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Introduction

In the 19th century, light waves were found to be a solution of the Maxwell equations.
Within this theory, the waves move with the speed of light and two waves pass each other
unhinderedly, as Huygens already predicted in the 18th century.

At the beginning of the 20th century, the idea evolved that light should be described
by light particles instead of waves. This is nicely described by D. Griffiths [1]:

In 1900, Planck attempted to explain the blackbody spectrum for the elec-
tromagnetic radiation emitted by a hot object. Statistical mechanics led to
the “Ultraviolet catastrophe” when applied to electromagnetic fields, predict-
ing that the total power radiated should be infinite. Planck found that he
could fit the experimental curve if he assumed that electromagnetic radiation
is quantised, coming in packages of energy

E=hv

3

with v the frequency of the radiation and h a constant fitted to the data.
Planck assumed that the quantisation was due to a peculiarity in the emission
process.

In 1905 Einstein argued that the quantisation was a feature of the field itself,
and not the emission process. Einstein adapted Planck’s idea to explain the
photo-electric effect:

E<hy—w.

Here, w is the work function of the material. The electron may lose energy
before reaching the surface, hence the < sign. This means that the maximum
energy for an electron is independent of the intensity of the light (the number
of emitted electrons does increase with increasing intensity) but depends on
the frequency of the light. In 1916 Millikan completed his study on the photo-
electric effect and reported that “Einstein’s photoelectric equation ... appears
in every case to predict exactly the observed results... Yet the semicorpuscu-
lar theory by which Einstein arrived at this equation seems at present wholly
untenable”.



2 Introduction

Not until 1923 was the idea of a light quantum accepted. In 1923 Compton
found that the light scattered from a particle at rest is shifted in wavelength:

I

A=MN+ —1(1 — cos ),
me

with A the incident wavelength, )’ the scattered wavelength, 6 the scattering
angle of the light and m the mass of the scattered particle. One can obtain
this equation by assuming that the light quantum is a massless particle. In
1926 the chemist Lewis suggested to call this quantum a photon.

The successor of Maxwell’s theory is called Quantum Electro Dynamics (QED). In
this theory the photon is the mediator of the electromagnetic field and is described as the
particle found by Compton.

In QED two photons can scatter from each other, in contrast to the classical electro-
dynamics were two waves would pass each other unhinderedly. In a two-photon collision
with small-momentum transfer the main contribution to the total cross section comes from
the coupling to vector mesons. From the decay of vector mesons it is evident that the pho-
ton couples to these mesons. Both photons couple to a vector meson and these two mesons
interact. When the momentum transfer of the two photons is increased, perturbatively-
calculable processes (with the help of QED for the lowest-order Feynman diagrams and
Quantum Chromo-Dynamics for higher-order diagrams) become more important. This
means that in two-photon physics both the soft processes from vector-meson collisions
and hard processes from the perturbative-calculable diagrams can be investigated.

The total hadronic two-photon cross section is the subject of this thesis. It has been
measured as a function of the mass of the two-photon system and as a function of the
virtuality of the two photons. In the following the outline of this thesis is given.

In chapter 1 the theory of two-photon physics is discussed together with the equations
needed to calculate the hadronic cross sections. Two different Monte-Carlo generators are
discussed and previous results are summarised.

The L3 detector is described in chapter 2, together with the triggers and the recon-
struction of the events.

In chapter 3 the untagged data and total cross sections are presented for data obtained
around the Z pole (91 GeV) and at energies around 133 GeV. First the selection criteria are
discussed. Then the data integrity is tested and the data is unfolded (relating the visible
mass distribution to the true mass distribution). The results are shown together with
the systematical errors. Finally comparisons are made in order to check the theoretical
predictions.

In chapter 4 the tagged data taken around the Z pole is discussed. Again the selection
criteria are explained first before the results are given for the cross section as a function of
the virtual masses of the photons and as a function of the mass of the two-photon system.
Different models are fitted to obtain the best description of the cross section as a function
of the virtuality of the photon.

The first appendix explains the problems involved with the unfolding of the data. In
the second appendix the modifications made to the PYTHIA generator are given.



1

Theoretical and experimental
overview

In this chapter the theoretical equations needed in this thesis are given. Two different
Monte-Carlo generators (PYTHIA and PHOJET) are discussed and some previous results
are summarised at the end of this chapter.

1.1 Kinematics

Two-photon scattering at LEP can be observed in the reaction:
ete” s ete X,

in which the two incoming leptons both emit a virtual photon. In figure 1.1 a schematic
view of this process is shown. The incoming leptons have momenta p; and py, while the
outgoing leptons have momenta p} and p5. The final state produced by the two colliding
photons is indicated by X (in this thesis only the hadronic final states are investigated).

The kinematics of the colliding photons is completely determined by the four-momenta
of the incoming and outgoing electron and positron. For unpolarised beams with an energy
E, five variables are needed to determine the two-photon system:

e The energy of the scattered leptons: Ef, Ej.
o The scattering angles w.r.t. the direction of the incoming leptons: 6y, 8s.
o The angle between the two lepton scattering planes: ¢.

The squared mass of each of the two photons is (7 = 1, 2):

¢} = —Q? = (pi — pl)? = 2m? — 2EE, (1 — /1= (me/E)24/1 — (me/E!)? cos0i> :

and the mass, W, of the total two-photon system is given by:

W2 = (q1+ ¢2)°.
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Figure 1.1: Schematic view and kinematics of the process ete™ — ete™ X,
The final state X is produced by the two-photon collision in the centre of the
figure.

The fraction of the energy of the incoming particle which is carried by the photon is given
by @;:

z; :Q?/qu-qg. (L.1)

The scattering angles of the final state electron and positron are distributed according
to a bremsstrahlungs spectrum. So in general they stay close to the beam and remain
inside the beam pipe. The transverse momenta, momenta perpendicular to the direction
of the beam particles, of these scattered particles remain small and the hadronic final state
therefore has a small transverse momentum as well. In the longitudinal direction (along
the direction of the beam particles) the momentum difference between the two photons
will, in general, be large. Therefore the hadronic particles are boosted in the longitudinal
direction. Owing to this boost these particles remain closer to the beam pipe than in the
absence of this boost and are mainly detected in the forward calorimeters.

If the scattered electron and positron escape down the beam pipe, the mass of the final
state X can be measured by detecting the particles produced in the hadronic final state. In
this case no information can be obtained about the other variables. If one scattered lepton
is detected, i.e. the angle of the scattered electron or positron is large enough for it to be
detected, the mass of the photon emitted by the detected lepton can be measured. These
events are called single-tagged events. In double-tagged events both the scattered electron
and positron are detected and all five variables are known. The two-photon system can be
fully determined in this case. The mass of the final state X can then be obtained directly
from the measurement of the scattered particles, a so-called missing-mass measurement.
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1.2 General expression for s(ete” — ete™X)

In this section the notation is followed as given by Budnev et al. [2] and Kolanoski [3]. The
general matrix element for the process, ete™ — ete™ X, can be calculated by Feynman
rules:

2

e?

Me+e———>e+e-X - qzq (p1)7u (pl)le'a(pIQ)7uv(p2)’ (12)
142

Here, u(p) and v(p) are the Dirac spinors with p corresponding to the properties of the
particle (four momentum and spin). The tensor M#¥ corresponds to the hadronic two-
photon reaction:

v(q1) +v(g2) — X.

Here, ¢ corresponds to the properties of the photon. The total cross section can be
expressed in terms of M as follows:

Mo+ ar—k) A dp)

4/ Xere-  (2m)32E] (27)32E)
Here, the summation is performed over the spin of the outgoing electron and positron
while averaging over the spins of the initial electron and positlon The flux of the initial
state particles v/Xcte- is given by Xe+o- = (p1p2)? — m2mi. The phase space dI' of the
final state X, consisting of ¢ particles with four momenta (E;, k,) is given by

= > llgmwms 271'32E

all spin states ¢

dUe+e‘—>e+e‘X = Z |M|2(27l')4 dr'. (13)

At the two QED vertices the summation over the outgoing spins and averaging over
the incoming spins can be performed. This gives a density matrix for the virtual photon:

o= 5(—1——2—)Z{a@;)wu(m)}[ﬂ(pz-n”u(pi)],

1 s,8!

1
= m[a?g““ + 2(pl' Pl + pY P

With the help of the above equations the differential cross section can be written as:

a? & g1+ q2 — k ' ' « dB d3p
d(Te+e"——)e+e—X = 4(]%(]% (\/X—,f” )p‘lul p12/u MWJM”/ Ell El2 dr. (15)
ete

When integrating over the hadronic final states the following expression will appear in
the total cross section equation:

v IV’ ]_ *
W = 5 / MI‘VM;A’V’(QW)46(Q1 +4q2 — k)dF' (1'6)
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This tensor has in its most general form 256 different elements. Because photons only
couple to conserved currents not all four values for each index are independent:

qIIJW“UHIV/ = 07 (J?IWNUM/V, 0)
W =0, gwer = . (1.7)

To take this into account the photons are transformed into their helicity basis. In this new
basis the hadronic tensor will be written as A™"™'"*" The indices now run over the three
possible values for the helicity (+1,0,—1). This tensor has at the most 81 independent
elements. Because of conservation of angular momentum (m —n = m’ — n') only 19
entries are not equal to 0. Parity invariance gives Amnm'n’ — g-m-n-m'=n" 1] time
reversal invariance gives Amnm'n’ = A™'n'mn These last two requirements lead to eight
independent elements.

The eight independent elements are related to the cross sections and interference terms
of the process vy — X.

1

oOPp T A+++++A+—+— ’ 6 = AOOOO 7

7 4\/3(-( ) oss 2\/)—(( )
1 1

ors = W(AHHO); osT = m(AOJFOJr)» (1.8)
1 1 _

e = 2\/?(A*“’f“), Tpg = m(A++00+AO+ 0),
1 . 1

a (A++++ — A+—+—) — (A++00 — A0+—0)_

T S , Trg =
Tr 4\/Y TS 4\/;‘{:

Here, v X is the two-photon flux factor:

1 .
X = (9192)" = aigd = 7[W* = 2W2(q} + ¢3) + (¢ — 43)"). (1.9)

The cross sections opp, csr, ors, 0ss and the interference terms 7'7(%2 and T‘(p‘fg) are

real scalar functions of the scalars ¢?, ¢ and W2, with S representing a scalar photon
(helicity 0) and T a transverse photon (helicity +1).

Implementation of all this gives an expression of the differential cross section in terms
of the photon scattering cross sections:

o? X
dOcte-mete~Xx = 167422 \| X+ [4p-1i.+p;.+0'TT + 2PT+P(Q)OUTS +
172 etem
201°p Y ot + p1°p3 s — 8lpT pf|7rs cos  + (1.10)

d3p~’1 d3p~’;
Ey B

2pt ™ p3~ |Prr cos 26 + Arfp + Brig)
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Here, ¢ is the angle between the scattering planes of the colliding particles in the two-
photon center-of-mass system. All expressions in equation 1.10 are functions of the mea-~
surable quantities p; and p;. The expressions for the density matrices are given here
explicitly [2]:

2 2
b e (2P1Q2 - q1QQ) _1_ 2mg 1.11
o 2
0 = (2P102X 0192)° p (1.12)

~ 4(2p192 — q192)(2p291 — 0192)C
Bt 0pfolcosd = G0, — 019:)C
X415

20t pf " |cos26 = C?/qigl - 2pft = 1)(pFT - 1).
Pt =pt1e2) 0 B =p"1e2),

Here, C' = —(2p1 — q1)(2p2 — q2) + X~} (q192) (2p192 — 9192) (2p2q1 — q1¢2). For unpolarised
beams A = B = 0.

The interference terms vanish if expression 1.10 is integrated over é. After this inte-
gration the only unknown quantities in this equation are the two-photon cross sections o5,
with ¢, j = S, 7. All the other terms are indicated as the two-photon luminosity functions,
L. The cross section is often rewritten as:

oot x = Y -
ete~ sete ijngdwldWngldHqu” ij

When the virtualities of the photons are small, only the transverse-transverse cross
section contributes to equation 1.10. This results from the transformation of the linear-
polarised states to the helicity states, see [2]. When @2 — 0 the four cross sections behave
like:

orr(W2,Q%,Q3) = 044 (W?), ors x Q2, osr x @}, o055 x QIQ3. (1.14)

1.3 Equivalent Photon Approximation

Owing to the bremsstrahlungs spectrum of the scattering angles the largest contribution to
the luminosity functions results from small angles. Small angles mean that the virtualities
of the photons, @?, remain small as well. From equation 1.14 it is clear that only the
transverse-transverse cross section gives a considerable contribution.

For small scattering angles ¢ coincides with ¢ and equation 1.10 can be integrated over
¢. The density matrices can be simplified if @? << W?2 with the help of the following
approximations:

1 1
2p1q2 = 4Ews,  qiqo = §W2, X = 21-W“, W? = 4w ws. (1.15)
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Here, w; is the energy of the photon (E; — E}). Substitution into the transverse-transverse
density matrix yields:

2E(E —w;) 2m?2
o+ i e
p; +1- . (1.16)
’ w} Q7
The phase-space volume element of the scattered particles can be written as:
d°py d®piy ms
= dQ7ydQ5dw,dwad 1.17
El E2 2[(p1p2) - 771%7772] Ql Qz 1 2 ¢ ( )
Implemention of 1.14, 1.16 and 1.17 into 1.10 gives, after integration over ¢:
do = oyydnidns. (1.18)

Here, dn; is called the number of equivalent photons or the photon spectrum and is
given by:

o dw; dQ? w; w2 m2w2
dn; = — C 1 . 1.1
M T e Q7 K E 2F2> E?Q?] (19

For the cross section calculations, the luminosity function has to be integrated over
that part of phase space which contributes to a given mass W. In the Equivalent Photon
Approximation the integrated luminosity is calculated as (W? = 7s):

d
Lepa(r /N (21N (@z = 7/21) = il

Here, z; = w;/E, T = x122 and n; is integrated over Q? to give N(z;):

o 1 E 2 ;'zmax 2 1 1
T min 7 min T max
The Q?
tag).
In this thesis a slightly different approach is applied. The integral over the luminosity
function is done numerically with the help of an improved equivalent-photon approxima-
tion, as given by G. Schuler [53]. The improved EPA can be written as:

2 win and Q7 depend on the experimental conditions (untagged, single or double

dl O'ab(WQ Q%)

_— = d d 21, Q , ——-.-——,
T / Q1/ Qzagsf 21,Q%) fo (22, Q3) W)

2y @ 1-{-(1——3:)2 2m2a?
fT(m)Q ) et 27('{ Q2 Q4 s
(1.20)
al—=z
fs(z,Q%) = O
2.2

2 _ memz 201 21 .
¢ minmax T 77 z; +4E (1 xi)SIH 291 min,max -
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The equation for fs is obtained from p% in the same way as fr was obtained from pt+
(exactly the same approximations have been applied as for equation 1.19).
If one assumes factorisation of the two-photon cross sections:

Oab = FG(Q%)Fb(Qg)UW(W%

the integral gives a luminosity function with the form factors F'(Q?) included.

In the EPA the two photons are thus described as being produced independently (rho;
only depends on z; and Q?). In the following section the two-photon cross section is
discussed and this independency will be exploited to describe the different contributions
to the total hadronic two-photon cross section.

1.4 The hadronic two-photon cross section

In this thesis the cross section is measured for large two-photon masses. This means that
the region of interest corresponds to masses above the resonances (larger than about 2
GeV). The lowest order diagram for hadron production in two-photon collisions is shown
in 1.2 a. The diagrams 1.2 b, ¢ and d are in principal higher-order diagrams of 1.2 a.

The behaviour of the two photons can be characterised in the following way when the
EPA picture is applied. The two photons are produced independently and each couples to
a quark-antiquark pair. When the transverse energy of a pair is low (the mass of the pair
is then small as well) the quark-antiquark pair will in general form a vector meson before
the interaction with the other photon or quark pair takes place. When the transverse
energy is large enough this will not happen and the quarks can interact individually.

The scattering takes place between (anti)quarks from the two different photons. When
the scattering is hard enough (the transferred momentum between the scattered particles is
large), an exchanged gluon would be able to distinguish the quark from the antiquark of one
photon or both photons, and the process is called single or double resolved, respectively.
The phase space of each photon is thus divided in three parts:

e The mass of the quark-antiquark pair is small and the photon couples to a vector
meson.

e The mass of the quark-antiquark pair is large and the scattering is hard enough to
distinguish the quark-antiquark pair, the photon is called anomalous.

o The mass of the quark-antiquark pair is large but the scattering is not hard enough,
the photon is called direct or bare.

These three descriptions for the photon are valid for both photons. Hence six different
types of interaction can be defined:

o Vector-meson vector-meson interaction, this is called the vector-meson dominance
model, see 1.2 b.

¢ Vector-meson anomalous interaction, this a double resolved process, see figure 1.2 c.

o Vector-meson direct interaction, this is a single resolved process, see figure 1.2 d.
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e Anomalous anomalous interaction, again a double resolved process, see figure 1.2 c.
¢ Anomalous direct interaction, again a single resolved process, see figure 1.2 d.

o Direct direct interaction, this is the Quark Parton Model or direct contribution, see
figure 1.2 a.

The different diagrams must thus be regarded as representations for different parts of
phase space. In the following sections the cross sections for the different contributions are
given.

Figure 1.2: The different contributions to the total hadronic two-photon cross
section: (a) the direct or QPM contribution and (b) the Vector-meson Domi-
nance Model contribution. In the bottom plots two examples of the anomalous
contribution are shown: (c) double resolved and (d) single resolved.

