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ABSTRACT

SEARCH FOR LARGE EXTRA DIMENSIONS WITH DIPHOTON EVENTS AT
CDF

By

Simona Murgia

In spite of its undisputed success, the Standard Model is not a theory of everything
as it does not incorporate gravity. Gravity is the weakest of all forces and its strength
becomes comparable to the remaining forces at energies of the order of the Planck
scale, at approximately 10!° GeV and the Standard Model is viewed as an effective
theory at energies below this scale. Recently, a model of large extra dimensions has
been formulated by Arkani-Hamed, Dimopoulous, and Dvali that claims that the
electroweak scale (approximately 1 TeV) is the only fundamental scale in nature and
the fact that the Planck scale appears so large is an artifact of the existence of extra
dimensions in which only gravity propagates. This theory can be tested at existing
collider experiments, where energies sufficiently high to probe the extra dimensions
can be achieved. In particular, the existence of extra dimensions can manifest itself
with production of Standard Model particles through graviton mediated processes
and thus it predicts an enhancement of production cross sections at high invariant
mass. The goal of this work is to search for an excess in the 100 pb~! of diphoton
data collected with the Collider Detector at Fermilab at /s = 1.8 TeV during the
1992-1996 run. No excess is observed and thus we place a 95% confidence level limit
on the Planck scale in the bulk extra dimensions Mg of 899 GeV for constructive

interference and of 797 GeV for destructive interference (Hewett convention).
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Chapter 1

The Standard Model

1.1 Introduction

The Standard Model (SM) is the theory of the particles and the interactions that
are ultimately responsible for building the universe we live in. The Standard Model
has so far been very successful in explaining the phenomena we observe in nature
and its validity has been confirmed when the model led to several predictions that
were verified by the experiments, including the discovery of the top quark in the
mid-nineties and of the W* and the Z° gauge bosons about 10 years earlier. The
last milestone of the Standard Model would be to discover the Higgs boson which has
eluded the experiments so far. Although the model is built on very solid grounds,
some questions are still unanswered and more work is being done that will either
confirm the SM or lead to the discovery of new physics through the common effort
of theoretical and experimental particle physicists. In this chapter we will highlight
the important parts of the Standard Model[1]. In the next chapter, shortcomings of
the Standard Model will be discussed and the theory of Large Extra Dimensions by
Arkani-Hamed, Dimopoulos, and Dvali (8], that among other theories attempts to

address these issues, will be introduced.

The goal of the analysis presented in this dissertation is to search for large ex-

1



tra dimensions by studying prompt (or direct) diphoton production at the Tevatron
Collider Detector at Fermilab (CDF) and looking for a deviation from the Standard
Model prediction that arises from graviton-mediated diphoton production, where the
gravitons can propagate in the extra dimensions. The last few sections of this chapter
will be devoted to explaining prompt diphoton production in the Standard Model.
Diphoton production in the presence of large extra dimensions will be addressed in

the next chapter.

1.2 Gauge Invariance

In particle physics, it is of fundamental importance that requiring invariance of the
theory under transformations in internal spaces dictates the form of interactions be-
tween fields, i.e. interactions and their associated currents can be derived. Gauge
invariance also leads to quantities being conserved. So far three symmetries have been
discovered in nature. They are U(1), SU(2), SU(3). Why it is these three particular
transformations and if there are more symmetries yet to be discovered is at this time

unknown.

The Lagrangian for fermions can be written starting from the Dirac action and
substituting the covariant derivative for the regular space-time derivative in order
to preserve local gauge invariance under U(1) x SU(2) x SU(3) transformations.

Formally, the covariant derivative can be written as:
D,,=6,,+z'g1zB,,+igzerj+ig3z\“G“, (1.1)
2 B B
where g1, g2, g3 are the strengths of the respective interactions. The last three terms
are added to preserve the invariance of the Lagrangian under transformations of the
fields of the kind:

U(z) = @ ¥(r), (1.2)
2



where a is the space-time dependent phase of the transformation and T are the
generators of the transformation. The index a runs from one to the number of degrees
of freedom of the transformation and there is a vector boson associated with each

degree of freedom.

The first term in equation 1.1 is the space-time derivative. The second term is
added to preserve invariance under U(1) transformations. B, is the spin one field
that is introduced to preserve invariance and Y is a constant that represents the
hypercharge and can be different for the different fermions. B, couples to Y with
strength g,. The third term guarantees invariance under SU(2) rotations in the
weak isospin space. The three vector bosons associated with these transformations
are W,{ (j=1,2,3), and the 77 are the generators of the transformation. In matrix
representation the 77 are 1/2 times the Pauli matrices. W‘{' couples to the weak
isospin with strength g,. As it will be explained in section 1.4, the U(1) x SU(2)

symmetry is broken and the B and W fields mix:

A* = B*cosfw + W sin by (1.3)
Z*¥ = —B*sinfy + W4 cosfw (1.4)
with:
tan Oy = ﬂ, (1.5)
92

where 6y is the Weinberg angle and determines the mixing between the B* and W}
currents. A* represents the spin-1 vector boson for the electromagnetic interaction,
the photon. A* couples to the electric charge @ = 73+Y/2 (73 is the third component
of the weak isospin of the fermion) with strength e. The quantum field theory of the
electromagnetic interaction is called QED (quantum electrodynamics) and is a well

understood theory. Z, represents the neutral current interaction carried by the Z°

3



boson. Z* couples to Qz = (7% — @Qsin? 8y ) with strength e/(sinfy cosfy ). The
remaining SU(2) fields (W}, W§') provide the charged weak interaction carried by the

W#* bosons and couple with strength g, to 7! and 72.

Finally, the fourth term in equation 1.1 preserves SU(3) invariance which is re-
sponsible for the interaction between particles that have a color charge. The color is
a property that strongly interacting particles carry, analogous to the electric charge
for electromagnetic interaction. Its vector bosons, G} (a=1,..,8), are eight gluons
and couple to color with strength g;. The eight fields differ by the combination of
color they carry. The quantum field theory of strongly interacting particles is known
as QCD (quantum chromodynamics). QCD is reasonably well understood at high

energies, but poorly understood at low energies.

1.3 Particles and Interactions

The framework of the Standard Model consists of particles and their interactions. We
have explained how the invariance of a theory with respect to gauge transformations
implies the existence of associated fields that describe the interaction between the
particles in the theory. In perturbative quantum field theory the interactions are
described as the exchange of field quanta, the vector bosons. The vector bosons are
all spin one particles. The photons and the gluons are massless, while the Z° and the
W2 are massive. Vector bosons do not make the building blocks of matter, but they
are ultimately responsible for holding it together. The vector boson masses are listed

in table 1.1.

