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ZUSAMMENFASSUNGIn der vorliegenden Arbeit wird die Messung des Impulsspektrums atmosph�aris
herMyonen bes
hrieben. Die Messung basiert auf der Analyse von Daten, die mit demL3-Detektor am Fors
hungszentrum CERN in Genf in den Jahren 1999 und 2000aufgezei
hnet wurden.Die Impulsau
�osung dieses Detektors wurde mittels einer neuen Spurrekonstruktionents
hieden verbessert. Auf diese Weise vergr�o�erte si
h der messbare Impulsberei
hum den Faktor 4.3. F�ur eine m�ogli
hst genaue Bestimmung der absoluten Normierungdes Spektrums atmosph�aris
her Myonen wurden die EÆzienzen jeder Detektorkompo-nente eingehend untersu
ht.Die Impulsabh�angigkeit des atmosph�aris
hen Myon
usses konnte somit im Impulsbe-rei
h von 20 bis 2000 GeV und in Abh�angigkeit vom Zenithwinkel zwis
hen 0 und 58ogemessen werden. Die h�o
hste Pr�azision wurde um 200 GeV errei
ht, wo die absoluteNormierung des Flusses mit einer mittleren Genauigkeit von 3.0% bestimmt wurde. DasVerh�altnis des Flusses positiver und negativer Myonen wurde bis 630 GeV bestimmtund zeigt keine Impuls- oder Zenithwinkelabh�angigkeit innerhalb der experimentellenFehler. Es betr�agt hRi = 1:277� 0:002 (stat:)� 0:011 (sys:).
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ABSTRACTThe subje
t of this thesis is the measurement of the momentum spe
trum of atmo-spheri
 muons. The measurement is based on the analysis of data re
orded in theyears 1999 and 2000 with the L3 dete
tor at the parti
le physi
s laboratory CERN inGeneva.The momentum resolution of this apparatus was improved 
onsiderably by a newtra
k re
onstru
tion algorithm, in
reasing the explorable momentum range by afa
tor of 4.3. For a pre
ise determination of the absolute normalization of the muonspe
trum, the eÆ
ien
y of ea
h subdete
tor was studied 
arefully.The momentum dependen
e of the atmospheri
 muon 
ux was measured between 20and 2000 GeV as a fun
tion of zenith angle between 0 and 58o. The best pre
i-sion was a
hieved around 200 GeV, where the absolute normalization of the spe
trumwas determined with an average a

ura
y of 3.0%. The ratio of the 
ux of posi-tive to negative muons was measured up to 630 GeV. Within the experimental er-rors, no dependen
e on momentum or zenith angle was found. Its average value ishRi = 1:277� 0:002 (stat:)� 0:011 (sys:).
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Chapter 1INTRODUCTIONThe earth's atmosphere is exposed to a 
ontinuous bombardment of high energeti

harged parti
les, usually referred to as 
osmi
 rays. Sin
e their dis
overy in the be-ginning of the last 
entury [81℄, the 
osmi
 ray resear
h has fo
used on two topi
s:Firstly, as these parti
les are assumed to originate from astrophysi
al sour
es, theyopen a new window for astronomi
al resear
h. Current a
tivities fo
us on a pre
isedetermination of the 
hemi
al 
omposition and the energy spe
trum of 
osmi
 raysto learn more about the nature of their origin and me
hanisms responsible for theirprodu
tion.Se
ondly, 
osmi
 rays 
onstitute a parti
le beam for high energy physi
s experiments.Figure 1.1 displays the setup of this giant natural �xed target experiment: Atomi
 nu-
lei are a

elerated in far distant sour
es and may �nally rea
h the atmosphere of theearth (the target), where they intera
t with the atmospheri
 air nu
lei and initiate anavalan
he of se
ondary produ
ed parti
les, the so 
alled air shower. Before the adventof arti�
ial high energy laboratory a

elerators, the investigation of these se
ondaryparti
les was the major experimental trigger of progress in elementary parti
le physi
s.A famous example is the dis
overy of the positron by Anderson in 1932 [19℄, whi
h
on�rmed the theoreti
al predi
tion of anti matter by Dira
.Despite the progress in a

elerator te
hniques, 
osmi
 ray resear
h remained on theparti
le physi
s agenda due to the properties of the 
osmi
 parti
le beam, whi
h arestill unrivaled by arti�
ial sour
es: The highest dete
ted energies in air shower ex-periments ex
eed 100 EeV, 
orresponding to 
enter of mass energies above 400 TeV.This is about a fa
tor 20 higher than the energies whi
h will be available at the 'LargeHadron Collider', whi
h is 
urrently built at the CERN laboratory in Geneva. Evenat lower energies, the measured phase spa
e is 
omplementary to that investigated ina

elerator experiments. This is be
ause the small-angle forward energy 
ow is lost inthe beam pipe of the a

elerator, whereas the air shower experiments are dominatedby these forward parti
les due to the �xed target geometry. The standard theory of1
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Fig. 1.1: S
hemati
 view of the 
osmi
 '�xed target' setup.strong intera
tions, governing the development of the hadroni
 part of air showers,breaks down in the forward phase spa
e region, therefore its theoreti
al des
riptionrelies on models, whi
h still fail to predi
t all shower observables.Finally, a large fra
tion of the se
ondary parti
les rea
hing (and penetrating) the earthare neutrinos. As these parti
les are known to have a small intera
tion probability withmatter, the dete
tion of them relies on a suÆ
iently large 
ux entering the dete
tor.The analysis of atmospheri
 neutrino data, together with observations of neutrinosoriginating from the sun and those from arti�
ial a

elerators, reveals dis
repan
iesbetween the measurements [15,18,63℄ and the standard theoreti
al expe
tations [8,83℄,
urrently interpreted as the 
onsequen
e of neutrino os
illations (see [88℄ for a re
entreview on this topi
).This work is dedi
ated to the measurement of muons 
reated in air showers. Theseelementary parti
les themselves were �rst dis
overed in a 
osmi
 ray experiment in1937 [114℄. Sin
e then, many experiments measured their 
ux, energy spe
trum andthe ratio of positive and negative muons. As there is a 
lose relation between the prop-2



erties of atmospheri
 muons and neutrinos, whi
h will be further explained in 
hapter 1,these measurements 
ould in prin
iple be used to 
onstrain the theoreti
al predi
tionsof the atmospheri
 neutrino beam and help to interpret the parameters of the abovementioned neutrino os
illations. However, 
urrent muon measurements do not agreewith ea
h other and the overall un
ertainties are between 7 and 31% depending on theenergy (see se
tion 2.4).A new pre
ise measurement is presented here, together with a thorough evaluation ofthe experimental errors.The measurement was performed using the pre
ision muon spe
trometer of the L3dete
tor at CERN in Geneva/Switzerland, whi
h was designed to dete
t muons orig-inating from 
ollisions of the LEP a

elerator beam. Starting from the year 1998,the L3 apparatus was equipped with new read out ele
troni
s and additional dete
tor
omponents to allow for the measurement of 
osmi
 ray indu
ed muons, too. This newsetup, known as L3+C, will be explained in 
hapter 3. With the new data re
onstru
-tion algorithm explained in 
hapter 4 and the improved momentum resolution, themuon momentum spe
trum 
ould be measured in a momentum range between 20 and2000 GeV� and the 
harge ratio between 20 and 630 GeV. After the des
ription of thedete
tor performan
e in 
hapter 5, the results are presented in 
hapter 6 followed by a
omparison to theoreti
al predi
tions based on the 
urrent knowledge of the primaryparti
le 
ux and high energy intera
tions.

�Throughout this thesis the 
onvention ~ = 
 = 1 is used. 3
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Chapter 2ATMOSPHERIC MUONSAtmospheri
 muons are amongst the end produ
ts of the nu
lear 
as
ades initiatedby the 
ollision of 
osmi
 ray parti
les with the air nu
lei of the earths' atmosphere.At muon energies below a few TeV, they predominantly originate from the de
ay of
harged � and K mesons via (�=K)+ ! �+ + �� (2.1)and (�=K)� ! �� + �� : (2.2)Due to the small energy loss of approximately 2 GeV for a muon traversing the wholeatmosphere, their relatively long lifetime of about 2.6 µs and the relativisti
 timedilatation, most of the muons above 10 GeV 
an rea
h the surfa
e of the earth beforestopping and de
aying.The parent mesons in (2.1) and (2.2) are produ
ed mainly in the intera
tions of theprimary 
osmi
 nu
lei A with the air in the atmosphere:A+Air! �;K +X: (2.3)Whereas the 
al
ulation of the meson de
ays is governed by the well known kinemati
sof a two body de
ay, the main diÆ
ulty of a quantitative predi
tion of the atmospheri
muon and neutrino 
uxes at the surfa
e of the earth arises from 
al
ulating the mesonspe
tra in (2.3). This is be
ause the in
oming 
ux of primary 
osmi
 nu
lei is notpre
isely known and the relevant hadroni
 
ross se
tions are measured only at low en-ergies and in a limited phase spa
e region. These predi
tions have gained importan
ein the last few de
ades, as the more and more sophisti
ated neutrino 
ux measure-ments revealed a signi�
ant di�eren
e between the experimental results [15,18,63℄ andtheoreti
al 
al
ulations [8, 83℄.Be
ause of the 
lose relation of atmospheri
 muons and neutrinos due to their 
ommon5



Chapter 2. Atmospheri
 muonsorigin, a pre
ise determination of the relatively easy to measure muon 
ux will improvealso the knowledge of the neutrino 
ux. Before giving a more quantitative des
riptionof this 
lose relation, the properties of the parti
le beam impinging on the atmospherewill be reviewed followed by a short des
ription of the atmospheri
 target.2.1 The 
osmi
 parti
le beamIn �gure 2.1 the 
ux of 
osmi
 parti
les arriving at the earth's atmosphere is shown.The 
ux is given by the number of parti
les per time, area, solid angle and energyinterval. As 
an be seen, the observed 
ux is steeply falling with energy. The measuredparti
le spe
trum is 
overing twelve de
ades in energy and within this range, the 
uxdrops 32 orders of magnitude.Below about 100 GeV, the 
ux is suÆ
iently large, that the parti
les 
an be measureddire
tly in short balloon 
ights. The energy range until about 100 TeV is 
overedby long duration balloon 
ights or satellite experiments. Beyond these energies, onlyindire
t measurements are available. The experimental te
hniques in
lude air showerarrays, whi
h infer the energy of the primary parti
le from the number of se
ondaryshower parti
les observed at ground level, and 
uores
en
e dete
tors whi
h dete
t the
uores
en
e light of showers produ
ed in the atmosphere.The observed primary spe
trum is remarkably featureless and 
an be des
ribed by asimple power law �(E) = �0 � E�
 (2.4)with a spe
tral index of 
 = 2:7 over a wide energy range between 10 GeV and afew PeV.At lower energies, not all parti
les 
an rea
h the earth be
ause of the shielding of thegeomagneti
 �eld and the solar wind emitted by the sun, and 
orrespondingly theobserved spe
trum starts 
attening below 10 GeV.Two 
hanges of the spe
tral index seem to happen at high energies: At a few PeV, asteepening of the spe
trum 
alled the 'knee' is observed, when 
 
hanges from 2.7 toabout 3. The origin of this 
hange, though dis
overed about half a 
entury ago [93℄,is still un
lear. A possible explanation is, that at these energies the major me
hanismfor a

elerating the parti
les starts to get ineÆ
ient. This me
hanism is 
urrentlythought to be a sto
hasti
 a

eleration [59℄ in the sho
k fronts of supernova remnants,whi
h naturally explains the observed power law and 
an provide parti
les up to about100 TeV [100℄.Nevertheless, the observed spe
trum 
ontinues up to 100 EeV, indi
ating the presen
e6



2.1. The 
osmi
 parti
le beam
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Fig. 2.1: The primary 
osmi
 parti
le spe
trum as measured by di�erent experimen-tal te
hniques: Balloon borne spe
trometers at low energy [124℄, satellite measure-ments [70℄ and balloon borne emulsion 
hambers at medium energies [20℄ and indi-re
t ground based air shower [112℄ and 
uores
en
e [34℄ measurements at high energies(�gure based on [128℄). The boxes in the lower part show the primary energy range
ausing a fra
tion of 95 (full box), 90 (shaded area) and 68% (bla
k area) of the totalatmospheri
 surfa
e muon 
ux at two muon energies a

ording to a simulation withthe TARGET shower simulation program. 7
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 muons
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tional 
ontribution of protons to the 
osmi
 nu
leon 
ux. The banddenotes the experimental un
ertainty as estimated from the di�eren
e between di�erentparameterizations of primary 
ux measurements (see 
hapter 7).of other sour
es of a

eleration (see [64℄ for a review on this topi
) and the spe
tralslope 
hanges again at the 'ankle' around 10 EeV.The parti
les observed at the highest energies are one of the major puzzles of
osmi
 ray physi
s, as at these energies the parti
les should intera
t with the 
osmi
mi
rowave ba
kground radiation and therefore not be able to rea
h earth from fardistan
es (the so 
alled Greisen-Zatsepin-Kuzmin 
uto� [68, 141℄), or originate withinour gala
ti
 neighborhood at distan
es <100 Mp
, where no possible sour
es of su
hhigh energeti
 events are known.The primary energies responsible for the muons measured in this analysis are estimatedwith an air shower simulation program [57℄ and shown as the horizontal areas in 2.1.As 
an be seen, muons below 5 TeV are mainly originating from the sub-'knee' energyregion.The 
osmi
 nu
lei hitting the atmosphere of the earth 
over elements from hydrogenup to uranium. The largest fra
tion of the all nu
leon 
ux is 
ontributed by hydrogennu
lei (75% at 10 GeV/nu
leon), followed by helium nu
lei whi
h make up 16% of thetotal 
ux at 10 GeV/nu
leon [75℄. Whereas the relative abundan
es of the di�erent
hemi
al elements 
an provide informations on the astrophysi
al obje
ts a

eleratingthe parti
les, in the light of muon and neutrino produ
tion in the atmosphere, mainly8



2.2. The atmospheri
 targetthe nu
leon 
ontent of the 
osmi
 parti
le beam is of interest. The ratio of protons toall nu
leons rea
hing the atmosphere of the earth is shown in �gure 2.2 as a fun
tion ofnu
leon energy. It was 
al
ulated using parameterizations [38, 65℄ of 
urrent primary
ux measurements, whi
h will be further dis
ussed in 
hapter 7. As 
an be seen, protonsdominate the 
osmi
 nu
leons 
ux over the full energy range 
urrently investigated bydire
t measurements. At high energies, the proton to nu
leon ratio slightly de
reasesas some of the measurements determined a di�erent spe
tral index for the primaryhydrogen and helium nu
lei 
ux [33℄.
2.2 The atmospheri
 targetThe atmosphere of the earth 
onsists mainly out of nitrogen and oxygen, 
ontributingto the total number of atmospheri
 nu
lei with a fra
tion of 0.78 and 0.21 respe
tively.For the des
ription of the development of the 
as
ades in the atmosphere, it is 
onve-nient to use the amount of traversed matter X (often 
alled the 'slant depth') ratherthan the height h above the ground:X(h) = Z 1h �(h0) dh0 � X0 e�h=h0 (2.5)Here �(h) is the air density at a given height and in the last step an approximation foran isothermal atmosphere with s
ale height h0 was used.This approximation gives a good des
ription of the matter pro�le in the stratosphereat altitudes between 10 and 40 km, where most of the high energeti
 atmospheri
muons are 
reated. For this layer of the atmosphere the s
ale height h0 is about 6.4 kmand X0 � 1300 g
m�2. The ground level slant depth is of the order of 1000 g
m�2
orresponding to eleven nu
lear intera
tion lengths and 27 radiation lengths.The relation (2.5) is valid for verti
ally in
ident parti
les. At reasonably small zenithangles (� . 60o), for whi
h the spheri
al geometry of the earth 
an be negle
ted, it isX(h; 
os �) = X(h)
os � : (2.6)As the atmosphere slightly expands in summer due to the rise of the temperature, aseasonal 
hange of h0 is observed. The possible related in
uen
e on the muon 
uxeswill be further dis
ussed in se
tion 6.4.5. 9



Chapter 2. Atmospheri
 muons2.3 Muon and neutrino produ
tion in theatmosphereFor the 
al
ulation of the ground level muon and neutrino spe
tra, the parti
les pro-du
ed in the intera
tion of the primary parti
les with an air nu
leus need to be trans-ported through the atmosphere. These se
ondary parti
les themselves 
an intera
twith the atmospheri
 material and produ
e another sub-shower. Therefore a 
ompletedes
ription of an air shower requires a 
ompli
ated set of 
oupled transport equations,whi
h 
an not be solved analyti
ally.Theoreti
al predi
tions of the ground level muon and neutrino 
uxes are 
onsequently
al
ulated numeri
ally [44, 45, 105℄ or with a detailed Monte Carlo simulation of theshower development, in whi
h the parti
les are expli
itly tra
ked from their point oforigin to the next intera
tion or de
ay [8,32,83,137℄. One of these simulation programs,TARGET [57℄, will be further dis
ussed in 
hapter 7.Although analyti
al approximations 
an not 
ompete with these methods 
on
erningthe a

ura
y of the result, they 
an provide a useful tool for understanding the de-penden
e of the atmospheri
 muon and neutrino 
uxes on the key input quantities,su
h as the primary spe
trum and the hadroni
 intera
tion parameters. Therefore, awidely used analyti
 approximation will be brie
y des
ribed here. In the following onlythe major 'ingredients' will be dis
ussed and the reader is referred to [44, 62, 64℄ for
omplete derivation of the formulae.Primary spe
trum:As seen above, the spe
trum of primary parti
les is well des
ribed by a power law inthe relevant energy range. In the so-
alled superposition approximation it is furtherassumed that a nu
leus of mass A with energy E 
an be treated as A independentnu
leons of energy E/A. This simpli�
ation is justi�ed by the fa
t, that at energiesrelevant for air showers the binding energies of the nu
leons 
an be negle
ted.Furthermore, all primary nu
leons are supposed to follow the same energy dependen
e,su
h that the total nu
leon 
ux reads as�(E) = �0 � E�
 = (n0 + p0) � E�
 (2.7)where n0 and p0 denote the 
ux of neutrons and protons respe
tively.10



2.3. Muon and neutrino produ
tion in the atmosphereHadroni
 intera
tions:The 
ross se
tions �i for an inelasti
 
ollision of a parti
le of type i with an air nu
leus isassumed to be 
onstant with energy. This is justi�ed by the observation, that measuredparti
le 
ollision 
ross se
tions exhibit only a small logarithmi
 dependen
e with thelaboratory energy above plab � 200 GeV (see for instan
e [75℄). The related intera
tionlength in units of slant depth is given by�i = Amp�i ; (2.8)where A is the mean mass number of air nu
lei (A � 14:4) and mp denotes the protonmass. For small 
hanges dX in the slant depth, dX=�i states the probability of parti
le ito intera
t with the atmosphere along dX.The in
lusive produ
tion of se
ondary parti
les of type b in the pro
essa+ A! b+X (2.9)is des
ribed by the normalized single parti
le 
ross se
tionf(Eb; Ea) = Eb�inelaA d�a!bdEb ; (2.10)where �inelaA denotes the total inelasti
 
ross se
tion in a�A 
ollisions. For an in
omingpower law 
ux of primary parti
les a, the spe
trum of se
ondary parti
les of type b isthus given by �b(Eb) = 1Eb Z 1Eb �a0 Ea�
 f(Eb; Ea) dEa : (2.11)This relation 
an be 
onsiderably simpli�ed under the so 
alled s
aling approximation,whi
h states, that at high energies the in
lusive parti
le produ
tion f depends only onthe fra
tion of primary energy 
arried away by the produ
ed se
ondary:f(Eb; Ea) � f(Eb=Ea) � fab(x) : (2.12)Then �b(Eb) � �a0 Eb�
 Zab (2.13)with Zab = Z 10 x
�2fab(x) dx : (2.14)In this way, the details of the hadroni
 intera
tions are 
onveniently hidden in a singlenumber, usually referred to as 'Z-fa
tor'. Unfortunately, data on the parti
le distri-butions are sparse and only available at low energies. Moreover they do not 
over11



Chapter 2. Atmospheri
 muonsmodel Zp�+ Zp�� ZpK+ ZpK�TARGET [57℄ 0.043 0.030 0.0096 0.0020SIBYLL [56℄ 0.038 0.029 0.0138 0.0020QGSJET [89℄ 0.034 0.028 0.0041 0.0025Gaisser [64℄ 0.046 0.033 0.0090 0.0028RMS [%℄ 13.2 7.3 43.5 17.8Tab. 2.1: Parameters of intera
tion models at meson energies of 100 GeV for a spe
tralindex of 2.7.the full phase spa
e region in x and the 
orresponding theoreti
al extrapolations 
auseadditional un
ertainties [55℄.In table 2.1 the Z-fa
tors for meson produ
tion in proton-air 
ollisions are listed for aspe
tral index of 2.7. In the �rst three rows, the values predi
ted by the hadroni
 in-tera
tion models dis
ussed in the last 
hapter are given for meson energies of 100 GeVfollowed by the numbers used in the analyti
 
al
ulation of [64℄. The root mean squarevarian
e shown in the last row gives an estimate of the large un
ertainties of the Z-fa
tors.Despite this di�eren
es a 
lear tenden
y of Zp�+ > Zp�� and ZpK+ > ZpK� 
an be seen.The former is the 
onsequen
e of the 
onservation of the positive 
harge of the in
omingproton. Pions are produ
ed in pro
esses su
h asp+ A! p+ A0 + n�+ + n�� +m�0 (2.15)and the 
orresponding 
harge ex
hange rea
tionp+ A! n+ A0 + (n+ 1)�+ + n�� +m�0 ; (2.16)where n and m denote the number of produ
ed 
harged and neutral pions respe
tivelyand A0 is the remnant of the target nu
leus. At the �rst glan
e, above formulaeseem to suggest Zp�+ � Zp�� for large multipli
ities. However, the larger the amountof produ
ed parti
les the smaller is their average energy fra
tion x and due to thesteep primary spe
trum these slow parti
les are suppressed by the fa
tor x
�2 in theintegrand of equation (2.14).Conservation of the strangeness and baryon quantum numbers S and B are responsiblefor the di�eren
e between the kaon Z-fa
tors. Whereas a positive kaon (B = 0, S = 1)
an be produ
ed together with a hyperon (B = 0, S = �1), the produ
tion of anegative kaon requires at least one asso
iated baryon and an additional strange meson.12



2.3. Muon and neutrino produ
tion in the atmosphereAs the shower develops through the atmosphere, the parti
le 
uxes attenuate with theslant depth X due to the loss of energy in pro
esses like a + A ! na + X. The 
uxregeneration implied in this formula is taken into a

ount by repla
ing the intera
tionlength �a with the 'attenuation length' �a, given by�a = �a1� Zaa (2.17)Numeri
al values [64℄ for �a are 120 g
m�2 for nu
leons and 160 and 180 g
m�2 forpions and kaons respe
tively.Meson de
ay:The muon and neutrino produ
tion via the pro
esses (2.1) and (2.2) o

ur, if themesons have enough time to de
ay before they intera
t in the atmosphere. Their de
aylength in units of slant depth X reads asdi = E X 
os �"i (2.18)where the index i denotes the parti
le type and E is the parti
le energy. The fa
tor
os � takes into a

ount, that due to geometri
al 
onsiderations the distan
e to traversea depth X is enlarged for in
lined zenith angles � with respe
t to the verti
al dire
tion.At atmospheri
 heights where the �rst intera
tions of the primary parti
le take pla
e,i.e. X � �, above the '
riti
al energy' "i, intera
tion pro
esses dominate, whereas forE � "i almost all mesons de
ay before they intera
t. The 
riti
al energy is given by"i = mi h0xde
 : (2.19)Here mi denotes the meson mass, h0 is the atmospheri
 s
ale height from equation (2.5)and xde
 is related to the parti
le lifetime �i via xde
 = 
�i. Numeri
al values for as
ale height of 6.4 km are "� = 115 GeV and "K = 850 GeV.Due to momentum and energy 
onservation the de
ay produ
ts of a meson have �xedenergies and momenta in the rest frame of the de
aying meson. As a 
onsequen
e ofthe small di�eren
e between the muon and pion mass, the muon 
arries most of theenergy in the � ! � � de
ay (hE�i=E� = 0:79 in the laboratory frame). On the otherhand the kaon mass is mu
h larger than the muon mass and therefore the muon andneutrino share about the same amount of energy in the K ! � � de
ay. This is thereason why despite the small ZpK fa
tors, kaons are an important sour
e of atmospheri
muon neutrinos. 13



Chapter 2. Atmospheri
 muonsEnergy loss and de
ay of muons:Both the energy loss and de
ay of muons are usually negle
ted in the analyti
 
ux
al
ulations. However, as in this work the muon spe
trum will be measured down toenergies of 20 GeV, the two e�e
ts are important and it is instru
tive to estimate theirin
uen
e on the muon spe
trum.For this purpose, both the mean muon produ
tion height as well as the mean produ
tionslant depth need to known. In the low energy limit (Ei � "i), where the intera
tion andregeneration of the muons' parent mesons 
an be negle
ted, the produ
tion spe
trumof muons in the atmosphere reads as [64℄d��dX _ e�X=�N (2.20)i.e. the muons are 
reated at a mean slant depth ofhXi = �N : (2.21)Correspondingly, for the isothermal atmosphere (2.5) the height dependen
e reads asd��dh _ X(h)=
os � � e�X=(�N 
os �) (2.22)and the mean muon produ
tion height as fun
tion of zenith angle ishhi = �b
 + log� X0�N 
os ��� � h0 ; (2.23)with the Euler 
onstant b
 = 0:5772 : : : The mean muon produ
tion height is thusabout 19 km in the verti
al dire
tion and 23 km for zenith angles of 60o.Negle
ting the energy loss along its path, the probability for a muon with energy E torea
h the dete
tor height hd without de
aying isP�(E) = e�m�=(E 
os �) (hhi�hd)=x� (2.24)with the mean muon de
ay length of x� = 659 m.This de
ay 
onstitutes a se
ond sour
e of muon neutrinos via�+ ! e+�e��� (2.25)and �� ! e���e�� : (2.26)14



