heavy flavors (non
B-jet), as opposed to jets really coming from heavy flavors (B-jet):

all - pmend t t rend f
Clag = Chaag T Cmisng — (¥hiag X €mistag) (6.4)

with :

o cnfiey being the fraction of starting events with at least 1 tagged non B-je

:.19! being the fraction of starting events with at least 1 tagged B-jet

.

This fraction is equal to:

Ehang. = L ¥ Chiag ¥ SE H (2 = tyyqg ¥ SF) + Fip % eygqq ¥ SF (6.5)
where:
e Fy = [raction of starting events that contain 2 taggable B-jets
e F), = fraction of starting events that contain 1 taggable B-jets

e S = scale factor, that is a factor which relates the efficiency evaluated on Monte
Carle events to that evaluated on real heavy Havor data [more on this later)

® fhag—per jet b-tagging Eﬂlr‘.i&u:‘:y as measured in the o Monte Carlo

All the number relevant for these caleulation are summarized in table 6.2, and are ob-
tained from the subset of the 150000 ¢f simulated events which passed the full kinematical
selection.
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Table 6.2: flements used in the b-tagging E[I:r_'ir_'rl.r_'y enalualions.

Total number of events 15605
Total number of jets JH4284
Jets matched to a b-guark 20034
Jeta matched to a b-gquark and Taggable 23R4]
BEvents with 1 jet matched to a b Taggable 4938
Events with 2 jets matched to a b Taggable 8735
Jetg matched to b-quarks and Tagged positive 9772
Jets matehed to b-gquarks and Tagged negative 252
£ agpable (876 + 0.3)%R
€htag (39.9 + 0.3)%
Eimidatog (E-H + D-E}ﬁ'
i (316 L 0.004
oy .559 + 0.004
grvent (484 £ 0.T)R
;.Eﬁﬂ““"‘ (45 + 1)%
€ (40 + 1)%

The scale factor (SF) has been caleulated [2] by comparing the per-jet b-tagging of-
ficiemcy (eya,) in QCD bb simulated events to the experimental efficiency evaluated in
heavy flavor enriched events, that is events where one electron is embedded within a jet.
Such factor amounts to 0.89 £ 0.09 (see Ggure 6.2).

18 Seale Factor
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Jet ET

Figure 6.2: Seale foclor as o function of jet Er.

The b-tagging efficiency on tf events is (40 =+ 1{stat) = 4{syst))R.

6.3 b-tagging on Multijet events

In the multijet sample we expect the presence of tags coming from processes different
from ¢ production. These processes are:
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Figure 6.3: Three sources of heavy flavour in inelusive jets: a) direct production; §) gluon
splitting; ¢) flovour excilation.

e QCD production of bb 1] by: direct production, gluon splitting or flavour excitation

(fig.6.3);
e W oand ¥ bosons production with radiation which produces Inh by gluon splitting;

e W and Z bosons production with W/Z decaying into heavy favors;

® [mis-Lag.

The mest important background contribution is the first process.

6.3.1 QCD background

The method to estimate this source of background is based on the assumption that the
contribution of the QUD processes, which give tags in the sample with Ny = 4 remains
Lhe same as the jet multiplicity increases. With this ipothesis, when the probability for a
taggable jet in the Nja = 4 control sample to be tagged is determined then it can be used
on the jets of other samples to estimate the number of expected tags. Such a probability
(tag rate) is defined as:

O of tagged jels
~ # of taggable jets

e

From now on we consider only positive tags because negative onesg are used neither to
isolate a signal nor for background evaluation.
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6.3.2 Characteristics of Multijet sample

Tao determine which variables are more suitable for the parametrization of the tag proba-
bility, we have studied its dependence on:

e specific jet variables as B, 5, ¢ and the number of taggable tracks (Ny) into the
jet cone (see figs6.4, 6.5, 6.6, 6.7)
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Figure 6.7: Fositive tog rale os
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trucks inside the jet.
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s global variables as instantaneous luminosity and data taking peried (Run number)
(see figs. 6.8, 6.9).
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6.3.3 Tag rate parametrization

It is reasonable to parametrize the rate in terms of jet-Ep, jet- and number of SVX
tracks, Nypp. The tag rate is then:

P = P{Er,n, Nuk)

With this choice we evaluate a 3-dimensional matrix® of positive tag rates in the control
sample of events with exactly 4 jets.
The contribution to the total mumber of expected tags from the i-th event with n taggable
jets is calculated as:

e
J"'I'I’ﬂp = EF[EJ: 5 TIJ..J"'I'I"Z.J!}
Fmi

while the expected background over all N events amounts simply to:
i}
Nezp =3 _ Ny
im1

At this point, we are interested in checking that the matrix so obtained predicts well the
number of tags observed in our sample, and that all relevant kinematical distributions are
wiell reproduced.

