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Abstract

The MARK J detector at PETRA was used in an experimental study of
ptp~ and ptpTy events. Data were collected atb the center of mass energy range
from 14 to 46 GeV. The standard model of electroweak mteractions has heen tested
by the data with high statistics. Stringent limits on the extensions of the standard
model have been derived.

The rate and angular distribution of muon pair events have been measured and
are found to be in good agreement with the standard model. The R-value and charge

asymmetry of the muon pairs are used to determine the electroweak parameters. For

My = 93 GeV, we find, sin?0,, = 20791, Assuming e-p¢ universality, the lepton
coupling constants are, g5 = .265 4 .032, g} = 0.038 4 .043. Special emphasis

has been placed on the understanding of the radiative effects by studying acollinear
muon pairs and ptp~y events. This provides a test of the electroweak theory
to higher than leading order. Various distributions of ptp~v evenls have heen
compared to the standard model predictions. The data and electroweak theoretical
predictions are in excellent agrecment.

Investigations have been carried out to constrain various non-standard processes
and to search for new particles. Limits are set on the cutofl paramelers, mass
and coupling of excited muons, four fermion contact interaction, etc.. Muons can
be regarded as pointlike particles down to a distance of 8x107"em. The pair
production of excited muons is limited by the ptp~yy event analysis, and the p*
mass is expected to be greater than 23 GeV at 95% conlidence level. The fact that
there is no excess in the production of g™y events gives a tight constraint on the
single production of excited muons.

Our results are compared to other experiments and the status of experimental
tests of the standard model is summarized. Perspectives of testing the standard
model in the near future at LIP are discussed. Precision measurements of quantities
such as the gauge boson masses, widths and various asynunetries will confront the

standard model with more stringent constraints and/or reveal new physics.



Contents

1

Acknowledgements ' it
Abstract 31
Contents v
List of Tables vii
List of Figures viil
Introduction 1
1.1 Review of the Theory . . . .. . . . .. ... .. ... ... .... 2
1.2 Earlier experimental tests of electroweak theory . . . . . .. .. . .. 5
pu(y) from ete” anuihilation 9
21 pYp” from efe” annihilation .. ..o 9
2.2 Radiative corrections to ptu= events . . . . ... 13
2.3 ptpmy events from ete” anmihilation . . ..o o000 19
The Experiment 24
3.1 PETRA . . . . 2l
3.2 The MARIK J detector . . . . . . .. . .. 206
3.3 Calorimelry . . . . . . .. 29

3.4  Muon spectrometer . . .. ..o Lo 33



3.5 Calibration . . .. ... ... . ... ... .. 58
3.6 Data taking procedure . . . . . .. ..o .39
3.7 Luminosity . . . . . . . . . . . ... ... ... 4b
4 Results on muon pair production 47
4.1 Event selection . . . . . .. ... AT
4.2 Cross section measurement . . . . . .. .. . ... ... ....... 53
4.3  Muon pair charge asymmetry . .. .. ... ... ... ... bd
4.4  Determination of electroweak paramelers . . . . . . . ... ... .. 58

4.5  Experimental limits on the extended electroweak models and

composite structure . .. ... .00 o oo Lo 6l

5 Results on radiative muon pair production G0
5.1  Eventselection . . .. . ... L L L 66
5.2 Event reconstruction . . . ... Lo 0oL T2
5.3 Comparison with the standard model 7

6 Search for excited muons 81
6.1  Search for p* pair productions . . ... ... ... ... ... 81
6.2 Single production of excited muons . . . ... ..o 0000, 84
6.3 Comparison with limits from g-2 experiments . . . . . . . . . . ... 87

7 Conclusions and comparisons with other experiments 91
7.1  Measurements of the electroweak parameters . . . . . . .. . .. .. 9}
7.2 Radiative muon pair production . . . . ... ... 08

8 Precision tests of electrowenk theory at LIDP 100

A QED o? order corrections to muon pair production 105



vi

B Estimation of high order corrections to ptp™ and prp=y produc-

1

tion 109

Extended gauge models of the electroweak interaction and the

composite structure of leptons 111
Notes on statistics 116
D.1 Maximum likelihood method . . . . . . . . .. ... ... ... 116

D.2  X?fit of parameters and testing hypothesis

References 120



List of Tables

1.1

2.1

2.2

Quantum numbers of leptons and quarks of the first family. . . . ..

Z | vertex coupling counstants in the standard model. . . . . . . ..
‘The forward-backward asymmetry for /s = 34.5 GeV and cosf <

1.0. The photon radiation is included with §2/% < 0.1. .. . . ..

The systematic errors of R-value measurement. . . . .. . . ... ..
The systemalic errors ol asymmetry measurement. . . . . .. . . . ..
Muon pair cross section measurement.

Muon pair charge asymmetry of MARK J data. . . . . .. ... ...

95% C.L. lower limit on A’ parameclers in composite models. . . . . .
+ | I

Number of observed p"pu=v events compared to Monte Carlo.

Observed muon Charge asymimetry compared to the electroweak the-

ory and QED. .. ..o

Dalitz plot populations of p"p=y events. . . . ...

Muon charge asymmetry from other experiments.
Measurements of electroweak parameters from ete” experiments.

sin?f,, measured in other electroweak interactions.

The muon charge asymmetry of "y cvents by JADIE and MAC

[

L0

01
06

08



vill

List of Figures

2.1

2.2

2.3

24

2.6

2.7

The lowest order I'eynman diagrams of muon pair production. . . . . 9

The lowest order cross section and asymmetry ol "~ events as a

function of center of mass energy. . . . .. ..o 12
The Feynmau diagrams of the radiative processes considered up to
the order of g®>. . . . . ..o 14

The radiative corrections to the cross section and asymmetry of i~ events
as a function of the center of mass energy with acceptance cuts. . . . 17
The photon energy distribution of initial and final state radiation. . 20
The photon angular distribution of the initial and final state radiation

with the cuts explained in the text. . . . . . . .. ... ... ... 21

The muon charge asymmetry as a function of photon energy with the

cuts explained in the text. . . . . . ... 0oL 22
PETRA. . . . . 25
The luminosity collected by the Mark J detector. . . . . . . . . . .. 26
The Mark J detector, end view. . . . . .. .. ... 27
The Mark J detector, side view. . . . . . . . . ... .. 28
Layer structure of the Mark J detector. o 00 000000000000 30
The energy resolution of the XM calorimetler. . 00000000000 31
Mechanical assembly of large deift chambers for muon detection. . . 32

The muon spectrometer resolution. a4



3.9

3.10

3.11
3.12

4.1
4.2

4.3

4.4

4.6

ix
The muor_lhcha,mber resolution as a fTunction of  angle with respect
to the chamber plane.
The muon momentuin resolution as a function of the momentum in
the MARK J detector.
The muon acceptance (simulated).
The time difference distribution of muon trigger counters for muon
pairs and cosmic ray muouns. .
The flow chart of Mark J data taking procedure.

The geometry corresponding to the DX Jogic.

The graphic display of a muon pair event in Mark J detector. . .
Momentum distributions of the more energetic muon of the the three
processes.

Acollinearity distributions of the muon pairs from the thirce processes
after the momentum cut (p,,,),,mm > Lyeam /2.

A schemalic diagram of detector acceplance to positive aud negative
muons with different magnet polarities. .

Detector asymmetry as a function of polar angle 6.

Cross seclion of muon pair production compared to electroweak ex-
pectation after radiative correction.

Angular distribution of the muon pair events al /s =34.6 and 43.5
GeV.

Charge asymmetry of muon pairs.

Charge asymmetry of muon pairs as a fnnction of acollinearity.
Determination of sind,. and Az from the cross section and Lhe asyvim-

metry of muon pairs.

36

37

3
)

52

04



X
4.11 Determiua‘,‘tion of axial and vector coupling from the cross section and

the asymmelry of muon pairs. . . . . . .. ... .. ... ... .. (0
4.12 R-value and cutofl parameters of muon form factor. . .. .. .. .. (2

4.13 The ratio of the differential cross section ol the composite model to

that of the standard model prediction. . . .. .. ... ... .. ... 63
4.14 X? as a function of A’ for AA, VV and LL coupling. . . .. ... .. 64
5.1 Inergy in A4B+C counters of beamgate events. . . . . . .. .. ... 67
5.2 Azimuthal angular distribution of the accepted Bhabha events. . . . . (8
5.3 'The graphic display of a p' 7y event in the Mark J detector. . . . . 69
5.4 Muon momentumn distribution of radiative 7 and y pair productions. 7
5.5 00cop distribution of radiative 7 and p pair productions. .. ... .. 7|
5.6 Schematic diagram of "=y event topology. . . . . . .. .. ... T3
5.7 Photon energy distribution of p*p=v events. 7
5.8 Muon angular distribution of p*p=y events. . ... ... ... ... 75
5.9 Muon charge asymmelry as a function of photon evergy. . . . . . . . 76
5.10 pvy invariant mass distribution ol ptp=y events. . . . .. ... ... 77
5.11 Muon pair invariant mass of pt ™y events. . .. ... ... ... .. 78
5.12 py opening angle distribution of p*pu=y events. . .. ... ... .. 78
5.13 Muon acollinearity distribution of 'y~ events. . . . .. . . ... . 79
5.14 py invariant mass distribution of radiative 7 pair production using a)

imeasured mwuon momentum aud photon energy, b) calenlated muon

momentum and photon energy with kinematic constraints. . . . . . 8¢
G.1 Invariant mass pairs of p" " yy events. . . . . . ... .. 8
6.2 MC simulation of delector respouse Lo the jo° pair production. . . . 83
6.3 MC simulation of delector response Loy production. . . . . . . . . &5

6.4 pvy invariant mass distribution of *p=y events. . . ... ... ... 86



6.6

6.7

7.1

-~
N

8.1

8.2

C.1

D.1

xi

95% C.L. lower limit on p* mass and coupling. . . ... 87
Dalitz plot of ptp=y events. . . . . . . . ... 88
p* contribution to muon anomalous magnetic moment. . . . . . . . . 89
Muon charge asymmetry measured by the PETRA and PEP experi-
ments. ... 92
Allowed domains on the ga—gy plane, from ve, e| D, n1C, ete” ex-
periments. e—p universality is assumed. . . ... 0000000 95
s’=sin’6,, as a function of My for different values of Higgs and top
IMASSES. v o v e e e e e e e e e 102
App as a function of My for different values of Higgs and top masses
without (a) and with (h) longitudinal polatization. . .. . .. . ... 104
The ratio of the Bhabha scatlering cross section of the composite
model to that of the standard model prediction. . .. ... ... .. 112

Maximum likelihood function for fitting the asymmetry in comparison

with the gaussian distribution. . . . ... ... 000000 L7



Chapter 1

Introduction

The outline of this thesis is as follows. Chapter | gives a briefl review of the the-
ory and remarks on experimental tests of electroweak theory in general. Detailed
theoretical predictions for efe™ — () are given in Chapler 2. Chapter 3
describes the Mark J detector at PETRA with the emphasis on the muon spectrom-
eler and the electromagnetic calorimeter. Although the hadron calorimeter is an
nnportant part of the detector, it is not discussed because it is not directly relevant
to this analysis. Chapter 4 reports the results from the analysis of the muon pair
(p* ) final states, which tests the standard model and gives the measurements of
the electroweak parameters. Chapter 5 reports on the results from the analysis of
hard radiative dimuon (" p~v) final states, which tests the theory to a higher order.
A search for possible excited states of muons is reported in Chapter 6, based upon
the study of p*pu~y events. Comparison with the limits obtained with (g-2) mea-
surements is also given. Conclusions are drawn in Chapter 7, where our results are
also compared to that of other experuments. Chapter 8 presents some experimental

tests of the standard model thatl will be carried out af LIET in the near future.
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1.1 Review of the Theory

Oue of the most successful advances in elementary particle physics in the recenl,
past hias been the theorelical development and the experimental confirmation of the
electroweak gauge theory based on SU(2)@Uy (1) model (frequently referred to as
the standard model ) from Glashow [1], Weinberg [2] and Salam [3].

The electromagnetic interactions of elementary particles are described by Quan-
tum Electrodynamics (QED), which is based ou the gauge group U(1). The bo-
son mediating the interactions is generated when local gauge invariance of the La-
grangian is required. It explains many bmportant electromagnetic interaction phe-
nomena, such as the scattering of charged particles and the anomalous magnelic
moment of electrons and muons.

It has been over 50 years since the first weak interaction theory was invented by
Fermi [4] to explain the g decay of nuclei. Like QED | which was formulated a decade
later, the Fermi theory was based upon the current-current interaction (although
the concept of the propagator was missing). It was [urther developed into a (V-A)
weak interaction theory when the parity violating nature of the weak interaction
was proposed and verified [5,6]. A great amount of experimental and theoretical
knowledge on the nature of weak interactions at low energy has heen derived from
the study of nuclear 3-decay, muon capture, inuon decay and semileptonic decays
of low mass mesons and baryons.

It was known, however, that the current-current theory had to be modificd al
Ligh energies because of the violation ol unitarity. The standard model which unifies
the electromagnetic and wealc interaction asswmes that SU, (2)@ Uy (1) s the fun-
damental gauge group of the electroweak interaction. I'he Jeft-handed fermions are
isospin (comumonly called “wealk isospin”) doublets upder SUL(2) transformations,

while the right-handed fermions are isospin singlets. The assignment of isospin and



o

Fermion | v L €Ern | YL dp, Un dn
Q 0 Lo - [ 2/3 -1/ 2/3 ] -1/3
Y S T T T 2 I A T B W B Y WO B e
T L2 -1/2100 (/201200 0

Table 1.1 Quantum numbers of leptons and quarks of the first fanily.

hypercharge of the fermions are given in Table 1.1 .

The two subgroups are {urther related by the electric charge of the particles.

)'v
Q=T+

2

(1.1)

where T3 1s the third component of the isospin of SU,(2), and Y is the hypercharge of

U(1). The intermediate bosons are introduced by applying the local gauge invariance

of the fields. The theory would not be acceptable to describe the weak interaction if

the symmetry were exact because most of the particles in nature are massive. It was

the discovery of Higgs mechanism [7,8] that made it possible for a gauge theory to

be a theory of the weak interaction. After a Lagrangian is constructed with massless

fermions , vector bosons and scalar Higgs so as to be invariant under a gange group,

a specific Higgs polential is chiosen to spontaneously break the symimetry to generate

the masses for the fermions and bosons with the exception of photon and neutrinos.

The Lagrangian of the electroweak interaction can be written as :

where
Ty (2 L < J’ - " I .
Ly = B(iy" G0 — W, W
g - g a /- 3 ' N Y '
Linl = —9XLYp I W X -y \L)/I'; N7, H’ —q “" I?ﬁ/r,? ‘l’ n ]f, 5
Ly = | (_lau —gT W, — .‘]/A'ZBI")(D '2 — b (‘J_’)

L = LO - Lint + Lh

—(Gy ¥, OV - GyUpboxy, + hec),
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where W* and B* are the vector bosous, and

Wp.u == 8;J,WV - auwu - nglr x WV (IT)

B;n) — allBV - 0,,/]]“ . (l8)

x 1, 18 an isospin doubletl for the left-handed fermions, e.g.,

D), ), o

Wi is the isospin singlet for a right-handed fermiou:
Ynpn=-c¢ep, up or dp ... (lJU)

¢ is the Higgs field; Ly is the Lagrangian for free field; L;n governs the interac-
tion between the fermion fields and the intermediate vector boson fields; Ly, is the
interaction between Higgs and the fermious or hosons, which is responsible for the
general.i'on of the masses of these particles; h.c. stands for hermitian conjugate; @,
is the charge conjugate statle of the Higgs field; Gy, G, are fermion-Higgs coupling
constants adjusted to give the physical mass of the fermions.

The photon and the weak neutral intermediate boson are mixtures of the bosons

in the bare theory, which are identified as:

A, = cosf, 3, +sin Gu,”;ﬁ (1.11)

Z, = -—swm0,[3, + cos 0,,,”’3 (1.12)

where tanf,, = ¢'/g. The electric charge of an electron is e = gsind,, — ¢’ cost,,.
In the standard model, the Higgs field is chosen to he an isospin doublet with
weak hypercharge Y=1. After the spontaneons svmmelry hreakdown, the Higps

field takes the form,

1 0 | |
b RE
V2 (v 4 /z(_m))’ (113)

where v is the vacuum expectation value of the Higgs field.