2.3. Muon and neutrino produ
tion in the atmosphere
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trum at produ
tion height and dete
tor level.The analyti
 approximations for the spe
trum of neutrinos from this de
ay are more
ompli
ated than in the 
ase of the meson de
ay be
ause of the three parti
les involvedin the �nal state and the fa
t, that the polarization of the muon in the meson restframe needs to be taken into a

ount [28℄. However, above 10 GeV the muon de
ay
ontributes less than 1% to the overall muon neutrino 
ux [105℄ and 
an be negle
ted.Muons are known to su�er energy loss due to ionization and radiative pro
esses of theform dEdX = a(E) + b(E) � E : (2.27)The ionization and radiative 
oeÆ
ients a and b vary only logarithmi
ally with energy.A �t to the energy loss tables in [74℄ yields a = 2:82 � 10�3GeV=g
m�2 and b = 3:34 �10�6=g
m�2. Integrating the above formula over X, the following relation betweenthe muon energy E at the observed dete
tor depth Xd and the original energy E atprodu
tion height hXi is obtained:E = �E + ab� eb(hXi�Xd=
os�) � ab : (2.28)Sin
e dE=dE = 1 for reasonably small dete
tor depths Xd, the two e�e
ts 
an be easilyin
orporated into the analyti
 muon spe
trum at produ
tion height given below byrepla
ing ��(E)! ��(E) = P�(E(E)) � ��(E(E)) : (2.29)The ratio of the muon spe
trum at produ
tion height �prod to dete
tor level spe
trum�det is shown in �gure 2.3 for two zenith angles. As 
an be seen, de
ay and energy loss15



Chapter 2. Atmospheri
 muons
onstitute an important 
orre
tion to the muon spe
trum up to the highest energies.Due to the longer path length the e�e
t gets larger with the zenith angle of the muon.Analyti
 approximation of the muon and neutrino 
ux:The analyti
 approximation [44,64℄ of the muon and neutrino 
ux at produ
tion height
an be written as a sum of over the pion and kaon 
ontribution for ea
h lepton j = �; �:
�j(E) = (n0 + p0) � E�
 " Xi=�;K Aij1 + 
os(�)E=Bij# ; (2.30)At very low energies, almost all mesons intera
t before they de
ay, and the muon 
uxand neutrino 
uxes have the same spe
tral index as the primary spe
trum. The totalnormalization with respe
t to the primary 
ux is given by the Aij fa
tors:Aij = Ri � ZNi
(1� ZNN) 8><>: 1� r
i1� ri ; j = �(1� ri)
�1 ; j = � (2.31)Symbols not explained so far are the bran
hing ratios Ri for the de
ay i ! � � andthe kinemati
 fa
tors for the meson de
ay ri = (m�=mi)2.At very high energies, meson de
ay be
omes rare and the lepton spe
tra steepen onepower. The energy of transition between the low and high energy domain is given byBij = 
 "i(
 + 1) �i ln(�i=�N)�i � �N 8>><>>: 1� r
+1i1� r
i ; j = �1� ri ; j = � (2.32)Using the numeri
al values from [64℄ for primary spe
trum, the Z-fa
tors and theattenuation lengths, the following expressions are obtained:�� = 0:14
m2 s srGeV (E=GeV)�2:7 " 11 + E 
os �110 GeV + 0:0541 + E 
os �760 GeV # (2.33)and �� = 0:018
m2 s srGeV (E=GeV)�2:7 " 11 + E 
os �40 GeV + 0:371 + E 
os �720 GeV # : (2.34)16



2.3. Muon and neutrino produ
tion in the atmosphere
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 muon and neutrino 
ux fra
tion for parent pions andkaons.From these formulae and the above 
onsiderations, the following 
on
lusions 
an bedrawn:� The muon 
ux provides a 
ru
ial test for the understanding of hadroni
 inter-a
tions in the atmosphere and the knowledge on the in
oming 
ux of primarynu
leons. Given the large un
ertainties of these models as exempli�ed in ta-ble 2.1, a good knowledge of the muon 
ux 
an help to tune the parameters ofair shower simulations.� There is a 
lose relation between atmospheri
 muons and neutrinos. The 
uxesof the two are determined by the same hadroni
 intera
tion parameters. Bothare dire
tly proportional to primary 
ux and nu
leon attenuation��=� _ (n0 + p0)(1� ZNN)E�
 ; (2.35)i. e. the systemati
 un
ertainties of the neutrino 
ux related to this parameters
an be diminished by a pre
ise knowledge of the atmospheri
 muon 
ux.� However, due to kinemati
 reasons the 
orrelation between muon and neutrino
uxes is redu
ed. The kaon 
ontribution to the neutrino 
ux is mu
h larger17



Chapter 2. Atmospheri
 muonsthan for muons. This is displayed in �gure 2.4, where the fra
tional origin ofthe neutrino and muon 
uxes a

ording to equations (2.33) and (2.34) is shown.Asymptoti
ally, the �K 
ux rea
hes 87% and the �K 
ux 21%. Consequently,predi
tions of the neutrino 
ux will be mu
h more a�e
ted by the large systemati
error of the ZpK fa
tor.� The muon 
harge ratio, whi
h is the ratio of positive to negative muons, is ex-pe
ted to be > 1 be
ause of the positive 
harge ex
ess on top of the atmosphere.Moreover, the large ratio of ZpK+=ZpK� is expe
ted to 
ause a rise of the muon
harge ratio with energy, be
ause of the larger fra
tion of muons from kaons atlarge energy. The muon spe
trum as a fun
tion of 
harge and energy 
an thusbe used to determine or 
onstrain these fa
tors.2.4 Experimental statusThe muon 
ux and its dependen
e on the 
harge and momentum have been measuredmany times up to now with various experimental te
hniques. In the following it willbe 
on
entrated on dire
t ground level measurements. Whereas measurements in theatmosphere performed in balloon 
ights have the advantage of being able to determinethe development of the air shower, their momentum range is limited due to the shortexposures possible. Deep underground measurements 
an rea
h large momenta due tothe shielding of the matter overburden, but they 
an infer the momentum dependen
eof the 
ux only indire
tly by the 
hanging threshold energy with the zenith angle.Con
eptually, dire
t measurements 
an be subdivided in absolute and relativemeasurements. The former 
orre
t the measured parti
le rates at the dete
tor to anabsolute 
ux and the latter only measure the momentum dependen
e of the muon
ux. All previous dire
t verti
al measurements, as 
olle
ted in [79℄, are displayed in�gure 2.5. For the purpose of illustration, in this �gure the relative measurementswere all renormalized to the same referen
e spe
trum, namely the 
ux average givenin [79℄. Moreover, only data points with a pre
ision of better than 20% are shown.As 
an be seen, most of the experiments measured in the region below 100 GeV, abovethis value only a few data points are available with large statisti
al un
ertainties.Furthermore, the s
attering of the data points around the mean value is mu
h larger asit would be expe
ted from their statisti
al error indi
ating the presen
e of additionalsystemati
 errors not a

ounted for in the analysis. Ex
luding some of the worst datasets, a total systemati
 normalization un
ertainty of 7% is estimated in [79℄. Dueto the small lever arm of the low energy measurement, and systemati
 di�eren
es18



2.4. Experimental status
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Fig. 2.5: Previous measurements of the atmospheri
 muon 
ux. Only data points witha relative pre
ision of better than 20% are shown. Measurements providing an absolutenormalization are �: Kiel75 [16℄, H: AHM71 [31℄, N: MARS75 [22℄, ?: AHM79 [67℄,�: MASS93 [52℄ and Æ; �; 4: CAPRICE94/97/98 [38, 92℄. Small bla
k dots denoteexperiments, whi
h measured only the relative momentum dependen
e of the muon 
ux(see [79℄ and referen
es therein). The solid line shows the world average �t from [79℄with its estimated error (dashed lines). The lower �gure displays the relative di�eren
eof ea
h experiment to this average. 19
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Fig. 2.6: Previous measurements of the atmospheri
 muon 
harge ratio (see [79℄ andreferen
es therein). Only data points with a relative pre
ision better of than 20% areshown. The solid line shows the world average �t from [79℄ with its estimated error(dashed lines).in the measured relative momentum dependen
e, the overall estimated un
ertaintyrea
hes 31% at 2000 GeV.The existing 
harge ratio data are displayed in �gure 2.6. As in 
ase of the muon 
ux,not many experiments have data points above 100 GeV.Given the 
urrent experimental status, the following obje
tives of the measurementdes
ribed in this thesis 
an be stated:� a pre
ise overall absolute normalization to resolve the systemati
 un
ertainties ofprevious low energy measurements.� the determination of the spe
trum at high energies to 
lose the gap betweendire
t and indire
t measurements and to be able to 
onstrain the parameters ofatmospheri
 air shower 
al
ulations over a wide energy range.� the measurement of the high energy muon 
harge ratio, to be able to 
onstrainthe 
ontribution of kaons to the overall muon 
ux.
20



Chapter 3L3+C - EXPERIMENTAL SETUP
3.1 OverviewThe L3+C dete
tor [7, 23℄ is a devi
e to measure the momentum, 
harge and angleof muons 
reated in air showers. In addition it provides an estimate of the energy ofthe related primary 
osmi
 ray parti
le, by sampling the overall number of 
harged airshower parti
les at ground level.It is lo
ated at the European Center for Nu
lear Resear
h (CERN) near Geneva inSwitzerland and 
onsists of an underground muon dete
tor, whi
h is 
overed by about30 m molasse overburden and an air shower array at the surfa
e (see �gure 3.1). Bothdete
tors are triggered independently and have a separate data a
quisition (DAQ). A
orrelation between the two data streams is a
hieved by assigning ea
h trigger a pre
isetime stamp, given by a 
ommon Global Positioning System (GPS) timing.The muon dete
tor uses the pre
ision muon drift 
hambers of the L3 experiment [6℄,whi
h is one of the four multi purpose dete
tors at the Large Ele
tron Positron Collider(LEP). For the purpose of measuring atmospheri
 muons, additional readout ele
troni
sand a s
intillator array to measure the arrival times of the muons have been installed.An illustration of the L3 dete
tor 
an be seen in Figure 3.2: Within a large magneti
volume of 1000 m3 at 0.5 T, several subdete
tors are arranged 
ylindri
ally aroundthe LEP beam line and the roof of the magnet is 
overed with approximately 200 m2of s
intillator tiles. L3+C uses only the s
intillators and the sixteen sets of muon
hambers. The L3 ele
tromagneti
 and hadroni
 
alorimeters and the vertex dete
tors
lose to the intera
tion point are not read out and a
t therefore as a passive absorberin the middle of the dete
tor.Due to its shallow depth and its ex
ellent muon momentum resolution, the L3+C muondete
tor is able to measure atmospheri
 muons over a wide momentum range spanningfrom 20 GeV, given by the threshold of the molasse shielding, to 2 TeV, whi
h is the21
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3.1. Overview
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ted muon triggers within the two years of data taking of L3+C.
limit due to the dete
tor resolution and the available statisti
s. After a short testrun in1998, L3+C started data taking with the muon dete
tor in May 1999 and 
ontinued upto November 2000. Within that period about twelve billion muon triggers have beenre
orded at an average trigger rate of about 450 Hz. Figure 3.3 shows the number of
olle
ted events as a fun
tion of time for the two years. The slightly better data takingperforman
e in 2000 is due to improvements of the online system after the experien
eof the �rst year of data taking.The air shower array samples the ele
tromagneti
 and muoni
 parti
le densities of ashower over an area of 30�54 m2: Fifty plasti
 s
intillator dete
tors, ea
h 50�100 
m2in area, re
ord the arrival time and energy deposit of the parti
les, from whi
h theshower 
ore position, dire
tion and primary energy 
an be estimated. The array be
ameoperational in 2000 and about 33 million air shower triggers have been 
olle
ted, outof whi
h 28% were 
oin
ident with a muon trigger. Sin
e this array is not used inthe muon momentum measurement, it is not des
ribed in detail here and the reader isreferred to [7, 139℄ for a more extensive dis
ussion of its properties.In the following two 
oordinate systems will be referred to: The lo
al L3 system, whi
hhas its origin in the 
enter of the L3 dete
tor and the surfa
e 
oordinate system. By23



Chapter 3. L3+C - experimental setup
onvention, the x-axis of the L3 system is pointing towards the 
enter of the LEPring and the y-axis along the verti
al dire
tion towards the surfa
e. The z-axis isalong the LEP beam line, whi
h is in
lined by about 0.8o degrees with respe
t tothe horizontal surfa
e. The surfa
e system is 44.8 meter above the 
enter of L3 at alongitude of 6o0101700 E and a latitude of 46o1500600 N. Parti
le dire
tions are des
ribedby their zenith angle � with respe
t to the verti
al dire
tion and the azimuth angle �with respe
t to north. The surfa
e is 449 m above sea level. Due to its undergroundlo
ation, the muon dete
tor is shielded by about 7000 g
m�2 of molasse overburden.3.2 Muon 
hambersThe L3 muon dete
tor [94{97℄ is arranged in sixteen sets of muon 
hambers, 
alledo
tants. On ea
h side of the intera
tion point of the ele
tron beams, eight of theseo
tants are installed 
ylindri
ally around the LEP beam line (see �gure 3.2). The o
-tants on the +z side of the L3 
oordinate system are referred to as \master" and onthe -z side as \slave". They are numbered 
ounter-
lo
kwise in the xy-plane startingat \3 o'
lo
k" (master: 8-16, slave: 0-7).An o
tant 
onsists of three layers of drift 
hambers measuring the muon tra
k 
oordi-nates in the xy-plane perpendi
ular to the magneti
 �eld. Due to the pre
ision of thesedevi
es, they are 
alled P-
hambers. The inner- and outermost P-
hambers are sur-rounded by two Z-
hambers ea
h, whi
h measure the tra
k 
oordinates in the yz-planeparallel to the magneti
 �eld.The L3 muon dete
tor is used to 
ount atmospheri
 muons and to determine theirdire
tion and momentum. The latter is possible, sin
e the Lorentz for
e a
ting onthe muons inside the magneti
 �eld bends its traje
tories to a 
ir
le in the xy-plane.With at least three position measurements along the tra
k, the 
ir
le radius 
an bedetermined whi
h is related to the parti
le momentum in that plane bypxy = 0:3GeV � q �B=T �R=m; (3.1)where R is the 
ir
le radius, B is the (
onstant) magneti
 �eld perpendi
ular to thetra
k and q is the parti
le 
harge. With the additional measurement in the yz-plane,the total momentum 
an be 
al
ulated viaptot = pxy �s1 + �dzdy�2 ; (3.2)with dzdy being the tra
k slope in this plane. The a

ura
y of the momentum determi-nation is of 
ourse depending on the resolution of the position measurement. Moreover24



3.2. Muon 
hambersit is proportional to the magneti
 �eld strength and depends quadrati
ally on thelever arm, over whi
h the tra
k is being measured. L3 rea
hes an a

ura
y of about50 �m for the position measurement within one 
hamber. The muon spe
trometerprovides a huge lever arm within a magneti
 �eld of 0.5 Tesla: B � L2 = 4:2 Tm2 insideone o
tant and 59:4 Tm2 over the whole dete
tor. That is why it is 
onsidered as aunique pre
ision spe
trometer.
3.2.1 P-
hambersThe layout of the P-
hambers within one o
tant 
an be seen in �gure 3.4. The threelayers are labeled a

ording to their distan
e to the vertex as inner (MI), middle (MM)and outer (MO) muon 
hamber. They are �lled with a mixture of 61.5% Argon and38.5% Ethane gas. Argon is the a
tive gas that 
an be ionized by the muons, whereasEthane a
ts as a so 
alled quen
her, whi
h is ne
essary to absorb se
ondary photons.Ea
h 
hamber is subdivided into drift 
ells, whi
h are 10 
m in width. At the edge ofa 
ell 
athode mesh wires are installed, in the middle an alternating series of anodesense wires and �eld shaping wires is pla
ed. A muon that traverses a 
ell ionizes the
hamber gas along its path, and the produ
ed ele
trons drift towards the sense wires,where the total 
harge is ampli�ed by the avalan
he e�e
t in the rapidly in
reasingele
tri
 �eld 
lose to the wires. Given the knowledge of the arrival time t0 of the muonat the 
hamber, the tra
k 
oordinates 
an be re
onstru
ted measuring the arrival timete of the drift ele
trons at the sense wire:x = xwire + fx(vdrift; te � t0; dx=dy) (3.3)and y = ywire + fy(vdrift; te � t0; dx=dy); (3.4)where vdrift denotes the drift velo
ity of about 48 µm/ns, x=ywire are the wire positions,dx=dy is the tra
k slope and fx=y is the 
ell map fun
tion, whi
h des
ribes the ele
trondrift lines. It is displayed in �gure 3.5. Due to the Lorentz for
e the ele
tron driftpaths are bent from the horizontal dire
tion by an angle of approximately 18Æ. Itshould be noted, that the drift time measurement 
ontains no information on whi
hside of the sense wire the muon passed the 
ell. This ambiguity 
an only be resolvedby 
ombining position measurements from several 
hambers. Similarly, the tra
k slopehas to be determined iteratively within the tra
k re
onstru
tion.To de
rease the error on the position measurement inside one 
hamber, the muon tra
k25
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Fig. 3.4: S
hemati
 view of one o
tant and the P 
ells.
is measured several times along its path through the 
ell. The number of wires per
hamber were 
hosen to be 16 wires in the MI/MO 
hambers and 24 wires in the MM
hamber. This setup is 
lose to the optimal 
on�guration [66℄, whi
h minimizes theerror on the momentum measurement.Ea
h o
tant 
ontains opti
al systems for the monitoring of the relative alignment ofthe p-
hambers, 
alled RASNIKs [54℄. In �gure 3.4 the verti
al alignment monitoringsystem (VAS) 
an be seen: At ea
h end of the o
tant a light emitting diode (LED) ispla
ed on top of the MI 
hamber. Its light is passing a lense at the MM plane and theimage is measured at the MO plane by analyzing the imbalan
e of the voltage outputof a four quadrant photodiode. The same system is installed along the z-dire
tion atthe two edges of ea
h 
hamber to measure the displa
ements perpendi
ular to the wireplanes. Sin
e the two outer P-layers are physi
ally divided into two parts, ea
h o
tant
ontains nine horizontal alignment systems (HAS).26



3.2. Muon 
hambers
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Fig. 3.5: Ele
tron driftlines within a P-
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k 
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91.8 mmFig. 3.6: The ele
tron driftlines within a Z-
ell (a) and the layout of a Z-
hamber (b)
3.2.2 Z-
hambersThe Z-
hambers 
onsist of two layers of drift 
ells that are shifted by one half 
ell withrespe
t to ea
h other to resolve left-right ambiguities (see �gure 3.6). They are �lledwith a gas mixture of 91.5% Argon and 8.5% Methane. Ea
h 
ell 
ontains one signalanode wire and a two aluminum 
athode plates. If a muon passes both the MO andMI 
hamber the position of the tra
k is measured eight times. The resolution of one
ell is about 1 mm and the drift velo
ity is 27 µm/ns. 27
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Fig. 3.7: The layout of a s
intillator 
assette. Left: A s
intillator tile with two groupsof wavelength shifting �bers. Right: An assembled 
assette 
onsisting of 16 tiles.
3.3 t0-dete
torAs seen in se
tion 3.2.1, the position measurement of the muon tra
k inside the drift
hambers requires the knowledge of the arrival time t0 of the muon. In 
ontrast toL3, where the arrival time is given by the LEP beam 
rossing, atmospheri
 muons 
anrea
h the dete
tor at any time. Therefore an additional dete
tor was added to the L3setup: The so 
alled t0-dete
tor [24℄ is a 202 m2 s
intillator array 
overing the roof ofthe magnet of L3. It 
onsists of 33 modules, ea
h of 2 � 3 m2 area, whi
h are 
omposedof six quadrati
 
assettes, and one 2 � 2 m2 module made from four 
assettes. The
assettes 
ontain 16 plasti
 s
intillator tiles, whi
h are read out by eight wavelengthshifting �bers ea
h (see �gures 3.7 and 3.8). If a 
harged parti
le traverses a tile, theprodu
ed light is 
olle
ted by the �bers and guided in two bundles to two photomulti-pliers. Assuring that ea
h bundle is of the same length, in that way a large area 
anbe read out by a small number of photomultipliers with pre
ise timing. The a
tualnumber of tiles per photomultiplier is only limited by the size of the photomultipliers'photo
athode. In L3+C one photomultiplier reads out 96 tiles 
orresponding to 6 m2s
intillator area. The average time resolution, whi
h is a
hieved, is 1.8 ns.The main disadvantage 
ompared to 
ommonly used te
hniques is the small light yield.Only a small fra
tion of the produ
ed light is guided to the photomultipliers via the�bers. Therefore the photomultipliers have to be operated at high gain and low thresh-old. The resulting high noise level is suppressed by requiring 
oin
ident signals fromtwo photomultipliers, whi
h are 
onne
ted to the same tile.28



3.4. Readout ele
troni
s and trigger system

Fig. 3.8: Full size 6m2 module with two photomultipliers.3.4 Readout ele
troni
s and trigger systemIn order to run in parallel with the L3 LEP data taking and to be able to trigger inbetween the beam 
ollisions, additional ele
troni
s were installed for the study of atmo-spheri
 muons. Figure 3.9 shows a simpli�ed version of the L3+C readout and trigger
hain. After passing a dis
riminator, the digital signals from the muon 
hambers aresplit into two data streams by the so 
alled CPCs (Cosmi
 Personality Cards) [72℄.One stream is dire
tly passed to the L3 readout system, whereas the other is furtherpro
essed by measuring the signal times with TDCs (Time to Digital Converters) [49℄lo
ated inside the CPCs. In total 96 wires 
an be read out by one CPC.The P-
hamber signals are stret
hed to the maximum drift time within one P-
ell(1.2 µs) and a \majority signal" is send to the trigger whenever the number of 
o-in
ident hits ex
eeds a programmable threshold. Sin
e one CPC is 
onne
ted to sixMI/MO or four MM 
ells, this summarized signal 
an be used to indi
ate a muon hitwithin one 
hamber. The threshold was set to eight hits in 1999 and then de
reasedto seven hits for the 2000 data to a

ount for 
ell 
rossing tra
ks within the MI/MO
ells.The s
intillator signals are dis
riminated inside the L3CD [102℄ units and in 
ase ofa 
oin
ident signal from two photomultipliers of one module, these two triggers arepassed to a spe
ial CPC 
ard (the s
intillator CPC), where again TDCs digitize thesignal times. As in 
ase of the muon 
hamber signals, only the times, but not the pulseheight of the signals is measured. To indi
ate the presen
e of at least one s
intillator29
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DAQdatabase serverFig. 3.9: Simpli�ed L3+C readout s
heme.
hit, the s
intillator CPC sends a logi
al OR of all 
oin
ident signals to the trigger.The de
ision, whether the event is useful for physi
s analysis is taken by the CTT(Cosmi
s Trigger and Timing) module [135℄. It re
eives the majority signals from theP-
hamber CPCs and the ORed s
intillator signals, out of whi
h the trigger 
lasseslisted in table 3.1 are formed:'Golden' events: Class 1 identi�es muons with a pre
ise timing and a fully 
ontainedtra
k within one o
tant.O
tant 
rossing events: Although L3 provides only alignment information on the
hambers within one o
tant, a 
onsiderable in
rease of the L3+C a

eptan
e may bepossible by re
onstru
ting tra
ks, whi
h pass through several o
tants. These eventsare labeled as 
lass 5, 6, 7 and 8.30



3.4. Readout ele
troni
s and trigger systemEÆ
ien
y 
lasses: To study the trigger, 
hamber and s
intillator eÆ
ien
ies, alsoevents without a s
intillator hit or less than three hit 
hambers within one o
tant aretriggered (
lasses 3, 4, 5, 6, 7, 8 and 9).Spe
ial triggers: Further trigger 
lasses are introdu
ed for spe
ial analyses: Class 2identi�es horizontal muons, whi
h are 
andidates for neutrino indu
ed events, sin
ethe L3 dete
tor is shielded by about 24 km of earth from this dire
tion. A sear
hfor exoti
 events, i. e. de
ays of heavy 
harged parti
les [47℄, is possible by re
ordingtriggers ful�lling 
lass 10, 11 and 12 requirements.Class Des
ription1 Three 
hambers in any o
tant AND a s
intillator hit.2 Three 
hambers in o
tant 0 or 4 AND NO s
intillator hit.3 Three 
hambers in o
tant 1, 2 or 3 AND NO s
intillator hit.4 Three 
hambers in o
tant 5, 6 or 7 AND NO s
intillator hit.5 Three singlets in adja
ent o
tants AND a s
intillator hit.6 Two times two 
hambers AND a s
intillator hit.7 Two 
hambers and two singlets AND a s
intillator hit.8 Two 
hambers and a singlet AND a s
intillator hit.9 Two 
hambers AND a s
intillator hit.10 Three 
hambers and at least one other 
hamber AND NO s
intillatorrequirement.11 Five 
hambers (no s
intillator requirement).12 Six or more 
hambers (no s
intillator requirement).Tab. 3.1: The twelve CTT trigger 
lasses.The event timing is provided by the GPSTIM module [101℄, whi
h reads out the abso-lute time from the GPS (Global Positioning System) re
eiver. Given the exa
t absoluteevent time, L3+C is able to sear
h for astronomi
al 
osmi
 ray point sour
es and 
o-in
iden
es with other dete
tors [25℄. Moreover the GPSTIM module hosts a 1Hz 
lo
kand a 10 MHz live-time 
ounter, whi
h are started at the beginning of a data takingrun. Both 
an be used to evaluate the dead time of the experiment (see 
hapter 5.3.1).The event building is done by the NIMROD modules [71,73℄, whi
h 
ombine the datafrom up to 16 CPCs into a single output blo
k.The data from the trigger, GPSTIM module and the NIMRODs are 
olle
ted by thedata a
quisition system (DAQ) [116℄, whi
h is also responsible for sending information31
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onditions to the data base.Finally, an event is written to disk, whi
h 
ontains the TDC 
ounts of the drift 
hambersand the s
intillators, the majority signals, trigger 
lasses and the time stamp and live-time information from the GPSTIM module. A typi
al L3+C event has a size of 1 kB.Therefore the dete
tor produ
es a data stream of about 500 kB/s, whi
h is well withinthe maximum data rate of 1 MB/s the DAQ system is able to handle.

