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Chapter 1
Introduction and Theory

1.1 The Standard Model

One of the main goals of particle physics is to understand what matter is made of, and what are
the forces in nature through which matter interacts. Our current understanding of the
fundamental forces is contained in the description of the gravitational, the strong, the weak and
the electromagnetic interactions among elementary particles. These forces are transmitted by
specific fields or particles which are equivalent concepts in relativistic quantum field theory.

In the 1960s, Glashow, Salam and Weinberg unified the electromagnetic and weak interaction
into the electroweak theory [1], which, together with Quantum Chromodynamics (the theory of
the strong interaction), forms the Standard Model (SM) of particle physics. The SM is a
quantum field theory that is based on the gauge symmetry SU(3)c x SU(2)r, x U(1)y. This
gauge group includes the symmetry group of the strong interactions (SU(3)¢), and the
symmetry group of the electroweak interactions (SU(2)r, x U(1)y). The symmetry group of the
electromagnetic interactions (U(1),,) appears in the SM as a subgroup of SU(2); x U(1)y, and
it is in this sense that the weak and electromagnetic interactions are unified. The SM provides a
very elegant theoretical framework, and it has successfully passed very precise tests [2].

Both electroweak and QCD theories are gauge field theories, meaning that they model the forces
between fermions by coupling them to bosons which mediate the forces. The Lagrangian of each
set of mediating bosons is invariant under gauge transformation, so these mediating bosons are
referred to as gauge bosons. The massless photon, +, is the exchange particle in electromagnetic
interactions. The eight massless gluons, g,, mediate strong interactions among quarks, and the
three massive weak bosons, W* and Z, are the corresponding intermediate bosons that mediate

the weak interaction. Table 1.1 summarizes the fundamental forces and the properties of their



gauge bosons [3].

Force Boson Name | Symbol | Charge (|e|) | Spin | Mass (GeV/c?)
Strong Gluon g 0 1 0
Electromagnetic Photon vy 0 1 0
Weak W-boson W= +1 1 | 80.423+0.039
Z-boson VA 0 1 | 91.1876 & 0.0021
Gravitational Graviton G 0 2 0

Table 1.1: Fundamental forces and gauge bosons.

Apart from the gauge bosons, there are six leptons and six quarks. The six leptons are electron,

muon, tau and the corresponding neutrinos; the six quarks are up, down, charm, strange,

bottom, and top quarks. These six leptons and six quarks are fermions of spin s = % and can be

grouped into three generations (also called families) as shown in Table 1.2. Figure 1.1 shows a

picture of all matter particles and the intermediate interaction particles [4]. Why Nature chooses

to repeat itself like this, and whether any more generations remain to be discovered, are still

open questions.

Generation Leptons (spin=1 ) Quarks (spin=1 )
Flavors | Charge (|e|) | Mass (MeV/c?) || Flavors | Charge (|e|) | Mass (MeV/c?)

1 e -1 0.511 U +2/3 1.5-5
Ve 0 <3x10°° d ~1/3 3-9

2 W -1 105.66 c +2/3 (1.0 — 1.4) x 10°
vy 0 < 0.19 s -1/3 60 — 170

3 r -1 1776.99 % 0.29 t +2/3 (178.0 + 4.3) x 10°
v, 0 <182 b ~1/3 (4.0 — 4.5) x 10

Table 1.2: Three generations of elementary particles.
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Figure 1.1: Elementary particles. The lepton and quark families are shown as well as the force

carrying bosons. Mass increases with generation number.

1.2 W and Z Bosons

The W and Z bosons in the Standard Model are the quanta of local gauge fields; their properties
depend only on a very few fundamental parameters. A comparison between the directly
measured W and Z properties and the theoretical calculations provides therefore an excellent

test of the Standard Model prediction.

1.2.1 W/Z in the Standard Model

As mentioned in Sec. 1.1, the electroweak interaction is based on an SU(2) group of “weak
isospin”, I, and a U(1) group of “weak hypercharge”, Y. The Lagrangian energy density of

fermions with the fields W, and B, is the product of the fermion currents with the fields, that



is, of the form [5] [6]

L=gJ,eW,+g'J)B, (1.1)

where J,, and JE; represent respectively the isospin and hypercharge currents of the fermions,
and g, ¢' are the couplings of fermions to W, and B,,. If we define the weak hypercharge as
Y =@ — I3, where @ is the electric charge and I3 the third component of weak isospin, then the

corresponding relation among the currents is

JY =Jem— J® (1.2)

where J7™ is the electromagnetic current, coupling to the charge (), and J,(f) is the third
component of the isospin current J,,.

The Lagrangian is thus

L

93, oW, +4'J)B, (1.3)
g(IIWD + JAWD) + g(JPWE) + g/ (o™ — T B, (1.4)
where W,Si), i =1,2,3, are the weak bosons of the SU(2), group, and B,, is the hypercharge

boson of the U(1)y group. The physical bosons consist of the charged particles Wui and the

neutrals Z, and A, the latter are taken as linear combinations of W,S3) and B,,. Thus, if we set

1 .
Wi = ﬁ(W,S” +iW?) (1.5)
and
3 _ 9Zut+ g Ay
W) = Jora? (1.6)
_—9'Z,+gA,
Bu=—rasge (L.7)
then
L = (VI W+ Tw,)+ I (W - ¢'B,) +J"g'B, (1.8)
g — — g 3 a2 em : em
= E(Ju Wi+ W) + M(J,g ) —sin® 0w JI™) Z, + gsinOw TS A, (1.9)
= Lgc+ Lnc + Lem (1.10)



where JF = IV +i7? and g'/g = tan Oy .
This equation shows that the interaction contains the weak charge-changing current

(Loc = \%(J;W;r + JFW,.)), a weak neutral current (Lyc = 5% (J,(LS) — sin? OwJ™)Z,),

cos Ow

and the electromagnetic current (L., = gsin OWJﬁmAM), for which we know the coupling to be
e. Hence

e = gsinfw (1.11)

The angle 6y is called the weak mixing angle (or Weinberg angle).

As we know, the weak charged current interaction is parity-violating, and connects, for example,
the left-handed (LH) states of neutrino and electron. On the other hand the electromagnetic
interaction is parity-conserving and involves both LH and RH states of the electron. Hence we
have to assign the lepton states to a LH doublet and a RH singlet, as follows (here we just

consider the case of the first generation leptons: electron and electron neutrino)

R. = (e)r (1.12)

L
where the LH and RH components of a field 1) are defined by

YR = I_T%w (1.13)
po= 10y (1.14)

here ~y5 is the chirality operator. The charged currents are thus defined as

14

JI—L‘F =V 5 ¢~ vryper = Yryt L (1.15)
and
. _ - _
J, = e 275 vV =eryuVrL = YrvT YL (1.16)

where 7+ = 7y £ 75 are the Pauli operators suitable for describing I = 1/2 systems, -, are Dirac
matrices. The neutral current will be

L+

J;(L3) = 'J}L'Yume = 'J}'Vu 2

1
I31,[} = E(ﬁL'YuVL — éL'yueL) (117)



In V — A theory, the charged current matrix element is [7]

M| = %ma 35 ) Pl +75)e] (118)

where G is the Fermi coupling constant. Compared with the expressions 1.10, 1.15 and 1.16, in

the limit of ¢* <« M3, we have

2
g 1 [ 14 14
|M| = (—) — [e'y 1/:| |:1/’)/ e (1.19)
V2) MZ |TT2 "
so that
G g°
NI (1.20)
it follows that
Vo 1/2 V3 e 1/2
My = = - (1.21)
8 G 8 G'sin” Oy
Inverting the relation 1.6 and 1.7, we find
Z, = W;53) cosfw — By, sin O (1.22)
A, = W;53) sin fw + B, cos fw (1.23)

so that, using the empirical fact that the photon is massless and orthogonal to the Z, we get

%
My = (ﬁ ) ! My (1.24)

8 G sin Gy cos Oy ~ cos Ow
In the electroweak model, the mass of W boson is determined thus by the fine structure constant
agwm (g% sin® Oy /47), the Fermi coupling constant G, and Z boson mass Mz. The standard set

of measurable input parameters is the following

apym = 1/(137.0359895 & 0.0000061) (1.25)
G = 1.16639(40.00002) x 1075 GeV~? (1.26)
Mz = 91.1884 £ 0.0022 GeV/c? (1.27)

The fine structure constant is measured from the quantum Hall effect [8]; the Fermi coupling
constant is measured from the muon lifetime (T'(p~ = e~ wev,) = G*m?, /(1927%)) [8], and My is

measured directly by the combined experiments at the CERN ete™ collider LEP [9].



1.2.2 W/Z Boson Production

In pp collisions at /s = 1.96 TeV, W and Z bosons are produced predominantly through
quark-antiquark annihilation. The lowest order diagrams for Z and W7 boson production are
shown in Fig. 1.2. The processes dd — Z and @d — W~ are similar to the ones shown. The
initial state consists of two quarks with momenta ¢; and gz. The momentum fractions, z;, 2,
are defined as ¢; = 21 P, and ¢ = 22 P2, where P, and P, are the momenta of the colliding

proton and antiproton, respectively. The center of mass energy of the two quark system is

Vi= lg1 + g2| = /21225 (1.28)

and /s = 1.96 TeV is the center of mass energy of the proton antiproton collisions at the Run IT

Tevatron collider.

Figure 1.2: Lowest order Feynman diagrams for Z and W™ boson production.

To predict the cross section of a process (pp — V) (V stands for either the W or the Z
intermediate vector boson) at the hadron collider, one calculates the parton-level cross section &
as a function of the quark momenta, and then convolves with the distribution of quark momenta

inside the proton and the antiproton

7= Z//dxldwzfi/l)(xlag)fj/i)(x%g)&ij(g) (1.29)
2y



where the indices ¢ and j run over the contributing quark flavors. The probability density
functions f are called parton distribution functions (PDFs). The distributions are functions of x
(the fraction of the hadron momentum carried by the parton), and of § (the energy scale of the
collision).

The parton-level cross section for g — V is given by

o LV (GMEN? §T% /M2

where V' is the CKM matrix named after Cabibbo, Kobayashi and Maskawa that describes the
quark mixing, G is the Fermi constant, and My and I'y are the mass and the total decay width
of the boson respectively. The factor 1/3 in front accounts for the fact that the colliding partons
must have the same color. The resonance shape is the relativistic Breit-Wigner distribution, the
$-dependent factor in ¢ above.

The boson is determined by its mass \/@ , transverse momentum @7, rapidity y and azimuthal
angle ¢ . Since the proton and antiproton collide head-on, at lowest order the produced boson

has no transverse momentum, and the kinematics are completely determined by z; and z:

1
Q? = z1195 = §, Qr=0, y= iln% (1.31)

The non-zero transverse momentum of the W and Z bosons is due to the production of one or
more gluons or quarks along with the bosons. Higher order processes such as Compton scattering
can also produce the W and Z bosons with significant transverse momentum. The Feynman
diagrams for the initial state radiation and Compton scattering are shown in Fig. 1.3 for W+
and Fig. 1.4 for Z production. At the Tevatron, about ninety percent of the production cross
section of W or Z boson is in the small transverse momentum region, where p¥. < 20 GeV. In
this region, multiple soft gluon emission is expected to dominate the cross section, and these soft
gluons induce a large logarithmic contribution to the pY. distribution. Thus the order-by-order

perturbative calculation in the theory of QCD does not accurately describe the p¥. spectrum and

!In general, for any particle with 4-momentum (FE,pz,py,p:), @2 = E? — p2 — p% —p2, Qr = \/p2 +p2,

_ 1y, E+tp. _ Py
Y= 21nE7p; and ¢ = arctanpm .



the contributions from multiple soft-gluon emission. A soft-gluon resummation technique [10] has
been developed to predict a pY. distribution that agrees with experimental data. At high
transverse momentum (p¥. > 50 GeV), the cross section is dominated by the radiation of a single
parton with large transverse momentum. The perturbative QCD calculations are therefore
expected to be reliable in this regime. A prescription [11] [12] [13] has been proposed for

matching the low and high p¥. regions to provide a continuous prediction for all pY..

+

[oN]

o

Figure 1.3: Initial state gluon radiation and Compton scattering in W+ production.

Figure 1.4: Initial state gluon radiation and Compton scattering in Z production.



1.2.3 W/Z Boson Decay

The W and Z bosons are unstable particles, and will soon decay to other stable particles once
they are produced. In this dissertation we will only study the decays of the W and Z bosons to
the first generation leptons. Let us first consider the two-body decay of W — ev. In the boson
rest frame, the electron and neutrino are back-to-back, and the energy of each is half the
generated W mass. Given the boson 4-vector, the decay is then completely specified by fixing the
polar and azimuthal angles, § and ¢, of either decay product in the boson rest frame.

The distribution of these angles depends on the boson polarization. The 6 distribution of the

electron in the W rest frame is given by the famous V-A coupling formula [14]

P(8) o (1 = \Q cos §)? (1.32)

where A is the W helicity, assumed to be £1 and aligned along the pp axis, @ is the W charge,
and 6 is the angle between the electron and the proton beam axis.

Figure 1.5 shows the spin states in W™ production and decay [15]. A u-quark from the proton
and a d-quark from the antiproton interact. The spin of the quark is anti-collinear with the
direction of the quark momentum (left-handed), whereas the antiquark’s spin is collinear with its
momentum (right-handed). Both spins are preferentially aligned in —z direction. The outgoing
positron is right-handed and will have its momentum preferentially pointing in the —z direction
which is reflected in the cross section, giving do/dcos § ~ (1 — cos 6)2, where 6 is the angle with
respect to the +z-axis.

The interaction shown in the right plot can only occur if both quarks are sea quarks from the
proton and antiproton, respectively. The spins of both quarks now point in +z direction which
determines the direction of the spin of the positron (+2z). The V-A coupling causes the positron
to be emitted preferentially in +2 direction which is given in a cross section as

do /dcos 6 =~ (1 + cos 6)2.

To correctly describe the vector boson decay, we have to consider the electroweak radiative

corrections, which consist of the emission of real and virtual photons off the quarks and charged

10
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Figure 1.5: Illustration of spin states for W1 production and decay. The left plot is for a W+

produced with valence quarks, and the right plot is for W produced with sea quarks.

leptons and the W as well. The electroweak corrections can be further divided into initial and
final-state radiation. The final-state QED correction is very important, since photon emission
from the charged lepton can significantly modify the lepton momentum and thus affect the

transverse mass distribution. The full next-to-leading order (NLO) O(a) electroweak radiative

corrections have been calculated in detail [17].

1.2.4 Generated Quantities for W — ev and Z — ee Events

In this dissertation, we use the PYTHIA event generator to generate Monte Carlo W — ev and
Z — ee events. PYTHIA [18] is a program for the generation of high-energy physics events. It
provides models for a number of the physics aspects of the interactions that are of interest to us,
including hard and soft interactions, parton distributions, initial and final state parton showers,
multiple interactions, fragmentation and decay.

The top plots of Fig. 1.6 show the generated transverse mass, Mr, (discussed in Sec. 1.4) and pr
distributions for the W boson. The bottom left plot shows the pr distributions for the electron

and neutrino; the electron pr spectrum is softer than the neutrino as a result of the radiative

11



decay. The bottom right plot shows the pseudorapidity distribution of the electron. For all plots,
no selection cuts were applied.

The top plots of Fig. 1.7 show the generated invariant mass (the mass window used here is 60 -
130 GeV) and pr distributions for the Z boson. The bottom left plot shows the pr distribution
for the two electrons, the bottom right plot shows the pseudorapidity distribution of the two

electrons. Also, no selection cuts were applied to any plot.
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Figure 1.6: Generated quantities for MC W — ev events. Top Left: W boson transverse mass
Mr; Top Right: W boson pr; Bottom Left: electron pr (Line) and neutrino pr (Dots); Bottom

Right: electron pseudorapidity.
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Figure 1.7: Generated quantities for MC Z — ee events. Top Left: Z boson invariant mass; Top

Right: Z boson pr; Bottom Left: electron pr; Bottom Right: electron pseudorapidity.

1.3 Theoretical Predictions of W/Z Production Cross Sections, Masses and

Decay Widths

1.3.1 W/Z Boson Production Cross Sections time Branching Ratio

The W and Z bosons can decay either into quarks or into leptons within the SM. The possible
decay channels for the Z and W are shown in Fig. 1.8. The charged W boson makes a charged
current transition to all leptons and all quark pairs which are allowed. W+ — tb and W— — b
are not allowed, since the top quark mass has been measured to have a mass of 178 GeV, and is
heavier than the W boson. The dominant decays are clearly into quarks because they have an
extra color factor which is not present in the leptonic decays. As regards branching ratios, under

the universality assumption, we just have to count the final states weighted by the color factor.

13



This ansatz leads to the branching ratios:

1 1

Br(Z = 1l) ~ 21 = 4.8% Br(Z — hadrons) ~ 2—? =71.4%
1

Br(W — lv) ~ 9= 11.1% Br(W — hadrons) ~ g =66.7%

Comparing with the latest PDG values [3]:

Br(Z — 1) ~ (3.363 + 0.004)% Br(Z — hadrons) ~ (69.91 =+ 0.06)%

Br(W — lv) ~ (10.68 +0.16)% Br(W — hadrons) ~ (67.96 + 0.35)%

this simple calculation gives very reasonable predictions.
e W T, VeV, VU, dcsb
é) H! T) vev vu! v‘[! Ul a! E) §! B
e, u, Tt u,c

Ve V), Vi, d,s

Figure 1.8: Possible decay channels for Z and W bosons within the SM.

1.3.2 W/Z Boson Masses

From section 1.2.1 we know that at lowest order, Mw and Mz depends only on the Fermi

coupling constant G, the fine structure constant agyr, and the weak mixing angle 6y. By

(1.33)

(1.34)

(1.35)

(1.36)

inserting the measured values of agyr, G and @y into equations 1.53 and 1.24, one gets the tree

level values for the gauge boson masses, My = 78 GeV and Mz = 89 GeV, which is very close to

14



the present experimental values from the LEP and Tevatron experiments:

Mw = (80.423 £ 0.039) GeV and Mz = (91.1876 £+ 0.0021) GeV [3].

Within a given scheme, loop corrections are most easily included through the use of a single
measurable parameter Ar, and lead to a quadratic dependence of My on the top mass

(AMw o M? — M?), and a logarithmic dependence on the Higgs mass (AMy o< logMp). In the

leading log approximation, Ar can be written in terms of My as [19]

Topm V2

A7 =1 GAZ (M M )21 — (Myw /M)

(1.37)

As an example, Fig. 1.9 shows the 1-loop contributions to the W propagator including the top
quark and Higgs boson. Ar depends on all the masses and couplings in the theory, and also on
the masses of the top quark and the Higgs particle. Figure 1.10 shows the predicted My as a
function of My and Mw [20]. Precision measurement of the W mass, in conjunction with
precision measurement of the top quark mass, allows tests of the Standard Model at the level of

its radiative corrections.