!

Only one component of the field remains while three other components are elimi-
nated by the gauge transformation, giving the degrees of freedom to the longitudinal
components of the thiree massive intermediate bosons.

The masses of the fermions and bosons are thereflore,

) ] .
My, = 571\/92 -Jr{//)', (1.14)

]
]‘[”7 = E"Ug7 (‘IS)
le .
me = ——, (1.16)
V2
and
M2
sinf, = 1 — —1 (1.97)
M3

A higher level of understanding in physics is reached when two seemiungly un-
related classes of interactions are unified. One of the most important predictions
of the standard model is the existence of the weak ncutral current. It is by this

specific structure of neutral current that the standard model is distinguished (rom

other gauge models of electroweak theories.

1.2 Earlier experimental tests of electroweak
theory

Two kinds of tests of the standard model have been carried out since the 70,
the measurement of the neutral current parameters and the direct observation of
the W and 7 bosons.

A lot of experimental efforts were devoted to scarches lor the existence of the
neutral current and to studies of ils structure. The first evidence of the neutral
current came in 1973 in a bubble chamber at CERN [0 10}, Since then, it has heen
mcasured in various interactions of lepton and gquarks, sneh as v,~e, e, 1, N | po-
larized electron-deuteron, polarized muon-carbon, e"e¢” scattering and annihilation,

and etc..



6

W’s and Z’s have been produced in high euergy pp collisions and have been
‘unambiguously identified in their leptonic decay modes [11,12,13,14]. The experi-
mental signature of the W boson is an isolated electron (or muon or tau) with large
transverse momentuin, associated with large missing transverse momentum, which
is presumably the transverse momentum of the undetected neutrino. The decay
modes of Z — e*e™ or 't~ are clear signals for the production of 7 with very low
background. The production properties of the W aud 7Z boson, such as the cross
sections and the angular distribution of electrons in the W rest frame, have also
been studied and have been found to be consistent with the standard model [15,16].

The masses of the W and Z hosons have heen measured in their productions in jp
collisions with aboul 2-3% accuracy. sin?d,, can be evaluated in a straightforward
way by inserting both of the masses in Eq 1.17. A wmore precise value can be
obtained if the Fermi coupling constant measured by muon lifetime is used. However,
electroweak corrections must he taken into account in order to relate the low-Q?

region (where Gp and o are measured) to the Q2 ~ M3 region:

sin?f, = e , 1.18
V20 (1 — Ar)M2. (1.18)
Ar = 0.0696 -1 0.002, (1.19)

where Ar is the radiative correction and is slightly dependent on the top and Higgs
masses (see Chapter 8).

Neutrino experiments have played important roles in studying the neutral cur-
rents. The statistically most significant process is 1/,-/N scaltering. Precise determi-
nations of sin®d,, liave been ohtained by electronic detectors (171819, snpplanting
earlier bubble chamber experiments which had lower statistics. In order to reduce
the systematic error, the ratio of the nentral corrent cross section Lo the charged
current cross seclion is used to determine sin?f, . Using Lhe quark parton model

description of the nucleon structure, the ratios for the isoscalar target can be written



~1

as [20],
NC
1 5 4o

R, = QT:EﬁaMm+éaMmu+ﬂ, (1.20)
ot (
NC -
o 1 H 1. ,

By = 2% o2 20, Ssin®0,(1 + - 1.21

o e 5~ sin | g S (14 7’), ( )

cC
o o«

1%

For r==0.4 (near the experimentally measured value), ,~V scattering data are more
seusitive Lo sin?f,, than that of 7,~N scallering.

Although statistically less significant, neutrino-electron scattering serves as a
unigue process for the determination of the signs of the weak neutral current coupling
constants of the leptons. Assuming g7 = 1/2 and g}, = 0, the cross sections of all

the neutrino-electron scattering processes can be written as,

do G2 .
;£:~fﬁA+Bu~yﬂ4cm, (1.23)

where s = 2m,/E,, y = E./I’, and C can be neglected for high energy neutrino
experiments. A and I can be expressed in terms of helicily couplings for various

clastic processes,

A B
e gi‘,z .‘]7?.2
e 9% 95’
vee (g5 4+ 1)* g7’

Vo€ 957 (g5 - 1)7

The measured cross sections of these processes give a constraiut of the allowed
regions on gi—gf plane (or on g5-gf plane as presented in chapter 7) with an
elliptical shape. Although the measurcment of Lhe cross section of each process is
vot suflicient to determine both coupling constants simultancously, combined data
from all neutrino-electron scallering processes i,ng«;‘,i,ln?r with the eme™ experiments
or the charged lepton scatlering experiments, however, have heen used successfully

to determine the coupling constants including the signs.
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. . . . < < e .
v,-e scablering hias been studied in a few experiments [21,22]. Given the many
systemalic uncertaintics inherent in the cross section evaluatlions, a measurement of

the ratio,

o(r,e L4n-+7° ‘
o(,e) L=+
has been used, with 4 = 1 — 4sin*@,. This gives a sensitive measurcment of

sin’f,, while eliminating some of the systematics (such as the experimental accep-
tance).

The formula quoted above only takes into account the lowest order contribu-
tion to the scattering. When extracting sin@,, from the neutrino scaticring data |
radiative corrections have to be applied [23].

The first observation and cross section measurement of v, + e~ — v, + e~ was
reported in 1985 [24]. Though low in stalistics, it helps to determine the sign of
the coupling constants. A more interesting study of this process is the destructive
interference between charged and neutral currents [25].

The most precise measurement of sind,, before 1980 came {rom the polarized
electron scattering from deuterous [26], where the parity violaling asymmelry was
found. Since the electromagnetic interaction conserves parily, the parity noncon-
serving asymmetry is altributed to the interference between the electromagnetic
current and the neutral current interaction.

In the next chapter, we discuss the properties of ' p™ and p*p=y production

|

from e"e™ aunihilation based on the standard model. Most ol the experimental

results on the electroweak parameters are sunumarized in chapter 7.



Chapter 2

pi(y) from eTe™ annihilation

High energy e'e™ colliding machines provide unique opportunities to study the
electroweak effects. Until now, the statistically most significant data on clectroweak

interference come {rom muon pair production.

o™ annihilation

2.1 ptps from e

Using perturbation theory, we first consider the lowesl order contribution to
the p*p~ final state. The tree level Feynman diagrams of pt e production in ¢'e”
collision are givenin I'ig 2.1. The first oneis a QED process of one photon exchange,

and the second one is the exchange of the weak veutral boson, Z°.

M

Tigure 2.1 The lowest order Feymman dingrams of muon pair produoe-
t1on.



10

The Lagrangian of the process can be written as:

where

- o=

‘,l’f)"”z(gv — g7, Qely" W A, (2.1)
g = Ty — 20 sin’f,, (2.2)
A = r[‘J) (2:’;)

are the vector and axial coupling constants of the fermion to the ncutral current

given in Table 2.1.

FFermion g'f\ gl gl (sin? 4, = 22)
e, Ty | =12 | =5+ 2 sin® 0, —0.060
U, +1/2 | 43— %sin2 0. +0.207
d,s,b —1/2 % + % sin’ 6, —.353

Table 2.1 Zff vertex coupling constants in the standard model.

The QED process gives the cross section as:

dg?PP o’ ) )
_Ciﬁ_lﬁr = Z;(J -+ cos 9), or (2.4)
. drral
A (2.5)
98

Taking into account the weak interaction and clectroweak interference, the cross

scction becomnes,

do o’ . i
o - E(]'l(,l, 4 cos? ()4 Iacos ), where (2.6)
Fyo= Q7 =20 Be()gigt+ I I o) gl (2.7)
10 - N e S 2 e ¢ .
Fy = —~4QgRe(x\)gh9a +81x [ !M.‘]rﬁ];(\!]{" (2.8)
1 s
X

22 2 ’ 12 e
4sin” 0, cos* 0, s— Mz --ipl1,1",



11

G2 .
= L2 e, (2.9)
2\/§7r()( 3 — ]”Z -+ 7]‘121 VA
M2
Rl N— (2.10)

M; cos’ 0,
and 'z is the width of Z°. The ratio of total cross section to the QED cross seclion

is therefore,

tot
(jn

—5Fp = I (2.11)

Tpp

=

The formulae are valid for all fundamental massless fermions, both leptons and
quarks with the exceptlion of electron because of the additional t-channel Feynman
diagrams. The forward-backward charge asymmetry of the muon pair production is

defined as,

%d(l / %dﬂ

LpL 0 g ‘% @ « ¢

Aply = i (2.12)
Jo dn”

An event with angle between the negative muon and the clectvon, of less (greater)
than 90° is a forward (backward) evenl. This is equivalent to defining forward and
backward events according to the angle between the positive muon and the positron

using the same criterion. Neglecting g%, which is small for sin?6,, near 1/4, we have,

n e [
y I . 'J.(]AgA 5
rp = : : ,
8sin’f, cos*f, s — M.;-
SpGr mis c o
= ) “da9a- (2.13)

IV o s — ]Ué

Because the vector coupling of the muon is rather small, the weak effect on the
total cross section is hardly defcctable. However, the charge asymmelry of the muon
angular distribution is vather Targe in the high 7 vange of PITRAD AL s -
GeV, R = 1.0083 and A}, = -15.6%.

FFig 2.2 shows the tolal cross section and the asymmetry as a function of the

center of mass energy. It has to be noted that the position of the peak of the cross
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Figure 2.2 The lowest order cross section and asymmetry of 4t~ events

as a function of center of mass energy.

section and the zero of the asymmetry will be shifted if the radiative corrections are

taken into account, which become non-negligible when the center of mass energy

approaches the mass of the weak neutral hoson [27].

In contrast with other experimental tests of the electroweak theory, such as lepton
nucleus scattering, and direct 2 and W production from fp collisions, eTe”
pF 7 (y) cross section and asymmetry measurcments over a large high-0)* range

provide a sensilive test of the clectrowealk theory which is independent of the details

of the nuclear structure.
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2.2 Radiative corrections to ;' events

In order to perform a high precision test of the theory, higher order processes,
such as those in IMig 2.3 with mternal loops, thal may also contribute to the same
final state have to be well understood. Besides, those final states, such as thosc in
Fig 2.3 with soft external photons, that can notl be distinguished from the lowest,
order pt ™ final state because of the finite detector resolution in the experiment
also have to be understood. Higher order contributions modifly the cross section
as well as the charge asymmelry depending on the kinematic cuts applied Lo the
phase space [28,29]. With radiative corrections included, the asymmelry comes nof,
only from the electroweak interference, but also from the interference of the two
and one photon exchange diagrams (Ilig 2.3a), the interference of the initial and
final state radiation (I'ig 2.3b) and ctc.. Basically, in QED any interference hetween
different charge conjugate (C) states of the muon pairs will contribute to the charge
asymmetry. Since Cis conserved in the QED interaction aud the photon has C=-1,
a muon pair from the one photon aunihilation has C=-1 while a muon pair from
two photon exchange has C=-+1. A similar argument applies in the case of muon
pairs with initial and final state photon radiation.

With the data collected at PETRA and PEP, the asymmelry is already sensitive
to eleclroweak radialive corrections. Therefore in order to extract the Born term
asymmetry of the electroweak interference from the data, a good understanding of
the radiative corrections in the theory is necessary. Inorecent years many cfforts
in theory have been made in noderstanding and calenlating the radiative effects
130,31,52,20,33].

The renormalizability of the standard model was proved in 1970 hy "t Hoofll
[34]. This means thal those parts occurring in the evaluation of Feyninan diagrams

of higher order which without regulation would become ultraviolet divergent can
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Figure 2.3 The Feynman diagrams of the radiative processes consid-
ered up to the order of ¢°.



App(%) App(Yo )

Intermediate | on-shell
Born -9.271 ~8.64
Photon self energy 0005 0005
(without fermion loops)
7 self energy 0.034 ~.G17
vZ4 nixing -.003 ~Hx 1070
Vertex corrections 013 012
Box diagram -.012 -.010
Born--weak -0.228 ~0.257
QED 1.904 1.744
[full =T334 7.513

Table 2.2 The forward-backward nsymmetry for /s = 34.5 GeV aund
cos8 < 1.0. The photon radiation is included with §E/F, < 0.1.

be absorbed by the renormalization of the fields and the couplings. The choice
of the renormalized parameters and their delinition via measurable quantities is
not unique beyond the tree level. Several dilferent schemes exist in literature [35]
giving somewhat different radiative correclions to the asymmetry due to the fact
that there is a difference already evident in the schemes at the tree level. The
asymmelry calculated from diflerent schemes is consistent when, and only when

higher order corrections are included [33]. Two commonly used schemes select the

input parameters as follows,
a on shell scheme: e, My, Mz My and g
= mtermediate scheme: e, G p,

Mz, My and m;

The tree level asymmelry calculated [rom the intermediate scheme is 7% larger in

magnitude than that from the ou shell scheme. However, the asymmetry after full
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clectroweak correct‘i()ns 1s consistent up to higher order corrections. Table 2.2 shows
{he contributions fryom various processes to the asymmetry in these two different
schemes. Further weak corrections at one loop level, such as two weak gauge boson
exchange or Higgs boson exchange, are negligible hecause of the suppression either
by the small coupling or relatively low momentuwm transfer.

In this analysis the on shell scheme is used. In this scheme, the weak corrections
to the asymmetry, which is mainly from the 7 sell energy, is not negligible. Because

the weak corrections have already been included in the definition of Gy, the weak

corrections to the asymmetry in the intermmediatle scheme is negligible.

I'ig 2.3 suminarizes all the diagrams of the processes thatl have been taken into
account up to the order of a?. The cross sections of the processes are calculated
analytically. The Monte Carlo event generator based on the cross sections of the
diagrams in I'ig 2.3 is used in this analysis [28,30,31]. To study the variations of
the distributions of various quantities with the experimental acceptance, culs are
made alter the eveuts are generated. The most frequently uscd culs are on the
muon momenta and the acollinearity of the muon pairs to reduce the background
from two photon muon pairs (efe™ — ete put ™), hard radiative muon pairs (ehe”
—ptpmy ) and 7 pairs (ete” — 77T — pto, o, ,). The events from Lhese
background processecs tend to have large acollinearity and low muon momenta. The
cuts effectively reduce the background contamination to the muon event sample less
than 1%. The radiative corrections are then estunated with the accepted events. It
turns out, under the cuts of our analysis, the corrections are about H% flor the cross
section and --0.012 for the asymmetry almost independent of the center of mass
energy because the dependence of the corrections on the cenfer of mass enerpy is
logarithmic. Tig 2.4 shows the corrections Lo the cross section and the asymmelry

as a function of the center of mass cnergy,

AALR) = AVCO(8) — AT (9) (2.14)
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Figure 2.4 The radiative corrections to the cross section and asymune-
try of ptu~ events as a fuuction of the center of wmass energy with
acceptauce cuts.
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= AMC(8) — AN (1)) x 879, (2.15)
AcMC(8)  oMO(8) — ao(8) (2.16)
a(8) a(8) o

ME(8) - 1.} % .728
- (8 — ol , (2.17)
U()(l.) X 728

where the asymmetry and the cross section within the acceptance can be writtcn

as,
—’25 [ -0y l )
%d&l / ‘/—;(i,sz
. ‘N JZ 22
A(6y) = — ({20 , (2.18)
/ —df)
00 d
0 dg
0,) — / il Te% 219
U( 0) 00 dfl ( )

The phase space culs are,

2,
Maz(py,p-) > —2’—-, (2.20)
¢ =cos ' (—p_,py) < 20° (2.21)

where I, is the beam energy, ¢ is the acollinearity of the muon pair. The corrections
are defined as the difference between the first order calculation and the lowest order
calculation within the acceptance. I'ractional diflerence is used for cross section
corrections.

The estimation of the contributions from all higher order processes are given in
Appendix B based on the paper by Tsai [36].

Although the above phase space cuts are the same as the ones used in the data
analysis, the detector efliciency and resolution, however, have yel to he taken into
account. The more accurate corrections {or the experimental data have to come
from the complete detector simulation.