1.4.1 Vector-meson Dominance Model

The main contribution for the total cross section results from figure 1.2 b. Each photon
couples to a vector meson with the same quanturm numbers as the photon. The two vector
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mesons scatter, producing the final state hadrons. The probability for a photon to couple
to a vector meson is given by (4am/v%). This gives:

4am 4
VoM = 5 L8V X). (1.21)
v W v

The VDM cross section is factorised in a mass dependent part and two Q? dependent
parts, separate for both photons. When for the meson-meson cross sections the Donnachie-

Landshoff parametrisation [11] is used, the mass dependence of the VDM contribution can
be calculated as shown by Schuler and Sjostrand [12,13]. They obtained:

€ 7
oV PM 133 (i) + 170 (%) nb. (1.22)

Here, ¢ = 0.0808, 7 = 0.4525 and so = 1 GeV?. The Q? dependence of the VDM is
given by the form factors of the vector mesons. A modification of this dependence is the
generalised vector-meson dominance model (GVDM [14]). The factorisation is different
for each helicity cross section:
ol MW, Q1 Q) = oy (W) Fi(QDF;(Q3). (1.23)
Here ¢,j = S, T and

5
O
N4
il
<
<
TN
3
<t
)
N
+
Q
3
on
[

2 2 2
VT s Q?+m Q%+ m
(1.24)
mZ 2 Q?
Fs(Q%) = er<2v2) 7
Ve s @Q?+m 4my,

with mg = 1.4 GeV. The ry are given by the ratio of the total cross section of helicity 1
vector mesons and photons on a proton target:

A=+1
dar o
ry =~ 2 (1.25)
T Oy

with r, = 0.65, 7, = 0.08, ry = 0.05 and r¢ = 1 = > ry. The TPC/2y collaboration
used a slightly different parametrisation. The sum of ry was renormalised to 1 and the
term involving myg, the continuum term, was omitted (VDM form factors).

Also the simple p form factor can be described in terms of the GVDM. The weights
for the other vector mesons and the continuum term are put to zero. Thus r, =1, r, =
0, rg =0 and r¢ = 0.

The interaction between two hadrons is dominated by soft interactions. This implies
that the transferred energy is small and parametrisations are applied to describe the dif-
ferent subprocesses, such as elastic, single-, double- and non-diffractive interaction. These
interactions between two vector mesons normally produce hadronic final-state particles
with directions close to the direction of the initial vector mesons. The hadronic final state
is thus strongly forward peaked.
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Total hadronic cross-section estimations

In 1971 J.L. Rosner [4] was the first to utilise the coupling of the photon to the vector
mesons to estimate the total two-photon cross section for real photons with Regge theory
[5].

This theory gives a general description of the interaction between two hadrons at high-
energy and small-momentum transfer via an exchange mechanism. The exchanged object
is described in a reggeised fashion, which means that it is given a continuously varying
spin. This “particle”, a Reggeon, corresponds to a family of particles which all have the
same quantum numbers except for their values of the spin. When the squared values of
the masses of these particles are plotted versus their spin, they lay on a straight line «(t),
a Regge trajectory.

The single-Reggeon amplitude for the scattering between two hadrons, h and A’ can
be written as

a(t)
s
Als,1) = dhagkun(a©) () exp(s%0).

Here, s is the center-of-mass energy squared, ¢ is the momentum transfer, g, denotes
the momentum-transfer-independent part of the Reggeon-hadron coupling constant and
sp = 1 GeV?. The corresponding Regge trajectory is given by:

a(t) = «(0) + a'(0)t.
The signature function 7 is given by:

n(a(t)) = —{1 + cexp(—ira(t))}/sin ra(t).

where o = +1 is the signature of the t.rajec‘ﬁory (+1 for trajectories with even-spin particles
and —1 for trajectories with odd-spin particles). The exponent b° = %b% + %bg, results
from the coupling constants

1

21)21‘,).

9rr(t) = gy exp(
The optical theorem relates the elastic scattering amplitude to the total cross section
in the following way:

1 1
ot = “Im{< ilAli >} = -S-Im{Ael(s,t = 0)}.

Within the Regge model the total cross section for the interaction between two hadrons
is a sum of two terms describing the exchange of the elusive Pomeron, IP, (this trajectory
has no particles associated with it) and the p, As-Regge trajectory, R, (the signature of
the p trajectory is opposite to the As trajectory, the identity between two trajectories
with opposite signature is called ‘exchange degeneracy’):

ohat x(s) = 05/;/—»}((3) + ohpiox (5)- (1.26)
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Within the Regge model the cross section for each of these two terms is given by:

s AR s AP
Aox@ =dhast (2) 0 e =dab (). 02)

Here, g3, and g2, are the couplings terms, AR = o®(0) — 1 with o®(0) =~ 0.5 and
AP = o (0) - 1 with oF(0) = 1.

For the calculation of the total two-photon cross section the measurements of hh and
vh interactions were taken. For the Pomeron term (high-energy behaviour) Rosner used
vN and NN scattering data:

[o787 (5 = 0)]”

HD ~
T X = ey oy 240 nb. (1.28)

For the low-energy behaviour, the Regge trajectory exchange, pp, pn, yp and yn interac-
tions were taken:

-0.5
Ohysx = 270 (i> nb, with s in GeV?. (1.29)
S0
The Rosner result can thus be written as:
0.5
oTOT, = 240 + 270 <f—> = 240 nb + Wﬂ (1.30)
0

This form for the cross section has also been used by other authors [6-~10].

In 1992 P.V. Landshoff and A. Donnachie [11] fitted the cross section for nine different
hadron-hadron interactions (pp,pp,7*p,7 p, K*p, K~ p,yp,pii and pn) with the following
parametrisation:

TOT AY s\’
Ohh' 5 X =X g‘(‘)" +Y ;a . (131)

They assumed universality for the exponents € = of(0) — 1 and 5 = a®(0) — 1. The value
for these two exponents were taken from a fit of the pp and pp data, requiring the same
value for X (assuming that the Pomeron couples in the same way to the particle as to the
antiparticle), ¢ and n. This gave:

e = 0.0808, n = —0.4525. (1.32)

In 1994 G.Schuler and T.Sjéstrand [12,13] utilised the parametrisation of Landshoff
and Donnachie, together with the factorisation of the Regge model.

(Xyp)? (Yp)?
Xyy = —— Yoo = L0 1.33
vy pr ) Y Ypp ( )

Theilr result was:

€ 7
oTOT =911 (2} +207 () ub. 1.34
Yy

So Sp
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If Y5 is taken the Regge factor would be 169, if one uses 1(Y,, 4+ Y;5) the result would be
215. These differences do not affect the high-energy behaviour of the total cross section,
which is described by the Pomeron term.

Rosner, and later Schuler and Sjostrand, thus assumed that the two-photon cross
section behaves like a hadron-hadron cross section. These total cross-section predictions
are thus VDM based predictions. The difference between equation 1.34 and 1.22 shows
that the other contributions to the total two-photon cross section are needed.

1.4.2 Direct cross section

This contribution describes the process in which the two photons couple directly to a
quark-antiquark pair, see figure 1.2 a.

The cross sections for this contribution can be calculated with the help of Feynman
diagrams and can be found in different text books, e.g. [3]. The Q? dependence can be
found in [2]. As an example the opr and ogp will be given here in the case that Q% = 0:

2N elmaW Q4 1+ 8
_ q a4 1
N RN R {(3 b +2W4>lnl—ﬂ
2 4
2 QF Q1
8N.ejma’ W2 Q3

osT = (136)

1+4
Wy (g -

Here, e, is the charge of the quark, N. = 3 the colour factor and # is the velocity of
the quark in the two-photon center-of-mass system. As can be seen in equation 1.36 the
os7 is proportional to Q? for small values of Q? and vanishes for real photons. Also the
angular distribution can be calculated. In a lowest-order calculation and for real photons
the scattering angle 8 of the quarks with respect to the photon direction in the two-photon
center-of-mass system is given by [3,15]:

doyysqq . N.a?B23%sin%60 — f*sin* 6+ 1 - p4
a1 w2 (1 — p? cos? 6)? ’

(1.37)

In the mass region of interest, my, << W with m, the mass of the quark, 8 approaches
one and the angular distribution becomes forward peaked. But at large angles the direct
cross section becomes more important with respect to the VDM cross section, which is
even more strongly forward peaked than the direct cross section.

1.4.3 Anomalous cross sections

Here the cross sections of the four other contributions are given. In these contributions
the transverse energy in the scattering process is large. This implies that the exchanged
gluon can resolve the constituents of one or both photons. In the anomalous processes
the constituent of one photon can either interact directly with the other photon (single



1.5 Monte Carlo generators 15

resolved, see 1.2 d) or with a constituent of the second photon (double resolved, see 1.2
¢). The anomalous cross sections are calculated in the “hard scattering expansion”:

giouble resolved Z/dml/dzgf?(xl,Pz)f}(wQ,Pz)aij_,k(é), (1.38)
ijk

ginge resotved = Z/dxlf;'(xl,Pz)a,-Hk(é). (1.39)
ik

Here, f¥(z;, P?) are the particle density functions (pdf) of the photon. They describe the
probability to find the constituent carrying an energy xE,. The subdivision of the single
and double resolved processes into an anomalous and a VDM part is done with the help of
different pdf’s for the two parts. Also pdf’s with a parametrisation for the total resolved
photon exist. These make thus no subdivision in anomalous and VDM parts. The scale
at which these pdf’s are calculated is given by P2. This scale depends on the hard process
itself. The summation over ¢ and j runs over all constituents of the photon, thus over all
(anti-)quarks and the gluon. The summation over k runs over all final states which can
be produced by the initial state ij or iy. Normally the lowest-order Feynman diagrams
are considered for the cross sections oy, and oyyk, calculated at an energy § = zyzqs.
Recall that here s = W2 and z, = 1 for single resolved processes.

The input pdf’s thus play an important role in the calculation of these cross sections.
They can be calculated from the lowest-order diagram. Witten [17] showed that sub-
stantial strong-coupling corrections are needed, even at lowest order. Later other authors
calculated the pdf’s and found similar results.

When the next-to-leading order contributions were calculated , large corrections were
found. This means that no indication for the convergence of the pdf’s was found. This
“seems to indicate that in this case, like in the deep-inelastic lepton-hadron scattering, the
“pdf’s must be measured at a certain value of Q? and can not be derived from calculations
“alone. The Q2 evolution can then be calculated with the Altarelli-Parisi equations [16].

Many parametrisations exist for the pdf’s of the photon, e.g. Duke and Owens (DO)
[18], Levy, Abromowicz and Charchula (LAC) [19,20], Drees and Grassi (DG) [21], Gliick,
Reya and Vogt (GRV) [22] and Schuler and Sjostrand (SaS) [23,24].

1.5 Monte Carlo generators

In order to compare the abovementioned models with the data, Monte Carlo samples must
be generated. The events in each sample can be passed through the detector simulation
and the event variables for the data and the MC samples can then be compared. Here two
different MC generators will be described. Both generators only have interactions between
real photons.

1.5.1 PHOJET

The generator PHOJET applies the Dual-Parton Model [25,26] to describe the interaction.
In this generator the physical photon is considered to be a superposition of a bare photon
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and virtual hadronic states. The hadronic state is split into two generic states. The low
mass state, |¢§ > corresponds to a superposition of the vector meson states p, w and ¢
and a 77~ background. The state |¢§* > is an approximation for hadronic states with
higher masses. The wave function of the physical photon is given by:

17 >= ZSI'Ylnxe >

“gd > +—lod"
Jaa qu
Here, Te— and —9—;— are the probabilities for the photon to be in the given state, and
qq
unitarity gives Z3 = 1 — fz f2 . Normally the value for Z3 is close to unity (Z3 &~ 1).
a9 qg*

The interactions are described in terms of Reggeon and Pomeron exchanges. For soft
interactions, photon-hadron duality is assumed. The Pomeron exchange is artificially
subdivided into processes involving only soft subprocesses and all the other processes with
at least one large momentum transfer (hard subprocesses). The soft and hard subprocesses
are separated by applying a transverse-momentum cutoff pSu*°f to the partons. On Born-
graph level, the different photon-photon cross sections read:

o soft resolved processes:

2 s\ AP
0
o (s) = <f )gﬂ”qqgﬂ”qq< 0) :
47

Here, AP = ap(0) — 1, ap(0) is the Pomeron intercept and gp .- the coupling of the
Pomeron to the hadronic fluctuation. Similar expressions for the Reggeon exchange exist.

e hard resolved processes:

, ﬁ 409 (5. )
(o, p5 M) = [ drdoadi Y 17 (o, 0) ] (w2 ) O s = pER).
ijk
e single direct processes:
do P (5,1
Osaivls, pi°T) = / dwdth” (2, 1°) ”Hd;( aip, — o).

o double direct process:

Ao (8,1
amainlo, 1) = [ iy Doy, ppeeny
k

The same equations are also valid for the high mass state |¢¢* >. The pdf’s applied
are the leading order GRV parton distributions [22] and they are sampled at p? = pi.

The probabilities to find a photon in one of the generic states, the coupling constants
to the reggeon and Pomeron and the effective reggeon and Pomeron intercepts can not
be determined by basic principles. These quantities are treated as free parameters. It
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was shown in [27] that it is possible to fix the free parameters by a global fit to the
proton-proton and proton-photon cross sections and elastic slope parameters.

For hard scattering processes, the complete parton kinematics and flavours/colours are
sampled according to the Parton Model. For soft processes, the partonic interpretation of
the Dual-Parton Model is applied: photons and mesons are split into a quark-antiquark
pair. The longitudinal momentum fraction of the soft partons are given by Regge asymp-

totics [28]: p(a) ~ \/—-;—(1;—_—;_5 The transverse momenta of the soft partons are sampled from

an exponential distribution (with an energy-dependent slope) in order to have a smooth
transition between transverse momentum distributions of the soft constituents and the
hard scattered partons.

The fragmentation of the sampled partonic final states is performed by forming colour
neutral strings between the partons according to the colour flow. These strings are frag-
mented with the help of the LUND fragmentation code JETSET 7.3.

1.5.2 PYTHIA

The PYTHIA generator [29] is a general purpose generator. The photon-photon inter-
actions are described in [12,13]. The hadronic fluctuations of the photon are split in a
low-virtuality and a high-virtuality part. The former part can be approximated by a sum
over low-mass vector-meson states. The high-virtuality part is calculated with the help of
perturbative QCD. The photon wave function can be written as

|[¥ >= Cbare|Ybare > + Z ev|V >+ Z cqlaq >+ Z alltl™ >.
V=pw,p,J/¢ q=u,d,s,c,b l=e,u,r

The high- and low-virtuality parts are separated by a cutofl parameter, kg. The coef-
ficients ¢; (f=quark or lepton) depend on the scale p applied to probe the photon:

2

_ o BT gk
orlff >= gerch [ SEIFfik >
[4]

Here, k is the virtuality or transverse momentum scale of the fluctuation. The low-
virtuality ¢¢ fluctuations are below ko. In conventional notation ¢ = 4;%,&’ with fZ /4r
determined from data [30]. cpare is given by unitarity: ¢, = 25 = 1-Y cb -3 c2—3_ ¢}
Usually the probing scale u is taken to be the transverse momentumof a 2 — 2 parton-level
process.

In PYTHIA six different types of events contribute to the hadronic cross section (the
leptonic part of the photon is neglected). A photon can be a VMD type, anomalous type
or a direct photon depending on the virtuality of the ¢¢ fluctuation and the transverse
momentum of the interaction (see figure 1.3).

If the virtuality of the fluctuation is smaller than kg for both photons, the process is
a VMDxVMD interaction. This is a scaled down version of p°p° and other vector-meson
processes [31,32]:

o . 4ro Ao SV
VMDxVMD — f2 f2 tot -
vi Vi v,

Va
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These VMD events are further subdivided in elastic, single-, double- and non-diffractive
events. The non-diffractive part is split into a hard and a soft part. These two parts are
separated by a transverse momentum cutoff:

In(/s/200 GeV)
[(900/200)

pYMD <1.30+o.15 ) Gev.

For the high-p, events the hard scattering expansion can be applied for this contribu-
tion. The cross sections used have been calculated and parametrised and were presented
in [32] and [31]. The pdf used for the calculation of the high-p) part is taken from [23].
In this parametrisation separate parts for a parton in a vector meson (VMD pdf) and for
a parton in a high-virtuality fluctuation (anomalous pdf) exist.

When the virtuality of one photon becomes larger than ky the VMD picture is not valid
any more. The photon is then considered to be either a direct (bare) or an anomalous
photon. When the transverse momenta of the scattered quarks becomes larger than the
virtuality of the photon, a gluon which could be transferred will be capable of distinguish-
ing the two quarks. The photon is called anomalous. If the transferred energy is too small,
the gluon can not distinguish the two quarks and the object seen would be colourless, the
photon is a direct or bare photon.

This gives three possibilities for one photon and thus six different types of interactions.
The cross section for the processes involving one or two non-VMD photons are calculated
in the hard scattering expansion. The pdf’s applied are different for a VMD photon or
anomalous photon [23].

Also the anomalous processes have a minimum transverse momentum, p
parametrised as:

anom

hom, which is

piem (5) = (0.6 4 0.251n%(1 +/5/10 GeV)) GeV.

This leaves a gap in the phase space of the photon (the area with the question mark
in figure 1.3). This is done in order to make the cross section for the sum of the six
interaction types behave like the Pomeron-style cross section of equation 1.34.

1.6 Summary of previous experimental results

The results obtained with the three different approaches mentioned before (untagged,
single and double tagged) are summarised here.

Double-tagged experiments

The main advantage of double-tagged events is that the mass of the two-photon hadronic
state can be derived directly from the detected energies and angles of the positron and
electron. Also information about the interference terms can be obtained by investigating
the angle between the two scattering planes. Experimentally the advantage is that these
events can be triggered with dedicated triggers. This ensures high trigger efficiency and
therefore small uncertainties due to the trigger. A major disadvantage is that the number
of events is reduced significantly due to the luminosity function which decreases sharply
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Figure 1.3: The hard interaction between two real photons: (a) a Feynman
diagram for a hard process and (b) a two-dimensional phase-space graph for
the two scales of one photon, with the subdivision into the different types for
the photon (VMD, anomalous or direct).

with increasing values for Q2. A second disadvantage is the need for extrapolation of the
measured cross section to the total cross section at Q? = Q% = 0.

In 1985 the TPC/2vy collaboration published their result for the total cross section
obtained with double-tagged events [33]. This data was taken at SLAC with the PEP
facility. The electron-positron center-of-mass energy was 29 GeV. The tags were measured
in an angular range from 22 to 90 mrad. This resulted in a Q? range from 0.1 to 1.6
GeV?, with an average of 0.3 GeV?. They found that their Q? dependence was well
described by the GVDM model. The total cross section was extrapolated from the result
at < Q% >= 0.3 GeV? to < Q? >= 0. GeV? with this GVDM model. The mass dependence
was measured between 2 and 20 GeV. (the triangles in figure 1.4).