32



Chapter 4L3+C EVENT RECONSTRUCTIONAND SIMULATIONThe L3+C event re
onstru
tion from raw TDC measurements to a muon momentumand dire
tion as well as the simulation 
on
ept will be explained in this 
hapter.For a more vivid des
ription, it will often be referred to an example event, whi
h isshown in the �gures on the next two pages. In �gure 4.1 the graphi
al display of afully re
onstru
ted muon tra
k in the magneti
 bending plane 
an be seen, as well aszoomed images of the parts of the P-
hambers the muon went through. Figure 4.2shows the same event in the plane along the LEP beam axis, and a zoomed image ofone Z-
hamber layer. Several features of a L3+C event, whi
h have to be a

ountedfor in the re
onstru
tion, 
an be seen:� Tra
k hits and ambiguities: Sin
e the re
orded drift times of the P and Z-
hambers do not tell, from whi
h side the ele
trons were approa
hing the sensewires, at the beginning of the re
onstru
tion, both mirror images of the hit posi-tion must be taken into a

ount (see dashed lines in �gures 4.1(a-
,e-g) and small
rosses in �gure 4.2(b)). These ambiguities 
an only to be resolved by 
ombiningthe tra
k information from di�erent 
hambers.� Noise hits: The re
onstru
tion has to 
ope with signals, whi
h do not originatefrom a muon, but either from se
ondary produ
ed parti
les, or random dete
-tor noise: A low energeti
 tra
k 
an be seen in the uppermost P-
hamber (see�gure 4.1(a)), whi
h is presumably a delta ray ele
tron, whi
h was stru
k o� anatom in the massive magnet stru
ture surrounding the muon 
hambers.Beyond that, two s
intillator modules re
orded a hit, one of whi
h must be dueto random photomultiplier noise. 33



Chapter 4. L3+C event re
onstru
tion and simulation
(a) MO/o
tant 2 (b) MM/o
tant 2 (
) MI/o
tant 2

(d) Full view in the xy plane
(e) MI/o
tant 6 (f) MM/o
tant 6 (g) MO/o
tant 6Fig. 4.1: A re
onstru
ted muon event in the xy-plane: The event 
ontains two s
in-tillator modules with a time signal. Sub�gures a-
/e-g are zoomed images of the muon
hamber regions with hits. The solid lines denote the �tted tra
k/segments. Dashedlines denote unused segment ambiguities.34



(a) Full view in the yz plane

(b) II/o
tant 2Fig. 4.2: A re
onstru
ted muon event in the yz-plane. Sub�gure b shows the zoomedview of the II 
hamber in o
tant 2 together with the �tted Z-segment 35



Chapter 4. L3+C event re
onstru
tion and simulation� Energy loss inside the dete
tor: The displayed muon traverses all 
hambersof two o
tants. This kind of event is espe
ially useful for the muon spe
trumanalysis, sin
e the muon tra
k 
an be measured two times (almost) independentlyin two di�erent sub dete
tors. Due to the large number of hits over a long pathlength, the tra
k parameters 
an be determined very pre
isely. On the otherhand, for su
h an event topology, the probability that the muon traverses theL3 inner dete
tors is rather large. As mentioned in the previous 
hapter, thesedete
tor parts are not read out by L3+C, therefore the re
onstru
tion programhas to a

ount for the energy loss and multiple s
attering within these dete
tors.In the example, the muon passes about 2100 g/
m2 matter, 
orresponding toabout 4 GeV energy loss. At maximum about 3500 g/
m2 are possible.� Multi muons: Additional problems arise due to the possibility of more than onemuon per event. Sin
e the muons of su
h a multi-muon event usually originatefrom the same shower, they have parallel dire
tions when entering the dete
tor.However, they 
an diverge if one of the muons is of suÆ
iently low energy. So, apriori the re
onstru
tion should not rely on the assumption of single tra
k events.
4.1 Re
onstru
tion algorithmThe re
onstru
tion of an event is organized in the following steps:4.1.1 Presele
tionAt least three 
oordinate measurements are needed for a re
onstru
tion of the tra
ks'
ir
le parameters in the magneti
 bending plane and a good measurement of the ar-rival time t0 is essential for the 
al
ulation of the drift times inside the muon 
hambers.Therefore, right after the reading in of the 
omplete event, a presele
tion based on theCTT trigger 
lasses is imposed. To speed up the re
onstru
tion time, all events notlabeled as '
lass 1', i. e. having less than three hit 
hambers within any o
tant or nos
intillator hit, are skipped.Furthermore, only s
intillator hits are sele
ted, for whi
h the time di�eren
e betweenthe two photomultiplier measurements is less than 15 ns. In this way random 
oin
i-den
es and t0 measurements of poor quality due to large time slewing are desele
ted.36



4.1. Re
onstru
tion algorithm4.1.2 Pattern re
ognitionIf the event is pre-sele
ted, all TDC times are 
orre
ted for the relevant time o�setsintrodu
ed by di�erent read out 
able lengths and internal delays of the ele
troni
s.If more than one s
intillator hit is present, the 
oordinates of the muon 
hamber 
ellswith hits are used to form a rough tra
k, whi
h is extrapolated to the s
intillator planeto sele
t the 
orre
t s
intillator module geometri
ally. The measured t0 time of thismodule is then subtra
ted from the TDC times of the muon 
hambers to obtain driftdistan
es a

ording to equations (3.3) and (3.4).For further pro
essing, the numerous hits within a given muon 
hamber are 
ondensedinto a single obje
t 
alled segment, whi
h is basi
ally the mean 
oordinate of the tra
kinside the 
hamber and the tra
k dire
tion at that point. In the xy plane, all possi-ble 
ombinations of hit-pairs of a 
hamber are 
onne
ted by a line, and the resultingangles and distan
es of 
losest approa
h to the lo
al 
ell origin are a

umulated in atwo dimensional matrix. Despite the heli
oidal traje
tory of the muon in the mag-neti
 bending plane, this linear approximation is justi�ed, sin
e even low energeti
muons show almost no deviation from a straight line� over the small thi
kness of oneP-
hamber 
ompared to the matrix spa
ing of 6.7 mm/10o. As a positive side e�e
t,very low energeti
 parti
les, like the delta-ele
tron in �gure 4.1(a), are not properlyre
ognized.Hereafter, the matrix is s
anned for peaks ex
eeding �ve hits to make up a segment
andidate. This is then �tted with a fast 
ir
le-�t algorithm [90℄ and good quality
ombinations are kept for further pro
essing.In the yz-plane, the number of hits inside an o
tant 
an be eight at maximum, 
orre-sponding to the number of Z-layers. The tra
k model in this proje
tion is a straightline, sin
e the muons within the energy region of interest are not 
urling inside the de-te
tor. All hit 
ombinations with more than two hits inside the outer/inner Z-
hambersare �tted with a line to form a Z-segment and are later 
ombined to form a Z-tra
k.Ambiguities are resolved by sele
ting the 
ombinations with the best �t-�2 and thelargest number of hits. An example of a Z-segment 
an be seen in �gure 4.2(b).4.1.3 Sub-tra
k �ndingAfter the pattern re
ognition phase, the P-segments are 
ombined with the Z-tra
ksto form a three dimensional sub-tra
k within one o
tant: The hits of all possible P-�For instan
e, a 5 GeV muon deviates 200 µm from a straight line within the MM 
hamber. 37



Chapter 4. L3+C event re
onstru
tion and simulationsegment 
ombinations are �tted with a 
ir
le, 
onne
ted to a Z-tra
k and extrapolatedba
k to the s
intillator planes, to 
he
k the s
intillator hit presele
tion. Ea
h tra
k
andidate is subsequently re�tted taking into a

ount� the new t0 time, if the sele
ted s
intillator hit di�ers from the �rst guess,� the time of 
ight from the s
intillator to the muon 
hambers,� the alignment 
orre
tions a

ording to the L3 alignment monitoring system,� the bending of the P-
hamber sense wires due to the gravitational for
e of100 µm at maximum and� the time of pulse propagation of the P-
hamber signals along the z-dire
tion fromthe point the muon passed the 
hamber to the read out ele
troni
s.The latter four points are the only weak 
onne
tions between the two tra
k proje
tionsin the xy- and yz-plane. Ambiguous sub-tra
ks, i. e. tra
k 
andidates sharing one ormore segments, are reje
ted on bases of the best redu
ed 
ir
le �t [90℄ �2 and themaximum number P-segments. However, due to the weak 
onne
tion of the 
ir
le �tto the tra
k dire
tion in the yz-plane, 
andidates di�ering by less than 30% in the�t-�2 are kept until the �nal tra
k mat
hing des
ribed below.This o
tant based pro
edure evolved [111℄ from the L3 muon 
hamber 
ode and themain reason to also adopt the o
tant 
on�nement 
onstraint for L3+C was, that therelative o
tant alignment is not measured by the L3 alignment monitors. This geo-metri
al limitation 
onsiderably diminishes the L3+C a

eptan
e: Other than muonsoriginating from LEP beam 
ollisions, whi
h are 
on�ned within one o
tant, atmo-spheri
 muons 
an traverse up to four o
tants.As it turned out, the o
tant to o
tant alignment 
an be determined from the L3+Cdata itself (see se
tion 5.2.2), and the 
urrent L3+C software development fo
uses onan algorithm 
apable to re
onstru
t all event topologies [103, 123℄.4.1.4 Sub-tra
k mat
hingBe
ause of the possibility that more than one muon of the same shower is 
rossing thedete
tor, su

essfully �tted sub-tra
ks in di�erent o
tants do not ne
essarily belong tothe same muon. Besides, remaining ambiguities from the sub-tra
k pattern re
ognition38



4.2. Momentum measurementneed to be resolved. All possible 
ombinations of high quality upper and lower sub-tra
ks take part in the global tra
k momentum �t des
ribed in the next se
tion. Toredu
e 
omputation time only sub-tra
ks with a 
ir
le �t �2=ndf smaller than 10 are
onsidered. The unambiguous 
ombinations with the best momentum �t �2 a

ordingto equation (4.8) are sele
ted as real muon tra
ks. The remaining sub-tra
ks aremat
hed on basis of the mat
hing �2:�2m = (a� b)T (A+B)�1(a� b) ; (4.1)where a and b are the two sub-tra
k parameter ve
tors and A and B denote their
ovarian
e matri
es using the average tra
k parameter errors estimated in [117℄.4.2 Momentum measurementThe basi
 prin
iple of the L3+C momentum determination is the sagitta measurements: The sagitta is the deviation of the traje
tory of a 
harged parti
le inside a magneti
�eld from a straight line as sket
hed in �gure 4.3. Under the assumption, that thisdeviation is small in 
omparison to the tra
k length L and that the magneti
 �eld isperpendi
ular to the parti
le traje
tory, s 
an be related to the radius R of the muontraje
tory, and equation (3.1) reads aspxy = 0:3 q B=T L2=m28s=m GeV; (4.2)where again B is the magneti
 �eld and q the 
harge of the parti
le with momentump. For the L3+C setup the sagitta measured inside one o
tant is given byss = 0:157 m GeV � 1q � pxy ; (4.3)and using the whole tra
k length over two fa
ing o
tants the sagitta reads assd = 2:21 m GeV � 1q � pxy : (4.4)As 
an be seen in �gure 4.3 the sagitta inside one o
tant 
an be dire
tly 
al
ulatedfrom the segment 
oordinates s1�3:ss = s2 � s1 + s32 : (4.5)These equations are helpful for a qualitative understanding of the momentum measure-ment and its errors, but they assume a perfe
t heli
oidal traje
tory of the muon inside39



Chapter 4. L3+C event re
onstru
tion and simulation

Fig. 4.3: Explanation of the sagitta: A muon tra
k passing the three 
hambers of ano
tant at points s1�3, deviates from a straight line by the sagitta s.the magneti
 �eld. In reality, the situation is more 
ompli
ated: Firstly, the L3 mag-neti
 �eld strength is not 
onstant over the full dete
tor volume, but varies from 0.47to 0.51 T. Se
ondly, the material of the various L3 subdete
tors 
auses energy lossesof the muon, leading to a subsequent in
rease of the radius of the muon traje
tory.Likewise, multiple s
attering deviates the parti
le path from an ideal helix. This isa

ounted for by using the GEANE [85℄ pa
kage for the �nal muon tra
k �t. Being basedon the GEANT [42℄ program, it is able to tra
k 
harged parti
les through inhomogeneousmagneti
 �elds and due to the 
oupling to the L3+C dete
tor simulation, it 
an pre-di
t the average energy loss due to ionization and radiative losses for a given muontraje
tory. So, for a muon at a plane yj with the inverse 
harged momentum (q=p)j,inter
ept 
oordinates xj and zj and lo
al slopes �j = (dx=dy)j and �j = (dz=dy)j, it
an predi
t the tra
k parametersb̂i(bj) = ((q̂=p̂)i; x̂i; ẑi; �̂i; �̂i) (4.6)at a plane yi. Due to the sto
hasti
 nature of the energy loss and multiple s
attering, thetrue traje
tory 
an not be predi
ted for a single event, therefore b̂ denotes the averagetraje
tory, around whi
h the true parameters b are distributed with the 
ovarian
eW ikl = h(b̂ik � bik)(b̂il � bil)i : (4.7)40



4.2. Momentum measurement
muon trajectory

average trajectory

measured coordinates

fitted coordinates

Fig. 4.4: Illustration of the double o
tant �t. The resulting �tted 
oordinates are a
ompromise between the measurement and the GEANE predi
tion.In addition to the tra
k predi
tion, GEANE also provides an estimate of this 
ovarian
e,based on a Gaussian approximation of the 
u
tuations. Espe
ially for the energy loss,this turns out to be a rather 
rude model, sin
e the 
u
tuations are known to follow aLandau distribution.Using these GEANE abilities together with a pre
ise knowledge of the magneti
 �eldstrength as fun
tion of position [41℄, the parameters of the muon tra
k 
an be estimatedas illustrated in �gure 4.4:For ea
h 
hamber, the true tra
k parameters xi are �tted as a 
ompromise betweenthe measured and predi
ted average values by minimizing�2 = (m1 � x1)T (V1)�1(m1 � x1) +NXi=2 h(mi � xi)T (Vi)�1(mi � xi) + (b̂i � xi)T (Wi)�1(b̂i � xi)i : (4.8)Here mi denote the experimental measurements and b̂i are the GEANE predi
tions ofthe tra
k parameters at 
hamber i given the initial values xi�1 with their 
orresponding
ovarian
e matrix Wi. The total number of available planes N is either three or six,depending on the �t strategy (see below). The 
ovarian
e matrix Vi 
ontains the41



Chapter 4. L3+C event re
onstru
tion and simulationmeasurement errors from the segment �t. Tra
k parameters, whi
h are not measuredby 
onstru
tion like q=p and z in the MM 
hamber, or due to dead dete
tor parts, getassigned an in�nite error, 
orresponding to a weight of zero in the inverse 
ovarian
ematrix. The minimization of equation (4.8) follows the method des
ribed in [84℄ andneeds usually not more than three iterations until it 
onverges.Using this pro
edure, the L3+C muon re
onstru
tion follows two strategies todetermine the muon momentum and dire
tion:
(a) Single o
tant �tInside one o
tant of the L3 muon spe
trometer, energy loss and multiple s
attering areof minor importan
e, sin
e it is essentially matter free (the dete
tor gas and the 
ham-ber material amount to approximately 7 g
m�2). In addition, the relative alignment ofthe 
hambers is known from the alignment monitoring system. If a muon traverses allthree 
hambers of two di�erent o
tants, like the example event of �gure 4.1, two almostindependent measurements of the same tra
k are available. These are ba
k-tra
ked toa 
ommon referen
e plane, 
hosen as the inner surfa
e of the upper part of the magnet,where a 
omparison of the two measurements 
an be used to determine the momentumresolution (see next 
hapter). Finally, their weighted average
 = (A�1 +B�1)�1(A�1a +B�1b) (4.9)
an be 
al
ulated. Here a and b denote the individual tra
k measurements in thedi�erent o
tants and A and B are the 
ovarian
e matri
es of the single o
tant �tpropagated to the plane of 
ombination.
(b) Double o
tant �tSo far only a small part of the available lever arm of the muon tra
k was used fordetermining the tra
k 
urvature. For sub-tra
ks with equal 
ovarian
es, the weightedaverage (4.9) improves the tra
k parameter resolution only by a fa
tor ofp2. By �ttingthe measurements of all six traversed 
hambers at the same time, denoted as 'doubleo
tant �t' in the following, the minimum possible resolution of the L3 muon 
hambersetup 
an be a
hieved. In 
ase of an optimum [66℄ muon 
hamber 
on�guration, animprovement of the momentum resolution proportional to the square of the proje
ted42
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ording to equation (4.9), the solid histogram is the result of thefull dete
tor double o
tant �t.tra
k lengths 
ould be a
hieved:� �single�double�opt = L2single=p2L2double = 19:9 (4.10)Here Lsingle denotes the distan
e of 2.9 m between an MI and an MO 
hamber within oneo
tant, and Ldouble is the distan
e of 10.9 m between two MO 
hambers of two fa
ing o
-tants. The L3 muon 
hamber were however designed for the single o
tant measurementand 
orrespondingly, the double o
tant 
on�guration is not optimal. Nevertheless, anumeri
al evaluation with the ansatz from [66℄ leads to an expe
ted improvement ofthe momentum resolution, whi
h is still 
lose to optimum value:� �single�double�L3 = 18:5 : (4.11)This idealized approa
h negle
ts the in
uen
e of multiple s
attering and the sto
hasti
energy loss in the dete
tor material in the middle of the L3 dete
tor on the momen-tum resolution. Therefore, at low energies, where these pro
esses gain importan
e, themomentum resolution improvement is expe
ted to be mu
h smaller.Moreover, L3 does not monitor the relative alignment of di�erent o
tants. The 
ali-bration of this alignment o�sets will be dis
ussed in se
tion 5.2.2. 43



Chapter 4. L3+C event re
onstru
tion and simulationFigure 4.5 shows a 
omparison of the momentum resolution of the two �tting algo-rithms using the full L3+C MC simulation�. The di�eren
e of the re
onstru
ted andgenerated inverse 
harged momentum is shown, whi
h is proportional to the sagittadi�eren
e and expe
ted to be Gaussian in the absen
e of multiple s
attering. For allthe three momentum thresholds, both methods reprodu
e the generated momentumon average, thus it 
an be 
on
luded, that GEANE provides a bias-free estimate of theenergy loss inside the dete
tor. Se
ondly, the double o
tant �t shows the same perfor-man
e as the single o
tant �t at low energies, but results in a mu
h better momentumresolution for high energeti
 muons. A more quantitative estimate of the 
orrespondingresolutions and s
ale un
ertainties will be given in se
tion 5.2.3.4.3 Dete
tor simulationAs any other modern parti
le physi
s experiment, L3+C needs a pre
ise dete
tor si-mulation to interpret its measurements. It is needed to evaluate the geometri
al a
-
eptan
e of the used apparatus as well as its response to the signal whi
h should bemeasured.Figure 4.6(b) illustrates the 
ow of the L3+C simulation 
hain: The fast muon gener-ator l3
gen [78℄ is used to generate single atmospheri
 muons on a horizontal surfa
earound the L3 dete
tor. It 
ontains the parameterization of the momentum and zenithangle distribution of atmospheri
 muons as obtained using the output of a detailedshower simulation running the CORSIKA program [80℄ together with the intera
tionmodels VENUS [138℄ and GEISHA [60℄ and a primary proton spe
trum falling propor-tional E�2:7.The simulated phase spa
e is 
hosen from muon momenta between 5 GeV and 10 TeVand a zenith angle from 0 to 66 degrees. For eÆ
ien
y reasons, the generator surfa
ewas 
hosen to be zenith angle dependent:S(
os �) = (ax + bx � 
os � + 
x � 
os2 �)(az + bz � 
os � + 
z � 
os2 �) ; (4.12)with 
oeÆ
ients ai, bi and 
i listed in table 4.1. These parameters were determinedin [118℄ by demanding, that less than 0.2% of the tra
ks, whi
h are re
onstru
tedafter the dete
tor simulation, are generated outside this surfa
e. For the tight geo-metri
al 
onstraints applied in the tra
k sele
tion of this analysis (see se
tion 6.2), thegenerator area is thus large enough for a pre
ise evaluation of the dete
tor a

eptan
e.�Note: The MC 
ontains no 
hamber or o
tant mis-alignment. The momentum smearing explainedin the next 
hapter is already applied here.44
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tor simulation
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a [m℄ b [m℄ 
 [m℄x 51.02 -79.56 38.76z 56.48 -65.31 25.25Tab. 4.1: The l3
gen generator surfa
e 
oeÆ
ients
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Chapter 4. L3+C event re
onstru
tion and simulationFrom the generator surfa
e at dete
tor level, the generated muons are geometri
allyextrapolated ba
k to the surfa
e above L3+C and passed to the GEANT� simulation ofthe molasse overburden and the ideal dete
tor. For this part of the simulation, thes
intillator array on top of the L3 magnet and the geometry of the a

ess shafts anddete
tor hall were added to the existing detailed L3 
ode [91, 111℄. The GEANT simu-lation therefore in
ludes the energy loss and multiple s
attering of a muon on its waythrough the molasse to the dete
tor, and the generation of s
intillator signals and muon
hamber hits as well as a

ompanying produ
tion of delta ele
trons 
lose to and withinthe dete
tor. Figure 4.6(a) shows the model used for the simulation of the L3+Csurroundings 
onsisting of a molasse 
one 
ontaining three a

ess shafts and the mainL3 experimental hall. The implementation of the various L3 subdete
tors is visible inthe event s
an pi
tures at the beginning of this 
hapter.After the ideal dete
tor simulation, the imperfe
tnesses of the real dete
tor are applied:� The s
intillator t0 times are smeared a

ording to the time resolution of thephotomultipliers (see [91℄).� The mean s
intillator noise, as measured by the L3CD monitoring system, isadded.� The simulated drift times in the muon dete
tor are smeared a

ording to themeasured P- and Z-
hamber single wire resolution (see se
tion 5.2.3).� Hits in dead P- and Z-
hamber 
ells (see se
tion 5.2.1 ) are not used.The simulated s
intillator and drift 
hamber TDC times are then passed to there
onstru
tion program and pro
essed exa
tly the same way as the raw data.
4.4 Performan
e of the algorithmsThe eÆ
ien
y of the re
onstru
tion algorithm 
an be studied 
omparing the number of
lass 1 (i. e. potentially triplet) events to the number of re
onstru
ted events. In 1999,on average 88.0% of all 
lass 1 events are re
onstru
ted, the 
orresponding number forthe year 2000 is 84.4%.�The L3+C GEANT version is based on v3.14 extended with the high energy muon intera
tion 
odefrom [39℄.46



4.4. Performan
e of the algorithmssour
e 1999 2000s
intillator noise 0.024 0.030SCNT �tPM 0.022 0.023SCNT TDC " 0.007 0.006momentum too low 0.014 0.014bad 
ells 0.011 0.005MUCH no Z-tra
k 0.006 0.005event loss 0.026 0.071mis
. 0.008 0.009total ineÆ
ien
y 0.118 0.163Tab. 4.2: Classi�
ation of the re
onstru
tion losses a

ording to various sour
es forthe two data taking periods as observed in two data taking runs re
orded in 1999 and2000.To understand these numbers, for ea
h data taking year one run with "re
run � h"re
i was
arefully studied to break down the ineÆ
ien
y into its various sour
es as shown intable 4.2:� During the s
intillator hit �ltering pro
ess, about 5% of the tra
ks are desele
ted,be
ause either the time di�eren
e �tPM between the two photomultiplier mea-surements of the same s
intillator signal is too large or they are 
onsidered as arandom 
oin
iden
e of a muon 
hamber signal and a s
intillator noise hit.� For further 0.7%, the trigger registered a s
intillator hit, but no time measurementis present from the TDCs.� The single o
tant momentum �t fails for 1.4% of the data, be
ause the tra
kenergy is too low.� About 1% of the events are not re
onstru
ted, as some of the muon 
hamberhits, whi
h 
aused the trigger, are inside a drift 
ell 
onsidered as bad (see se
-tion 5.2.1).� As the trigger does not 
he
k the number of hits in the Z-
hambers, some of theevents 
an not be re
onstru
ted, be
ause no Z-tra
k 
an be derived if less thantwo hits were re
orded. 47



Chapter 4. L3+C event re
onstru
tion and simulation� Furthermore, a large fra
tion of events is lost due to an error in the program,whi
h inhibits the re
onstru
tion of the full event. The total amount of eventslost due to this 
aw depends on the number of Z-hits, whi
h are desele
ted in there
onstru
tion, be
ause they were re
orded in a 'bad' Z-
ell (see next 
hapter).This event loss is therefore di�erent for data and MC and the two data takingperiods. As a repro
essing of the full data and MC set with a revised version ofthe algorithm was 
onsidered unfeasible, the event loss fa
tors were determinedfrom a small re-re
onstru
tion with high pre
ision. Due to the randomness ofthe event loss o

urren
e, no dependen
e on the muon momentum, dire
tion orany other variable is observed. The obtained fa
tors for data and MC read asfollows: 1999 2000data 0.9689�0.0001 0.9202�0.0001MC 5-20 GeV 0.8544�0.0009 0.8400�0.0009MC 20-50 GeV 0.8680�0.0002 0.8568�0.0002MC 50-100 GeV 0.8709�0.0002 0.8588�0.0002MC 100-200 GeV 0.8699�0.0002 0.8574�0.0002MC 200-500 GeV 0.8696�0.0002 0.8563�0.0002MC 500-1000 GeV 0.8677�0.0003 0.8528�0.0003MC 1000-10000 GeV 0.8649�0.0004 0.8483�0.0004MC 20-10000 GeV 0.8688�0.0003 0.8568�0.0003Tab. 4.3: Event loss fa
tors for data and MC for the two data taking years.
In this analysis, only events re
onstru
ted with the double o
tant �t are used be
ause oftheir good momentum resolution. Sin
e the �t does not always 
onverge, an ineÆ
ien
yis introdu
ed by this sele
tion, whi
h must be a

ounted for in the dete
tor a

eptan
e
al
ulation. As shown in �gure 4.7, the �t eÆ
ien
y varies with momentum and theamount of matter density X traversed by the tra
k. No su
h variation is observedin the original dete
tor simulation (not shown), where the eÆ
ien
y is 
lose to oneindependent of momentum and X. The behavior at high momenta 
an be explainedby the fa
t, that in the measurement errors Vi in equation (4.8) neither alignment nor
alibration un
ertainties are 
onsidered. Whereas at low momenta or large traversed48
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e of the algorithms
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tion of momentum for two di�erentmatter densities X traversed by the tra
k.matter densities the total error is dominated by the tra
k propagation errors Wi, athigh energies, these additional un
ertainties lead to a bad �tting �2 on whi
h bases the
onvergen
e of the �t is judged. The very small drop of the eÆ
ien
y at low momentumand large X is not fully understood.During the analysis, the observed data ineÆ
ien
y is taken into a

ount by applyingthe parameterized �t ineÆ
ien
y to the simulation as indi
ated in �gure 4.7.
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Chapter 5L3+C - DETECTOR PERFORMANCEFor the measurement of the muon 
ux, the pre
ise knowledge of the dete
tor perfor-man
e is of major importan
e. IneÆ
ien
ies of the various subdete
tor 
omponentshave to be 
orre
ted for and the e�e
t of the �nite momentum resolution of the dete
-tor on the measured momentum distribution needs to be taken into a

ount as well asa possible systemati
 bias in the momentum s
ale due to the dete
tor misalignment.Therefore, before the a
tual muon 
ux measurement 
ould be done, detailed dete
torstudies were needed, whi
h are des
ribed in this 
hapter.5.1 S
intillatorsFor the determination of the eÆ
ien
y of the s
intillator system, spe
ial trigger 
lasseswere forseen, whi
h allow the re
ording of events ful�lling the usual P-
hamber require-ments, but without a signal from the s
intillators (see table 3.1). The eÆ
ien
y of thefull s
intillator system 
an then be 
al
ulated via"SCNT = NT0NT0�Æ +NT0 ; (5.1)where NT0 and NT0�Æ are the number of triggered events with and without a s
intillatorhit respe
tively.This de�nition of the eÆ
ien
y has the drawba
k of being 
omposed of the intrinsi
dete
tor eÆ
ien
y and the array geometry, as muons passing through gaps between thes
intillator 
assettes will of 
ourse not produ
e a signal. This drawba
k is over
ome bya dedi
ated re
onstru
tion algorithm [131℄, whi
h is able to re
onstru
t muon tra
kswithout making use of the s
intillator t0 information needed for 
al
ulating the drifttimes (3.3) in the standard pro
edure. This is possible for about 42% of the events, forwhi
h the muon tra
k 
rosses at least one wire plane. In su
h 
ases the arrival time51