Matter is made out of fermions. Fermions are spin % particles and are divided into
leptons and quarks. Left-handed leptons are SU(2) doublets. In matrix notation, the

upper component of the doublet is the left handed neutrino and the lower component



is the left handed electron:

L= (”C)L. (L6)

€

Because of the Higgs mechanism (see section 1.4), SU(2) invariance is broken which
allows us to physically distinguish ey and v,. If the symmetry were exact, they would
be indistinguishable. The neutrino is neutral and thus does not interact electro-
magnetically (in other words it does not couple to photons) while the electron has
charge —1 and interacts with other charged particles through the exchange of pho-
tons. Under rotation in the weak isospin space, left handed neutrinos turn into left
handed electrons through the charged current interaction, i.e. the exchange of a W
boson. In addition, left handed leptons couple to the Z by making the transitions
er, = Z%y, vi = Z%y possible. Right handed neutrinos do not couple weakly and
strictly speaking are not included in the Standard Model. As a consequence in the
Standard Model neutrinos are massless and their interactions violate parity. Right
handed electrons form singlets in the weak isospin space and thus do not interact
with the W boson. However neutral current interactions via Z exchange are allowed.

Leptons are colorless and do not interact strongly.

Quarks feel the electroweak interaction in much the same way as just described
for the leptons. Left handed quarks form doublets in the weak isospin space. The
upper component of the doublet is the left handed up quark and the lower component

is the left handed down quark:

QL= (Z)L. (1.7)

The right handed up and down quarks are weak singlets. Just as described for the
leptons, charged current transitions are not allowed for up and dg. Up and down

quarks are electrically charged and thus couple to photons. Furthermore, they form



triplets in the SU(3) color space:

ar
a=14g |- (1.8)

®
The subscripts r,g and b refer to the color charge (red, green and blue). Particles
carrying color charge interact through the exchange of gluons. Since gluons themselves
carry color, they interact with each other. This property of the strong interaction
leads to the concepts of confinement and asymptotic freedom. Confinement refers
to the observation that quarks and gluons do not exist in a free state and will be

explained in section 1.5.1. Asymptotic freedom is a consequence of the fact that the

strong coupling a, runs with the energy scale (at leading order):

127
(33 — 2ng) In o

QCD

(1.9)

as(p) =

In equation 1.9, u is the energy scale, Agcp is the scale where QCD becomes strong
(Agcp ~200 MeV), and ny is the number of light quark flavors. Equation 1.9 dictates
that at large 2 (high momentum transfer or, conversely, small distances) a, becomes
smaller and thus quarks behave more and more as if they were free. On the other hand,
as p? decreases, a, becomes larger. For p? — A2QCD, o, is very large, confinement
occurs and quarks form colorless bound states called hadrons held together through
the strong force. Bound states of a quark and an antiquark are called mesons and
have integer spin, while bound states of three quarks are known as baryons and have
1/2-integer spin. Quark masses are measured by probing hadrons and depend on the

energy scale.

The only leptons we have mentioned so far are the electron (e) and the electron
neutrino () and the only quarks are the up and the down quarks. These fermions

constitute a family in the Standard Model. The Standard Model includes three
6
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Table 1.1: Vector boson masses[4].

Particle =~ Symbol Mass (GeV)

Photon A 0 Electromagnetic Force
W Boson W% 80.42 Charged Weak Force
Z Boson VA 91.188 Neutral Weak Force
Gluon G 0 Strong Force

families. The second and the third families have exactly the same quantum numbers
and gauge interactions as described previously for the first family, but heavier masses.
Each family consists of up- and down-type quarks and a lepton and its neutrino. It
is important to point out that although the three families carry identical quantum
numbers, thus interacting in exactly the same way, the Universe around us is made
out of only the first generation fermions. The rest of the particles can be produced
in nature, created in the upper atmosphere by interaction with high energy cosmic
rays or in accelerators, but are very short lived. To complete the picture, for every
particle there is a corresponding antiparticle that has the same spin as the particle,
but opposite charges. A summary of quark and lepton masses can be found in table

1.2. The quantum numbers for the fermions in the first family are listed in table 1.3.

1.4 Electroweak Symmetry Breaking

We have seen in the previous section that photons and gluons are massless while the
W+ and Z° bosons as well as the fermions are massive. Mass terms cannot be inserted
by hand in the Lagrangian as they would break gauge invariance. On the other hand,
gauge invariance must be a property of the Lagrangian otherwise unrenormalizable

divergences would appear in the theory in loop calculations. The Higgs mechanism
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Table 1.2: Lepton and quark masses|[4].

Particle Symbol

Pole Mass (GeV)

Electron neutrino
Electron

Up quark

Down quark

Muon neutrino
Muon

Charm quark
Strange quark

Tau neutrino
Tau

Top quark
Bottom quark

Ve

ST

Coﬁttt

St~ 3

0
0.00051
0.001 to 0.005
0.003 to 0.009

0
0.106
1.15 to 1.35
0.075 to 0.170

0
1.78
174

4.0 to 4.4

First
Generation

Second
Generation

Third
Generation

Table 1.3: Quantum numbers of the fermions.

Particle

Ver,
€L

ur
dg

€r

Up

dr

Q Y C
0 1/2 -1 0
1 -1/2 -1 0
2/3 1/2 1/3 r,g,b
1/3 -1/2 1/3 1,g,b
-1 0 -2 0
2/3 0 4/3 1,g,b
-1/3 0 -2/3 r,g,b




solves this problem by giving masses to the W, Z, and the fermions while leaving
the photon and the gluon massless. This is achieved by introducing a spin-zero field
which is a SU(2) doublet that does not couple strongly and has hypercharge Y = +1.
This is the Higgs doublet:

¢1 + 3¢2
= ¢3 + l¢4 (1.10)

where ¢,,¢9,03, and ¢4 are real fields. Let us consider this field in a potential V. The

general renormalizable form for V is:
V(g) = po'e + M¢'9)?, (1.11)

where u and A are arbitrary constants. One proceeds to find the minimum of the
potential and subsequently to expand the field ¢ around the minimum. For u? >0
the potential has a minimum at ¢'¢ = 0 and this case is not interesting as the
symmetry is unbroken and everything remains massless. However, by choosing u? <0,

the minimum of the potential is:

2

'U2

There is more than one minimum that satisfies equation 1.12 and thus there is a set
of vacuum expectation values (vev’s) corresponding to each choice obeying equation
1.12. Choosing one minimum is what breaks the U(1) x SU(2) symmetry. This is
easier to visualize in the case of a real scalar field. In this case there are two possible

minima of the potential, +v. The potential is sketched in figure 1.1.

By choosing ¢, = ¢ = ¢4 = 0 and ¢3 = v, the ground state is:

$o = \/g(g) (1.13)

The next step consists of expanding ¢ around the minimum:

9
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Figure 1.1: Sketch of the potential energy for a real field ¢.

where H is the physical Higgs particle. ¢;, ¢, and ¢4 would correspond to massless
boson fields introduced by choosing a direction in the ¢ space thus breaking three
global symmetries. They do not correspond to physical particles and are incorporated
in the W* and Z° by field redefinitions to provide the longitudinal polarization states.