W+ W+ . :
ANNNNANNANNANNNY

b W+ W&

Figure 1.9: Feynman diagrams for 1-loop corrections to the W propagator.

1.3.3 W/Z Boson Decay Widths

Dimensional arguments lead us to expect that the W and Z boson decay widths are proportional
to the coupling constant g%v and the mass of the parent (phase space). An estimate of the width

of a vector boson V is given by [21]

Ty ~ g4 My ~1 GeV (1.38)
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Figure 1.10: My as a function of M; and M.

At tree level, the amplitude for Z — ee decay is
M = —igweaev*(gy + 9575 (1.39)

Here g7, and g4 are the vector and axial-vector coupling strengths of the electron to the Z boson.

The values are different for different type of leptons and quarks, we have [5]:

g9l = If —2Q;sin® Oy (1.40)

gh=1 (1.41)

here I?{ the weak isospin component of fermion f and @y its charge.
The exact result for the Z — ee partial width is thus calculated to be [6]

GM;3
12427

Z _i \/_ 2 g€72+gi2 M — e 2 e 2
I( —>€6)—4S7T(2 29w)° | 5" z=8(9v" +94°)

. (1.42)

In the massless fermion approximation similar expressions hold for all Il and ¢ partial widths

3

N(Z =)= 8 [(6))* + (6] = (1.43
3

N(Z = q0) =8 [(6})* + (6] 352 (1.44)

16



the total Z width is

Iz ~ 2.8 GeV. (1.45)

At tree level, the amplitude for W~ — ep, decay is
M= —ig—eaé'ya—(l — Y5V (1.46)

where €, is the polarization wave function of the W. The exact result for W — ev partial width

is thus calculated to be [6]

2 3
gWMW G MW
r = = — 1.47
(W= ev) 48w V2 67 (1.47)
Assuming lepton universality, we have
(W —ev)=T(W— pv) =T(W - 1v) (1.48)
T(W — ¢@') = 3|Veg |’T(W — ev) (1.49)

where Vg is the CKM matrix element. The factor of 3 in the decay rate to quarks comes from
summing three colors. When experimental values for G and My are used, the partial width is
predicted to be

(W — ev) =226 £ 1 MeV (1.50)

where the uncertainty is dominated by the experimental precision on My . The Standard Model

prediction for the total decay width is thus [22]

Ty = 2.090 & 0.008 GeV (1.51)

The predictions of the total decay widths of the W and Z bosons agree with the current world

average values I'z = (2.4952 + 0.0023) GeV and I'yy = 2.114 + 0.043 GeV very well [3].

1.4 W Boson Transverse Mass

Since p,(v) cannot be measured experimentally (as discussed in Sec. 2.2.1), we cannot
reconstruct the ev invariant mass for W — ev candidates, and therefore must resort to other

kinematic variables for the mass and the width measurement.
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For recent measurements the transverse mass was used:

Mr(e,v) = \/(FF| + |FEN)? - (Ff +5)? = \2E4B4(1 — cos(ge — 4)  (1.5)

where ES., EY. are the transverse energies, p,¢, p are transverse momenta and ¢., ¢, are
azimuthal angles of electron and neutrino respectively. It is analogous, in the transverse

momentum subspace, to the ey invariant mass M (e, v)

My = M(e,v) = ([Pl +|5"])? - 7 +5")? (1.53)

Forming the difference, we find 0 < Mr(e,v) < My . Events with Mr(e,v) > My arise due to
the combination of the non-zero W width and the detector resolution.

The transverse mass has the advantage that its spectrum is relatively insensitive to the
production models of the W and is unaffected by longitudinal boosts of the ev system, since it
depends only on transverse momenta. It is also insensitive to selection biases that prefer certain
topologies. However, it makes use of the inferred neutrino pr, and is therefore sensitive to the
response of the detector to the recoil particles.

The electron pr is measured with better resolution than the neutrino pr and is insensitive to the
recoil momentum measurement. However, its shape is sensitive to the motion of the W and thus
requires a better understanding of the W boson production models than the Mt spectrum.

The My and pr(e) spectra are illustrated in Fig. 1.11, which shows the effect of the production
model of the W bosons and the detector resolutions on the shape of each of the two spectra. The
solid line shows the shape of the distribution before the detector simulation and with p}¥ = 0.
The points show the shape after p}¥ is added to the system, and the shaded histogram also
includes the detector simulation. We observe that the shape of the My spectrum is dominated by

detector resolutions and the shape of the pr(e) spectrum by the motion of the W.

1.5 Measurements of the W Boson Width

Since the W total decay width I'yy is an important parameter in the Standard Model, it has been

measured repeatedly with improving precision since the discovery of W and Z bosons in 1983 [23].
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Figure 1.11: M7 (Left) and pr(e) (Right) spectra for W bosons with p¥ = 0 (solid line), with the

correct p¥ (points), and with detector resolutions (shaded area).

1.5.1 Indirect Measurement of I'y,

The W boson width has been measured indirectly using the ratio of the W — lv and Z — 1]

production cross sections:

b Z+X o l)  opo Z+X)xBr(Z>10) oz Tzon « Tw

R WP WH+Xol) owp2W+X)xBriW =) ow Tz Twow gy

Both ow /oz and T'w_;, can be calculated theoretically to high precision, and the ratio

T'z/T z_u has been measured precisely by experiments at the LEP collider. A precise
measurement, of R therefore yields a precise measurement of T'yy.

The published CDF [24] and D@ [25] measurements of R in the electron channel are

R =10.90 £ 0.32(stat) = 0.30(syst) (CDF) and R = 10.82 + 0.41(stat) & 0.36(syst) (DQ), the

combined result of the decay width of W boson is I'yy = 2.141 £ 0.057 GeV [28].

1.5.2 Direct Measurement of Ty

We can make a direct measurement of the W boson width using the tail region of the transverse

mass spectrum of W — ev events. The transverse mass distribution exhibits a Jacobian edge at
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the value of My, . Figure 1.12 shows the Monte Carlo simulated Mt spectra for different widths.
At low values of M, all distributions look very similar and it is hard to distinguish between
them, the differences show up only in the tail region, particularly in the region from 100 GeV to
200 GeV where the Breit-Wigner lineshape (width component) dominates over the Gaussian
lineshape (detector resolution component). Direct measurements of the W width using the
transverse mass shape have been performed by the CDF and D@ experiments, the results are:
Tw = 2.05 + 0.13 GeV (CDF) [26] (electron+muon channels) and Ty = 2.2311317% GeV (DQ)
[27] (electron channel only). The combined result is T'y = 2.115 + 0.105 GeV [28].

Direct measurements of I'yyy have also been made by measuring the W resonance lineshape in
ete™ — WTW™ events collected at the LEP collider, resulting in an average value

T'w = 2.150 £ 0.091 GeV [29].
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Figure 1.12: Transverse mass spectra from Monte Carlo simulation with different W widths, nor-
malized to some arbitrary number. The triangles are for I'yy = 1.6 GeV, the dots are for I'yy = 2.1

GeV and the circles are for I'yy = 2.6 GeV.

Since there is no analytic description of the transverse mass distribution observed in data, the

determination of My relies on modeling the transverse mass spectrum through a Monte Carlo
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simulation. The width, I'yy, is extracted by comparing the measured Mt distribution in data
with Monte Carlo M7 templates generated at different I'y, then using a binned maximum
likelihood method. Obviously, the Monte Carlo simulation depends on experimental data for its
parameters. Z — ee data are extensively used for the calibration of such aspects of the
simulation as the determination of electron energy scale, the electron energy resolution, the
hadronic momentum response, the selection efficiencies, etc. Minimum Bias events are also used
in this analysis to study the contribution from underlying events.

Both the W mass and W width measurements use the transverse mass spectrum; they are thus
interwined both theoretically and experimentally. However, in the W mass measurement, the
mass of the W boson affects the My spectrum from 60 to 90 GeV, where most of the events are
located. In the W width measurement, only the high My region is sensitive to I'yy, due to the
rapid decrease of My in the tail region; only a small fraction of the events (about 1%) can be
used for fitting, so this analysis is dominated by statistical uncertainty.

The direct measurement of I'yyy complements the indirect measurement in several ways [30]:

Theoretical inputs for ow /oz and T'(W — lv), which may be sensitive to non-SM coupling

of the W boson, are not needed;

e The sources of systematic errors are different: understanding the acceptance for ee/ev final

states versus understanding the spectral shape for ev final state;

e The direct measurement explores the region above the W boson mass pole, where possible

new phenomena, such as an additional heavy vector boson (W'), can contribute;

e The sources of systematic errors in the two methods are different. The direct method is
expected to ultimately be more accurate when the indirect measurement becomes limited

by systematic uncertainty.
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Chapter 2
Fermilab Accelerator and D@ Detector

2.1 The Accelerator

The Fermi National Accelerator Laboratory is currently the site of the world’s highest
center-of-mass energy proton-antiproton colliding beam accelerator, the Tevatron. It consists of
several stages that increases the energy of the protons and antiprotons. Figure 2.1 shows the
layout of the accelerator system. A detailed description of the Tevatron can be found at [31].
The acceleration process begins with the Pre-accelerator, or “PreAcc”; it is the source of the
negatively charged hydrogen ions accelerated by the linear accelerator. It first converts hydrogen
gas to ionized hydrogen gas (H ™). Next, an extractor plate accelerates the ions to a kinetic
energy of 18 keV, and a Cockcroft-Walton accelerator propels the ions to an energy of 750 keV.
The ions are then injected into a linear accelerator (the Linac), where they are accelerated to an
energy of 400 MeV. When the ions enter the Booster, a circular synchrotron nearly half a
kilometer in circumference, they are passed through a thin carbon foil which strips off the
electrons, leaving a beam of H* ions, which are bare protons. The steady beam of protons
travels around the Booster, collecting more protons with each turn. After six revolutions, the
Booster contains about 3 x 10'2? protons, and the Linac ceases suppling them. The Booster then
restores the bunch structure to the beam and accelerates the protons to 8 GeV.

After the Booster, the protons are injected into a larger synchrotron, the Main Injector. The
Main Injector is about two miles in circumference, and replaces the Main Ring that was used in
Run T of the Tevatron. With the Main Injector there is a factor of three increase in the number
of protons that can be delivered to the Tevatron over what was possible in Run I. The Main
Injector provides a 120 GeV proton beam for the production of antiprotons, and it also

accelerates protons and antiprotons from an energy of 8 GeV to an energy of 150 GeV and then
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injects them into the Tevatron. The extracted 120 GeV protons are directed onto a nickel target
to produce antiprotons. For every about 10° incident protons, one antiproton is produced. The
antiprotons are produced with a wide range of momenta. They are focused and stored in the
Debuncher and Accumulator rings, where the beams are cooled, creating a beam of 8 GeV
antiprotons to be injected into the Main Injector, and accelerated to 150 GeV. The 150 GeV
antiprotons are then injected into the Tevatron in the direction opposite to the proton beam.
The Tevatron is a 4-mile circumference synchrotron ring where the beams are accelerated to 980
GeV. It contains near 1,000 superconducting magnets which operate at a temperature of 4.6
Kelvin and provide a field of 4.2 Tesla. Once protons and antiprotons are accelerated to 980
GeV, low-beta quadrupole magnets squeeze the beams to small transverse dimensions. The
beams are then brought into collision at two interaction points: B@, where the CDF detector was
built and D@, the location of the other multipurpose detector, also called D@ since it was named

after its interaction point.
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Figure 2.1: The general layout of the collider facility at Fermilab.
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The bunch structure for Run I and Run II is shown in Fig. 2.2. In Run I, the accelerator

delivered 6 bunches of protons and antiprotons (“6 x 6” bunches), separated by a 3.5 us gap. This
gap was used to form the trigger and sample the detector baselines prior to the next crossing. In
Run II, the proton antiproton bunches circulate in superbunches of 4.36 us duration, with a 2.64

us gap spacing between them. The spacing between each bunch is 396 ns (“36 x 36” bunches).

3.50us
£
RUN 1 — B6X6
superbunch gap 296ns
4.36us 2.64us {132ns)
«— — > > K—
RUN 2 — 36X36

Figure 2.2: Tevatron bunch scheme for Run I (top) and Run II (bottom).

2.2 D@ Detector

The DO detector is a multipurpose particle detector designed for the study of high mass and
large transverse energy phenomena. Initial operation started in 1992 with Run I of the Tevatron
accelerator; it has played a key role in experimental high energy physics [32]. One example of this
was the discovery of the top quark in 1995 with the CDF detector [33].

Since the Tevatron accelerator complex has been upgraded, the instantaneous lumonosity was
increased from 103! em—2s7! in Run I to 1032 cm ™25~ ! in Run II. Also the Tevatron beam
energy was increased from 900 GeV to 980 GeV, increasing the pp center-of-mass collisions from

1.8 TeV to 1.96 TeV.

To take advantage of these improvements, the D@ detector went through a major upgrade. The
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upgraded D@ detector consists of three major subsystems: a tracking system with
superconducting solenoid magnet, a nearly 47 solid angle uranium liquid argon calorimeter with
two additional preshower detectors, and a muon toroidal spectrometer. Figure 2.3 shows an

overview of the entire DO detector [34].

2.2.1 The D@ Coordinate System

The following convention for coordinates is used: the direction of the protons is the positive z
direction, the positive z direction points away from the center of the Tevatron ring and thus the
positive y direction points up.

In pp collisions, one can use the image that two “bags” of elementary particles (quarks,
antiquarks and gluons) collide. One is usually interested in events where two of these elementary
particles undergo a so-called “hard-scattering” interaction; their annihilation produces new
particles at high transverse momentum. The center-of-mass system (CMS) of this hard
interaction usually has a boost along the z-axis. Many of the particles produced in the collision,
for example the remnants of the proton not participating in the hard-scattering interaction,
escape down the beam pipe. Hence the longitudinal boost of the CMS of the hard scattering
partons cannot be measured. The transverse momentum of the particles that escape down the
beam pipe is negligible compared to the detector resolution, making it possible to apply
conservation of energy and momentum in the transverse plane. This makes the transverse
energy /momentum and the missing transverse energy (Er), defined as the transverse energy
imbalance, extensively used in hadron collider physics. The rapidity y of a particle (defined as
y= %ln (g%’;z)) is also generally used. The advantage of using rapidity is that it is invariant
under the Lorentz transformation. If the energy of a particle is much larger than its mass

(m/E — 0), the pseudorapidity n = —logtan(6/2) becomes a very good approximation to y

(where 6 is the polar angle with respect to the proton beam).

25



MINI

MUON
DRIFT MUON SCINTILLATOR
/\ TUBES /TOROID % COUNTERS
) o

742 7]

:

(m) 0

\|

e

900764
2/9,00

Figure 2.3: A view of the D@ Run IT upgraded detector.
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2.2.2 Tracking System

One of the biggest changes to the DO detector between Run I and Run IT was the addition of a
new tracking system inside the calorimeter’s bore. Figure 2.4 shows the various components of
the inner tracking detectors in D@. The inner detectors are surrounded by a 2 Tesla
superconducting solenoid magnet, which bends the paths of charged particles with a curvature
inversely proportional to their transverse momenta. Observing the curvature of a particle’s path

allows for a precise measurement of its momentum, as well as the sign of the particle’s charge.
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Figure 2.4: Cross-sectional view of the D@ tracking volume.

The Silicon Microstrip Tracker

The detector nearest to the interaction region is the Silicon Microstrip Tracker (SMT), which
provides the high resolution position measurements of the charged particle paths that are used to
reconstruct tracks and determine the vertex information [35]. Figure 2.5 shows an overview of
the SMT detector. It consists of six 12 ¢cm long barrels, with interspersed disks (12 F-disks and 4

H-disks), and has approximately 793,000 readout channels with a r¢ hit resolution of
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approximately 10 gm. The tracks for high 7 particles are reconstructed in three dimensions

primarily by the disks, while particles at small 5 are detected primarily by the barrels.

F-DISKS ?,O\

p-side: +15°

Figure 2.5: DO Run II Silicon Microstrip Tracker detector.

The Central Fiber Tracker

Surrounding the silicon detector and extending out to the solenoid magnet, is the Central Fiber
Tracker (CFT), a detector which aids the SMT in reconstruction of charged particle tracks [36]. It
makes use of 76,800 scintillating fibers and can detect charged particles up to || of about 2. Each
ionizing particle produces an average of about 10 photons in each fiber, which are then detected
using a Visible Light Photon Counter (VLPC) that converts the photons into an electrical pulse.
There are 8 super-layers; each super-layer is completely covered by two doublet layers of
scintillating fibers. The innermost doublet layer is mounted along the axial direction to provide
the ¢ information (called the x layer), and a stereo doublet-layer is on the top to provide the 5
(called the u/v layer, the u layer tilts 3 degree from the z axis clockwise and the v layer tilts 3
degree counter-clockwise). Since each fiber is 835 microns in diameter, the position resolution is
on the order of 100 um, corresponding to a ¢ resolution of 2 x 10~* radians. Figure 2.6 shows a

view of the CFT as well as an illustration of the doublet layer configuration.
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Figure 2.6: (a) A quarter r - z view of the CFT detector showing the nested eight barrel design.

(b) A magnified r - ¢ end view of the two doublet layer configuration for two different barrels.

2.2.3 Preshower Detectors

There are two preshower detectors located just before the calorimeters: a central preshower
covering |n| < 1.3 (CPS), and a forward preshower covering 1.5 < |n| < 2.5 (FPS) (shown in Fig.
2.7 and Fig. 2.8). The primary purpose of the preshower detectors is to provide discrimination
between electrons/photons and hadronic jets by exploiting the differences between their energy
loss mechanisms in showers.

The detectors function as a calorimeter by providing an early energy sampling and as a tracker
by providing precise position measurements. The central system [37] consists of a lead radiator of
two radiation lengths thickness at n = 0, followed by three layers of scitillating material arranged
in an axial, u — v geometry with a 22.5° stereo angle. The forward system [38] also consists of a
lead radiator with a thickness of two radiation lengths, sandwiched between two layers of
scitillating material. Each layer is made from two thinner layers of scintillating fibers, arranged
in a u — v geometry with a 22.5% stereo angle. Electrons are recognized based on the fact that
muons and charged pions traversing the radiator will only deposit energy due to ionization, while

electromagnetic particles will shower in the radiator.
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Figure 2.7: Cross-sectional end view (left) and side view (right) of the Central Preshower Detector.

