Chapter 2

Theoretical Background

2.1 The Staxn

The Standard Model ig"a ghedry /t ties and interactions of
all particles known to dafe I e " he : ' ino oscillations. The model
is widely accepted béca it @as bee nigh level of precision. It

can also provide-accura o r

: N na in high energy physics
experiments. It is an essegtial part for-ex ~ s in the field to understand

the theory and be able to apply it'$c exp el experimental results.
i !""

In the Standard Model, el ----- .ary pattieles are classified in three categories:
leptons, quarks and-medi ‘ ‘- e half-integer-spin par-
ticles or fermions, while-the-force-mediators-are-whoic- ’ Ateger-spin particles or
bosons. The leptons a ind . I' generations as shown in
Table 2.1 - Table 2.3 The values of mass of leptons and‘quarks are from Ref. [2].

AU B4 %ﬁﬁ%&%ﬁﬁ 9

Ty S £) B4 ']s’}m ﬁ Bhdss (Mev/c?)
Leptofls | Electron Neutrino Ve 3 <3x10°
Electron e 3 -1 0.51
Quarks Up Quark u 3 2 ~15-4
Down Quark d 3 -3 ~4-—8




Table 2.2: Second Generation Fermions

Type " Particle Symbol | Spin | Charge | Mass (MeV/c2)
Leptons | Muon Neutrino v 3 0 <0.19
Muon 3 -1 105.66
Quarks Charm Quark ~1.15-1.35
Strange Quaske £ ~ 80 — 130

Tyep Mass (MGV/C2)

Leptons Tau Néutrj o/, b U4 ‘ \L \ < 18.2
© Ta A P '7 | 1\ 1776.99

Quarks 174.3
Bottom Qua = ey ~4.1-44
The first * """""" ions are 't g of ordinary matter.
The second and’ third~ge “melitary particles, which can

!
ergy processes. All neutrinos ifi the Standard Model are

assumed to be no from solar and
e Y VIS g o e
This is the soleﬂwdence of dev1at1(¥1 from the St ndard Model

o il o 1 pddadd 44 '%nﬂe&ls%ﬂﬂle sl

of the niediator particles or bosons. The mediator particles can also be called

only be seen in high-&

“gauge boson” to give a mathematical sense. The commonly known gauge boson
is photon, a mediator of electromagnetic force. For the weak forces, its mediators
are three gauge bosons, W=, W and Z° and for the strong force, its mediator is
the zero-mass gluon. Properties of all gauge bosons are listed in Table 2.4 The

values of mass of the gauge bosons are from Ref. [2].




Table 2.4: Gauge Bosons

Particle | Symbol | Spin | Charge | Mass (GeV/c2)

Photon y 1 0 0
W Boson w* 1 +1 80.425 + 0.038

Z Boson 20 91.1876 + 0.0021
Gluon 0
Graviton 0

indamentally essential for
understanding the worksgfcaufie the ¢ oton-proton collider. In order
to determine thé inter eC ;\ of processes occurring from
collision of bunches of px \ 1d the components inside the

protons and how they integict 422~ 2

nest Rutherford in 1912 and the

Since the disc?very of ;_L,_ﬁfg‘ ~s_,; :
neutron by James Chadwick in 1932, neutrons and p

otons were believed to be
Nod a century, until 1969,
Harge d@ribution of neutron. He
accidentally discovered t}at the neutron pa}"t‘i’cles were made of some smaller parts.
Not long afte s i ) -proton scattering
experiments c@l&ﬂﬁlﬁﬂﬂﬁﬂmﬁg that protons also
contain substructure, which were later named pagtons. Q/
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version o% Rutherford’s experiment, with the nucleons acting as the gold atoms

point-like particles i’{

while Hofsteadter w {rying

and the partons acting as the atoms’ core constituents. These constituents of
the nucleon, or namely parton, were hinted as quarks, which were previously pro-
posed by Murray Gell-Mann in 1964. In his work [3], Gell-Mann suggested that
quarks were basic constituent of all hadrons and of which he nicely arranged them

in a beautiful geometrical patterns under an SU(3) group symmetry principle.



However, this suggestion appeared to be merely a mathematical and theoretical
consideration. Until late 1960s, Bjorken [4], [5] and Feynman [6] proposed the new
theoretical model of proton substructure, the parton model, that nicely described
the results obtained from deep inelastic scattering experiments of electrons from
protons.