Substituting ¢ in the Lagrangian, introduces mass terms for the W and the Z:

My = Ung (1.15)

My = %v\/m (1.16)
v can be extracted from experimental measurements and its value is 246 GeV. The
photon field A# remains massless as the U(1) symmetry is not broken. By the same
mechanism, the Higgs field acquires a mass itself myo = v/2Av2. Fermions acquire
their masses by interacting with the Higgs field. Since the Higgs is what introduces
masses, its coupling to particles is proportional to the mass of the particles, thus the

heavier is the particle, the stronger is the strength of the coupling to the Higgs boson.

1.5 Highlight of the Parton Model and Diphoton
Production in pp Collisions

At the Fermilab Tevatron, protons collide with antiproton beams with a center of

mass energy of 1.8 TeV. At these energies, the constituents of the protons and of
10



the antiprotons are capable of producing hard scatterings, i.e. high momentum in-
teractions between their constituents. This very fact, that hadrons are not point-like
particles, makes it difficult to compute cross sections in hadron collisions. In section
1.5.1 the parton model will be briefly introduced and the factorization theorem will
be discussed to explain how cross sections are calculated in hadron collisions[2]. In

section 1.5.2, diphoton production in a hadron collider will be briefly discussed|3].

1.5.1 Parton Distribution Functions and Fragmentation

Electron-proton deeply inelastic scattering (DIS) experiments have probed the struc-
ture of the proton and have demonstrated that protons are not point-like particles.
When the momentum of the photon in the electron-proton interaction is large and
thus the wavelength is small enough to discern the partons inside the proton, the
measured cross-section is approximately independent of the momentum transferred
¢®> = —Q?, while it only depends on the fraction of the proton momentum z carried
by the interacting parton (this is known as Bjorken scaling). This occurs only if the
partons in the proton interact with the photon as point-like free particles (the fact
that partons inside the proton act as free particles when probed at high energies, is
a result of asymptotic freedom, described in section 1.3). The cross section for the
process can be factorized into the product of the cross section & for the photon-parton
hard (i.e. high momentum) scattering, the parton distribution functions (PDF’s) and
the fragmentation functions. & can be calculated perturbatively from first principles,
while the PDF’s and the fragmentation functions represent the low momentum, large
distance non-perturbative (high a,) part that cannot be calculated from first princi-
ples but can be measured. Proton PDF’s measure the probability for the partons to
have a fraction of the proton momentum z. The PDF’s are universal, meaning that

they can be measured for a certain DIS process, but they can be used in calculations
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of the cross section for other processes (to measure PDF’s constraints from data are
added to a fit). It is possible to extrapolate the PDF’s to different values of Q? if they
are known at a particular value of Q? and r through evolution equations (Altarelli-
Parisi equations determined from perturbative QCD). Different sets of PDF’s exist,
and the most popular are from the CTEQ and the MRS groups. In the framework
of the parton model, the proton contains two up quarks and a down quark. These
are called valence quarks. In addition, since quark-antiquark pairs (including strong,
charm, and bottom) can be created, additional quarks are present in the proton,
and they are called sea quarks. Unlike the sea quarks, the valence quarks determine
the quantum numbers of the proton exclusively. However DIS experiments have also
shown that at high momentum transfer only about half of the proton momentum
is carried by quarks, while the rest is carried by gluons, that are also part of the
sea (photons do not interact with the neutral gluons and thus cannot probe their
momentum directly). The proton parton densities show that the quark-gluon sea is
dominant at small z, while at larger x, valence quarks have most of the momentum

and thus little phase space is left for the sea quarks and gluons.

As a result of higher order contributions from perturbative QCD, when real gluon
emission or virtual gluon exchange is included, scaling is violated and terms like In Q>
appear in the cross section and must be resummed (they produce soft and collinear

singularities).

When looking at the scattering from the other end, i.e. from the products of the
interaction, it is necessary to introduce the concepts of jets and fragmentation (or
hadronization). The strong potential between two color objects, say a ¢g pair, in-
creases approximately linearly with the distance. This implies that the force between
the color charges is constant (this is a consequence of gluon self interaction, i.e. the
gluons exchanged between the pair also interact with each other strengthening the

12



color field as the particles are pulled apart) and thus the work necessary to pull apart
the color charges increases with the distance. When the distance is large enough
that it is energetically favorable to produce another ¢g pair, the color string snaps
and a gg pair is generated. This leads to confinement. The ¢g pairs then recombine
to form color singlets and thus quarks or gluons cannot be observed in a free state.
Instead, they produce a shower of hadrons called a jet, approximately collinear with
the parton, which ultimately is detected in the experiment. This process is called
fragmentation or hadronization as the quarks cannot be pulled further apart than
about 1 fm without fragmenting into color singlet states. The fact that a quark car-
ries color, while the fragments in the jet are all color singlets (otherwise they would
not exist in a unbound state), raises a problem as it appears as if the color charge
were not conserved. This is a non-perturbative problem currently impossible to solve,
but basically the fact that the quark also interacts through color exchange with the
spectator partons and other color fluxes in the event ensures that the color charge is

conserved.

Analogously to the definition of PDF, in the case of fragmentation one defines frag-
mentation functions. These functions represent the probability for a certain parton
to fragment into a hadron with a certain fraction of the parton energy. Fragmenta-
tion functions are not calculable pertubatively as hadron formation originates at long

distances and is not perturbative (same as for PDF’s).

At the Tevatron, high energy proton-antiproton collisions occur. The discussion
carried out at the beginning of this section for DIS experiments, can be applied
to hadron-hadron collisions. When proton and antiproton collide at high energy,
the constituent partons of the proton have enough energy to see the partons in the
antiproton and a hard scattering occurs. By convolving the cross section for the hard
scattering process with the PDF’s (and because of the factorization theorem which
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guarantees that the long distance physics is universal, the same PDF’s measured in
DIS experiments for the proton can be used), the cross section for a generic interaction

pp — C + X, where C and X are the final state particles, can be written as:

Ec

do
p = C+X)=3 / dzadzsd2:Ga/p(Ta, 1) Go/p(Th, 1) (1.17)
abed

§ do I
xDC/c(zc,u)ﬂ—ﬂﬁ(ab = cd)é(3+1+ 4 —m2 —m}—m?-md),

c

where z; is the momentum fraction of the proton carried by parton i = a, b, G,/p(%a, 1)
is the probability for parton a to be found with a fraction z, of the proton momentum,
and similarly G,/5(zs, ) is the probability for parton b to be found with a fraction
z; of the antiproton momentum, and & is the partonic level cross section. y is the
factorization scale of the process and should be chosen to be of the same order as
relevant energy scales in the specific process. Dc¢/c(z, p) is the fragmentation function
for particle C from parton ¢ and z is the fraction of the parton energy carried by
C. Finally, 3, f and @ are the Mandelstam variables for the hard scattering. The

factorization is graphically illustrated in figure 1.2.
1.5.2 Standard Model Diphoton Production

In the introduction, it was mentioned that prompt diphoton production provides a
tool to test the existence of large extra dimensions. In fact, a quantum field theory of
gravity incorporates gravitons as the quanta of the gravitational field in the same way
a quantum field theory of electromagnetism includes photons as quanta of the elec-
tromagnetic field. Gravitons couple to all particles (including themselves) and thus
provide an additional mechanism to produce SM particles. In particular, through
graviton mediated processes, fermion and vector bosons can be pair produced. These
additional processes yield an enhancement of the number of pairs expected from SM

sources alone. Diphoton production is a very promising search channel as photons
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Figure 1.2: This picture schematically represents the factorization of the pp - C+ X
scattering into the parton distribution functions G, the cross section of the hard
scattering & and the fragmentation functions D.

provide a clean signal at a hadron collider. This is true in part because photons
are expected to be isolated, i.e. with no hadrons nearby, and thus can be efficiently
distinguished from jets which make most of the background in this channel. Further-
more, the 4-momenta of a photon can be measured with very high resolution in the
CDF electromagnetic calorimeter. Unlike photons, the measurement of jets relies on

the definition of jet and on the worse hadron calorimeter resolution.