As first thing we compare the 3 Ep, ¥ Ep/+/3 and A + 0.0035 x ¥, Er distributions
for the events with at least one ebserved tag to what erpected from the application of the
tag parametrization in the control sample. We see in fig. 6.10 that these distributions are
gquite well reproduced, both in normalization and in shape.

*§ bins in Br, 3 bins in g, 11 bins In Vi
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Figure 6.10: 3 Er, Ef:.rl.fu"rﬁ and A + 0.0035 x 3, By distributions for the observed
(histogram) and expected (poinis) cvents wille al least one tag, in the control sample with

§ jets.

For instance, see table 6.3, the number of observed fexpected tags with % Ep = 250
GeV agree within 10%. The agreement is within 4% for events with 3 Er/v'& > (.75, As
for the events with large values of A + 0.0035 x 3, Er we sce for instance an agreement
within 3% for events with A 4 0.0035 = Eu Er > .38

Table 6.3: Observed and Expected Tags for events with 4 jets, S Er > 250 GeV,
Y Epfv3 2 0.75 and A +0.0035 x ¥, Ep > 0.3.
Cut Y Ep > 250 GeV | ¥ Bp/vE > 075 [ A+ 00035 x %, Er > 0.3 |
Ohbs Tags 140 2269 4049 |
Exp Tags 173 4= 13 2332 &+ 48 393 &= 20 |
e £ 10 + 8 -3k 2 1+5 |
g

We then consider the numbers of observed and expected tags for events with respectively

4, 5,6 and > T jets:

The actual cut at (.55 depletes too much the distribution. Cutting at 0.3 on the control sample
lsolate about 15 of the upper end of the distributlon. This & the same as what happens on the signal

asample when we cut at 0L55
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Table 6.4: Observed and Expected Tags in our sample. Errors are statistical only.

| Nfjet) | 4 | § | 6 | =7 |
Events DR3052 5564 11250 1479
Taggable jets | 664735 27068 10067 6361
Obs Tags 14484 4704 761 137
Fxp Tags 14484 & 118 | 4712.6 + 67.5 | B50.0 £ 28.5 | 133.6 £ 11.3
Mot ez () - 02+ 1.4 10+ 3 249

We see that the 5 and 7 jet subsamples are well reproduced while there is a significant,
overeatimate in the 6 jet subsample. If we consider the average observed tag rate we see
that indeed it is smaller in the 6 jet subsample [1.9%) with respect to events with 4,
5oand 7 jets (2.2%, 2.1% and 2.2% respectively). This is an indication that the reason
for the disagreement resides more in the observed rather than in the expected tags. To
be conservative we consider a 105 systematic uncertainty on the background prediction
based on this jer multiplicity dependence, to which we add in quadrature 10% from the
dependence on the other kinematical cuts, for a total 145%.
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Chapter 7

Measurement of the #tt Cross Section

In this chapter we want to summarize the results from the analysis of the multijet sample
alter the application of the kinematical selection and the request of at least one b-tag in
the event.

Unfortunately both the statistical and systematical uncertainties on the expected back-
ground are large, making it difficult to extract a signal and a cross section measurement.
For this reason we will introduce an alternative way of estimating the background enabling

us to make a preliminary measurement of og.

7.1 Results on the signal sample

The kinematical selection and the b-tagging algorithm are deseribed in chapter 5 and 6
respectively. We can summarize the analysis as:

® 5 < N(jet) < 8 (Ep > 15 GeV, |n] < 2.0)

o ¥ Er > 250 GeV

o 3 Ep/yi 2075

o A4 0.0035x 3, Er = 0.55

e at least 1 secondary vertex [b-tag) in the event.

In table 7.1 the results of the analysis are shown: a small excess of observed tags is
geen with respect to the expected ones. Such an exeeas can be abseribed to ¢ production
but is quite smaller than what expected [~ 25 tags assuming o = 7 pb).

Table 7.1: Observed and Expected Tags in the signal sample after kinematical selection.
The first error is statistical and the second one is systematical. [ [ Ldf = 69 &+ 4 ph™")

N{jet) 5 6 =T Lotal |
Events 262 277 144 683

Obs Tags 27 34 15 76

Bxp Tags [ 26.0 £ 50£3.6 (312455444 | 1704+ 41 +£2.5 | T4T £ 8.5+ 1.5
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Unfortunately, due to the limited statistics (only 69 pb~! with respect to the 110 pb~!
usedd in Run I) the uncertainties on the estimated background are similar in size to the
expected signal. This makes it difficult to obtain a significant measurement, so we try to

eatimate the background in a different way.