Chapter 5. L3+C - dete
tor performan
e
µ µ

Fig. 5.1: Illustration of the wire plane 
rossing prin
iple. Crosses denote the sensewires, lines are parts of the tra
k segment and the arrows indi
ate the shift of there
onstru
ted hit positions for t00 > t0.
an be dedu
ed from the muon 
hamber signals themselves, as sket
hed in �gure 5.1:For a segment without a wire plane 
rossing, di�erent assumed arrival times t0 just
ause a parallel displa
ement of the segment, whereas in 
ase of a wire plane 
rossingthe a
tual arrival time of the muon 
an be adjusted by requiring a minimal o�setbetween the segment parts left and right of the wire plane. Given the re
onstru
tedmomentum and dire
tion of the muon inside the muon 
hambers, the tra
k 
an then beextrapolated ba
k to the s
intillator planes. A measurement of the intrinsi
 s
intillatoreÆ
ien
ies is then possible by sele
ting only events whi
h passed a s
intillator tile.Almost six million events distributed over the two data taking years were sele
tedfor the eÆ
ien
y analysis and re-re
onstru
ted with this spe
ial algorithm. Figure 5.2shows a map of the measured s
intillator eÆ
ien
y as a fun
tion of position on thes
intillator array. The geometri
al gaps in between the modules as well as the modulestru
ture itself (
ompare to �gure 3.8) are 
learly visible and inside the 
assettes, the25�25 
m2 tiles depi
ted in �gure 3.7 
an be identi�ed. The two photomultipliersatta
hed on ea
h module 
an be re
ognized as lengthy areas of low eÆ
ien
y.This large data set was used to measure the eÆ
ien
y for ea
h of the 202 
assettes 
iseparately as a fun
tion of time t, the total array noise rate Rtot and photomultiplierquality 
ut �tPM: "SCNT = f(
i; t; Rtot; j�tPMj) (5.2)Photomultiplier quality 
utThe distribution of the di�eren
e between the two time measurements of the same s
in-tillator hit from the two read out photomultipliers atta
hed to ea
h module is shown in52



5.1. S
intillators
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

x [cm]

z 
[c

m
]

-600

-400

-200

0

200

400

600

-600 -400 -200 0 200 400 600Fig. 5.2: L3+C all year s
intillator eÆ
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y as a fun
tion of position on the s
intil-lator array. A proje
tion of the array on a horizontal plane above the magnet is shown.The gray-s
ale map indi
ates the eÆ
ien
y value (eÆ
ien
ies below 0.6 have been 
utfor better visibility and appear as white areas).
�gure 5.3(a). In the 
entral region it is well des
ribed by a Gaussian distribution, fromwhi
h a single photomultiplier time resolution of 1.8 ns 
an be derived. In addition,the distribution has long tails with a large �tPM indi
ating the presen
e of a large timeslewing in at least one of the measurements. As it turns out, a 
ut on j�tPMj 
an beused to desele
t muon tra
ks with a bad momentum resolution (see se
tion 6.2). The
orresponding event loss 
an be regarded as part of the s
intillator ineÆ
ien
y and wasmeasured for ea
h 
assette separately. Figure 5.3(b) shows the behavior of the s
intil-lator eÆ
ien
y as a fun
tion of this 
ut averaged over all 
assettes. As expe
ted, theoverall eÆ
ien
y rises with a more loose 
onstraint rea
hing about 0.97 asymptoti
ally.53



Chapter 5. L3+C - dete
tor performan
eLEP indu
ed noiseDuring quiet running 
onditions the full s
intillator array registers a stable rate ofs
intillator hits of about 53 kHz, out of whi
h most is due to thermal noise of the pho-tomultipliers and low energy 
osmi
 rays. When the LEP a

elerator is running, andespe
ially for unstable beam 
onditions, o

urring for instan
e when �lling or dumpingthe beam, the noise rate in
reases drasti
ally, ex
eeding 180 kHz for about 20% of the
olle
ted data. Due to the small dead time of the L3CD units of around 0.3µs the eventloss is expe
ted to be about 0.2% for an array rate of 180 kHz. Figure 5.3(
) shows themeasured rate dependen
e revealing a mu
h larger in
uen
e of the noise rate on theeÆ
ien
y. The dis
repan
y to the expe
ted event loss indi
ates additional dead timesor signal losses in the read out 
hain, whi
h are not yet identi�ed. An e�e
tive deadtime �e� was introdu
ed to des
ribe the data via" = "0=(1 + �e�Rtot) ; (5.3)where Rtot denotes the array noise rate and "0 is the hypotheti
al eÆ
ien
y at Rtot = 0.The �tted �e� values range from 0.27 to 0.56 µs depending on the data taking year andthe s
intillator module. This parameterization is indi
ated as a line in �gure 5.3(
). Agood des
ription of the data is obtained up to a rate of Rtot = 80 kHz.Due to the 
orrelation between the module and array rate, a parameterization of thee�e
tive dead times as a fun
tion of the module rate �ts the data equally well. The
orresponding e�e
tive dead times range from 9.2 to 19 µs.Time dependen
eAs any other dete
tor material, plasti
 s
intillators are subje
t to ageing pro
esses.Firstly, there is the 'natural ageing' due to mi
ro surfa
e 
ra
ks and 
hemi
al rea
tionswhi
h deteriorate the s
intillating 
apabilities of the tiles. Se
ondly, radiation damagehas to be 
onsidered whi
h may be 
aused by the syn
hrotron radiation impa
t fromthe LEP II high energy runs. Finally, 
ra
ks may o

ur in the light guiding �bers dueto the me
hani
al stress of bending, worsening their transparen
y. Whereas naturalageing and radiation damage are expe
ted to 
ause a 
ontinuous de
reasing of theeÆ
ien
y, these 
ra
ks 
an 
ause a sudden drop of the eÆ
ien
y.Most of the analyzed 
assettes show a small de
rease of the eÆ
ien
y ranging from0.5 to 3% in the time interval from the middle of 1999 to the end of 2000. A gooddes
ription of the data is obtained by �tting a pie
ewise linear time dependen
e forea
h 
assette inside four time periods (data taking 1999, winter shutdown 1999/2000,54
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Chapter 5. L3+C - dete
tor performan
edata taking 2000 and November 2000, when L3+C was running undisturbed afterthe �nal LEP shutdown). Five 
assettes showed large eÆ
ien
y drops of up to 30%within a few weeks whi
h was a

ounted for by introdu
ing a further subdivision ofthe �tting periods. Figure 5.3(d) shows the time dependen
e of s
intillator 
assetteeÆ
ien
ies averaged over the 
assettes 
overing two muon 
hamber o
tants (the so
alled s
intillator sides). Side 2 above o
tants 2 and 10 shows the strongest ageing,probably due to the fa
t that the used plasti
 tiles are 'se
ond hand', whereas on side1 and 3 new material was bought dire
tly from the manufa
turers. Also shown arethe average parameterizations des
ribing the data well over the full range.Below, the systemati
 errors of the s
intillator eÆ
ien
y measurement are summarized.The systemati
s of the measurement method were studied varying the sele
tion 
utsapplied to the analyzed events and a MC study, where the simulated eÆ
ien
y was
ompared to the 'measured' one. A possible in
uen
e of the re
onstru
tion algorithmwas ex
luded in [133℄. Finally, the root mean square of the di�eren
e between themeasured and parameterized eÆ
ien
ies is used as a measure of the a

ura
y of thetime and noise dependen
e. In total a systemati
 error of 0.7% is estimated adding theindividual 
ontributions in quadrature.error sour
e �"
ut variation 0.006MC study < 0.001time dependen
e 0.002re
onstru
tion < 0.002noise dependen
e (Rtot <80 kHz) 0.002total 0.007
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5.2. Muon 
hambers5.2 Muon 
hambers5.2.1 EÆ
ien
yThree major sour
es of ineÆ
ien
y of the muon 
hambers 
ould be identi�ed:� Dead 
ells: Due to the me
hani
al tension a
ting on the muon 
hamber wiresand ageing of the wire material, a sense or mesh wire may brake during thedata taking. This usually short-
ir
uits the high voltage supply of the 
ell andthe 
omplete 
ell needs to be dis
onne
ted until it may eventually be repairedduring the winter shutdown of the LEP a

elerator.� Bad 
ells: These 
ells are not 
ompletely dis
onne
ted, but operated at lowervoltages. As a 
onsequen
e, their gain is lower and the ele
tron drift path deviatesfrom the standard 
ell map fun
tion resulting in a bad resolution [58℄ and a poorre
onstru
tion eÆ
ien
y [113℄.� TDC errors: The TDCs used in L3+C to read out the muon 
hamber signalsare known to lose data randomly as a 
onsequen
e of a design failure [130℄. OneTDC reads out 32 neighboring signal wires, therefore a full segment may be lost.The muon spe
trum analysis uses tra
ks, whi
h were re
onstru
ted in six muon P-
hamber layers and two times four Z-
hamber layers. The 
orresponding tra
k sele
tioneÆ
ien
y reads as "tra
k � 6Yi=1 "Pi| {z }P � 8Xi=4 B(i; 8; h"Zi)!2| {z }Z ; (5.4)where B denotes the binomial distribution, h"Zi is the mean Z-
hamber layer eÆ
ien
yand "Pi stands for the eÆ
ien
y of the ith P-
hamber layer. As 
an be seen, espe
iallythe P-layer eÆ
ien
y has a large impa
t on the tra
k sele
tion eÆ
ien
y: If one 
ellalong the muon tra
k is dis
onne
ted, the tra
k sele
tion eÆ
ien
y is zero.The status of the muon 
hamber 
ells at the end of the data taking in 1999 and 2000was studied the following way: A sub-tra
k re
onstru
ted inside one o
tant is extrap-olated to the fa
ing o
tant. At the interse
tions with the muon 
hamber planes, theabsen
e of re
orded hit positions indi
ates an ineÆ
ient ('bad') or dis
onne
ted ('dead')dete
tor region. Using the data of one day in 1999, 107 out of the 1456 P-
hamber57
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(a) P-
hamber master side (b) P-
hamber slave sideFig. 5.4: P-
hamber 
ell status at the end of data taking.
ells, and 570 out of the 11424 Z-
hamber 
ells were found with an eÆ
ien
y lower than80%. The 
orresponding number of bad 
ells at the end of the year 2000 is 57 (P) and731 (Z). A good 
orrelation with the high voltage status database maintained by L3was found, but the study revealed 25 P-
ells and 197 Z-
ells with low or zero eÆ
ien
ynot re
orded there. Figure 5.4 displays the lo
ation of the bad P-
ells at the end ofdata taking�. It is 
lear, that the numerous bad and dead dete
tor areas 
onsider-ably diminish the tra
k sele
tion eÆ
ien
y given in equation (5.4). The 
orrespondingevent loss depends non-trivially on where and in whi
h dire
tion the muon enters thedete
tor volume. Moreover, a momentum and 
harge dependen
e is expe
ted, due tothe bending of the muon tra
k within the magneti
 �eld. To be able to 
al
ulate thetra
k sele
tion eÆ
ien
y as a fun
tion of zenith angle and muon momentum, hits frombad and dead 
ells are not used in the re
onstru
tion of the muon tra
ks in data andMC. The measured 
ell status at the end of 1999 and 2000 was used for this purpose.This has the advantage, that only two periods of 
onstant muon 
hamber a

eptan
eare de�ned. On the other hand, as the dete
tor status degrades with time in one datataking year, this simpli�
ation means a loss of data, sin
e 
ells, whi
h may have beenworking at the start of data taking are not used, if they turned out to be dead at the�As not enough atmospheri
 muons pass the horizontal side o
tants, the status from the L3database is used for these o
tants without a 
ross-
he
k from the L3+C data.58
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hamberso
tants eÆ
ien
y [%℄1999 20001 + 5 92.3 92.72 + 6 92.9 92.93 + 7 88.3 89.89 + 13 94.2 94.610+ 14 93.0 92.411+ 15 90.7 91.1Tab. 5.1: Estimated sele
tion eÆ
ien
y due to the TDC ineÆ
ien
y for diagonalo
tant pairs.end of the year. The 
orresponding loss of sele
ted high quality events amounts to only3%, whi
h is why the 
onstant a

eptan
e s
heme was favored over a more 
ompli
atedsubdivision of data and MC in many time periods.The average eÆ
ien
y of the remaining 
ells at nominal high voltage was measured tobe 98.7% in 
ase of the P-
hambers, and 91.7% for the Z-
hambers. These residualsignal losses 
an be explained by the TDC ineÆ
ien
y mentioned above and are ex-pe
ted to vary from 
ell to 
ell and with time [130℄. In 
ontrast to the dis
onne
ted
ells, they o

ur at random and are un
orrelated between the di�erent drift layers.The 
orresponding tra
k sele
tion eÆ
ien
ies a

ording to equation (5.4) are estimatedbased on the individual 
hamber eÆ
ien
ies and are listed in table 5.1 for diagonallyfa
ing o
tants and the two data taking years. The 
orre
tion for this ineÆ
ien
y willbe dis
ussed in se
tion 6.3.1.5.2.2 AlignmentThe pre
ision of the alignment of the muon 
hamber layers with respe
t to ea
h otheris one of the major limitations for this measurement. Its in
uen
e on the momentumdetermination 
an be illustrated re
alling the sagitta measurement s inside a singleo
tant sket
hed in �gure 4.3. In 
ase of non zero alignment shifts Æ1�3 of the threedrift 
hamber layers, the equation (4.5) for the 
al
ulation of sagitta inside one o
tantreads as s = s2 + Æ2 � s1 + Æ1 + s3 + Æ32 � s+ Æs ; (5.5)where Æs is the e�e
tive sagitta shift. It leads to a systemati
ally biased re
onstru
tedmuon momentum. The momentum shift is di�erent for positive and negative momenta,59
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sδ(a) The re
onstru
ted muon traje
tories(dashed) in 
ase of an unknown align-ment shift Æs in 
omparison to the truemuon paths (solid).
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3(b) Relative 
hange of the measured
harge ratio measured inside one o
tantfor three di�erent misalignments.Fig. 5.5: Illustration of the e�e
t of a misalignment of the middle P-
hamber on there
onstru
ted momentum and the 
harge ratio.as illustrated in �gure 5.5(a) for a shift of the middle P-
hamber layer.For a power law 
ux of positive and negative muons�(p) = (
+ � p�3 + 
� � p�3) ; (5.6)it is shown in [132℄, that a misalignment Æs leads to a measured 
ux�(p) = 
+�p�3 + Æsa p�2�+ 
��p�3 � Æsa p�2� (5.7)and 
harge ratio of R(p) = 
+
� � p�3 + Æsa p�2p�3 � Æsa p�2 : (5.8)Here a denotes the dete
tor 
onstant needed to 
onvert the sagitta to a momentum. It is0:157 mGeV inside one o
tant and 2:21 mGeV for the full dete
tor (see equations (4.3)and (4.4)). In 
ase the amount of positive and negative muons is almost the same(
+ � 
�), a misalignment has only little e�e
t on the total muon 
ux, as the 
orre
tionterms in equation (5.7) 
an
el out. The 
harge ratio however is very sensitive to the60
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es �s between diago-nally fa
ing o
tants in 1999 and 2000.Fig. 5.6: Estimation of the internal o
tant misalignment.alignment. Figure 5.5(b) displays the relative di�eren
e between the true and measured
harge ratio a

ording to equation (5.8) for the single o
tant momentum �t and threerather modest misalignments.After these 
onsiderations it is 
lear that the dete
tor alignment plays a signi�
ant rolein the overall systemati
s of this analysis. As the muon 
ux does not exa
tly followequation (5.6), the a
tual systemati
 e�e
ts will be dis
ussed in se
tion 6.4.1. In thefollowing the determination of the alignment parameters and their un
ertainties willbe des
ribed.Internal o
tant alignmentAs mentioned in se
tion 3.2.1, ea
h o
tant is equipped with an opti
al alignment sys-tem. The system was designed to align the 
hambers su
h that the e�e
tive sagittaerror stays below 30 µm [6℄. This 
an be 
ross-
he
ked by measuring the mean di�er-en
e �s of the sagitta measurements of the same muon in two o
tants:�s = 
(s1 + Æ1s)� (s2 +�losss + Æ2s)� = Æ1s � Æ2s ; (5.9)where the index 1/2 denotes the upper and lower o
tant respe
tively. The lowersagitta measurement s2 is 
orre
ted for the average energy loss in the inner dete
-61
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tor performan
etors a

ording to the GEANE predi
tion �losss . An example for this measurement isshown in �gure 5.6(a), where the sagitta di�eren
e distribution for the o
tants 2 and6 in 1999 is shown. It was �tted with the sum of two Gaussian distributions yield-ing �s = �36 � 3µm. The �tted sagitta di�eren
es for all diagonal o
tant pairs aredisplayed in �gure 5.6. They are within �60 µm as expe
ted from the L3 design value.Relative o
tant alignmentThe L3 muon 
hamber system was designed to measure the momentum of muons orig-inating from the LEP a

elerator. Above 3 GeV, these muons are 
on�ned in oneo
tant, therefore no relative alignment of the o
tants is needed in this 
ase. This is of
ourse di�erent for the double o
tant �t explained in the previous 
hapter, where thetra
k of an atmospheri
 muon is �tted using the re
onstru
ted hit positions from twoo
tants.Due to the la
k of external information on the relative o
tant alignment, the parame-ters were determined from the data itself. For this purpose, the 
oordinates x; z andthe dire
tions �; � of the re
onstru
ted single o
tant tra
ks were 
ompared at theirinterse
tion with the vertex plane as sket
hed in �gure 5.7. To mat
h both the 
oordi-nates and dire
tions, one o
tant is shifted and rotated su
h that the inter
epts of thetra
ks agree with ea
h other on average. This is a
hieved by minimizing�2ij = Xevents X�=x;z;�;� [�i � �0j(tij;Eij)℄22�2� ! (5.10)for ea
h 
ombination of o
tants i and j from the upper and lower hemisphere. Here tdenotes the translation ve
tor t = (�x;�y;�z) (5.11)and E is the Euler rotation matrix.E = E(�; �; 
) (5.12)depending on three rotation angles � (rotation around the original y-axis), � (rotationaround the new z-axis) and 
 (rotation around the new y-axis). As it turned out, � is
lose to zero, whi
h is why � and 
 are not independent and 
 needs to be for
ed tozero to obtain stable �ts. Due to the multiple s
attering in the L3 inner dete
tors, theerrors �� depend on the muon momentum and the amount of matter traversed by thetra
k.62
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Translation
Rotation +

upper octant

lower octant

L3 inner

vertex plane

detectors

Fig. 5.7: Illustration of the determination of the relative o
tant alignment from thesingle o
tant muon tra
ks (denoted by straight lines).
For ea
h data run, a full set of alignment parameters was determined using the datare
orded within �12 hours around the data taking time. The obtained translation 
on-stants range from -6 to 6 mm and the measured rotation angles are within �1 mrad.As a 
onsequen
e of the 
areful design of the me
hani
al properties of the o
tantstands supporting the 
hambers, the alignment parameters were found to vary onlylittle within the two data taking years. The observed 
hanges are below 1 mm for thetranslation 
onstants and smaller than 0.2 mrad in 
ase of the rotation angles.The determination of the alignment parameters was repeated for di�erent dete
torparts and at di�erent momenta. The latter may reveal systemati
 errors due to theinhomogeneous magneti
 �eld and energy loss, whereas the in
uen
e of the internalo
tant alignment due to a torsion or shear of the 
hamber layers 
ould be di�erent fordi�erent dete
tor parts.Figure 5.8(a) shows a typi
al example of this study: Only a small variation of the trans-lation 
onstant with the momentum is found, but a large systemati
 e�e
t is observedwhen sele
ting muons at di�erent vertex plane inter
ept positions. The investigationof all o
tant 
ombinations leads to a systemati
 un
ertainty on the translation param-eters of �x;y;z � 1mm and ��;� � 0:1mrad for the rotation angles. To obtain the
orresponding e�e
tive sagitta un
ertainty Æs the simulated dete
tor was a

ordinglymisaligned in a MC study, in
luding also an internal shift of the middle P-
hambers63
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tive doubleo
tant sagitta un
ertainty.Fig. 5.8: Systemati
 error on the relative double o
tant alignment.of 30 µm. The simulated sagitta bias is shown in �gure 5.8. It is dominated by theun
ertainty in � and is well des
ribed by Æs = 0:15mm. Converting the single anddouble o
tant sagitta un
ertainty to an inverse momentum un
ertainty Æ(1=p), whi
his independent of the lever arm used in the �t, the single o
tant un
ertainty reads asÆ(1=p)so = 0:19 TeV�1 (5.13)and for the double o
tant �t a value ofÆ(1=p)do = 0:070 TeV�1 (5.14)is estimated.5.2.3 Momentum resolutionThe L3+C dete
tor does not dire
tly measure the momentum of a muon, but thesagitta of a muon tra
k, whi
h is proportional to the 
harged inverse momentum as
an be seen in equation (4.2). Hen
e the variable q=p and not p itself should followan approximately Gaussian behavior and the momentum resolution due to the sagittaun
ertainty is rising quadrati
ally with the momentum:�sagp = �(q=p) � p2 : (5.15)64



5.2. Muon 
hambersAnother 
ontribution to the momentum resolution is due to the multiple s
attering inthe dete
tor material, whi
h deviates the muon tra
k form an ideal helix in the magneti
�eld. For homogeneously distributed material and a muon traje
tory perpendi
ular tothe magneti
 �eld it is given by �msp = 
ms � p ; (5.16)with 
ms � 0:053 1B=T L=mr LX0 ; (5.17)where B denotes the magneti
 �eld strength, L is the tra
k length and X0 is theradiation length of the dete
tor material. The multiple s
attering is an importante�e
t muon tra
ks with a momentum below the 
riti
al value p
rit = 
ms=�(q=p). Forthe single o
tant �t p
rit � 10 GeV. Due to the large amount of material in betweenthe muon 
hamber o
tants, the multiple s
attering is important for the double o
tant�t up to about 1 TeV.At a given momentum interval [pi; pi+�℄, the number of measured events ni will not beexa
tly the true number of events Ni, be
ause due to the �nite momentum resolution a
ertain fra
tion of events will 'migrate' to neighboring momentum intervals [pj; pj+�℄with a probability Pij(�pi). On the other hand, events with true momentum pj maybe measured with momentum pi, su
h that the total number of observed events isni = Ni �Xj Ni � Pij(�pi) +Xj;j 6=iNj � Pji(�pj) : (5.18)Due to the expe
ted steepness of the atmospheri
 muon momentum spe
trum, thenumber of events with j < i is mu
h larger than Ni, therefore more events migratefrom lower momenta to higher ones and the observed muon spe
trum 
attens as �pin
reases.This is illustrated in �gure 5.9, where a MC study of the e�e
t of the momentumresolution on the measured spe
trum is shown. Anti
ipating the results of this se
tion,simulated muons from the l3
gen generator (see se
tion 4.3) were smeared a

ordingto the measured dete
tor resolutions for various 
ases. As 
an be seen, the ratios ofni=Ni are 
lose to one at low momenta, where the relative momentum resolution isstill small. However, at high energies the ratios range from 1.3 to 6.7 depending onthe measuring te
hnique used.After these 
onsiderations, it should be 
lear, that the momentum resolution is oneof the key dete
tor parameters needed to measure the spe
trum. Firstly, a good65
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3Fig. 5.9: MC simulation of the resolution e�e
t on the observed muon spe
trum.momentum resolution is needed to keep the di�eren
es between the measured andtrue muon spe
trum small, and se
ondly it must be well known, in order to be able to
orre
t the residual di�eren
es.In the following, the determination of the dete
tor resolution will be des
ribed. Theresolution of the single o
tant �t, whi
h 
an be inferred from the data itself, will beused to tune the the dete
tor simulation. Subsequently, the double o
tant resolutionwill be determined from the simulation, as it is not dire
tly a

essible from the data.All results of this se
tion apply only to muon tra
ks of the quality sele
tion des
ribedin 
hapter 6.Single o
tant momentum resolutionFor the evaluation of the single o
tant momentum resolution, the di�eren
e betweenthe two 
urvature measurements of the same muon in two o
tants is investigated:�ul = [q=p℄u � [q=p℄l � Æeloss ; (5.19)66