In 1984-1985 the MD-1 collaboration collected double-tagged data with the VEPP-4
collider at Novosibirsk. The ete™ centre-of-mass energy was between 7.7 and 9.7 GeV.
Their results were published in 1991 [34]. The MD-1 detector has a magnetic field trans-
verse to the orbit plane of the colliding beams. Due to this field the tagging can be
performed for small scattering angles, a minimum angle of 0.5 mrad was applied in the
analysis which resulted in an average virtuality of 0.005 GeV?. They reported the mass
dependence between 1.25 and 4.25 GeV (the open crosses in figure 1.4). They concluded
that the measurement was in agreement with the Rosner prediction.

Single-tagged experiments

In the single-tag approach the number of events is larger than for the double-tagged
approach but lower than for the untagged analysis. The two-photon events can still be
easily recognised by the tag and dedicated triggers can thus be applied. The electron or
positron which is not detected is measured over a @? range from 0 to a certain maximum
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2 2 2
max Ebeam 0

2 ax+ The detector setup gives the value for fnax. Due to the sharply
decreasing luminosity function the average value of Q? for the undetected particle will be
small. The main disadvantage of this method (also for the untagged approach) is that the
mass of the hadronic system is not precisely determined. This is due to the diffractive
nature of the VDM-type events. A significant fraction of the energy of these events is
lost or not well reconstructed due to showers along the direction of the initial beams. In
order to relate the measured mass distribution to the true mass distribution a technique
called unfolding is applied. The unfolding procedures introduce extra uncertainties and
thus increase the systematical uncertainty; also the true mass bins will be correlated and
these correlations give extra complications for performing fits or presenting the data.

In 1984 the PLUTO collaboration presented their single tagged analysis [35,36]. The
data was taken at DESY with the PETRA collider. The tags were detected in three
different taggers (Small Angular Tagger, Large Angular Tagger and the EndCap). The
(Q? values ranged from 0.1 to 130 GeV?. The masses ranged from 1.5 to 10 GeV. They
found that the best description of the data was an incoherent sum of the direct (QPM)
contribution plus a VDM cross section which was a fitted constant scaled with the GVDM
form factor (see figure 1.5). They applied the GVDM form factors to extrapolate their
tagged cross section to the total cross section (the squares in figure 1.4).

In 1990 the TPC/27y showed single-tagged measurements of the total cross section [37].
The virtuality of the tag was measured over a range in Q? from 0.2 to 60 GeV? with both
Nal and lead-scintillator shower counters for the low-Q? data (up to 6.8 GeV?) and a pole-
tip calorimeter for the high-Q? data (starting from 10 GeV?). The mass was measured
over a range from 2 to 10 GeV. They found that the Q? dependence of the data (see
figure 1.5) was best described by a QPM contribution plus a VDM term. The VDM term
was fitted with the GVDM form factors with the continuum term omitted and the weight
factors, ry renormalised to one. For the extrapolation of the low-Q? data to @* = 0 the
GVDM form factor was appled, in order to enable a comparison between their results (the
diamonds in figure 1.4), the PLUTO single-tagged and the TPC/2v double-tagged results.

Untagged experiments

The largest number of events is obtained when untagged data is selected. Again due to the
sharply decreasing luminosity function the average value for @? will be small, and therefore
the extrapolation towards 2 = 0 will be small. The problems concerning the visible and
true mass are relevant here as well as for the single-tagged data. Another disadvantage is
that the events have no clear signature (tag) which distinguishes a two-photon event from
an annihilation event. The selection criteria in the untagged case are thus more strict than
in the single and double tagged approach, and the triggers have to be more general which
results in larger uncertainties in the calculation of the trigger efficiencies.

In 1986 the PLUTO collaboration presented their untagged results obtained in 1981/82
[38]. The average value for Q? was 0.008 GeV?. The mass ranged from 2 to 10 GeV (the
circles in figure 1.4). Their result was in agreement with their single-tag analysis with the
GVDM extrapolation, although the rise at small W was not clear.

The CELLO collaboration presented their untagged data in 1991 [39]. This experiment
was also performed at DESY at the PETRA facility.
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Both the untagged and single-tag data were presented. From their analysis of jet
properties they concluded that for the description of the untagged data, next to a QPM
and a GVDM contribution, a third model was needed to account for the excess of events
with high-transverse-energy jets, p{et > 2 GeV. Due to this third component the visible
mass distribution was not unfolded. A description for this component is needed as an input
in the unfolding procedures. The low-p; jets and the tagged events were well represented
by an incoherent sum of GVDM and QPM.
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Figure 1.4: The results for the mass dependence of the total cross section from
the measurements discussed In the text.

Summarising

The cross section as a function of the mass, shown in figure 1.4, is compatible with a flat
distribution for large masses. Only the rise for very small masses is clearly visible. The
prediction made by Rosner describes the cross section reasonably. The other two models
give a better description of the cross section behaviour. Both these models were obtained
by considering the results for the yp and pp(pp) total cross sections.

The uncertainties for the cross sections are large for all results. This is due to the fact
that the interactions are not fully understood, which gives large systematical uncertainties
(the main contribution results from the differences in modelling the final state). The
unfolding needed for untagged and single-tagged data, introduces additional uncertainties.
Most of the results for the total cross section come from extrapolating single- and double-
tagged results, this again introduces extra uncertainties. The PLUTO 1986 is the only
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Figure 1.5: The results for the Q° dependence of the total cross section from
two single-tag measurements (within the same mass range between 3 and 10
GeV) discussed in the text. The GVDM form factor is multiplied with a factor
determined by PLUTO, oy = 232+ 15 nb.

result obtained with untagged data, they were presented at the 1986 conference in Paris
but never officially published.

The MD-1 results have small extrapolations and their true masses are obtained di-
rectly from the final-state electron and positron, so no unfolding was needed. In order to
estimate the selection efficiency the final state still needed to be modelled. Due to the
low integrated luminosity the statistical uncertainties gave the largerst contribution to the
total uncertainties (they remained larger than the systematical uncertainties).

The cross section as a function of the virtuality of the photon is better understood. By
integrating over all masses, no unfolding is needed, which reduces the total uncertainty.
The best description is obtained by a sum of the QPM and a GVDM contribution. The
results obtained by TPC/2y and PLUTO agree for large values of the virtuality but
disagree for small values.
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The L3 Detector

In this chapter the experimental set-up will be explained. First the accelerator is intro-
duced. Then the L3 detector will be discussed together with the triggers. At the end the
reconstruction of the two-photon visible mass is explained and some remarks concerning
the treatment of the MC samples are given.

2.1 Introduction

The L3 detector is one of the four experiments located at the Large Electron Positron
collider (LEP) at CERN. The LEP accelerator is located at the Swiss French border near
Geneva (see figure 2.1). The accelerator is built in a tunnel 50 to 170 m below the surface.
The shape of the tunnel is a rounded octant, consisting of eight straight sections of 490
= m and eight bending sections of 2840 m. Each bending section consists out of 3304 dipole
magnets to keep the electron and positron beams inside the vacuum tube. The energy loss
-due to synchrotron radiation is compensated by acceleration cavities in two of the eight
straight sections. In four other straight sections the four large experiments are situated:
L3, OPAL, ALEPH and DELPHI.

The electron and positron beams are accelerated by four other accelerators before they
are injected into the LEP storage ring. The beams are created in the LEP Injector Linacs,
this facility delivers 12-ns pulses at an energy of 600 MeV. The Electron Positron Accu-
mulator accumulates these pulses into bunches. The Proton Synchrotron (PS) accelerates
the bunches up to 3.5 GeV. The Super Proton Synchrotron (SPS) injects the bunches into
the LEP ring with an energy of 20 GeV. The acceleration cavities bring the energy of the
bunches up to the desired value.

In the first years of running, the LEP center-of-mass energy was about 91 GeV, the
mass of the Z boson. In order to investigate the properties of this boson the c.m. energy
was varled with a few GeV. The cross section for the Z production varies strongly for
these different c.m. energies while the cross section for the two-photon processes only
varies slowly in this energy range.

In 1995 the c.m. energy was raised to about 133 GeV. This was the first step towards
the second phase of the LEP facility which is to investigate W W~ pair production. At

23
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France

Figure 2.1: The LEP ring and the four experiments

these energies the cross section for the production of the Z becomes small while the cross
sections for the two-photon processes increase w.r.t. the cross sections around 91 GeV.

2.2 The L3 detector

The L3 detector has been widely discussed. For a complete description of the detector
see [40]. The different upgrades are discussed in [41-43]. A summary of the detector is
given in this chapter.

In figure 2.2 a perspective view is shown of the L3 experiment. The coordinate system
as applied in this thesis is as follows. The center of the detector, the interaction point, is
the center of the coordinate system. The positive z-axis is in the direction of the beam
pipe, pointing in the same direction as the electron beam. The positive y-axis points
upwards and the positive x-axis is then defined for a right-handed system. The x-axis
points to the middle of the LEP ring. The polar angle 6 is taken with respect to the
positive z-axis. The azimuthal angle ¢ is taken in the plane perpendicular to the z-axis
with respect to the positive x-axis turning counterclockwise.

In the following subsections a short description of all the subdetectors is given.

2.2.1 Silicon microvertex detector

The innermost part of the L3 detector is the silicon microvertex detector (SMD). The
SMD consists of two concentrical layers of silicon detectors, placed at 6 and 8 cm from the
interaction region. The polar-angle coverage runs from 22° to 158°. Each layer provides
a two-dimensional position measurement (through a double-sided readout of the strips),
with a precision of 8 and 12 um in the direction perpendicular and parallel to the beam
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Figure 2.2: The L3 experiment, the large scale of the experiment is illustrated
by the figure on the foreground.

direction, respectively. A front view of the layers is shown in figure 2.3 together with the
track reconstruction.

2.2.2 Central tracking chamber

The next inner part of the L3 detector is the tracker, the Time Expansion Chamber (TEC).
This tracker consists of an inner tube with a radius of 9 cm and an outer tube with a radius
of 46 cm. Its sensitive length along the beam pipe is 98 cm. The detector is divided into
two chambers. In the ¢ direction the inner chamber is divided into 12 sectors, each sector
contains 8 anode wires. The outer chamber is divided into 24 sectors which contain 54
anode wires each, in figure 2.4 one inner sector and a piece of two outer sectors with 8
sense wires is shown.

When a charged particle passes through the TEC, electrons are generated through
ionisation of the gas. These electrons drift towards the plane of the anode wires in a
homogeneous field of 0.9 kV/em. The anode wires themselves are kept at a nominal
voltage of 2.9 kV.

Close to the anode plane is a plane of grid wires which are held on ground level. These
ensure on the one hand the homogeneity of the drift region and on the other hand a high
gas amplification in the region between the grid plane and the anode plane (see figure 2.4).

A wire is hit when a group of electron signals are above a certain threshold. After
conversion of the measured drift time into a drift distance, a left and right ambiguity
still remains with respect to the anode plane. This ambiguity can usually be resolved by
combining hits from other anode wires into a track. Also, 14 groups of § grid wires are



26 2. The L3 Detector

b) sMmD Tracking:  Space Point Information
(double sided sensors)

Ambiguity Resolution with 1P
(2 degrees stereo ladder rotation)

True Tracks

Sensors
Rotated

+/- 2 degrees

host Tracks
do not point to
IP

Figure 2.3: The SMD: (a) front view of the SMD, which shows the stacking of
the two layers and (b) the track reconstruction with the help of the two layers.

read out in each grid plane of each outer sector.

Each inner sector has 2, and each outer sector has 9 charged division wires. These
wires are read out at both ends of the detector. The pulse heights at each end yield
information about the z-coordinate of the hit. Because this information is rather poor,
the z-coordinate of the track is also measured with z-chambers. These consist of two
cylindrical proportional chambers, each with two layers of cathode strip readout. Both
chambers contain one layer of z measuring strips and one layer of strips which have an
angle of 70.1° with respect to the beam pipe. The polar angle of the z-chambers ranges
from 45° < 6 < 135°.

2.2.3 Electro-magnetic calorimeter

The electromagnetic calorimeter (ECAL) is made out of Bismuth Germanate, BisGezO1s
(BGO), crystals. These crystals are used as showering and detection media. The total
energy of electrons, positrons and photons is absorbed in this medium. The radiation
length for this material is very short (Xg = 1.12 cm). Owing to this short radiation length
the calorimeter is very compact. The crystals are 24 cm long, the front face is 2x2 cm?
and the end face is 3x3 cm?. Each crystal is mounted in a carbon-fiber support structure,
this reduces the amount of stress on the crystals, this stress can destroy the properties of
the crystals.

The calorimeter consists out of four parts. The barrel part is made out of two cylindrical
half-barrels, each holding 24 rings of 160 crystals. The two endcaps have 1536 crystals
divided into 16 sections in the azimuthal angle ¢. The two barrel parts have an polar
angle coverage from 42° to 138°. The two endcaps extend this coverage from 12° to 35°
and from 145° to 168°, this detector is denoted BGO in figure 2.5.

The crystals are positioned in such a way that they point to the interaction point in
# and that they are tilted 6° in ¢, this to reduce the possibility for a particle not to be
detected by the calorimeter.
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Figure 2.4: The TEC: (a) a schematic view of the inner part of the TEC,
showing one inner sector and the inner part of two outer sectors, also different
kinds of sense wires are indicated and (b) an illustration of the field lines in
the TEC, if the anode wire is an LR wire the 10 grid wires closest to the anode
wire solve the left-right ambiguity of the hits.

Before a good measurement of the energy can be performed, several factors much
be taken into account. First, the amount of light produced by a crystal is temperature
dependent. Therefore, every twelfth crystal is equipped with a temperature sensor which
is read out every 1000 seconds. The amount of light depends on the distance between the
energy deposit and the photo-diode. Also aging and radiation damage can give a variation
in the amount of light produced. These effects are monitored by measuring the response
of the crystals to the light produced by Xenon flash lamps. The energy measured must
be corrected for the energy losses due to the finite length of the crystals and the cracks
between the crystals, this depends on the impact point on the crystal. The losses are
larger when this impact point is nearer to the edge of a crystal. After all the corrections
are taken into account, the energy precision can be parameterised by [44]:

2
o(B) _ 2.37 , (0.25 ?
—= = (\/————E +0.38) + 11824 | = ) % (2.1)

The energy E is given in GeV. The first two terms are due to the intrinsic shower
fluctuations and inhomogeneities in both the material and the light collection. The third
term is due to the uncertainty in the leakage and calibration constants, and the last term
is due to correlated noise.

2.2.4 Hadron calorimeter

The hadron calorimeter (HCAL) is placed just outside the electromagnetic calorimeter.
It consists of uranium as an absorber material and wire chambers as a sampling medium.
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Figure 2.5: The L3 inner detectors, all these detectors are placed inside the
support tube.

The angular coverage is 99.5 % of the full solid angle. The energy precision as measured
in hadron test beams [45] is:

o(E) 55

E  VE
Here, the energy, F, is again given in GeV.

The barrel region covers a polar-angle range from 35° to 145°. It consists of 9 rings
each containing 16 modules. The outer radius is 19756 mm. The middle three rings have an
inner radius of 885 mm, the other rings have an inner radius of 979 mm. These nine rings
have a total length of 4725 mm. All modules are built up from alternating layers of 5-mm
thick plates of depleted uranium and layers of proportional wire chambers. These wire
chambers are alternately along the z-direction and the ¢-direction in order to improve
spatial information. A 54-mm thick stainless-steel plate shields the photodiodes of the
BGO from the uranium radioactivity.

The two endcaps cover a polar-angle range from 5.5° to 35° and from 145° to 174.5°.
The endcaps are divided into three rings. These rings are split into two half-rings, which
allows the inner detectors to be accessed. The wires in successive layers are rotated over
22.5° with respect to one another. The readout is arranged in towers such that each tower
points towards the interaction point in the f-direction. In figure 2.5 the barrel and the
three rings of the endcaps are shown.

+ 5%. (2.2)
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One more nuclear absorption length for hadrons is added to the hadron calorimeter
through the muon filter, eight octants situated just inside the support tube. The purpose
of this muon filter is to reduce the punch-through of hadrons into the muon chambers.
Each octant consists of brass absorber plates with 5 layers of proportional wire chambers.

2.2.5 Active lead ring

At 104 cm from the interaction point a third calorimeter is placed. It consists of layers
of lead and layers of scintillator material (ALR). This detector started as a shield for
the TEC, to protect it against beam backgrounds. To ensure that the high precision
measurement of luminosity was not compromised through shadowing of the luminosity
monitor by the ALR, a small gap exists between the two detectors.

2.2.6 Luminosity monitor

For the measurement of the delivered luminosity by LEP to L3 two forward calorimeters
are installed at 2.8 m, at both sides of the interaction point. The polar-angle coverage
ranges from 25 mrad to 69 mrad. The two calorimeters consist of BGO crystals of 26 cm
length, the front face varies between 1.5x1.5 and 1.5x3 cm?. Each calorimeter has 304
crystals in total. To protect the two calorimeters against radiation damage during the
fill and acceleration of LEP the two calorimeters consist of two halves. This enables the
detectors to be opened during the fill and acceleration of the beams.

The luminosity measurement is done with the help of small-angle Bhabha events, thus

Loo = /Ldt — Nbhatha (2.3)
O Bhabha

Here, Lee is the time-integrated luminosity, I the luminosity, Nppepna the number
of Bhabha events and opgpabne the theoretical cross section. Because the cross section
depends strongly on the fiducial volume the definition of this volume is a crucial factor in
the determination of the luminosity. To improve the definition of this fiducial volume a
silicon tracker with a high precision geometry was installed in front of each calorimeter.
Each tracker consists of two R-measuring layers and one ¢-measuring layer. In figure 2.5
one side of the luminosity monitor is shown, the shape of the beam pipe is chosen such that
the amount of material is minimised for electrons scattered into the luminosity monitor.
On the other side this was not possible because of the access required to the SMD.