In their proposal, Bjorken [4] [5] 2nd Feynman [6] hypothesized that inside

f'quarks (and its anti-particles),

which are fermions with ¢ ectiiccharge al elements responsible for
binding these objects (nown A8"gluons.

DoG Iv \.\. ia was later confirmed in

amics (QCD). More specifi-

The hypothesis

acting parte one of essential ingredients
in the asymptotic freédonyé '-‘~'-"‘ 0 1«\& 3 conﬁnement. Recently, for
the discovery of the s i _frq%b DavidJ. Cra , H. David Politzer and

Da
Frank Wilczek were awarded £ ";": Sics Nobel Prize.
AL \

-

2.3 The Parton Bist; function
In current QCD theost; t soitiposed of three portions:
valence quarks, gluons land sea quarks. Valence --ﬁ‘ inside the proton are

two up-quarks and one @\E‘-quark. Gluorl;ue strong force mediator which are

exchanged am w fa)f% g W§tw ﬁﬂﬂ ﬁem together. The
sea quarks are ggquped as short-liv i

quarks-antiquarks pairs and their associated

gluons. Even though they do not liv ver S ; ortant role
ar aeRtaelb il ]

So far, there is no definite theoretical model that can accurately describes
how quarks and gluons reside inside the proton. The best model which give the

most accurate results relies on the Parton Distirbution Function or shortly PDF.

PDF are continually being corrected and produced by groups of theoretical
physicists. New sets of PDF keep replacing the previous ones. While the old sets



are PDF calculated to the leading order (LO) of the Altarelli-Parisi equations [7],
the new sets are the ones corrected to the next-to-leading order (NLO) and the
next-to-next-to-leading order (NNLO).

The three main groups regarded as major developers of new sets of PDF
are GRV, CTEQ and MRST groups. The names of the authors of each group are
displayed in Table 2.5 below.

velopers

Group
GRV group _
CTEQ group . Hug ] JGRA ‘-5, AN e, Qui, et al
MRST group D. M5 ol J. Stirling and R. S. Thorne

With better PDF ‘Setgy w
physical quantities as close’to the-ones fi e real experiment as possible. In
PDF sets, CTEQSL, for our event

8).&nd corrected to Leading

=
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by an exéhane of weak force carriers or mediators, the W* and Z° bosons. Weak

te particle interactions and obtain
i rtentty avail

this work, we have ed the cu; HEAy. /s

generator. This PDF $et

Order (LO). - L%

interaction is presented among all kinds of quarks and leptons; but most of the
time it is dominated by much more powerful electromagnetic or strong interaction.
The weak interactions are categorized into three types, based on either the initial
particles that produce the interaction or the type of particles in the final states.

When only leptons involve in either the initial state or final state, the process is



called leptonic interaction or leptonic decay. Similarly, when only hadrons take
part in the weak interaction, the interaction is named non-leptonic. For the case
that both leptons and hadrons play the role in creating weak interaction, the
process is called semi-leptonic..

One distinct feature that distinguishes weak interaction from strong and
electromagnetic interaction is its abili

to change quarks flavor. To determine
whether an interaction is weak, Hot s reelectromagnetic, is to see whether
the quarks flavor has been changed in the plo€esse If it does, for example, from u
quark to d quark, then that interactiogi @ction.

The W* and Z° g predicted —~g t

st in the electroweak theory

by three physics Nobel'la / S feldbr , Steven Weinberg and Abdus
Salam. They were obser // : 1 and UA2 detector of
Super Proton—Anthrot g

decay modes:

\, 9], [10] via the following

(2.1)
(2.2)
(2.3)
(2.4)

In the first line y decay mode in Eq. (2.1), the cross -section of W+ produc—

i:;‘;::,;?mﬁﬁ”‘i‘ﬂ Ewr's %ﬂ*f‘f‘:
a;mﬂnizu NBAINA Y,

e N (2s4+1)(2s, + 1)[(E — Mw)2 +T2/4] 3

where sq = s, = % are the spin of the quarks, My, is the mass of W* boson, J is
the angular momentum of the quarks, E is an invariant mass of ud, \ = 2/E is
the de Broglie center-of-mass wavelength of the colliding particles in units setting

h =c=1andI''T4 ., are total and partial widths for the decay. In case of
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the Z° production, the cross-section is about 10 times smaller than that of W=
because it has to take account the weak mixing parameter sin? 8y, (12].