5.2. Muon 
hamberswhere pu and pl denote the momentum measurements in the upper and lower o
tantrespe
tively and Æeloss denotes the GEANE 
orre
tion for the energy loss of the muonfrom the upper to the lower dete
tor hemisphere. Thus the expe
ted varian
e of �ulis given by V[�ul℄ = 2 � V[q=p℄ + V[Æeloss℄ (5.20)assuming equal 
urvature resolutions in the upper and lower o
tant. Separating thevarian
e Vms due to the multiple s
attering inside one o
tant from the dete
tor relatedresolution �det, equation (5.20) 
an be rewritten asV[�ul℄ = 2 � �2det + 2 � Vms +V[Æeloss℄ : (5.21)Both Vms and V[Æeloss℄ were evaluated using the L3+C dete
tor simulation leading toVms = �0:011 � p�1�2 (5.22)and V[Æeloss℄ = �0:015 � p�1�2 (5.23)The following fa
tors 
ould be identi�ed to 
ontribute to the dete
tor resolution:(a) Chamber resolution:Given the equations (4.3) and (4.5) for the 
al
ulation of the sagitta of the muon tra
kfrom the segment positions, the 
orresponding resolution reads as�2
ham � a2 = �2s2 + �2s1 + �2s34= �2swr �� 1N2 + 14 �N1 + 14 �N3� (5.24)� �2swr � fhit ;where �2swr is the positional resolution of a single sense wire, Ni denotes the number ofused hits in 
hamber i and a = 0:157 mGeV is the 
onstant relating the sagitta andthe inverse momentum. In the last line the hit resolution fun
tion fhit is introdu
ed.Its nominal value is fnom = 1=24+ 1=(4 � 16)+ 1=(4 � 16) = 0:0729 in 
ase ea
h segmentuses exa
tly all hits of one 
ell in ea
h of the three 
hambers. Due to the dis
onne
tedP-
ells, on average a slightly worse value of 0.0788 is observed. The overall distributionsof the ratio fhit=fnom for data and MC are shown in �gure 5.10(a).The single wire resolution is estimated from the di�eren
e of the hit positions at (x; y)to the segment 
ir
le �t 
: r = NN �Ndf (x� 
(y)) ; (5.25)67
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Fig. 5.10: Dete
tor parameters determining the 
hamber resolution.where N denotes the number of hits used in the �t and Ndf = 3 is the number of degreesof freedom of the �t. The overall residual distribution is shown in �gure 5.10(b) fordata and MC. The latter was simulated using a parameterization of the single wireresolution as a fun
tion of distan
e and angle with respe
t to sense wire plane [117℄.For this analysis, also the tails of the distribution were simulated leading to a goodoverall agreement between data and MC. Using the observed RMS of 264 µm, the
ontribution of the 
hamber resolution to the single o
tant momentum resolution is�
ham = 0:472 TeV�1 ; (5.26)whi
h is reprodu
ed by the MC within 3%.(b) S
intillator time resolution:The resolution of the timing provided by the s
intillators enters the measurement ofthe tra
k position via equation (3.3). A deviation �t from the true arrival time t0 leadsto a 
orrelated shift of �x = +(�)vdrift�t for all sense wire hits right (left) of the senseplane. As mentioned above, the intrinsi
 time resolution of the s
intillators amountsto 1.8 ns. The related average e�e
t on the 
urvature resolution was extra
ted from68
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pressure.the data in [117℄ and amounts to�t0 = (0:57� 0:06) TeV�1 : (5.27)The 
orresponding number derived from the dete
tor simulation is (0:61�0:01) TeV�1and agrees well with the measured value within its statisti
al error.(
) Calibration un
ertainties:In addition to the known single wire and s
intillator timing resolution, several 
alibra-tion un
ertainties may 
ontribute to the momentum resolution: The un
ertainty of thealignment of the 
hambers and sense wires is expe
ted to 
ontribute �al � 0:15 TeV�1to the total resolution [58℄. A

ording to [41℄, the point to point un
ertainty of the mag-neti
 �eld is � 0:002 T. Using the relation between the P-
hamber drift velo
ity andthe magneti
 �eld given in [115℄ this 
orresponds to �B � 0:07 TeV�1. The un
ertaintyof the drift velo
ity 
alibration itself is estimated by 
omparing the L3+C value [140℄to the one obtained by L3 with another method, whi
h leads to �v � 0:1µms�1 or aresolution un
ertainty of �v � 0:23 TeV�1.The gas pressure inside the muon 
hambers is assumed to be 
onstant in the re
onstru
-69
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tor performan
etion, whereas it varies more than 1% due to the 
hange of the atmospheri
 pressureover the year. As 
an be seen in �gure 5.11, this signi�
antly worsens the resolution,be
ause the 
hange of drift properties of the gas is not a

ounted for. The 
omparisonof the resolution at the minimum to the overall resolution leads to an additional errorof �gas = 0:24 TeV�1.Finally, the time o�sets of muon 
hamber signals due to the time of propaga-tion along the read out 
ables are determined within 0.5 ns [108℄ 
orresponding to�t0
al �0:19 TeV�1.Adding all these un
ertainties in quadrature, the 
ontribution of the known 
alibrationun
ertainties to the 
urvature resolution 
an be estimated to be�sys � 0:42 TeV�1 : (5.28)The measured 
urvature di�eren
e 
an be well des
ribed by the sum of two Gaussiandistributions G: f(x) = A [r G(x; �; �1) + (1� r)G(x; �; �2)℄ ; (5.29)where A denotes the normalization 
onstant, �1 and �2 denote the width of the twoGaussian distributions, r is the fra
tion of events parti
ipating in the �rst Gaussiandistribution and x = (q=p1 � q=p2)=p2. The fa
tor p2 is applied to extra
t the singleo
tant 
ontribution �det from equation (5.21).An example of the measured 
urvature di�eren
e is shown in �gure 5.12 for energiesof 100 GeV. The momentum dependen
e of the parameters A, �1 and �2 is displayedon the left side of �gure 5.13. As 
an be seen, the default MC does not reprodu
ethe observed data distribution. This 
ould be expe
ted, be
ause no 
alibration un
er-tainties a�e
t the simulated muon 
hambers. The existen
e of the se
ond Gaussian
ontribution is however also predi
ted by the simulation, therefore it seems plausible,that it is 
aused by poorly re
onstru
ted tra
ks.At high energies, where the multiple s
attering and energy loss are negligible, a singleo
tant resolution of �det;1 = (0:916� 0:007)TeV�1 (5.30)is measured for 69% of the events and�det;2 = (1:80� 0:02)TeV�1 (5.31)for the remaining 31% of the events.Comparing �det;1 to the maximum expe
ted total error of�exp = �
ham � �t0 � �al � �B � �v � �t0
al � �gas (5.32)= 0:85 TeV�1 ;70



5.2. Muon 
hambers
r   = 0.73±0.01

σ
1
 = (0.93±0.01) TeV

-1

σ
2
 = (1.9±0.03) TeV

-1

χ2
/ndf = 91/69

[(q/p)
1
-(q/p)

2
]/√2 [GeV

-1
]

fr
a

ct
io

n
 o

f 
ev

en
ts

data

MC (default)

MC (smeared)

10
-5

10
-4

10
-3

10
-2

10
-1

-0.01 -0.0075 -0.005 -0.0025 0 0.0025 0.005 0.0075 0.01

Fig. 5.12: Example of the 
urvature di�eren
e at 100 GeV. The line denotes a �t withtwo Gaussian distributions a

ording to equation 5.29.an additional unknown systemati
 
ontribution of 0.34 TeV�1 
an be stated.In order to adjust the MC to the data, the re
onstru
ted simulated momenta aresmeared via �qp�smear = �qp�gen � "�qp�gen � �qp�re
# � 
s ; (5.33)where 
s denotes the smearing fa
tor
2s = (�datadet;1)2 +V[Æeloss℄ + Vms(�MCdet;1)2 +V[Æeloss℄ + Vms : (5.34)V[Æeloss℄ needs to be set to zero for the upper o
tant. At high energies 
s = 1:251. As 
anbe seen in �gure 5.12, after this pro
edure, the data distribution is ni
ely reprodu
edby the MC. 71



Chapter 5. L3+C - dete
tor performan
e
fr

a
ct

io
n

σ
1

 [
T

eV
-1

]

p [GeV]

σ
2

 [
T

eV
-1

]

data

expectation

MC (default)

MC (smeared)

0

0.2

0.4

0.6

0.8

1

10 10
2

10
3

1

10 10
2

10
3

1

10

10 10
2

10
3(a) Single o
tant �t.

fr
a

ct
io

n
σ

1
 [

T
eV

-1
]

p [GeV]

σ
2

 [
T

eV
-1

]

MC

parameterization

single octant

0

0.2

0.4

0.6

0.8

1

10 10
2

10
3

10
-1

1

10 10
2

10
3

10
-1

1

10 10
2

10
3(b) Double o
tant �t.Fig. 5.13: Parameters of the �t of the momentum resolution with a sum of two Gaus-sian distributions as a fun
tion of momentum. For 
omparison, a parameterizationof the single o
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tant smearing fa
tors for di�erent 
alibration un
ertainties.Double o
tant momentum resolutionThe double o
tant resolution 
an not be inferred dire
tly from the data, therefore it isdetermined with the dete
tor MC. As seen in the previous se
tion, the simulation failsto predi
t the absolute 
urvature resolution, but 
an be adjusted easily with a smearingfa
tor, sin
e the overall shape of the MC resolution agrees well with the data. A prioriit is not 
lear, whether the 
alibration un
ertainties in
uen
e the double o
tant �t inthe same way as in the single o
tant 
ase. For instan
e, the single o
tant �t has zerodegrees of freedom, whereas the double o
tant �t has up to �ve, whi
h may averageout some of the position measurement errors.This was 
he
ked by introdu
ing the following additional errors to the simulation:� a timing o�set between the 
hambers and the s
intillators of 2.8 ns,� an enlarged single wire resolution of �0swr = 1:23 � �swr,� a 
hamber-wise positional error of 50 µm and� a drift time bias of �vx = 0:2µms�1.The values are 
hosen su
h that the resulting single o
tant resolution is 
lose to theone observed in the data. The obtained smearing fa
tors are shown in �gure 5.14 along73
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es between these fa
tors and the residualswith respe
t to the parameterization a systemati
 error of 8% on the double o
tantinverse momentum resolution is assumed.As in the single o
tant 
ase, the distributions are �tted a

ording to equation (5.29)and the results are presented in �gure 5.13(b). For 
omparison, the resolution of theweighted average of two o
tant measurements�sow = (1=Vu + 1=Vl)� 12 (5.35)is also shown. As 
an be seen, a signi�
ant improvement of the momentum resolutionis a
hieved at high momenta. At low momenta, the resolutions approa
h ea
h other,be
ause the measurements from the lower o
tant do not 
ontribute to the �t in both
ases due to the un
ertainty of the energy loss and multiple s
attering in the L3 innerdete
tor and the support tube. De�ning the e�e
tive resolution as�e� = (r � �21 + (1� r) � �22) 12 ; (5.36)the relative momentum resolution �p=p = �e� � p is shown in �gure 5.15.74



5.3. Trigger and data a
quisition systemThe performan
e of a spe
trometer is often quanti�ed by its 'maximum dete
table mo-mentum' MDM, i. e. the momentum, where the relative momentum resolution is 100%.The L3+C MDM is 1.1 TeV for the weighted single o
tant �t and (4.7�0.4) TeV forthe double o
tant �t.5.3 Trigger and data a
quisition system5.3.1 Dead timeFor the measurement of event rates, a pre
ise knowledge of the time the L3+C readoutsystem is busy pro
essing data without being 
apable to a

ept events is ne
essary.This time is usually referred to as dead time tdead. The observed event rate Robs withina time span t is related to the true event rate Rtrue byRtrue = Robs tt� tdead = Robs t� (5.37)where � denotes the live-time � = t� tdead.The L3+C readout ele
troni
s provides two ways of measuring the live-time: First a10 MHz 
ounter is started at the start of ea
h run. Whenever the trigger is disabled,be
ause the event or TDC bu�ers are full, the 10 MHz 
ounter is also stopped. Thusthe live-time of a run 
an be inferred by the number of 
ounts at the end of the run.Se
ondly, the CTT re
eives a trigger signal from the GPSTIM 1Hz 
lo
k, whi
h 
ausesa trigger no matter what signals were present in the muon 
hambers or s
intillators. Ifthe CTT is not disabled be
ause data of pre
eeding events are pro
essed, this (usuallyempty) event is re
orded, and the number of 1Hz triggers on tape at the end of therun gives the live-time of the run in se
onds. Figure 5.16 shows the live-time measuredwith the 10 MHz 
ounter for all the runs of the 1999 and 2000 data taking period,whi
h were used in this analysis. A slightly better performan
e in the year 2000 isobserved. The small peak at around 99.6% is due to di�erent trigger settings for someruns in 1999, whi
h diminished the trigger rate from 450 to 200 Hz.From the two independent ways of determining the live-time the systemati
 error ofthe live-time measurement 
an be estimated. The integrated live-time used in thisanalysis as measured with the 10 MHz 
ounter is � = 9626571 � 58 s. The samenumber obtained with the 1Hz trigger reads as � = 9628154� 337 s. The di�eren
e is�� = 1583� 342 s ; (5.38)75
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ent for the 1999 and 2000 data taking periods.leading to a systemati
 un
ertainty of��� � 0:0002 (95% C:L:) : (5.39)
5.3.2 S
intillator triggerThe CTT module de
ides on the basis of an overlap in time between the muon 
hambermajority signals and the s
intillator CPC signal, whether a s
intillator hit is present inthe event or not. The eÆ
ien
y of this event 
lassi�
ation is 
he
ked using re
onstru
teddata from a spe
ial test produ
tion, where no trigger presele
tion on the data wasimposed. Comparing the events with a good s
intillator hit and a s
intillator triggerwith the total number of events with a good s
intillator hit, the s
intillator triggereÆ
ien
y was found to be "1999SCNT;trig = 99:757� 0:004% (5.40)for the 1999 data taking period and"2000SCNT;trig = 99:934� 0:002% (5.41)76
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intillator trigger eÆ
ien
y for the 1999 and the 2000 data takingperiod. The lines indi
ate the �tted average values.for the 2000 data taking period. Here a good s
intillator hit is de�ned by a high qualityre
onstru
ted muon tra
k, that 
ould be extrapolated ba
k to the s
intillator modulewhi
h t0-time was used for 
al
ulating the muon 
hamber drift times.Figure 5.17 shows the s
intillator trigger eÆ
ien
y as a fun
tion of the di�erent s
intil-lator modules. The module-to-module variation in 2000, where more statisti
s is avail-able, deviates signi�
antly from the �tted mean value. To a

ount for this variation,an overall systemati
 error of 0:01% on the s
intillator trigger eÆ
ien
y is assigned.5.3.3 Muon 
hamber triggerTwo e�e
ts may 
ause a loss of muon triggers due to the muon 
hamber trigger: Firstly,the majority threshold of eight (seven) hits per 
hamber in 1999 (2000) introdu
es anineÆ
ien
y for muon tra
ks with a low number of hits. Se
ondly, if a tra
k passesthe border of two CPCs, the tra
k might not be triggered although it produ
ed morehits than the majority threshold, but only a part of them is seen by ea
h CPC. Asthe majority signals are present in the L3+C data output, the trigger eÆ
ien
y 
an bemeasured for ea
h P-
hamber by 
omparing the trigger de
ision with the a
tual presentP-
hamber hits. Sin
e for this analysis only the number of hits used in the muon tra
k�t are of interest, the eÆ
ien
y is determined versus the number of re
onstru
ted hits.77



Chapter 5. L3+C - dete
tor performan
e
MO chamber

µ
-c

h
a
m

b
er

 t
ri

g
g
er

 ε

MM chamber

MI chamber

number of reconstructed hits

2000

1999

0.4

0.6

0.8

1

4 6 8 10 12 14 16 18 20

0.4

0.6

0.8

1

4 6 8 10 12 14 16 18 20

0.4

0.6

0.8

1

4 6 8 10 12 14 16 18 20Fig. 5.18: The muon 
hamber trigger eÆ
ien
y for the di�erent 
hambers in o
tant 3versus the number of re
onstru
ted hits.Figure 5.18 shows as an example the measured layer eÆ
ien
ies for o
tant 3. Thedi�erent thresholds for 1999/2000 data are 
learly visible at the point the eÆ
ien
ydrops. The in
rease towards very small numbers of re
onstru
ted hits is due to the fa
t,that problemati
 P-
ells are not used in the re
onstru
tion (see previous se
tion), but
an nevertheless trigger the CTT. The probability of triggering a muon whi
h traversesonly three P-
hambers in an o
tant j as 
lass 1 isP (
lass 1j3 layers)j = 3Yi=1 "ij(nhit;i); (5.42)where "ij(nhit;i) is the measured layer eÆ
ien
y in 
hamber i, and o
tant j given anumber of nhit;i re
onstru
ted hits. If two o
tants a and b are traversed, there are two
han
es of being triggered, thus the probability in
reases toP (
lass 1j2 � 3 layers) = 1� [1� P (
lass 1j3 layers)a℄[1� P (
lass 1j3 layers)b℄ : (5.43)78



5.3. Trigger and data a
quisition systemThe average P-
hamber trigger eÆ
ien
y relevant for the muons sele
ted in this analysis(see se
tion 6.2) is measured to be"Ptrig = 99:991� 0:002% : (5.44)by 
omparing the number of sele
ted re
onstru
ted 
lass 1 triggers to the number ofsele
ted re
onstru
ted triggers without a 
lass 1 prerequisite. The average 
al
ulatedeÆ
ien
y a

ording to equation (5.42) is 99:995 � 0:002%, whi
h agrees well withthe measured value. No signi�
ant variation of the measured trigger eÆ
ien
y withmomentum, zenith or azimuth angle is observed. Given the small di�eren
e to unityof "Ptrig, no systemati
 un
ertainty will be assigned to it.
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Chapter 6MEASUREMENT OF THE MUON FLUX
6.1 Method6.1.1 Dete
tor a

eptan
eIn L3+C the rate of muons N(�p;��)� within a given momentum and zenith angle interval(�p, ��) is measured. In order to be able to 
ompare the measurement with otherexperiments and theoreti
al predi
tions, this 
ounting rate has to be 
onverted to a
ux �(p; �). Negle
ting the momentum resolution and the energy loss in the molasseoverburden here, the 
ounting rate and 
ux are related by (see for instan
e [127℄):N(�p;��)� = Z�
 d! ZS d~� ~r Z�p dp �(p; �) "(p; !; �) ; (6.1)where � denotes the livetime, N(�p;��) is the number of measured muons within themomentum and zenith bin of interest and �
 is the solid angle 
orresponding to ��.The di�erential solid angle and the surfa
e element are given by d! = d� d 
os � andd~� respe
tively. S denotes an integration surfa
e, whi
h must be larger than the totalarea of L3+C, " is the di�erential dete
tor eÆ
ien
y, ~r the unit ve
tor in dire
tion !.The a

eptan
e A allows to infer the muon 
ux from the 
ounting rate by the simplerelation �(hpi; h�i) = N(�p;��)� 1�p A ; (6.2)where hpi and h�i are the mean momentum and zenith angle within the 
ux-bin ofinterest. Obviously, the transition from (6.1) to (6.2) 
an not be done analyti
ally in
ase of a 
ompli
ated geometry as L3+C. Instead, a MC dete
tor simulation with theknown input 
ux �(hpi; h�i)MC = Ngen(�p;��)� � 1h
os �iS �
 �p (6.3)81



Chapter 6. Measurement of the muon fluxgenerated on the horizontal surfa
e S within the solid angle �
 = 2��
os � is used.After dete
tor simulation (in
luding the eÆ
ien
ies) the a

eptan
e 
an be 
al
ulatedvia N(�p;��)MC;re
o = � �p A � �(hpi; h�i)MC;A = N(�p;��)MC;re
oNgen(�p;��) h
os �i S �
 : (6.4)As 
an be seen, the MC livetime drops out, therefore the result is independent of theassumed normalization. In L3+C, the generator surfa
e S is zenith angle dependentfor eÆ
ien
y reasons (see equation (4.12)). This is taken into a

ount by re-weightingea
h generated event with w1 = Smax=S(
os �), whi
h allows to use the relation (6.3) asif a 
onstant surfa
e Smax was be used. Smax needs to 
hosen, su
h that Smax > S(
os �)for all zenith angles.Finally, the mean 
osine of the zenith angle h
os �i, with whi
h S is multiplied in equa-tion (6.3) to 
onvert the horizontal surfa
e to a surfa
e perpendi
ular to the dire
tion ofthe solid angle bin, is obtained by assigning ea
h generated event an additional weightw2 = 1= 
os(�gen).Thus the a

eptan
e fa
tor derived from MC reads asA = N(�p;��)MC;re
oPiw1;i � w2;i Smax �
 ; (6.5)where sum extends over all generated events within �p;��.6.1.2 Muon 
ux �tSo far, neither the momentum resolution, nor the energy loss in the molasse overbur-den have been a

ounted for. Due to the 
orresponding event migration, whi
h wasalready mentioned in se
tion 5.2.3, the relation between the number of events mea-sured in L3+C and the muon surfa
e spe
trum at a given zenith angle bin a

ordingto equation (6.2), needs to be repla
ed by the matrix equationn = � �E �R �A �m : (6.6)Here n is the ve
tor (histogram) of 
ounted events ni with measured 
urvatures between[q=pi; q=pi+1℄, where q is the measured 
harge and p the measured momentum. Thedete
tor live-time is given by � andR denotes the migration matrix, i. e. the probabilityof measuring a 
urvature q=pi given a surfa
e momentum psj and a true 
harge pj. A isthe diagonal matrix of geometri
al a

eptan
es as a fun
tion of the surfa
e momentum82



6.1. Methodand E is the diagonal matrix of dete
tor eÆ
ien
ies as a fun
tion of momentum atdete
tor level. The histogram m 
ontains the true surfa
e spe
tra of positive andnegative muons integrated over the surfa
e momentum bin:mi = 8<:R pi+1pi �(p; q = �1) dp; i � kR pi�k+1pi�k �(p; q = +1) dp; k < i � 2k (6.7)Here k denotes the number of 
onsidered surfa
e momentum bins per muon 
harge.The 
omplete dete
tor matrix is given by D � E �R �A and will be dis
ussed in detailin se
tion 6.3.The straightforward inversion of equation (6.6)bm = 1� D�1n (6.8)is known to be problemati
, be
ause the statisti
al 
u
tuations of n together with the�nite dete
tor resolution R may lead to a solution ve
tor bm with large os
illationsbetween neighboring bins. This is, be
ause the non-zero o�-diagonal elements in Rintrodu
e negative 
orrelations between the bins of the solution bm. Nevertheless it
an be shown, that the estimator bm is unbiased and has the smallest possible varian
eamong all unbiased estimators, i. e. bm is the best possible solution (see for instan
e [50℄).The problem of the large negative 
orrelations is usually over
ome by modifying theinitial unfolding equation (6.6): The varian
e of the solution is diminished by imposingan additional 
onstraint to the data. This is done either by solving equation (6.6)iteratively starting from an initial guess m0 and stopping the iteration, before thesystem has 
onverged to bm (
f. [51,104℄), or by extending the linear system (6.6) withadditional regularization terms of type Cm = 0 (
f. [35, 82, 129℄).Here the system (6.6) is regularized by imposing the 
onstraint, that the true muonspe
trum should be a power law fun
tion with a variable spe
tral index:�(p) = �0 p
 ; (6.9)with 
 = a + b � log(p) + 
 � log(p)2 ; (6.10)an ansatz whi
h was used to des
ribe the theoreti
al muon 
ux predi
tion of [45℄ andexisting measurements in [79℄ where the above formula was rewritten to�(p; q = �1) = 10F (y;a�) m�2sr�1s�1GeV�1 (6.11)(y = log10[p=GeV℄) ; 83



Chapter 6. Measurement of the muon fluxwith F (y; a�) = a�1 12 (y � 2)(y � 3) y�a�2 13 (y � 1)(y � 3)(2y � 1) (6.12)+a�3 16 (y � 1)(y � 2) y+a�4 13 (y � 1)(y � 2)(y � 3) :This mathemati
ally equivalent form has the advantage, that the free parametersai have easy interpretations, namely the logarithm of the 
ux at 10 (a1), 100 (a2)and 1000 GeV (a3) and the spe
tral index at 100 GeV (a4). Correspondingly, thedi�eren
es a+k � a�k are the logarithms of the 
harge ratio at 10, 100, and 1000 GeVfor k = 1� 3.Equation (6.6) is thus repla
ed by the least square problem�2 = 2dXi=1 [ni � fi(a�)℄2�2ni + �2fi(a�) = min ; (6.13)where 2d is the total number of 
urvature bins at the dete
tor level (d bins for ea
h
harge) andfi(a�) = � " kXj=1 Dij Z pj+1pj �(p; a�) dp!+ 2kXj=k+1Dij Z pj�k+1pj�k �(p; a+) dp!# (6.14)is the 
onvolution of integrated surfa
e spe
trum with the dete
tor matrix. The sumextends over all k momentum bins of the positive and negative surfa
e spe
trum,be
ause of the non zero probability for measuring the wrong muon 
harge in thedete
tor.The denominator in (6.13) is the quadrati
 sum of the statisti
al error �ni andthe error on fi is due to the �nite MC statisti
s available to 
al
ulate the dete
tormatrix D. For the minimization of equation (6.13) the program MINUIT [87℄ was used.Whereas this method is robust and eÆ
iently 
ombines the measured data into a few
oeÆ
ients, it has two drawba
ks:� The a
tual experimental pre
ision is obs
ured be
ause of the 
onstraint (6.9).84