Although total QD radialive correction to the asyrmmetry is relatively small
(but not negligible), cancellation between contributions from various diagrams plays
an important role. The interference of two photon and one photon exchange dia-

grams gives a positive asymmelry while the interference of the final state and initial
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state solt photon radiation gives a negative asymmetry with both magnitude as high
~as 20% (see Tig 2.7 in next section). Because they are in a different kinemalic region,
the total corrections are dependent on the kinematic cuts. With special selection

cuts, these contributions may be separated and then can be studied experimentally.

2.3  putuoy events from e'e  aunnihilation

Direct observation of putp=y events is possible when the energy of radiative
photons is large enough. Study of pty= v events provides a test ol the validity of
higher order electroweak theory.

The analytic expreésions of the cross section for QED ptp~v events arc given in
Appendix A. Similar to the effect on ptu~ events, the Z° exchange does not change
the cross section by a significant amount, but does change the charge asymmetry.
The photon radiated can be crudely classified as initial state radiation and final
state radiation. In the limit of QED (without electroweak effects), the interference
between the initial and final state radiation does not contribute to the total cross
seclion because it is totally antisymmetric. The photon energy distribnution of the
initial and final state radiation is shown in I'ig 2.5, where only events with photon
energy greater than 3% of the center of mass energy are generated. The cross
sections of both the final state and the initial state radiation falls steeply as the
energy increases, which is a typical behavior of bremsstrahlung radiation. The
cross section of the initial state radiation riscs as the photon energy approaches the
beam energy. This can he interprefed as follows: after the photon is cmitbed from
the electron or positron, the center of mass encrgy of the efe™ pair is eflectively
lowered, giving rise to a larger cross section for the aunihilation. The balance

between the bremsstrahlung and the effective center of mass energy results in the
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Figure 2.5 The photon energy distribution of initial and final state
radiation.

photon energy distribution of the initial state radiation. Unfortunately, the events
with hard photons (k,/ L), > .75) are always accompanied by a pair of very close
muons, which can not be always resolved by our detector, hence, are not accepted
as "~y events in our data sample.

Because of the nature of the bremsstrahlung radiation, the initial (final) stale
radiative photons tend to go in the direction of the beams (muons). Iig 2.6 is the

photon angular distribution after applying the culs:

, I :
Max(p,,p.) > o (2.22)
E-01607 Jeosf, |2 0.8 (2.23)
I, > 03y s (2.2:0)

['ig 2.6 also tells us thal in the accepled event sample (|cosf | < .9), final state

radiation dominates, with about a factor of two more than the initial state radiation.
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Figure 2.0 The plioton angular distribution of the initial and final state
radiation with the cuts explained in the text.

Since the muons in ptp~y events are not back to back, the definition of the
asymmelry is somewhat modified. The positive and negative muons are considered
separately. Each event gives two entries. As discussed in the previous section, the
muon charge asymmetry of ptp~v events comes not only from the electroweak
interference, but also from the interference between the initial and final state radi-
ation. While the electroweak asymmetry depends mainly on the momentum trans-
fer of the neutral intermediate hoson, the asymmelry due Lo radiative interference
strongly depends on the kinematic cuts on the muons and photon. In general; the
asymmetry decreases as the photon energy gels lavger. This can already bhe scen in

the analytic expression of the cross section for soft photon radiation integrated np

to photon energy ky where the muons are taken as back to back:

do

e

dog k
dfl

(L4 BIn(=2) + 8 -+ 211),

ol
I
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Figure 2.7 The muon cliarge asymmetry as a function of phioton energy
with the cuts explained in the text.

’6 = /37 -+ ﬁf + ﬁint) (226)
Bine = %lu(tang), (2.27)

7r
where 6,5, 1I, B; and By are independent of the plhoton energy and 3;, 3, are in-
dependent of § (see Appendix A for details ). The asymumetry contributed by the
events with photon energy between k to k + Ak can be approximated as,

0. Ak
A A o In(lan E) , G <90°. (2.28)

2
v

The contribution is negative, and decreases in magnitude as the photon energy gets
larger.

The asymmetry will be enhanced il a kinematic region where the interference
term is large is selected. lor example, Fig 2.7 shows the asymmelry vs photon
energy when the opening angle hetween the photon and the muons are required

to be larger than 10 degrees in addition to the the requirements of IBq (2.22) and
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Eq (2.23). In this region the peaks of the cross sections of initial and final state
radiation are avoided, and the interference term is comparable in magnitude to the
initial and final state radiation term.
Another purpose of studying utu=v evenls is to scarch for the excited states of

muons which might be produced in e"e” annihilation. Details are given in Chayp-

ter 6.
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Chapter 3

The Experument

3.1 PETRA

The ete™ storage ring PETRA (Positron Electron Tandem Ringbeschleuniger
Anlage) [37] at DESY (Deutsches Electronen Sychrontron) in IHamburg, Federal
Republic of Germany and its iujection apparatus are shown in Jig 3.1. It was the
highest encrgy electron-positron colliding beam machine in the world from 1979
to 1986. The storage ring is housed in a 2.3 kilometler tunncl with eight straight
sections and eight identical curved sections, and it counsists of quadrupole magnets,
sextupole magnets and 5.5 meter bending magnels with a bending radius of 192
meters.

IFour of the eight straight sections are long sections for RI" accelerating cavitics,
and the other four are short sections for experiments.

Ilectrons are injected at 50 MeV from Linac 1 jnto DESY, accelerated to 7
GeV, and injected into the PETRA ring to form ftwo bunches of 2-6 mA each.
Positrons are accumulated in I'LA (Positron Intensity Accumulator), after accelera-
tion in LINAC I to 400 MeV. Twenty successive LINAC honches are injected into
PIA, compressed in phase space, and further accelerated in DESY and injected into
PETRA al 7 GeV. The two paits of counter—circulating bhunches are then further

accelerated and focused to collide inside the [our experiments.
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Figure 3.2 The luminosity collected by the Mark J detector.

Since the first physics runs for experiments in November 1978, the ring elements
have been modified to provide higher luminosities and higher beam energies. Onc of
the most important improvement is the mini-beta scheme installed in March 1981,
which increased the luminosity by a factor of 2.5 to 3. The peak instantaneous
luminosity obtained with the MARK J detector was 1.6 - 10" /em? /sec, with up to
650 nh~! collected in one day. The integrated luminosity collected with the MARIK
J detector over the resulling large range of center of mass energy, /s , from 12 (GeV
up to the highest energy of 46.78 GeV, is shownin I'ig 3.2 As is evident in the plot,

particularly large data samples were collected aft energies avound 25 and 44 CleV.
3. The MARIC J detector

The MARK J detector [38,29], located in SW Dall of the PETRA ting, shown

in Ilig 3.3 and I'ig 3.4, was designed to distinguish charged and neutral hadrous as
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Figure 3.4 The Mark J detector, side view.

well as electrons, photons and muons, and to measure their direction and energy.
It consists of two main parts; a calorimeter and a muon analyzer. The first part,
the electromagnelic and the hadronic shower calorimeter, covers from 12° to 168°
in polar angle ¢ and the whole azimuthal angle ¢. The second part counsists of five
magnelized iron toroids which also serve as an absorber, supplemeunted by large
planar drift chambers, both inside and outside the magnets, to analyze the muons.

Particles leaving the ee™ interaction region traverse the detector layers shown

schematically in Fig 3.5. Outside of the beampipe is the vertex detector labeled
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DT (drift tubes) in Tig 3.3 and Tig 3.5. The next layer is the clectromagnetic
-calorimeter (A, B, C). Surrounding this calorimeter are the inner drift chambers
of the muon spectrometer (5,T). Proceeding radially outward the magnet toroids
of the spectrometer form the absorber for the hadronic or outer calorimeter (IK).
The outermost part of the detector completes the muon spectrometer with trigger

counters (D), more magnetized iron, and drift chambers (P)R).

3.3  Calorimetry

Leaving the vertex delector, the particles then pass through the electromagnetic
calorimeter made of I8 radiation lengths (measured normal to the surface of the
counters) of lead scintillator sandwich shower counters, which are subdivided into
three azimuthally segxlne.utcd layers of shower counters (A, B, C in Fig 3.5). Bach
counter is made up of 0.5 cm thick pieces of scintillator alternated with 0.5 cmn thick
Jead plates. At normal incidence this yields 3, 3 and 12 radiation lengths or a total
of 1 absorption length. The 20 A counters are arrayed parallel to the beamline
outside of an iron box which surrounds the vertex detector. They cover the polar
angle 6 from 12° to 168° with no azimuthal holes. The 24 B and 16 C counters arc
arranged similarly to the A counters, but are offset in ¢ and shorler, covering ¢
from 16° to 164°. Bach of these sixty counters is instrumented with one phototube
al each end. The time and magnitude of both phototube puises are digitized with
TDCs (Time to Digital Converter) and ADCs (Analog to Digital Con verler) and are
recorded. The position of the track along the dircction of the connters can thus be
determined by the use of the ADC vatio or TDC differences measnred hy phototubes

at the ends ol the counter:

Zrne = $(TDC — TDC,), (3.1)

7

A ADC,, o
Zype = 7]1\(}%} e ) (3.2)
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Figure 3.6 The energy resolution of the EM calorimeter.

where,
A is the light attenuation length of the counter,
v is the velocity of the light in the scintillators,
g; is the conversion factor {rom ADC to energy deposit in the counters.

A weighted average gives a z-position resolution of 2.5cm. Comparing to the the
positions extrapolated from track fitting in the vertex detector this method yields
a resolution for single hits of AF = 5° per counter. The azimuthal segmentation
combined with shower sharing between counters yields aresolution of A 7.

The energy deposited in each counter is determined from the two pulse heights

corrected for attenuation:

2+ 12 12—z

E=G(gADC,exp(-— ), (3.3)

) + 92/1[)(]2(3.1:1)(*

7
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tection.

where [ is the lengt

a counter to the el

showers from elect

hof the counter and G is the ratio of the total energy deposited in
iergy observed in the scintillator. The leakage of electromagnetic

rons and photous into the outer calorimeter is less than 4%.

Ou the average, a hadrouic event deposits 75% ol its energy in the A, B, C

counters. The remaining 25% of the energy is absorbed in the outer calorimeter.

192 scintillation counters are arranged in four layers interleaved with 2.5 to 10 cm

of iron for a total

of 2 absorption lengths at normal incidence. lu this calorimeter

the ¢ resolution is better than that in the inner calorimeter because of the finer

-

segmeutation. Th

e longitudinal resolution is worse because only one end of each

counter is viewed by a phototube.



29
)

3.4  Muon spectrometer

The tracking devices of the charged particles consist of {wo parts in the detector,
the vertex detector and the muon chambers.

The vertex detector measures the tracks of charged particles and the production
vertex along the beamline. It consists of 2616 cylindrical drift tubes arrayed per-
pendicular to the beams in four rectangular layers. Joach tube is 1 coin diameter
and 30 cm long. The array actively covers the polar angle from 6 = 10° to 170°
and the entire azimuth except 7° in each corner. The resolution per tube is 270 1.
Tracks are fitted to hits in each Jayer. The best overall fit for an event is determined
by constraining the tracks to a common vertex along the heam direction, z, and
minimizing the X2 per track. The number of tracks pointing to this comumon vertex
yields a measure of the charged multiplicity. The r.nvs. width of the best fit vertices
for hadronic events is just that expected from the beam bunch lenglh, Az = 1.3 cm.

A muon is identified by its ability to penetrate the iron. The total thickuess of
the iron is 87cm at normal incidence. Together with the electromagneltic calorimeter,
there are 5.4 hadronic interaction lengths to filter out hadrons. The magnetic field
in the iron has an integrated field strength of 17 kG-meter. At normal incidence, the
low momentum cutoff is about 1.3 GeV/c. The initial muon direction is measured in
the inner drift chambers labeled as S, T U and Vin Fig 3.5. The track in the bending
plane is measured by the two plane  chambers after the muon has traversed 42
cm of iron, then the P and R chambers measure the bending angle and position of
muon exiting the iron.

All drift chambers (5,7, V. PR) cousist of 10 cm cells Tormed by two ficld.
shaping I-beams (which provide the structral strength) gloed with insnlators be ‘
tween two aluminum ground plates(see Mg 3.7). A coordinate is mecasured by a

double layer of such cells, with the second layer displaced by hall a cell width from
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Figure 3.8 The muon spectrometer resolution.

the first to resolve the left-right ambiguily. Individual cclls have been tested to give
a resolution of 0.4mm for perpendicular tracks in our system of 5000 wires with
individually calibrated TDC’s. This is much smaller then the spread resulting from
the multiple scattering in the iron. The average angular deviation due to multiple

scattering is proportional to 1/p to the first order, where p is the muon momentuin,

207; L 1 L
N “”,/—{1 bol <*>} 3.4
8. \/ipﬁ Lo F 9 0810 Lo (J )

0.12
plGeV]’

and is given by,

12

where I is the muon path length in the magnetic field, and Ly is the radiation length

of the traversed material. For iron, Lo = 1.76 cm.

The bending angle due to the magnetic field is also proportional to 1/p,

0.38 1L 0.51
~ = (3.5)
P plGeV]

A gmagnet =
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Figure 3.9 The muon chamber resolution as a function of 6 angle with
respect to the chamber plane.

Thus, in the absence of other sources of error, (o(i/,)/(1/p)) would be ~ 24 % and
independent of momentum.
The muon chamber resolution as a [unction of § angle is shown in I'ig 3.9. It

can be parametrized as,
2, : 0
o= 49+ .67 tan (E — @) (mm). (3.6)

This dependence of the resolution is properly simulated in the Monte Carlo detector
simulation.
The total angular uncertainty is a gquadratic sum ol contributions multiple scat-

tering and angular resolution of the ST and I’ chambers:

DOy = D2, AP 1 AD2, (3.7)

mnm..na.

where Af, aud A8, correspond to the angular resolution of the ST aud P chambers.
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Figure 3.10 The muon momentum resolution as a function of the mo-
mentum in the MARI J detector.

The resolution of the inverse momentum, 1/p, can be parametrized as,

(f]/p _ A(;totn/. (‘{ 8)
1/1) - A()nmgne(‘ ,

2
(i‘l/_’i) = Axp* B, (3.9)
Lp

where A and B are constants.

An estimated total [ractional inverse momentwin ervor is 30 % al p ~ 17 GeV.
I'ig 3.8 shows the measured distribution of By, /p, for p, = 17.5 GeV/e. The
resolution obtained with a gaussian fit, o = 33% agrees with Lhe estimation ahove.
The deviation may have come from the background hits which wonld deteriorale
the momentum ICSO’\]L]UJ_I,.. To reduce the radiative o pairs in the sample, an

additional cut on the acollinearity, £ = (‘r).s“(~—j;",,,ﬁ+‘) < 4%, is applied. A study of

i 0 - .
the Monte Carlo events shows thal 95% of the muons in the sample have the actual
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Figure 3.11 The muoun ncceptavce (shinulated).

muon momenta greater than 94% of the beam energy. The radiative eflect in this
resolution estimation is then negligible. I'ig 3.10 shows the square of the measured
inverse momentum resolution as a function of the synare of the momentum. A
straight line fits the data well.

The acceptance of muons in the detector is shown in Flig 3.11. It is flat in the
region where [cos@ | < 0.8 .

32 trigger counters (D) are situated 1.3 meters away from the jnteraction region,
and another 8 (DI’) are situated outside the corner I' chambers to measure the time
of flight of charged particles. They therefore completely cover 27 in the azimuthal
angle. The good timing resolution of the counters is used by the on-line trigger n,nrl-
is also used to reject cosmic ray muons in off-line analyses. g 3002 shows the time
difference distribution of both muon pairs and cosmic ray muons. The resolution of

individual counters is about .6 ns.
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Figure 3.12 The time difference distribution of muon trigger counters
for muon pairs and cosmic ray muons.

3.5 Calibration

The components of the detector were calibrated by the test beams before they
were assembled together. After the installation of the detector, many components
were subject to changes due to radiation damages of the scintillators, variations of
the photomultiplier gains and gas composition, drifts of the electronics aud so on.
Constant calibration enabled one to mounitor the changes of the detector pn,ru‘vncl.érs
and to keep the high sensitivity and resolution of the detector.