By integrating the cross-section of quarks in Eq. (2.5) over the W#’s and
Z"%s width and the quarks’ momentum distribution inside the nucleon, we obtain

the cross-sections for the reactions g§ — Z° — ete~ and q§ — W* — etv.

In the case of the SppS collidery Which produced 270 GeV protons and 270
GeV antiprotons, the cross -section for g < ete” is on the order of 0.1 nb

cross-section is on the order
of 1 nb. Comparing to th wotal cross-section for the pp collision,
“Q- ut 10 millions smaller. In

the W*’s and Z° prodt v ra:
R,
Fig. 2.1, some predictién \:\‘\\\.\

function of center of m#Ss gficy 7 -9 \\\
Besides the masgfof /- v | 7% _ 0 the first section of this chapter, we
: of the @\\\-\ in Table 2.6 and Table 2.7

» | i.‘

’ production are given as

provide some important,

in this subsection. (
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Figure 2.1: Exp8éted cross-sections és a functlon of energy in the center of mass
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Table 2.6: The decay modes of W* bosons

w=

Decay modes | Fraction (I';/T) Full width Mean life

ety (10.72 £ 0.16)%
wty (10.57 + 0,

+0.041 GeV | ~3x10"% g

Tty

DOSOons

Decay modes Mean life
ete” (3.363 L QM004),
ptp~ (3.366 £ 0 0@'- 952 + 0.0023 GeV | ~ 2610755
gy (3.370 £=.0:€ ‘ |

LA

yA

ki Theﬁum Wansnenng

In year 2007, tHel LHC will begin g?nera.tmg proton—proton colli 1 ns with total
center- gL, Al
detecto;aém ejﬁ ﬂ nmmnm’ﬂj lﬁ(ﬂe expected
to deliver high statistical data, whose precision of measurement will be restricted
by systematic effects and, in several conditions, by the uncertainty in the measure-
ment of the luminosity £. For example, precision measurements in the Higgs sector

of typical accuracy of about 7%, for a wide range of possible Higgs mass, require
the uncertainty in the luminosity to be < 5%. According to the CMS technical
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proposal, the CMS experiment programs “will aim to measure the [proton-
proton] luminosity at CMS with a precision of better than 5% This
precision is chosen to match approximately the precision which theo-
rists expect to achieve in predictions for hard scattering cross-sections
at LHC energies at the time CMS takes data.”.

There are three types of lumi osity for a colliding beam machine: an ab-

solute luminosity, an average lumhing asured from each run, required for

determining experimental cros -sections physical processes; a relative
luminosity, measured for diiratie eagh rl.m for determining the partial
luminosity for each run; aunsims elalive inosity required to indicate

for the beam quality. o required in the data

analysis such as for corrget
In this thesis, the

since it is the only kifd o

The luminosity given. eve 1 elated to the cross-section of that

event and the event rate

(2.6)

Where Revt iS the’ ev . RIS te o 1sthe cross-—section o iﬁj'_-':‘p"l process and L: is the

luminosity. While t ainc

cross-section ¢ can b tamed om either experlmen theoretical calculation.

mizs;‘f;émﬁmg e o
ARVIAINTHUABIINYIRY e

where nlqand ny are the number of protons in each colliding bunches, f is revolu-

ed from experiment, the

o

tion frequency and p, and p, characterize the Gaussian transverse beam profiles
in the horizontal and vertical directions respectively. More technically, we can
express Eq. (2.7) in terms of the two more practical beam parameters, i.e. the
transverse emittance, € and amplitude function, 3, at interaction point denoted
by, B*:
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ning
4, /G,B;eyﬂ; ;
The transverse emittance, ¢, is a beam quality reflecting the process of bunch

preparation, extending all the way back to the source of hadrons and, in the

case of electrons, mostly dependent on synchrotron radiation. The amplitude

L=f (2.8)

B* to be as small as p6 nd that de ends oo the 3 pability of the hardware
to make a near-focus agfthg ty ! :\‘ , Eq. (2.8) also implies
that, to achieve the high ' : e d'to'ha ve large number of bunches
with low emittance collidefe ;,_' QT at location where the beam optics

gives as low values of the's ity e’ B ) R-{ ble.