6.1. Method� Information, su
h as deviations of the data from the smooth fun
tion (6.9), islost and without a

ess to the raw dete
tor distributions, no other 
ux model
an be tested.Therefore, the smooth fun
tion (6.11) is 
onverted ba
k to un
orrelated data pointsusing a modi�ed bin-by-bin pro
edure:In the original bin-by-bin approa
h, dete
tor e�e
ts are 
orre
ted for using the ratiosof generated to sele
ted MC events:bmi _ NMCgen (pi)nMCsel (pi) ndatasel (pi) : (6.15)As it is shown in [50℄, this ansatz leads to a biased estimator bmi, if the underlying modeldistribution of the generated MC is not equal to the true distribution. Moreover, theusual error 
al
ulation V [bmi℄ _  NMCgen (pi)nMCsel (pi) !2 ndatasel (pi) (6.16)does not take into a

ount the loss of information introdu
ed by the �nite dete
torresolution.To avoid these problems, the method is modi�ed as follows:In ea
h bin of the measured histogram n, the total number of entries nj is regarded asbeing 
omposed of events originating from di�erent surfa
e momentum bins mi. Forea
h surfa
e bin i, a dete
tor bin j 
an be found, where the number of re
onstru
tedevents n(jji) = �Djimi is maximal (in the following labeled as 'signal' sj). The otherevents in this parti
ular bin, migrated to the bin from another surfa
e momentum binl 6= i (denoted as ba
kground bj):nj = n(jji) + 2kXl=1 n(jjl 6= i)� sj + bj : (6.17)Therefore an estimator for the muon 
ux bmi 
an be 
onstru
ted in the following way:bmi = sjDji � = nj � bjDji � : (6.18)The ba
kground is 
al
ulated similar to fi in equation (6.14), but without adding the
ontribution of the surfa
e bin i:bj = � " Xl 6=i Djl Z pl+1pl �(p; a�) dp!+ Xl 6=i Z pl�k+1pl�k �(p; a+) dp!# (6.19)85
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ux �t and bin-by-bin �2 for 400 simulated L3+Cexperiments. Bla
k dots show the original distributions, solid histograms the �2 proba-bilities with res
aled errors and the dashed line the expe
ted uniform distribution.The varian
e of bmi is given byV [bmi℄ = nj(Dji�)2 + �2MC;i ; (6.20)where �2MC;i 
ontains the statisti
al error on the dete
tor matrix and the error on the�tting parameters a is negle
ted.This analysis method is tested with 400 L3+C MC 'experiments': 400 muon 'data sets'are generated a

ording to the fun
tion and parameters given in [79℄ and a live-time
orresponding to one years' L3+C good run time. The surfa
e spe
tra are 
onvolutedwith the L3+C dete
tor matrix using a multinomial random generator. Similarly, 400'MC sets' are generated a

ording to the MC statisti
s available for this analysis andthe l3
gen parameterization of the muon 
ux [78℄. Thus 400 data distributions n anddete
tor matri
es D are available to investigate the mean out
ome and varian
e of theanalysis te
hnique des
ribed above. The muon 
ux �t is 
he
ked by 
omparing the �tresult ba with the input parameters a:�2 = (ba� a)T V[ba℄�1 (ba� a) (6.21)and the bin-by-bin method by 
omparing the generated spe
trum with the 
al
ulatedone: �2 =X (
mi �mgeni )2V [bmi℄ : (6.22)86



6.2. Data sele
tionThe probability distributions of these two �2's are shown in �gure 6.1. Althoughthe minimization of equation (6.13) is highly nonlinear (and thus the MINUIT ansatzof 
al
ulating the 
ovarian
e matrix from the inverse of the Hesse-matrix is stri
tlyspeaking not 
orre
t) and the error estimation of (6.20) negle
ts the 
orrelation of theparameters a and nj, the 
atness of the distributions is a

eptable. The 
orrespondingunder- and overestimation of the �tting errors 
an be quanti�ed by res
aling the errors
�2 = �2 1
2 ; (6.23)until the distributions be
ome 
at within their statisti
al errors. This leads to 
 = 1:04for the muon 
ux �t and 
 = 0:98 for the histograming. The estimated statisti
alerrors are thus in very good agreement with the true errors within a few per
entrelative pre
ision.6.2 Data sele
tionThe data sele
tion 
an be subdivided into three 
ategories: After a presele
tion of thedata, based on the run quality and trigger de
ision, �du
ial volume 
uts are applied,whi
h assure a good agreement between data and MC. Only high quality muon tra
ksare sele
ted, in order to obtain a good momentum resolution. The subsequent eÆ-
ien
ies of the sele
tions are listed in table 6.1 for data and MC. At low momenta,they are momentum dependent be
ause due to the bending of the muon tra
k in themagneti
 �eld, di�erent dete
tor parts are passed for ea
h momentum. Therefore thevalues above 80 GeV are shown, where the tra
ks are approximately straight lines andthe momentum dependen
e starts 
attening.Also shown is their live-time weighted ratioR = ("data="MC)1999 � �1999 + ("data="MC)2000 � �2000�1999 + �2000 ; (6.24)whi
h is a measure of the average agreement between the data and the simulation.Data presele
tionDuring the �rst two months of data taking, the s
intillator dete
tor was subje
t tomany interventions aiming to improve the shielding of the photomultipliers from theL3 magneti
 �eld. As a 
onsequen
e both the time 
alibrations and eÆ
ien
ies areunstable in this period, whi
h is why only data taken after the 15th of July 1999 is87



Chapter 6. Measurement of the muon flux
data MC
ategory sele
tion type 1999 2000 1999 2000 RSCNT 
hange r 0.635 1.000 - - -dete
tor status r 0.841 0.783 - - -pre- LEP noise r 0.840 0.416 - - -sele
tion 
lass 1 e 0.334 0.384 - - -re
onstru
tion e 0.880 0.844 - - -presele
tion total: 0.132 0.106TRIG thresh. st 0.644 0.702 0.261 0.298 2.415�du
ial shafts t 0.802 0.802 0.803 0.803 0.999volume master/slave st 0.944 0.942 0.942 0.941 1.002
uts bad 
ells st 0.776 0.716 0.765 0.705 1.0156P topo. t 0.380 0.311 0.374 0.305 1.018SCNT mat
h t 0.921 0.918 0.951 0.952 0.967�du
ial volume 
uts total: 0.132 0.109 0.054 0.046 2.414SCNT �t t 0.959 0.955 (0.958) (0.955) 1.0012�3 P segments st 0.492 0.544 0.501 0.558 0.978quality �lo
 st 0.631 0.640 0.635 0.643 0.995sele
tion �2 st 0.893 0.890 0.949 0.949 0.940Z-hits st 0.835 0.801 0.853 0.817 0.980P-hits st 0.917 0.930 0.928 0.939 0.990double o
tant t 0.995 0.995 0.994 0.994 1.001quality sele
tion total: 0.203 0.220 0.227 0.248 0.890all sele
tions: 0.0035 0.0025 0.012 0.011Tab. 6.1: EÆ
ien
y of the applied sele
tion 
uts. The 'type' 
olumn states the obje
tthe sele
tion is a
ting on: r=run, e=event, t=tra
k, st=sub-tra
k. The �du
ial volume
ut and quality sele
tion eÆ
ien
y are given for muons above 80 GeV. The last 
olumnlists the live-time weighted ratio of the data and MC eÆ
ien
ies.

88



6.2. Data sele
tionused in this analysis.While taking data, the status of the L3+C dete
tor 
omponents has been 
ontinuouslymonitored and the 
orresponding informations were written into a database, on whi
hbases the L3+C runs are 
lassi�ed as good or bad [98℄. The main 
riteria are thestability of the high voltages of the s
intillator photomultipliers and the muon 
hambersas well as nominal muon 
hamber dis
riminator and magnet 
urrent settings.As shown in se
tion 5.1, the s
intillator noise, whi
h is observed during the operation ofthe LEP a

elerator, diminishes the eÆ
ien
y of the L3+C s
intillator array. Therefore,all runs with a total array rate larger than 80 kHz are not used in this analysis. As a
onsequen
e of the large ba
kground from LEP during its highest energy runs in 2000,the dete
tor status and espe
ially the s
intillator noise were mu
h worse in this year.Further presele
tion 
riteria are a 
lass 1 trigger de
ision, i. e. at least one triplet
on�ned in an o
tant and a s
intillator hit, and a fully re
onstru
ted muon tra
k. Dueto the lower amount of dis
onne
ted P-
hamber 
ells, a slightly larger fra
tion of theevents was triggered as 
lass 1 in the year 2000. The re
onstru
tion eÆ
ien
y wasalready dis
ussed in se
tion 4.4.Fidu
ial volume 
uts� trigger threshold: No trigger simulation is implemented in the real dete
torMC, therefore it 
ontains also events, whi
h hit only two P 
hambers within oneo
tant. These events are already desele
ted in the data by the 
lass 1 presele
-tion in the re
onstru
tion or even earlier during the data taking by the triggerpres
aling. To get 
omparable events in data and MC, a 'software 
lass 1 trigger'is applied to the re
onstru
ted muon 
hamber hits, by requiring three 
hambersin one o
tant with at least 8(7) re
onstru
ted P-hits in 1999(2000). As expe
tedthis 
ut removes mu
h more MC events. The observed eÆ
ien
y ratio 
orrespondsto the doublet fra
tion in the data of about 60%.� a

ess shafts: The three a

ess shafts around the L3 
avern are known to bepoorly des
ribed in the simulation [134℄, as there they are assumed to be empty.However, in reality they are �lled with stairways or 
ontainers hosting the L3readout ele
troni
s. During the re
onstru
tion, an estimated traversed matterthi
kness Xest is assigned to ea
h muon tra
k, based on the GEANE ba
ktra
kingthrough the GEANT model of the L3 surroundings. In the absen
e of a

ess shafts,the traversed matter would read asX 0 = X0
os � + f(�) ; (6.25)89
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ess shaft desele
tion for muons with p>10GeV at the dete
tor.where X0 denotes the verti
al matter thi
kness, and f(�) is a 
orre
tion due tothe 
ylindri
al shape of the L3 
avern similar to equation (6.45). The di�eren
e�X = Xest �X 0 > �350 g 
m�2 (6.26)is used to desele
t muons, whi
h entered the L3 
avern through the a

ess shaftsin order to avoid systemati
 e�e
ts at low energies due to the di�erent total energyloss of muons in data and MC. The data and MC distributions for momenta above10 GeV are shown in �gure 6.2. As expe
ted, more MC events are observed in theshaft regions at low �X due to the smaller energy loss. At higher energies, theenergy loss is of less importan
e, therefore the 
ut redu
es to a pure geometri
al
onstraint and good agreement between data and the simulation is observed as
an be seen in table 6.1.90
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hambers in o
tants 5 and 13 inthe year 2000.Fig. 6.3: Muon 
hamber �du
ial volume 
uts.� o
tant 
on�nement (master/slave): As mentioned earlier, the L3 muon
hamber o
tants are divided into two independent \Master" and \Slave" sidesalong the LEP beam pipe. A sub-tra
k 
onstituted out of a segment on oneside and two segments on the other side is reje
ted, be
ause neither a hardwarebased alignment system nor o�ine 
alibration values are available for the relativealignment of these neighboring o
tants. Again, this 
ut is a purely geometri
al
onstraint to the tra
k, and 
onsequently a good agreement of the related eÆ-
ien
ies in data and MC is observed.� bad 
ells: In the muon 
hamber eÆ
ien
y analysis, an 80% eÆ
ien
y 
ut isused to 
lassify the drift 
ells as good or bad (see se
tion 5.2.1). For the spe
-trum analysis, the data and MC distributions of tra
k inter
epts at the 
hambersare re-s
anned for ea
h data taking year to apply a stronger 
ut of 90%. Allsub-tra
ks, whi
h pass su
h a low eÆ
ient region, are desele
ted. An example isshown in �gure 6.3(b), where a good overall agreement between the data and MC
an be seen with the ex
eption of the regions at -300 and -100 
m, ex
luded bythe 
ut. The gaps around z = � 500 
m are due to dis
onne
ted Z-
ells, whi
hwere already a

ounted for in the simulation. The additional ex
luded regionsamount to 1.5% of the P-
ells and 2.8% of the Z-
ells in 1999 and 1.5% of the91



Chapter 6. Measurement of the muon fluxP-
ells and 5.6% of the Z-
ells in 2000.Moreover, tra
ks using P 
hamber 
ells at the outer edges of the layers are notsele
ted, be
ause the spe
ial geometry of these 
ells results in an ele
tri
 �eld
on�guration di�erent from the usual 
ells, whi
h is however not taken into a
-
ount in the time-to-distan
e fun
tion. An example of a side 
ell is shown in there
onstru
tion 
hapter in �gure 4.1(e).Only few low energeti
 muons pass the horizontal side o
tants and 
orrespond-ingly the statisti
al errors of the 
hamber eÆ
ien
ies and time 
alibration o�setsare large for these o
tants. Therefore all sub-tra
ks within these o
tants are notused in this analysis.By 
onstru
tion, this 
ut removes more MC than data events, be
ause in 
on-trast to the real dete
tor the desele
ted regions are of perfe
t quality and 100%eÆ
ient in the simulation.� '6P' topology: One of the major advantages of L3+C is the possibility oftwo redundant measurements of the same muon within the upper and lowerdete
tor hemisphere. As will be shown below, this allows to measure the sele
tioneÆ
ien
y in data and MC for ea
h hemisphere and thus signi�
antly redu
esthe systemati
 e�e
ts 
aused by di�eren
es between the real dete
tor and itssimulation. This on the other hand means, that only tra
ks 
an be used whi
hare 'rea
hable' by the fa
ing hemisphere. Figure 6.3(a) illustrates this 
onstraint:Given a 
ertain dire
tion, most muons passing the dete
tor have no geometri
al
han
e for a good sub-tra
k (dotted lines). Only a small fra
tion of the events(solid lines) out of the total number of 
lass 1 triggers (dashed and dotted lines)have the possibility for a high quality sub-tra
k in both hemispheres.The 
ut is applied based on a propagation of the re
onstru
ted muon through thedete
tor volume taking into a

ount the tra
k 
urvature and the energy loss inthe inner dete
tor. It removes a large amount of single triplet events, whi
h areuseless for the hemisphere eÆ
ien
y analysis, but does not diminish the numberof events with a double o
tant �t, whi
h are �nally used for the muon spe
trum.The di�eren
es of about 2% between the data and the MC is due to the lowernumber of pure triplet tra
ks in the data sample before the 
ut, whi
h is 
ausedby the data P layer ineÆ
ien
y explained in se
tion 5.2.1. Given the average realdete
tor layer eÆ
ien
y of 0.987 a ratio of R = 1:025 would be expe
ted, whi
his 
lose to the a
tual observed ratio of 1:018.� s
intillator mat
h: The extrapolation of the tra
k ba
k to the s
intillator planeis demanded to inter
ept a s
intillator 
assette belonging to the module whi
h92
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ien
y vs. the s
intillator 
assette eÆ
ien
y.registered the t0 hit used to 
al
ulate the muon 
hamber drift times during there
onstru
tion. The 
ut is imposed to reje
t tra
ks with a random s
intillatortiming 
aused by the use of a s
intillator noise hit. This may o

ur, if no 'real't0 hit is present in the data either be
ause the muon entered the dete
tor volumethrough one of the gaps in between the s
intillator 
assettes, or be
ause no t0 hitwas registered in the array due to the ineÆ
ien
y of the traversed 
assette.About 8% of all data events are removed by this 
ut. At this stage of the sele
tion,when still a lot of poor quality tra
ks populate the sample, the 
ut also desele
tstra
ks with falsely re
onstru
ted dire
tions. For tra
ks ful�lling all other sele
tion
riteria, the s
intillator mat
hing eÆ
ien
y is 0.956 and 0.968 for data and MCrespe
tively. A large fra
tion of the residual sele
tion eÆ
ien
y di�eren
e betweendata and MC is due to the s
intillator 
assette performan
e: Whereas in thesimulation all 
assettes are fully fun
tional, the average eÆ
ien
y of the real
assettes is about 95% after the photomultiplier time 
oin
iden
e 
ut of 15 nsapplied in the re
onstru
tion. This is illustrated in �gure 6.4, where the datas
intillator mat
hing eÆ
ien
y as a fun
tion of the 
assette eÆ
ien
y is shown.The data was �tted with the fun
tion"SCNTmat
h = 1� [Pgap + (1� "
ass) � 
℄ ; (6.27)where Pgap denotes the probability of re
onstru
ting a muon entering through thegaps in between the s
intillator 
assettes and 
 = Pnoise �Pre
 is the produ
t of theprobabilities of the presen
e of a noise hit and the subsequent re
onstru
tion and93



Chapter 6. Measurement of the muon fluxsele
tion of the tra
k. Comparing the �tted Pgap to the MC s
intillator mat
hingeÆ
ien
y leads to an e�e
tive di�eren
e R = 0:995.Quality 
utsThe following quality 
uts are applied to ensure a good momentum resolution:� S
intillator timing: As already noted during the analysis of the L3+C s
intil-lator system, the di�eren
e �t between the two time measurements of the sames
intillator hit is well des
ribed by a Gaussian distribution in the 
entral region,but exhibits long tails with large time di�eren
es (see �gure 5.3(a)). The 
orre-lation between this time di�eren
e and the momentum resolution normalized toits asymptoti
 value �0 at �t = 0 is shown in �gure 6.5(a). A 
ut is pla
ed at�t < 8 (6.28)to get rid of muon tra
ks using a photomultiplier hit with a large time slewing.As no long tails are simulated in the MC, no 
ut is pla
ed there. The eÆ
ien
yvalues shown in bra
kets in the MC 
olumns in table 6.1 are the expe
tationsa

ording to the results of the s
intillator performan
e analysis, whi
h ni
elyagree with the observed data eÆ
ien
y.� P segments: Only tra
ks with six P segments are used for the muon spe
trumanalysis, as these tra
ks have the best momentum resolution. Due to the dis
on-ne
ted and bad P 
ells, about half of the data and MC are removed by this 
ut.Given the average real dete
tor P layer eÆ
ien
y of 0.987, a somewhat lower eÆ-
ien
y ratio R of 0.962 would be expe
ted as a
tually observed for the additional�3 P segments required by this 
ut.� Cell map validity: The validity of the time-to-distan
e fun
tion of the P-
ellsis limited to angles �lo
 = 25o with respe
t to the sense wire plane. Above thisvalue the single wire resolution deteriorates, whi
h is why a 
ut of�lo
 < 25o (6.29)is set. As 
an be seen by 
omparing the left and middle distributions in �gure 6.6,events with a large �lo
 not only have a bad resolution, but also result in a biasedinverse single o
tant momentum di�eren
e.�The �rst 3 P segments are already sele
ted with the trigger threshold 
ut.94
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le �t�2 for data and MC above 100 GeV.Fig. 6.5: Quality sele
tion 
uts.� Cir
le �t �2: The redu
ed �2 of the 
ir
ular �t [90℄ to all P hits 
onstitutingmuon a sub-tra
k is used to identify tra
ks with a bad re
onstru
tion. Thisvariable is espe
ially sensitive to falsely resolved hit ambiguities, whi
h 
an notbe dete
ted in the GEANE tra
k �t �2 de�ned in equation (4.8), be
ause at thisstage the individual sense wire measurements have already been 
ombined into asingle 
hamber 
oordinate. As shown in �gure 6.5(b), both the data and the MCredu
ed �2 distributions have long tails, for whi
h reason a logarithmi
 s
ale was
hosen to display them. The somewhat worse data distribution may be addressedto the various 
hamber 
alibration un
ertainties listed in se
tion 5.2.3. A 
ut of�2=ndf < 4 (6.30)is set to ea
h sub-tra
k, in order to reje
t mis-re
onstru
ted tra
ks.� Z-hits: For a well determined dire
tion in the ZY-plane, ea
h sub-tra
k is re-quired to have at least one segment with four used hits, or two segments withat least two used hits. Depending on how many Z-
ells nz are a
tive along thetra
k traje
tory, the average real dete
tor Z-layer eÆ
ien
y of 0.917 is expe
tedto introdu
e an additional data ineÆ
ien
y ranging from 0.7072 (nz = 2 � 4) to95
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Fig. 6.6: The single o
tant 
urvature di�eren
e above 100 GeV for di�erent sele
tions.almost 1 (nz = 2 � 8). The observed value of R = 0:980 is 
lose to the 0:981expe
ted for nz = 2 � 6.� P-hits: The a

ura
y of the position measurement in the P 
hambers, and thusthe momentum resolution, is dire
tly related to the number of used P-hits persegment, as shown in equation (5.25) for the single o
tant 
ase. The hit resolutionfun
tion fhit, introdu
ed in this formula, is used to desele
t tra
ks with a lownumber of parti
ipating segment hits. For both sub-tra
ks it is required thatfhitfnom � 1:5 ; (6.31)where fnom denotes the nominal hit resolution fun
tion for 16, 24 and 16 usedhits in the MI, MM and MO 
hamber respe
tively. The distributions of fhit=fnomfor data and MC have already been shown in the dete
tor performan
e 
hapter(�gure 5.10(a)). The slightly worse values of the hit resolution ratio in the data
an be related to dead sense wires and the single wire eÆ
ien
y, whi
h both arenot simulated in the real dete
tor MC.� Double o
tant �t: For the sele
tion �nally used to derive the muon spe
trum,a su

essful double o
tant �t is required. The 
orresponding eÆ
ien
ies for dataand MC given in table 6.1 are in good agreement at the 
hosen referen
e momen-tum of 80 GeV. Their momentum dependen
e and the needed MC tuning havebeen already explained in se
tion 4.4.96



6.3. Dete
tor matrixMC
os � data 5-20 20-50 50-100 0.1-0.2 0.2-0.5 0.5-1 1-10GeV GeV GeV TeV TeV TeV TeV<0.525 1.2�105 0 1.2�103 6.4�104 9.5�104 9.7�104 4.9�104 9.2�1030.525-0.600 7.7�105 0 2.9�104 3.8�105 4.5�105 4.4�105 2.1�105 3.8�1040.600-0.675 1.5�106 1 1.5�105 6.0�105 6.1�105 5.8�105 2.7�105 4.7�1040.675-0.750 2.0�106 10 3.0�105 6.7�105 6.8�105 6.3�105 2.8�105 4.9�1040.750-0.825 2.4�106 30 4.7�105 5.6�105 5.4�105 4.9�105 2.1�105 3.6�1040.825-0.900 3.3�106 2.6�102 8.2�105 5.4�105 5.0�105 4.4�105 1.9�105 3.1�1040.900-0.938 2.8�106 2.0�102 6.2�105 6.2�105 6.7�105 5.9�105 2.5�105 4.0�1040.938-0.975 3.6�106 8.9�102 1.0�106 5.5�105 4.9�105 4.2�105 1.7�105 2.8�1040.975-1.000 3.8�106 2.2�103 1.0�106 6.8�105 6.3�105 5.3�105 2.2�105 3.5�104total: 2.0�107 3.6�103 4.4�106 4.7�106 4.7�106 4.2�106 1.9�106 3.1�105live-time [d℄: 1.1�102 1.8 29 79 3.2�102 1.2�103 5.7�103 5.2�103Tab. 6.2: Number of data and MC event used in this analysis.After all these sele
tions, 2:0 � 107 events remain for the muon spe
trum analysis. Thenumber of events as a fun
tion of zenith angle bin and the 
orresponding sele
tedMC events are listed in table 6.2. The gain in momentum resolution is illustrated in�gure 6.6, where the inverse single o
tant momentum di�eren
e of all triplets (left)and of the �nally sele
ted events (right) is shown. As 
an be seen, the long tails of theraw sample are 
ompletely removed by the sele
tion, and a resolution improvement ofabout a fa
tor 10 is a
hieved.6.3 Dete
tor matrixThe dete
tor matrixD in equation (6.8) des
ribes the measurement pro
ess in betweenthe observed data distribution at the dete
tor level and the muons at surfa
e above theL3 dete
tor. It is 
omposed of a migration matrix R, the a

eptan
e matrix A and thedete
tor eÆ
ien
y matrix E. The major part of this analysis so far was dedi
ated to
olle
t the relevant informations needed to 
onstru
t E and R. Before 
ombining themwith the a

eptan
e A, to form the a
tual dete
tor matrix, only one further 
orre
tionis needed, namely the hemisphere eÆ
ien
ies, whi
h take into a

ount the di�eren
esbetween data and MC revealed in the previous se
tion. 97
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y 
orre
tionversus zenith angle for the two data takingyears.Fig. 6.7: Sele
tion eÆ
ien
y 
orre
tion.6.3.1 Hemisphere eÆ
ien
iesFollowing the method proposed in [117℄, the independent measurements of the samemuon in two dete
tor hemispheres are used to measure the dete
tion eÆ
ien
y ofea
h of the hemispheres separately: If a tra
k in one dete
tor half i satis�ed all�above mentioned sele
tion 
riteria, the presen
e of a sele
ted tra
k in the fa
ing halfj is 
he
ked. The hemisphere eÆ
ien
y is then measured as a fun
tion of 
harge q,momentum p and zenith angle � via"j(q; p; �) = P (sele
ted in j j sele
ted in i; qi = q; pi = p; �i = �) (6.32)= N(j&i)N(i) ;where N(j&i) is the number of sele
ted events in hemisphere j and i and N(i) denotesthe number of sele
ted events in hemisphere i, regardless of the sele
tion in hemi-sphere j. All sele
tions, whi
h a
t on a sub-tra
k, labeled as type 'st' in table 6.1,
an be 
onsidered as un
orrelated between the hemispheres and thus the full tra
k�Obviously, the double o
tant �t 
riterion 
an not be applied here.98