In the MARK J experiment, the NIM and CAMAC clectronics was checked every
few months. The relative timing of the counters, which determines the fast trigger
coincidence, was calibrated during shut-dowus hy using cosmic ray events with a A
special counter setup. The pedestals of the connter ADCs were checked onfine and

recorded on tapes.
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The cosmic ray eventls were recorded during and between data taking periods.
"The gain factors g;’s of the A,B,C counlers are calibrated by cosmic ray niuons
passing through the counters. The position and the energy of a hil were delermined
from the orientation of the track measured by other components of the delector,
and from the fact that high energy muons are minimuwn ionizing particles with a
nearly constant dIo/dx.

The attenuation length and the light propagation speed in the A, B, C counters
have initially been determined from test heamn data. The drift tube packages in [ront
of the A, B, C counters enable us to calculate the values for these parameters for each
individual counter and check them regularly. The large angle back-to-back Bhabha
events with clean drift tube tracks are selected. The electron tracks are litted in the
drift tubes, are extrapolated to the counters, and are then compared to the positions
of the hits determined from the counter ADC’s and TDC’s. The attenuation lengths
and the TDC time zeros are then calibrated. Constant monitoring of the parameters
results in the good resolution for an electromagnetic shower. AL/L = 6% at [ = 22
GeV (see Fig 3.6) and Z-position resolution of approximately 2 ~ 3 cm for A and
B counters, and approximately ~ 5 cm for C counters.

To calibrate the TDC’s of the drift chambers and tubes, a sequence of signals
simulating the pulses from the wires and the trigger are generaled and fed to the
system. This is repeated with a series of different time delays. The THC chaunel
to time conversion, as well as the offset, is thus obtained. This calibration is done

every eight hours or so.
3.6 Data talking procedure

There are two main CAMAC brauches for the Mark J detector to read in ox-
perimental data. Branch A includes scalars which monitor 300 single rates from

counters, 100 coincidence rates and various other connts of the experiment. The
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Figure 3.13 The flow chart of Mark J data taing procedure.

) a

main experiment branch, B, is driven by the trigger. The MARK J data taking
system including the timing of each part is shown in Iig 3.13 |10].

The data taking procedurc is arranged in three stages.

The first stage is a fast, loose trigger generated from the hit information of the
A, B, C, D, K and I connters. Ry combining this inlormation in different ways as
described helow, various trigger signals ave produced which correspond ronghly Lo
different final states from the e"e” collisions. AlLol the analog and time Lo digital

conversions ate initiated by this first stage trigger.
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The second stage is a total energy trigger. When the first stage trigger initiates
“the ADC’s and TDC’s, it starts the total energy trigger circuil atl the same time.
Analog sum signals from A, B and C counters are fed into a linear fav-in after proper
attenuatlion adjusted so as to allow different weights for diflerent counter arrays. The
oulput is then sent to an integrator to find the total charge in the analog swn. The
output from the integrator, which is proportional to the total encrgy detected, goes
to discriminators. The setting of the discriminators depends ou the beam cnergy and
1s different for various trigger types. If the energy trigger condition corresponding
lo a given trigger type is satisfied, the CAMAC modules continue to convert all of
the signals from the detector into digital signals. Otherwise, a clear signal is sent to
the CAMAC crates. For muon eventls the total energy trigger is not applicd.

The third stage is an on-line selection which is performed by the Micropro-
grammable Branch Driver (MBD). The MBD is the interface between the on-line
computer and CAMAC. As an on-line filter, the MBD first reads an input register to
see which trigger has occurred. Then it does different tests depending on the type of
the trigger. If the trigger is a hadron or Bhabha trigger, the energies deposited in the
A, B and C counters are added and checked. 1f the sum is less than 1/12 of the total
center of mass energy of the beams, the event is rejected. Tor events passing the
first test, the K counter energy is added to the total energy, which is then required
to be al least 1/6 of the cenler of mnass energy. After this cul, drift chamber and
drift tube data are read in. If the muon trigger bils are on, three pairs of adjacent
wires of inner drift chambers are required. The idea is thal a real track in chanbers
involves al least two staggered, and hence adjacent drift cells, one in cach lTayer of
a double plane. This cflectively rejects accidental triggers dne Lo signals in muon
trigger counters. I'or an accepted evenl, the MBI reads in all of the information of
the chambers and counters from the corresponding CAMAC modules and decides

which data words are uscful, i.e., whether their values are greater than the pedestal
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Figure 3.14 The geometry corresponding to the DX logic.

suppression values in the case of the ADC’s, or less thau the overflow values in the
case of the TDC’. Ounly valid data are transferred to the on-line computer and then
written onto tapes. For the triggers that are accepted, the deadtime is about 30ws,
for a rejected trigger it takes typically 3ms.

The trigger patterns of the MARK J delector are Bliablia, hadron, large aungle
Bliabha, single electromagnetic shower, muon pair, single muon, cosmic ray muon

and beam gate.

The cosmic ray trigger is a special trigger designed to accept cosmic ray muons
between beam crossings. These cosmic ray muons are used for counter calibralion
as discussed previously.

A ‘beam gate’ event is laken every 100 accepled events, in which a trigger is

generated when the bunches cross without further requirement. This allows us fo

monitor the background conditions.
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D counters are the main detector compounents to define a muon track at the
trigger level. They are well shiclded against the background from the circulating
beams. The main potential background, however comes {rom cosmic rays. Because
the D counters are long (4.5m), meantimers, which are designed to equalize the light
propagalion time, are used o provide an outpul at a fixed time independent of the
location of the traversing particle.

T'he single muon trigger is designed as the coincidence of D, DA2, DB2 and DC2,

while the dimuon trigger as that of D, DX, DA2 and DB2, where,

D: at least one D counter has beecn hit during the bunch crossing (the meantimer
output (width=20ns) in coincidence with the heam gate (3ns)). The gate is
effectively open for 23 ns, or equivalently, .6% of the time as the bunch crossing

rate is 260kHz. This reduces the cosmic ray background significantly.
DA2: at least 2 A counlers have been hit.
DB2: at least 2 B counter phototubes have fired.
DC2: at least 2 C counter phototubes have fired.

DX: a special logic module which has 24 inputs, 8 of which are {or the 16 corner
counters ORed two by two, and other 16 for the remaining 16 counter elements.
When a signal arrives at any of the inputs, the circuit logic requires there must
be at least one signal within the opposite 7 sections, as showun in I'ig 3.14 to
generate a signal. This then only accepts coplanar dunuon within 50 on

average.

The physics processes associated with the single muon trigger are 7 leplon pro-
duction with one of the 7’s decaying into g and the otherinto ¢ or hadrons, inclusive

muon events in which the muon is {from the decay of a heavy quark, hard radiative
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muon pairs, elc.. The common characteristics of the processes is a muoun accompa-
‘nied by some energies in the calorimeters.

The double muon trigger sclects events in which two muons come out of the
interaction region back to back and both are in coincidence with the beam crossing.
This trigger has practically vo beamn associated background. The majority ol the
events accepted are cosmic ray nuons coming to the detector during the heam
crossing. The trigger rate is constantly 0.35 Hz all the time. These cosmic ray
muons can be easily rejected in the offline analysis.

The Bhabha events deposit most of their energies in the A, B and C counters.
The Bhabha event trigger comes {rom the fast analog swn of the pulses of the A,
B and C counters with linear fan-in circuits. I'or small angle Bhabha eveuts, the
showers are fully developed in the inner two layers of the calorimeter. The criterion
for such an event is thal any two of the quadrants have energies deposited in A
and B counters of at least 220 MeV. Acoplanar events near the corners are also
accepted by this trigger design since the coincidence of the opposite quadrants are
not required. This is necessary because the radiative Bhabha events are included
in the analysis. For large angle Bhabha events, it is possible that the showers are
not fully developed in the A and B counters. The above criterion may cause loss
of these events. As a complement, a C counter energy trigger is designed to accept
such evenls. The sum of all the C counter pulses is fed to a discriminator whosc
threshold is set equivalently at 1.2 GeV. Since C counters are well shielded from the
beam background, the trigger rate is very low.

The hadron trigger is gencrated based on three criteria, the nuwmber of counter
elements that have been hit, tolal energics deposited in the AL B and O connlers,
and energy balance. At least three A and B oarray eloments are required Lo lrave
been hit. The threshold for the sum of the cnergies in A, I3 or C counters of each

quadrant is set to be higher thaun the energy lelt by one minimuwm jonizing particle.



45
It is required thatl there are at least two pairs of coincidences between opposite
~quadrants of A, B or C counter arrays above this threshold to assure that the event,
is balanced.

At the second trigger stage, the total energy threshold for hadron aud Bhabha
events is 12% of the center of mass energy. This ellectively reduces the (rigger rate
down to 5 Hz.

To ensure high trigger efliciency requires careful online monitoring and frequent,
feedback from offline analysis. By checking the single and coincidence rates lrom
the counters and counts from the chamber wires, any ineflicient or dead components
could be detected during the data taking. Offline analyses can give the threshold
energy, angular distributions of the events, meantime distributions, etc.. These help
to keep the detector running properly. Since the triggers overlap for certain kinds
of events, such as Bhablia and hadron triggers, double and single muon triggers, the
trigger efliciencies are checked by events accepted indepeundently by various triggers.

In this analysis, data taken in periods with ineflicient counters and chambers are
excluded, which are about 6% of the total luminosity. The trigger efliciencies for

ptp and ptp~y events are determined to be greater than 99.5%.
3.7  Luminosity

Luminosity is one of the fundamental quantities that has to be measured as
accurately as possible. Any absolute measurement of the cross section of a process is
affected by the accuracy of the lwninosity measurement. We use Bhabha scallering
to measure the luminosity because it has the highest statistics among all the data
samples and the rate is dominated by low ()% events (sealloviug al small angle),
where QED is well understood. The Monte Carlo simulation Progran (rom Berends

and Kleiss [11] is used to generale the eveuls and evaluale Lhe cross section Lo Che

order a3.
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Because of the t-channel photon exchange, the Bhabha event rate increases
rapidly towards the small polar angle 6. It is crucial to uuderstand the detector
behavior at small angles for calculating the acceptance of Bhabha cvents. In fact,
this limits the reduction of the systematic error of the luninosity measurement. Iu
the Mark J detector, the small polar angle region in the central detector is covered
by A counters. The uncertainly in simulating the eclectromagnetic shower at the
ends of the A counters would bring in a systematic shift of the expected rate. In
order to check the luminosity independeut of central detector, there are 48 lead-glass
counters installed in both forward and backward regions close to the heampipe as
luminosity monitor over long running periods. By comparing the luminosily mea-
sured by the central detector and that measured by the luminosity monitor, we
conclude that the systematic error is about 3%. It is recasonable to assume that this
systematic shift is independent of the center of mass energy and has heen the same

throughout the running of the experiment.



Chapter 4

Results on muon pair production

4.1 Event selection

The muon pair events are selected in MARIC J as two minimum tonizing tracks
{rom the interaction point penctrating the magnetized iron and reaching the outer
drift chambers. We only retain events with |cos @] < 0.8 because the acceptance in
this angular region is flat and about 90% (Iig 3.11).

In order to separale the events {rom cosmic ray muons we use the following

criteria:

1. both particles emerge from within a cylindrical region of 20 ¢ lenglh and

cm radius centered atl the beam crossing point;

2. the time coincidence of the muon trigger counters with the beam gate is beller

thau 5 nsec;

the time difference between the muon trigger counter hit by each track must

(oS}

be smaller than 4 ns.

Two other physics processes also could give b final stales in Lhe delector.
) 28 [ .

They are :

1. Two photon process, ete™ — ete™ "= | with two clectrons escaping from

the detector along the beamline;



Figure 4.1 The graplic dispiny of o mvon poir event in Mark J detector.
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Figure 4.2 Momentum distributions of the more energetic muon of the

processes ete”™ — plpu~ | et
.'. —_ - -

whp™ v,

e” — ete” ptp” and etem — 7hr- o

2. 7 pair production, with both 7's decaying into muons and neutrinos, ete™ —

Tt — /ﬁ"/f Vv, .

The characteristics of these events are quite different from those of muon pairs.
Fig 4.2 is the momentum distribution of the muon with larger mowmentuwn. The

detector acceptlance and resolution are taken into account. The two photon process,

1+ b

ete” — ete™ ptp™ , has its muon momentum peak at low value, thus can be casily
rejected. 7 pair production has its muon momenta al around one third of the heam
energy because of the three hody decay, butl is suppressed by a [actor of 0.03 for the
branching ratio of 7 leptonic decay is about T7.7% 0 Fig 13 shows Lhe acollinearity -
distribution after requiring the larger momentunvp, == 5., /2. The nmuons from

T decay or two photon process tend to be more acollinear. Because of the radiative

correction, the muon pairs from one photon exchange can also be acollinear. By an
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Figure 4.3 Acollinearity distributions of the muon pairs from the
processes ete” — putp= | etem = ete” ptp~ and etem — rtr™ —
ptu™ Drvpbyp, after the momentum cut (2p)mas 2 Lream /2.

acollinearity cut of ¢ < 20°, the background from e*e” — efe” ptp™ and c¢te” —
7F77 is finally reduced to .5% and 1.% respectively at 35 GeV.

I'ig 4.1 is a graphic display of the projections of a typical muon pair event. The
muon tracks in both the inner and outer drilt chambers are clearly drawn according
to the fits to the hits. The tracks are slightly bent in the projection containing the
beamline because of the toroid magnet. The position of the D-counter bits coincide
with the tracks. The energies in the calorimeters are insignificant and are consistent
with the two tracks being minimum jonizing tracks.

The systematic errors of the muon acceptance and charge asymmetry have heen
thoroughly studied. A large number of cosmic ray muoon events (over 20000) are

used in the checking the detector acceptance and charge asymmetry. The systemalic

crrors of the R—value measurement, which is defined as the ratio of the ohserved cross
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error source AR (systemalic)
detector acceptance 0.01
COSIDIC Ty muon 0.001
luwininosity error 0.03
two photou and 7 pair 0.001
trigger inefliciency < 0.005
total 0.032

Table 4.1 The systematic errors of R--value measurement.

CITor source AA (%)(systematic)
charge misidentification 0.1
detector acceptance 1.0
trigger inefliciency < 0.1
CosInic ray muons negligible
two photoun and 7 pair negligible
total 1.0

Table 4.2 The systematic errors of asymmetry measurement.

7 W {pos.Pol)
L (neg.Pol)

W (neg.Pol)
W {pos.Pol)

Figure 4.4 A schematic diagram of detector acceptance to positive and
negative muons with different magnet polarities.
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Figure 4.5 Detector asymmetry as a function of polar angle 6.

section to the QED cross section, are summarized in Table 4.1. When a cosmic ray
muon penetrates the detector, the meantime difference of the hits in the D counters
is al least 8.5ns. As the observed cosmic ray muon trigger rate is about .35 1z, the
rate of accepting a cosmic ray with meantime difference less than 4 ns is much less
than 1077 /sec. With the luminosily of 10%'/em?/sec at 35 GeV, the muon pair evenl
rate is about 5x107*/sec. The background from the cosmic ray is then expected to
be much less than 0.1%. It is confirmed by the absence ol events hetween the muon
pairs with meantime difference centered at zero and the cosmic ray muons rising al
meantime difference of about 8 ns in Fig 3.12. The tolal detector acceptance with
the kinematic cuts on the muons is estimated hy the Monte Carlo simulation. The
total systematic error is dominated by the luminosity uncerfamiy.

Table 4.2 summarizes the systemalic errors of the muon charge asynmmetry. In
)

. P ) gl s N B
the muon pair sample, there are about 2% events at 35 GeV with hotlh muon mea-
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sured o have the same sign of charge. These cvents are not used in the asymmetry
calculation. This implies that the probability of wrong charge assignment for hoth
muons (which can not be separated from the sample) is less than 0.1%. The detec-
tor asymmetry may cause the acceplance in a given solid angle for positive muous
to be different than for negative muons. This systematic error can be signilicantly
decreased by alternating the polarity of the detector magnetic ficld. Iig 4.4 is a,
schemalic picture of deleclor acceptance to positive and negative muons under dil-
ferent magnet polarities. Any acceptance asymmelry will produce ellects which
cancel for posilive and vegative magnelic polarity to the first order. Using cosmic
ray muons with momenta greater than 10 GeV collected in equal amouunt with both
magnet polarity, which should be equivalent to collinear muoun pairs of the same
energy, we obtain the detector asymmetry as a function of polar angle @ (IFig 4.5).
From this it can be concluded that the systematic error of the asymmetry due to the

detector acceptance is less than 1%, which actually dominates the total systemalic

CITOr.