2.2.7 Muon chambers

The muon spectrometer measures the muon momenta with a three-layer configuration.
For muons which have a polar angle between 44° and 136° the momenta are measured in
the three layers of the barrel spectrometer. For muons with polar angles between 36° and
44° and between 136° and 142° the momenta are measured with two layers of the barrel
spectrometer and with one layer of the forward-backward spectrometer. When the polar
angle becomes even more forward, down to 24° or 156° the momenta are measured with
the three layers of the forward-backward spectrometer. In figure 2.6 a schematic view of
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the muon spectrometer is shown with the three different regions for the measurement of
the muon momenta and the corresponding angles.
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Figure 2.6: Schematic view of the barrel and forward-backward muon spec-
trometers.

Barrel spectrometer

The barrel spectrometer is situated between the support tube and the magnet coil, and
is thus inside the solenoid field of 0.5 T. The spectrometer consist of two ferris wheels
along the z-axis. Each ferris wheel has eight octants. These octants consist of 5 precision
drift chambers, one chamber in the inner layer, two chambers in the middle layer and two
chambers in the outer layer.

The P-chambers, with sense wires along the z-axis, provide measurements in the R — ¢
plane (p; and ¢ of the track). The inner and outer chambers have 16 wires while the middle
chambers have 24. Because the momentum is determined from the measurement of the
sagitta, see figure 2.7, the alignment of the five chambers with respect to one another is
very important. Four Rasnik systems and a laser beacon system are used for this purpose.

In the top and bottom covers of the outer and inner chambers also wires normal to the
beam exist, the Z-chambers. They give information about the polar angle of the track.

The precision of the momentum of tracks with three segments in the barrel is 2.5 %,
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when only the two inner layers are used the precision diminishes to about 20 %. But when
the information from the two inner barrel layers is combined with the information of the
inner forward chamber the precision can improve to about 5 % for tracks with a polar
angle around 43° and then diminishes again to 20 % for polar angles around 36°.

Forward spectrometer

The forward spectrometer is positioned on the magnet doors. One layer, the inner layer
is inside the magnet, the other two layers are outside. Four octants are attached on each
door, each octant consists of two half octants (called left and right). Each of these half
octants is constructed from 3 precision drift chambers. For the measurement of the muon
momentum the track of the muon is bent by the field inside the magnet door. This field
has two components. The first component is the returning flux of the solenoid field inside
the door. The second component results from the coils wrapped around the doors to set
up a toroid field of 1.2 T.

For the alignment of the inner forward chamber with respect to the barrel spectrometer
so-called ‘proximity sensors’ are used. These sensors measure the distance to reference
surfaces glued on the inner forward chambers, whose positions with respect to the barrel
wires have been determined. Six of these distance measurements give a full description of
the position of the forward inner chamber in space. For the alignment of the three forward
chambers with respect to one another two modified RASNIK systems are used.

The momentum precision of a track going through the three layers of the forward
spectrometer is about 35 %, this is due to the multiple scattering of the muon in the
one-meter wide iron magnet door.

2.3 Triggers

2.3.1 Level 1 trigger

The level 1 trigger is a logical OR from different subtriggers.
The barrel muon trigger: first the number of hits is counted in each chamber and
compared with a preset threshold. Then a decision is made on the presence of a track
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segment. Followed by a decision on the presence of a track by looking at predefined
“roads”. Three conditions give a trigger. The first is the di-muon trigger, when two tracks
(a track has at least two segments) have an a-coplanarity of less than 90°. The second is
the single muon trigger, at least one track (a track now has three P segments) is found
in one octant. And the last is the small-angle muon trigger, two tracks (a track now is
a segment in the inner chamber in coincidence with both layers of the inner Z-chambers)
are found in two back-to-back octants.

The beam-gate trigger: every ten seconds, in coincidence with a beam crossing, one
event is triggered in order to obtain an unbiased sample.

The scintillator trigger: this trigger requires 5 out of the 30 scintillators fired within
10 ns of the beam crossing, and two of the fired scintillators should be separated by more
than 45° in ¢.

The TEC trigger: the TEC trigger considers the 14 LR wires of each outer sector, the
LR ambiguity of each hit is solved. Each outer sector is divided in two halves. A further
division in two of each half sector is made by considering the drift time of the hits, which
gives four ¢ bins for each outer sector. So in total 96 ¢ bins exist with each a maximum of
14 hits. On the 96x 14 matrix a track search is performed on predefined “roads”, taking
into account possible inefficiencies (by looking at pairs of hits as well) and spurious tracks
(taking into account the possibility of additional hits). A track has at least 12 wires hit
out of the possible 14, or 6 pairs out of the possible 7 in the barrel region, with the polar
angle between 42° and 138°. In this region a track with a P; > 600 MeV is contained in
one ¢ bin, tracks with a P; down to 150 MeV can go through up to 3 ¢ bins. The search
for small-angle tracks, with a polar angle between 25° and 155°, is done with the help of
the seven innermost wires. The minimum P, is here 100 MeV. The trigger requires two
tracks with an a-coplanarity smaller than 43° (if a track is found in a certain ¢ bin the
other track should lie in the bin directly opposite or in one of the eleven bins on either
side of the opposite bin).

The energy trigger: the signals from the calorimeters are grouped together to obtain
signals (channels) for the energy trigger,see 2.8. Thirty BGO crystals form one group.
This gives 32 azimuthal and 8 polar segments, a total of 256 channels. The endcaps
yield another 256 channels. The hadron calorimeter is divided into a front part (A) and
a back part (B). Part A is within one interaction length and part B goes beyond. The
front part has 11 6 segments and the back part has 13 segments. All HCAL segments are
divided into 16 ¢ bins, this gives 384 HCAL trigger channels. Each side of the luminosity
monitor is divided into 16 ¢ bins, another 16 channels. Again different algorithms are
applied to give a trigger. The single photon algorithm requires a single electromagnetic
cluster in the barrel BGO, by demanding that at least 80 % of the deposited energy is
contained in one cluster. The lumi trigger has three different requirements. The single-tag
requirement needs at least 30 GeV on one side of the lumidetector. The double tag asks for
a minimum of 25 GeV on one side and a minimum of 5 GeV on the other side. The back-
to-back requirement asks for at least 15 GeV on each side, and the azimuthal difference of
the two clusters has to be 180° within two sectors. The single-electron algorithm requires
a single-tag trigger in coincidence with a track found by the TEC-trigger hardware. The
total-energy algorithm again consists of different requirements. The first one is that the
total energy in the calorimeters is at least 25 GeV. The second one needs at least 15 GeV in
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the BGO, and the last one requires at least 8 GeV in the barrel BGO. A cluster algorithm
needs at least 6 GeV in one cluster, a cluster is defined as an energy deposit for channels
in different layers (BGO, A or B) with the same 6 and ¢. When a cluster matches in ¢
with a track the energy threshold is lowered to 2.5 GeV.
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Figure 2.8: The different trigger channels for the BGO, HCAL and Luminosity
monitor.

2.3.2 Level 2 and 3 triggers

The same information that is needed for level 1 is used for the level-2 trigger, but since
more time is available more complex algorithms can be applied. The aim of this trigger
is to reduce known background events (beam-gas, beam-wall and electronic noise events).
Events which have more than one level-1 trigger always pass this level. Of every 10 events,
one event is kept to monitor the efficiency.

The final online reduction results from the level 3 trigger. Because this trigger has
even more time to analyse events the full digitisation of the event is used in addition to
the level-1 and level-2 information. The final rate of events written to tape is now reduced
to a few Hz.

2.4 Event reconstruction

The event reconstruction takes place in three steps. First the information in each subde-
tector is grouped into primitive clusters. Then these objects are used to reconstruct the
particles/clusters of the event. And finally these clusters can be grouped to form jets, or
as is the case here the visible mass is reconstructed.
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2.4.1 Primitive clusters

The tracks in the TEC are reconstructed in two steps due to the poor z-information of
the hits. In the first step the hits are grouped into tracks in the r¢-plane projection of
the hits. In this step the ¢ and the distance of closest approach (DCA is the minimal
distance between the nominal vertex and the track in the r¢ plane) are constructed. The
second step attemps to reconstruct the # for each track found in the first step with the
information from the charge division wires and Z-chamber hits.

In the electromagnetic calorimeter the energy deposits of adjacent crystals are grouped
into bumps, each bump corresponds to a local maximum and, in principle, to one particle.
Sometimes during the clustering of adjacent crystals the cluster has to be split into two
bumps when two or more particles are so close that they form one (deformed) cluster.

The reconstruction in the hadron calorimeter is more complex than for the electromag-
netic calorimeter because the hits are deposited three-dimensionally. In the barrel, hits
are first grouped within one module. Then groups of hits in adjoining modules are merged
when they are nearby, to give the cluster. For the endcaps the grouping is done directly
for the hits to give the cluster.

In the muon chambers the hits are first grouped within one P or Z chamber. These
segments are matched with each other in one octant, this gives the muon-chamber tracks.

2.4.2 Smallest resolvable clusters

The objects mentioned in the previous subsection are used to obtain the smallest resolvable
clusters (SRC’s). This is achieved by correlating the clusters found in the electromagnetic
calorimeter with the clusters in the hadron calorimeter. The energy of these clusters are
scaled to account for shower fluctuations, gaps and other inefficiencies. These scaling fac-
tors are called G-factors and depend on the type of particle (electromagnetic or hadronic)
and on the subregion of occurence (the detector is divided into nine such regions).

The G-factors for the data are determined by minimising the difference between the vis-
ible energy and the center-of-mass energy. For the Monte Carlo samples the minimisation
is performed by comparing their deposited energies with those of the data.

The electromagnetic G-factors are determined from Bhabha events and the hadronic
G-factors from di-jet hadron events.

2.4.3 Visible mass

The visible mass is reconstructed with the energy vectors of all the SRC’s. Also the energy
and momentum measured in the muon chambers are taken into account. The clusters in
the active lead ring are not included in the reconstruction due to the changes made to the
ALR between the 1994 and 1995 run. This is shown in figure 2.9. More clusters exist for
the 1995 data taking than for the other years and even when the distribution is scaled
down more clusters below five GeV are found in the 1995 data, and also the clusters of
about 46 GeV (final state electrons and positrons) are not observed in the other years.
The energy in the luminosity monitor is taken into account by selecting the clusters
which have less than 10 GeV reconstructed energy. The energy distribution for the lu-
minosity clusters is shown in figure 2.10. The distributions agree fairly well for the lower
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Figure 2.9: The energy of the clusters in the active lead ring (scaled with a
factor 77) for all events for the different years.

part and the higher part of the spectrum. The clusters around 46 GeV are the tags. The
clusters with energies around 35 GeV are the off-momentum electrons/positrons. These
beam particles have less energy and are therefore not focussed correctly. Their trajectories
are such that they can hit the luminosity monitor and thus mask a low-energy tag. For
the 1992 data these off-momentum electrons/positrons have energies down to 15 GeV.
The clusters with less than 10 GeV can come from low-energetic electromagnetic particles
but hadronic particles can leave a low-energetic cluster even when they have high energies
bacause the luminosity monitor is an electromagnetic calorimeter and will in general not
absorb the full energy of a hadronic particle.

Due to the particles (like the clusters in the ALR) which are not used, and particles
which do not enter the detector at all but are lost down the beam pipe, the visible mass
1s, in general, smaller than the true mass. The correlation between visible and true mass
is too complex to give an event-by-event correction. Thus the true-mass distribution is
distorted and can not be measured directly but rather needs to be reconstructed from the
visible-mass distribution. This is done with the help of unfolding techniques.
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Figure 2.10: The energy of the clusters in the luminosity monitor for all events
for the different years.

2.5 Event simulation

The MC samples need to be treated in the same manner as the data if a comparison is
made between the distributions found in the data and those in the MC samples. The
generators have as an output the type of the final state particles, their momenta and their
positions (decay products can originate away from the vertex when the lifetime of the
parent particle is long).

The detector is simulated with the GEANT package [46], version 3.15. This package
allows for a detailed description of the geometry of each subdetector. Also the materials
applied are taken into account, to allow for the best possible description of the interactions
between the particles and the detector material.

The electro-magnetic interactions are well understood. And the electro-magnetic show-
ers in the ECAL simulation are limited by the computing time. This implies that a cut-off
on the energy of the particles is made below which the interactions of the showering par-
ticles are treated collectively. The broad range of hadronic interactions complicates the
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hadronic shower simulation. Some of the cross sections are poorly known and are described
with the parametrisations of the GEISHA package [47]. The parameters were tuned with
the test-beam results [40].

2.5.1 Detector noise
HCAL noise at 90 GeV

The selection efficiency plays an important role in the measurement of the total cross sec-
tion. This efficiency is calculated from simulated events; therefore the simulation should
describe all detector effects, including noise, as well as possible to obtain a reliable effi-
ciency. The simulated events do not have all this noise included during the simulation of
the detector response. For this reason these effects are included during the analysis.

Investigation of the beam-gate events (these are events which are read-out once every
10 seconds during a beam crossing) give information about the noise in each subdetector.
Most of these events will not be triggered by any of the other triggers and the probability
that a genuine event is taken into account, is thus very small.

In the Hadron Calorimeter more low-energetic HCAL clusters exist in the data than in
the Monte Carlo (compare the full dots with the solid line in figure 2.11). These are noise
clusters originating from the decay of the uranium in the HCAL. The clusters found in the
barrel in the beam-gate events (dashed line in figure 2.11) give a similar energy spectrum
as the surplus of the data with respect to the simulation (open dots in figure 2.11). For 45
% of the simulated events one extra HCAL cluster is added to the event with an hadronic
energy distribution and polar-angle distribution similar to the distributions of the clusters
in the beam-gate events.

In the BGO the low energetic clusters have so low an energy that they are not recognised
as good clusters (energy higher than 50 MeV). So these clusters are not included in the
simulation.

HCAL excess in the MC at 133 GeV

A problem with the MC, made for the 133 GeV data, was encountered at the HCAL energy
distribution of all clusters. Opposite to the problem for the MC sample at 90 GeV, in this
MC sample too many clusters are found in the barrel with an energy higher than 1.4 GeV.
About two thirds of these clusters were removed on a statistical basis. After this rejection
all distributions affected were improved, not only as concerns the total hadronic energy
but also the mass, the longitudinal and the transverse energy imbalance. In figure 2.12
the excess at energies higher than 1.4 GeV is plotted.
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Figure 2.11: The cluster-energy distribution, the full dots give the data, the
full line gives the sum of all MC samples. The difference between data and
MC is plotted with the open dots, the dashed line gives the cluster-energy
distribution for the clusters in beam-gate events.
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Figure 2.12: The plot shows the large excess in the number of clusters with
an HCAL energy larger than 1.4 GeV in the MC.
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Untagged data

In this chapter the measurement of the untagged total two-photon cross section as a
function of the two-photon mass is described for two sets of LEP energies. The first set
is taken around the Z pole; it has a large background from this pole but the integrated
luminosity is very large, even after the selection criteria are applied a large sample is left.
The second set is taken around 133 GeV. Here the background is much smaller but so is
the integrated luminosity. For both samples the visible mass distributions are unfolded,
correlating the visible-mass spectra to the true-mass spectra. The different contributions
to the systematical uncertainties are given. The mass dependence is fitted and compared
with the two models mentioned in chapter 2 and finally conclusions are drawn.

3.1 Data taken around the Z pole

The selection criteria are discussed in view of the background. After the selection the
selected data sample is compared to the MC sample to check the data integrity.

3.1.1 Data selection

Untagged hadronic two-photon events have no clear signature; events from Z decay, into a
quark-antiquark pair [48,49] or a 777 pair [50,51], or events from two-photon 7+~ pair
production can pass for a hadronic two-photon event. However, the hadronic two-photon
process has characteristics which distinguish it from these other processes and make a
selection procedure possible. The distinction is incomplete and the remainder from the
competing processes in the selected sample is treated as background. In order to estimate
the background found in our sample, generated Monte-Carlo events are used for known
back-ground event types. The total cross sections for the decay of the Z into a quark-
antiquark pair [48,49] or a tau pair [50,51] have been measured by L3 and depend strongly
on the beam energy. The the two-photon tau-pair production is a QED process and can
be calculated. The cross section has been measured by L3 as well [52].

In addition so-called beam-gas events and beam-wall events occur in the sample. These
types of events have not been simulated by a Monte-Carlo generator and thus must be

39
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estimated from the data itself.
In order to reduce these background events eight variables are used to select the events:

¢ The normalised longitudinal energy imbalance.

e The transverse energy imbalance.

¢ The number of good tracks.

o The ratio of the number of good tracks to by the total number of tracks.
o The energy in the hadron calorimeter.

o The corrected missing energy.

o The event vertex.

e The TEC trigger preselection.

Longitudinal energy imbalance

One feature of the two-photon events which differentiates them from cvents originating
from the Z decay, is the longitudinal energy imbalance. This imbalance is measured as
follows:

all clusters

Elonimb. = E FE; cos 92',
i=1

with F; the energy and 6; the polar angle of the cluster. The two colliding photons
generally do not posses longitudinal momenta of the same magnitude. Thus in general
the two-photon center-of-mass system will have a momentum along this direction. For
the Z boson decaying into a qq pair the longitudinal energy will in general be balanced,
only detector inefficiencies (and sometimes initial-state photon radiation along the beam
direction) will give an energy imbalance. This may be due to the precision of the energy
measurement, which gives a deviation between the energy measured on the two sides of
the detector, or due to the gaps in the detector, particles escaping from detection along the
beam pipe or other gaps. For the decay of the Z boson into a 77~ pair the center-of-mass
energy can have a momentum along the longitudinal direction due to the two tau-neutrinos
which escape from detection and hence introduce a longitudinal energy imbalance. Monte
Carlo studies showed that this effect is small compared to the large imbalances in two-
photon events. This selection criterion will not affect the background arising from the
two-photon tau-pair production.

Since detector inefficiencies introduce a longitudinal energy imbalance for events com-
ing from the decay of Z bosons (these events have a large amount of energy deposited in
the detector and thus can have a significant energy imbalance), not the energy imbalance
itself is chosen to select events but the normalised longitudinal energy imbalance. The
normalisation is done with respect to the visible energy:

Z?—l—l 1clusters Ei COS 91'

Zall clusters Ei

=1

/ —
Elon.imb. -
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In figure 3.1 the normalised longitudinal energy imbalance is shown. For two-photon
selection the minimum absolute value for this normalised imbalance is set at 0.45. The
Monte Carlo prediction is in good agreement with the data (also the large background
coming from the Z decay for low values of this imbalance is described well).