Diphotons are produced at the parton level via two main mechanisms:

® qq — 7Y
® g9 =7y

The tree level SM process ¢g — <y is the main contribution to the SM diphoton cross
section. The loop-level process gg — 77, although higher in order in the perturbation
series, it is an important contribution to the diphoton cross section at low energies

because of the large gluon parton distribution functions in this region. The Feynman
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Figure 1.3: Representative Feynman diagrams for Standard Model diphoton produc-
tion.

diagrams for these processes are displayed in figure 1.3.

The main background to diphoton production is jets fragmenting into 7° or 7 that
carry most of the jet’s energy and decay into multiple photons (the branching ratio
for 7% — 2v is almost 99% and for  — 27 is almost 72%). Although approximately
one out of every one thousand jets pass the photon selection used in this analysis[5],
jet production in hadron collision is overwhelmingly big (at leading order and with
the same selection, the jet+v production cross section is 3 orders of magnitude larger
than the v+ cross section and the dijet production cross section is almost 7 orders of
magnitude larger; numbers from Pythia[22]) and thus generates a non negligible back-
ground. This is a result of a larger number of processes that produce jets compared
to photons, larger color and spin factors and larger coupling for strong processes than

for electromagnetic ones.
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Chapter 2

Large Extra Dimensions

2.1 Introduction

Although the Standard Model has been successful in explaining a vast number of
experimental results in particle physics and incorporating them into a theory, such
a theory is not considered a fundamental theory for two reasons. In fact, it does
not incorporate gravity and does not provide a viable explanation for the hierarchy
between the electroweak scale and the Planck scale. The electroweak scale is the scale
at which the symmetry between electromagnetism and the weak interaction is broken
and the Planck scale is the scale at which all four forces, including the strong force
and gravity, presumably have the same strength. The electroweak scale (Mgw) is of
the order of 10® GeV while the Planck scale (Mp;) is much higher, 10! GeV. No new
physics is predicted between these two scales and thus this 16 order of magnitude gap
is also known as the energy desert. The existence of such an enormous desert is not
understood. In this framework, gravity is so weak compared to other forces because

of the large discrepancy between the Planck scale and the electroweak scale.

Furthermore, loop corrections to the mass of the Higgs boson are proportional to
a cut-off which could be as large as Mp;. In order to have these corrections of the

order of the weak scale, cancellations of the order of the Planck scale should occur.

17



This is an additional puzzle in the hierarchy problem.

In this chapter we will discuss the theory of Large Extra Dimensions (LED) by
Arkani-Hamed, Dimopoulos, and Dvali [8] which among other theories tries to explain
the seemingly large discrepancy between Mp; and Mgy,. We briefly mention that
Supersymmetry (SUSY) has been the leading theory to solve the hierarchy problem.
This is achieved by adding particles at the electroweak scale by assuming a symmetry
between fermions and bosons and postulating the existence of boson superpartners
for all fermions and fermion superpartners for all bosons. By doing so, SUSY predicts
g1, 92, and g3 to unify just below the Planck scale, while they fail to converge in the SM.
And the superpartners provide the necessary cancellation of quadratic divergences in

the computation of the Higgs mass.

2.2 Large Extra Dimensions

Extra dimensional theories date back to the 1920’s, however only recently several extra
dimensional theories have been formulated that have testable consequences at the TeV
scale. In this dissertation we will focus on the model of low-scale quantum gravity
incorporating large extra dimensions by Arkani-Hamed, Dimopoulos, and Dvali. This
model in fact can be probed at current TeV scale colliders as it postulates that the
electroweak scale is the only fundamental scale in nature. In this scenario, the Planck
scale is lowered to values of the order of the weak scale and thus the hierarchy problem
is simply removed. It was mentioned in the introduction that gravity appears so
weak because the Planck scale is so large with respect to the electroweak scale. By
lowering the Planck scale, the weakness of gravity is explained by adding finite spatial
dimensions where only gravity can propagate while the other interactions are confined

in the three infinite dimensions in which we live. How does the Planck scale become
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Figure 2.1: Schematic view of the effect of extra dimensions on field lines.

smaller by adding extra dimensions and why does gravity appear so much weaker
compared to the other forces? Let us for the moment think in terms of electric fields
and imagine the field created by two opposite electric charges. When the density
of field lines is large, the force on a charged test particle going through that region
of the field is larger than if the density of lines were smaller. Let us now imagine
walls that surround both particles and assume that the walls repel the electric field
(see figure 2.1). As the walls move closer to the charges, the field lines get closer and
closer as the area in which the electric field propagates shrinks. This also implies that
the strength of the field is increasing. We now generalize the electric field to include
the electroweak and strong interactions but not gravity. In this picture, the walls
represent the brane. Gravity does not see the walls and thus can propagate through
them. As a result the Standard Model forces artificially appear much stronger than
gravity despite the fact that originally all of their couplings were comparable. This
discussion is summarized in equation 2.1, that relates the Planck scale in the extra
dimensions (Ms), the size of the extra dimensions (R) and the Planck scale (Mp;)

(Gauss’ Law):

M} ~ MR, (2.1)
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where n is the number of extra dimensions. Equation 2.1 implies that the suppression
of gravity is proportional to the volume in the extra dimensions. In other words, the

smaller is the size of the extra dimension, the larger is Mgs.

To preserve the validity of Newton’s law which dictates that the gravitational
potential falls as V' (r) o 1/r, extra dimensions must be compactified. For distances
T < R gravity can propagate in the extra dimension and thus it weakens (dilutes)
faster as V(r) o« 1/r"*!. For one extra dimension, with Mp; ~ 10'°GeV, Ms ~
103GeV and n=1, equation 2.1 yields R ~ 10'®* m. This scenario is ruled out as such
a large dimension would certainly have produced noticeable deviations from Newton’s
law at the scale of the solar system. For two extra dimensions, R is of the order of
Imm. Gravity has not been tested at submillimeter distances and thus compactified

extra dimensions of this magnitude are not ruled out.