2.2.4 Calorimeters

The DO calorimeters have been designed to provide excellent measurement of the energy of
photons, electrons and hadronic jets, by inducing them to create showers of energy using a large
amounts of dense material. The energy in the showers is then sampled at many points, to
determine its shape and energy. In this section, I first describe the energy measurement in the
calorimeter, then describe the calorimeter and its performance.

Energy Measurement

EM objects interact primarily with materials via the following two processes: pair production
(v = ete™) and bremsstrahlung (e — evy). For each successive interaction the number of
secondary particles increases while the average energy per particle decreases. It is the collection
and measurement of these secondary particles that gives us information on the original EM
object’s energy. Because of these interactions, the energy of the original particle is expected to
drop exponentially:

E(z) = Boe™ /% (2.1)
where FEy is the particle’s original energy, x is the distance traveled, and Xy is the radiation
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Figure 2.8: One quarter view of the Forward Preshower Detector.

length of the material being passed through. For uranium, X, is approximately 3.2 mm.

For hadrons the interaction with material occurs with the nuclei via the strong nuclear force.
These interactions also produce secondary particles, most of them are neutral pions (7°) and
charged pions (7). While the 7°s produce electrons and photons which interact
electromagnetically, the charged pions interact strongly. This type of particle shower tends to
develop over longer distances and is also larger. The analog of the radiation length for hadronic
interactions is the nuclear interaction length (A\g), which is about 10.5 cm for uranium.

D@ Calorimeters

Figure 2.9 shows an overview of the D@ calorimeter system [39]. The D@ calorimeters are
compensating sampling calorimeters, using liquid argon as an active medium and depleted
uranium as well as copper and steel as absorber material. The choice of this configuration was
driven by its ease of segmentation, compensation properties, stability of calibration, and
homogeneity of response. The high density of uranium allows a compact detector that contains

almost all shower energy while reducing cost. There are three liquid argon calorimeters housed in
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three separate cryostats - one central (CC) (with |n| < 1.1) and two endcaps (EC) (with
1.5 < |n| < 4.2). In the inter-cryostat region (1.1 < |n| < 1.4), both ”"massless gaps” and an
inter-cryostat detector (ICD) have been added to sample the shower energy that is lost by

particles that transverse the module endplates and cryostat walls.

Outer Hadronic
(Coarse)

Middle Hadronic

(Coarse & Fine)

Coarse Hadronic

Inner Hadronic

(Coarse & Fine) Electromagnetic

Figure 2.9: Overall view of the calorimeter system.

A typical calorimeter unit cell is shown in Fig. 2.12; it is made up of an alternating sandwich of
signal boards and absorber material separated by a 2.3 mm liquid argon gap. The electric field is
established by grounding the metal absorber plate and connecting the resistive surfaces of the
signal boards to a positive high voltage (2.0 kV). Particles interact with the uranium and the
liquid argon, thus producing charged particles in the liquid argon. These charged particles will
then move in the electric field and be collected. The electron drift time across the argon gap is

~ 450 ns, which sets the time scale for the signal charge collection. The gap thickness was chosen
to be large enough to observe minimum ionizing particle (MIP) signals and to avoid fabrication
difficulties.

The pattern and sizes of the readout cells were determined from several considerations. The

transverse sizes of the cells were chosen to be comparable to the transverse sizes of showers:
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AR ~ 0.2 for EM showers and AR ~ 0.5 for hadronic showers (where AR = \/An2 + A¢?).
Segmentation finer than this is useful in measuring the shape of electrons and jets. Longitudinal
subdivision within the EM, fine hadronic and coarse hadronic sections is also useful since the
longitudinal shower profiles help distinguish EM objects and hadron jets.

The final arrangement of the readout cells was chosen to give semi-projective readout towers of
equal size in pseudorapidity that are subdivided in depth. The cells are first ganged into layers,
and then arranged into semi-projective towers of size 0.1 x 0.1 in Ay x A¢ and are segmented
logitudinally into electromagnetic (EM), fine hadronic (FH), and coarse hadronic (CH) sections.
A cross sectional view of one quarter of the detector, showing the n and depth segmentation is
shown in Fig. 2.10. Each projective tower consists of 8 to 12 layers. To capture the profile of
electromagnetic showers, the third layer of the EM section, which corresponds to the shower

maximum, is segmented more finely transversely into 0.05 x 0.05 in Ay x A¢ (See Fig. 2.11).

0.0 0.2 0.4 0.6 0.8 1.0

o

CNNOD O BN

Figure 2.10: Side-view of one quarter of the D@ calorimeter system, showing segmentation and
tower definitions. The line extending from the center of the detector denote the pseudorapidity

coverage of cells and projected towers.

Different absorber plate materials were used in difference locations. The EM modules for both
CC and EC used nearly pure depleted uranium; the thicknesses were 3 mm and 4 mm

respectively. The fine hadronic module sections have 6 mm thick uranium-niobium (2%) alloy.
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Figure 2.11: Calorimeter channel configuration in terms of depth and 7.

The coarse hadronic module sections contain relatively thick (46.5 mm) plates of either copper
(CC) or stainless steel (EC). For the CC, the EM section consists of 32 modules, each subtending
27/32 =~ 0.2 radians in azimuth.

Table 2.1 and 2.2 list the major parameters for the central and endcap calorimeters. At n = 0,
the CC has a total of 7.2 nuclear absorption lengths; at the smallest angle of the EC, the total is
10.3 nuclear absorption lengths.

Calorimeter Electronics

In Run II, the higher instantaneous luminosity of the Tevatron collider with the shorter bunch
crossing interval of 132 ns (compared to the Run I bunch crossing interval of 3.5 us) forces a
faster readout time. At the same time, a low-noise performance and minimal channel-to-channel
variations must be maintained, to prevent any degradation to the calorimeter’s performance [41]
[42]. A schematic of the electronics system is shown in Fig. 2.13.

The signal from each calorimeter readout cell is triangular with a very fast rise time and a decay
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Figure 2.12: Schematic view of a representative calorimeter unit cell. The gap structure, grounded

absorber plates, and signal boards are shown.

time of 400 ns. Each signal is taken to a feedthrough port via 30 €2 resistive coaxial cables. The
impedance-matched cabling maintains a low-noise transfer of the signal to the preamplifiers. The
integrated circuits in the preamplifiers convert the charge to a voltage that is proportional to the
input charge. In order to minimize electronic noise stemming from the shorter shaping times, the
preamps incorporate a dual field effect transistor (FET) input design. The output signal from
the preamplifier is approximately a step function with an about 400 ns rise time and a long fall
time (~ 15 us). As the values of the calorimeter cell capacitances range over a broad interval, 14
species of preamplifiers were built to match them. The preamplifier output signal is then shaped
into a shorter one with a 320 ns rise time and a 500 ns decay time. The shaped signals are
sampled every 132 ns; the timing is tuned such that the shaped output can be sampled at its
peak at about 320 ns. Because of this earlier sampling time compared to the liquid argon drift
time of 430 ns, only 2/37%% of the charge in the cell is used to form the preamplifier signal. Figure
2.14 shows the shape of signals from the calorimeter cell, the preamplifier and the shaper.

The signal is then split and sent to two paths. In one path it is amplified by a factor of 8¢ (g ~ 1)
with respect to the other. The gain factor is defined by precision resistors. We will call the 2
paths G = 8 and G = 1 respectively. On each path the signal is sampled every 132 ns, and the

measured voltage is stored in an analog memory called the Switched Capacitor Array (L1 SCA).
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EM FH CH
Number of Modules 32 16 16
Absorber Uranium | Uranium | Copper
Absorber Thickness (mm) 3 6 46.5
Argon Gap (mm) 2.3 2.3 2.3
Number of Readout Layers 4 3 1
Cells per Readout Layer 2,2,7,10 | 20,16,14 9
Total Radiation Length (Xj) 20.5 96.0 32.9
Total Interaction Length () 0.76 3.2 3.2

Table 2.1: Central Calorimeter Module Parameters.

On a trigger, a gain selector decides which of the 2 signals (G = 1 or G = 8) is most appropriate:
the G = 8 one if the signal is below a certain saturation voltage, the G = 1 otherwise. The reason
two paths are used is that the Analog-to-Digital Converters (ADCs) only have a 12-bit dynamic
range, while a 15-bit range is needed. The SCA is a 48-element-deep storage device that provides
a buffer zone for saving analog information from a calorimeter channel until it can be processed
through the ADC’s after an event has occurred and a trigger has been received. The sample at
the nominal peak time and the one earlier by 3 x 132 ns are then retrieved from the SCA
memory and the earlier sample is subtracted from the nominal one in the baseline subtractor
(BLS). The difference voltage is stored into another analog memory (L2 SCA). On a positive
trigger decision, the voltage is retrieved from the memory and digitized in an ADC. The integer
number is finally multiplied by 8 if the signal previously proceeded through the G = 1 path. The
ADC counts are ultimately transferred to a host computer for storage and analysis.

The readout electronics of the D@ calorimeter is composed of 12 crates containing 12 ADC cards.
Each card contains 384 channels which are distributed on 8 BLS cards, each treating the signals

of 4 towers with 12 longitudinal depths each. All three calorimeter cryostats together contain a
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EM IFH | ICH | MFH | MCH | OH
Number of Modules 1 1 1 16 16 16
Absorber Uranium | UNb | SS | UNb | SS SS
Absorber Thichness (mm) 4 6 46.5 6 46.5 | 46.5
Argon Gap (mm) 0.23 0.21 |0.21| 0.22 | 0.22 | 0.22
Number of Readout Layers 4 4 1 4 1 3
Cells per Readout Layer 2,2,6,8 16 14 15 12 8
Total Radiation Length (Xg) 20.5 121.8 | 32.8 | 115.5| 37.9 | 65.1
Total Interaction Length () 0.95 49 | 3.6 | 4.0 41 | 7.0

Table 2.2:

hadronic, inner coarse hadronic, middle fine hadronic, middle coarse hadronic and outer hadronic

End Calorimeter Module Parameters. IFH, ICH, MFH, MCH, OH stand for inner fine

section respectively. UNb and SS stand for Uranium-Niobium alloy and Stainless Steel.

total of 12 x 12 x (8 x 4 x 12) = 12 x 12 x 384 = 55296 channels. Figure 2.15 shows the channel

hierarchy.
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Figure 2.13: Schematic of the primary elements for the D@ calorimeter electronics.

Calorimeter Performance

The performance of the calorimeter is very crucial for the W width measurement. The energy

resolution can be described as arising from three major sources. The first is the noise term that
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Detector signal

Signal from preamp

Figure 2.14: Electronics signal shape from the calorimeter cell, after the preamplifier and after the

shaper.

has a fixed value, independent of the observed signal. The second is the sampling term which
reflects statistical fluctuations in the energy deposited in the argon and therefore scales like the
square root of the signal size. The third is the constant term, which reflects how well the
response of different parts of the detector are equalized, in other words, how well we understand
and calibrate the entire calorimeter. It therefore scales linearly with signal size, assuming the
energy is distributed over approximately the same number of readout cells, independent of

energy. The energy resolution is thus described using the following functional form:

-6 G

where N, S and C are the noise, sampling, and constant terms, respectively. In Run I, the three

terms were determined to be: N = 0.003 GeV, Sgpr = 0.15 GeV'/2 [43] [44] and C = 1.1573:27%

[16]. The values for Run II will be discussed in Sec. 6.3.
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Figure 2.15: Channel hierarchy for the DO calorimeter electronics.

2.2.5 Muon System

Surrounding the calorimeter is the muon system [45]. Muons are about 200 times heavier than
electrons, and therefore they lose very little energy via bremsstrahlung, unlike electrons. Muon
energy loss occurs due to ionization in the detector media, which is a low energy loss absorption
process. Therefore, muons above a certain energy threshold (about 3 GeV) pass through the
whole D@ detector. Also, since muons are measured after the electromagnetic and hadronic
particle showers are absorbed in the calorimeters, muons can be identified in the middle of
hadron jets with much greater purity than electrons.

To detect muons, a second tracking system is located outside the calorimeter. This has three
layers of detectors giving position measurements, and a toroid magnet with a 1.8 T field located
between the first and second layer, allowing a measurement, of momentum. Position
measurements are provided by drift chambers. These chambers collect charge ionized in a gas by
the passage of a charged particle. The gas is held in a sealed volume. The chambers are arranged
in planes, four planes make up the central muon system, surrounding the calorimeter and
providing coverage up to || < 1. Two further planes of detectors are located at either end of the

calorimeter, making up the forward muon system. These extend the detector coverage out to
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|| < 2.2. The drift chambers provide an accurate (to within 0.5 mm) measurement of the
coordinate perpendicular to the sense wires (corresponding to ). The muon detectors also have
layers of scintillating material arranged in pixels; these provide the best measurement of the
other coordinate (corresponding to ¢). Signals from the drift chambers and scintillators in each
region are combined into segments. Segments are then joined in a fit, with a measurement of the

bending in the toroidal magnetic field giving a measurement of muon momentum.

2.3 Trigger System

Overview of the Trigger System

The proton-antiproton beams make about 1.7 million collisions per second at the center of the
D@ detector. The information collected for each collision is called an event. Not every event
needs to be saved to the tape. Actually, roughly only a few collisions in a million are of physics
interest. The task of the trigger system is to reduce this rate by evaluating events and deciding
whether they are interesting or if they can be discarded.

The DO trigger system is implemented as a hierarchy of three distinct selection stages: the level
1 trigger (L1) is designed to have an ouput rate of 10 kHz, the level 2 trigger (L2) has an output
rate of 1 kHz, and the level 3 trigger (L3) has an output rate of 50 Hz (shown in Fig. 2.16).

The level 1 decision is made based on the fast readout of the sub-detectors and simple algorithms
in Field Programmable Gate Arrays (FPGA) [46]. The L2 trigger [47] receives the information
from L1 output and creates physics object candidates such as tracks. electrons, jets and muons.
The information pathway for the L1 and L2 triggers is shown by the block diagram in Fig. 2.17.
The Level 3 trigger [48] is based on a computer farm including over 100 dual 1 GHz Pentium III
PCs. It receives information from all sub-detectors and L1, L2 crates, and then partially
reconstructs the event to determine whether it passes the software filtering. The software filtering
is accomplished by a series of filter tools. Each tool has a specific function related to the
identification of a type of particle or characteristic. The filter tools are associated in particular

combinations and ordered into 128 L3 scripts. If any of the L3 scripts is passed, the event will be
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Figure 2.16: Summary of the three-level DO trigger system for Run IT with the decision time and

bandwidth allocated to each level.

recorded on permanent storage media.

Calorimeter Triggers

Since in this analysis, all W and Z candidates are required to pass the calorimeter triggers, I will
discuss the calorimeter L1/L2/L3 EM triggers in more detail.

At L1, four calorimeter towers are combined into a trigger tower of size 0.2 x 0.2 in An x Ag.
The energy is readout for two depth sections: the electromagnetic layers are combined, as are the
fine hadronic layers. The calorimeter L1 trigger terms are of the form CEM(z,y) and CJT(z,y)
where z is the number of towers above a transverse energy threshold of y GeV. CEM is the
readout of the energy deposited in the electromagnetic section, CJT is the total transverse energy
of the electromagnetic and fine hadronic layers combined in the tower.

The L2 calorimeter trigger consists of three processors which are designed for electron/photon,
jet finding and F; calculation, respectively. Each processor uses information from the L1 trigger
and combines appropriate sub-detector proto-objects into physics objects. For a more detailed

description of the L2 calorimeter trigger, the reader is referred to [49].
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Figure 2.17: L1 and L2 trigger data pathway. The arrow indicates the direction of data flow.

At L3 a fast version of the offline code for electron identification is used. The trigger decision is
based on a combination of an energy threshold, a cut on the energy fraction in the
electromagnetic calorimeter, and requirements on shape of the cluster. The trigger strategy is to

lower the requirements on the electron candidate as their energy increases.
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Chapter 3
Event Selection

3.1 Data Set

Since the start of Run IT in 2001, the D@ detector has collected about 400 pb~! data; Fig. 3.1
shows the integrated luminosity delivered by the Tevatron collider and recorded by the DO
detector since 2001 [50].

The sample used for this particular analysis was collected from August 2002 to September 2003.
Runs declared bad due to hardware failures or when electronics noise is unusually large [51] are
removed from this sample, leaving a total of 177.3 pb~! of integrated luminosity. The quality
assessment of the bad runs is based on distributions of the reconstructed Er. The three criteria

used in the run selection are [52]:

e the average scalar Er ! of the run is > 80 GeV (in the range 100-120 GeV is normal);

e the mean shift of the By (y/ Fr, + ,E%y) is lower than 4 GeV (a clean run has a mean

shift below 0.5 GeV);

e the RMS of the E distribution (\/az(ETw) +02(Er,)) (discussed in Sec. 3.5) has to be

below 16 GeV (10 GeV is typical).

The information recorded online by the detector is in the form of digital signals, which need to be
interpreted as physics objects. This complicated task is performed by the standard

reconstruction software package, DORECO [53]. DORECO starts by processing the raw data into
high-level objects, such as energy clusters in the calorimeters or tracks in the tracking and muon

systems. These objects are in turn combined to form the physical particles: electrons, photons,

1Scalar Er is defined as the total transverse energy deposited in the calorimeter SEp = Z Eéw, where ¢ runs

over all cells except the cells in the coarse hadronic calorimeter.
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Figure 3.1: Integrated luminosity delivered by the Tevatron Collider and recorded by the D@

detector.

jets, muons and neutrinos. Since for this analysis, we are interested in vertices, electrons and

neutrinos, I will only discuss vertex, electron and neutrino identification in detail.

3.2 Trigger Selection

Events which enter into the final Z and W candidate samples are selected from a combination of
single EM triggers. For an event to be used, a candidate electron must fire one of these triggers.

Listed below, is the preferred order of trigger combinations to use based on which are
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Trigger L1 L2 L3
EM_HI_SH CEM(1, 10) EM(1, 12) | ELE_LOOSE_SH_T(1, 20)
EM_HI 2EM5_SH CEM(2, 5) EM(1, 12) | ELE_LOOSE_SH_T(1, 20)
EM_HI CEM(1, 10) EM(1, 12) ELE_LOOSE(1, 30)
EM_MX_SH CEM(1, 15) - ELE_LOOSE_SH_T(1, 20)
EM_MX CEM(1, 15) - ELE_LOOSE(1, 30)
E1_SHT20 CEM(1, 11) - ELE NLV_SHT(1, 20)
E2_SHT20 CEM(2, 6) - ELE_NLV_SHT(1, 20)
E3_SHT20 CEM(1, 9)CEM(2, 3) - ELE_NLV_SHT(1, 20)
E1_SH30 CEM(1, 11) - ELE_NLV_SH(1, 30)

Table 3.1: Single EM triggers used in this analysis.

unprescaled ? [55]. For global CMT 8 to 11 trigger combinations (runs < 178721) 3: EM_HI_SH
or EM_HI_2EM5_SH, EM_HI SH, EM_HI, EM_MX _SH, EM_MX. For global CMT 12 trigger
combinations (runs > 178722): E1_.SHT20, E2.SHT20, E3_SHT20 or E1_SH30, E1_SHT20,
E2_SHT20 or E1_.SH30, E1_SHT20 or E1_.SH30, E1_SHT20. See Table 3.1 for a summary of EM

triggers used in this analysis, the exact meaning of each trigger term is explained in Table 3.2.