Transverse energy imbalance

The polar angle of the two colliding photons has a typical bremsstrahlung spectrum, im-
plying that the polar angles are typically small. Furthermore, the hadronic two-photon
mass i1s on average much smaller than the Z mass, and the dominant two-photon pro-
duction mechanisms, such as VDM and QPM, favour forward hadronic production. The
transverse energy imbalance is thus small for a large part of the two-photon sample. If a Z
boson decays into a qq pair and due to the detector inefficiencies the longitudinal energy
imbalance is large, the transverse energy imbalance is expected to be large as well. The
transverse energy imbalance is calculated as follows:

all clusters
Eraimb, = E Ei sin 0,
=1

In figure 3.1 also the transverse energy imbalance is plotted. The selection requirement
is 4 GeV or less. The MC prediction describes the measured distribution correctly. The
background from Z events is seen at large values for the transverse energy imbalance.
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Figure 3.1: The energy imbalance related selection variables; (a) the nor-
malised longitudinal energy imbalance distribution and the division of the
data by the sum of all Monte Carlo contributions, (b) the transverse energy
imbalance distribution and the division of the data by the sum of all Monte
Carlo contributions.
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Number of tracks

The previous two selection criteria mainly reduce the background coming from the decay of
a Z boson into a qg pair. To reduce the fraction of events originating from the production
of a 777~ pair a minimum number of charged-particle tracks is required. As almost 80
% of the hadronic decay of a T resides in one charged particle, more than 60 % of the
tau-pair events can be removed by requiring more than two good tracks in the TEC. A
good track is selected as follows:

o The transverse energy of the track, P}, is larger than 100 MeV.

rack?

o The distance of closest approach in the x-y plane (DCA) to the nominal vertex is
smaller than 10 mm.

e The number of hits, wires used for the track reconstruction, should be larger than
16.

e The number of hits used for the track divided by the span should be larger than
0.75. The span is the number of wires seen by the track from the first till the last
hit.

In figure 3.2 the number of good tracks per event is plotted. At least 3 good tracks are
required. This selection criterion also removes some additional backgrounds not mentioned
before. These are di-muon and di-electron events (the two-track events not predicted by
the Monte Carlo contribution) resulting from the decay of a Z boson, which had badly
reconstructed energy or which had an extra (undetected) photon in the event. Here some
differences between data and MC are visible. The number of three-track events in the MC
samples deviates from the data but also the events which have a large number of good
tracks are not described correctly by the PYTHIA sample, while the PHOJET sample
shows nice agreement with the data.

Ratio of good over all tracks

Until now the selection criteria only reduced background coming from the decay of the
Z boson and two-photon lepton-pair production. But also the beam-gas and beam-wall
events have to be reduced. This is done by considering the number of good tracks divided
by the number of all found tracks. A good track is defined as in the previous subsection.
Especially beam-wall events have many tracks which originate from the beam wall or inner
TEC wall (see figure 3.3). This implies that the DCA’s of these tracks are large compared
with the DCA’s of tracks coming from the nominal vertex. Also a substantial number
of these tracks have small momentum. Thus the number of good tracks divided by the
number of all tracks will be small for these kind of events.

In figure 3.2 the ratio between the number of good tracks and the number of all tracks
is plotted. The ratio for a good event must be at least 0.55. For small values of this ratio
clearly more events are found in the data than in the MC, these are the beam-wall events
not described by our MC samples.
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Figure 3.2: The tracks-related selection criteria; (a) the number of good tracks
found per event and the division of the data by the sum of all Monte Carlo
contributions, (b) the ratio of good tracks over all found tracks and the division
of the data by the sum of all Monte Carlo contributions.
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Figure 3.3: Front view of two beam-wall events. The inner circle shows the
position of the beam pipe. The lines indicate tracks found by the reconstruc-
tion software. In both events only one track passed the selection criteria for a
good track.



44 3. Untagged data

Hadron energy and missing energy selection

To ensure that the events found have hadronic activity, the energy deposited in the hadron
calorimeter should be larger than 1.0 GeV. In figure 3.4 the hadron energy is plotted. The
data contains more events with less than 1.0 GeV hadronic energy than the MC predicts.
For the calculation of the systematical uncertainties this selection criterion is removed and
the difference in cross section is taken into account as systematical uncertainties for this
criterion.

The longitudinally corrected missing energy is calculated as follows:

Emissing - Evisible + ]ElonAimbAl - 2Ebeam

The longitudinally corrected missing energy should be lower than -30 GeV. This selection
criterion again removes events coming from the Z decay. If particles disappear down the
beam pipe in a Z decay event, the missing energy in the longitudinal direction will be close
to the total missing energy (2Fbeam — FEvisible). This selection removes events where the
missing energy is close to the longitudinal energy imbalance. The distribution is shown in
figure 3.4.
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Figure 3.4: Energy related selection criteria; (a) the energy deposited in the
hadron calorimeter and the division of the data by the sum of all Monte Carlo
contributions, (b) the longitudinal-corrected missing energy and the division
of the data by the sum of all Monte Carlo contributions.

Event vertex

Beam-gas events are collisions between a proton and a beam particle. When a 45 GeV
beam particle collides with an almost momentumless proton the longitudinal momentum
will be large and the transverse momentum will be small. If the collision takes place in the
beam pipe in the L3 detector itself, it can generate more than 2 tracks which come from
the center of the beam pipe and thus passes for a good two-photon event. One candidate
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for a beam-gas event is shown in figure 3.5. In the front view the tracks seem to originate
from the vertex, in the center of the beam pipe. But when the side view of the event is
considered it is clear that the vertex position is shifted by several centimeters with respect
to the nominal vertex (the dot in the center of the picture).

Run # 507324 Event # 3275 Run# 507324 Event# 3275
D

&

Figure 3.5: A candidate for a beam-gas event: (a) the front view of the event
and (b) a side view of the same event. The dot in the center of each figure
shows the nominal vertex position.

To reduce this background the longitudinal component of the event vertex is considered.
Protons can evaporate out of the beam wall at any position along this direction. This
implies that the vertex of such an event can be found all along the longitudinal axis, and
thus not only around the nominal vertex. The longitudinal position of the event vertex
is derived with a subroutine which uses information from most subdetectors. When the
longitudinal component of the vertex is plotted (see figure 3.6) a small tail is seen (the
relative hight of the tail differs per year). This tail can be used first to remove these beam-
gas events and second to estimate the number of beam-gas events which are expected to
be still in the sample. The line in the figure is a Gaussian fit to estimate the accuracy
of the longitudinal-coordinate calculation with a flat beam-gas background (left and right
hand tails are fitted independently). The standard deviation of the Gauss increases with
increasin years, from 50 nb in 1992 to 80 nb in 1995.

The data starts to deviate from the Gaussian around 200 mm. Events that are more
than 200 mm away from the nominal vertex are taken to be beam-gas events. The events
between 200 and 350 mm are used to estimate the beam-gas background (the background
is expected to be flat down to the nominal vertex). The fraction of beam-gas events
expected in our sample is 1.4 %. (1.2 % for 1992, 0.9 % for 1993, 0.7 % for 1994 and 3.6
% for 1995).
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Figure 3.6: The z-coordinate distribution: (a) 1993 data and (b) 1995 data.
Events with a value larger than 200 mm from the nominal vertex are considered
to be beam-gas events.

TEC trigger selection

Events in the two-photon selection are required to be triggered by the TEC trigger. In
general, the two-photon events are triggered by the TEC trigger and/or the energy trigger.
When these triggers are independent, the trigger efficiencies can be calculated as a function
of the visible mass from the data itself.

The trigger efficiencies are calculated from the data in the following way:

data
€TEC trigger

NTEC+Ene1’gy trigger
b
NEnergy trigger

data NTEC-{-Energy trigger
6Energy trigger N’I‘EC rigger .

i

Here, NTEC4+Energy trigger 15 the number of events which are triggered by both the
energy and the TEC trigger, NEnergy trigger 15 the number of events which are triggered
by the energy trigger and NTEC trigger is the number of events which are triggered by the
TEC trigger. These efficiencies are shown in figure 3.7, the solid dots and squares.

As both triggers are inefficient for events in which most of the energy is deposited in
the very forward direction it can be argued that they are not independent and that the
TEC-trigger efficiency is over estimated. Alternatively the TEC-trigger efficiency can be
calculated with the help of a TEC-trigger simulation. The MC is treated with a simple
routine which describes the TEC-trigger track-finding efficiency for a track as a function
of the polar angle and the transverse momentum. If two tracks are seen by the trigger
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Figure 3.7: The trigger efficiencies: the solid square is the energy trigger
efficiency, the solid dot is the TEC trigger efficiency, both calculated from the
data.. The open dots give the trigger efficiency calculated from the PHOJET
sample with the standard selection criteria. The open squares also come from
the PHOJET sample but now at least 2.5 GeV reconstructed energy is required
in the barrel region.

with an a-collinearity angle smaller than .27 x = the MC event is triggered by the TEC.
The TEC-trigger efficiency can be calculated for the MC as follows:

€MC ] - Nielected and triggered
TEC trigger — Neelected .

Here, Nsclected and triggerea 18 the number of events selected and triggered by the simulation
and Ngelectea 1s the number of events selected by the data. In figure 3.7 the open dots show
this efficiency. A 15 % difference is found between this efficiency and the one obtained
from the data. In order to verify that this difference relates to the assumption that the
TEC trigger 1s indeed not independent from the energy trigger, this efficiency is calculated
also for the events which have at least 2.5 GeV in the barrel region and thus with a fully
efficient energy trigger, the open squares in figure 3.7. Now the efficiency for the data
agrees better with the MC result. The TEC and energy trigger are thus not independent
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and the TEC-trigger efficiency from the simulation is taken in the calculation of the cross
sections. The systematical uncertainty due to the TEC trigger efficiency is taken to be
half the difference between the results obtained with the data (solid circles in 3.7) and
the simulation (open circles in 3.7).

3.1.2 Data integrity

In this section some variables are plotted in order to check wether the selected events are
described correctly by the data. These variables come from two sources, the tracks and
the clusters. For each track the reconstructed momentum is plotted and for each cluster
the reconstructed cluster energy (see figure 3.8). A small excess in the total number of
tracks exists in the data due to the excess of events with a large number of good tracks.
But both distributions are described well by the MC.
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Figure 3.8: Two tests on single variables: (a) the momentum per good track
and (b) the energy per cluster.

So far, all distributions shown are integrated over the whole mass range. To prove that
the sample is described well in each mass bin, the distributions have to be split and shown
for each mass bin. In figure 3.9 two selection variables are shown for four different visible
mass regions. In both plots the MC agrees well with the data. Only for the longitudinal
energy imbalance the lowest mass bin has a problem (PHOJET is flatter than the data).

To check that the selection efficiency is time independent, the sample is split into
the four subsamples, one for each years. Ten good runs (one run is defined by the L3
DAQ system, and corresponds to a time period during which the L3 data taking was not
stopped) are added to give one period. For each period the number of events selected with
a visible mass between 5 and 80 GeV is divided by the integrated luminosity for these
ten runs. As can be seen in figure 3.10 this cross section does not change significantly
during the year (omitting the beginning of the years). But the average level for each year
varies, these are the fit results shown in he different plots (A0). This variance is taken
into account as a systematical uncertainty in the final result.
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Figure 3.9: Two examples showing the distributions of variables used to select
events, split into four different mass regions: (a) the number of good tracks
and (b) the normalised longitudinal-energy imbalance.

3.2 Data taken around 133 GeV

In this section the selection of the events at 133 GeV is explained. The background coming
from the Z decay is small at these energies and the selection criteria are therefore modified
such that they are more loose here than for the 90 GeV data.

3.2.1 Data selection

The selection of the events is similar to the selection at 90 GeV. The selection criterion on
the longitudinal energy imbalance has been removed and has been replaced by selection
on the energies deposited in the BGO and the HCAL.

Selection criteria on energy

One of the backgrounds for the two-photon events is the production of a Z° boson (together
with a photon) which decays into a quark-anti-quark pair. To reduce this background a
selection is made on the energy seen in the electro-magnetic and hadron calorimeters.
The energy seen in the electro-magnetic calorimeter should be less than 20 GeV, also the
energy seen in the hadron calorimeter should be less than 20 GeV (see 3.11).
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Figure 3.10: The number of selected events divided by the integrated lumi-
nosity averaged over a period of ten runs, for the four different years.

Number of tracks

In order to remove leptonic two-photon events (ete™ —ete~1717) a selection is made on
the number of good tracks. In figure 3.12 the number of tracks per event is plotted. At
least three good tracks are required. This selection criterion also removes some additional
backgrounds not mentioned before. These are di-muon and di-electron events (the two-
track events not predicted by the Monte Carlo) coming from the decay of a Z boson, which
had badly reconstructed energy or which had an extra photon in the event.

Ratio of good over all tracks

The previous selection criterion reduced background coming from the leptonic two-photon
events. But also the beam-gas and beam-wall events have to be reduced. This is done
by looking at the number of good tracks divided by the number of all found tracks. In
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Figure 3.11: The energy depositions: (a) the energy deposited in the BGO is
plotted and (b) the deposition in the HCAL is shown.

figure 3.12 the ratio between the number of good tracks and the number of all tracks is
plotted. The ratio for a good event must be at least 0.55.
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Figure 3.12: The two track variables: (a) the total number of good tracks per
event and (b) the ratio of good over all tracks.

Miscellaneous selection criteria

To remove beam-gas events, a selection is made on the longitudinal value of the event
vertex. This value should be smaller than 200 mm (see the 90 GeV data, figure 3.6). In
order to obtain untagged events, no cluster in the luminosity monitor may have more than
30 GeV. To ensure hadronic activity at least 0.5 GeV of energy should be deposited in
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the HCAL. And for a complete description of the data by the MC only events triggered
by the TEC trigger are selected.

Because the minimum two-photon mass generated in the MC was 5 GeV, only events
with a visible mass between 6.5 and 80 GeV are considered. Below this 6.5 GeV, threshold
effects from the MC exist and above 80 GeV almost no two-photon events are left and the
background from the Z production becomes larger for higher masses.

3.2.2 Data integrity

The data integrity is investigated by looking at the distributions coming from the tracks
and the clusters. In figure 3.13 these distributions are shown. A second check is made on
the selection variables. These variables are plotted for four different mass regions, this is
done in order to check wether the sample is also correctly described in each bin and not
only the whole integrated distributions. In figure 3.14 these selection variables are shown
for the four mass regions.
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Figure 3.13: Two individual variables: (a) the momentum per good tracks and
(b) the energy per cluster.

3.3 Cross section calculation

The visible mass of an event is calculated with the energy vectors from several subdetectors,
the smallest resolvable clusters (SRC’s), the muonic energy as found in the muon chambers,
and the energy in the luminosity monitor. All these clusters give information about the
energy which is deposited in the detector, but not about the energy which is lost down the
beam pipe or in other gaps in the detector. Due to this loss the reconstructed visible mass
will in most events be smaller than the true mass. The difference between the visible mass
and the true mass depends on various event variables. This dependence is not known on
an event-by-event basis and the true mass can thus not be derived on an event-by-event
basis.
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The measurement of the cross section as a function of the true mass can be compared
with the models of chapter 1 and with the previous results of the other experiments. The
distribution of the visible mass is only of interest when the data and MC samples are
compared but are of no interest when the two-photon cross section is considered. For this
reason the true mass distribution must be found. A procedure which relates a measured
distribution to a true distribution is unfolding (see Appendix B).

The measured and unfolded distributions are shown in figures 3.15 and 3.16. The
differences between the results and the models are small.

From the unfolded mass distribution the two-photon cross section can be derived for
each bin. The cross section per bin is given by:

Nunfolded

Oy Lol (3.2)
Here, Nurfelded jg the total number of events after unfolding, during the unfolding the
acceptance is taken into account, L., is the total integrated luminosity and Ly is the
two-photon luminosity integrated over all unmeasured variables. The integration over the
two-photon luminosity function is done with the improved EPA refeq:epa2. So the total
two-photon cross section can be obtained directly from the unfolded number of events
(after integration is performed over the mass range of the bin).

The cross sections are given in tables 3.1 and 3.2. These cross sections are the average
of the two models used. In the tables all contributions to the total uncertainties are shown.
The uncertainty due to the limited MC sample and the statistical uncertainty of the data
are implemented in the uncertainty as given by the unfolding programmes, AUnfolding
statistics. The two methods give different results for the cross section. The differences
between the two models contribute to the total uncertainty, AUnfolding method. The
cross sections are calculated for the different years separately. The variances between
the results are given as AYears (only for the data taken around the Z pole). The next
uncertainty results from the two different form factors used for the calculation of the
two-photon luminosity function, the difference is given as AL.

The systematical uncertainties for each selection criterion are obtained by calculating
the variance of each cross section due to the variation of the criterion. This implies that
one criterion is changed while the others remain unchanged. Then the distributions are
unfolded and the cross sections are derived again. This is repeated for several different
values for each criterion (the values behind the criterion in table 3.1). The variances of the
results are taken as the uncertainties due to the selection criterion. Selection criteria which
are not mentioned in the tables gave variances that were smaller than the uncertinties due
to the unfolding statistics. These criteria do not contribute to the total systematical
uncertainties.

For the data obtained around the Z pole there is an additional uncertainty. Since the
average value of the two models is used, the systematical uncertainties from the selec-
tion criteria remain small. Especially for the number of good tracks a large systematical
uncertainty is expected because this distribution is not well described by the two MC
samples. But the two models yield opposite behaviours for this distribution, PYTHIA is
too high for events with a small number of tracks while PHOJET is too low. For events
with a large number of tracks PYTHIA is too low while PHOJET describes these events
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Figure 3.15:

The measured mass distributions for the data taken around the
Z pole: (a) 1992 data, (b) 1993 data, (c) 1994 and (d) 1995 data, (e) the sum
of all years and (f) the unfolded mass distributions for all years combined.
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Figure 3.16: The mass distributions for the 133 GeV data: (a) the measured
mass and (b) the unfolded mass.

satisfactorily. To estimate the influence of this difference in the two models, the difference
in cross section between the two models is derived for the different minimum number of
good tracks. The variance is taken as the systematical uncertainty due to this difference
in the two models, AMC.

The largest contributions to the total uncertainties for the measurement around the Z

pole comes from the difference between the four years and the difference between the two
models.