4.2 Cross section measuremendt

More than 7,000 muon pair events have heen collected by the Mark J detector.
To compare the measured cross section with the theory, Monte Carlo event geuet-
ators including all radiative corrections, and a detector simulation are used. The
acceptance at different energies is then calculated. Fig 4.6 shows the measured cross
section after radiative correction compared Lo the expectation.

The R value is defined as

Iap A .

i T N )

e S ORED TED (tn
Tripe /J E (T

. . . . O - . . .
where L is the integrated Juminosity, and (_T,f/',“‘ is the total cross section including

radiative correction, and € is the acceptance. The R values are given in Table 1.3



H4
1000.0 [ T ¥ ¥ T T T T T T T T T ¥ T T T T T T T T T T T
]
500.0 | -
i Muon Pair Cross Section ]
. | ete ——> utur |
o) i
£
3
S 100.0 -
i
500
L1 1 X 1 | )] i Il 1 | S S J | 1 1 i 1 ] i 1 1 L
0.0 500.0 1000.0 1500.0 2000.0 2500.0
’ S (GeV)?

Figure 4.6 Cross section of muon pair production compared to elec-
troweak expectation after radiative correction.

with /s covered from 14 GeV to 46.8 GeV. The acceptance € is defined as the
fraction of ptp=(y) Monte Carlo events thal pass the muon pair selection cuts. It
takes into account not only the detector acceptance to the muons (as shown in I'ig
3.11), but also the selection efficiency due Lo the kinematic culs. IEveunls with hard
radiative photons, which have a large fraction of the total p*p () cross section,
can not be accepled due to the acollinearity and the muon momentum requircments.

The error in the table is statistical. The systematic error is estimated to be 3%

and is dominated by the luninosity error.

4.3  Muon pair charge asymmetry

The standard model predicts a Jarge snuon pair charge asymmetry due Lo elec-
troweak interference. In order to extract the Born term asymmelry, the data should

be corrected by higher order contributions. Monte Carlo evenls are used Lo deler-



(a4
<

Ve (GeV) | L(pb™") | N, e | o?FP (nb) R,
14.0 1.6 469 | 0.422 0.660 L.O5 4= .05
224 3.1 338 {0.406 0.271 1.02 4 .05
34.7 105.8 | 4959 | 0.404 0.118 0.98 + .014
39.0 14.5 544 1 0.379 0.094 1.05 4 .04
44.1 0.7 1297 | 0.380 0.075 1.00 4+ .03

Table 4.3 Muon pair cross section measurement.

V3 (Ge)

Ay cos 81 <1.)(%)

AGV5(] cos 0]1<1.)(%)

Lept

14.0
22.4
34.7
39.0
4.1

+5.3 & 5.0
~4.3 + 6.1
102 4 1.5
1LY AT
143 3

- 1.
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Table 4.4 Muop pair charge asypunetry of MARICJ data.
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Figure 4.7 Angular distribution of the muon pair events at /s =34.0
and 43.5 GeV.

mine the angular distribution after the cuts which is the same as those applied to
data. It is parametrized as

% = F{C[1 + cos? G][1 + 6(4)] -+ AP (s q}, (1.2)

where F and C are constants, § is estimated as a polynomial. Because of the
radiative plioton the two muons are nol always collinear. The polar angle of an
event is therefore defined as a weighted average of both muons,

(_P“_, — /[»71',‘,..):
Uju" ” p/f‘!

C(_]S(; =

(1.3)

The maximum likelibood method is then applied to (il the data (o the distribution
with AP°™ as a free paramcter to be determined. In this wav, A7 s consid
ered as a parameler of a distribution rather than the forward-backward asymmetry.
The detector acceptance doesn’t eflect the value as long as the the acceptance s

syminelric (see Appendix D).
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Figure 4.8 Charge asymmetry of muon pairs.

The asymmetry of all the data measured with the Mark J detector js given in
Table 4.4. Tig 4.7 is the angular distribution of the muon pair events al /s =34.6
and 43.5 GeV. Fig 4.8 shows the asymmetry in comparison with the standard model
with Mz=93 GeV and sin?6,, =0.22 . The error given in the table is statistical. The
systematic error is estimated to be less than 1%.

As pointed out in Chapter 2, radialive corrections to the asymmetry come from
various diagrams with diflerent sign, and cancellation way play an important role.
By separating events with different acollinearity, we are able to see the contributions
from different processes. Iivenls from the inlerference of one and two pholon ex.
change processes consist of two collinear muons while events with radiative photons -
teud to be acollinear. Iig 4.9 shows the asymmebry as a function of acollincarity.
Our data are in good agreement with the standard model prediction. This can be

considered as a test of the corrections to the asymmelry we used in obtaining the
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Figure 4.0 Charge asymmetry of muon pairs as a function of acollinear-
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Born term asymimetry.

4.4  Determination of electroweak parameters

The chasge asymmetry and cross section measurements of muon pairs with high
statistics gives a strong constraint on the electroweak parameters. To determine
mass of the Z° and sin®f,, , the X? function is minimized,

o 2 ol pth 2 T VAN
XZ — (I J-) +- Z (lﬁ R/lu‘ Ruu) o+ Z </' 4L A/.w> ) (1' )

- 7 i
oL - ; on,, ; Ta

o

The theoretical expressions given in Chapter I are used. The systemalic error of
the lwminosity is taken tnto account by tntroducing « normalization factor I T Chis
way, the luminosity error is considered as an overall shift independent of the heam
energy. 1f there is a point-to-point systematic uncertainty of R-value, the total error

of the R-value should be the guadratic sum of the systematic and statistical errors.
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Figure 4.10 Determination of sin?@,, and Mz from the cross scction and
the asymunetry of mwuon pairs.

The 68% C.L. allowed region of sin’d,, with Mz fixed at 93 GeV would be increased
by less than 0.001 if this systematic error is 1%. The ellect is small because the
stalistical error is still dominating and sin*@,, is less sensitive to the R-value than to
the asymmetry. The 68% and 95% confidence Jevel coutours are drawn in Figd.10
with the values given by UAL [16] and UA2 [42] experiment plotted. If sin?d,, = .22,

one obtains

Mzo = 91.0'50CeV, (4.5)
and likewise, if Mz0=93 GeV,
sin® @, = 0,200 (1.6)

The values obtained are consistenl within statistics with olher experiments,

. : . . e I
Assuming lepton universality (9% = g%, o5- = ¢i") and the Z° mass as measured

in jp collider, we can determine the vector and axial coupling constants of the
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Figure 4.11 Determination of axial and vector coupling from the cross
section and the asynunetry of muon pairs.

neutral current using the muon pair data. X? of Eq 4.4 is minimized by varying
ga and gy. The result of the fitting leads to two solutions for g, and gy, as shown

in Fig 4.11 on the gy—ga plane. The ambiguity is resolved by using the neulrino

electron scattering data. We obtain,
gy = 0.26540.032, g7 = 0.038 4 0.043 . (4.7)

These values are in good agreement with the standard model as shown in Table 2.1
The constraint on g, is mainly from the asymmetry while that on gy is mainly from
the R—values.

The significance of the measurement of the Z° mass from muon pair production
should not be underestimated in comparison with olher experiments such as the

observation of W and 7 in jip collisions for the following reasous,

1. This is a test of the neutral current with only Jeptons involved. All the cor-
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rections are well understood and the systematic errors are under control (Sec

4.1).

2. It measures the overall strength of the ueutral currents with all the possible
neutral bosons taken into account. Possible non-standard interactions may
contribute to the same final state via virtual processes. Any signilicant devia-
tion {rom observed physical Z° mass would signal the existence of additional

neutral currents, which are predicted by some unified models.

4.5 Experimental limits on  the extended
electroweak models and composite structure

As the standard model is consistent with all the cxisting experimental phenom-
ena, it is still possible that a model with a richer gauge bhoson structure governs
the interaction al higher energy, or, as widely helieved, higher level unification of
all the interactions may eventually be found. The leptons and quarks can also he
composite. All these extensions of the staudard model would result in the deviation

Fe~ collision il the energy scale is not much

in the muon pair production from e
higher than the center of mass energy explored in the experiments.

The deviation of leptoun pair production from the standard model can be char-
acterized by the traditional cutoll parameters Ay, which is a measure of the mass

of an exchanged object which couples like the photon, or equivalently which is a

measure of the radius of the leptons. The form factor is usually wrilten as,

P =17 L (1)

7 - N

where ¢ is Lhe square of the momentinm transfer. The incoherent scatbering from

. ¥ 2 s 2 .
the constiluents takes place when the momentum transfer Q7 > 1/L% where 1, is
the size of the fermion, or in other words, the spacing between the constituents. In

muon pair production, ouly s—channel contributes. The cross section is modified as
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Figure 4.12 R—value and cutoff parameters of muon form factor.
ED jp2 \
Ty = 030 A (5). (4.9)

The limits on the cutoff parameters are obtained by fitting the measured R-values

with
R,WFZ(.S). (4.10)

At 95% conlidence level, our data give,
Ay >270GeV |, A_ > 220GeV. (.11)
This can be translated into the limit on the size of the muou,
S hefA = 0.8 0T (1.12)

I'ig 4.12 shows the measured R values with the clectroweak expectation and the
T ¢

95% confidence leve! deviation.
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Figure 4.13 The ratio of the differential cross section of the composite
model to that of the standnrd model prediction.

Another test for possible substructure is based on an eflective Lagrangian of

helicity-conserving contact interactions of the {orm [13],

2
g Je e TH_ o Je e 7T [
Lesy = i—ZA-—’ MELYL Ve Py "L + TR R Y RYRY " Vh
+
(VL1 L PRy Vi + PRV RV VL)), (1.13)

where 7's are either 0 or +1, and 1y, and ¢ are lefl and right-handed components
of the fermion field. A’ is defined such that g°/47 = 1.

The cross section of muon pair production due fo this elfective Lagrangian and
its interference with the standard model process is given in Appendix € Also given
in Appendix C is a plot of the ellect of the contact interaction on Bhahha scattering.
Although the lower limits of A's obtained from the study of Bhabha scattering is
somewhat lower than what can be derived lrom muon pair data, the results are more

general because of the identical initial and final states. 1t is necessary for e and p to
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have some common constituents in order that there could be a contact interaction

al low energy.

In units of the standard model cross section, the interference term is of the order

of s/aN? ((~0.04 for A" = 2TeV, and /s=35 GeV).

X* (9 degs of freedom )

100

50

95% C.L.

4000 5000 6000
A (GeV)

Figure 4.14 X? as a function of A’ for AA, VV and LL coupling.

Fig 4.13 shows the muon angular distribution divided by the standard model

expectation with A’ = 2TeV for various couplings of the contact interactions. It

significantly changes the production rate as well as the charge asymunetry. The same

X? function of BEq 4.4 is minimized with respect to A, with sin®f,, —=.22 and A,

"

=93 GeV. X% as a function of A" is plotted in Fig 414,

Table 4.5 contains the 95% confidence level Tower Timits on A with varions

couplings using the muon pair R=value and asynunetry. The LL and BRI conplings

are indistinguishable at present energy with our data.

Some extended gauge theory models of the clectroweak interaction, such as



65

coupling | np, | man | wan | Ap(TeV) | A_(LeV)
LL | 0 0 2.3 1.6
RRR 0 1 0 2.3 1.6
\AY 1 1 | 3.2 2.4
AA 1 1 -1 3.9 3.1

Table 4.5 95% C.L. lower limit on A, paramecters in composite models.

SU2)U(1)®SU(2) or SU(2)®@U(1)®@U(1), have predicted the existence of a second
neutral boson. Even more neutral bosons can be incorporated into the theory.
Recent development ol the superstring theory suggests that the low energy gauge
groups are subgroups of Ils. This would also give rise to extra neulral currents
because two other possible U(1)’s in By may exist.

At the center of mass energy much lower than the mass of the additional ncutral

boson(s), an effective Lagrangian can be added to the standard model Lagrangian

44,45 46],

2
-NC -NC g o remn ) )
Lemlended = LST -+ 2]112 C.]éﬂ‘l,.][}, ‘ (414)
W

I'rom our data, we infer that ¢ < 2. x 1072 with 95% confidence level. This

gives a tight constraint on extended gauge models of electroweak interaction.
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Chapter 5

Results on radiative muon pair
production

The good resolulion of the electromagnetic calorimeter of the Mark J detector,
together with the excellent muon spectrometer can be exploited to study the gt p=y
events with large acceptance. The advantage ol studying ptp=y events over other
radiative lepton production is that the separation and the identification of the final
state particles are unambiguous in our detector, even if the photou is collinear with
the muon. The allowed phase space region is much larger than ete y or 7777y

processes.

5.1 Fvent selection

The u' =y evenis are selected according to the following criteria,

e Two muon tracks with the same criteria as the tn 1t~ event selection, j.e., two
coincident muon trigger counter hits and two chamber tracks coming from the
inleraction point. Both muons are in good acceptance region of the detector,

cosf, < 0.8.

o An electromagnetic shower with energy larger than 3% /s . The sum of the
energy in the A, B and € counters is taken as the photon track energy since the

leakage of the shower is negligible. The direction of the shower is computed
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Figure 5.1 Energy in A+B-C counters of beamgnte events

with the assumption that the particle is from the vertex point. The background
energy from beam-gas interaction is estimated by the heamngate events in which
the trigger gale is opened randomly at the ete™ crossing time. I'ig 5.1 shows
the energy in the ABC counters of these events. The probability of having
ABC counter energy larger than 1 GeV from random background is less than
1% . The energy of a shower collinear with one ol the muons (6, < 5°) is
required to be larger than 6%+/s to reduce the effect of the minimum ionizing

energy left by the muon in the same direction as the photon.

No drift tube track matched with the electromagnetic shower if the shower is
not collinear with the muon tracks (0,, > 10° ). The drift tubes actively cover -
the polar angle down to 12°. The probability of photon conversion is approxi-
mately 6% at normal incidence. Due to the large conversion probability of the

photon before the vertex detector at small polar angles, the acceptance of the
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Figure 5.2 Azimuthal angular distribution of the accepted Bhabha
events

shower is restricted to | cos §, |< 0.9. The photon conversion probability has
been checked by using two photon events. Its contribution to the uncertainty

of the total cross section measurement should be less than0.5%.

e The shower not in the corner of the detector. The efficiency of the drift tube
track fitting can be clearly seen in IFig 5.2, where the azimuthal angular distri-
bution of the Bhabha events with two matched drift tube tracks is preseunted.
Events with

| MOD($,90) — 41°) |< 7° (5.1)

are rejected.

e Coplanarity. The accepted tracks are tested for coplanarity by requiring the

sum of the three opening angles between the particles to he greater than 355°,

60,0y = 360° — (0,0~ 4 04,00 +0,,) < 5°. (5.2)



69

\ 8876 /11 3160

. /w/.*n 0 9 I 0 0 @2-63 L9 I-E
Cee e SRR 0O 11 0 0 0 S 2100 1 I B2 =HL €- =Hd £°0I :
. NOUD ONG) 003 OX TAJ 11 O 114
L L e LLL8 /RORE  3-d
. _ 208°1¢ Wg3
& 211 B E
X = ! g 0°6 £°0- 0°S A3
: A + u £°01 1013
o \ -
©| ] |
off 1 \ 1
~ e
I8 ) o |
ISR NN NN NN W SN

|

Figure 5.3 The graphic display of a " p~v event in the Mark J detector.
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Figure 5.4 Muon momentum distribution of radiative 7 and g pair pro-

ductions.

» At least one muon with momeuntum larger than onc third of the beam euergy

to reduce the background {rom two photon process and 7 pair production.