6.3. Dete
tor matrixeÆ
ien
y reads as "tra
k = "i � "j : (6.33)The ratio r = "datatra
k"MCtra
k (6.34)of the data and MC tra
k sele
tion eÆ
ien
y is used to take into a

ount the di�eren
esbetween the real dete
tor and its simulation and will be referred to as the sele
tioneÆ
ien
y 
orre
tion in the following. The year 2000 tra
k eÆ
ien
ies for data andMC as well as the 
orresponding ratio are shown in �gure 6.7(a), averaged over allzenith angles. As 
an be seen, the ratio r exhibits an asymptoti
ally 
at behavior athigh momenta, when the magneti
 bending of the muon tra
k be
omes negligible andthe tra
ks traverse the same dete
tor regions. At low energies a 
harge dependen
e ofthe eÆ
ien
ies is observed, be
ause muons of di�erent 
harges are bent into di�erentdete
tor parts. For ea
h zenith angle bin alone, the available statisti
s are not suÆ
ientfor a determination of the sele
tion eÆ
ien
y 
orre
tion up to the highest energies.Therefore the measured values are averaged above 80 GeV assuming the 
at behaviorobserved on average.The mean asymptoti
 sele
tion eÆ
ien
y 
orre
tion amounts to 0.877 in 2000 and 0.897in 1999. As 
an be seen in �gure 6.7(b) it is not uniform with respe
t to the zenithangle of the muon tra
k.6.3.2 Migration matrixThe migration matrix R is 
al
ulated using the MC simulation of the L3+C massoverburden and the dete
tor resolution. The latter had to be tuned to mat
h thedata as des
ribed in se
tion 5.2.3. The matrix elements Rij denote the probability formeasuring a 
urvature q=pdi in the dete
tor given a surfa
e momentum and 
harge ofqpsj. They are given by Rij = n(q=pdi j qpsj)n(qpsj) ; (6.35)where n(q=pdi j qpsj) is the number of sele
ted events with measured 
urvature q=pdi andan original surfa
e momentum qpsj and n(qpsj) is the total number of sele
ted events witha surfa
e momentum of qpsj. A graphi
al representation of the migration matrix of theverti
al and most in
lined zenith angle bin 
an be seen in �gure 6.8. As expe
ted, mostof the probability is 
entered around the diagonal elements at high energies, whereasthe most probable re
onstru
ted momentum is lower than the surfa
e momentum at99
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es for the �rst and last zenith angle bin as derived fromthe simulation of the molasse overburden and dete
tor resolution. The gray s
ale mapindi
ates the migration probability. The dashed line is the expe
tation for the maximumprobability in 
ase of the absen
e of energy loss in the molasse. The bins labeled as�5000 and �1=5000 
ontain all momenta up to �1 and 
urvatures down to 0.low energies due to the energy loss in the molasse. The entries perpendi
ular to themain diagonal in the verti
al zenith angle matrix are due to muon tra
ks to whi
h thewrong 
harge has been assigned during the re
onstru
tion. This happens for spe
ialevent topologies, where all six P segments of the muon tra
k happen to be on one sideof verti
ally aligned drift 
ells and the 
orresponding left-right ambiguity is in
orre
tlyresolved. Given the arrangement of the L3 muon 
hamber o
tants, this o

urs mainlyfor zenith angles around 0 and 45 degrees.Above 5000 GeV only few MC events are left for the 
al
ulation of the migrationprobability. As these energies are anyway out of the range of this analysis, they area

umulated inside one 'over
ow' bin for data and MC.
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6.3. Dete
tor matrix6.3.3 E�e
tive a

eptan
eThe full dete
tor matrix D � E �R �A is 
al
ulated for ea
h zenith angle bin understudy via Dij = "TRIG "SCNTi ri Rij "lossj Aj : (6.36)The migration matrix R and the sele
tion eÆ
ien
y 
orre
tion r have been explainedjust above. The geometri
al a

eptan
e A, whi
h is depending on the surfa
e mo-mentum, was dis
ussed at the beginning of this 
hapter. The trigger eÆ
ien
y "TRIGis almost unity as shown in se
tion 5.3.1. The s
intillator eÆ
ien
y is depending ontime t and noise rate R. Moreover it is di�erent for ea
h individual s
intillator 
as-sette 
, whi
h introdu
es a geometri
al and thus zenith angle dependen
e, and due tothe bending of the muon in the magneti
 �eld also a dependen
e on the muon 
hargeand its momentum at the dete
tor. The average s
intillator eÆ
ien
y as a fun
tion ofthese variables is determined by re-weighting all data events in dete
tor bin i with theeÆ
ien
y of the used 
assettes and 
al
ulating the ratio to the unweighted number ofevents ni: "SCNTi = Xevents 1"(
k; tk; Rk)ni : (6.37)The event loss fa
tors f listed in table 4.3, are in
orporated via"lossj = fMC;jfdata : (6.38)The dete
tor matrix as given in equation (6.36) is used in the muon 
ux �t. Forillustration purpose and to be able to 
ompare to other experiments, an e�e
tive a
-
eptan
e as a fun
tion of the surfa
e momentum is desirable. This 
an be 
onstru
tedby summing over the 
olumns of the dete
tor matrix, su
h that the e�e
tive a

eptan
eaj states the overall geometri
al fa
tor for a muon in surfa
e bin j for being dete
tedand sele
ted in any of the dete
tor bins i. Multiplied with the live-time of the useddata taking runs, the total exposure is obtained. It is shown in �gure 6.9 for positiveand negative muons as a fun
tion of surfa
e momentum. As 
an be seen, it rapidlyde
reases at low energies, whi
h is due to the momentum 
uto� 
aused by the molasseoverburden. Below 200 GeV, positive and negative muons have di�erent a

eptan
es,be
ause the magneti
 �eld bends their tra
ks into opposite dire
tions and 
orrespond-ingly di�erent dete
tor regions. At large momenta, the a

eptan
e is approximately
at with a slight de
rease be
ause of a worse performan
e of the full dete
tor �t and amore diÆ
ult re
onstru
tion due to rising produ
tion of delta rays. 101
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tor exposure as a fun
tion of surfa
e momentum for positive andnegative muons.6.4 Systemati
 un
ertaintiesIn the following the systemati
 un
ertainties of the muon spe
trum and the 
hargeratio will be estimated. They 
an be subdivided into momentum s
ale un
ertaintiesÆp and normalization un
ertainties �n. The latter may 
ause a systemati
 shift of theabsolute 
ux independent of momentum. In 
ase the bias normalization is di�erent forthe positive and negative muon 
ux, the 
harge ratio 
an also be a�e
ted. Due to theexpe
ted steepness of the muon spe
trum�(p) � p�
 (6.39)even a small bias in the momentum s
ale 
an introdu
e a 
onsiderable 
hange to the
ux and 
harge ratio measurement:�(p� Æp) � �(p) � �1� 
 Æpp � : (6.40)102



6.4. Systemati
 un
ertaintiesWhere appropriate, the estimated un
ertainties will be 
ross-
he
ked by investigat-ing the di�eren
e of the muon 
ux and 
harge ratio between di�erent independentsubsamples. For this purpose, the zenith angle spe
tra were measured separately for� the two data taking years 1999 and 2000 (�y). This 
orresponds to di�erentdete
tor a

eptan
es due to the time dependent s
intillator eÆ
ien
y and thedi�erent drift 
ell status in 1999 and 2000. Moreover, the di�erent alignmentand 
ell map 
alibrations for the two years 
an be 
he
ked.� muon tra
ks re
onstru
ted in 'master' or 'slave' part of the dete
tor, i. e. a sub-division of the data sample along the z-axis of the dete
tor (�Z). Thus two
ompletely independent subdete
tors are used 
orresponding again to di�erenta

eptan
es and 
alibration 
onstants.� muons passing the inner L3 dete
tors and muons traversing the outer �Z regionsof the dete
tor (�D). In addition to the 
omplementary dete
tor regions usedhere, a di�erent momentum resolution is expe
ted for these subsamples due tothe energy loss and multiple s
attering in the inner dete
tors.Assuming independent systemati
 errors for ea
h subsample, the relative 
ux di�eren
eof muons of positive and negative 
harge should follow��h�i �  2 ��2n + �2 � �(p� Æp)h�i �2! 12 : (6.41)The shifted spe
tra are obtained by 
hanging the integral in equation (6.14) viaZ pj+1pj �(p; a�) dp �! Z pj+1+Æppj+Æp �(p; a�) dp (6.42)and repeating the muon 
ux �t for ea
h momentum s
ale un
ertainty Æp.6.4.1 Momentum s
ale un
ertaintiesThe total momentum s
ale un
ertainty is given by�p = ÆB � Æal � Æeloss � ÆX ; (6.43)with the magneti
 �eld related un
ertainty ÆB, the muon 
hamber alignment un
er-tainty Æal, the theoreti
al energy loss un
ertainty Æeloss and the un
ertainty due to themolasse thi
kness ÆX . Both the alignment and magneti
 �eld un
ertainties a�e
t the103



Chapter 6. Measurement of the muon fluxmomentum at the dete
tor level. To be able to 
onvert the related momentum s
aleun
ertainties to surfa
e level, a parameterization of the mean energy loss in the molassepredi
ted by the simulation of the L3+C surroundings is used:�E(�) = (a+ b � E) X(�) ; (6.44)with energy loss 
onstants a = 2:29 MeV/g
m�2 and b = 4:81 � 10�6=g
m�2. Theaverage traversed matter thi
kness as fun
tion of zenith angle � 
an be approximatedby X(�) = X(�)mag + X0
os � +X
� 1
os � � 1� ; (6.45)where X0 = 6854 g
m�2 denotes the verti
al molasse thi
kness and X
 = 4146 g
m�2is a 
orre
tion due to the 
urved 
eiling above the L3 dete
tor. The thi
kness of theL3 magnet is approximately 
onstant with the zenith angle, be
ause of its 
ylindri
alshape: X(�)mag � 1227 g
m�2 .Magneti
 �eld un
ertaintyThe muon momentum 
al
ulated from the tra
k radius is dire
tly related to the mag-neti
 �eld strength, as 
an be seen from equation (3.1). The overall relative magneti
�eld strength un
ertainty is estimated to be � 0:4% in [41℄, leading to a momentums
ale un
ertainty of ÆB = 0:004 � [p��p(�)℄ ; (6.46)where p denotes the muon momentum at surfa
e and �p(�) is the mean momentum
hange from surfa
e to dete
tor level a

ording to equation (6.44).Muon 
hamber alignmentAs dis
ussed in the dete
tor performan
e 
hapter, a muon 
hamber mis-alignment 
anintrodu
e a bias �C to the measured tra
k 
urvature C = q=p:p = q=C ! p0 = q=(C +�C) : (6.47)The systemati
 un
ertainty of the double o
tant 
urvature measurement was estimatedto be �C � 0:070 TeV�1 in se
tion 5.2.2 for one o
tant pair. Assuming no 
orrela-tion between the o
tants, this un
ertainty should be diminished by a fa
tor of 1=pNdepending on the number of o
tant pairs N used in the muon 
ux measurement. Thealignment related momentum s
ale un
ertainty reads asÆal = p� �Cq=p� +�C ; (6.48)104
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 un
ertainties
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3Fig. 6.10: Charge ratio di�eren
e between data subsamples averaged over the zenithangle. The line shows the expe
ted un
ertainty.where p� = p��p(�) with the energy loss 
orre
tion �p as de�ned above.The estimated alignment un
ertainty �C is 
ross-
he
ked by 
al
ulating the 
hargeratio di�eren
e between the data subsamples averaged over the zenith angle. Its mo-mentum dependen
e is shown in �gure 6.10. As 
an be seen, the order of magnitudeof the observed di�eren
e is 
orre
tly predi
ted by this estimation, but in 
ase of themaster-slave analysis, a signi�
antly larger di�eren
e is obtained. The observed di�er-en
e is well des
ribed by �C = 0:075 TeV�1, thus either the 
ut variation performedin 5.2.2 underestimated the a
tual errors by a fa
tor 1.6 or there exists an unknown
orrelation in between the alignment shifts on one dete
tor side. For ea
h zenith angle,the observed master-slave alignment di�eren
e is listed in table 6.3. Values 
lose tozero, as for instan
e between 0:600 and 0:675, of 
ourse do not ne
essarily mean agood alignment, as only di�eren
es between the o
tants 
an be measured. Therefore,the maximum of the observed di�eren
e and the average di�eren
e will be used as anestimate of the alignment un
ertainty as a fun
tion of zenith angle.
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Chapter 6. Measurement of the muon flux
os(�) �C [TeV�1℄0.525-0.600 0.0660.600-0.675 0.0040.675-0.750 -0.0170.750-0.825 0.1010.825-0.900 0.1250.900-0.938 0.1520.938-0.975 0.1000.975-1.000 0.080Tab. 6.3: Observed alignment di�eren
es between the master and slave side of thedete
tor.Energy loss 
al
ulationThe GEANT3 MC 
ode, whi
h is used in L3+C for the simulation of the dete
tor andthe energy loss 
al
ulation in the molasse overburden, is not a dedi
ated program fortra
king high energy muons through thi
k layers of matter. Therefore it is 
ru
ial to
he
k its validity over the full L3+C momentum range. As mentioned in se
tion 4.3,the original 
ode version was 
hanged following the suggestions of [39℄ to �x the wrongtreatment of photonu
lear intera
tions and will be labeled GEANT3+GMU in the follow-ing. No theoreti
al 
al
ulations are available for the spe
ial L3+C molasse material,therefore monoenergeti
 muon beams with energy 100, 200, 400, 2000, and 4000 GeVare tra
ked through 30 meters of 'standard ro
k', whi
h is one of the referen
e materialsused to 
ompare di�erent 
al
ulations and is 
hara
terized by an average density of� = 2.65 g
m�3 and the mean 
harge per mass ratios hZ=Ai = 0:5 and hZ2=Ai = 5:5.Thus it is fairly 
lose to the L3+C molasse where � = 2.38 g
m�3, hZ=Ai = 0:5 andhZ2=Ai = 5:8. In �gure 6.11(a) the obtained relative energy loss is 
ompared to two
al
ulations [74, 107℄, the simulation result of the original GEANT3 version and a 
on-temporary MC program [48℄. As 
an be seen, the overall agreement is very good. Forbetter visibility, the average of the theoreti
al 
al
ulations [74,107℄ is subtra
ted fromthe determined relative energy losses, as shown in �gure 6.11(b). In this representationa 
lear bias of the GEANT3+GMU energy loss 
al
ulation towards an about 0.3% to highenergy loss 
an be seen. The reason 
an be tra
ed ba
k to a too high pair produ
tion
ross se
tion of GEANT3 with respe
t to [74℄, whi
h is 
ompensated in the standardGEANT3 implementation, due to the wrong low photonu
lear intera
tion 
ross se
tion.Sin
e this bias was dis
overed after the MC produ
tion was �nished, it is 
orre
ted106
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es betweenthe models.Fig. 6.11: Comparison of di�erent energy loss 
al
ulations.for a posteriori on an event by event basis by shifting the re
onstru
ted MC momentatowards higher values. Given the 
rudeness of this method and the di�eren
es of themodel predi
tions at lower energies, the full 0.3% are assigned as a systemati
 error onthe relative energy loss 
orresponding toÆeloss = 0:003 X(�)X(0) � p ; (6.49)where X(�) denotes the matter thi
kness as fun
tion of zenith angle �, whi
h is givenin equation (6.45).Molasse overburdenApart from the a
tual model used to simulate the energy loss, an error in the estimatedamount of molasse overburden X 
an 
ause an additional bias in the momentum s
ale.Two survey drillings at di�erent lo
ations 
lose to L3+C have been performed in theyears 1982 and 1996. The 
orresponding 
al
ulated average molasse densities agreewithin 0.1% [134℄. The un
ertainty due to molasse inhomogeneities and of surfa
einstallations not in
luded in the L3+C simulation is estimated by studying the varian
eof the muon 
ux as a fun
tion of azimuthal angle. Sin
e at L3+C energies geomagneti
107



Chapter 6. Measurement of the muon flux
32 GeV< p <40 GeV32 GeV< p <40 GeV32 GeV< p <40 GeV

σ
sys

=0.057

re
la

ti
v

e 
fl

u
x

 d
if

fe
re

n
ce

80 GeV< p <100 GeV80 GeV< p <100 GeV80 GeV< p <100 GeV

σ
sys

=0.03

200 GeV< p <250 GeV200 GeV< p <250 GeV200 GeV< p <250 GeV

σ
sys

=0.026

1999 2000 observed variance expected varianceexpected varianceexpected varianceexpected varianceexpected varianceexpected varianceexpected variance

azimuth [degree]

X
[g

cm
-2

]

-0.2

0

0.2

0 50 100 150 200 250 300 350

-0.2

0

0.2

0 50 100 150 200 250 300 350

-0.2

0

0.2

0 50 100 150 200 250 300 350

5000

10000

15000

20000

0 50 100 150 200 250 300 350Fig. 6.12: Example of the azimuth dependen
e of the relative muon 
ux di�eren
efor three di�erent momenta at zenith angles between 0:600 < 
os(�) < 0:675. Thelowest plot illustrates the average mass pro�le within this zenith angle bin. The threea

ess shafts (
f. �gure 4.6(a)), for whi
h the amount of traversed matter is lower, arevisible at 50, 150 and 325 degrees. For two of the shafts, all events were desele
ted bythe matter 
ut (6.26). The year 2000 
uxes are slightly shifted in azimuth for bettervisibility.108



6.4. Systemati
 un
ertainties
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 molasse error as a fun
tion of muon momentum for three di�er-ent zenith angles. The line shows the �tted fun
tion (6.51) with parameters �� = 0:07(left), 0.04 (middle) and 0.02 g
m�3(right).e�e
ts are not important, a 
at distribution is expe
ted within the errors. An exampleof the relative azimuthal variation of the muon 
ux around its mean value is shown in�gure 6.12. The observed variation at low energies is 
learly mu
h larger than expe
tedfrom the individual statisti
al errors. Moreover, a strong 
orrelation of the di�eren
e isvisible between the two data taking years, whi
h indeed hints at lo
al molasse densityvariations, rather than a dete
tor eÆ
ien
y e�e
t, as the dete
tor status di�ers for thetwo periods. The systemati
 e�e
t is quanti�ed by 
omparing the observed root meansquare to the expe
ted varian
e �exp 
al
ulated on the bases of the statisti
al errors ofthe 
ux measurements �2sys = (rms)2 � �2exp : (6.50)The momentum dependen
e of �2sys is shown in �gure 6.13 for ea
h of the studiedzenith angle bins. Assuming that the observed in
rease of �2sys at low energies is dueto a deviation of the average molasse density from its nominal value �0 = 2.38 g
m�3,the distributions are �tted with�2sys = ��(p; �)� �(p+ ÆX ; �)�(p; �) �2 +�2n ; (6.51)where �(p; �) is the muon 
ux averaged over all azimuth angles and �n des
ribesthe asymptoti
ally 
at systemati
 in
uen
e of the dete
tor a

eptan
e. The e�e
tive109



Chapter 6. Measurement of the muon fluxmomentum shift ÆX is given byÆX = (a+ b � p) (X(�)�X(�)0) (6.52)with energy loss 
onstants a and b and the nominal matter thi
kness X as de�nedin equations (6.44) and (6.45). The matter thi
kness at a density di�erent from thenominal one is X(�)0 = Xmag + �0 + Æ��0 � X0
os � +X
� 1
os � � 1�� : (6.53)The �tted �n are between 0.6 and 2.8% and the obtained density deviations Æ� rangefrom 0.02 to 0.07 g
m�3. Examples of the momentum dependen
e of the systemati
errors are shown in 6.13 for three di�erent zenith angles. in �gure 6.13. An in
reaseof Æ� with the zenith angle is observed, whi
h is interpreted as the result of the risingprobability for en
ountering a molasse inhomogeneity, be
ause the s
anned molassevolume in
reases with 
os(�)�1. The average density deviationhÆ�i = 0:05 g
m�3 (6.54)is used for the estimated molasse related momentum s
ale un
ertainty.This 
orresponds to a 2% error on the density, whi
h is mu
h larger than the di�eren
eof 0.1% between the two test drillings mentioned above. However, at a given depth,the two measured density pro�les show di�eren
es of up to 0:2 g
m�3, whi
h indeedindi
ates the presen
e of large variations of the molasse density. Moreover, a variationof the e�e
tive surfa
e height of 30 m � 0:02 = 0:6 m does not seem unlikely given thefa
t, that the buildings and other surfa
e installations above L3 are not taken intoa

ount in the L3+C MC model of the L3 surroundings.Total momentum s
ale un
ertaintyThe di�erent 
ontributions to the verti
al momentum s
ale un
ertainty as well as thetotal un
ertainty obtained by adding the individual errors in quadrature is shown in�gure 6.14. At low energies the molasse un
ertainty 
ontributes the largest fra
tion,whereas above 100 GeV the alignment un
ertainties dominate.6.4.2 Normalization un
ertaintiesThe a

ura
y of the overall normalization of the muon 
ux is limited by the pre
isionof the dete
tor eÆ
ien
y measurements and the extent to whi
h the real dete
tor is110
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 momentum s
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ertainty as a fun
tion of surfa
emomentum for the verti
al dire
tion.des
ribed by the simulation model.The systemati
 un
ertainty of the live-time and the trigger and s
intillator eÆ
ien-
ies estimated in 
hapter 5 give rise to a global relative normalization un
ertainty of�g = 0:007, dominated by the s
intillator eÆ
ien
y un
ertainty.Furthermore, the di�erent quality sele
tion eÆ
ien
ies for data and MC observed inse
tion 6.2 may introdu
e a biased normalization in 
ase they are not fully 
ompen-sated by the sele
tion eÆ
ien
y 
orre
tion method. Therefore, the stability of the
al
ulated a

eptan
e under the variation of the quality sele
tion 
uts is investigated.The following 
uts are varied:� the requirement on the redu
ed 
ir
le �t �2 is 
hanged from 4 to 25,� the minimum 
ut on the number of hits on a Z-subtra
k is put to 2 (belowobviously no Z-tra
k-re
onstru
tion is possible),� the quality 
ut on the normalized hit resolution fun
tion fhit=fnom is in
reasedfrom 1.5 to 3,� the requirement on the lo
al tra
k angle wrt. the sense wire plane (�lo
) is 
hanged111



Chapter 6. Measurement of the muon fluxfrom 25 degrees to 23 and 27 degrees and� the minimum number of P-segments 
onstituting the tra
k in the xy-plane islowered from 6 to 5.For tra
ks with position measurements in verti
ally aligned drift 
ells, the re
onstru
-tion algorithm sometimes fails to determine the 
orre
t 
harge. In the migrationmatrix,these events populate the diagonal line, whi
h is perpendi
ular to the band of maximalprobability as shown in �gure 6.8(b). In order to study the in
uen
e of this 
harge
onfusion on the muon 
harge ratio,� events re
onstru
ted in verti
ally aligned 
ells are desele
ted.In addition, a possible di�eren
e between data and MC regarding the resolution of theextrapolation ba
k to the s
intillator plane, as well as di�erent 
hara
teristi
s of thereal and simulated s
intillator noise are investigated:� the s
intillator mat
hing �du
ial volume 
ut, by default pla
ed exa
tly on theborder of a s
intillator 
assette, is altered by �5
m,
orresponding to about 2.5 � of the ba
ktra
king resolution a

ording to [117℄.The resulting relative 
hanges of the measured 
ux � and 
harge ratio R are listed intable 6.4 as a fun
tion of zenith angle. The relative 
hange of raw data events is alsoshown. It ranges from 0% in 
ase the phase spa
e 
orresponding to the zenith anglebin under study is not a�e
ted by the 
ut up to over 100% for the P-segment variation.As 
an be seen, both � and R are remarkably stable under the 
ut variation. Thearithmeti
 average over all zenith angles of the total variation obtained by adding upthe individual 
ontributions in quadrature is�� 0 � �0�0 �
ut = +0:011�0:015 and �R 0 �R0R0 �
ut = +0:003�0:005 : (6.55)As expe
ted, the 
harge ratio is more robust with respe
t to the 
ut variation, assome of the normalization un
ertainties 
an
el out, in 
ase they are equal for positiveand negative muons. The main 
ontribution to the total 
ux 
hange stems from thevariation of the number of P-segments and the rede�nition of the s
intillator mat
h�du
ial areas.Another estimate of the normalization un
ertainty may be derived from the azimuthvariation of the muon 
ux and 
harge ratio, whi
h was already used above to determinethe molasse overburden un
ertainty. At high energies small molasse density variations112
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Chapter 6. Measurement of the muon fluxhave only negligible in
uen
e on the relative energy loss. Therefore any variation ofthe measured 
ux with the azimuth angle 
an be addressed to di�eren
es between thesimulated and the real dete
tor, as for a given zenith angle di�erent azimuth anglesalso 
orrespond to di�erent dete
tor regions. The asymptoti
 relative 
ux 
hanges �nvalues as obtained in the �t a

ording to equation (6.51) are listed in of table 6.4. Onaverage relative di�eren
es of�� 0 � �0�0 �' = 0:017� 0:005 and �R 0 � R0R0 �' = 0:013� 0:002 (6.56)are estimated. For the muon 
ux, the azimuth and 
ut variation analysis yield thesame result within the errors. For the 
harge ratio however, a signi�
antly largernormalization un
ertainty is obtained by the 
ut variation. Using part of the MCevents as 'data' it has been 
he
ked that in the absen
e of normalization errors a relativedi�eren
e 
ompatible with zero is obtained, proo�ng that the errors in equation (6.50)are 
al
ulated 
orre
tly.Finally, the 
ux and 
harge ratio di�eren
es of the data subsamples provide another
he
k of the normalization. The errors obtained from the three data subdivisions arelisted in the se
ond last 
olumn of table 6.4. As 
an be seen, in the dire
tion 
lose toverti
al, the largest 
ux di�eren
es are observed between the two data taking years,whereas for more horizontal muons the di�eren
e between the inner and outer dete
torvolume is the dominating error sour
e. Averaging the maximum of the three subsample
ontributions over the zenith angle yields the following mean un
ertainties:�� 0 � �0�0 �sub = 0:018 and �R 0 �R0R0 �sub = 0:013 : (6.57)Given the fa
t, that all of the above methods are just di�erent ways of estimatingthe same un
ertainty, the results are not added together, but rather the respe
tivemaximum value is used to estimated the normalization un
ertainty, as indi
ated in thelast 
olumn of 6.4.6.4.3 Dete
tor matrix un
ertaintyThe availableMC statisti
s limit the pre
ision of the dete
tor matrixD. Below 200 GeVthey dominate the total statisti
al error in the denominator of (6.13) 
ontributing about0.5% to the total error per zenith angle bin.The minimization a

ording to equation (6.13) is repeated with a momentum resolutionaltered by � 8%, 
orresponding to its un
ertainty estimated in se
tion 5.2.3. As 
an114



6.4. Systemati
 un
ertainties
1999-2000

re
la

ti
v

e 
d

if
fe

re
n

ce
 |
∆

Φ
|/
Φ

Master-Slave

inner-outer detector

p [GeV]