3.4 Cross section fits

The cross sections found in the previous section can be compared to those results men-
tioned in chapter 1, see figure 3.17. As can be seen for the small masses the results found
are in agreement with these previous data. Also that the bins for the largest masses,
presented here, are at larger masses than the previous results.

In order to verify the Donnachie-Landshoff prediction for universal exponents, the data
is fitted with equation 1.31. For the first fit the two exponents are fixed and only the X
and Y values are fitted. This gives (s = W2 in GeV?)

s 0.0808 s ~0.4525
oy (5) = (198 £ 10) (-——) + (516 % 38) <§-> nb,

890 0

with x2/dof=2.62. This result agrees with the prediction found by Schuler and Sjéstrand
for the pomeron term, the reggeon term is larger by 6 standard deviations.

In figure 3.10 an overall normalisation problem exists between the different years. On
the assumption that the overall scaling has also been a problem for the other experiments,
the results of the experiments can be made more consistently by scaling them. The fitted
scaling factors are presented in table 3.3.
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W, (GeV) 58 [ 814 | 1425 | 25-80
o (nb)

" 377 | 397 | 305 | 382
AUnfolding statistics (see Appendix B) | £11 | £4 | £5 | 9
AUnfolding method (BAYES vs SVD) +46 | £2 | 12| +12
AYears (see plot 3.10) £57 | £39 | 23| =15
AL,y (GVDM vs p-pole) +£11 | +10 | +£9 | =11
0 4 10 0

AEion imb. (0.35-0.55) j:16 + 0 * 0 f57
0 1 3 0

AEtraimb. (3-5 GeV) + 5 + 1 + 0 tgg
11 28 28 0

ANgood track (4‘6 tracks) :i: 0 jt 0 :i: 0 :1:54
ARatio good over all tracks (0.45-0.65) | 25 | F11 )+ +28
2 2 4 10

AEncar (0-2 GeV) ilg + 2 + 0 le
AMissing energy (-40 to -20 GeV) i— é j % :l__ g igg
ATrigger 90 | £16 | 15| £38
AMC (PYTHIA vs PHOJET) +67 | £49 | +£34 | £29
+106 | +72 | +56 | + 49

A Total ~103 | —65 | —46 | ~101

Table 3.1: The total cross sections for the different mass bins and their total
uncertainties for the data taken around the Z pole.



58

3. Untagged data

Wy (GeV) 5-8 | 8-14 | 14-25 [ 25-80
o (nb)

Oryry 410 | 364 342 408
A Unfolding statistics +28 | £12 | £12 | 413
A Unfolding Method £ 17 | £10 +3 | 421
ALy + 12 | £11 +10 +12
A MC + 8| £16 + 7 +34
A Number of good tracks jlig iG(()) jg f3g
A Ratio of good over all tracks —f 43 i g t%g —_H(l)l
19 9 0 14

A Bycar + 0 t 9 th T 5
A Trigger +922 | 18 | *17| 9
+132 | +68 +31 +49

A Total — 44 | —32 | -42 | —58

Table 3.2: The total cross sections for the different mass bins and their total
uncertainties for the data taken around 133 GeV.
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Figure 3.17: The two-photon cross section from this thesis compared to pre-

vious results.
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Data set scaling factor
Pluto 1984 1.11+0.13
Pluto 1986 1.40£0.18
TPC 1985 1.104£0.12

TPC/2y 1991 | 0.93£0.09
MD-1 1991 1.38+0.17

Table 3.3: Scaling factors for the different experimental results.

The result for the fit is given by:

s 0.0808 s —0.4525
Gy (s) = (195 £ 4) <-—> + (498 + 18) (Z‘) nb,

S0 0

with x2/dof=1.36. The improvement is large for the x? value but does not change signif-
icantly the outcome of the fitted cross section.

To go one step further, not only X and Y are fitted but also both exponents, € and 7.
Again if the cross sections are fitted as given or with the fitted scale factors, almost the
same results are obtained:

+ (576 £ 60) (f—
0.

0.34+0.20
> nb.

>——0‘18:i:0.08

oyy(s) = (19 £ 34) (i

So

With x?/dof=1.34. The correlation between the four variables is close to 1. Thus

although the result looks different from the two-variable fit, the two values for x? are very
close and so are the functions found (see figure 3.18).

3.5 Summary and conclusions

For the analysis of the untagged sample or total cross section measurement the aim was to
obtain two-photon cross sections at masses larger than measured before. The Monte Carlo
samples gave a satisfactory description of the variables used to select the events. Only the
number of charged particles (tracks) showed a different behaviour both between the data
and the two Monte-Carlo samples and between the two MC samples. This introduced a
large systematical uncertainty.

For the selected events the reconstructed masses were smaller than the true masses,
due to this fact the reconstructed mass distribution needed to be unfolded to give the
true mass distribution. The unfolded distributions could be used to obtain the total cross
section.

The final result showed a good agreement with previous results for masses smaller
than 10 GeV. The cross sections were measured up to 90 GeV. This was possible because
all information is needed during the unfolding of the measured mass distribution. The
cross section was derived for four years, from 1992 to 1995. The differences between
the years were around 15 percent, which is a large contribution to the total uncertainty.
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Figure 3.18: The two-photon cross section from this thesis compared to the
scaled previous results. The results for the two fits ar shown as well.

Also the results obtained with energies around 133 GeV (1995 only) were compared with
the 91-GeV data. The former results are about 10 percent higher than the latter, but
that is within the uncertainties due to the differences between the years. From this the
conclusion is drawn that the background coming from decay of the Z, which is large for
the 90-GeV data but small for the 133-GeV data, is thus described satisfactorily and does
not significantly influence the results.

The expected rise of the cross section for larger masses has not been measured. Due to
the large uncertainties the cross sections found in this thesis could both be described by
a flat cross section (see tables 3.1 and 3.2) as well as by a cross section with the expected
rise. A fit of the exponent that describes this rise gave a value four times as large as
expected but due to the large correlation with the other parameters the fitted function is
almost the same as a function with the rise fixed to the predicted value. A measurement
with larger masses is needed to obtain a conclusive result concerning the rise.
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Tagged data

In this chapter the tagged events are investigated. In these events a final-state positron
or electron is detected in the luminosity monitor. This electron or positron is called the
tag. The presence of a tag is a clear indication that the event under consideration is a
two-photon event. The selection of the hadron final state is less strict in the presence of
a tag than for the untagged sample. The extra information on @? gives a means to check
the form factors applied in the previous chapter.

For the measurement of the tagged cross section the two MC programmes needed
to be extended to describe virtual photon-photon interactions. The PHOJET generator
multiplies the cross section, calculated with the assumption that the two photons are
real, with the GVDM form factors to obtain the cross section for virtual photons. In
the PYTHIA generator the direct cross section is multiplied with a form factor which
simulates the tagged cross section for the direct cross section (see Appendix B). The other
samples (VMD and anomalous) are multiplied with the GVDM form factors.

4.1 Selection of the tags

If the scattering angle of a final state electron or positron is between 26 to 65 mrad, it
can be measured in the luminosity monitor. In order to select a luminosity cluster as a
tag, the cluster must be a well-reconstructed electromagnetic cluster. By considering the
uncertainty in the reconstructed energy, a selection can be performed. If this uncertainty
is larger than 10 % the cluster is not considered to be electromagnetic.

In order to remove so-called “off-momentum” electrons, which have an average energy
of 25 GeV, the minimum deposited energy of the cluster should be larger than 35 GeV.
This also ensures that the level-0 energy trigger fires. This trigger forms, together with the
TEC trigger, the single-electron trigger. The single-electron trigger fires when the level-0
energy trigger has fired and the TEC trigger has found at least one track. The energies
and angles of the tags selected are shown in figure 4.1.

For the MC sample the generated value for Q? can be compared with the reconstructed

61
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Figure 4.1: The energies and angles of the selected tags. The dots represent the
data, the hatched area is the background. The solid line represents PYTHIA
and the dashed line PHOJET.

value. The relative deviation is defined as:

2 2
rec Qgen

2
gen

b

with Qéen the generated value for Q? and Q2. the reconstructed value. The results from
a Gaussian fit for the distributions of this deviation of the % measurement are given in
table 4.1 for the three ()? ranges. From this it is clear that the Q? values are reconstructed
adequately and that no unfolding needs to be done for this variable.

Q? | mean(%) | width(%)
1-2 2.7 2.4
2-4 1.1 2.1
4-8 0.4 2.2

Table 4.1: The precision of the Q* measurement for the different bins.
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4.2 Selection of the hadronic events

After the tag has been identified the events of interest have to be selected. These events
must have some sort of hadronic activity. The selection criteria applied for this are almost
identical to the ones used for the untagged sample. Here the main selection criteria are also
the number of good tracks and ratio of good over all tracks. Due to the tag the background
from the annihilation events is much smaller. The selection criterion on the longitudinal
energy imbalance can be skipped. But the events still need to be reconstructed well, thus
the transverse energy imbalance must be small.

The hadronic events are selected by requiring that at least three charged particles were
found, thus three good tracks. The selection of a good track is identical to the selection
applied for the untagged sample. The selected events are shown in figure 4.2 for the lowest
mass bin.

a) b)
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Figure 4.2: The tracks-based selection criteria for the three Q® bins and the
sum of the three bins: (a) the number of good tracks and (b) the ratio of
good over all tracks. The dots represent the data, the hatched area is the
background. The solid line represents PYTHIA and the dashed line PHOJET.

Again a selection is made on the number of good tracks divided by the total number
of found tracks, this ratio should be larger than 0.5. The excess which is seen in all
Q? bins (see figure 4.2), results mainly from events with small masses. This selection
criterion removes events with a too large fraction of badly reconstructed tracks in the
data (beam-wall type of events).

The events need to be reconstructed well as was also the case for the selection of
untagged events. This is obtained by requiring that the transverse energy imbalance (with
the tag included) should be smaller than 4 GeV. The distributions for this imbalance are
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shown in figure 4.3. Also shown in this figure are the distributions for the reconstructed
azimuthal angle for the hadronic activity minus the azimuthal angle of the tag. For a good
reconstructed event the difference between these two angles should be w. Only events in
which the transverse energy of the hadronic final state is larger than 1 GeV are taken
into account, this to ensure a good azimuthal-angle reconstruction. For these events the
difference between the two azimuthal angles should be smaller than 7 /3.
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Figure 4.3: The energy-based selection criteria: (a) the transverse energy
imbalance and (b) the azimuthal angle of the hadronic activity minus the
azimuthal sngle of the tag (modulo 2 w). The dots represent the data, the
hatched area is the background. The solid line represents PYTHIA and the
dashed line PHOJET.

4.3 Data integrity

After all selection criteria have been applied, the selected events are checked wether they
are good two-photon events and wether still some background from annihilation events
is left. This is done by considering the longitudinal energy imbalance. This is shown in
figure 4.4. The absence of a peak near zero is an indication that no annihilation events
are left in the sample.

The visible mass is derived in the same way as for the untagged events, excluding
the tag itself. In figure 4.5 the visible mass is shown. A good agreement exists between
PYTHIA and the data. For the second mass bin PHOJET seems to predict too few events
for all values of Q2.

The problems encountered at the untagged sample concerning the true mass distri-
bution are valid here as well. Again the mass has to be taken from the measurement of
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Figure 4.4: The longitudinal energy imbalance normalised to the visible energy
for the three Q* bins seperately and for the sum of the three bins. The
dots represent the data, the hatched area is the background. The solid line
represents PYTHIA and the dashed line PHOJET.

the hadronic final state and the reconstructed mass will thus be different from the true
mass. Due to the transverse boost of the hadronic system, in order to compensate for the
transverse momentum of the tag, the reconstructed mass is expected to be closer to the
true mass than was the case for the untagged events. But the reconstructed mass distri-
bution is still quite different from the true mass distribution. The unfolding procedures
applied for the untagged events have to be used here as well. The reconstructed value for

(Q? is correct within a few percent, the unfolding can thus be performed separately for the
different Q2 bins.

4.4 Results

The true mass distributions are again converted into cross sections with equation 3.2 and
the two-photon luminosity function is calculated with the numerical integration method
1.20. Since here the form factors are being measured, the integration is done only over
the luminosity function. On the assumption that Lrs & Ly, only the transverse-
transverse part needs to be integrated over. The measured cross section is thus a sum
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Figure 4.5: The visible mass for the four Q% bins. The dots represent the data,
the hatched area is the background. The solid line represents PYTHIA and
the dashed line PHOJET.

of the transverse-transverse and the transverse-scalar part:

Otag = 07T + €0TS.

Here, € = Lr7/L7s ~ 1. For small values of  (small values of ? compared to W?) this
approximation can be obtained from equation 1.20. When the x? terms are neglected fg
become equal to fr.

The cross sections are calculated in four mass bins and in three Q? bins, thus 12
bins in total. The numbers given in table 4.2 are the averages between the two models.
The four mass bins, within a given Q? bin, have been unfolded to give the true mass
distributions inside the @2 bin. The uncertainties given by the unfolding methods give the
first uncertainties in table 4.2. The differences between the results from the two methods
are always smaller than the uncertainties given by the unfolding methods (the “statistical”
uncertainties) and are not considered to contribute to the systematical uncertainties.

For the systematical uncertainties resulting from the selection criteria the same proce-
dure is followed here as for the untagged sample. The estimated systematical uncertainties
for these selection criteria are calculated in the same manner as before. Thus the selec-
tion criterion is varied, which gives a variance of the cross sections. These variances are
presented in table 4.2. The variances resulting from the selection criterion on the trans-
verse energy was smaller than the statistical uncertainty and are thus not considered to
contribute to the total systematical uncertainties.

The differences between the results obtained with the different MC samples are used
to estimate the uncertainty from the models applied.
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Because the luminosity function is calculated without any form factor, no uncertainty
from this source is quoted. A second uncertainty for the untagged sample which is not
mentioned here, is the difference between the different years. This is due to the fact that
the number of events is too low for each year separately.

The results for the cross section are presented in two different manners. First the cross
section is shown for each @? bin as a function of the true mass. Second as a function of
Q? in each mass bin.

4.4.1 Mass dependence

The unfolding is performed with both MC samples. The differences between the results
are larger than the uncertainties seen after unfolding. They are averaged over the two
models to give the result shown in figure 4.6.

The mass dependence is expected to show a rise for higher masses, similar to the
untagged sample. If the photon behaves like a hadron, the rise of the cross section for larger
masses is expected to be steeper for larger values of )2, like the results found by ZEUS and
H1 ( [54-56]). Due to the large uncertainties it is not clear from this measurement wether
this is the case. All three distributions are fitted nicely with a constant cross section
(x?/dof<1). A two-variable fit of the Donnachie-Landshoff parametrisation (taking the
Reggeon exponent fixed to 0.4525 and the Pomeron exponent fixed to 0.2 as indicated by
reference [55]) gives results that have Pomeron terms which are significantly larger than
zero but with Reggeon contributions which are comparable with zero. The two fitted
functions are plotted for the three @Q? bins in figure4.6.

4.4.2 (? dependence

The cross section can also be given as a function of Q2. This is shown in figure 4.7. The
different mass bins are the same as for the untagged sample. So it is possible to use the
results from the untagged sample here as well (< Q2 >=0.01).

If the cross sections are factorised, the same Q2 behaviour must be observed in all four
mass bins. Different form factors can be compared to the data, the standard GVDM, the
TPC/2y VDM and the p pole. Also the direct contribution can be added to the form
factors.

The dependence is fitted for each mass bin with the parametrisation also applied by
PLUTO:

(W, Q%) = oo(W) (Fr(Q%) + Fs(Q%)) + oorm (W, Q?).

Here, ogpas is the cross section for the QPM as given for four quark flavours, the sum of

equation 1.35 and 1.36, Fr g are the different form factors and oy is determined in the fit.
The results for the six fits for each of the four mass bins is shown in table 4.3.

From this table it appears that for the three large-mass bins (W,y > 8 GeV) the best

description results from the sum of the QPM and the standard GVDM (lowest x? values)

but the standard GVDM gives a good description as well (x? smaller than the degrees of

freedom). For the lowest mass bin the smallest x? value comes from the standard GVDM
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Q7 (GeV?) 1-2 2-4 4-8
Wiy (GeV) 38814 [ 1425 [25-90 | 3-8 814 [ 14-25 [ 25-90 | 3-8 | 8-14 [ 14-25 | 25-90
o (nb)
Oy s X 102] 94 85 93] 52 55 56 691 31] 40 40 65
AUnfolding statistics | £10 | £7 +6| £11 | £6| +£4 + 3 +8| £4| £+3 +4 ! £10
AN +0|+0] +5| +29|+0|+0| +0| +0|+0|+0| +0| +10
goodtrack -31|-15| =5 —=0|~-5|-5| —5| —7|~=12]|-11| —4| -4
ARati +26 | +15| + 0| +0|+6|+3] +0| +0|+1|+1| +1| +4
at1o -0|-0| -6| -28|-0|—-0| —-6| 16| —-1]—-1| —1| —4
AS +23 | +17 | +4 | 40| +T|+6| +4| +4|+2|+3| +T] +4
¢ ~0|-0| —4| 14| -0|-0| =0 —4]|—-0|=-0]| =0] =0
AE:s, +7| £3] +£5] 15| £3 ] 2| 2| 0| 4| 2] £1]| £3
AMC sample +24 | £26 | £11 | +£7 | £18 | £8 | +4| +£15| +13 [ £4| 8| £28
ATotal +44 | +35 | +15 | +35 | 421 | +11 | + 7| +17 | +14 |+ 6| +10| +33
ota ~41 | -31| -16| ~-37|-20|~-10| ~- 9| -25|—-19 | -12| -10 | -31

Table 4.2: The cross sections and their uncertainties.
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Figure 4.6: The tagged cross sections as function of the mass: (a) 1 < @* < 2
GeV?, (b) 2 < Q% < 4 GeV? and (c) 4 < Q* < 8 GeV?. The solid lines
correspond to the fitted flat cross section, while the dashed line give the Don-
nachie-Landshoff fit.
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W (GeV) 5-8 | 8-14 | 14-25 | 25-90 58 | 814 | 1425 | 25-90
model % oo(nb)

QPM+GVDM | 3.31 | 0.08 | 0.59 | 0.99 | 223472 | 31650 | 329431 | 409+ 61

QPM+VDM | 0.77 | 413 | 159 | 6.06 | 328494 | 379464 | 418443 | 454+ 72

QPM+p pole | 0.72 | 461 | 17.7 | 6.55 | 333495 | 380465 | 421444 | 455+ 72
GVDM 0.12 { 1.05 | 1.67 1.08 | 378447 | 37650 | 353+31 | 412+ 61
VDM 2.60 { 11.5 | 22.3 | 6.39 | 471494 | 420464 | 443+43 | 457+ 72

p pole 2.96 | 124 | 245 | 6.90 | 475495 | 430165 | 446+£44 | 458+ 72

Table 4.3: The results from the six different models fitted to the results in the

four different mass bins. The value for x* has not been divided by the degrees
of freedom (3).

without the QPM added to it. But all the models give values for x?/dof smaller than or
equal to one. None of the models can thus be excluded for the smallest-mass bin.