2if a set of trigger conditions does not reject a high enough fraction of events and would lead to an unacceptable
rate of events being written to tape, it gets “prescaled”. This means only a fraction of passing events are accepted,
and this fraction is determined by the prescale factor. In general, the prescale factors are adjusted according to
the instantaneous luminosity to keep as many interesting events as possible while keeping the total rate to tape

approximately constant.
3In order to cope with the increasing Tevatron instantaneous luminosity, we have used several versions of global

combined trigger list during the data taking period, the L1/12/L3 requirements are the same for the CMT 8 to 11

trigger combinations, while for CMT 12, the L1/L2/L3 conditions have changed.
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L1 Triggers

CEM(1, 10) one EM trigger tower with Er > 10 GeV
CEM(2, 5) two EM trigger towers with Er > 5 GeV
CEM(1, 15) one EM trigger tower with Er > 15 GeV
CEM(1, 11) one EM trigger tower with Er > 11 GeV
CEM(2, 6) two EM trigger towers with Er > 6 GeV
CEM(1, 9)CEM(2, 3) one EM trigger tower with Er > 9 GeV,

another EM trigger tower with Er > 3 GeV

L2 triggers

EM(1, 12) one EM candidate with Er > 12 GeV

(not present for runs below 169524)

L3 triggers

ELE_LOOSE_SH_T(1, 20) | one electron with |n| < 3.0 and Er > 20 GeV passing

loose requirements including shower shape cuts

ELE_LOOSE(1, 30) one electron with |n| < 3.0 and Ex > 30 GeV passing

loose requirements

ELE_NLV_SHT(1, 20) one electron with || < 3.6 and Er > 20 GeV passing

tight shower shape cuts

ELE_NLV_SH(1, 30) one electron with |n| < 3.6 and Er > 30 GeV passing

loose shower shape cuts

Table 3.2: L1/L2/L3 requirements for each of the Single EM triggers used in this analysis.
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3.3 Track and Vertex Reconstruction

Hits from the SMT and CFT are used to reconstruct the trajectories of charged particles and the
event vertex. The track finding algorithm is road-following with a Kalman filter update
implemented using the TRF++ software package [56]. Tracking is first done for each individual
layer to produce track segments; the track segments are matched between layers to form global
track candidates; a fit of a track and nearby hits is then performed and the track is accepted
(rejected) if the fit is good (poor) as determined by the x2 value [57].

The interaction point of an event is called the event vertex. There are two types of vertices:
primary and secondary vertices. A primary vertex is the original interaction point with the
largest number of associated tracks, while a secondary vertex is a displaced vertex due to
long-lived meson decay (e.g. B, K or D). The z and y coordinates of the primary vertex are
close to zero since the cross sectional extent of the beam is ~ 40 uym [58]. However, the z
coordinate has a range with a rms width of 28 cm and with a central value close to zero [55]. The
reconstruction and selection of primary and secondary vertices is described in detail in [59)].

The primary vertex candidates are found by first selecting global tracks with at least one hit in
the SMT and then fitting a vertex position from these tracks (bad tracks with a large
contribution to the x2 are removed), repeating this procedure until convergence. A primary
vertex must contain at least 3 tracks.

The secondary vertex candidates are found by forming a good seed from two tracks that do not
point to the primary vertex and fitting a secondary vertex, then adding another track and
refitting the secondary vertex (if the x2 becomes larger, the track is removed), repeating the

procedure until there is no more good tracks. There can be more than one secondary vertex.

3.4 Electron Identification

A cluster-finding algorithm is used to find showers in the EM calorimeter. The algorithm begins
with a list of EM towers with significant energy (an EM tower is defined by adding the energy

measured by the calorimeter in all four EM layers plus the first FH layer for cells within 0.1 x 0.1
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in An x A¢). The seed is the tower with the highest pr. The algorithm starts with the seed
tower, then looks at all neighbors of that tower and includes the highest energy neighbor in the
cluster. The process continues until there are no more towers with a neighbor above the
threshold (~ 50 MeV). The cluster has to pass crude initial selection criteria imposed by the D@
reconstruction program. Unless the py of the cluster is above 1.5 GeV, the cluster is rejected.
Electromagnetic candidates are required to have EM fraction fgas above 0.9 and the isolation
variable (fiso) less than 0.2. The EM fraction is defined as the ratio of the EM energy to the
total energy in the cluster. The isolation is defined as

Econe - Ecore

fiso - Ecore (31)

where E.,, is the energy in a cone of radius R = \/m = 0.4 around the direction of the
cluster, summed over the entire depth of the calorimeter except the CH layers and E.,,. is the
energy in a cone of R = 0.2, summed over the EM layers only.

Since charged hadrons deposit less than 10% of their energy in the EM calorimeter, and electrons
from W and Z boson decays tend to be isolated from other particles, fgy and f;5, provide
powerful discrimination between the EM objects and hadron jets.

A cluster that passes the default thresholds enters the final stage of the reconstruction. At this
stage, various quantities that describe cluster properties are computed and stored. A few
examples are cluster energy, cluster pr, n and ¢. In addition, a multi-variate tool is used to
determine how well the shape of the EM cluster agrees with that expected for an electromagnetic
shower. It is the inverse of the covariance matrix built on the following seven variables: the
fractional energies in the four EM layers, shower width in the 5 direction, the logarithm of the
cluster energy and the position of the primary vertex. The 7-dimensional covariance matrix is
determined from the GEANT based Monte Carlo simulation [54].

The electron energy is computed from the signals in all EM towers within a window of 0.5 x 0.5
in An x A¢ (5 x 5 towers) (for CC) or within a cone of 10 cm radius in EM3 (for EC) centered
on the tower which registered the highest fraction of the electron energy. The calorimeter shower

centroid position is determined using a log-energy-weighted algorithm (discussed in Sec. 6.5). If
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an electron has a matched track, the direction of this electron is then given by the direction of
the matched track. If the electron does not have a matched track, then the calorimeter shower
centroid position and the primary vertex position are used to define the electron direction.

The momentum of the electron is thus given by:

sinf(e) cos ¢(e)
ple) = E(e) | sinf(e)sin ¢(e) (3.2)
cosf(e)
and the transverse momentum of the electron is Er(e) = E(e) sinf(e).

Electron candidates satisfy the following requirements:

[n®et| < 1.05;

e In calorimeter fiducial region;

e EM fraction > 0.9;

e Isolation < 0.15;

e HMatrix7 < 12;

o Er > 25 GeV;

e Calorimeter Quality cuts;

e Not inside CC-EM module 17. °

The fiducial requirement requires the EM object be in a well-understood region of the

calorimeter; electrons near to the intermodule boundaries were excluded. There are 32 equal

4There are two 7’s used in this analysis: detector n (or n9¢?) and physical 5 (n??¥% or simply 7). n?et is derived
from the angle between the center of the detector and the cluster position in the EM calorimeter; 7?7¥s is derived
from the physical polar angle between the interaction vertex and the cluster position. nP"¥$ is thus related to the
true angle made by the particle with respect to the detector whereas ndet is related to the true position of the

particle in the detector.
5The electron energy response for this module ((int)(32 x ¢¢_,/27) = 16) is about 8% lower than the rest 31

modules, and this module was damaged during assembly at the beginning of Run I.
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modules in the CC region, and the modules are located at ¢ = 27 N/32, where N =0,1,---,31.
The excluded regions were mod(¢, 27/32)<0.1 and mod(¢, 27/32)>0.9. Electrons near the ends
of the central calorimeter were also excluded. The electron energy is reconstructed using a

0.5 x 0.5 window in 7 x ¢ space, while the central calorimeter extends |n?¢t| = 1.2. To ensure that
the electron window is not clipped, the calorimeter cluster is required to satisfy |p?¢t| < 1.05.
Calorimeter quality cuts refer to the calorimeter areas that have an identified hardware problem
as discussed in [55].

An important source of background for electrons is photons from 7° or 77 meson decays. This
background was reduced by requiring that a track from a charged particle in the tracking
detector be consistent with the position of the cluster in the calorimeter. In the final sample,

electrons are required to be matched to a track reconstructed in the central tracker using the

- (2)-(2)- ()

where A¢, Az are the angle difference and the spatial difference between the electron position

following x? variable:

and the extrapolated track position, E is the energy of the EM cluster measured by the
calorimeter and p is the momentum measured by the tracker system. o4, 0. and og/, are the
associated experimental resolutions. Tracks with a track match significance x2 probability > 0.01

are considered good matches 6.

3.5 Neutrino Identification

Neutrinos (and other weakly interacting neutral particles) are not directly detected by the D@
detector. As explained in Sec. 2.2.1, the conservation of energy in proton antiproton collisions
cannot be used as a constraint in the beam direction, as particles escape detection along the
beam. The presence of these undetected particles is inferred from an overall momentum

imbalance in the event. Since the total momentum is conserved in the transverse plane, a large

8To give an idea of the level of track matching required, for the CC this is roughly AZ < 2.4 cm, A¢ < 0.02 rad

or |[E/p — 1| < 0.6 when the other terms are zero.
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missing Er, denoted as Ep, indicates the production of high-py neutrino(s).

The missing transverse momentum is calculated by taking the vector sum

COS ¢;

E»Traw __ Z E; sin 6; = — Z E} (3.4)

sin ¢;
where the sum runs over all calorimeter cells that were read out except cells in the coarse
hadronic calorimeter. E; are the cell energies, and ¢; and §; are the azimuth and coaltitude of
center of cell 4 with respect to the primary vertex.

After we have the raw missing transverse energy, we then apply electron energy corrections on
EM clusters with Ep > 5 GeV, EM fraction>0.9, Isolation<0.15 to get the corrected missing
transverse energy F. In this analysis, we use this corrected missing transverse energy; no jet
corrections are applied. In principle, one could improve the missing energy resolution by applying
jet corrections. However, in the present analysis this is not done because the recoil distributions
of W and Z events are soft, typically a few GeV. Since the jet corrections are not well measured
for low pr jets, it is not clear that they would improve the recoil measurement. In addition, at

D@, jets are not reconstructed below 8 GeV, so the analysis would suffer from threshold effects.

3.6 Offline Selection Criteria

The offline criteria for the Z and W sample were chosen to select well-measured events with low

background contamination.

3.6.1 Z — ee Selection Criteria

The kinematic and fiducial requirements that define the Z boson candidate sample are
e At least 2 electron candidates;
e Each electron candidate has a matched track;

e One of the electron candidates must have fired one of the single EM triggers.

51



The two electron candidates with the highest pr are selected to form a Z if there are more than 2
electron candidates. This resulted in a sample of 3169 candidate events with two electrons in CC
region, and an invariant mass between 0 and 150 GeV. Figure 3.2 shows the invariant mass
distribution of the CCCC Z boson candidate events 7.

In the case of Z — ee events, we often use the following variables:

e Dielectron transverse momentum (or the transverse momentum of the Z Boson)
i =pi =Pf +0r” (3.5)
e Transverse momentum of the recoil system (all particles recoiling against the Z boson)
ir = ~pf" — §* — Fr =~ = Er (36)

e Invariant mass

M, = \/2E(el)E(e2)(1 — cosw) (3.7

where w is the opening angle between the two electrons 2.
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Figure 3.2: Invariant mass distribution of Z — ee candidates.

7If two electrons from Z decays are both located in CC or EC region, we call it a CCCC or ECEC Z candidate;

if one electron is located in CC region and the other one located in EC region, we call it a CCEC Z candidate.

8The open angle w between two electrons is cosw = sin 01 sin §2 cos(¢1 — ¢2) + cos 01 cos f2, where 01, 02, ¢1 and

¢2 are the polar angles and azimuthal angles of the two electrons.
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3.6.2 W — ev Selection Criteria

The kinematic and fiducial requirements that define the W boson candidate sample are

e At least 1 electron candidate with a matched track;

This electron candidate must have fired one of the single EM triggers;

PV <20 GeV;

no second track with py > 15 GeV that is back-to-back with the electron (to remove

7 — ee background).

The p¥ cut was chosen to minimize systematic errors in the detector modeling. Since the Z
sample has only a few events at high pZ, the detector model is best constrained at low p¥ . The
second purpose is to reduce QCD background.

This resulted in a sample of 75910 candidate events with the electron in the CC region and
transverse mass between 0 to 200 GeV, and 625 candidate events with transverse mass between
100 to 200 GeV. Figure 3.3 shows the transverse mass distribution of the central W boson
candidate events used in this measurement.

In the case of W — ev events, we often use the following variables:

e Transverse momentum of the W boson
i =7t + Er (3:8)
e Transverse momentum of the recoil system (all particles recoiling against the W boson)
ir = —p" = —pf — Fr (39)

e Transverse mass

Mz = \/2E1(e) Er(1 - cos[¢(e) — ¢(Er))).- (3.10)
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Figure 3.3: Transverse mass distribution of W — ev candidates.
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Chapter 4

Efficiencies, Fake Rate and Backgrounds

There are two main inefficiencies which affected this measurement: those related to the hardware
trigger, and those related to electron identification criteria. Both effects can potentially bias the
measurement as these particular inefficiencies depend on the kinematics. These efficiencies are

determined from data as discussed below.

4.1 Efficiencies

The efficiencies described here are mainly trigger efficiency, preselection efficiency, HMatrix7
efficiency and track matching efficiency. The detailed analysis can be found elsewhere [55] [60],
here only the main points are listed.

We often apply a “tag - probe” method on Z — ee data to determine the selection efficiencies.
The idea of the “tag - probe” method is to require one leg of Z — ee pass very tight cuts (tag
electron), while the other leg only needs pass very loose cuts (probe electron). The loose electrons
will then be an unbiased sample for us to study the efficiencies for various cuts. The definition of
“tag electron” is a good EM candidate that passes trigger requirements and has a matched track.
Subtraction of QCD background from the Z — ee event sample is needed for various efficiency
measurements and to extract the number of Z events. The invariant mass distribution of the
QCD background is determined directly from data, and QCD background candidates are
required to have at least two EM candidates that pass all criteria described in Sec. 3.4 except the
HMatrix7 cut (instead we invert HMatrix7 cut: HMatrix7 > 20). The normalization is obtained

from a fit to the data of the background and Z/v* — ee signal Monte Carlo shapes.
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4.1.1 Trigger Efficiency

As mentioned before, the trigger efficiency is measured using the “tag - probe” method. To pass
a trigger’s requirements, an electron must have a matching trigger object at each level which
passes all cuts for the corresponding trigger. The electron candidate to trigger object matching
requirements are: AR = \/m < 0.4 for L1, L2 and L3. The average trigger efficiency is
found to be 98.2% for runs < 178721 and 97.4% for runs > 178722 respectively. Trigger efficiency
is highly dependent on electron pr; Fig. 4.1 shows the trigger efficiency for both run ranges as a

function of electron pr in the CC region.
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Figure 4.1: Trigger efficiency vs electron pr.

4.1.2 Preselection Efficiency

The preselection efficiency is defined as the efficiency for an electron to form an EM cluster
passing the EM fraction (> 0.9) and the isolation requirements (< 0.15). An unbiased sample not
using calorimeter information needs to be employed to study this efficiency. The sample we use is
EM + track data: the tag leg consists of a good electron candidate and the probe leg of a track.
The average preselection efficiency is determined to be (98.8 +0.3)%. The efficiency versus

electron pseudorapidity is shown in Fig. 4.2.

56



3 LI

e +* ‘+‘*‘,.+ + L

g T +,;.:+'+‘ #0 Tht 4 + 1

8 B |

20.91

o B

0.8:—

0.7:_
:‘I\“‘\““““““"I“‘

-2 -1 0 1 2
Detector Eta

Figure 4.2: Preselection efficiency vs electron detector eta.

4.1.3 HMatrix7 Efficiency

HMatrix7 is the cut to require that the shape of the EM cluster be consistent with that of an
electron. The efficiency is also determined using the “tag - probe” method, where the probe EM
cluster passes all EMID selection criteria except the HMatrix7 requirement. The average
efficiency is determined to be (92.80 & 0.28)% for CC and (95.60 + 0.44)% for EC. The HMatrix7

efficiency versus electron pseudorapidity is shown in Fig. 4.3.
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Figure 4.3: HMatrix7 efficiency vs electron detector eta.
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4.1.4 Track Matching Efficiency

As mentioned in Sec. 3.4, we apply the track matching criteria on the electron candidate in order
to remove a large contamination of QCD events. However, a QCD jet can sometimes have a
matching track. Both the efficiency for an electron to have a matched track and the probability
of a QCD produced EM object to have a matched track must be measured. The “tag - probe”
method is applied to get the track matching efficiency versus pseudorapidity. The tag cluster is
required to have a good track match and the second EM cluster is checked for a good track
match. The average efficiency is (79.0 £ 0.5)% for CC and (74.3 £ 0.9)% for EC. The track

matching efficiency versus electron pseudorapidity is shown in Fig. 4.4 1.
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Figure 4.4: Track Matching efficiency vs electron detector eta.

4.2 Fake Rate

The fake rate (also called fake track matching probability) is determined from Jet-Jet (called
di-jet) events where one jet has been misidentified as an electron. The EM cluster has to pass the

EMID requirement and be back-to-back with a jet in ¢ with a deviation of A¢ < 0.5. Jet

'In the EC region, we do not have the E/p requirement on the matched track. The track matching efficiency
drops quickly in the EC region because the geometric acceptance of the CTF decreases as fewer layers are transversed

by the charged particles.
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candidates are identified using the 0.7 cone algorithm and are required to pass good jet
requirements (E7 > 25 GeV, n90 > 1, f90 < 0.65, 0.05 < EM fraction < 0.7, CHF< 0.25,

Nk > 5 and Hotfraction< 0.5 2). The fake rate is then the fraction of those EM objects that are
found to have a matching track. Figure 4.5 shows the fake rate as a function of Er; the fake rate
is almost constant for events with F < 15 GeV, and then it increases. The explanation is the
sample is contaminated by W+jet events in the high E; region. The fake rate is determined
using events with missing Er < 15 GeV, the fake rate versus electron pseudorapidity is shown in
Fig. 4.6.
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Figure 4.5: Fake track matching probability vs E; for both CC and EC region.