7.2 Alternative background estimate

Since the distribution of the quantity A + 0.0035x 3, Er expected from the application
of the tag rate reproduce well in shape the observed distribution {see Gg.6.10), we want
to use both and perform a two-component fit in crder to extract the amount of signal and
background present in our sample. To do so we release the last cut of the kinematical

selection amd derive:

o the distribution of A + 0.0035x 3, Ep for the ¢f Monte Carlo events with at least
1 b-tag(the signal “template” )

e the distribution of A + 0.00353x %, Er for the multijet events, weighed by the
probability to be tagged [the background “template™)

These distribution are then fitted [(see fig.7.1) to a ™ degree polynomial to extract
an analytical probability density of being background or signal.

|

e 1

. . . - - . .
L] [-F] [ &) am (1] iLr amk (-1 1 11

Figure T.1: A + 0.0035x 3", Ep distribution. Top: background “template”; bottom: signal
“template”™. A fit to a th degree polynomial 15 superimposed.

We then request the presence of at least one b-tag in the event and define an unbinned
likelihood as:



1m

N, . .
L' — ]:r‘ 'I"#bfﬁ |:I'::I I Tlﬁf’ |::'::I [T-l}
ol Ty = iy
where:
o 1; represent the value of A + 0.0035x 3, Ep for the i-th event

o ny and e, are respectively the number of background and signal events (in particular
we consider n, = [Negng - 1))

e fi and f; are the probability densities for background and signal respectively.

o Nomg = 347 is the number of candidate events passing the alternative kinematical
selection and with at least 1 b-tag.

From the maximization of this likelihood (ie. the minimization of -ln{L)) we obtain

ny = 336714 background events (see fig.7.2).
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Figure 7.2 A + 0.0035x %, Er distribution. The yellow fred) histogram represents the
backiyround (signal) normalized to the outeome of the fit. The points represent the 347
candidales.
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7.3 Measurement of the {f production cross section

Having evaluated the amount of background, the value of oy is:

Nogmd = Tt
Epin " g " J' Ldt

oy —

(7.9)

where;

o Nooo0 = 34T events
L T 335'1,'5 eVents
® fpin = (16.4 + 3.2) %
e o= [(300+39)%

The kinematical and b-tagging efficiencies, included their uncertainty, have been reeval-
uated after the removal of the A + 0L.0035x 3, Er cut.
The best value for o is the one which maximize the likelihood:

[T cae—T £au)? T fop—Tg1 iny —F:’
_ nrd o ™ T
L=eg c .y fhin e o oW

(€in = €4 oy - [ Ldt A rip) Neend e lomines oy ] Edteny)

¥ g

that is:

o = 2.5 3(stat) ‘28 syst) pb

This value is smaller but consistent. with the theoretical caleulations [1] & = 7 ph
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Conclusions

At the Fermilab Tevatron, top gquarks are pair produced in pf collisions via gf annihilation
and gy fusion, the former being the dominant process. In the framework of the Standard
Maodel, each top quark decays almoest exclusively into a W boson and a b quark. The Caol-
lider Detector at Fermilab ({CDF) and D0 collaborations have reported the observation of
the top quark in events collected during 1992-1995 data taking period (Run ).

In this analysis we search for events in which both W bosons decay into gquark-antiquark
pairs, leading to an all-hadronie final state.

The study of this channel, with a branching ratio of about E: complements the leptonie
mandes where one or both of the W bosons deday leptonically.

Since the expected decay signature involves only hadronic jets, a very large background
from standard quantum chromodynamics (QCD) multijet production is present and dom-
inates over ¢ production.

To reduce the background and increase the signalbackground ratio to a good value [~
1/15) we have performesd a selection based on the kinematical characteristics of the events
and we have required at least one b-jet.

Unfortunately both the statistical and systematical uncertainties on the expected back-
ground are large, making it difficult to extract a signal and a cross section measurement.
For this reason we have introduced an alternative way of estimating the background lead-
ing to a preliminary measurement of oy

o = 2.51 35 (stat) '35 (syst) pb
Anyway, a group of people (P. Az, A. Castro, A. Gresele and T, Dorigo) is working very

hard to improve this cross section value and, in particular, to implement the new jet cor-
rections algorithms to obtain, for the next summer conferences, a top mass measurement.
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