The smallest-mass bin can be compared to the results given in chapter 1. As can be
seen in figure 4.8 they agree nicely with both measurements.

4.5 Summary and conclusions

For the measurement of the tagged cross section the two MC programmes needed to be
extended to describe virtual photon-photon interactions. After the modifications the event
variables are described satisfactoriliy for this analysis.

The results were shown in two different manners. First the cross section was shown as
a function of the mass. The tagged cross section is expected to rise for large masses, and
this rise is expected to be steeper with increasing virtuality. The cross sections found can
be fitted with a flat cross section as function of the mass. A small rise seems to be visible
but due to the large uncertainties this rise could not be fitted. So the data is not good
enough to distinguish wether the cross section is described better with a flat cross section
or with a rise for large masses.

Second the cross section was shown as a function of the virtuality Q2. In this manner
the form factors could be tested. Six different functions were fitted to the tagged data. For
the bin with the smallest masses all functions gave an adequate description of the cross
section. For the bins with larger masses only two form factors gave satisfactory results (x>
values) for the fit. This was the description of the GVDM form factors multiplied with a
determined factor or the description with the QPM summed to the GVDM term.

From the first description it is concluded that the cross section factorises, the cross
section can be described by a mass-dependent part times a Q?-dependent part.

For the near future the results coming from LEP 2 must give evidence wether the
expected rise is in the two-photon cross section as predicted by the two generators or that
the cross section remains flat for masses above 20 GeV.



4.5 Sum

mary and conclusions

71

10%

Gw(nb)

10

Gw(nb)

10

QPM+GVDM

107 107" 1 P
Q%Gev?) 0
;”?M\ c)
QPM+GVDM
o
QPM
1l 5 sl 7 S b, | i
10 :
o GeV?) 1 10

Gw(nb)

Gw(nb)

10%-

QPM+GVDM

10

Figure 4.7: The tagged cross sections as a function of Q*: (a) 3 < Wyy <8
GeV, (b) 8 < Wyy < 14 GeV, (c) 14 < Wy < 25 GeV and (d) 25 < W, < 90
GeV. The solid line corresponds QPM plus the GVDM form factor times the
determined cross section for the corresponding mass bin. The QPM model is

drawn with the dashed line.
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4. Tagged data
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Figure 4.8: The comparison between the results

the previous results mentioned in chapter 1.

obtained in this analysis and



Appendix A

Unfolding

First the problem, how to derive the true distribution from a measured distribution, is
illustrated with the help of a simple example. Then two different unfolding procedures are
discussed and finally these two procedures are compared and the validity of the results is
evaluated.

A.1 Introduction

The problem is to derive the true distribution from a measured distribution. If a quantity
is measured uncertainties are always introduced; these uncertainties are combinations of
uncertainties in the measured values and inefficiencies of the apparatus. In this thesis the
mass of a two-photon event has both sources of uncertainties. First the measured particles
have an uncertainty in the measurement of the energy and angle. Second, some particles
escape detection along the beam-pipe and other areas where detection material is lacking.
These inefficiencies lower the value of the visible mass with respect to the true mass. Due
to these two contributions the true value of the mass can not be determined from the
measured value on an event-by-event basis.

For an MC sample the true and measured values for a certain variable are known. This
implies that a matrix can be constructed which relates the measured distribution to the
generated distribution. If 28°® denotes the generated distribution and z%)f2° the simulated
measured distribution,

o = Az, (A1)
Here, A is the matrix which relates the two distributions. The elements are normally
calculated by an MC sample and are given by:

Nis
Ay = =L, (A.2)
J N]

Here, Nj is the total number of events generated in bin j and Nj; is the number of events
measured in bin ¢ and generated in bin j. This yields a matrix with only positive numbers

73
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or zero. This means that column j gives the response of the experiment to the events
generated in this bin. Notice that all A;; > 0.

The problem of calculating the true distribution from the measured distribution now
seems very simple. Equation A.1 suggests that the inverse matrix must be multiplied with
the measured distribution, thus:

munf —_ A—lmmeas. (A3)
Here, 2" is the unfolded data and 2™¢2 the measured distribution in the data. However,
the inverse matrix may not exist and if it exists the inverse matrix will have negative
values which can lead to negative (unphysical) values for the unfolded distribution.

To illustrate this a two-by-two matrix is taken as an example (this example is taken
from [59]):

T/ 14e 1—¢
A_E(l—e 1+e>' (A4)
Here, ¢ indicates how well both bins are separated by the experiment, if ¢ = 1 the response
is perfect, if € = 0 the two bins can not be separated. The inverse matrix is given by (¢ # 0):

- 1 I+e —1+e¢
1——-.._..
4 "26(—1+e 1+e ) (A-5)

With the help of equation A.3 and this inverse matrix the measured distribution can be
unfolded:

1 I4+e¢ —1+4c¢ pipeas
unf __ © 1
¢ o 2¢ ( -1 + € 1 + € ﬁgleas : (AG)
Equation A.6 gives the exact solution. If ¢ is small and the uncertainties in £™*° are
large, |22 — zes| < | /(AzPes)2 + (AxiPea$)?, this solution becomes meaningless. To

see this, the solution A.6 is rewritten as:

munf _ xxineas — ',L,rzneas ( 1 > + wrineas _I__a:g]eas ( 1 ) . (A'7)

2¢ -1 2 1

If the uncertainties are too large, the first term becomes a random number. But if this term
dominates, due to a small value for ¢, one of the two unfolded values becomes negative.
This behaviour is also observed if the matrix and distributions have more dimensions. The
unfolded distribution starts oscillating, which means that for subsequent bins the values
are alternatingly large positive or large negative numbers.

Several important features are illustrated by this two-dimensional example. First that
the result depends on the uncertainties, for large uncertainties the first term in equa-
tion A.7 can become a random number, and so the total outcome. A second feature which
was illustrated, is that the result can become unphysical if the binning is chosen too op-
timistically. If the events in the example are split into two bins that are indistinguishable
for the detector (e is small) then the result is dominated by the first term of equation A.7.
If the measurement is not precise enough this first dominant term becomes unphysical,
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and so does the final result. This is also true for more bins. If binning is chosen in such
a way that the detector can not distinguish them, the result will become unphysical (will
start oscillating).

To solve this problem of oscillating unfolded distributions, a procedure called “regu-
larised unfolding” can be applied. Unfolding methods have been widely discussed in [58].
Two methods recently developed by A. Hocker and V. Kartvelishvili {(SVD [59]) and by
G.D’Agostini (BAYES [60]) are discussed in the next two paragraphs. These paragraphs
paraphrase the two articles referenced.

A.2 Unfolding based on Singular Value Decomposition

In this method the folding matrix A is decomposed into two orthogonal matrices and a
diagonal matrix. The elements of the diagonal matrix give information about the number
of useful bins. With the help of these diagonal elements a demping procedure can be
performed. This demping reduces the oscillatory behaviour of the unfolded distribution.

Definition

Singular value decomposition (SVD) of an m x n matrix A is a factorisation of the form:
A=USvT. (A.8)

Here, U is an m x m orthogonal matrix, V' is an n X n orthogonal matrix and S isan mxn
diagonal matrix with non-negative elements, S;; = s; > 0. The quantities s; are called
singular values of A, and the columns of U and V are called the left and right singular
vectors. The singular values are ranked in decreasing order (s; < s; for j > i).

These singular values give some information about the matrix itself. If A is orthogonal
all singular values are equal to one, but a degenerate matrix will have singular values
which are equal to zero. If some singular values are significantly smaller than others, the
matrix behaves like a degenerate matrix although it is not such a matrix.

Unfolding with SVD

~Equation A.1 can be rewritten with the help of equation A.8. This gives:

gmess = Sy Tgunt (A.9)
z = VTgwf (A.10)
d = UTgmess (A.11)
z = S7Hd. (A.12)

When this is applied to the matrix A .4, as example, the singular decomposition gives:

or-m(1 1) s(3)
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and the unfolded distribution is given by:
xunf =Vz= VS——ld — VS—IUT:L,meas — A-lmmeas. (A14)

This expression is the same as equation A.3 and SVD is thus just another way to calculate
the inverse matrix of A.

Formally, SVD of the matrix A means a decomposition of z into a series of or-
thogonal and normalised functions, the basis is given by the columns of U and d gives
the coefficients of this decomposition. Similarly z"* is also decomposed and the basis is
now given by the columuns of V, the vector z gives the unknown coefficients, which can be
easily solved by equation A.12 (the inversion of S is done by simply inverting the singular
values).

meas

Redefining the problem

The problem of unfolding can be rewritten as a minimisation problem by:

'Aj‘flfb'\nf . xgneas 2
Z (Z] JA;meaS ) = min. (A.15)

i

With the help of the covariance matrix of 2™, X this can be rewritten as:
(Axunf _ mmeaS)TX—l(Amunf - xmeaS) = min. (A16)

In order to compensate for the loss of information when A is calculated as a probability
matrix, the folding matrix and the distribution to be unfolded are rescaled. This is done
by equipping the matrix with the actual numbers of events generated, and at the same
time dividing the distribution by the number generated in each bin. Thus:

Al = Ayed, w; =z /o8, (A.17)

Because the MC sample is expected to predict the unfolded distribution quite well, the
bin-to-bin fluctuations in w are expected to be small.

Rescaling of equations A.16 by dividing each equation by its corresponding uncertainty
gives a balanced system where all equations have equal weights. SVD of the covariance
matrix X gives:

X = QRQ7, Ry =1} (A.18)

The fact that X is a covariance matrix has been utilised here. Redefining A* and z™me2s
gives:

A 1 * bt 1 meas

Then finally the system of equations looks like:

(Aw — &)T (Aw — &) = min. (A.20)
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Regularisation

Equation A.20 still gives an exact solution and can have an oscillating behaviour. But
now a regularisation or stabilisation term can be introduced:

(Aw — &) (Aw — &) + 7(Cw)T Cw = min. (A.21)

Here, C is a matrix which defines an a-priori condition on the solution, and 7 gives the
weight of this condition. The value of 7 is case dependent but the form for C' can be
taken from general considerations. As already mentioned, the unfolded distribution w is
expected to be smooth with small bin-to-bin fluctuations. Minimisation of a curvature
defined as:

Y (wigr = wi) = (wi = wiy)], (A.22)

i

will suggest a choice for C:

—14€ 1 0 0
1 —2+4+¢€ 1 0
0 1 —24¢ 1
C = ) i . (A.23)
1 —2+4¢ 1
0 1 —1+4+¢

Here, € is introduced so that the inverse of the matrix C exists, while for small ¢ the
curvature calculation is hardly affected. A value of 103 — 10~* is a good choice for most
cases. Now solutions with a large curvature will be suppressed.

The linear system is given by:

(Fe)o= (5 )= (3)

For 7 = 0 the solution is given by:
AC'=USsVT, (A.25)

d=U%%, z=VTCw, z= & (A.26)

S5

This solution has still all problems concerning unfolding, thus small values for s; will give
large contributions to the unfolded data and can give wildly oscillating results. But the
values for the unfolded distribution z; can now be calculated for any value of 7. The
introduction of a value for 7 is effectively equivalent to changing d; by a regularised
distribution:
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2

4" = g A7
i ppt (A.27)
(- g% A28
Zz 1312_*_7» ( )
w = ¢y, (A.29)
2 = (T geen, (A.30)

The last problem is to choose a value for 7. The values of d; are the coefficients in the
decomposition of the measured distribution. For smooth distributions only the first few
terms (small values of ¢) of the decomposition are expected to be significant. The higher
terms (large values of ¢), which have values comparable with zero (the uncertainty on all
terms is one), give the contribution of quickly oscillating basis vectors. Thus terms which
have |d;| < 1 should be suppressed. If |d;] < 1 for ¢ > & a good value for 7 is given by:

r=s2, (A.31)
with the value for s taken from the singular value decomposition in equation A.25.

The covariance matrix can now be easily calculated. Recall that the uncertainty is one
for all d;. The covariance matrix X is calculated as follows:

s2

Zp = e _}fr)géik, (A.32)
w = c-lyzMyTeT ™ (A.33)
X = ek ek, (A.34)

(A.35)

A.3 Unfolding based on Bayes’ Theorem

In this method Bayes’ Theorem is utilised to unfold the measured distribution. This
theorem uses the folding matrix but also the generated distribution for calculation of the
total probability PJQ that the generated value lies in bin j:

N

Pl = (A.36)
/ Z?:l NJ

The unfolding procedure consists of an iterative calculation of number of unfolded events

from which the total probability distribution is derived after each step. The new proba-

bility distribution is used in the following step. The regularisation is achieved by stopping

the iteration befor the oscillatory behaviour becomes recognisable.
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Bayes’ Theorem

If n. causes, binned into a distribution 28", and n. effects, binned into a distribution

x™e® are considered, then Bayes’ Theorem states:
Ai; P
5% = el A37
T Au Py (A.81)

Here, A;; is the probability that cause j produces effect 4 (this is the same matrix A of
the previous section) and PJQ is the probability of cause j to occur. SJQZ- is the smearing
matrix, the elements give the probability that effect 7 originates from cause j. The zero
indicates that the MC input is used for the calculation of P° and S°.

From equation A.37 it follows directly that:
dosSh=1 (A.38)
j=t

This means that each effect seen must come from one of the causes considered. Also the
initial probability for any cause to occur must be unity, or Z?;l PJp = 1. But for each
cause there does not need to be an effect, or:

Ne
&= A, (A.39)
i=1
with 0 < ¢; < 1, ¢; is the efficiency of cause j to give an observed effect.

Unfolding

Unfolding of a measured distribution 2™ (the hat indicates that the distribution comes
from the data and not the MC) can be performed with the Bayes’ Theorem:

1

At = — 3 "SR ATe, (A.40)
G

The L3 Geneva “one-step” method [61] takes this distribution as the final result. It

appears that there is no possibility to improve on this result. But the probabilities for the
causes can now be derived from the data:

Ne

Nt =N e, (A.41)
j=1
o~ unf

punf _ J

Pyt = (A.42)

Here, N'f is the total number of unfolded events and f’;“‘f the probability for cause

j given by the data. If P° is not consistent with the data then P° and P will not
agree. From simulated data and examples one can verify that PU"f lies between the input
distribution and the true distribution. This suggests an iterative procedure:
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1. Start with an initial 2° and PO°.
2. Calculate the smearing matrix from equation A.37.
3. Calculate 7" and P from equation A.40.

4. Compare 2° with 2", if the differences are significantly large then replace 2° by
A and PO by PUf and go to 2, else stop the iteration.

Regularisation

If a large number of iterations is performed, the unfolded distribution starts oscillating
again. The reason for this is that after an infinite number of iterations the unfolding
matrix becomes in some sense the inverse matrix of the smearing matrix, with all the
problems related to the inverse matrix. For this reason a regularisation is introduced.

One regularisation is to calculate the optimum number of iterations which depends on
the problem involved. Another method is to smooth the result before feeding it in the next
step as the initial probability P°. The best result for our sample was obtained with the
first approach. So the iteration was stopped after the first few steps (when the changes
were not significant). The second method still gave wildly oscillating results when the
iterations were continued after they became insignificant.

Error calculation

For simplicity of the following equations in this section equation A.40 is rewritten:

Ne
nzgnf - Z Mijn;neas‘ (A.43)
J=1

with M;; = gljSij- The smearing matrix is calculated with the probabilities from the data
(that is why there is no zero).

For the calculation of the covariance matrix two contributions are considered. The first
comes from the uncertainties of the measured distribution, n}'*® and the second from the
MC statistics used for the calculation of the matrix M;;. First the contribution from the

measured distribution is calculated:

n
S dnpnt gppof

Vi Spmeas WCOU{TL?E&S, n; ey, (A.44)
i,j=1 g J
Snpnt
Spineas = M, (A45)
1
nneasg;; (Poisson),
Cov{n;"***, n**} = (A.46)

meas meas, meas

)di; — Hld (1 — §;;) (multi).

meas n
n; (1 Nunf

—_
1 Nunf
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Here, equation A.46 (Poisson) is valid for Poisson distributions and equation A.46 (multi)
for multinominal distributions.

For low efficiencies the bins become independent measurements and the Poisson dis-
tributions are good approximations for the measurements. For higher efficiencies the
measurements are described by multinominal distributions.

Now the calculation is performed for the contribution from the matrix:

. e Ne (gnxnf 6n2mf
Va = Z Z 5M;; 6anCov{Mij,1\/[mn}, (A.47)
im=1jn=1
5nznf meas
M Sik, (A.48)
o M Moy,
Cov{Mij, Mpmp} = > > ST 57 CoviAr, Al (A.49)
ri=1su=1 [ ‘u
6Mi; 0isOjr  Ois  0jr M€,
iAo M;; [ A, T 1, , (A.50)
1\}3 Ars th(ssu (POiSSOH),
Cov{4,s, A} = (A.51)

S [Aps (1= Ap)ont — Ars A (1= 6r)]  (multi).

Here, equation A.51 (Poisson) is valid for Poisson distributions and equation A.51 (multi)
for multinominal distributions, N, is the total number of events generated in bin s. For
the Poisson assumption only the uncertainty in N, is taken into account (low efficiency
thus N,, << N;). For the multinominal distribution no covariance between generated
bins was assumed. The total covariance matrix is the sum of V? and V1.

A.4 Checking the methods

Before the methods are applied to unfold the data, they are checked with the help of the
example matrix A 4.