4.3 Z — ee Backgrounds

There are two major backgrounds for Z — ee events, the background from QCD multi-jets,
where the jets fluctuate electromagnetically and fake electrons, and also the physics background

from Z — 77 events.

2E7 is the jet transverse energy; n90 is number of towers that contains 90% of jet transverse energy; f90 is the
fraction of jet towers carrying 90% of jet transverse energy; EM fraction is the fraction of jet energy deposited in the
EM part of the calorimeter; CHF is the fraction of jet transverse energy that was deposited in the coarse hadronic
part of the calorimeter; Ny,.; is number of tracks matched with the jet; Hotfraction is the ratio of the transverse

energy of the leading cell in the jet to the transverse energy of the second leading cell.
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Figure 4.6: Fake track matching probability vs electron pseudorapidity.

4.3.1 QCD Backgrounds

The method of background subtraction has already been described in Sec. 4.1. For the Z — ee
candidates, we require both electrons have matched track, and the QCD background is found to

be negligible.

4.3.2 Z — 71 Backgrounds

There is a potential background from Z — 77 processes, where both taus decay to electrons.
However, electrons from 7 decays have a softer Er spectrum and a small branching ratio

Br(t — evv)?, making this background negligible.

4.4 W — ev Backgrounds

Several processes can mimic the W — ev signal: QCD events in which one jet fakes the electron
and the other jet is lost in an uninstrumented region of the detector; Z — ee decays in which one

electron remains undetected, and W — 7v — evvv decays.
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4.4.1 QCD Backgrounds

QCD processes can fake the signature of a W — ev decay if a hadronic jet fakes the electron
signature and the transverse momentum balance is mismeasured. In order to subtract the QCD
background from the W candidates, we solve two linear equations using the number of W
candidates with and without track match as well as the track matching efficiency and fake

probability. The number of W bosons produced is extracted from the following equations:

N = Nw + Noco (4.1)
Nirr = eerkNw + foepNoep (4.2)
Yielding
Ny = Nirk = foepN (4.3)
€k — foep

where Ny is the true number of real W bosons, and Ng,, and N are the numbers of W
candidate events with and without the track matching requirement. focp is the fake track
matching probability and €., is the track matching efficiency.

Since for this analysis we require the electron to have a matched track, the real W events and the

QCD background in the sample we use should be:

Etrk (Ntrk - fQCDN)
eirk — foep
Jfocp(€trk N — Niry,)
€trk — fQCD

ek Nw =

foepNgep =

To account for the variation in the track matching efficiency and fake rate with respect to
pseudorapidity, the above equations are applied in bins of measured n??t. The tracking efficiency

det

and fake track matching probability as a function of n*¢* are determined in Sec. 4.1 and Sec. 4.2.

4.4.2 Z — ee Backgrounds

To estimate the fraction of Z — ee events which satisfy the W — ev selection, we use a Monte
Carlo sample of 0.8 million Z — ee events generated with PYTHIA and simulated with the full
GEANT simulation. Z — ee events typically enter the W sample when one electron satisfies the

W cuts while the second electron is lost or mismeasured, causing the event to have large Fr.
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Figure 4.7: Concept of the method used to subtract QCD backgrounds from W — ev events.

An electron is most frequently mismeasured when it goes into the ICD regions, which are covered
only by the hadronic section of the calorimeter. These electrons therefore cannot be identified,
and their energy is measured in the hadronic calorimeter. A large @ is more likely for these
events than when both electrons hit the EM calorimeter. The GEANT Monte Carlo Z sample
was modified to match the Z — ee data, the electron energies were smeared with a constant term
of 4.2%, and also overlaid with underlying event. To select W candidates, we require that there
is no second back-to-back track with pr > 15 GeV; this removes a lot of Z — ee backgrounds
where one electron hits the ICD region or the massless gap. The Z — ee background is found to

be negligible.

443 W — tv Backgrounds

The decay W — 1v — evvv is topologically indistinguishable from W — ev and is suppressed by
the branching fraction of 7 — evv and by the electron pr cuts. We generate 0.8 million W — ev
and 0.8 million W — 7v events and then apply W selection criteria on both samples. Because of
lepton universality, we assume that the cross section times branching ratio for W — ev and

W — Tv are the same, the W — 7v — evvv fraction is thus found to be (1.250 £ 0.027)%.
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Chapter 5

Overview of Monte Carlo Simulation

As can see from Sec. 1.4, the W boson width is extracted by comparing the measured W
transverse mass distribution with ones generated by a Monte Carlo simulation. The PYTHIA
(Version 6.202) event generator is used in this analysis to simulate pp interactions, particle
production and decay. The generated events are then processed by a detector simulation package
to add detector effects; we use a parameterized model [61] to incorporate all the main features of
the D@ detector. Since neutrinos escape detection, in essence only two quantities are measured
in W events: the electron momentum vector and the transverse momentum of the system
recoiling against the W. Thus in the Monte Carlo simulation, we need to simulate the detector
response and thus obtain the prediction of the observed electron and recoil momenta [16].

The simulated missing transverse momentum is derived from the total energy measurement in
the event

—
e

Er(smear) = —pf(smear) — dr(smear) (5.1)

where E(smear) is the smeared o, P (smear) the smeared electron transverse momentum
and dr(smear) the smeared recoil system. The basic concept of electron and recoil system
smearing is described in this chapter, while the detailed modeling of the different components is

described in the next two chapters.

5.1 EM Objects Simulation

After the PYTHIA generator generates Z — ee and W — ev events, electrons (photons) are
extrapolated from the primary vertex to the third layer of the EM calorimeter. The energies of
the generated electrons and any radiative photons, if they were present and retained their
identity, are scaled by the measured EM energy scale. The generated transverse momenta and

electron angle are then smeared according to the measured resolution. All efficiencies measured
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in Chapter 4 are included in the Monte Carlo simulation. To simulate the detector response to an

electron of energy Fy, we compute the observed momentum as
E(e) = Rpm(Eo) ® opm(Eo) (5.2)

where Rgar(Ep) is the response of the electromagnetic calorimeter and ogys is the energy
resolution of the electromagnetic calorimeter.

The energy response of the EM calorimeter is modeled using two parameters
E(e) = ax Egen +f3 (5.3)
and the resolution of the EM calorimeter is also modeled using two parameters

aEg((e])Ee) _ /CJQEM+ %}ig (5.4)

The smeared electron energy is thus

E(e)(smear) = E(e) + z x ogm(E.) (5.5)

where z is a random variable from a normal gaussian distribution with zero mean and unit width.

The calorimeter position resolution is modeled using two parameters:

ngrerfear = 7753; + Y * Oppdet (56)
det —
smear = Pgen T 2 % Ogaer (5.7)

where « is the EM energy scale and § EM energy offset, Cgas is the constant term and Sgas the

sampling term for the EM calorimeter, o a.: and ogae: are the detector n and ¢ resolution y and

n

z are two random variables from a normal gaussian distribution with zero mean and unit width.

5.2 Recoil System Simulation

The model for the particles recoiling against the W/Z boson has two components, a “hard”
component, that models the pr of the W/Z boson (denoted by p¢ = —p!"), and a “soft”

component, that models detector noise and underlying events (denoted by @). The transverse
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momentum of the recoil system is taken to be the negative of the generated transverse
momentum of the W boson; its magnitude is scaled by the product of the measured EM energy
scale and the relative response of the hadronic and EM calorimeters. Smearing was added
according to the jet energy resolution. For the soft component, we use the transverse momentum
balance #;™ from a minimum bias event recorded in the detector, which mimics the debris in the
event due to spectator parton interactions and the pile-up associated with multiple interactions.
The hadronic content of Z — ee events is modeled in the same fashion as for W — ev events.

The observed recoil transverse momentum is then given by

-‘T = _[Rrec(qT) b2 a-rec(qT)](jT + ambﬂTmb - A'U/”ﬁT(e) (58)

where g7 is the generated value of the boson transverse momentum, R, is the response and o,
the resolution of the hadronic calorimeter, Au is the transverse energy flow into the electron
window due to underlying events and pr(e) is the electron direction. a,,p is a correction factor
that allows us to adjust the resolution to the data, and is roughly the number of additional
minimum bias events overlaid on a W boson event.

For R,c.(qr), we have

Rrec(gr) = £ X gT (5.9)

and for o,¢.(qr), we have

Orec(qr) Shaa\”
el =402+ ( - ) 5.10
ar \/ had Jar ( )

where & is the hadronic momentum response, and Ch,q and Shqq are the constant term and

sampling term for the hadronic calorimeter respectively.
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Chapter 6

Electron Measurement and Simulation
In this chapter, I will discuss how we reconstruct the electron energy and how we simulate it in

the fast Monte Carlo.

6.1 Electron Energy Measurement

The signals emerging from the calorimeter are digitized charge measurements from each cell; they
need to be converted to energy. This conversion is extremely complicated and very important for
the energy measurement.

In general, the relation between the energy and the measured ADC counts for an EM object in
an n-layer sampling of a calorimeter is given by (in our case, n = 5 since we use the energy

deposited on the four EM layers and the first FH layer):

FE = aZﬂi Z()\j a; —I—’Yj) +46 (6.1)

J

where E is the true energy of an EM particle and the a;’s are the ADC counts for each readout
calorimeter cells. The first sum runs over the number of layers, while the second sum runs over
the number of readout cells for layer i. « is the overall energy scale, § is the overall energy offset,
Bi is the sampling fraction, A; converts ADC counts to GeV and v; is the non-linearity term for
calorimeter cell j. In principle, «, §, 8;, A; and 7; depend on 7 and ¢. Moreover, all of these
quantities vary with time.

The first two constants (« and §) are global parameters which can be adjusted by various
“offline” calibration methods (Z — ee, J/vy — ee, E/p, etc.). The sampling fraction §; is
determined from GEANT Monte Carlo simulation. The last two factors A; and -;, known as the
“calibration constants” or ADC to GeV conversion constants, are actually the product of two

factors: the charge produced per deposited MeV, and the conversion from ADC counts to input
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charge. These two terms vary however in a broad range from channel to channel.

The steps in the conversion process are listed below in order:

Pedestal subtraction and zero-suppression;

ADC - GeV conversion;

Sampling weights;

Clustering algorithm;

Geometrical corrections;

EM scale calibration.

I will describe each step in this chapter in detail.

6.1.1 Pedestal subtration and zero-suppression

The distribution of ADC counts from each cell in the absence of beam is called its “pedestal”
distribution. The mean of the pedestal distribution is called the pedestal. The energy deposited
in the cell when hit by a particle is proportional to the difference between the energy read out
and the pedestal. Therefore, to reconstruct the energy deposited in a cell, it is necessary to first
subtract the pedestal, then multiply the result by a conversion factor which relates the energy
measurement, in ADC counts to the energy measurement in GeV. The pedestal distributions are
determined from frequent pedestal calibration runs taken between stores, and the pedestal
subtraction was performed online.

Even in the absence of a particle flux, due to the decay of uranium nuclei, electronic noise and
the hardware pedestal cut (cut on integer ADC number), there are still many calorimeter cells
that have signal. In order to control the size of the data, not all cells are read out in a given
event. Hardware zero-suppression eliminates most cells (= 90%) in a given event. The
zero-suppression criteria are based on the pedestal distributions. To decide whether or not a cell

was hit, the pedestal subtracted energy for that cell was required to be greater in magnitude
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than 2.5 ¢ (In Run II, we use 2.0 ¢ online and 2.5 o offline), where o was the rms of the pedestal
distribution for that cell. ¢ is usually around 25 MeV for EM layers and 40 MeV for FH layers.
The o of each channel in raw ADC counts and in MeV can be found at [62]. In Run I, because of
the lower instantaneous luminosity and lower electronic noise, we used the 2.0 ¢ online cut only.
Figure 6.1 shows the energy distribution for a calorimeter cell after pedestal subtraction and
zero-suppression. The spectrum has an asymmetric tail from ionization caused by the intrinsic
radioactivity of the uranium absorber plates [63]. The purpose of pedestal subtraction is to make

the mean energy zero for each cell, that is

Ni(E1) + Na(Ez) + N3(E3) =0 (6.2)

where (E1), (E2) and (E3) are the average energies of the calorimeter cells within the interval
E< —-250,-250<E<250 and E > 2.5 o respectively, and Ny, Na and N3 are the average
number of events within each interval for a sample of minimum bias events. The hardware and
software zero-suppression sets all calorimeter cells within £2.5 ¢ of the pedestal to zero, thus
forcing (Es) = 0 at readout. After zero-suppression, the pedestal distribution contributes on

average a net energy to each cell, as can be seen from the following equation

Ni(E1) + N3(E3) = —N2(E») (6.3)

If the cell energy distribution is symmetric in the £2.5 o region, then Ny(E5) = 0, but in reality,
the energy distribution is asymmetric. On average, (E») < 0, thus the spectrum does not average
to zero after zero-suppresssion. In effect the zero-suppression unphysically raises the energy of
each calorimeter cell.

The zero-suppression contribution to the cell energy has been studied by analyzing
non-zero-suppressed minimum bias events and zero-suppressed minimum bias events. The
contribution was found to be +7.55 MeV per cell in Run I (2.0 o) [16], the contribution for Run

II is currently still under study.
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Figure 6.1: Energy distribution of a typical calorimeter cell for a sample of minimum bias events.
The mean pedestal has been subtracted and the events in the empty region are removed by the

zero suppression (2.5 o).

6.1.2 ADC - GeV Conversion

The calibration constants A; and ~y; are calculated by means of an “electronic” calibration: a
pulse of known amplitude is sent to the measuring chain and the ADC counts are measured
giving the desired ratio. The offset term +; (also called the calorimeter non-linearity term) arises
due to the analog samples being stored in SCA chips which are nonlinear over part of their range.
The ability to calibrate the D@ calorimeter electronics is of prime importance for determining
with optimal precision the energy of a particle, since a non-uniform response degrades both the
scale and the resolution of the energy measurement. For the purpose of electronic calibration, a
new pulser system was built [64]. It works as follows: an 18-bit DAC delivers a DC current to a 1
mH inductance. On a command signal whose arrival time is defined by a programmable delay
(256 steps of ~ 1.6 ns), a switch diverts the current from the generator to ground, the current
stored in the inductance then decays into a resistor and flows to the preamplifier input as an
exponential signal (1 DAC unit = 11.5 x4V, 40 ns rising time, 450 ns decaying time). The signal

can be sent to a set of preselected preamplifiers and allows us to measure the ratio of input
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voltage to ADC counts. Figure 6.2 shows the schematic view of the calorimeter calibration

system and the pulser system.

a) :
gain
preamp  shaper gain selector /
detector
BLS |—{ SCA [—] ADc 2 dout
pulser
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20m ‘
| }—» preamp
DAC inductance % resistor

Figure 6.2: Schematic diagrams of a) the calibration system and b) the pulser system.

The two terms (A; and ;) are measured by a comparison of the electronics response (in ADC
counts) vs the pulse height (in DAC units) for each gain path (x1 and x8). To first
approximation, the ADC response to the DCA calibration is linear, as shown on Fig. 6.3. Figure
6.4 shows the residuals of the readout to the linear fit. In both plots you can see the saturation
for large signal and a non-linear response for low signals. The measurements of the
non-linearities in the response of the calorimeter are described in detail in [42]. To correct for the

non-linearities, the following parameterization is used

ug(v) = gav + €(gav) (6.4)

u1(v) = av + 8¢(av/8) (6.5)

where € is a universal function fitted to all channels, and v is the input voltage injected into the
readout channel, which is assumed to be linear with an offset. The real numbers g =~ 1 and a may
be different for each readout channel. After applying this correction, the residuals are better than
+5 ADC over the whole range for both gain paths. The effect of this correction on the energy
reconstruction results in a shift of 200 MeV for energies above 500 MeV when read out with the

gain 8 and a shift of 1 GeV when read out with gain 1.
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Figure 6.4: Residual of data with respect to a straight line fit for a cell in the EM calorimeter,

circles are x1 gain, crosses the x8 gain channel.
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6.1.3 Sampling Weights

The DO calorimeter is a sampling calorimeter, since a very small fraction of the electron energy
is deposited in the liquid argon and then read out; we need to apply sampling weights to get the
correct electron energy. In Eqn. 6.1, the sampling weights ; are the ratio of the energy

deposited in liquid argon to incident energy. In Run I, we used test beam data to minimize [16]

5 2

EM
where the sum runs over all events, ppeqm is the beam energy, L; is the live energy deposited in
the liquid argon for layer i, and o, is the energy resolution given in Eqn. 2.2. The parameters
B1 - B4 weight the four EM layers and S5 the first FH layer. In Run II the sampling weights are
determined by studying single energy electrons and pions from the full GEANT Monte Carlo
simulation and then minimizing the function [65]

5
X2 = Z (Btrue — ZﬂiLi)2 (6.7)

events

where Ej,... is the true energy of the electron or pion. The sampling weights for each layer are

given in Table 6.1.

EM1 EM2 EM3 EM4 FH1

CC | 31.1991 | 9.3992 | 25.7156 | 28.0328 | 24.8846

EC | 32.9612 | 17.0792 | 33.1245 | 39.5006 | 27.4569

Table 6.1: Sampling weights for the four EM layers and the first fine hadronic layer.

6.1.4 Clustering Algorithm

After the pedestal subtraction, zero-suppression, and ADC to GeV conversion, we have a list of
calorimeter towers with significant energy deposition. These towers serve as the seeds for the
subsequent jet and electron cluster finding algorithm. The highest Er EM towers are selected as

the starting points of the preclusters. Adjacent EM towers above 50 MeV are added to a
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precluster if they are within a window of 5 x 5 in in x i¢ (CC) or within a cone of 10 cm radius
in EM3 (EC). The centroid of the cluster is recalculated and repeated until the final cluster does

not change. The energy is then computed from the signals in all cells of this EM cluster.

6.1.5 Geometrical Corrections

There are two main reasons that the electron energy is not completely recovered in the
calorimeter: the presence of material in front of the calorimeters and the presence of regions not
covered by precision calorimetry. For example, the n edges of the CC and EC calorimeters, and
the ¢ edges between 2 of the 32 CC modules. Corrections are applied to recover the energy loss
in the cases mentioned above. These corrections are called “geometrical” corrections since they
deal exclusively with the geometry of the detectors. They are directly deduced from Monte Carlo
studies using single energy electron samples after GEANT Monte Carlo simulation [66]. The
energy loss is found to vary in n from 0.2 GeV for 5 GeV electrons (4%) to 3 GeV for 250 GeV
electrons (1.2%), and vary in ¢ from 1.5 GeV for 5 GeV electrons (30%) to 30 GeV for 250 GeV
electrons (12%). The energy loss is parameterized as a function of 7 and ¢ and corrections are

applied in both data and Monte Carlo.