Luminosity is often expressed it and usually comes in high order

of magnitude. For f:xample 7_1,_-1“.—:;?{;% f“’ ! for elctron-positron collider
had recently reach¢da/peak luminosity in excess of 10% ¢m~?s~!. The highest
luminosity for the prato 8540 cm—25-1,

7 . Iy
S/ 1w k1) (it

There are three general methods to measure lumingsity for a colliding accelerator:
1) lumasW%o@eﬂ@@u%dg%ﬁ %r%ﬁxlsff‘raegse that the
beam pagameters can be obtained with good accuracy, 2) The optical theorem
method and 3) luminosity measurement method using known cross-section and
event rate. There have been ongoing investigations on all these three methods,

but none has promised practical result on reaching the required precision level of
the LHC.
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In this section, we discuss some difficulties involving each method and then
focus on discussing the method we use in this thesis, the W* and Z° production
method.

2.6.1 Luminosity measurement using beam parameters

In this method, a sound meas I ’, teral beam size as well as of the
bunch currents are needed i ian transverse beam values,
p, from the beam sizes, th as precisely, which typically
could yield uncertainty_ug e

] i0
[0%¢, Otie way. 6" e the beam width at the

“van der Meer” method

interaction point, whichwi€ pefes

based on transverse beami sgé Originally [13], this.was done by moving one

| 3
1o
i LUHC, sueh scans are very difficult
&, U AN NN
.‘ '-"‘.\;_a'xc :

£l
&
A1

beam vertically and at th

tlve change of the rate of

proton-proton interacgion ;

for low-3* running sin

; 3.are very strong and may

affect the beam sizes whilg

rforme d’, Additionally, the beam size

would be small (16 pm)fand thus/ded catetl,run with large values of 5* (at least

50 m) are required. Another !' i e to the non-zero crossing angle

which causes a longitudinal shiff o e in ion point (and hence a change of
o AEE e . .

the beam size), whi &\on

o

To summarize V is‘dedicated runs at high-3*

and very low luminos (< 10" , and to r

h an accuracy of better

than 5-10% on the lumigcﬂt;y measureme% the goal of the LHC, is unlikely to

be feasible. I\ﬁﬂeﬁﬁ t‘ﬂ;ﬂﬂ ETWW mﬂiﬁa'sity are considered

impractical.

o AR M ANHAY...

This method makes use of the optical theorem in high-energy scattering from the

relation

£ o = B2,(1+ )/ (16) (2.10)



16

where Ry is the total rate of proton-proton interactions, dR, /dt(t = 0) is the
rate of forward elastic scattering, p is the ratio of the real and imaginary part of
the elastic forward amplitude. The major challenge of this method is the ability
to detect the very forward elastically-scattered protons. We need to make a simul-
taneous measurements of the total interaction rate and the rate of forward elastic

scattering. The total interaction rate has to be measured using detectors at large

could be achieved by installing-additi Ldetector parts. In addition,
measuring p, the ratio of i i
tude Eq. (2.10) at the
al [14]).

he elastic forward ampli-

oTy ; ording to W. Kienzle et

To summarize, to e able £ !. ate result of such detection in opti-
he detectors and particular

running conditions at aflurgings ‘than about 10% cm—2s~! to be free from

pile-up effect. To reach an b'a t an 6-10% for luminosity measure-
ment using optical theorem red It unless a very high and well
understood efﬁc1ency for inelast] :' events-cambe done.

T3 T

2.6.3 Lumin meas:

‘dduction of partic-
For the case tﬁ m? leaarEsured, Eq. (5.3) is
applied to obt aﬁﬂsg ﬂﬂ high precision of
luminosity was o tamed with the usg'of ete™ — efe~ process at small momentum

trmsfeWﬂﬁ@ﬂdﬁpwgimmﬁﬁi }E’s and thus

could give accurate cross-section to d minosity to w1th1n 1% error.

ular procﬂses

Under a similar scheme, there are proposals to measure the luminosity of the
LHC using particular processes [15], [16] and [17]. Two processes are in particular
attentions; lepton pair production and the W# and Z° production. According to
(1], the two processes are expected to resolve the difficulty of achieving precision
of 5% for the luminosity measurement program at the LHC.
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In this thesis, we have focused our study on the possibility of using the W+

and Z° production to measure the luminosity at the LHC. In the section below,
we give some brief discussion for the W#* and Z° production method.