First the influence of 7 on the result obtained from the SVD method is shown. The
final regularised result is given as:

unf _ e(wll'neas _ wlﬁneas) 1 a.:lirleas + mgleas 1
e = @i\ -1 + S ) \1) (A.52)

If 7 = 0 this is again the exact result. For small values of ¢ regularisation is needed. For
regularisation, €2 << 7 << 1, the influence of the first term is reduced with a factor /¢
while the second term is unchanged. For the worst case scenario, ¢ = 0 no exact result
exists. The first term of the regularised result vanishes and only the second term (flat
distribution) remains. Thus a direct connection exists between the result and the value
chosen for 7.

The BAYES method allows no direct analytical calculation of the final result. However,
the result after the first step can be calculated (thus checking the L3 Geneva “one-step”
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method). The smearing matrix A.37 can be calculated with matrix A.4. The efficiencies,
given by equation A.39 for the two bins, are both one. The initial probabilitie distribution

gen

is given by Py = ( i%en ) with 28" 4+ 25°" = 1. The unfolded one-step result is given
by A.40:

(1+5)x%en pmeas + (l“ﬁ)xﬁen gmeas
Zunf — (1+€)2b  +(1=e)a5™ 1 1—€) 28+ (14e)a5™ 72 (A.53)
- (1~€)0«‘§e“ m (1+6)$§en meas ’

eas
(1+e)x%en+(1___£)xgen :Bl + I"E)l'%en‘*'(l‘i'é)xgen xz

For results which need no regularisation, ¢ = 1, this result can be rewritten and gives:

f wmeas

mun - rlneas (A'54)
Ty

This means that when no unfolding is needed the BAYES method gives the expected

result. In the worst case scenario € = 0 the result can be rewritten as:

unf _ meas meas x%en A.B5
x prnd (%’1 + Ty ) xgen ( . )

Now the result is nothing more than the generated input scaled with the measurement.
This result thus simulates a perfect description of the data by the MC sample (the MC
distribution is equal to the unfolded distribution). But in reality the detector is not
capable of distinguishing the two bins and no matter which model is applied, the unfolded
distribution will always resemble the MC input distribution. This creates the misleading
impression that the model is correct and that the sample is thus understood! The smaller
¢ the more the unfolded distribution after one step resembles the MC sample and the
larger the possibility that BAYES stops after one step.

A.5 Comparison of the two procedures

The two procedures can be compared with each other to see the influence of the unfolding
on the cross section. In this section the untagged data, taken around the Z pole is em-
ploied. In figure A.1 the results after unfolding are shown for the data with four bins. The
SVD results are obtained with 7 = s?. Comparisson of the unfolded distribution with the
generated distribution yields that they are identical (in shape, not in the overall normali-
sation). This means that the model is scaled to give the SVD results. For comparison the
theoretical predictions made by the two models are shown as well.

The BAYES results are obtained with equation A.40. So no iteration is performed.
This is the unfolding technique epplied by the L3 Geneva group. It appears that these
results resemble the model closely and that only the overall scale can be obtained from
this one-step technique but not the shape!

To compare the results after the unfolding as applied in this thesis, the data is unfolded
with the SVD method with 7 = s%. Still some regularisation was needed for the influence
of the fourth bin. The BAYES result is obtained after the iteration had stopped. The
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Figure A.1: The cross section calculated with the unfolded distributions. The
uncertainties are the square roots of the diagonal elements of the covariance
matrix. The SVD results are obtained with 7 = % and the BAYES results are

obtained directly from A.40 without any Iteration.
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Figure A.2: The cross section calculated with the unfolded distributions. The
uncertainties the square roots of the diagonal elements of the covariance ma-
trix. The SVD results are obtained with r = s% and the BAYES results are
obtained after the iteration stopped.
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influence of the model applied to unfold is still large. The two unfolding techniques give
results which are fairly similar except for the lowest mass bin (see figure A.2).

Due to the fact that each event measured must be assigned to a true mass bin, cor-
relations between the different true mass bins can not be avoided. In table A.1 these
correlations are given for the two different models. The correlations are substantial and
have to be taken into account when fits are performed to the results. The correlation is
the largest for the BAYES method.

1.00 1.00

0.62 | 1.00 0.95 | 1.00

-0,79 1 -0.13 | 1.00 0.59 | 0.79 | 1.00

0.15 | -0.44 [ -0.26 | 1.00 | 0.22 [ 0.37 1 0.70 | 1.00 |

Table A.1: The correlation matrix for the unfolding procedure with SVD (left)
and BAYES method (right).

A check of the influence of the regularisation of the method can be obtained by mul-
tiplying the unfolding matrix with the regularised inverse matrix:

AATY LT (A.56)
For the BAYES method the inverse matrix is given by the smearing matrix S. For the
SVD method the regularised inverse matrix is:
S 1

Al = E Ci Vi Uy —
ij ik 2 lj meas
" sp+ 71 Y Azj

The closer the regularised inverse matrix is to the true inverse matrix, the closer the result
of this multiplication is to the unit matrix. In table A.2 the two results are given. The
SVD method gives a result close to the unit matrix. The result of the BAYES method
is not diagonal but has large off-diagonal elements. This states that this method is not
really a calculation of the inverse matrix but more a reverse folding method.

0.99 | 0.02 | -0.04 | 0.05 054034 | 0.10 | 0.02
002 | 094 | 0.12 | -0.13 0.38 1 0.40 | 0.18 | 0.05
-0.03 | 0.10 | 0.80 | 0.23 0.2510.39 026 | 0.10
0.03 |-0.10 | 0.20 | 0.76 0.18 1 0.33 033 | 0.15

Table A.2: The folding matrix times the regularised inverse matrix, left the
outcome for the SVD method and right for the BAYES method.

Another check is to multiply the regularised inverse matrix with the unfolding matrix:

A~lAL T (A.57)
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The results diminish with respect to the previous check. The SVD method still gives a
matrix with the largest elements on the diagonal but the off-diagonal elements are large
compared to the previous result. Also the result for the BAYES method has worsened,
and the result does not in any way resemble an unit matrix.

0.78 | 0.46 | -0.33 | 0.09 0.16 | 1.48 | 1.61 | 0.73
0.10 | 079 | 0.15 | -0.04 0.04 1042 [ 0.60 | 0.34
-0.04 | 0.09 y 0.93 | 0.02 0.01 1019 1 0.42 | 0.35
0.02 | -0.03 | 0.03 | 0.99 0.00 | 0.06 10.20} 0.35

Table A.3: The regularised inverse matrix times the unfolding matrix, left for
the SVD method and right for the BAYES method.

From these two checks it appears that both methods try to derive a regularised inverse
matrix that minimises the changes to the measurement (AA~12™ ~ ™M) but do
change the model (A~ A8 5 g8&°"),

The SVD method gives, in the form of the values of s;, a clear indication of the number
of independent bins that are in the sample. If instead of four bins ten bins are taken, the
SVD output gives four values for s; which are larger than one, and thus six values that are
lower. This is the reason why four bins have been applied in this thesis, although more
indications existed that four bins was the maximum. In order to check what happens if
too many bins are taken, the data has also been analysed with ten bins. The results are
shown in figures A.3 (SVD with 7 = s? and no iteration for BAYES) and A.4 (SVD with
7 = s2 and BAYES result after iterations).

It now seems that more information is in the result with the ten bins than in the results
with four bins. To check this, the results obtained with PYTHIA/SVD are compared with
each other, see figure A.5. From this plot it appears that the result obtained with 4
bins shows the average of the results obtained with 10 bins. The dip in the middle is
more pronounced in the 10-bin result than in the four-bin result. This appears to be the
start of the oscillations which were supposed to be suppressed when these technicques are
applied. If the regularisation of the ten bins is reduced (7 = s is replaced by 7 = s2) the
oscillatory behaviour of the result becomes more obvious. The ten bins are thus essentially
four independent bins and six dependent bins which on average give the same result as
obtained with four bins. The correlation between the bins is large accordingly.

A.6 Conclusions

Both methods applied to unfold the data must be treated carefully. To use them as black
boxes is discouraged and careful consideration of the methods and results is needed. Too
large a regularisation (SVD with a too large value for 7 or BAYES with too few steps)
leads to results which are more connected with the MC samples than with the data. This
can result in too optimistic conclusions concerning the validity of the MC samples or the
detector performance.
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Figure A.3: The cross section calculated with the unfolded distributions. The
uncertainties are the square roots of the diagonal elements of the covariance
matrix. The SVD results are obtained with v = s3 and the BAYES results are
obtained directly from A.40 without any iteration.
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Figure A.4: The cross section calculated with the unfolded distributions. The
uncertainties are the square roots of the diagonal elements of the covariance
matrix. The SVD results are obtained with T = s3 and the BAYES results are
obtained after the iteration stopped.
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Figure A.5: The cross section calculated with the unfolded distributions. The
uncertainties are the square roots of the diagonal elements of the covariance
matrix.

Also the number of bins must be chosen with care. If too many bins are choosen, it
will be impossible to distinguish them. Some of the bins will be interpolations of the other
bins. The SVD technique gives information about the number of independent bins in the
form of the singular values. For the BAYES method the choice must be based on the
resolution or by trial and error methods.
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Appendix B

Modifications of the PYTHIA

generator

In the PY'I'HIA generator only the interaction between two real photons is implemented.
In order to generate a two-photon sample which is produced by the incoming electron
and positron the luminosity function had to be implemented. For the tagged sample a
description for virtual photons had to be implementd as well.

B.1 Luminosity function

The luminosity function is taken from the TWOGEN generator [63]. In this generator the
transverse-transverse luminosity function is sampled as follows:

dG,CTT 1
r cot, —

1 1
= 01 cot —0s . B.1
T dwndbrdirdgrda, — wiig SOt 301 c0b 502, (B.1)

Here, w; is the energy of the photon, 6; the scattering angle of the electron or positron,
¢1 the azimuthal angle between the scattering planes and ¢, the azimuthal angle for the
electron or positron. The weight function f,, is defined as:

o? E|E}sin® 10;sin® 10,
Ju = wiwa s

X ++ ++. B2
Ird 2 q%q% \/-01 1 (B.2)

By doing so, the luminosity function is factorised into a part which can be integrated
analytically and therefore generated exactly, and a weight function f,,. The distributions
are thus generated as 1/w; for the photon energies and as cot 36; for the scattering angles.
The two ¢’s are generated over a flat distribution from 0 to 2x. The total weight F,,,
which is given to each event after all 6 variables are generated is given by:

sin 16 2 2
F, = (2m)? [2 log <M>] [log (wmax)] w1 ws tan %6’1 tan %Owa. (B.3)

. 1 .
sin §0min Wmin
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. 2
Here, (27)? is the volume element for the integrating over both ¢’s, [2 log (?i‘l%lfﬂﬂ)]

sin 50min
2
the integrating over both cot %0 and [log (%m)] integration over both w’s. The lumi-

nosity function is given wyws tan %01 tan %ngw. The total weight F,, is transported to the
PYTHIA main programme and is taken into account in the total cross-section calculation
and in the hit/miss method for sampling the events.

B.2 (? dependence

As no Q? dependence is included in the PYTHIA two-photon cross sections, the number
of tagged events is overestimated. Only for the direct part this dependence is known. For
the VDM part two different models exist. For the other four different contributions this
dependence is not known and has to be taken from the measurements.

Because the Q? dependence is known for two contributions, it is logical to include these
dependences in PYTHIA. Thus the two-photon cross section as calculated by PYTHIA is
multiplied with a factor which includes this dependence.

The direct contribution is multiplied with:

o1
Q%) = ) ey (B.4)

For the VDM contribution a choice between two different form factors can be made with
which the cross section has to be multiplied. An extra variable is included in PYTHIA to
choose between these two options, the GVDM factor (1.24) and the TPC/2y VDM factor
as explained in section 1.4.1.

To check these form factors, PYTHIA is compared with other generators. The Feynman
diagrams for the direct contribution are known. So the factor for this contribution can
be checked with a generator which is based on these diagrams, DIAG36 [62]. For the
comparison the production of a dd quark pair was taken, with a minimum two-photon
mass of 2 GeV. The level of agreement between these two generators improved when the
form factor was introduced in PYTHIA. In table B.1 the cross sections are given. Also all
event variables were described better with the inclusion of the from factor. In figure B.1
the mass of the photon, Q?, emitted by the electron is plotted. In the left plot, no form
factor is included. In the right plot the factor is included and now a nice agreement
between PYTHIA and DIAG36 is obtained.

DIAG36 PYTHIA | PYTHIA+form factor | TWOGEN
direct (pb) | 110.7+0.3 | 126.60.1 112.240.2
VMD (nb) 9.640.1 5.85+0.04 5.840.1

Table B.1: The total cross section for the different generators.

For the VMD contribution PYTHIA was compared with TWOGEN. TWOGEN also
applies a factorisation of the total cross section into a two-photon luminosity part and
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Figure B.1: The mass of the photon emitted by the electron in the direct
contribution: (a) no form factor is included in PYTHIA, and (b) with the
factor implemented. In both plots the points come from DIAG36, and the
lines come from PYTHIA.

a two-photon cross section. The two-photon cross section for the VMD contribution is
again factorised into a mass dependent part and a Q% dependent part. The mass dependent
part of TWOGEN was changed so that the dependence was the same as in PYTHIA. In
table B.1 the cross section is given for the VMD contribution with a minimum mass of 3
GeV. The cross section for TWOGEN was calculated with the GVDM form factor included.
In figure B.2 again the mass of the photon emitted by the electron is plotted and both
generators are compared. In the left plot the Q? dependence is removed from TWOGEN,
And in the right plot the GVDM form factors are implemented both in PYTHIA and
TWOGEN.

From the large difference between the left and right plot in figure B.2 it is clear that
omission of the form factor gives a large overestimate of the total cross section and of the
number of tagged events (Q? > 1 GeV?). Because other experiments have measured that
a form factor has to be included to describe the tagged data, it is better to start with the
model which is closest to the data, a model which has the form factors implemented.
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events

10

events
B

. NPT SRR RTITY: BT UPUTYIT SR ETIeT R W R T S SE r | ’iv‘..f st sl L i canl s .
10 10° 107 10" 4 30 1202 10 10® 107 10" 10 1202
Q2 (GeV?) Q2 (GeV?)

Figure B.2: The mass of the photon emitted by the electron for the VDM
contribution: (a) no form factor is included in PYTHIA and TWOGEN and
(b) with the GVDM factor implemented. In both plots the points come from
TWOGEN, and the lines come from PYTHIA.
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Summary

In Quantum Electro-Dynamics the photon is the mediator of the electromagnetic field. In
this theory the photon couples to charged particles. When a photon couples to a vector
meson or a quark-antiquark pair it can interact with another photon. This is called a
photon-photon interaction and is not predicted in classical electrodynamics.

Inside the LEP accelerator the two interacting photons are produced by two high-
energetic particles, the electron and positron. The interactions are investigated with the
L3 detector, one of the four large experiments at LEP. The production of the photons by
these particles is described by QED. The process studied here is thus a two step process.
First the two photons are produced, then these two photons interact. The first part can
be calculated while the investigation of the second part is the subject of this thesis.

When the two photons couple directly to each other by exchanging a quark, and the
transverse energy of the quarks is high enough, the process can be calculated using QED
and is known as the direct or Quark-Parton Model contribution. Higher order diagrams
give rise to the anomalous processes in which a constituent of the photon (either a quark,
antiquark or a gluon) couples directly to the other photon or with a constituent of the other
photon. These higher order diagrams can be calculated using particle density functions
which describe the momentum distributions of the constituents in the photon, Quantum
Chromo Dynamics which describes the interaction between two constituents (quark-quark
and quark-gluon interactions) and QED which describes the interation between a quark
and a photon.

When both photons couple to a vector meson, the two vector mesons can interact
opening the whole range of (soft) hadon-hadron physics in photon-photon interactions.
This is known as the Vector-meson Dominance Model contribution. These interactions
have low energy transfers. The processes involved are elastic scattering, single and double
diffractive and non-diffractive processes. They can not be calculated using field theory
due to the fact that the results with higher order diagrams do not converge and QCD
then does not give a good description. The Regge model is used to describe these kinds of
soft processes. This model describes the behaviour of the cross section for hadron-hadron
interactions and can also be applied for soft photon-photon interactions.

The two Monte-Carlo generators which were used have both the full range of inter-
actions included, although this was only done for real photons. These generators were
PYTHIA and PHOJET. Both generators predict that the two-photon cross section in-
creases with increasing two-photon masses above 20 GeV. The tagged cross section was
obtained from the real photon-photon cross section by multiplying this cross section with
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the GVDM form factor. If the photon interacts mainly like a hadron then the cross section
as function of the two-photon mass is expected to rise more steeply for higher values of
the virtuality of the photon.

The measurement of the total cross section was done for energies around the Z pole
(around 91 GeV) and around 133 GeV. The selected events had no final-state electron
or positron inside the detector, socalled untagged events. The two-photon mass had to
be reconstructed from the hadronic activity in the detector. The reconstructed mass
distribution was distorted due to particles which were not inside the detector or were not
used. In order to obtain the true mass distribution which is needed if the cross section is
to be measured, the reconstructed visible mass distribution was unfolded with the use of
two different programmes. These unfolding programmes use the MC input to relate the
visible mass distribution to the true mass distribution.

The results for the cross section were compared with previous results. This showed
that the results from this thesis agree with those of the previous experiments. The highest
mass bin is in a region of the two-photon mass which has not been measured before. The
cross section showed no distinctive rise above 20 GeV. Due to the large error bars (coming
mainly from the differences between the different years and the differences between the
two models used) it is not clear if the cross section remains flat or if it rises with increasing
mass.

The tagged cross section was measured as well. Here, the final state electron or positron
was measured in the luminosity monitor and the virtuality of one the two photons was
measured. Because either the electron or positron was measured the mass of the two-
photon system needed to be reconstructed again from the final state particles from the
hadron system. This gave again a distorted mass distribution and unfolding was needed.

The cross sections obtained did not show a rise which increases for more virtual pho-
tons. The cross section as function of the mass for the three vituality bins could be
described by a flat distribution.

The cross section as function of the virtuality showed a behaviour in all four mass bins
which was best described by a sum of the direct contribution and a part scaled with the
GVDM form factors. Other models like omitting the direct part or using only the p pole
gave fits which were much worse.