In Cavendish-type experiments[6], deviations from V' (r) «x 1/r at the mm scale
are investigated. In addition, the strongest limits on two extra dimensions come from
astrophysics [7]. As an example of these studies, extra dimensions would manifest in
faster supernova cooling as stars would lose their energy faster by radiating gravitons
in the extra dimensions. Astrophysics and Cavendish experiments have ruled out the
existence of one or two extra dimensions. In this scenario n > 2 is still an open

possibility.
2.3 Kaluza-Klein Modes of Gravity

As discussed in section 2.2, the theory of large extra dimensions solves the hierarchy
problem by introducing the concept that the Planck scale being so large is an artifact
of the SM gauge bosons, quarks and leptons being confined in three spatial dimensions,

known as the 3-brane, while gravity can propagate in the 3+n (the brane + n spatial
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extra dimensions) dimensional space known as the bulk.

This model incorporates a low energy (effective) field theory of gravity in the
bulk and thus the existence of the graviton. The graviton is the spin-2 tensor boson
for gravity. The graviton has no gauge charges, is massless and couples to all the

Standard Model particles as well as to itself.

Since the extra dimensions are compactified, the momentum must satisfy bound-
ary conditions. As a result, the momentum along the extra dimension is quantized,
ie.

2k
bk=""k=0,1,2, ... 2.2
p4 R ( )

where the subscript 4 refers to the extra dimension. The spacing between the levels is
proportional to 1/R, where R is the size of the extra dimension, hence the larger is the
extra dimension, the closer are the levels. The momentum modes of excitation of the
graviton transverse to the brane are perceived in the brane as different mass states. In
fact, for the massless graviton in 4+ n dimensions, the square of the 4 + n-momentum

is equal to zero:
2 _
p°=0 (2.3)
Since the space-like components acquire a minus sign in the Lorentz metric, we have:
PP=p—P—Pa—P3—Pi— ... ~Pin=0 (24)
thus the 4-momentum square of the graviton in the brane, pZ, ..., is:
Porane =Po —P1 — P2 —P3 =Pi+ -« +Piin = Mipgne: (2.5)

The right-hand side of this equation is a positive definite quantity and it looks like

a mass. In other words, gravitons appear massive to an observer in the brane!.

1For extra time-like dimensions, since the metric dictates a positive sign for the time-like com-
ponents of the 4 + n-momentum, the mass squared would go negative. As a result, extra time-like
dimensions are not allowed.
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Analogously to the momentum states, the spacing between mass states is proportional
to 1/R. This collection of mass states forms what is known as the Kaluza-Klein (KK)
tower of gravitons. The tower can extend up to infinity, but there is a cut-off imposed

by the fact that this is an effective theory and thus it breaks down at Mg.

Gravitons couple to the Energy-Momentum tensor. Examples of the coupling can
be found by starting with the QED Lagrangian. Local gauge invariance of QED
requires the existence of the spin 1 photon field. The interaction Lagrangian for QED

can be written as:

Loep = eQY AV = eQYy Y A N, (2.6)

where eQ is the electric charge, v is the fermion field, A” is the electromagnetic field

vector and 7, is the Lorentz metric:

10 0 0
0 -1 0 0

=10 0 -1 0 27)
00 0 -1

When adding 4 + n dimensional gravity to the theory, one replaces 7,, with the spin

2 graviton tensor field g,,:

huy
Guv = Nu + W‘f’ (2.8)

(hyy is the fluctuation around the Lorentz metric) and multiplies Lgep by /—detg,,
(the minus sign comes from the choice of Lorentz metric) in order to have invariance

under local coordinate transformations:
ACQIED+Gram’ty = \/ _detgpu(eQ";7“¢Augpu) =
(1+cag®+cg+ ...)(eQUr* YA gL), (2.9)
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Figure 2.2: Representative graviton interaction vertices in linearized quantum gravity.

where in the last step the power series expansion for the square root was used. The
g’s are products of elements in the graviton tensor with the indices contracted and
the ¢; are constants from the power series expansion. For energies small compared to
Mg, only the first term is used. This is called the linear approximation. The term
containing 7),, gives back QED, while the h,, term includes the graviton coupling to
fermion and boson fields. This discussion can be extended to the remaining interac-
tions and thus gravitons can be attached to any SM vertex. Representative graviton
vertices in the linear approximation are illustrated in figure 2.2. Beyond the linear
approximation, vertices with more incoming gravitons occur. The strength of the
interaction of any one of the KK gravitons with the particles confined in the brane is

universal, i.e. it is the same for all the particles, and is proportional to 1/Mp,.

2.4 Probing Large Extra Dimensions at CDF

The existence of KK gravitons can be tested at colliders searching for two different
processes: real graviton emission and virtual graviton exchange. At leading order,

virtual graviton exchange includes processes in which a virtual graviton is produced by
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Figure 2.3: Examples of real graviton emission (left) and virtual graviton emission
(right). f refers to the SM quarks and leptons and A are the SM gauge fields v, W,
Z or gluon.

3-brane

Figure 2.4: Feynman diagrams for LED diphoton production.

the annihilation of two SM particles in the initial state, the graviton then propagates
in the extra dimension and finally decays into SM particles that appear in the brane.
Real graviton production occurs when a graviton is produced together with something
else by the interaction of SM particles and escapes in the extra dimensions leaving
missing energy in the event as a flag. In figure 2.3 these two possible outcomes are

illustrated.

In this dissertation, we investigate the existence of gravitons by looking at their
decay into diphotons. At leading order, the differential cross section for pp = vy X
in the presence of large extra dimensions can be written as [13]:

d3c 1

T = { > g )i
X [ Q4 1+2 +27re"’Q2 L n(1+2%) +-7;—2M78,,n2(1—z4)
+ 5:’)716; fo(z1) fo(z2) M,;’77)2 (1+462°+ 2%) } . (2.10)
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This expression includes the leading order Feynman diagrams for graviton mediated
diphoton production, with g¢ as well as gg in the initial states, shown in figure 2.4, the
Standard Model ¢ contribution to diphoton production discussed in section 1.5.2 and
the interference between the ¢g initiated SM and LED processes. However, the cross
section for gluon initiated SM diphoton production is not included in this equation
but is included in the Monte Carlo simulation used in the analysis. Finally, equation
2.10 does not incorporate the interference between the SM gg box diagram and the
tree level gg graviton mediated diphoton production. Furthermore, this contribution
is not simulated in the Monte Carlo used in this analysis as it is small compared to

the direct KK terms[12].

In equation 2.10, M,, is the invariant mass of the photon pair, y is the rapidity
of the photon pair, z=cos §* is the cosine of the scattering angle in the center-of-
mass frame of the hard scattering (photons), /s is the center-of-mass energy of
the pp collision, f;/4(x;) are the proton parton distribution functions, with z,, =
(M,,//s) exp*?, eQ, is the electric charge of quark g. Finally, graviton mediated
processes introduce the 7 dependence in the equation. 7 = A\/M3$ is the parameter

that characterizes large extra dimensions:

e Ms: this quantity has already been discussed earlier in this chapter and repre-

sents the Planck scale in the bulk. Mg should be of order 1 TeV.

e )\: this parameter is dimensionless and its value is model dependent. In the
convention we will adopt (Hewett [9]), A = %1 is used. The different signs of A
allow for different signs of the interference between SM and LED graphs. More

conventions are discussed in section 2.5.