All accepled events are visually scauned on the graphic display. I'ig 5.3 is a
graphic display of a typical pVp=y event with both the side views and the end

view. A shower in the electromagnetic calorimeter with no drift tube track matched

is shown in the picture together with two clear muon tracks.

Iixcept the p*p=v final state, other final states of ete™ annihilation may also

salisfly the above criteria. T'he major backgrownd from the other physics processes

are

L. Two photon process ete — ete 'y with one electron detected and the

drift tube track Gt bheing ineflicient.
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Figure 5.5 §0.,, distribution of radiative 7 aud p pair productions.

2. 7 pair production with one 7 decaying into a muon and the other into a hadron

with a punchthrough to the D counters.

|

3. Radiative two photon process ete™ — ete ™ty with both electrons unde-

tected.
4. 7t v events with the r's decaying into muons.

The first two processes mentioned above are basically rejected by visual scanning.
Although the fitting of an electron track in drift tube may fail, the hits in front of
the electromaguetic shower still indicate that it is a charged track. The contribution
from this process is negligible alter scanning. 7 hadronic decay gives hadronic shower
in the calorimeters. Most of those evenls with punchthrongh can be recognized on
the graphic display of the events. By scanuving the Monte Carlo 7 pair events, we

have estimated that the hackground from this process is less than 0.5%.
24 1
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Theoretical calculations of radiative two photon process has been studied |17].
The radiative corrections to the cross section of two photon muon pairs js shown
to be fairly small under ordinary experimental cuts( do = 1pb). The acceptance
of ptpu=v final state from radialive two photon process under our cuts described
above will be very small because the muon pairs in these events tend to be low
encrgy and more acoplanar and the photon tends to be collinear with one of Lhe
muons. These events thercfore tend to fail the momentwin and coplanarity criteria.
This hackground is expected to bhe negligible.

The radiative 7 pair production with both 7's decaying into muous is another
background source. As in the muon pair analysis, the muon momentwm distributions
help to separale radiative 7 pair eventls from radiative muon pair events(Iig 5.1).
Because of the undetected neutrinos, the three particles in the final state of radiative
T pair evenl tend to be more acoplanar. Tig 5.5 gives the 66, distributions of
radiative 7 and muon pair cvents. The Moule Carlo simulation shows that the

background from radiative v pair production is about 0.5%.

5.2 Event reconstruction

A complete measurement of the directions and momenta of the particles in the
pt Ty final stale is overconstrained. Taking the advantage ol the the good muon
angular resolution of the Mark J delector, the momenta of the particles can be
more precisely reconstructed from the orientation of the tracks using the energy-

momentum conservation. This yields,

. . O
B, = el M (5.3)

I, “ o heam
|

s e - RN - 7,,,,”.“,,,",‘ (Y"] )
! | -1 cos £
DA O N
P, = Hobeam = Byl coslyr ) (5.5)

I+ cosé
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Figure 5.8 Schematic dingram of pTp~y event topology.

where ¢ is the acollinearity of muon pair. The uncertainty is mainly {rom the photon
angular measurement, which is much worse than that of the muons. In case of the
sum of the opening angles differing from 360°, the direction of the photon is projectled
to make the event coplanar. Ilowever, Eq 5.3 is ounly used to calculated the photon
energy if the photon is not collinear with one of the muons (f,, > 10°), because
I, is not well determined if all the particles arc along the same line. Otherwise
the measured the photon energy is taken. Muon momenta are always calculated by
(4.4) and (4.5), with I, being the the calculated photon energy or the measured
photon energy depending on the topology of the event.

The invariant masses of the different particle pairs are computed. Trom the

Monte Carlo events, the resolution of the sy invariant mass js expected to be

0'[\[“1:‘)(%) at 35 (1'(3\/.
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Figure 5.7 Photon energy distribution of ptu~y events.
5.3  Comparison with the standard model

Table 5.1 shows the comparison of number of observed events with that expected
from the standard model. Various distributions of the selected events are shown in
Fig 5.7 - I'ig 5.13 in comparison with the Monte Carlo prediction of the electroweak
theory. The data are in good agreement with the standard model to order a®.

It should be noted that the acceptance of QED events are practically the same,

\/E eV /Vv(,ﬂ Nmff

347 H63 | Hha

428 227 23]

Table 5.1 Number of observed u'pn~9  events compared to Monte
Carlo.
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Figure 5.8 Muon augular distribution of plpy events.

whether QED or the electroweak theory is used. The ouly siguificant dillerence lies
in the charge asymmetry.

The energy and invariant mass in the plotls are scaled by the heam energy or
the center of mass energy. Luminosity at different energies is taken into account
in Monte Carlo simulation. Since the cuts are scaled by the center of mass energy,
the QED expectation of all the distributions are nearly independent of /s . Higher
order corrections, such as vacuumn polarization in the photon propagator, would give
a logarithmic increase in cross section.

The photon energy distribntion (Fig 5.7) peaks al low encrgy as expected due
to the nature of radiation. The high peak of the photon encrgy distribution al
I, — Lheam 15 suppressed by the fact that the delector can nol resolve a very close
muon pair. The acceptance of events with muon acollinearity greater than 160 is

practically zero.
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Figure 5.9 Muon charge asymunetry as a fuuction of photon energy.

As discussed in Chapter 2, the interference between the initial and the final state
radiation of one photon exchange process gives a large forward-backward charge
asymmelry. The electrowealk interference enhances the asymmelry in magnitude.
The angular distribution of the muon production is shown in I'ig 5.8. The ob-
served asymmetry is compared with the electroweak theory and QED in Table 4.2
Although statistics does not allow to differentiate electroweak theory from QED,

the interference of two different C parity state is evident.

The dependence of the asymmelry on the photou energy is shown o g 5.9. The

Y oha At DED
A A A

1T 38 =18 4 LS 2L LD

Table 5.2 Observed muon Charge asymumetry compared to the elec-
troweak theory and QED.
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data show clearly the tendency towards larger asymmetry at lower photon energies.
The soft photon radiation is part of the correction to the dimuon sample, so is the
two photon and one photon exchange interference. The negative asymnetry of soft
photon radiative events tends to cancel the positive asymmetlry of the events from
the interference of one and two photon exchange process. Although the radiative
corrections to the asymmetry of individual diagrams are relatively large, the total
correclion is not significant under our kinematic cuts. The good agreement belween
the data and the expectation, as shown in I'ig 5.9 and I'ig 4.9, confirms the validity
of the radiative corrections to the dimuvon charge asyvmmetry.

Vig 5.10 shows the jy invariant mass distribution. Sinee the radiative photon
tends to be in the low energy region and collinear with one of the muons (hence an-
tiparallel with the other), the iy invariant mass distribution shows peaks at zero and

al .25y/s . Good agreement between data and expectation indicates no production
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Figure 5.13 Muon acollinearity distribution of p7p"y events.

ol excited muons, as discussed in the next chapter.

To give a complete comparison between the electroweak theory and the obser-
vation, higher order diagrams have to be taken into account. An estimale of the
QED corrections of all orders to p*pty eventls is made in Appendix B, though
the complete calculation of order of a® is not available. According to our selection
cuts the high order correction to the cross section is expected to be 3%, while the
correction to the charge asymmelry is less than - 1.5%. Therefore the higher order
correction is of the same order of maguitude as that of Lhe statistical error in our
observation.

Although it has been shown in the previous section thal the tolal hackground
15 expected to be about 1%, it is necessary to study how they contribute in an-
various distributions, especially for the py invariant mass distribution because it

will be used in searching for excited muon production. Any significant excess of
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Figure 5.14 vy invariant mass distribution of radiative T pair production
using &) measured muon momentum and photon euergy, b) calculated
muon momentum and photon energy with kinematic constraints.

events in a particular invariant mass region due to background would give a false
signal or deviation from the standard model prediction. Because the muons from
7 decays have lower mowmenta; 7 backgronnd would give low gy invariant mass.
However, when the kinemalic constraints based on angles are imposed onto the
three particles in the final states, the gy invariant mass distribution shifts to the
higher value and becomes flatter(Iig 5.14). Because the particles in the final stale
tend to be more separated, the cvents in the low mass region are absent. In the
high mass region, the distribution resembles that of ;"7 events and does not
contribute to a particular region significantly. The contribution to anywhere in the
pry distribution is less than 1'%.

In summary, the observed ' p=y evenls are in good agreement with the clec-

troweak theory of the order of o
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Chapter 6

Search for excited muons

If leptons are composite, excited states are expected. A spin one hall excited
muon, x* , may be pair produced or it may be coupled to a muwon and a photon due
to radiative transition coupling between normal and excited muon. The production
of these particles will show significant excess in "=y or 1t T yy events hecause of
the decay of 1 after its production. Stringent limits can be obtained by comparing

the ptp=v and ptp=yy events with the standard model.
6.1  Search for ;" pair productions

The lowest order cross section of licavy spin hall pointlike lepton production is,

do

2

(@3
—o = B+ cos’ 0 4 (1~ 3%)sin’ 0 :
ds) 5P+ cos 04 (1 = f7) sin”0), (6.1)

where [ = (6.2)

If the lepton is composile, a form facltor must be introduced, giving the total

cross section,

droc 35 — 37
YR A
Js 2

2

)| ()

(6.3)
The excited muon will subsequently decay into jiy after its production. The exper.

imental signature of this process 1s the production of =y~ evenlts.
[y

|

The ptpu=vy events from e”e™ aunihilation are selected by requiring two muon

tracks and two separated photon tracks, each with cnergy greater than 3% of the
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Figure 6.1 Invariant mass pairs of p*p~ vy events.
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Figure 6.2 MC simulation of detector response to the u’ pair produc-
tion

center of mass energy. The opening angles between the photon and muons are
required to be larger than 10°.

If a p* pair is produced, one of the two combinations of yy mass pairs would
have M+, = M,-.,. Therelore a region near the diagonal in a py invariant mass
scattered plot is used to search for excited muon. Fig 6.1 is the plot of the selected
ptu~yy events. To avoid possible QED background in the low mass region, only
the high mass region (M,,, > 0.44/s ) is used. No events are observed above this
limit.

Monte Carlo events of efe™ — pu*tu*~ — putp~ vy are generated including the
radiative corrections and photon vacuum polarization. The generated events are A
passed through the detector simulation. The data selection cuts are applied to the
events of the Monte Carlo simulation exactly as for real data. The acceplance is

computed. Fig 6.2 shows the detector response to the pu* production, where only
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the events with | M+, — M-z |< 0.1y/s are used.

The 95% confidence level lower liinit on the mass of the p* is then obtained with
the assumption that the form factor of the p* is 1. ['or instance, by using the Jpb~*
data at 46.3 GeV, the mass region {rom 20 to 23 GeV can be excluded at the 95%
C.L.

If the u* has a very low mass, the p* pair production with subsequent decay
will increase the muon pair cross section. The acceptance is also estimated by the
Monte Carlo method. Using data at 44 GeV, the 95% C.L. lower limit on the mass
can be obtained: M,. > 19GeV.

Combining the limits from two methods with all the data, the 95% C.L. lower

limit on the mass of 1* is

M, > 23GeV. (6.4)
6.2  Single production of excited muons

It has been postulated that the coupling of p* to vy is governed by the effective
Lagrangian [48],

Leff = el (TI"[* o™y Flw =+ /L.C.), (65)

where F,, is the electromagnetic field tensor, and X is the coupling. The differential

cross section of this process is

d , (s — M2 o .
Ii% = o\’ (”:T'L ((s+DM2) — (s~ ML) cos’d) . (6.6)

Taking into account two charge stales, the total cross section of the production is

16mad N2 (w0 M) (s 4 2M*%)

) 87 ’ :

_{.

op(e

The experimental signature for the single ;" production, and its subscquent
decay into py , is an excess of events al x* mass in py imvariant mass distribution

of the u*pu~y sample. Fig 6.3 shows the Monte Carlo simulation of the deleclor
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response to the production of single n*’s. A search for such an excess can be made

in ptp~y events alter the subtraction of the standard process.

In order to reduce the background from the standard process while keeping a
large acceptance for the process to be searched, a py opening angle cul is applied
to the data and Monte Carlo,

0y > 10.°. (6.8)

With the above cut, the 7 background is estimated again and found to increase

to about 1.5%. The pvy invariant mass distribution of the data is first compared to

that of the Monte Carlo prediction of the electroweak theory (Fig 6.4) with only the
high energy data. They agree well within statistics.

The invariant mass distribution of the single u* production is superimposed on

the Monte Carlo prediction of the electroweak theory, and the 95% confidence level
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Figure 8.4 py invariant mass distribution of ptu~7 events

upper limit on the production cross section is obtained by applying the X? test,

. i i i\ 2
XZ _ (1’ _1>2 +z (NdataﬁNE"V—Nuu‘> ) (69)

oL i ot

where I and o, are the luminosity normalization factor and the luminosity error
respectively.

Only the high energy data are used in the search for p* in the mass region of 30
- 42 GeV, while the 35 GeV data are also used in search for " in the mass region of
23 - 30 GeV. The limits on the production cross section are converted to the limits
on the coupling A* at different masses. T'ig 6.5 shows the limits obtained with our
dala.

It has been reported [49] that there might be an excess of events in the high sy
invariant mass region, which may be seen in the p*pu=y Dalitz plot (scatier plot
of (M2 )iow vs- (M} )uign)- Our dala do not show any significant deviation from

the clectroweak expectation. Table 6.1 shows the Dalitz plot population in three



87

|O3 LA N B R A R B R I B I 2\ —
The 95% C.L. Upper Limit of X |
lOz _ as a Function of MP«* ]

i Excluded from
6" —= [y

10 20 30 40
V] - (GeV)

Figure 8.6 856% C.L. Jower limit on " mass and coupling.

regions, and Fig 6.6 is the Dalitz plot of all p* 1™y events.

No experimental evidence for p* productions has been observed, and improved

limits on the excited muon mass and coupling have heen obtained.

6.3 Comparison with limits from g-2 experi-
ments

According to QED, quantwn fluctuations in the field associated with the emis-
sion and absorption of virtual photons and the polarizaton of the vacuum by these
photons into virtual particle-antiparticle pairs give rise to the devialion of the gy-
romagnetic ralio (g-factor) of spin half particles from 2. In order Lo compele with A
the experimental accuracy of (g-2), the QED corrections up to 8th order as well as
hadronic and weak contributions have to be taken into account. The (g-2) experi-

ments not only give a sirict test of QED to a high order, but also constrain many
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V3 (GeV) | Region I | Region 11 | Region I11
34.7 DATA | 113 131 9
MC | 136.5 104 15.3
42.8 DATA | 50 44 10
MC 47.7 40.0 6.4

Region 1 (]‘]37);”@11 + (Mﬁw )low S As
Region I11: (]Ufw)high > 8s

Region 1I: the rest.

Table 6.1 Dalitz plot populations of ptu~v events
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Figure 6.8 Dalitz plot of ptpu~7 events.
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Figure 6.7 i* contribution to muon anomalous magnetic moment,
g /

postulated processes that might contribute to the anomalous moment.

The excited lepton contribution to the anomalous magnetic moment has been
studied and limits on the masses and couplings are obtained. I'ig 6.7 contains the
diagrams of p* corrections to the yuu vertex in the lowest order.

A more general Lagrangian is used in literature [50] for calculating the contri-

butions,

Lesy = (Wl* o (@ — by W, Iy, /L.C.) . (6.10)

e

20,
C invariance would require a and b to be real, CI invariance would require a to be
real and b to be imaginary. a and b are dimensiouless because of the factor 1/M,..
In the limit of A4,- > m,,, the anomalous magnetic moment due to p* can written

as,

_4a

x=—(af =6

2
my, Yo m,

— + —(]al? b1 —5-. .1
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The CERN (g-2) experiments [51] gave the experimental value of the muon anoma-

. lous magnetic moment to an accuracy of 8.5 x 107°. The accuracy of the theoretical

calculation is of the same order [52].

at™ = (1165924.0 £8.5) x 107° (6.12)
af' = (1165920.2 £ 2.0) x 107° (6.13)

At 95% confidence level, the difference between the theorelical prediction and the
experimental measurement, da,, is expected to be less than 21 x 107°.