6.1.6 EM Scale Calibration

Suppose a varies for each readout cell, in the following way:
a=a(0)(1+e€) (6.8)

where € is the EM scale correction factor. The aim is to determine €(n, ¢) simultaneously in
different 1 and ¢ sectors of the calorimeter. We use Z — ee events produced in Drell-Yan
processes and minimize the likelihood based on the invariant mass distribution of the ete™ pairs.
Since we are limited by the available Z — ee data, the calibration was done in 12 zones
(according to 12 ADC crates):

mi =m;(1+ eg) (1 + ex) (6.9)
where €15, and €5; are the calibration constants for zone k and [ where the first electron is located
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in zone k and the second electron located in zone I, m; and m; are the invariant mass of the
lepton pair before and after the EM scale correction. € is found to be the order of several percent

(~ 2 —4%) and has a strong dependence on 1 and ¢ [67].

6.2 Determination of Electron Energy Scale

As mentioned in Sec. 6.1, the electron energy is measured as the energy in a window of 5 x 5
towers, consisting of the four EM layers and FH1, centered on the tower in which the electron
deposited the most energy. We use five parameters a, 8, Cgn, Sem and Ny (discussed in Sec.
5.1) to simulate the detector response to the electrons.

Since the electrons coming from Z decay have a wide energy distribution, we can just use the EM
clusters from the Z — ee resonance to determine the energy scale a and energy offset 5. We
apply the Z selection criteria to the data sample and require both electrons to have a matched
track to get pure signal events; the QCD background is totally negligible. We compare data and
the fast Monte Carlo simulation, and then use three different methods to determine the two

parameters.

6.2.1 Binned Maximum Likelihood Method

We bin the invariant mass distribution for the Monte Carlo and data from 75 to 105 GeV, and
then calculate a binned likelihood function:

L=- Z[xz x In(y;) —yi — In(z;!)] (6.10)

bins

where z; is the number of data points in bin ¢ and y; is the number of the Monte Carlo events in
bin 7. We first fix the other smearing parameters to some reasonable values and only vary the
electron energy scale a (or energy offset 3), and for each value of a (or 8) evaluate L. To
determine a minimum we then fit L to a quadratic function. Figure 6.5 and Fig. 6.6 show the
results for all CCCC candidates. The results are: acc = 1.0054 £+ 0.0010 and

Boco = 0.038 +0.048 GeV.
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Since a and [ are strongly correlated, we do a consistency check in the following way: first we
determine the energy offset and then fix the energy offset using the value determined and vary

energy scale to determine the energy scale; the results are consistent with each other.
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Figure 6.5: Electron Energy Scale vs likelihood.
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Figure 6.6: Electron Energy Offset vs likelihood.

6.2.2 < M., > Method

As a cross check, we also fit for the energy scale and energy offset by comparing the mean value
of the data invariant mass distribution with the mean value of the Monte Carlo. In order to
avoid the fluctuations in the tail region, we only use events that are very close to the Z peak;

hence we choose the mass window [75, 105] GeV with 1.5 GeV bins and calculate < Mz >.
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Figure 6.7 and Fig. 6.8 show < Mz > for the Monte Carlo as a function of the energy scale a
and energy offset § for CCCC Z candidates. The mean value of the data is also shown on the

plot. From here, the results are: acc = 1.005579:991% and oo = 0.01015:925 GeV.
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Figure 6.7: Electron Energy Scale vs < M., >.
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6.2.3 Kolmogorov-Smirnov Test

Here we use Kolmogorov-Smirnov statistic (KS) to evaluate how well the Monte Carlo reproduces
the data. The KS value is calculated without binning the data or the Monte Carlo and this
allows us to check that the binning of the data in the above two sections does not significantly
increase the statistical uncertainties. To calculate the KS value, we form the integrated
distribution of Mz for data and Monte Carlo. For data and Monte Carlo, we only consider events
between 80 to 100 GeV (to minimize the effect of bin size, we use 20,000 bins for this 20 GeV
region). Figure 6.9 shows the integrated distributions for data and MC.

The KS value is defined to be the maximum vertical distance between the Monte Carlo
integrated distribution and the data integrated distribution. A KS value of 0 would mean perfect
agreement between the two distributions.

Figures 6.10 and 6.11 show the KS value vs a and 3 for CCCC Z candidates. From here, we
have acc = 1.004 and Boc = 0.00 GeV. Unfortunately for KS test, we can not get a statistical

uncertainty for each parameter.
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Figure 6.9: Integrated distribution of M. for data and MC, dashed line for data, solid line for

MC.
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Figure 6.10: Electron Energy Scale vs KS value.

6.2.4 Final Results for EM Energy Scale and Energy Offset

We determined the EM energy scale and energy offset using three different methods; they all give
consistent results. The < M., > method only uses the mean value of the invariant mass
distribution and Kolmogorov-Smirnov Test can not give uncertainties. In the fast Monte Carlo
program, we use the values obtained from Binned Maximum Likelihood Method:

acc = 1.0054 £ 0.0010 and SBcc = 0.038 & 0.048 GeV.

6.3 Determination of Electron Energy Resolution

As discussed in Sec. 2.2.4, the sampling term is known to high precision from test beam studies
and is 15% GeV'/2 for CC electrons. Since we still use the Run I calorimeter and just add more
material before it, we assign 3% for the uncertainty on the sampling term. The value of the

constant term is determined using two methods:

6.3.1 Binned Maximum Likelihood Method

We also use the binned likelihood method to determine the EM energy resolution, this time we

fix the energy scale and energy offset values to the best values and only change the smearing
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parameters used in modeling the energy resolution. The likelihood vs the constant term for
CCCC Z candidates is shown at Fig. 6.12, and the constant term is determined to be

Coc = (4.20 £+ 0.23)%.
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Figure 6.12: Constant Term vs likelihood.

6.3.2 Z Width Method

The constant term can also be measured from the width of the Z’s. The observed width has
contributions from the intrinsic Z width and from detector resolution. The intrinsic Z width is

known to very high precision from the LEP experiments, and the detector component is
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dominated by the energy resolution of the electromagnetic calorimeter.

To determine the constant term, Monte Carlo Z/~* — ee experiments are generated with
different values of C'. The predicted invariant mass distribution for each experiment is fit to a
Breit-Wigner convoluted with a gaussian. The Breit-Wigner width is fixed to its measured value
of 2.5 GeV, but the gaussian width is allowed to float. The data is fit in the same way, and C in
the simulation is adjusted until the Monte Carlo and data distributions have the same width.
Figure 6.13 shows the observed invariant mass distribution fitted with a Breit-Wigner convoluted
with a Gaussian function, and Fig. 6.14 shows the rms of the gaussian that is obtained when the
same procedure is applied to the Monte Carlo as a function of the CC constant term, along with
the result from the data. The intersection of the two gives the constant term. The constant term
in the CC is thus determined to be (4.14 £ 0.26)%, with the uncertainty being dominated by the
statistics of the Z — ee sample. It is consistent with the result we got from the maximum

likelihood method.
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Figure 6.13: The observed invariant mass distribution for CC-CC Z candidates fitted with a

Breit-Wigner convoluted with a Gaussian function.

6.3.3 Final Results for EM Energy Resolution

We use two different methods to determine the EM energy resolution; both of them give

consistent results. Since the Z width method only uses the width of the invariant mass
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Figure 6.14: Constant Term vs Z Boson Width.

distribution, while Binned Maximum Likelihood Method uses the information for each bin, in the
fast Monte Carlo program, we use the values obtained from the Binned Maximum Likelihood
Method: Coe = (4.20 £ 0.23)%. Compared with Run I, the energy resolution of the EM

calorimeter is much worse. Possible sources for this are discussed in Appendix A.

6.4 Consistency Check of Electron Energy Simulation using F/p

The electron energy scale and electron energy resolution are also checked by comparing the
lineshape of the observed E/p distribution for electrons from W — ev events to a Monte Carlo
prediction of this distribution. The electron may lose energy to photons either as it is created
from the W decay or as it passes through material. Since the associated photons are usually
collinear with the electron, they often form one EM cluster in the calorimeter; accordingly the
energy response is relatively unaffected by the bremsstrahlung process. However the electron
momentum, p, measured by the tracker is typically lower than the electron energy E measured
by the calorimeter, producing a long tail in the E/p distribution.

For events in the peak region, the peak position is determined by the electron energy scale and

track momentum response; the width is determined by the electron energy resolution and track
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momentum resolution. The electron energy scale and energy resolution are determined as
described before, using the maximum likelihood method. The track momentum response and
track momentum resolution are determined using J/¢ — pp and Z — pu events [85].

Figure 6.15 shows the comparison of the E/p lineshape between data and Monte Carlo
simulation. The peak position of E/p is very sensitive to the electron energy scale and track
momentum scale, the width is sensitive to the electron energy resolution and track momentum
resolution, while the high tail region is sensitive to the amount of material before the solenoid.
Good agreement between data and MC simulation is observed. The low E/p events (E/p < 0.9)
are the result of a pathology in the measurement of tracker pr, and is further discussed in

Appendix B.
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6.5 Determination of Calorimeter Position Resolution

As mentioned before, the shower centroid of an EM cluster is determined from the energy

depositions in the third EM layer by computing the weighted mean of the position Z; of the cell

centers:
Teal = 2 il (6.11)
2 Wi
The weights are given by
w; = max(0,wg + 1o Ei ) (6.12)
i — ,» Wo g E(e) -

where E; is the energy in cell i, wq is a parameter which depends upon 7(e), and E(e) is the
energy of the electron. We calibrate the algorithm using Monte Carlo electrons simulated using
GEANT. If an EM cluster is found to have a matched track, the electron direction is then given
by the direction of the matched track. The position resolution of the EM calorimeter is measured
as the root mean square of the difference in the calorimeter and track position distributions. The

n and ¢ resolutions were found to be o, = 0.0070 & 0.0040 and o4 = 0.0070 & 0.0035 radian.

6.6 Radiative Decay

Radiation from the decay electron or the W boson biases the electron pr shape and also the
transverse mass shape, and thus will bias the W width measurement. For example, if the decay
electron radiates a photon and the photon is well enough separated from the electron so that its
energy is not included in the electron energy or if an on-shell W boson radiates a photon and
therefore is off shell when it decays, the measured width is biased low. The parameter used in the
modeling of radiative decays to decide if the photon retains its identity is the minimum

separation AR(ey) between the electron and photon (where

AR(ev) = v/In(e) — n(7)]? + [¢(e) — #(7)]?). In general radiation shifts the Z boson invariant
mass and also the W transverse mass down, because for a fraction of the events the photon
energy is subtracted from the electron. The momentum of a photon with AR(ey) < Ry is added

to the electron momentum, while for AR(ey) > Rg a photon is considered part of the recoil
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momentum. We use Ry = 0.2, which is the approximate size of the window in which the electron

energy is measured and the uncertainty is assigned to be +0.1.

6.7 Electron Simulation Results

Figure 6.16 to Fig. 6.18 show the invariant mass distribution for Z — ee events, as well as

electron pr spectrum and pZ from the Z sample.
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Figure 6.16: Invariant Mass distribution for Z — ee events (Dots for data, line for MC).
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Chapter 7

Recoil Measurement and Simulation

In this chapter, the recoil momentum measurement is discussed.

7.1 Hadronic Momentum Response

The energy scale of the measured recoil momentum differs from the electron energy scale because
the recoil measurement also includes energy from hadronic showers and suffers from loss of
energy in uninstrumented regions of the calorimeter. The response of the hadronic calorimeter
relative to the response of the electromagnetic calorimeter was determined from Z — ee events.
In Z — ee events the transverse momentum of the Z boson, ﬁTZ , can be obtained from either the
measurement of the transverse momenta of the two electrons, 7;¢, or from the recoil activity in
the event —p/¢¢. To minimize the effect of the hadronic momentum response relative to the
electromagnetic energy scale, the momentum imbalance was measured with respect to the

(n, €)-coordinate system as first introduced by UA2 [71]. The n axis is defined as the bisector of
the two electron transverse directions. In the transverse plane, the axis orthogonal to the n axis
is the & axis. Figure 7.1 illustrates these definitions.

The determination of the hadronic momentum response requires selecting Z — ee events with the
same event topology as the W — ev events. Z — ee events were selected with at least one
electron in the central calorimeter, while the other electron can be in the CC or EC regions. As a
consistency check, Z boson events with both electrons in the central calorimeter have been used

and a consistent result for the hadronic energy scale was observed. Three related determinations

of the hadronic energy response relative to the electromagnetic response have been carried out:

e The first method of obtaining the calorimeter response used was the measurement of the

pre¢ o 1) as function of < Ff¢ e 7j >, shown in the left plot of Fig. 7.2. The slope is

k= 0.67+0.02.
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e A second method was the measurement of < (7€ + P,/ °¢) 7 >, as a function of pif® e 7 as
shown in the right plot of Fig. 7.2; the slope is 0.33 + 0.02. From this we also determine &

to be 0.67 + 0.02.

e The hadronic momentum response x was also determined using a third method which
yielded both the hadronic momentum response and the magnitude of the underlying event

vector Uy. The transverse momentum balance in Z — ee events is given by
P+ B + Fr = =P~ Ur (71)
Squaring both sides, one finds for the average
<|BE' +PE2+ Eql? >=< |5 + Ur|* >= &2|5¢) + |Ur|? (7.2)

assuming again that [§;7¢°| = k|pf¢|. The cross term on the right-hand side averages to
zero since the underlying event vector is randomly distributed with respect to the Z boson

= e2

recoil system. Figure 7.3 shows the distribution of |7¢' + 7,22 + Er|? versus |55¢|?

for
Z — ee events. The straight line is a fit to the data and yields k = 0.63 &+ 0.01, which is

slightly lower than the value determined using the other two methods, and which may

indicate we cannot neglect the cross term.
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Figure 7.1: Definition of 5 and £ axis for Z — ee events.
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7.2 Hadronic Energy Resolution

The W/Z recoil energy is treated as a single hadronic jet in the fast Monte Carlo. The hadronic
energy resolution is parameterized in the same way as the electron energy resolution. From
studies done by the Jet Energy Scale (JES) group [70], the resolution was found to have a

constant term of 0.05 4 0.01 and a sampling term of 0.80 + 0.20 GeV'/2.

7.3 ) Efficiency

The recoil of the W boson may affect the electron identification, especially if the recoil system is
close to the electron. A measurement of the event selection biases, due to the electron isolation
cut, can be obtained by studying the projection of the momentum recoil along the electron
direction (uy) [72]:

uy=preceé (7.3)

where € is a unit vector in the electron direction. w is the projection on the direction

perpendicular to the electron direction and is defined as:

ul = prec e [é x 3 (7.4)

Figure 7.4 illustrates these definitons. A bias in the electron identification as function of u

88



N N
] @
3 S

o
8
L L L L L L L

<|,-3.$e + MET|>(GeV?)

100

50

Covn b Lo bovnn Lo Lo Lo Lo b Loaay
0 50 100 150 200 250 300 350 400 450 500

1571%(Gev?)
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would distort the lepton py spectra. For example, an inefficiency in the electron identification for
high positive values of u), when the recoil is close to the electron, would result in a harder p,?
and a softer p;/ spectrum.

The u efficiency is determined by studying the behavior of the isolation of electrons from W
decays. Figure 7.5 shows the average electron isolation quantity fis, versus u for the signal
electron. For negative values of u|;, when the recoil jet is opposite the electron, the mean
isolation is constant. This indicates that, as expected, for these event topologies, the recoil
system does not affect the electron. For positive values of u) the mean isolation (fiso) increases
with u). This indicates that there is a flow of energy in the direction of the recoil jet. The u
efficiency can be determined by studying the distribution of the isolation quantity for different u
ranges. To remove QCD background, we apply tight electron requirements on the electron
(except isolation cut) and also require E, > 25 GeV and p¥ < 15 GeV. Figure 7.6 shows the
distribution of the isolation variable for six different u| ranges. Then, for each u bin, we apply
the isolation cut f;5, < 0.15, and the fraction of events with the isolation quantity f;s, above 0.15

is the inefficiency due to the recoil jet spoiling the electron signature. The efficiency as a function
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of u) is shown in Figure 7.7; the line is a fit to a function of the form

1 for u) < uo;
e(u”) = €9
1 — s(u) —ug) otherwise.

The parameter € is an overall efficiency which is inconsequential for this measurement, uq is the
value of u) at which the efficiency starts to decrease as a function of v, and s is the rate of

decrease. We obtain the best fit for €g = (98.48 + 0.06)%, uo=—0.908 & 0.599 GeV and s =

0.004364 + 0.000587 GeV~!.
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Figure 7.4: Definition of u and u for W — ev events.
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Figure 7.5: Average isolation f;s, versus u for signal electrons from W decays.
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u) range (GeV) | < uj > (GeV) | efficiency(%)
uy < 10 ~15.17 | 98.82+0.13
~10<u <-5| —7.02 98.53+ 0.10
—5<u <0 —247 | 98.46+0.08
O<u <5 1.98 97.22 +0.14

5 <y < 10 6.88 95.35 + 0.37
wy > 10 13.54 91.76 + 0.89

Table 7.1: u) Efficiency.
7.4 Underlying Event Contribution

As discussed in Sec. 5.2, in the data the contribution from the underlying event cannot be
separated from the measured recoil energy, and it affects the magnitude of the recoil
measurement as well as its resolution. In the fast Monte Carlo simulation, the underlying event
for W and Z events is modeled using collider minimum bias events, which mimic the debris in
the event due to the spectator interactions and the pile-up associated with multiple interactions.
The use of minimum bias events properly includes any residual energy which might be present
from previous crossings as well as detector effects. To model the pileup correctly as a function of
luminosity, we need to take minimum bias events at the same luminosities as the W events. To
model the detector resolution correctly, the minimum bias events must have the same interaction
multiplicity spectrum as the W events, which implies the same luminosity as the W events.
Figure 7.8 shows the instantaneous luminosity profile for minimum bias events and W events.
There is clearly a difference between the two luminosity profiles. We, therefore, weight the
minimum bias events so that their luminosity profile approximates that of the W events. We
measured the z and y component of the MET distribution for minimum bias events after
luminosity reweighting; Figures 7.9 and 7.10 show the z, y components and also the E,

distribution measured from the minimum bias events; the mean value of E is found to be
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Figure 7.6: Distribution of the isolation quantity f;s, for signal electrons for different u) ranges:
u) £ =10 GeV (Top Left), —10 < uj < =5 GeV (Top Right), —5 < uj < 0 GeV (Middle Left),
0 <y <5 GeV (Middle Right), 5 < u < 10 GeV (Bottom Left) and v > 10 GeV (Bottom

Right).