Sometimes in the literature next-to-leading order QCD corrections are accounted

for by multiplying equation 2.10 by a constant K factor of 1.3. In this work, we
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use K=1 as there is no clear reason why K'=1.3 should apply to graviton exchange
processes. However, in order to compare our result to results from other experiments,

limits with K'=1.3 will be quoted as well (see chapter 8).

By integrating over the y and the z dependence?, equation 2.10 can be written as:

do do

dM,, — dM,,

do
dM,,

+ 17 (2.11)

SM

INT " dM,
The first term on the right-hand side of equation 2.11 is the contribution from SM
processes only. The second term, proportional to the first power of 7, is the result
of the interference between the SM processes and the LED processes. Finally, the
last term, proportional to 52, is the contribution coming from the direct Kaluza-Klein

tower exchange.

A very important feature of the interference and direct KK cross sections is that
their shapes are independent of 7, which affects only the relative and absolute nor-
malization. They only depend on PDF’s and on the kinematics of the process. This

property will be used in setting a limit (see chapter 6).

Since the LED contribution to diphoton production happens through a Kaluza-
Klein tower of graviton states with a closely spaced mass spectrum, evidence for
extra dimensions in the diphoton channel does not appear as a single resonance, but
rather as an enhancement of the diphoton cross section at high invariant mass where
the Standard Model contribution is rapidly falling. In fact, the spacing between the
graviton mass states is proportional to 1/R (see section 2.3), and since the mass states
can be very light (of order keV for n=3 and heavier for more extra dimensions), at
high energies a large number of gravitons can be produced or, in other words, more

modes of the momentum in the bulk can be excited. This behavior is reproduced in

2Since the graviton is a spin 2 object, graviton mediated processes modify the z distribution.
The DO collaboration searched for such an excess[14]. At CDF, however, it was concluded(15] that
including z would give only a minimal improvement and thus in this analysis only a high mass excess
will be investigated.
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the mass spectrum for simulated SM+LED diphoton production with Ms=600 GeV
shown in figure 2.5. We observe that the SM mass spectrum is in fact very small in
the high mass region where Direct KK processes become dominant. The fall off of the

Direct KK distribution at high mass is an effect of the decreasing parton luminosities.

The invariant mass distributions for simulated SM + LED 7+ events in the case
of constructive interference as well as destructive interference with Ms=600 GeV are
shown in figure 2.6. We observe that while for A = —1, the SM+LED ++ invariant
mass distribution features an overall increase at high mass compared to the SM
contribution alone, the destructive interference modifies the SM spectrum by adding
what looks like a wide resonance. These are the kind of deviations from the Standard

Model we will seek in this analysis.

The distributions in figures 2.5 and 2.6 are from Monte Carlo simulation of SM
and LED diphoton production, including the simulation of the CDF detector and
correspond to a choice of Mg = 600 GeV, a value accessible with our experiment. As
it was mentioned earlier in this section, the MC simulation does not incorporate the
interference between the SM and LED gg initiated diphoton production mechanisms.

The Monte Carlo samples will be discussed more in detail in chapter 6.

The search for large extra dimensions has been also pursued at CDF in the di-
electron channel, which, analogously to the diphoton channel, offers a clean signal
with small SM background making it easier to detect an excess. The diphoton and
dielectron analysis have been combined to improve the reach of this search. This will
be discussed in chapter 8. Jet production, however, is very large in a hadron collider

and it is expected to be very difficult to extract signals of new physics.

27



=)
w

=)
~

"

dN/dM_ (Events per 3 GeV/c?)
3

Monte Carlo yy

2.5 Conventions

B sv
% SM-KK Interference
7/} Direct KK

Mg=600 GeV, A=-1

|
1000 1200
M,, (GeV/c?)

Figure 2.5: Invariant mass distribution of SM and SM+LED < events. LED events
are simulated with Mg peyey=600 GeV and A=-1.

There are several notations to express the Planck scale in the extra dimensions. The
most common ones are the Hewett convention [9], the Giudice, Rattazzi and Wells
notation (GRW) [10], and finally the Han, Lykken and Zhang convention (HLZ) [11].
The 7 parameter characterizes the strength of the graviton interaction and is the

same in all conventions. It can be expressed as:

ot 2.12
"= @ (2.12)
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Figure 2.6: Invariant mass distribution of SM+LED ~~ events in case of destructive
(A=+1) and constructive (A=-1) interference for Ms = 600 GeV.

where A is a parameter of order one whose value and sign is convention dependent
and My is the Planck scale in the extra dimensions. In Hewett convention, the
sign of A is not fixed and thus the sign of the interference can be either positive or
negative. The magnitude of A is of order one and for numerical calculations A = +1
is used. In GRW convention, the sign of A is fixed. In HLZ notation, A depends
on the number of extra dimensions n and its sign is fixed. Hewett’s convention has
been adopted throughout this thesis. To translate results from Hewett’s convention

to GRW notation one simply multiplies Ms(Hewett) by a geometric factor:

Ms(GRW) = (/;Ms(Hewett). (2.13)
2



HLZ notation explicitly incorporates the n dependence in A, and thus (n > 2):

Ms(HLZ) = - i = %Ms(Hewett) (2.14)

The n dependence arises in the geometrical factor because of different assumptions

about the topology of the extra dimensions.
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Chapter 3

The CDF Detector

The Collider Detector at Fermilab (CDF) is located at the Fermilab Tevatron in
Batavia, Illinois. Its purpose is to detect particles resulting from the pp collisions at

a center-of-mass energy of 1.8 TeV.

The detector consists of different layers of sensitive material arranged along the
Tevatron beam pipe to cover as much of the solid angle around the interaction point
as possible. This chapter is meant as a brief overview of the CDF detector. A more
detailed description of the detector can be found in [16]. The CDF detector has been

recently upgraded for Run II.

3.1 The Tevatron

The Tevatron is a pp collider. The protons and the antiprotons move in opposite
directions around a circular orbit of 2 km in diameter. By the time the protons are
injected into the Tevatron, they have gone through various stages of acceleration (see
figure 3.1). The protons in the form of hydrogen gas are initially contained inside a
bottle. The negative hydrogen ions contained in the gas are extracted and accelerated
in a Cockroft-Walton electrostatic generator to an energy of 75 KeV. The ions are

then further accelerated to 400 MeV in a linear accelerator (LINAC) containing RF
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Figure 3.1: Schematic view of the Fermilab Tevatron and the different stages of
acceleration for the protons and the antiprotons.

cavities. The next stage of acceleration is through a proton synchrotron (Booster),
where the ions go through a carbon foil that strips them of their electrons. The
resulting protons are collected in bunches and accelerated to 8 GeV. At this point
the protons are injected into the Main Ring. This is a proton synchrotron 2 Km
in diameter. The Main Ring serves two purposes. It accelerates a fraction of the
protons to 150 GeV and injects them into the Tevatron. Another fraction of the
protons are extracted to generate antiprotons when they reach an energy of 120 GeV.
Once they exit the Main Ring, they are directed into a nickel-copper target. Among

the products of this interactions there are antiprotons. The antiprotons are focused by
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Figure 3.2: Cross section of an upper quarter of the CDF detector.