If | @ | and | b | are not equal or close to each other, the first term in Fq G.11

dominates, hence,
(lal> =101]%) < 5.4 x 107°
(2juli' )2 B A'{u’

(GeV)™'. (6.14)

If | a | and | b | are equal, the first term in Eq 6.11 vanishes and the second term

becomes non-negligible,

(Jal>+ 10
(2J\Iu‘)2

< 4.5 x 107°%(GeV) ™2 (6.15)

Our definition of the coupling constant A in Eq 6.10 is approximately equivalent to

U “(LA‘Z*';' ) (6.16)

At M, = 35GeV, A2 > 0.060nb is excluded by the (g-2) measurement at order
m, /M., and A\* > 17.5nb is excluded at order (m,/M,.)*.

The (g-2) measurements have given stringent limits on the excited muon mass
and its coupling only when | a | and | b | are quite different {from each other. The p*p

production from e’

e , however, is almost independent of the choice of the couplings
of the effective Lagrangian. | a | and | b | contribute to the total production of pu* -
equally. Only the angular distribution of the p* decay is modified slightly. Similar

limits would be obtained with different | a [ and | 0 | values in our analysis, because

the acceptance of the events is not affected dramatically.



91

Chapter 7

Conclusions and comparisons
with other experiments

7.1 Measurements of the electroweak parame-
ters

Electroweak effects in ete™ collision have been intensively studied by all the
participating experiments al PETRA and PEP, as well as in v—e, deep inelastic v-
nucleon and e-p scattering by other experiments. The most accurate measurements

+

of electroweak effects in ete™ collisions are the charge asymmetry of muon pairs,

which are summarized in Table 7.1 (our results have been presented already in Table
4.4) and Tig 7.1.

The measurements confirm the success of the standard model, up to momentum
transfers in the interaction as high as 46 GeV. Using the measured mass of the weak
neutral boson, the weak mixing angle as well as the weak neutral coupling constants
are fitted with the data collected by the experiments. Table 7.2 shows the results
with ouly the statistical errors included.

Although a satisfactory statistically combined fit of all the data may not be
possible; an overall average can be estimated. Ignoring the systemalic errors and

averaging the asymmetric errors, the average values weighted by the statistical errors



92

0061

,(A®D) S
0001

00¢

T T T _ T T

gg'="g,aIs ‘A®D £6="H
[epowW prepue)g

OSSVL
OV
4advre
IV

Al = S -3

€0

a0-

10—

00

1°0

&0

i
v

Figure 7.1 Muon charge asyminetry measured by the PETRA aud PEP

experimeits.



Experiment | /s (GeV) | [ Ldt (pb)~* | Events Aczp (%) At (%)
34.2 11.16 387 ~6.4-£6.4 -9.1
CELLO [53,54] 39.0 288 ~4.846.5 4 1.0 ~11.5
44.0 611 ~18.844.5 + 1.0 -15.5
13.9 1.6 458 +2.7 £4.9 ~1.2
22.0 2.4 264 -10.6 £6.4 -3.2
JADE [55] 34.4 71.2 3400 | ~11.1 £1.8 4 1.0 -8.6
38.0 11.9 422 -9.745.0 &+ 1.0 -11.1
43.7 43.1 1258 | -19.142.8 £ 1.0 -15.6
PLUTO [56) 34.7 45.95 1553 | -13.443.1£ < 1.0 | -9.5
13.9 1.72 341 ~1.046.0 ~1.3
TASSO [57,58] 22.3 3.2 268 ~13.04£7.0 -3.6
34.5 74.7 2673 -9.842.3+.5 -9.3
HRS [59] 29.0 106 5057 4.9 £1.5+ .5 -5.9
MAC [60] 29.0 222 16058 ~6.34.8 £ .2 -6.3
MARK II [61] 29.0 100 5312 AW -5.7

Table 7.1 Muon charge asymmetry from other experiments.
are obtained, and the combined error is estimated by &? method. The results are:

sin?@, = 0.192+0.016 (7.1)

g5 = 0.260 £ 0.017 gv = 0.01540.017 (7.2)

Another plausible way to combine these results is to fit the parameters using the
asymmetry and R-value measurements from all the experiments. The normalization

errors due to luminosity measurements are taken into account separately (one I’

IThese are the values quoted by the experimental collaborations and maybe not consisient
among each other due to the fact that different nominal values for electroweak parameters are
used.



. . 2 2
Experiment sin’d,, 9 g%

CELLO [54] | 0.2240.04

JADE [62) 0.167093 | 0.308:£0.075 | 0.13 +0.18.
PLUTO [56] 0.38 £0.08 | 0.07 +0.10
MARK J 0.207394 | 0.2654:0.032 | 0.038-£0.043

TASSO [58] | 0.2640.10 | 0.2740.06 | -0.01+0.09
HRS [59] 0.297525 | 0.2080.064 | 0.027 +£0.051
MAC [60] 0.22199% | 0.2540.03 | -0.02+0.03

MARK II [61]* ] 0.11 ~ 0.35 | 0.23:40.05 0.03+£0.03

Table 7.2 Measurements of electroweak parameters from ete~ experi-
ments.

factor for each experiment). For Mz = 93 GeV, the fit yields a mneasure of sin®@,, =
0.20 4+ 0.015 .

These values are to be compared with the ones measured by the experiments
in the other electroweak interactions presented in Table 7.3. It is crucial for the
standard model to be acceptable, that these paramelers are consistent among the
experiments where interactions may involve different particles and/or with a large
range of @?* from 1072 GeV? in the atomic parity violation experiments to 10%
GeV? in pp collision experiments. Iig 7.2 shows the allowed regions by various
experiments in the g, — gy plane. Although each individual experituent can not
uniquely determine both coupling constants simultaneously, there is only one region

that is allowed by all the experiments.

As the precision of the experiments improves, the measured value is sensitive to
the electroweak radiative corrections that are applied to the data. It is necessary

that a conventional renormalization scheme is recognized by the experimentalists

>This is from a fit of ete™ , ptp~ and 77~ data
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Interaction Experiment sin’f,, comments
elD SLAC[26] 0.224 +0.020
Ve, Dt BNL [21] | 0.20940.02940.013 | no rad. corr.
CHARM[22] | 0.21540.0324-0.012
VP, VuP BNL[63] | 0.2204:0.016 0020 | mno rad. corr.
CCFRR[17] | 0.24240.01140.005
v, N, 7. N CDHS[19] | 0.22740.005+0.003
CHARM/[18] | 0.2364:0.005+0.003
p UA1[16] | 0.214:£0.00640.015 %%IL;‘
0.194+0.032 1 — (M /Mz)?
UA2[42] | 0.232:£0.0034:0.008 ”E’\/‘{Cﬁ;{;;’
0.232+40.025+0.010 | 1 — (M /Mz)?
atomic P.V. [64] 0.21+0.05 combined

Table 7.3 sin?f, measured in other electroweak interactions.

before any results from different experiments can be compared to each other. The
majority of the experimental groups now use the on-shell model, which has been
proven to be convenient. The weak mixing angle is then defined as in Eq 1.17. When
sin®d,, is calculated from the W mass and Fermi constant Gp(which is usually QED
radiatively corrected), or from the ratio of the neutrino charge current cross section
to the neutral current cross section, electroweak radiative corrections have to be
applied. From Table 7.3, one can see that the experimental data seem to imply
that the radiative corrections are necessary. At least, the results alter the radiative
corrections lead to a more consistent comparison among all the experiments. I
radiative corrections are neglected, sin?f,, from v-/N scattering experiments will be

increased to about .2384..007 (CDHF results, CHARM experiment quoted a radia-
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diative correction of Asin®@, = —.009), but sin®6,, from the W mass and the Fermi
. constant calculation will be decreased to about .212:+.007 (averaged UAL and UA2
results).

See reference [65] by U. Amaldi et al., for a review of the recent measurements
of the electroweak parameters. A global fit to all the available data except the e*e~
experiments yields
M},

= .230 4 .0048 7.3
iz (7:3)

sin?f, =1 —

Although the best fit of sin’f, and My from ete™ experiments seems to deviate
from the measurements by the other experiments, the significance is a little exagger-
ated by the way it is presented. The X? {unclion is distributed in such a way that
it is quite flat in the region shown in Fig 4.10. More important, it is non-quadratic
in terms of sin?6,, nea&é the minimum. In fact, for the combined fit, letting sin%@,, =
23 and Mz = 93 GeV increments X% by 3.8 from the minimum. This is equivalent
to the 85% confidence level.

Another way of testing the consistency is to fix all the parameters and evaluate
the X2. Tor the combined PETRA-PEP data, if we use M, = 93 CeV and sin?,, =
.23, we obtain X? = 43.6 with 46 degrees of freedom. It can be translated into
a probability of 57.3% for the X? to be equal or greater than this value. For the
MARK J data, X? = 6.3 with ten degrees of freedomn. The probability of obtaining
a X? equal or greater than this value is 79%. Both are well within the acceptable
range.

No evidence for any deviation from the standard model has been observed. Var-
ious constraints are derived from the data, limiting the composite and extended
gauge models. Most of the ete™ experiments have reported the 95% coufidence -
level lower limit on the cutofl parameter of the form factor of the order of 250 GeV.

TASSO and PLUTO [58,56] have also derived the limits on A" of the composite
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models [43] comparable to ours. ®
Experiment | /s (GeV) Asep AJPD ALY
JADE 34.2 -0.3940.08 -0.344-0.01 | -0.400+£0.006
MAC 29.0 -0.21640.041 | -0.2114-0.013

Table 7.4 The muon charge asymunetry of ptu—v events by JADE and
MAC.

7.2 Radiative muon pair production

Nearly 800 pu*p~v events have been selected from MARK J data. Various
properties of these events liave been studied and found to be consistent with the
prediction of the standard model. This verifies the validity of the standard model
up to order o, and it gives constraints on the composite scale of the muons. The
muon charge asymmetry of u* =7 evenis and its dependence on the photon energy
shows the electroweak interference as well as the QD interference.

Studies of p*u~v events have also been reported by JADE, CELLO and MAC
collaborations {66,49,67,68]. While the kinematic cuts may vary from experiment
to experiment, the data are in good agreement with Monte Carlo simulation. The
published results of the muon charge asymmetry by JADE and MAC are given in
Table 7.4. The discrepancy among the experiments is due to the strong dependence
of the asymmetry on the kinematic cuts which are diflerent for each experiment.

Limits on the production rates of hypothetical excited muons have been obtained
by the study of ptu=v and p*p~yy events. There is no evidence of such product_i(-m.
All of the above mentioned experiments have reported the search for excited muons.

Limits on the hypothetical coupling strength vs the p* mass are derived. The p*

3See Appendix C for comments on the Lagrangian used by some other groups
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pair production is constrained by the study of the u*u=vv events at PETRA up to
.23 GeV. The MARK J data give the most stringent limit.
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Chapter 8

Precision tests of electroweak
theory at LEP

In the previous chiapter, the present status of precision tests of the electroweak
theory has been summarized. With the new experiments at LEP (Large Electron-
Positron Collider at CERN) and SLC (SLAC Linear Collider) in the near future,
these values will be brought to a higher level of accuracy.

To complete the picture of the standard model, one would expect to see the
Higgs particle as well as the top quark experimentally. Furthermore, the uniq'ueb
three gauge boson couplings such as Z°W*W = or yW IV~ are of great interest.
Observations of the direct production of top quarks and Higgs particles as well as
other new particles are among the pritnary goals of the future collider experiments.
However, with the advantage of high luminosity, large cross sections atl the Z° pole
and high precision detectors such as L3, even if the direct productions of these new
particles are beyond the energy that can be reached, precision measurements of the
production of the known particles such as ete™ — p¥p~(y) will reveal or at least
constrain the new physics through its contributions to virtual processes.

The most important parameters that are going to be measured at the upcoming

+

ete™ colliders around 100 GeV are the Z° mass and its width. The will be done

by reconstructing the line shape of Z° resonance in the channels such as ete™ —
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ptup~ X. With an average luminosity of L = 10%e¢m=%s~! during running at LEP,

. two days running at each of 13 energies above and below the resonance in 2 GeV

steps will give statistical errors of the mass and the width as,

AMz < £10MeV, (8.1)

ATy < E15MeV. (8.2)

The systematic errors will have to be understood to the same order.

When LEP II reaches the energy for W pair production, the measurement of its
cross section will provide a test of the gauge cancellations expected in the standard
model. Three gauge boson vertices can be studied. The W mass is expected to be
determined to an accuracy of 100 MeV.

With the well determined Z° and W masses, (6( My /Mz) ~ £1.2x107%.), many
other tests of the standard model can be performed. Using ¥q 1.17, one finds that

sin?@,, can be determined to about 1%,
§(sin® 6,,) ~ 4:0.0024. (8.3)

Iq 1.18 can be rewritten as

TQ

1—-Ar = ,
V2GpMZ (1L — M2 /M)

giving
§(Ar) =6 x 107 (8.5)
While Ar is mainly due to the QED running coupling constant, it also has the
contributions {rom top quark and Higgs boson. Fig 8.1 shows the relation belween
sin?d,, and Mz with various top and Higgs masses. Therelore, a precise determina--
tion of Ar gives constraints on the masses of these particles.
It has been proposed that afler measuring the line shape ol the Z° resonance,

a large sample of data of, for example, 200 pb~" will be collected with the center
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of mass energy at the Z° resonance. Copious Z°’s will be produced, resulting in

a sample of up to 2 x 10° muon pair events. Careful studies of these evenls will

give a solid testing ground for the standard model. The forward-backward charge

asymmetry, final state polarization asymmetry and left-right asymmetry are among

the most sensitive quantities that can be measured. They are defined as,

Arp
Arnr

Aol

f le + 1P

oe(f)=or(f) . Mt gl g
co(f) +or() M1 2Py, (8.6)
o(fr) = o(fr) ( .
~ —2P.7., 8.
o(fr) +o(fn) 7 (8.7)
oL —OR o (8.8)
or, 4 on

where P, is the e™ longitudinal polarization, [ stands for the final state fermion, and

7 is defined as

_gvga
av i

(8.9)
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The sensitivity of these asymmetries to sin?6,,1s somewhat different. App is
the most straightforward to obtlain, but the least sensitive without polarization,
6(sin’0,,) ~| §App | /2 for sin?8,, = 0.23. The polarization of the final state fermions
can only be reconstructed for 7 leptous through their decay. The most sensitive
test is the polarized left-right asymmelry, which gives §(sin*,,) ~| §ALr | /(8P.),
provided the polarized electron beam is available and the polarization is known to
a better accuracy. With the polarized electron beam, the sensitivity of Arp to
sin’f, is greatly improved.

2 x 10° muon pair events collected at the Z° resonance will bring the statistical
error of the forward-backward asymmetry down to 6 Arp ~ 0.002. It is therefore a
challenge to reduce all possible systemnatic errors down to the same order.

Radiative corrections, especially due to the initial state radiation, play an im-
portant role in both the line shape of the resonance and the asymmetries. Detailed
study of relevant processes, however, has shown that the corrections are understood
down to a level where the Z° mass corresponding to a given sin®f,, is determined
to within +20 MeV. Achieving this theoretical precision, taking into account the
experimental cuts and acceptance, will require detailed simulations and careful anal-
ysis.

Detector asymmetries, i.e., slightly different acceptance for negative and positive
tracks, may result in systematic errors in the forward-backward asymmetry. The
more sophisticated detectors at LEP, with their higher resolution and granularity,
may do much better than the existing detectors at the present-day colliders. JMur-
thermore, the large counting rates at the Z° peak would enable one to monitor such
a bias to a high accuracy. It should be possible to control the systematic error of
the charge asymmetry at LEP below the 0.2% level.

Fig 8.2 shows the forward-backward asymmetry at /s = Mz as a [unction of

Mz with its dependence on the top and Higgs masses with and without electron
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Figure 8.2 App as a function of Mz for different values of Higgs and
top masses without (n) and with (b) longitudinal polarization [1].

beam polarization. With the error given above, this quantity will serve as a probe
for what is beyond the center of mass energy available at LEP.

In conclusion, precision measurements of quantities at LEP, such as the gauge
boson masses and various asymmetries, will confront the standard model with more

stringent constraints and/or reveal new physics.
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Appendix A

QED «o° order corrections to
muon pair production

In this appendix, explicit expressions for the radiative QED processes (I'ig 2.3a,b)
are given. Both the soft and hard photon contributions are considered, as well as
the vertex correction and the vacuum polarization of the photon. The formulae for
the processes involving Z° exchange are more complicated, and can be found in
reference [30].