3.99 + 0.05 GeV. In the fast Monte Carlo simulation, we use a 2-dimensional plot £7 versus £,
from the minimum bias events, and for each W or Z event we just randomly pick E7 and E¥.
values from the 2-dimensional plot.

We also looked at the effect of the instantaneous luminosity on the MET distribution; Figure
7.11 shows Er for all minimum bias events versus the instantaneous luminosity, the line is a
linear fit to the [0.2, 1.0] x 10%°cm~2s~! region and the slope is determined to be 0.6
GeV/10*%cm=2s~1. From Figure 7.8, it can be seen that the average luminosity for minimum
bias events and W events differs by 0.1 x 103°%cm~2s~!. Thus on average, the luminosity
reweighting will shift F; by 0.061 GeV.

As mentioned before, the underlying event contribution to the W events is not exactly the same

as minimum bias events; we use the scale factor a,,; to describe the difference. auyp is

determined to be 0.95 £ 0.05 by varying a;,, in MC until the simulated u| and u, distributions
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Figure 7.7: u efficiency.

agree with the data distributions.
The underlying event model and the resolution can be verified using the n-imbalance,

¢ + pe¢) e 4j and the -imbalance, (Pf¢ + Pfe) o é in Z — ee events. Since the magnitude of
the energy vector of the underlying event is of the same order as that of the pr of the vector
boson, the widths of the distributions of  and ¢ imbalances are very sensitive to the underlying
event contribution. Figure 7.12 and Fig. 7.13 show the n-imbalance and ¢-imbalance from the Z
data sample and the fast Monte Carlo with the parameters mentioned above; the agreement

between data and Monte Carlo simulation is good.

7.5 Correction

As mentioned above, the electron energy is measured as the energy in a window of 5 x 5 towers;
this region is excluded from the computation of F;. The size of the window is selected so that
leakage of the electron shower out of the window is negligible. However, leakage of energy from
the underlying event into the electron window can not be avoided; the underlying event energy in
the electron window will bias the recoil measurement.

We must correct the recoil ur for the momentum that is lost by excluding the electron window.

The momentum that is lost always points in direction of the electron and therefore biases u
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towards negative values. Since for pi¥ < My

mr = 2pr(e) + u (7.5)

any u) bias directly propagates into a bias on the transverse mass, we call this bias Auw.

The | correction is very sensitive to the ratio of W events with v > 0 and u| <0, and we
change the u correction in the Monte Carlo simulation until it gives the same ratio as data.
From Fig. 7.14, we determine the u correction to be —1.78 +0.01 GeV. The u correction
depends on the instantaneous luminosity, and v itself. In this study, we only apply the average

correction. Further studies about | correction are still undergoing.

7.6 Recoil System Simulation Results

The recoil system simulation is one of the most important parts of the fast Monte Carlo
simulation. Figure 7.15 compares the u|| and u spectra observed in the W — ev data to that
predicted by the fast Monte Carlo. The mean value of v for the data is -2.08 GeV; there are two
sources for this. The dominant effect is simply the kinematics of W — ev decays, the electron is

preferentially emitted in the direction the W was traveling, and the second effect is due to the u|
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efficiency. The observed good agreement between the data and MC simulation indicates that the
event kinematic and the electron identification efficiency are modeled adequately.

Figure 7.16 and 7.17 show the electron 7 distribution and A¢ between the electron and Er from
W — ev decays compared to the Monte Carlo simulation. Figures 7.18 to 7.21 show the
correlation between < u > and p%, p7., Mt and pW. The simulation tracks the correlation very
well. Note that no pi¥ cut was used when making these distributions. An important feature of
the transverse mass is that, unlike p% and p7., Mr is relatively uncorrelated with w). This shows
clearly one of the advantage of using the transverse mass to obtain the W mass and W width.
Figure 7.22 to Figure 7.24 show the p$., p4. and M7 spectra from the collider data for the

sub-samples with u) < 0 and ») > 0 and the corresponding Monte Carlo predictions.
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Figure 7.23: Spectrum of p% from W data with u) < 0 (dots) and uj > 0 (circles) compared to

the Monte Carlo simulations (Solid line for u < 0 and dashed line for u > 0).
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103



Chapter 8
Fitting
We determine the W width by performing binned maximum likelihood fits of the transverse mass

distribution in the data to Monte Carlo templates with different values of 'y .

8.1 Maximum Likelihood

The likelihood for a given width T is

L) = [[P(@) (8.1)
i
where P;(T") is the probability of each event. In the case of binned data, it is the probability for
each bin to have the given number of events for the width I". Usually, the log likelihood is used,
and is given by
L=-InL(T) =-In [ P(T) == inPy(T) (8.2)
i i

The fitted width is that I'yy at which L is minimum:

The probability of z; events in the it bin is given by a Poisson distribution and the
log-likelihood is
L=— Z[xz X In(pi) — pi — In(z;!)] (84)
i
where the sum is over the bins in the fitting region of transverse mass distribution, and p; is the
expected number of events in each bin u; = bkg; + W;, where bkg; is the background in the ith

bin and W; is the MC signal in the ith bin.

8.2 Reweighting

It is not possible to generate a large set of simulated events for each W-width point; however,

with the help of a reweighting procedure described below, it is possible to produce a distribution
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for any arbitrary value of W width I'yy from a sample of Monte Carlo events generated at just
one I'Yy". This method is particularly valuable for small excursions from 'y = I'{;".

Assume P(z|Tyw) is the probability density for an event with an observable z in a Monte Carlo
simulation that is generated with a value I'yy for the W width. The reweighting technique is
based on the fact that the difference between MC simulations that correspond to different W

width is given by the probability P(z|T'w ). We can define a weight function:

3 P(x|1—wl;‘e/weight)

wlo T = £ e ®)

which can be used to obtain a distribution that corresponds to a W width F;ﬁwei"ht, by taking
events generated with I'{;" and multiplying each by this weight. Since for W production, we use

a relativistic Breit-Wigner with a fixed width:

(mwTw /Mw)*

BW (mw, Mw,Tw) x (2, — M2,)7 + (m2, T [V 2 (8.6)
Assuming
P(z|Tw) o« BW (mw, Mw,Tw) (8.7)
we have the weight factor
w(a, Ty, Tjgweishty (Fﬁfhty My (myy = hy)” + (miy Tiy) (8.8)
w M3, (m3, — M3,)? + (m3, [0 9")?

8.3 Fitting

Monte Carlo templates are prepared of the W boson transverse mass using the detector
parameters described in Sections 6 and 7. About 10 million W — ev events are generated with
PYTHIA and using CTEQG6 as the central PDF set [73]. The default W mass is 80.45 GeV and
the default W width is 2.071 GeV. Families of templates are made for W boson widths varied in
50 MeV steps between 1.6 GeV to 3.6 GeV using the reweighting method described above. The
templates are normalized to the number of real W events in data in the region 50 < Mz < 100
GeV, with bins of 2 GeV. The background distributions of QCD and W — 7v events are added

to the templates, and a binned maximum likelihood is calculated for the data. The fitting region
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is chosen to be 100 GeV < M7 < 200 GeV to minimize the total systematic uncertainty. From
the dependence of the likelihood on I'yy (Figure 8.1), we obtain the W boson width and its error
as 'y = 2.011 £0.093 GeV by fitting it with a fourth order polynomial function. The top plot of
Fig. 8.2 shows the data and MC comparison plot with the best W width for Mr.

As a goodness-of-fit test, we compute x2 = Zfil(yi — P;)?/P; for the whole region [50, 200]
GeV, where the sum runs over all 75 bins for this region, y; is the observed number of events in
bin i, and P; is the expected number of events from MC in bin i. We have a x?/d.o.f of 122.6/75
for the whole region, the bottom plot of Fig. 8.2 shows the contribution of x; = (y; — P;)//P; for
the whole transverse mass region.

The top plots of Fig. 8.3, 8.4 and 8.5 show the data and MC comparison plots for electron pr,
E; and pY¥ with the best W width. The bottom plots of Fig. 8.3, 8.4 and 8.5 show the x
contribution from each bin. The x?/d.o.f are 83.1/75, 82.5/75 and 18.9/20 for electron pr, Er
and pl¥ distributions in the whole range. Figure 8.6 shows the data-MC comparison plots for M7

in [100, 200] GeV, electron pr and Er in [50, 100] GeV.

8.4 Systematic Uncertainties

The systematic uncertainties in the determination of W width are due to effects that could alter
the transverse mass distribution. Basically, every input parameter in the MC could cause errors
in the final result. These parameters are in most cases constrained by the Z — ee data; since
there is only a finite Z sample, there is an error associated with each part of the detector model.
Although these errors are considered as systematic errors for the width measurement, they are
really statistical errors which depend on the number of Z events.

To estimate the effects, we allow these input parameters to vary by one standard deviation and
then re-generate the transverse mass spectrum. The procedure is the same as was done to
determine the mean value of W width. If the variation of the W boson width with respect to a
parameter is not symmetric, the error is symmetrized by assigning to it the larger of the two

values. Additional uncertainties arise from uncertainties in the value of the W mass (constrained
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Figure 8.1: Results of the maximum likelihood fit of the data to Monte Carlo templates. Monte
Carlo templates are generated with 'y between 1.6 and 3.6 GeV at 50 MeV intervals. Each point
represents a log-likelihood fit performed over the range 100 < My < 200 GeV. The curve is the

best fit of the likelihood points to a fourth order polynomial. The best value is 2.011 + 0.093 GeV.

to its world average) and from uncertainties in the production model and the parton distribution.
Pending further investigation these uncertainties are taken from our previous measurement [30].
Table 8.1 lists the uncertainties in the measured W width caused by each individual source for
the fitting region 100 < M7 < 200 GeV region, and Table 8.2 shows the uncertainties for the

other two fitting regions 90 < Mt < 200 GeV and 110 < Mt < 200 GeV.
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to QCD + MC W — ev + MC W — 1v with the best W width. Bottom: x distribution for the

fit to the My spectrum.
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Table 8.1: Uncertainties on the W Width Measurement for the fitting region 100 < M7 < 200

GeV.

Parameter Value ATy (MeV)

EM Energy Scale 1.0054 + 0.0010 15

EM Energy Offset (0.038 £+ 0.048) GeV 17

EM Energy Resolution, Sampling | (0.15 + 0.03) GeV*'/? 30
EM Energy Resolution, Constant (4.20 £ 0.23)% 41
HAD Momentum Response 0.67 £0.02 40
HAD Energy Resolution, sampling | (0.80 % 0.20) GeV'/? 50
HAD Energy Resolution, constant 0.05+0.01 7
Primary Vertex (25.00 £ 0.15)cm 10

Calorimeter Position Resolution o, ac: 0.007 £+ 0.007 5

Calorimeter Position Resolution ogae: | (0.007 # 0.007) rad 5
Underlying Event - 47

u); Correction (Aw) (1.78 £ 0.01) GeV 4

u) Efficiency s 0.0044 + 0.0006 1

u) Efficiency ug 0.908 + 0.599 1
Selection Bias — 10

QCD Backgrounds - 3

7Z — ee and W — v Backgrounds — negligible

Py - 29

My — 15

PDF — 27

Radiative Decays AR(ev) 0.20+0.10 3
Systematic Uncertainty - 107
Statistical Uncertainty — 93
Total Uncertainty — 142
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Parameter

Value

My in [90,200] GeV

My in [110,200] GeV

EM Energy Scale 1.0054 + 0.0010 23 15
EM Energy Offset (0.038 + 0.048) GeV 19 16
EM Energy Resolution, Sampling | (0.15 & 0.03) GeV*'/2 37 23
EM Energy Resolution, Constant (4.20 + 0.23)% 45 37
HAD Momentum Response 0.67 +£0.02 51 6
HAD Energy Resolution, sampling | (0.80 % 0.20) GeV1/? 52 24
HAD Energy Resolution, constant 0.05+0.01 3 5
Primary Vertex (25.00 £ 0.15)cm 12 6
Calorimeter Position Resolution o, ac: 0.007 £ 0.007 6 11
Calorimeter Position Resolution o4ee: | (0.007 & 0.007) rad 6 11
Underlying Event — 47 47
u) Correction (Aw) (1.78 £ 0.01) GeV 6 6
u) Efficiency s 0.0044 £ 0.0006 1 2
u) Efficiency ug 0.908 + 0.599 1 1
Selection Bias — 18 10
QCD Backgrounds — 3 4
Z — ee and W — v Backgrounds - negligible negligible
Py - 29 29
Mw — 15 15
PDF — 27 27
Radiative Decays AR(ev) 0.20+0.10 9 8
Systematic Uncertainty — 119 87
Statistical Uncertainty — 79 116
Total Uncertainty - 143 145

Table 8.2: Uncertainties on the W Width Measu

GeV and 110 < M7 < 200 GeV.

r
114

ement for the two fitting regions 90 < My < 200




Chapter 9

Consistency Checks

To verify the stability of the W boson width result, consistency checks have been performed in
which the W boson width is determined from various modified data samples. These samples
include those in which the fitting range was varied, the p¥¥ cut was changed, and different fitting

functions were used.

9.1 Ratio Fit

This method consists of measuring the fraction of events in a transverse mass window which a
Monte Carlo study indicates good sensitivity to the width. The M7 window has been chosen to
be from 100 to 200 GeV; the ratio is defined as the number of events in the window over the
number of events in the total M7 range (50 to 200 GeV). Figure 9.1 shows the results of the ratio
fit of the data to Monte Carlo templates of different W widths. This ratio fit gives a value

2.004 +0.091 GeV.

9.2 Electron pr and F, Spectra

Figure 9.2 and Fig. 9.3 show data and MC comparisons for electron pr and FE; distributions for

events with M between 100 and 200 GeV; good agreement is observed.

9.3 Dependence on Fitting Region

We can use different parts of the transverse mass spectrum for the likelihood fitting. We expect
different fitting regions will give different results, but these results should be consistent with each
other. Since the decay width is sensitive to the high tail region, we expect that fitting only the

high-end region will have a smaller systematic error. However, a smaller fitting region includes
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Figure 9.1: The ratio checking. The dots are the ratio from MC for different W widths, the center
horizontal line represents the ratio from data. The two horizontal lines are for uncertainties. The

intercept of two curves give the value 2.004 + 0.091 GeV.

less events, which results in a larger statistical uncertainty. For the central value, we fit the
transverse mass region from 100 GeV to 200 GeV. If we change the fitting region to [90, 200]

GeV and [110, 200] GeV, the maximum change of I'y is 0.061 GeV.

9.4 Dependence on pi¥ Cut

We change the cuts on p¥ (also known as the recoil momentum u7) and study how well the
Monte Carlo simulation reproduces the variations in the spectra. We split the W sample into
four subsamples with p}¥ <5 GeV, 5 < pi¥ < 10 GeV, 10 < p}¥ < 15 GeV and 15 < p¥ < 20
GeV. Then we determine the W width using the maximum likelihood method described above,
and the results are 1.732 + 0.137 for p}V < 5 GeV, 2.209 + 0.161 GeV for 5 < p¥ < 10 GeV,
2.228 + 0.271 GeV for 10 < p¥ < 15 GeV and 2.145 + 0.455 GeV for 15 < p¥¥ < 20 GeV. Figures

9.4 to 9.5 show the My spectra from the collider data and Monte Carlo simulation for the above
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Figure 9.2: Electron pr distribution for events with 100 < My < 200 GeV (Dots for data, line for
the Monte Carlo simulation. For data, the electron is required to have a matched track, and no

background subtraction is applied).

four subsamples. Although there is significant variation among the shapes of the spectra for
different p¥¥ cuts, the Monte Carlo simulation models them well.

To study the dependence on p}¥, we change the p¥ both in data and MC. For p}¥ < 18 GeV, Ty
derived from the likelihood method changes by 27 MeV; for p¥¥' < 23 GeV, I'yy changes by 7

MeV.

9.5 Dependence on Fitting Function

To get the final W width, we use a fourth order polynomial function to fit the likelihood vs 'y
histogram. As a cross check, we also fit it with a third order polynomial and the width changes

by 4 MeV; if we fit it with a fifth order polynomial, the width changes by 1 MeV.

9.6 Dependence on Instantaneous Luminosity

Figure 9.6 shows the instantaneous luminosity profile of the colliding beams during the W and Z
data collection. To check the dependence of the W width on luminosity, we divide the W and Z

data samples into four luminosity bins L < 0.4 x 10°® em™2s™!, 0.4 < L < 0.6 x 10%° cm~2s7 1,
p y
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Figure 9.3: E distribution for events with 100 < My < 200 GeV (Dots for data, blue line for
the Monte Carlo simulation. For data, the electron is required to have a matched track, and no

background subtraction is applied).

06<L<08x10% cm™2s~! and L > 0.8 x 103° cm~2s~!. Then we determine the W width for
each luminosity bin. The M7 data-MC comparison plots for each luminosity bin are shown from
Fig. 9.7 to Fig. 9.8, and the variation of the fitted W width as a function of the instantaneous
luminosity is shown in Fig. 9.9. Since we use Z — ee events to do the electron energy calibration,
any dependence of the Z peak position and width on the luminosity will bias our results. We also
divide the Z — ee candidates into four luminosity bins and fit the invariant mass distribution
with a Breit-Wigner convoluted with a Gaussian distribution. Figure 9.10 and 9.11 show the Z

peak position and the width of the Gaussian as a function of the instantaneous luminosity.