the means of a lithium lens and sent to a debuncher to reduce the momentum spread
of the beam and to combine the bunches. Once this is achieved, the antiprotons are
stored in the Accumulator ring, located in the same enclosure as the debuncher, until
enough antiprotons are collected (this process is known as “stacking”). Antiprotons
are stacked over a period of several hours. When enough antiprotons are collected,
the antiprotons are injected in the main ring where they are accelerated to 150 GeV.
Both proton and antiproton beams are injected into the Tevatron. The Tevatron is
a proton-antiproton synchrotron that lies beneath the Main Ring and has the same
diameter. Here the beams are accelerated to 900 GeV. When this energy is reached,
the beams are deflected so that they collide in specific points around the accelerator

circumference where the DO and CDF detectors are located.
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3.2 The CDF Detector

The CDF detector weights 5000 t and is approximately 30 meters long and 10 meters
wide. The central bulk of the detector is cylindrically symmetric around the beam
pipe. Forward/backward extensions together with the central section of the detector
provide 47 coverage of the solid angle. A cross sectional view of an upper quadrant
of the detector is shown in figure 3.2. Products of the pp collisions moving outward
from the interaction point travel across the tracking systems, the calorimetry and the
muon detectors. A right-handed coordinate system is chosen to describe the detector
and the topology of the events, with the z axis running along the beam pipe and
pointing in the direction of the proton momentum and the y axis pointing upward.
Due to the geometry of the detector, it is natural to use spherical coordinates r, 8, ¢.
r expresses the distance from the origin of the system, @ is the angle measured from
the positive z axis and it ranges between 0° and 180°. ¢ is the angle measured from

the positive z axis and it ranges between 0° and 360°.

In addition to these coordinates, it is common to use the rapidity defined as:

1. E+p,
=-ln="%
Y=3"E -y,

(3.1)
For boosts along the direction of the z axis the rapidity transforms as y — y +
tanh™! B, where 3 is the velocity of the boost with respect to the lab frame, and thus
differences in rapidity are Lorentz invariant. As a result, the shape of the rapidity

distribution dN/dy, where N is the number of particles per unit volume, is Lorentz

invariant.

In the relativistic limit, the rapidity approaches the limit:

n = —Intan g (3.2)

This quantity is called pseudorapidity and is often used to describe the angular dis-
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Figure 3.3: Isometric view of one of the SVX barrels.

tribution of particles in a collider detector.

3.3 The Tracking System

The tracking system is contained in a uniform 1.4 T magnetic field generated by a
superconducting solenoidal coil located just outside the Central Tracking Chamber

(CTC).
3.3.1 The SVX

Moving outward from the beam pipe, the first component of the detector we meet is
the Silicon Vertex Detector (SVX). The SVX consists of two barrels with an active
length of 51 cm (see figure 3.3) and covers a region of pseudorapidity | n |<1.9 (for
interactions occurring at z = 0). Since the spread of the z coordinate of the interaction
vertices is gaussian in shape around z = 0 with ¢ ~30 cm, only approximately 60%

of the pp interaction vertices are in the fiducial volume of the SVX.
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Figure 3.4: SVX ladder.

The two barrels are coaxial around the beam pipe and have a gap between them
of 2.15 cm at z = 0. Each barrel is 25.5 cm long and consists of twelve wedges. Each
wedge subtends a 30° angle in azimuth and it contains four layers of silicon strips.
The layers run parallel to the beam line. Each layer contains 12 closely spaced silicon
microstrips known as ladders. Each ladder (figure 3.4) consists of three 8.5 cm long

sections. The silicon stripes are interspaced with conducting strips.

When charged particles travel through the SVX, electrons in the semiconductor
are excited to the conduction band. Due to a voltage drop between the extremities of
the strips, the charges are collected and the current they generated is measured. The

SVX provides track measurement in the r — ¢ plane with a resolution of ~15um.

3.3.2 The VTX

The VTX (Vertex Time Projection Chamber) is a gas drift chamber built around the
SVX. The outer radius of the VTX is 22 cm and it covers |  |[<3.5. It consists of
28 separate modules connected end-to-end and parallel to the beam direction, and
each 10 cm long. Each of the modules is divided into eight wedges (see figure 3.5),
each covering an azimuthal angle of 45°. Each wedge contains in its middle a high
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Figure 3.5: Cross sectional view of the VIX (left) and schematic view of one wedge
(right).

voltage grid laying on a plane perpendicular to the beam line. On each side of the
grid, each wedge contains sense wires running perpendicularly to the beam direction.

The chamber is filled with a argon-ethane gas mixture.

Charged particles traveling through the VTX ionize the gas, thus generating a
current of charged particles collected at the wires. The drift times plus the r coor-
dinate of the wire that was hit provide two-dimensional measurement of a track in
the 7,z plane. Furthermore, by extrapolating the reconstructed tracks to the beam
direction, the VTX provides a measurement of the z of the vertex with a resolution

of 1-2 mm.

3.3.3 The CTC

The Central Tracking Chamber is a cylindrically symmetric drift chamber that covers
the central region of the detector. It is 3.2 m long with a radius of 1.3 m. 3-D
tracks of charged particles passing through it can be reconstructed with a very precise
measurement of their transverse momentum. The sign of the charge can be deduced

from the curvature of the track. The momentum resolution in the region | n |<1 is
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Figure 3.6: Transverse view of the CTC. The superlayers and the tilted cells are
shown.

Spr/p% < 0.002 (GeV/c)~!. The spatial resolution is 2.5 mm in the axial direction

and 200 #m in the azimuthal direction.

The design of the CTC consists of drift cells containing sense wires. The cells are
arranged in 84 layers grouped in nine superlayers. There are five axial superlayers
alternated with four stereo superlayers. The axial superlayers have cells running
parallel to the beam pipe and provide precision measurement of the track in the
T — ¢ plane, while the stereo superlayers consist of cells tilted by +3° with respect
to the beam pipe thus providing tracking information in the r — z plane. Each of
the axial cells contains 12 sense wires and each of the stereo cells contains 6 sense
wires. The sense wires are alternated with potential wires that control the gas gain
on the sense wires. At the borders of each cell, on each side of the sense wires, there

are field wires whose purpose is to regulate the strength of the drift field. The field
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wires together with the potential wires provide a constant electric field in the drift
region of 1350 V/cm inside each cell. The maximum drift time is 800 ns. An electron
drifting inside a cell in the argon/ethane gas mixture contained in the chamber in the
presence of the crossed electric and magnetic field has a Lorentz angle of 45° with
respect to the electric field. In order to compensate for this so that the drift direction
is perpendicular to the radial direction the cells are tilted by 45° which ensures that

the charged particle will go near at least one of the sense wires (see figure 3.6).

A charged particle traveling through the CTC follows an helical track because of
the magnetic field. Tracks are reconstructed by a fitting algorithm that takes the hits

in the CTC and fits them to an arc of an helix.