The cross sections can be divided into two parts: the virtual and soft part, and
the hard photon part. The first part includes corrections from processes with photon
energies up to k;. The infrared divergence is avoided by suinming over the diagrams
in Fig 2.3a and 2.3b. The second part gives the cross section with three particles in
the final state.

The soft and virtual corrections to the muon pair production can be expressed

as,
do B doy
dQ,  dQ,

where the lowest order cross section is given by Eq 2.4, and 11 is the order « vacuum

(14211 + A) (A.1)

polarization, and A is the order « vertex and soft radiation corrections, writlen as,

] ky 20 |3 3 3 T
= ; m)In(=) + —<{-(In— +1ln—)4+ — =2
4 (ﬁ + By + Bine) H(E> ! T {Ll(nmj F nmi)_i 3

N PR
el G(In*(sin 20) + 1n*(cos 29))
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with
20 42 2 #2 12 4 42 2 02
A = _m;“,2 +u2+ lu2 +U"+u" +u ) (A.10)
2% [(p- - k) (py - k)] ds(py - K)(p- - K)
2 2 2 2 2 2 2 2 12
t
4 = E% +u2+t Jru2 tl+t +u'+u , (A.11)
2% [(g- - k)" (q+ - k)*}  4'(qs - K)(g- - &)
4 B 12 + ¢12 + u? +u'2 { ¢ ¢
Y dss’ (p+ - k)(as - k) (p— - k)(g- k)
’(Ll u ] .
+ + : A.12
(p- - k)(ar - k) (py - k)(g- - k) (A.12)
and

!

t=(pr —qs)’,  w=(p-—q)* s=(py+p)
' =(p. —q.)", uw=(py—q )% ¢ =(q +q.)

p and g are the four momenta of the electrons and muons respectively.

A;, Aj, A;; represent respectively the contributions from the initial stale ra-
diation, the final state radiation and the interference between them. Under the
exchange of = < pt, the interference term changes sign and thus only contributes
to the asymmetry but not to the total cross section.

After the integration over the phase space, the total cross section from ptp~ and
pt v final states, including the contributions from vacuum polarization of 7 lepton

and quarks, can be wrilten as:

Utot = 0‘0(1 —}- 5'1") = 0'0(]. + 53‘ + (57: + 61- + 6had)) (A13)
where
Lo 1) 2al 17) |
T _ g (Z1h= -2 Sy (e A.14
& ﬂ'(zl“,ﬁ 4>+ T \6 36/ (A-14)
2a (] 8 13
T _— T lln= - = A.15
5“ ™ (7 ! T 72), (A.15)

and &, (8pqaq) is the contributions from the 7(quark) vacwumn polarization.

At /s = 44 GeV, the corrections are

67 = 58.9%, 5 = 1.8%, (A.16)
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67- = .73%, 6lmd = 56%, (A17)

Ttot = 0O¢g * J.G?, (A.IS)

where m, = 1.78 GeV is used. §pqq is obtained by integrating over the total ete”
hadronic cross section numerically.

It 1s worth noting that at /s = 44 GeV, the total vacuum polarization contri-
bution to the total cross section amounts to 11%. Since the total correction within
our acceptance is about 5% (see Fig 2.4), the vertex and soft photon corrections to

the total cross section under our kinematic cuts are negative and about -6%.
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Appendix B

Estimation of high order
corrections to u T~ and Ty
production

The exact calculation of the corrections to all orders to the lowest cross sections
is not achievable in practice. However, renormalization group techuiques may be
used to give the QED estimates of the higher order QED corrections. This improves
the accuracy of the theoretical accuracy.

It has been proposed [36] tlie correctious can be approximated by exponentiation:

do dao( 1 >2+(A/H)

= , , B.1
dQl, dl, \1 -1l (B.1)
where A and II are defined in the Appendix A.

Based on the above formula, the QED asymmetry of muon pairs can be easily

evaluated,
do(6) B do(m — 0) gt ean
ARPP(0) = ds} ds} _ (L= 1)~ — (1 1"
e do(0) do(m—0) = (1 —T)~ A/ (] — )HAe/
dsl dsl
‘J.A .
=~ Aa(1+ 1), (B.2)

where A, stands for the antisymmetric part ol AA. The ligher order corrections can

therefore be recognized as A,11/2. Al the center of mass energy of 35 (eV,

- = 0.025, (B.3)
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namely, the higher order QED correction to the asymmetry is about 2.5% of the o®
+ QED correction, which is quite negligible.

Similar arguments can be given to utpu~v events. llowever, the correction now
may depend on the cuts, such as pholon energy requirement. The ptpu=vy cross
section of (A.9) has to be modified by multiplying A;, Ay, Aiy by F(s), F(s'), |
F(s)F(s') |*/?, where F'(s) is defined as

F(s) =] 1 =1I(s) |24 (B.4)

According to our selection culs, a conservative estimate of the correction to the
cross seclion is about +3%, and that to the charge asymmetry in the acceptance is
less than +1.5%.

These estimations should be considered as the upper limits of what might actu-

ally contribute to the processes.
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Appendix C

Extended gauge models of the
electroweak interaction and the
composite structure of leptons

Possible composite structure of the fermions has been explored, which gives some
low energy implications. As no significant deviation {rom the standard model has
been seen in the data, the composite energy scale A must be much higher than the
present available momentuin traunsfer.

One of the tests of the compositeness is proposed by E. J. Eichten et al [43].
In addition to the standard electroweak interaction, the composite fermions possess
a new four fermion contact interaction with a coupling strength g?/A”?. For muon
pair production from ete~ annihilation, the assumption has to be made that e
and p have some common constituents. Therefore it is less general than the tests
with Bhabha scattering data. The limits obtained from muon pair production are
somewhat higher than the Bhiabha scattering dala.

The effective Lagrangian is given in IBq 4.13. Taking into account all the inter-
actions and their interference, the total cross section of Bhabha scaltering can be

wrillen as

d > :
d_; = Z_s : -2-[ o + Ci(1 — cos 0)” + Cy(1 + cos 0)?), (C.1)

with | (C.2)
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Figure C.1 The ratio of the Bhabha scattering cross section of the
composite model to that of the standard model prediction.
3 NrLt .
Co = (“)2 1+ (Qv gA)— T =% (C.3)
l, (MA
MRL
¢, = |1+ (gv - ) T —= A/z ‘2 (C.4)
1 s 3 20RRS
Co = = |1+~ = 2(—+—>— = |
2 5 |1+ 2+ (9v +g4) Tt Y l
1'le o )2<5+5>i27]LL3|2 (C.5)
2 gV gA SZ tz QA’E‘ ) .
t = —s(l—cosf)/2,
1 1
3, = T : b : m—
4sin® @, cos’l, s— Mé + 1Mzl
1 1
t, =

3 ’ 3, T

4sin’b, cos?f, t— My 4-101,T;
For ptpu~ final states, the cross section is obtained from the above equations by
setling all the terms containing t and ¢, to zero and replacing the lactor of 2 in'front

of npr and 5y by one. As it has been pointed out by B. Schrempp et al. [70], in
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some analyses of the PETRA and PEP data, this factor of 2 has not been properly
taken into account. Corrections have to be made when comparing these results with
each other.
A useful way of mneasuring the substructure is to plot the relative deviation of

the cross section from the standard model prediction,

dotot/dQ

—_— C.6
doev [ dS) (C-6)

Fig C.1 is the angular distributions of the ratios of the cross sections at /s = 35
GeV, with A’ = 2 TeV for AA and VV coupling and A’ = 1 TeV for LL coupling
(see Table 4.5 for the definition of the couplings). Unlike the effect of the contact
interactions on the muon pair production (see Fig 4.13), the relative deviation of
the Bhabha cross section in the forward and backward regions is suppressed. At
cosfl, — 1, the QED t-channel photon exchange dominates, so that weak and contact
interaction contributions can be neglected. At cosf, — —1, it is the approximate
cancellation between the s-channel and the t-channel contributions that reduces the

effect substantially.
From the Bhabha data at PEP and PETRA, lower limits of A’s around 1 - 2

TeV have been derived [56,58].

The R-value and charge asymmetry of muon pair production is then modified

as
L -
R o= (ot C), (C.7)
3 - O |
A, = -.2= €8
" 4 Cr4 Gy (C8)

Neglecting the weak contribution, the correction to the total cross section can
be written as a form factor. By definition, A'y differs from Ay (as defined in g 4.8)

by approximately a factor of 1/y/«,

' 1 \
A:E: ~ —\7__;—1\:&. ((/())
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Extended gauge models, in the general class governed by the group structure
SU(2)®U(1)®G, where G is the additional group, can be constructed such that
they are consistent with the existing experimental data at present energy with,
however, some new phenomena predicted at higher momentum transfer [46]. One
of the common implications of the models is the existence of extra neutral gauge
bosons. This can be revealed in the experiments through contributions from addi-
tional neutral currents, including the the possible mixing between the standard and
"new” weak eigenstates. The Lagrangian of this class of gauge theories is given in

Ref [45] as,

om o e (M em] e S
Lyc =i A" + 3 fi |70 + — = 10" 2 (C.10)
=1 J

where f; is a constant depending on the masses and the coupling in the models.
Although the deviation depends on the specific models, they all have a common
feature that when the momentum transfer is much less than the mass of the neuntral

bosons, an effective four fermion coupling exists,

2 ,
€ cem 4GF . 2 4103 cem. 1 1
H.ts(g" —0) = “5(;5]“ g+ 72— {(]ﬁs) —sin® 0,75™)° + C(G)s; ‘]ém} (C.11)
The coeflicient C(G) is thus a measure of the deviation from the standard model
due to extended gauge models.
Comparing this effective Hailtonian with the above composite Lagrangian, we

can easily get the 95% confidence level limit using the VV coupling,

™

C <
VTR

(C.12)

For a specific model with a known structure of the interactions, the cross section
of various processes can be calculated. To give an example, if there exisis a second Z°
and the couplings and the mass are given, the neutra) current part of the Lagrongian

can be written as,

L= —iled,Jt + 922,05 + 92 2.J%) (C.13)
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where J4 and Jj are the normal electromagnetic and the weak neutral currents,

and J%, is the current of the second neutral boson.

9275 = gz(VL IV, + YRy V) (C.14)
= eUy (v — ay®) ¥, (C.15)

gz Jp = gz (Vo l'y" ¥ + VU p Ry ¥ ) (C.16)
= eWy¥(v' — a'y*) V. (C.17)

Taking into account the Z-7’ mixing, the mass eigenstates of the normal neutral

bosons and their couplings can be expressed as,

Zy =Zcosf+ Z'sind, (C.18)
Zy = —Zsinb + Z'cos¥, (C.19)
ay =acosf +a'siné, (C.20)
a; = —asinb + a cosb, (C.21)
vi  =wvcost +v'sind, (C.22)
vy = —vsinf + v cosf. (C.23)

The couplings of the standard Z° are,

1 4sin®fg, — 1
= = (C.24
. 2sin26,’ v 2 sin 24, ' )

The R-value and asymmetry of muon pairs should therefore he modified as,

R = 1+Z(2v e P )

S — ‘[‘li“
;2
2 : — .25
+ (a'laz + UIUZ) (Q - 1‘12)(3 . l‘[))y ( ),)
3 TQ\ 5 s s )
b 2[1',““,%;1( RV (q_/w),
+ (ayv; + agvl)z : (C.26)

(s — ﬂ;[f)(s — ﬂ[;).

With the above formula, limits on the mass of the secoud Z° and mixing angle

can be obtained from the experimental data.



116

Appendix D

Notes on statistics

Many statistical methods have been applied in this study. Based upon the exper-
imental measurements, two kinds of results have been presented in the thesis: the
determination of certain parameters of the accepted theory, and tlhe test of some hy-
potheses or proposed theories with limits on their parameters at a given confidence

level.

D.1 Maximum likelihood method

The maximum likelihood method is a very powerful tool in determining the
unknown parameters of a given distribution. In general, a normalized distribution
can be written as

y = f{x,p), (D.1)
where X is a set of variables and p a set of parameters. For a mneasured evenl sample,

the maximum likelihood function is then defined as
- .
Lp) =] flxi p)- (D.2)
=)
L is the joint probability density for obtaining (his sel of measurements. By max-

imizing this probability with respect to the parameters, the besl estimates of the

parameters are obtained.
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Figure D.1 Maximum likelihood function for fitting the asyinmetry in
comparison with the gaussian distribution.

( ) [ ot

where the cross section is given in Eq 4.2, N is the normalization factor, and €(6) is
the acceptance. As long as the acceptance is symmetric, t.e., ¢(d) = e(7 — §), which
is true for our detector up to 1% systematic uncertainty, the normalization factor is
independent of the parameter A%™™ because cosf term does not coutlribute to the
integral. Maximizing the logarithm of the maximum likelihood function, we obtain

ABor a5 the zero of the following equation,

RN

cos ; )
f—:; C(l -+ COS2 9,)(‘ + 6(61)) -+ ABm‘n cos H, B

To estimate the statistical uncertainty, we may expand £ near the best estimated
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value ( for simplicity, consider only one parameter),

2
L ~ Loemp(_(LQ_-;;‘l)_) (D.6)
r
o*(In£)]™? _
op = l:———-(é%——)-:l (D/)

It is assumed that gaussian distribution is a good approximation for £ near the
maximum, or in other words, In £ tends to be parabolic. Fig D.1 shows the maximum
likelihood function in comparison with the gaussian distribution when fitting the

asyminetry. In this case, the uncertainty is

n cos? 6; -1/2
— : D.8
7 {Z [C(l+c0529i)(1+<5(t9i))+AB'””c059iJ2} (D.8)

i=1

The maximum likelihood method has many advantages. Because it is hased
on individual events, there is no need to construct a histogram, and it works for
even very low event deusity. In our case, the dependence of the asymmetry on the
acceptance is left out, which can not be avoided by calculating forward-backward

events or using a X? fit.

D.2 A% fit of parameters and testing hypothesis

A% fitting is a frequently used procedure to compare an experimental distribution
with the theoretical prediction. It is the sum of squared differences weighted by the

square of the inverse of the standard deviations:

n exp t_lz, 2

=1 7i

where o; is the standard deviation of the measurement in the it hin. The theo-

13

retical expression ¥ may depend on a set of parameters thal is to be determined.

Minimization of X2 with respect to the parameters gives the best estimation of the

r

parameters. Mathematically, if y7” is a random variable of a gaussian distribution

with the mean and variance being y!* and ¢?, X2, follows the X? distribution with

min
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v degrees of freedom, where v = n.— m and m is the number of free parameters
allowed to vary in the search for the minimum. If the X? is quadratic in the param-
eters to be determined, or approximately is, the uncertainty of the parameters can

be estimated easily by expanding the X2,

| 02/1’2
2~ ' Ny, — p° 1
X - mzn + i 12]: , Z aplap pz /(1)_7 pg) (D*O)
1 82x? o
0y = gapi@pj (Ull)

Obviously the errors may be correlated.

In fitting the electroweak parameters using the asymmetry and R-values, the
X? distribution happens to be asymmetric. The contour corresponding to a certain
confidence level (or the quoted error in case for one parameter) can be obtained by

incrementing X? by A, The values of A are

63% 95%
1 parameter 1.0 3.84
2 parameters 2.4 5.99

The X? fit of the experimental data not only gives the estimates of the paramelers,
but also tells how well the model fits the experimental data. For our fit of electrowcak
parameters (Eq 4.4), X%, = 5.7 with 8 degrees of freedom. The probability of
having a X2 equal or greater than this value is 68%, which confirms that the theory
is quite consistent with the experimental data. This is a very powerful feature of
this method in discriminating different theories.

For the applications in this thesis, testing a bypothesis is to derive a constrajut
on the parameters with 95% coufidence level, such as, the limits on the cutofl param-
eters or the mass of *. Tlus is done in the same lashion as in fitting the paramelers

except that the boundary is usually open at one end, thatl is to say, the standard

theory is so consistent with the data that there is little room for the extension.
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