W#* and Z° Production Method

The W* and Z° production i to measure the luminosity
‘e produced at high rates at

hrough leptonic decay modes,

W* = Fu(p), Z — 111 af€ elfaty dnd ‘e e in high energy proton-

eross-sections of the W+ and
ed™o high accuracy. Recent
nd in References [18] and
[19]. In these two referencgh, thedliesretic ilcalculation up to the next-to-next-to-
leading order (NNLO) hs dé: sorme th alculated results are displayed
in Fig. 2.3. Except from th . ots’a right-handed side, Fig. 2.3 shows
that + 5%, is the upper ——t'-‘?‘fgtf” rtainton ow ad oz at LHC.

Z° production at the WHC ghnbe heoreti€ally :\.\.

determinations of W= afid Z° éross Sections ca

In the resultsvom_the work performed by VA foge et al.,, in 2000 [17],
they have concluded*that es, the cross-sections of
W#* and Z° produc ].-I are known to be about +4% at the LHC energy.
Some theorists predict that.these uncertainties will be as low as 4-(1 — 2)% by the

time the LHC ﬂ%ﬂn (;Ej w %% H gqlﬂ'x%retical predictions.

In the real situation when the L tarts operating and the data is collected from
the detect uncertai t 's‘ t ill (}Ig e smearing
AL 1o P KtV XA
possible Background from other physics processes. We do not yet know how do

these effects will act upon the uncertainty of the luminosity measurement. It is in

this work that they are investigated.
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Figure 2.2: The eveliChates-—oi-particies-prog: : ‘T C at “nominal lumi-

iy

2.7 Physics of Weak Boson Production at the

tf UEINBNINEINT
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In the @tﬁ:ﬁ @ﬁ?ﬁ%ﬁ%ﬁrﬂﬂ Qrﬂu«aginteraction

among qua nd leptons. The dominant Feynman diagrams for the weak bosons
production at the LHC are shown in Fig. 2.4 and Fig. 2.5. The anti-quark in

i
nosity.” (picture from -GF

the proton-proton collision comes from the sea quark, while the quark could come
from either a valence quark or a sea quark. Below, we discuss the two channels of

W# and Z° production those we have investigated in this thesis.
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W and Z Cross Sections: LHC
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Figure 2.3: The theo 7 i : s-scctions for W and Z production
times leptonic branchm%. ratios in pp colhs1ons at 14 TeV using the MRST99,
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The type of W= production and decay process at the LHC that will only be studied
in this thesis is: ¢q¢ — W+W~ — [*1(). The “invisible’ neutrino part of the
process makes the reconstruction of the W+ more complicated than the case of Z°.
The decay product of the W+ and W~ are, respectively, only I}y, and only I} g,

where the v have positive helicity and the 75 have negative helicity. Helicity is a
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Figure 2.4: Feynmar Diagrang of W* Production at LHC. |

e '\‘:

1

!
z'
i d
Figure 2.5; ‘ \o duction at LHC.

quantum number of value mf/s. AParticldSf spink! can have a helicity of +1 (m,
=1)and -1 (m, = - they ar anded (R)” and “left-handed (L)”
particle respectively. It has betir known | ensive experimental observation
that there are only le ;--—-ﬁ——— hended antineutrinos (/)

in nature. In weak * ial vector) theory [20]

TS
||

nly have [pvy, and only I} iy iy decay product of W=,

ora AN INE03
pfﬁ%‘l&ﬁ'@ﬂﬁﬁé B ARATIABIEE) o s

through process e two leptons are muons, they can be well

must hold; therefore ‘![

measured at the CMS detector and thus could provide well reconstruction of the
Z° four momentum. The event rate of this process is expected to be about a factor
of 5 - 10 times smaller than those of the W at the LHC. But, this number is still
considered very high.

The differential cross-section for this process [21] can be calculated from
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do mo?(L{+ R} |t @ 4M23 i
—(q:q; ZOZO = E . = = .‘—ZM4 7 o 2.0
where the average over the initial quark colors and statistical factor of % for

identical particles in the final states are taken.
: 1
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