9.7 Dependence on Calorimeter non-linearity

The average Er for Z decay electrons is about 43.0 GeV while the average Er for W decay
electrons is about 37.6 GeV, so the average E for electrons from Z decays is 5.4 GeV higher
than those from W decay (See Fig. 9.12 (Top)). Since the energy calibration is done with the
Z’s, any non-linearity in the energy response would translate to an incorrect energy scale at the

W. Assuming the pr measurement is linear over the Er range of W and Z events, we can use
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the E/p lineshape to determine the calorimeter non-linearity. The non-linearity over a small
range of Er can be expressed as

% =€ x ABr (9.1)

where the slope ¢ is the calorimeter non-linearity parameter. The near equality of E/p for the W
and Z samples indicates that the calorimeter non-linearity is very small (See Fig. 9.12 (Bottom)).
Since the electron energy response is assumed to be linear in the Monte Carlo simulation, the
difference between the energy responses with respect to electron transverse energy in the data
and simulation reflects the calorimeter non-linearity. Figure 9.13 shows the strong dependence of
< E/p > on electron Er both in the data and simulation, where the mean has been taken over
the interval 0.9 < E/p < 1.2 (See Appendix for E/p studies). The residuals, obtained by
subtracting the MC from the data, are also shown fit to a line. The slope of the residuals is the
calorimeter non-linearity, determined to be 2.882 x 10~* GeV~!. This correction is not applied
to the Z data since the energy scale is derived from the Z data. However, the correction is
applied to the W data and the uncertainty due to the non-linearity of the calorimeter is less than

1 MeV, and is thus negligible compared to other systematic errors.

9.8 Dependence on Calorimeter non-uniformity

For the central EM calorimeter, we have 32 modules and the variation of the energy scale
between different modules will change the transverse mass shape. We divide the azimuthal
direction of the electron ¢(e) into 32 bins corresponding to the 32 azimuthal modules. Figure
9.14 shows the fitted W width values versus ¢ module. Also shown in Fig. 9.15 is the energy
scale determined from the electron pr spectrum from W — ev events versus ¢ module. Figure

9.16 shows M7 data-MC comparison for one typical module (Module 18).
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Chapter 10

Conclusions and Future Prospects

In this dissertation, we describe a direct measurement of the W boson total decay width Ty,
using 117.3 pb~! data collected at D@ during the Tevatron 2002 - 2003 run. The result is

T'w = 2.011 + 0.093 (stat) £ 0.107 (syst) = 2.011 £ 0.142 GeV. Compared with our Run I
measurement, Ty = 2.231 £ 0.172 GeV, done with 85 pb~! data collected at Run Ib, the total
uncertainty has decreased by about 30 MeV. Figure 10.1 shows the W boson width results
compared with the SM prediction, as well as with previous measurements. Qur result is
consistent with the SM and shows no evidence of new physics.

This analysis has a large statistical uncertainty, with an expectation of about 2 fb~! in the Run
IT, we will have at least 10 times more W’s and Z’s. Assuming the statistical uncertainty scales
as 1/V/N o 1/V/L, the statistical uncertainty will reduce to around 30 MeV for 2 fb=! of data.
Due to the rapid decrease of M in the tail region, only a small fraction of the events can be used
for fitting. In the W — ev sample used in this analysis, we have 625 events with 100 < Mt < 200
GeV (0.81%) and 2,356 events with 90 < M7 < 200 GeV (3.10%). In Run I, the fitting region
was chosen to be 90 - 200 GeV to have more events in the high tail region. Since currently the
performance of the calorimeter is worse than Run I, we decided to choose the fitting region to be
100 - 200 GeV to avoid the transverse mass region affected by the calorimeter energy resolution.
Now we are working on a more precise calibration of our calorimeter, and we have already found
several sources that contribute to the large constant term. We expect that we can recover the
Run T calorimeter performance within the next year or two. After that, we may be able to use
the Run I fitting region to get a smaller statistical uncertainty of about 20 MeV. In addition, it
should also be possible for D@ to make this measurement in muon channel, reducing the
statistical error even further.

The biggest systematic uncertainties for the W width measurement come from our understanding
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of the response and resolution of the electromagnetic and hadronic calorimeters, the underlying
event contribution and the production model. These effects are parameterized in the Monte
Carlo simulation, where most of these parameters were determined using Z — ee data. With at
least 10 times more Z’s, we should be able to determine these parameters more accurately. Also,
we require each electron to have a matched track for the Z — ee candidates used for the
calibration of the Monte Carlo simulation. In the future, we can relax this to at least one track
match for the two electrons, which will increase the Z — ee size by about 20%, though the QCD
background will also increase to about 5%. If all systematic uncertainties scale as 1/ VN 1, the
total systematic uncertainty is expected to be around 40 MeV for 2 fb~!.

Work is currently being done to try to reduce the theoretical uncertainties arising from NLO
electroweak corrections, p¥ modeling ? and the PDF’s 3, and these uncertainties are also
expected to be reduced significantly within several years.

One of the most important measurements that can be done at the Tevatron is to determine the
W boson mass, which can be used together with the measured top mass to constrain the
unobserved Higgs mass (discussed in Sec. 1.3.2). The W mass measurement uses the same
method as the W width measurement (discussed in Sec. 1.4); by performing the width
measurement, we have gained more understanding of the performance of the D@ detector and

the systematic uncertainties for the W mass measurement.

Lthe only source of uncertainties in this measurement not expected to scale statistically with the size of the data

set is from parton distribution functions (PDF).
2increase in the number of Z — ee events will help us to constrain the p%v model.

3use W charge asymmetry to constrain PDF sets.
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the W boson width, the shaded region indicates the predicted W width value.
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Appendix A

Discussion about the Constant Term

Unfortunately, compared with Run I, the CC EM calorimeter has poor energy resolution, the
constant term is 4.2% in Run II compared with 1.6% in Run I. Since the constant term reflects
how well we understand and calibrate the entire calorimeter, there are many sources that contribute
to the constant term. I will use this appendix to discuss the possible sources and the work we are

currently doing to improve the constant term.

A.1 Electronics Noise

A.1.1 Design Goal

The main design goals for the Run II calorimeter electronics were to minimize the noise
contributions in the new environment and to maintain the calorimeter readout performance. The
shorter shaping time in Run II (from 2.2 us to 400 ns) increases the electronics noise by a factor
that scales as 1/v/t = 2.3. The two FET inputs of the preamplifier give a reduction of

VNrer = V/2, the electronics noise performance is expected to be about 1.6 times that for Run
I. The shorter shaping time decreases the contribution from the uranium noise and from the
pile-up effects by a factor of 2.3. The pile-up contribution also increases with the higher
instantaneous luminosity as VL (about a factor of 3), so the noise contribution due to pile-up
will increase by a factor of 3 x 1/2.3 = 1.3. The overall noise performance expected is about the

same as that for Run I.

A.1.2 Electronics Calibration

As mentioned in Sec. 6.1, we measured the response of each channel using the pulser signal.
There are several differences between the calibration signal and the physical signal. For example,

it is not possible to generate a calibration signal which accurately mimics the physical signal, the
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Electronics noise: 1 x1.6 1 x2.3 Shaping time (2 s — 400 ns) (~ v/t )

1 +v/2 Lower noise preamp (2 FET) (~ 1/v/Nrgr)

Uranium noise: | +2.3 1 +2.3 Shorter shaping time (~ v/t )

Pile-up noise: 1 x1.3 1 x3 Luminosity (~ v/L )

1 +2.3 Shorter shaping time (~ v/t )

Table A.1: Electronics Noise Performance.

physical signal is a triangle signal with ~ 400 ns drift time, while the calibration signal is an
exponential signal with a short decay time. Moreover, due to reflection, the calibration signal is
more sensitive than the physics signal to cable length and cell capacitance variations. Thus, it is
almost impossible to simulate exactly the physics signal using the calibration signal. Even
though a complete simulation of the calibration signal and physical signal shapes exists [64], we
still can not correct the variation of the physical signal with an accuracy better than 1%.

We tuned the timing to sample the shaped calorimeter signal at its peak. The timing
measurement was done by taking 3 samples of the same signal, with the nominal peak sample
taken at the point defined by the trigger, an early sample taken 132 ns earlier and a late one 132
ns later. By comparing the ratios of these three samples with a simulated model, we can
accurately determine the nominal sampling position with respect to the shaped signal peak. We
have measured that the channel-to-channel variation of the nominal sampling time is less than 10
ns, which implies less than 0.1% variation in the peak sampled value due to timing differences

[74].

A.1.3 Coherent Noise

Coherent noise will also contribute to the constant term, when summing up the readout of a
large number of channels. Initial measurements have been performed to check this in the readout
electronics. The idea is the variance of the sum of two or more random variables is equal to the
sum of each of their variances only when the random variables are independent, o2 4

— 2 2
y—oz—i—oy.
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Figure A.1: Comparison of physical signal (the histogram with only one peak) and calibration

signal (the histogram with two peaks).

However, if there is some correlation between variables, then the variance will be

024y = 02 + 204y + 0, thus we can quantify the correlation by comparing the sum of the
individual variances to the whole. Pedestal data were recorded during a pedestal run and
analyzed to measure the individual channel noise and the channel-to-channel correlated noise.
The distribution of correlation coefficients for pairs of channels in one BLS crate is shown in Fig.
A 2. These coefficients follow a mostly Gaussian distributions with a width ~ 0.07 for a 2,000
event run [75]. There are still some deviations from the Gaussian, which implied that the

coherent noise between channels still exists.

A2 Operation and Maintenance

During the data taking period, we regularly check the entire readout by checking the mean values
of pedestals and the noise for every channel, as well as the response of every channel to the
injected calibration pulses. Efforts are made to fix bad channels and maintain the percentage of
bad channels within 0.1%. These are channels randomly distributed over the entire detector and

are suppressed during data taking.
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Figure A.2: Normalized pair-wise correlation coefficients based on pedestal ADC counts for all

4608 channels in one ADC crate.

A.2.1 Liquid Argon Monitoring

The purity of the liquid argon is critical to the detector performances as electronegative
contaminants (e.g. oxygen and nitrogen) can combine with electrons traversing the gap and can
severely impact the energy measurement. Radioactive sources are used to monitor these level.
Each of the three calorimeter cryostats is equipped with four 24! Am sources with an activity of
0.1 uCi and four 196Ru sources. Three of the beta sources in each cryostat now have very low
levels of activity (< 1 Bq), ten years after the initial detector construction. One slightly stronger

source has an activity of about 4 Bq [40].

A.2.2 Hardware Problems

During the three years’ run, we fixed many problems with the calorimeter hardware, but we also
introduced some new problems: Energy Sharing problem [76], Tower 2 problem [77], calorimeter
cable swap, etc. These problems are most related to the electronics and affects a large fraction of
the data used for this analysis. As an example, Fig. A.3 shows the electron candidate 74et vS @get
distribution for runs 179762 to 180956. Some calorimeter regions are not working or at least not

working properly. For these analysis, if an electrons is located at these regions, the whole event is
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not used. This will not affect the electron energy resolution, but since it definitely has an effect

on FEr resolution. Fortunately, most problems can be fixed or partially fixed offline.

‘ phi vs eta of loose electrons > 25GeV, 179762 <= run <= 180956 |
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Figure A.3: nget VS g calorimeter plots for runs 179762 to 180956. Hollow boxes are regions cut
out, blue solid boxes are inefficient cells (lightest < 60% normal, darkest < 20%), orange have at

least twice normal acceptance.

A.3 Clustering Algorithms and T42

The clustering algorithm used in this analysis is the Simple Cone algorithm (SC), and there is
another energy flow algorithm (CellNN) [78] available in D@. The energy flow algorithm is
designed to reconstruct the flow of energy in an event, producing a list of energy flow particles.
Instead of using a fixed cone size in SC algorithm, CellNN clusterize cells layer by layer and then
builds cluster by association of the floor clusters. It is particularly powerful for reconstructing
electrons inside a jet. The CellNN calibration is derived from single particle MC events. Initial
studies have been performed and showed that calibrated CellNN algorithm has almost the same
EM resolution as the SC algorithm.

The performance of these two algorithms is strongly influenced by the quantity of noise cells
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present in the event. The number of noise cells depends on the zero-suppression cuts applied
online and offline. For this analysis, we use 2.0 o online and 2.5 ¢ offline, and very recently people
proposed using an algorithm from H1 experiment called the T42 algorithm, which makes use of
two thresholds, typically 4 and 2 sigma. The primary objective of the algorithm is to discard
isolated low energy cells, since they are associated to first approximation with noisy cells. For the
T42 algorithm, an isolated cell is considered ”noise” and thus discarded if it is not ”signal-like”
and if it has no ”signal-like” 3-d neighbor, or if it has a negative energy. A cell is considered
”signal-like” if its energy is above a relatively high threshold: +4o typically [79]. The T42
algorithm is found to improve the jet energy resolution significantly, but gives only a very small
improvement on the electron energy resolution. Figure A.4 shows the invariant mass distribution
for electrons from Z — ee events with and without the T42 algorithm applied; the Z width only
changes from 3.58 GeV to 3.55 GeV. The resolution of the missing transverse energy improves

4.91 GeV to 4.68 GeV, and the z and y components of F are becoming more centered [80].
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Figure A.4: Invariant Mass distribution for Z — ee events without (Left) and with (Right) T42

algorithm.
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A.4 Offline Calibration

A.4.1 Calorimeter non-uniformity and ¢ intercalibration

As can be seen in Sec.9.8, the response of the 32 central EM modules are not uniform, and this
will have a significant effect on the constant term. Further studies showed that within each
module, the response for each ADC card is different. For example, Fig. A.5 shows the average
E/p distribution for electrons from W decays inside each ADC card within four different ADC
crates [81]. A large dispersion within each crate is seen.

Calorimeter non-uniformity studies are currently undergoing, which look at minimum bias events
using the so-called ” ¢ intercalibration” method. The goal is to obtain a better than 1%
calibration. One of the reasons we choose to use minimum bias events is because there are plenty
of them, but the disadvantage is that the energy deposition per cell is typically 50-100 MeV, and
it is hard to give conclusive results when extrapolate these to high energy. The idea of ¢
calibration is based on the fact that since the pp beams in the Tevatron are not polarized.
Therefore, the energy flow in the direction transverse to the pp beams should not have any
azimuthal dependence. Any ¢ dependence must be the result of instrumental effects. By
applying energy scale corrections for each cell, we can equalize the average energy in each ¢

module. Currently this study is one of the most highest priority projects in D@ [82].

A.5 Preshower Detectors

With the introduction of the solenoid and the preshower lead converters into the cavity of the
D@ tracker, the amount of material a particle encounters before hitting the first layer of the
central calorimeter has increased significantly. Therefore to optimize the energy response, the
contributions from the preshowers must be included. Figure A.6 shows the improvement of the
energy reconstruction for soft electrons with Ep = 2 GeV, comparing the reconstruction with and
without the CPS detector. Since the CPS and FPS detectors are still under commissioning, the

energy deposited in the preshower detector is still not included in this analysis. Once we have
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Figure A.5: E/p distribution for electrons from W — ev candidates for crate 2 (Top Left), crate
3 (Top Right), Crate 8 (Bottom Left) and Crate 9 (Bottom Right). Each point represents the

average E/p for electrons located inside one of twelve ADC cards within one ADC crate.

more understanding of the preshower detector performance, we hope that the electron energy

resolution will be improved.
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Figure A.6: Simulation of the improvement obtained on the electron energy resolution with the

D@ calorimeter including the Central Preshower detector for electrons at Ep = 2 GeV.
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Appendix B

E/p Simulation

Calorimeter non-uniformity and calorimeter non-linearity are determined from a lineshape
comparison of the observed E/p distribution for electrons from W — ev to a Monte Carlo
prediction of this distribution [83]. The electron may lose energy to photons either as it is
created from the W decay (internal bremsstrahlung) or as it passes through material (external
bremsstrahlung). Since the associated photons are usually collinear with the electron, they often
form one EM cluster in the calorimeter, so that the energy response is relatively unaffected by
the bremsstrahlung process, while the electron momentum p measured by the tracker is typically
lower than the electron energy E measured by the calorimeter, producing the long tail in E/p.
We divide the E/p distribution into three regions: the low E/p region (E/p < 0.9), peak region
(0.9 < E/p < 1.2) and the high E/p region (E/p > 1.2). For events in the low E/p region, the pr
measured by the tracker is mis-measured. Figure B.1 shows the M7 distributions for events with
E/p < 0.9 (using calorimeter Er and tracker pr) superimposed on events with E/p in the peak.
The similarity of the two histograms (red dots and black line) indicates that events in the low-end
E/p tail are not background events, and it also indicates that the low-end E/p tail is not a result
of E7 mismeasurement. The histogram with blue triangles is the My distribution calculated
using pr instead of Er. Since My (Cal) for the low E/p events is not shifted, we expecte that
My (track) is. From Figure B.1, the low-end events are clearly shifted toward higher My (track),
which indicates that the low E/p events are the result of pr being mismeasured high.

As mentioned before, the high tail is due to the bremsstrahlung, and we also use a fast Monte
Carlo to simulate this bremsstrahlung process as described by Tsai [84]. Electrons are stepped
through the material from the beam line through the SMT and CFT, and we randomly choose at

each step whether a bremsstrahlung occurred or not. If we step through dt radiation length, then
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the probability of creating a bremsstrahlung photon is given by:

dt x / p(y)dy (B.1)

min=0.001
where y is the fraction of the electron energy given up to the photon, and ¥4, is the minimum

value of y we choose to simulate. p(y) is the distribution of y and is given by

(1-y)(5+3%) +y
y

p(y) = (B.2)

If we decide that a photon bremsstrahlung occurred, then we generate a photon which takes away
the fraction of the electron energy given by y, where y is generated according to p(y). We then
adjust the track pr and continue stepping through the material.

Since we do not know material distribution for Beampipe+SMT+CFT yet, the amount of
material is measured from the size of the E/p “tail” relative to the “peak”. The value of

number of events with 1.3 < E/p < 1.8
number of events with 0.9 < E/p < 1.2

(B.3)

is measured to be (18.767 £ 0.173)% in data. For the simulation to reproduce this tail, the
amount of material should be 26.5% radiation lengths.

One may also look for anomalous behavior of the amount of material for different ranges of
electron E7. A significant disagreement could indicate inadequate modeling of the electron Er-
spectrum, the bremsstrahlung and/or the tracker pr measurment. Table B.1 compares the tail
fraction between data and Monte Carlo simulation for six electron Er regions, there is no
significant pattern of disagreement between data and simulation.

For events in the peak region, the peak position is determined by the electron energy scale and
track momentum response, the width is determined by the electron energy resolution and track
momentum resolution. The electron energy scale and energy resolution are determined as before
using the maximum likelihood method, the track momentum response and track momentum

resolution are determined using J/¢ — pp and Z — pp events [85):

1/pr Pr B?
= [A2=L B.4
1/pr \/ A + Lsin(0) (B-4)
pr(final) = pr(smear)/C (B.5)
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Range (GeV) | ratio(data)(%) | ratio(simulation)(%)
25 < Er <30 | 15.59+0.42 15.10+£0.33
30<Er<35| 16.64+0.33 16.30 £ 0.26
3b< Er<40| 17.25+0.30 16.87 £+ 0.23
V< Er <45 | 20.34+0.42 20.11+0.33
45 < Er <50 | 24.57+0.81 23.91 £+ 0.66

Er > 55 33.68 + 0.97 32.25+0.78

Table B.1: Energy dependence of the size of the tail of E/p spectrum relative to its peak.

and A =0.00277 + 0.00010, B = 0.0258 £ 0.0008 and C' = 1.008 % 0.002.
Figure 6.15 shows the E/p lineshape comparison between data and Monte Carlo Simulation.

Good agreement between data and MC simulation is observed.
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Figure B.1: My distributions for W events (Dots for events in peak region, line for events in low
E/p region (Using calorimeter E7) and triangles for events in low E/p region (Using tracke pr)

The histograms are normalized to the number of events with E/p < 0.9.
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