3.4 The Central Preradiator

The Central Preradiator (CPR) is a multi-wire proportional drift chamber located
right outside the magnet. It measures tracks of charged particles that result from
photon conversions in the inner detector. A single high energy photon has a lower
probability to convert into an electron-positron pair inside the magnet then the two
photons resulting from a decay. The CPR measures the charge that is generated by the
crossing of charged particles. This information can be matched to an electromagnetic
cluster. It is also used to distinguish ¥ — e*e~ from single electrons or positrons in

the electromagnetic calorimeter.

3.5 The Calorimeters

The calorimetry of CDF is located outside the magnet. According to the region
of space that it covers, it is divided into 3 different components: central, plug and

forward. The central calorimeter covers | n |<1.1, the plug 1.1<| n |<2.4 and the
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forward 2.4<| n |<4.2. Each component consists of a electromagnetic (EM) section
followed by an hadronic (HAD) section. The segmentation of the calorimeters is

shown in figure 3.7.

3.5.1 Central and End Wall Hadron Calorimeter

The central calorimeter is a sampling device with layers of scintillator alternated
with sheets of absorbing material. It covers a pseudorapidity region up to 1.1. It is
segmented in 7, ¢ towers. There are 24 15° wedges in ¢ and each wedge is segmented
into 0.1 7 towers. The towers all point back to the nominal interaction point. This

geometry is known as projective tower geometry.

Each tower in the EM section consists of layers of scintillating material stacked
together with layers of absorbing lead. The energy of electrons passing through matter
is degraded via different processes. An important process is bremsstrahlung. This
happens when the electron interacts with the nuclei in the material and emits a high
energy photon. The photon in the presence of nuclei converts into an electron-positron
pair. The electrons and positron in turn emit photons through bremsstrahlung. This
process continues, generating an electromagnetic shower. The cascade is halted when
the electron (positron) energy falls below a critical energy at which point the primary

energy loss mechanism is through atomic collisions.

When the shower crosses the scintillator, the atoms and molecules are excited
and light is emitted. Light is collected in wavelength shifters and directed to photo-
multiplier tubes that collect the light and turn it into photoelectrons. The electric
current measured at the output of the photomultiplier is proportional to the number
of collected photons and thus provides a measurement of the energy released in the
scintillator. An average EM shower is almost entirely contained in the EM section of

the calorimeter.
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Embedded in the EM section are strip chambers (CES) that provide a high reso-
lution measurement of the shower profile in z and r — ¢. The CES is a argon-ethane
gas proportional chamber located at a depth where the average shower development
reaches its maximum. It consists of anode wires running parallel to the beam direction
and cathode strips perpendicular to the beam direction (see figure 3.8). A neutral
meson decaying into multiple photons can fake the signature of direct photons pro-
duced in the hard scattering. The CES provides a tool to differentiate between these
two instances by measuring the transverse width of the shower at shower max. This
is then compared to the shower width of a typical test beam electron. The shower
generated from a 7° decaying into two photons is in average wider than a shower
generated by a direct photon. This method is efficient for photons up to an energy
of 35 GeV. Above this energy it becomes more difficult because the photons coming
from a decay are boosted to a smaller angular separation and thus more difficult to
resolve. The CES provides a measurement of the shower position with a resolution

of 2 mm.

The hadronic section (CHA) is larger than the EM and it consists of layers of
scintillating tiles alternated with sheets of absorbing steel. Every tower in the HAD
section matches a tower in the EM section. The WHA (End Wall Hadron) follows
the CHA for 30° < 6 <45° and 135° < @ <150°. It is built in a similar fashion to the
CHA, but it has thicker layers of absorbing steel as the particles passing through it

have higher energies corresponding to the same Er.

The resolution of the EM section is 13.5%/vEt & 1.7%. The resolution of the
HAD section is 75%/vEr ® 3%, which is considerably worse. The worse resolution
is due both to the coarser longitudinal segmentation of the hadronic calorimeters and

the larger fluctuations intrinsic to hadronic showers.
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Figure 3.7: 7, ¢ segmentation of central, plug, end wall and forward calorimeters.
3.5.2 Plug Calorimeter

The plug calorimeter used in CDF for Run I was a sampling device with layers of
gas proportional tubes interleaved with sheets of absorbing material (lead for the
EM section and steel for the HAD section). It was concluded that using the design
of the central calorimeter, i.e. scintillator as the active material, would create too
many dead spaces/hot regions because of the need to accommodate the light guides
necessary to read out the light produced in the scintillator.

Each plug is divided into four quadrants, each 90° in ¢. Each EM quadrant
contains 34 layers. Each layer contains a layer of proportional tubes and a sheet of

lead 2.7 mm thick. The proportional tubes have a 7 mm x7 mm square cross section.

42



Strip Spacing = 1.67 cm in Towers 0-4
2.01 cm in Towers 5-9

Wire Spacing = 1.45 cm Throughout

Cathode
Strips

z f
: |
x Anode Wires (ganged in pairs)

Figure 3.8: Anode wires and cathode strips in the CES.

A wire is strung inside each tube and each tube contains an argon/ethane gas mixture.
The tubes are arranged in planes transverse to the beam direction. Each plane of
tubes is matched with a plane of cathode pads that are etched in such a way as to
reproduce the tower geometry (see figure 3.9). Deep inside the EM calorimeter, at the
shower max position, there is a finer segmentation of strips in 7 and ¢ that provide
a more precise measurement of the development of the shower and can distinguish
between low energy electrons, low energy photons or a 7° decay into two photons
from a high energy hadronic jet. The strips cover up to | n |=1.84.

The hadronic section of the plug is designed in much the same way, but with
no strips and with 20 layers of proportional tubes (see figure 3.10) and steel. The
layers of absorber are 5.1 cm thick. The plug calorimeter is segmented into 0.1x5°
in An, Ag¢.

The resolution of the EM section is 28%/v/Et & 2%. The resolution of the HAD
section is 130%/vEr & 4%.
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Figure 3.9: Absorber sheet, proportional tubes, and cathode pads in one layer of the
PEM.

3.5.3 Forward Calorimeter

The forward/backward calorimeters are located around the beam pipe just behind
the plugs. Similar to the plugs, they consist of layers of proportional tubes alternat-
ing with layers of absorbing material and have the same projective tower geometry
incorporated in the rest of the CDF calorimetry (0.1x5° segmentation in 7, ¢ and

pointing back to the nominal interaction point).

The resolution of the EM section is 25%/vEt @ 2%. The resolution of the HAD
section is 130%/vET & 4%.

3.6 The Muon Chambers

Muons are more penetrating than electrons. For this reason, the muon chambers are

the last components of the detector, farthest away from the beam pipe. The inner
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Figure 3.10: Proportional tubes in the PHA.

layers of the detector act as an absorber for particles other than muons (and for low

energy muons).

The Muon detector consists of three sections: CMU (Central Muon Chamber), the
CMP (Central Muon Upgrade) and the CMX (Central Muon Extension). The CMU
and the CMP cover a pseudorapidity region | 7 |<0.6 and the CMX covers 0.6<| n |<1.
The CMU and 