0

0.05

0.1

0.15

0

0.05

0.1

0.15

0

0.05

0.1

0.15

10
2

10
3Fig. 6.15: Muon 
ux di�eren
e between data subsamples averaged over the zenith an-gle. The line shows the expe
ted un
ertainty 
omposed of the normalization un
ertainty,the alignment error and the momentum resolution un
ertainty.be seen in 6.16(a), the observed relative 
ux 
hange �R is well des
ribed by�R � 8<:ar � (p� 0:2TeV); p � 200 GeV0; p < 200 GeV (6.58)with ar = 0:03TeV�1. As the dete
tor resolution a�e
ts both muon 
harges the sameway, the 
orresponding 
harge ratio 
hange is mu
h smaller. It stays below 1% up to1 TeV and is thus negligible 
ompared to the systemati
 error due to the alignment ofthe muon dete
tor. The behavior of the subsample muon 
ux di�eren
e at high energiesis shown in �gure 6.15. As 
an be seen, both the di�erent data taking years and thespe
tra from the inner and outer dete
tor show a remarkably good agreement in theshape of the muon spe
trum. The spe
trum di�eren
es of the dete
tor halfs alongthe z-dire
tion however exhibit a mu
h faster rise as expe
ted from the alignmentand resolution errors together. In order to a

ount for this observation, a systemati
resolution parameter of ar � 0:06TeV�1 (6.59)will be assumed. 115
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ux �t �2.The dashed line indi
ates the expe
ted distri-bution.Fig. 6.16: Un
ertainties due to the momentum resolution and �tting fun
tion.6.4.4 Fit fun
tion biasThe 
hoi
e of the �t fun
tion (6.11) may introdu
e a bias, if it does not des
ribe thea
tual momentum dependen
e of the muon spe
trum. The probability distribution ofthe �tting �2 after the minimization of equation (6.13) is shown in �gure 6.16(b) for32 independent spe
tra (8 zenith angle bins, two data taking years and two dete
torhalfs). The observed probabilities agree very well with the expe
ted 
at distribution,therefore no additional systemati
 error is assumed.6.4.5 Long term stability and atmospheri
 e�e
tsSo far, the long term stability of the measured 
ux was only tested by the 1999/2000data subdivision. For a more detailed monitoring of the L3+C rates, the in
uen
e ofatmospheri
 e�e
ts needs to be separated from the possible dete
tor related eÆ
ien
y
hanges.Theoreti
al predi
tions [29, 121℄ as well as experimental observations [17℄ suggest apositive 
orrelation of the muon rate at high energies with the temperature of the upper116



6.4. Systemati
 un
ertaintieslayers of the atmosphere. In the framework of the analyti
 approximation dis
ussed in
hapter 2, this 
an be understood as the expansion of the isothermal atmosphere (2.5).For larger atmospheri
 s
ale heights h0, also the 
riti
al energies in equation (2.19)in
rease, be
ause the mesons are produ
ed in thinner regions of the atmosphere andthus they have more time to de
ay to a muon before they intera
t.At low energies, the h0 dependen
e of the mean produ
tion height in equation (2.23)should lead to a negative 
orrelation due to an in
reased probability for the muonde
ay. Ignoring the small kaon 
ontribution to the muon 
ux, a linear expansion of theanalyti
 muon 
ux formula (2.33) multiplied with the muon de
ay term (2.24) leads tothe following expe
ted relative 
ux 
hange:�(h0)� �(hh0i)�(hh0i) = h0 � hh0ihh0i � (�de
� + �de
� ) (6.60)with �de
� = � m�hhiE 
os � x� (6.61)and �de
� = � B��E 
os � + 1��1 ; (6.62)where x� = 659 m and B�� = 110 GeV. Similar relations 
an be derived for the
ux 
hange indu
ed by the energy loss 
hange with X0, i. e. the ground level pressure,whi
h are however small at L3+C energies and for the pressure 
hanges during thedata taking.Data from meteorologi
al balloon 
ights [76, 77, 125℄ 
own one to four times ea
h day100 km away from the dete
tor are �tted with the isothermal model (2.6) at high alti-tudes yielding an average s
ale height of 6.34 km with a root mean square of 1.3%. Thelatter 
onstitutes an estimate of the expe
ted rate 
hanges 
aused by the atmospheri
e�e
t for high energies where the positive 
orrelation is at maximum (�de
� +�de
� ! 1).Unfortunately, the real atmosphere is far from being isothermal, and a 
onsiderablebias might be introdu
ed by the above approximations. Up to the heights of 30 km,
orresponding to about the maximum height the balloons 
an rea
h, the pressure de-penden
e is well des
ribed by the parameterization of [109℄:X(h)=g
m�2 = 8<:A(hb � h=km)(�+1); h � htBe� hh0 ; h > ht (6.63)Using this ansatz, the balloon data averaged over two weeks are �tted and the observedL3+C rate 
hanges are 
ompared to the output of an air shower simulation with theTARGET program for the 
orresponding atmospheri
 parameters. An example of the117
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hange vs. time at from 50 to 62 GeV 
ompared to a predi
tionof the atmospheri
 e�e
t with the TARGET air shower simulation. The value of a �2
omparison of data and MC is also shown.predi
ted and observed rate 
hanges is shown in �gure 6.17 for the momentum binfrom 50 to 62 GeV and zenith angles < 32 degrees. The data were averaged forea
h data taking year separately. A good 
orrelation between the simulation and thedata 
an be seen. The full 
omparison to the rates in 26 weeks and 14 momentumbins yields a �2=Ndf of 526/364. This large value 
an be either attributed to datainstabilities not 
orre
ted for in the a

eptan
e 
al
ulation or an in
omplete modelingof the atmosphere. An additional systemati
 error of 0.3% is needed to rea
h �2=Ndf =364=364. Conservatively, the full 0.3% will be regarded as the systemati
 un
ertaintyof the L3+C data stability and added in quadrature to the normalization un
ertainty.
6.4.6 Total un
ertaintyThe total systemati
 un
ertainty of ea
h zenith angle measurement is 
al
ulated byadding all the above un
ertainties in quadrature.The momentum s
ale un
ertainties are translated to a muon 
ux un
ertainty a

ordingto equation (6.42). Together with the normalization un
ertainties �n and the momen-tum resolution un
ertainty �R, six sets of new parameters a0m are obtained by repeatingthe muon 
ux �t of equation (6.13) with the shifted spe
tra. These parameters are118
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 un
ertainties of the muon 
ux and 
hargeratio as a fun
tion of surfa
e momentum. The individual 
omponents were subsequentlyadded in quadrature. The un
orrelated statisti
al errors a

ording to equation (6.20)are also shown. 119



Chapter 6. Measurement of the muon fluxused to 
onstru
t the total systemati
 
ovarian
e matrix of the parameters am:V sysmn = 6Xk=1(am � a0mk)(an � a0nk) : (6.64)The obtained 
ovarian
e matri
es 
an be found in the appendix.The 
orresponding total un
ertainties of the verti
al muon 
ux and 
harge ratio areshown in �gures 6.18(a) and (b) along with the un
orrelated statisti
al error a

ordingto equation (6.20). The muon 
ux un
ertainty is dominated by the un
ertainties of themolasse overburden at low energies and by the statisti
al error at high momenta. Theminimal un
ertainty is 2.4% around 100 GeV. The verti
al 
harge ratio un
ertainty isbelow 2% up to momenta of 100 GeV. Above this momentum, it rapidly rises as thealignment un
ertainties gain importan
e.The un
ertainties averaged over the full zenith angle a

eptan
e is shown in �g-ures 6.18(a) and (d). Conservatively, the systemati
 errors are assumed to be fully
orrelated in between the zenith angles and are thus averaged arithmeti
ally, whereasof 
ourse the independent statisti
al errors are diminished 
onsiderably by the aver-aging pro
ess, as they are added in quadrature. As 
an be seen, the full data setis therefore not limited by the statisti
al error, but the systemati
 errors of the 
uxmeasurement dominate over the full momentum range. Due to the larger amount ofmolasse in 
omparison to the verti
al measurement, the minimum of the muon 
uxerror o

urs at sightly higher energies around 200 GeV where it is 3.0%. Despite the�rst momentum interval, where only the verti
al dire
tion 
ontributes, the 
harge ratioerror is also dominated by systemati
s over the full momentum range. The minimumerror is 1.6% at around 60 GeV.
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6.5. Muons from Z0 de
ays6.5 Muons from Z0 de
aysThe lo
ation of the L3+C experiment at a parti
le a

elerator provides the uniquepossibility to 
ross-
he
k the understanding of the dete
tor a

eptan
e and eÆ
ien
ies:Even during the high energy LEP runs in 1999 and 2000, the a

elerator was providingdata for 
alibration purpose at 
enter of mass energies around the mass of the Z0 bosonof about 91 GeV. At this energy the 
ross se
tion for produ
ing a muon pair viae+e� ! Z0 ! �+�� (6.65)is maximal. This pro
ess was pre
isely measured by the four LEP experiments duringthe high statisti
s low energy LEP runs in the 1990'ies, therefore L3+C 
an validateits ability to measure the absolute muon 
ux by extra
ting the absolute dimuon 
rossse
tion ��+�� from the data 
olle
ted during the LEP 
alibration �lls. The prin
ipleof this measurement is quite similar to the measurement of the muon 
ux ��:�� _ N�"� $ ��+�� _ N�+��"L : (6.66)Here the role of the livetime � is repla
ed by the time integrated luminosity L,whi
h 
ontains the dependen
e of the number of produ
ed dimuon pairs on the beam
hara
teristi
s, i. e. the delivered parti
le 
ollisions, and the e�e
tive running time.Both measurements need to determine the absolute number of events and thereforethe dete
tor eÆ
ien
y " appears in the denominator.Data presele
tionTo be able to redu
e the number of ba
kground atmospheri
 muons for this spe
ialanalysis, the L3 
ommon stop signal, sent after ea
h beam 
rossing to the L3 TDC's,was fed into the L3+C DAQ system sin
e the end of 1999. As it was shown in a pilotstudy [106℄, the time di�eren
e between this beam 
rossing related signal and the muons
intillator time measured in L3+C 
an be used to presele
t muons originating from thea

elerator after 
orre
ting for a 
onstant time o�set of approximately 1.5 µs 
ausedby delays in the ele
troni
s and 
ables. A presele
tion gate of � 80 ns is 
hosen, whi
hredu
es the number of events from the 7�107 
osmi
 
lass 1 triggers 
olle
ted duringthe year 2000 LEP 
alibration runs to 1.3�106 Z0 event 
andidates.The eÆ
ien
y of this presele
tion is in
uen
ed by the fun
tionality of the TDC 
hipused in L3+C to measure the L3 
ommon stop signal. Its eÆ
ien
y is studied on a121



Chapter 6. Measurement of the muon fluxrun by run basis by 
omparing the number of signals from the s
intillator CPC, whi
hare measured by the same 
hip, to the expe
ted number derived from the CTT triggerde
ision. On average, a 
hip eÆ
ien
y of 87.52�0:01% is found.Determination of the luminositySin
e in pra
ti
e the derivation of the luminosity from the parti
le a

elerators' beamparameters introdu
es large un
ertainties, it is usually determined by 
ounting thenumber of produ
ed events of a pro
ess with a known 
ross se
tion. L3 uses lowangle Bhabha s
attering e+e� ! e+e�, whi
h is a theoreti
ally well understood pro-
ess. At z = �2:73 m away from the intera
tion point two ele
tromagneti
 
alorime-ters for the identi�
ation of ele
trons are pla
ed 
overing a polar angular range of24.7 mrad < � < 69.3 mrad. Given the a

eptan
e and eÆ
ien
ies of these dete
tors,the number of identi�ed ele
trons 
an be 
onverted to the luminosity with a pre
isionbetter than 0.1% [40℄ using the theoreti
al predi
tion of the Bhabha s
attering 
rossse
tion.L3+C does not read out the L3 luminosity monitors, therefore the luminosity has tobe derived from the L3 data: LL3+C = LL3 N1HztL3=s : (6.67)Here LL3+C and LL3 denote the L3+C and L3 luminosities respe
tively. N1Hz is thenumber of 1Hz trigger re
orded in L3+C during the time tL3 when L3 was re
ordingdata from the LEP 
alibration runs. The 
ommon stop presele
tion signals are onlysent, if L3 is a
tive. Therefore the L3 DAQ eÆ
ien
y, in
luded in LL3, needs not to be
orre
ted for.In the year 2000, LEP delivered a luminosity of about 4380 nb�1 at energies around theZ0-mass. L3 re
orded data 
orresponding to 4054�9 nb�1 out of whi
h 3583�13 nb�1was re
eived by L3+C. After appli
ation of the run quality 
riteria, 3020�12 nb�1remain for the analysis. The quoted errors in
lude the statisti
al error due to thenumber of sele
ted Bhabha events for L3 and in addition the statisti
al error from thenumber of 1Hz triggers for L3+C. The luminosity weighted LEP 
enter of mass energywas 91.27 GeV with a spread of 0.02 GeV.Z0 data re
onstru
tion and event simulationThe presele
ted Z0 
andidate data needed to be re
onstru
ted with slight modi�
a-tions to the standard re
onstru
tion algorithm: Muons originating from the 
enter of122



6.5. Muons from Z0 de
aysthe dete
tor need about 30 ns to rea
h the s
intillator and to produ
e a t0-hit there,whereas atmospheri
 muons pass the s
intillators before they rea
h the drift 
hambers.Therefore a di�erent time of 
ight 
orre
tion is applied to the drift times of the prese-le
ted sample.A spe
ial MC set was produ
ed using standard event generators to simulate the ex-pe
ted signal events and also e+e� rea
tions whi
h 
ould mimi
 the pro
ess (6.65) aslisted in the table below.pro
ess number of events generatore+e� ! �+�� 2 � 106 KORALZ [86℄e+e� ! �+�� 4 � 105 KORALZe+e� ! q�q 2 � 106 PYTHIA [126℄e+e� ! e+e��+�� 3 � 106 LEP4F [136℄Tab. 6.5: Simulated signal and ba
kground pro
esses.Z0 Data analysisThe Z0 analysis uses the same� sele
tion 
uts as used in the default spe
trum sele
tion,be
ause the aim of this study is to verify the a

eptan
e 
al
ulation.In addition to the usual analysis pro
edure the following 
uts are imposed to redu
ethe ba
kground from atmospheri
 muons:� vertex origin: The estimated distan
e of 
losest approa
h (d
a) to the 
enterof the dete
tor should be smaller than 9 
m.� time di�eren
e to s
intillator hit: The time di�eren
e �t of the sele
ted s
in-tillator hit to the L3 
ommon stop signal should be within -15 ns < �t < 10 ns.The asymmetri
 
ut is 
hosen to avoid missing events with a large photo multipliertime slewing. Events outside this window are used to estimate the 
ontaminationdue to atmospheri
 muons.� energy: The energy of the muon should be at least 60% of half of the 
enter ofmass energy.�Cuts spe
i�
 to the atmospheri
 muon data, as the shaft-desele
tion and double o
tant �t re-quirement are of 
ourse not applied. 123
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ross se
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ording to the determined sele
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6.5. Muons from Z0 de
aysNdata N
os Nbkg N�+��N1 494 1.8 �0.6 7.0 � 0.4 512.4 � 1.0N2 431 0.4 �0.3 0.6 � 0.2 452.7 � 0.9N12 291 0 0.01 � 0.01 315.3 � 0.8Tab. 6.6: Number sele
ted data and MC events.The event distributions after releasing one of these 
uts are shown in �gure 6.19.Whereas the �rst two sele
tions reje
t most of the atmospheri
 muon ba
kground,the 
ut on the muon energy redu
es the ba
kground from other pro
esses than (6.65),leaving the �nal sample almost ba
kground free.The sele
tion eÆ
ien
y 
orre
tions 
al
ulated in se
tion 6.3.1 
an not be applied di-re
tly to the Z0 sample, as the muons produ
ed in e+e� annihilations traverse di�erentdete
tor regions than atmospheri
 muons. Instead, the following system of equationsis solved taking into a

ount the statisti
al errors and their 
orrelations:Ndata1 = N 
os1 + (Nbkg1 +N�+��1 � a) "1Ndata2 = N 
os2 + (Nbkg2 +N�+��2 � a) "2 (6.68)Ndata12 = N 
os12 + (Nbkg12 +N�+��12 � a) "1"2Here N1 andN2 denote the number events whi
h passed the sele
tion 
riteria in dete
torhemisphere 1 or 2 and N12 events with two sele
ted tra
ks in the upper and lowerhemisphere of the dete
tor respe
tively. It should be noted, that these numbers arenot independent, i.e. the total number of sele
ted events is not N1 + N2 + N12 butrather N1 +N2 �N12, be
ause the double sele
ted events are a subsample of both N1and N2. N 
os stands for the estimated number of sele
ted atmospheri
 muons and Nbgkdenotes the MC predi
tion of ba
kground hadroni
, tau and four fermion events. TheMC signal expe
tation for dimuon Z0 events is N�+��12 . The sele
ted MC events arenormalized to the L3+C luminosityNMC,i = �SMi  nMC,iselnMC,igen !LL3+C "ps (6.69)using the relevant Standard Model 
ross se
tions �SMi , whi
h were 
al
ulated withthe ZFITTER program [27℄. Furthermore, the measured presele
tion eÆ
ien
y "ps is
orre
ted for. The 
orresponding event numbers are listed in table 6.6.Finally, the three unknown parameters are the two sele
tion eÆ
ien
y 
orre
tions "1125
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91.2 91.3Fig. 6.20: Comparison of the L3+C dimuon 
ross se
tion result with the LEP pre
i-sion measurements [1{5, 26℄ and the Standard Model predi
tion. The data of [3℄ was
orre
ted to the full kinemati
 and geometri
 a

eptan
e using KORALZ.and "1 and the MC normalization fa
tor a,a = �L3+C�+���SM�+�� ; (6.70)whi
h is the ratio of the 
ross se
tion �L3+C�+�� derived with the L3+C dete
tor to itsStandard Model predi
tion.Z0 resultsSolving (6.69), the following 
ross se
tion for the pro
ess e+e� ! Z0 ! �+�� isobtained: �L3+C�+�� = 1:447� 0:071 (stat.)� 0:021 (syst.) nb : (6.71)The stated systemati
 error in
ludes only errors whi
h are not relevant for the spe
trumanalysis. This is the statisti
al error of the luminosity 
orresponding to 0.006 nb andthe error due to the additional Z0 sele
tion 
uts. The latter is estimated to be 0.020 nb126



6.5. Muons from Z0 de
ays
ut value 
ross se
tion [nb℄d
a < 18
m 1.430�0.071�40ns < �t < 40ns 1.467�0.072E=Ebeam > 70% 1.449�0.073E=Ebeam > 50% 1.452�0.072Tab. 6.7: Cross se
tions obtained with di�erent presele
tion 
uts.by varying the sele
tion 
uts as indi
ated in table 6.7. A subdivision of the data samplein six samples of approximately equal luminosities revealed no further systemati
 errors(see table 6.8).LEP �ll range L3+C luminosity [nb�1℄ "ps 
ross se
tion [nb℄6811-6821 458.9�5.1 0.891 1.41�0.196827-6831 558.1�5.1 0.855 1.31�0.186834-6842 557.2�5.3 0.841 1.50�0.176846-6847 420.4�4.6 0.957 1.52�0.187249-8176 447.4�4.5 0.854 1.33�0.178177-8454 578.3�4.8 0.869 1.61�0.19Tab. 6.8: Cross se
tions obtained for di�erent data taking periods. The 
omparisonto the Standard Models expe
tation (6.72) yields �2=Ndof = 2:6=6.This measured 
ross se
tion is in good agreement with the LEP pre
ision measurements(see �gure 6.20) and to the Standard Model predi
tion of�SM�+�� = 1:4840� 0:0013 nb : (6.72)The small error is due to the experimental errors [75℄ of the input parameters of theZFITTER program.The obtained sele
tion eÆ
ien
ies read as "1 = 0:969� 0:032 and "2 = 0:972� 0:044.Re
alling that the average sele
tion eÆ
ien
y 
orre
tion in the year 2000 was foundto be 0.877 in se
tion 6.3.1, the determined parameters ("1; "2; a) 
an be 
ompared tothe expe
tation of (p0:877;p0:877; 1). Taking into a

ount the 
orrelations between"1, "2 and a, a �2 
omparison to this expe
tation yields a �2=ndf of 1.3/3 and it 
an127



Chapter 6. Measurement of the muon fluxbe 
on
luded that the sele
tion eÆ
ien
ies obtained in the Z0 analysis are in goodagreement to the ones used for the spe
trum 
al
ulation.Thus, with this study the normalization of L3+C 
ould be veri�ed within 5%. Althoughthis number is mu
h larger than the estimated systemati
 un
ertainty of the muon 
uxnormalization, it provides an absolute systemati
 
ross-
he
k qualitatively di�erentfrom the relative 
omparisons of the previous se
tion.
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6.6. Results6.6 Results6.6.1 The atmospheri
 muon 
ux as fun
tion of momentum,
harge and zenith angleThe angular a

eptan
e of the experiment is limited by the s
intillator 
overage ofthe dete
tor, whi
h allows to measure muons with zenith angles down to 58o. At lowenergies, due the shielding of the molasse overburden, the starting momenta rangefrom 20 to 40 GeV, depending on the zenith angle bin under study. At high energiesthe muon 
ux is measured up to 2000 GeV and the 
harge ratio up to 630 GeV. Abovethese values the total errors on � and R ex
eed 20%, as shown in the previous se
tion.The �tted muon 
ux parameters a of the fun
tion (6.11) are listed in the appendix alongwith their statisti
al and systemati
 
ovarian
e matri
es. The measured muon spe
traare displayed in �gures 6.21 and 6.22 on the next two pages. Both the un
orrelateddata points derived a

ording to equation (6.18) and the smooth �tted fun
tions (6.11)are shown. Naturally, the total error 
al
ulated for the latter is mu
h smaller at highenergies, as the number of free parameters is only eight in this 
ase, whi
h redu
es thestatisti
al un
ertainty 
onsiderably.For better visibility, the steep muon 
ux distributions were multiplied with the meanmomentum momentum to the third power. Following the suggestion from [99℄, themean momentum hpi inside a momentum bin [p1; p2℄ is determined by solving�(hpi) = 1p2 � p1 Z p2p1 �(p) dp : (6.73)As 
an be seen, in this representation the maximum of hpi3 � � is shifted towardshigher momenta with in
reasing zenith angles. This is due to the fa
t, that verti
almuons have shorter path lengths for rea
hing the dete
tor and therefore their de
ayprobability and energy loss in the atmosphere is smaller. The overall 
ux at maximumgrows with the zenith angle, as the muons' parent mesons have longer path lengths inthe thin regions of the upper atmosphere and 
orrespondingly a higher probability tode
ay to a muon neutrino pair before they intera
t.It is worthwhile noting that neither a 
orre
tion for the dete
tor altitude nor theatmospheri
 
onditions was applied to the measured muon 
ux data in order to avoidadditional theoreti
al un
ertainties. Instead, the L3+C dete
tor height of 449 m abovesea level and the average atmospheri
 pro�le as measured in the balloon 
ights 
loseto L3+C 
an be used to 
orre
t the presented 
uxes to arbitrary altitudes and atmo-129
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Fig. 6.21: The measured muon spe
trum for zenith angles from 0o to 34.4o. The innererror bars and dark areas denote the statisti
al error, the full error bar and light areasshow the total error. The shaded areas 
orrespond to the �tted fun
tion (6.11), the dotsshow the data points as derived with equation (6.18).
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Fig. 6.22: The measured muon spe
trum for zenith angles from 34.4o to 58.3o. Theinner error bars and dark areas denote the statisti
al error, the full error bar and lightareas show the total error. The shaded areas 
orrespond to the �tted fun
tion (6.11),the dots show the data points as derived with equation (6.18).
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Chapter 6. Measurement of the muon fluxspheri
 
onditions given a 
ertain theoreti
al muon 
ux model. The live-time weightedballoon data yield the following parameters for the atmosphere parameterizationa

ording to equation (6.63): A = 8:078 � 10�5, B = 1332, hb = 39:17, h0 = 6:370 km,and � = 3:461, with ht = 11 km.The measured 
harge ratios are presented in �gures 6.23 and 6.24. Within the errors,no dependen
e on the zenith angle or momentum is observed. Assuming un
orrelatedalignment errors between zenith angle bins not sharing the same o
tants leads to aratio of the average 
harge ratios at 110 and 550 GeV ofR550R110 = 1:16� 0:01(stat:)� 0:15(sys:) (6.74)for the �tted 
ux fun
tions andR550R110 = 1:11� 0:05(stat:)� 0:15(sys:) (6.75)for the un
onstrained data points, whi
h is both 
ompatible with 1.In the verti
al dire
tion, a mean 
harge ratio ofRvert = 1:287� 0:004(stat:)� 0:014(sys:) (6.76)is 
al
ulated for the un
orrelated data points with a �2=Ndf = 16:6=17. Averagingfurther over the zenith angles, the 
harge ratio of the full data sample was found to behRi = 1:277� 0:002(stat:)� 0:011(sys:) : (6.77)
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Fig. 6.23: The measured muon 
harge ratio for zenith angles from 0o to 34.4o. Theinner error bars and dark areas denote the statisti
al error, the full error bar and lightareas show the total error. The shaded areas 
orrespond to the �tted fun
tion (6.11),the dots show the data points as derived with equation (6.18).
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Fig. 6.24: The measured muon 
harge ratio for zenith angles from 34.4o to 58.3o. Theinner error bars and dark areas denote the statisti
al error, the full error bar and lightareas show the total error. The shaded areas 
orrespond to the �tted fun
tion (6.11),the dots show the data points as derived with equation (6.18).
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6.6. Results6.6.2 Comparison to previous L3+C resultsTwo L3 studies of the atmospheri
 muon spe
trum were pre
eeding this analysis:The pilot work from [111℄ was using a small data set, whi
h was taken in 1991 duringspe
ial 
alibration runs, when the L3 dete
tor was triggering on atmospheri
 muons.The major aim of [111℄ was to proof the feasibility of the L3+C proje
t. The smallexposure and large systemati
 errors related to the muon tra
k re
onstru
tion andthe absen
e of a dedi
ated readout system for the measurement of atmospheri
 muonsdid not allow for a pre
ise 
ux measurement. At 100 GeV, a total error of 13% wasa
hieved in the verti
al dire
tion.The data re
orded by L3+C in 1999 were already analyzed in [117℄ using the algorithmof [51℄ to de
onvolute the raw dete
tor rates to a surfa
e spe
trum and the identi
almuon 
hamber and s
intillator eÆ
ien
ies introdu
ed in 
hapter 5 for the a

eptan
e
al
ulation. The major improvements of the work presented here with respe
t to theseintermediate results 
an be summarized as follows:� The 
omplete data from the years 1999 and 2000 were analyzed here. In additionto the obvious in
rease of the total exposure and the related smaller statisti
alerrors, this allowed for a stringent 
he
k of the time dependen
e of the dete
torperforman
e.� Due to the improved momentum re
onstru
tion, the maximum dete
table mo-mentum of the dete
tor was in
reased by about a fa
tor four with respe
t tothe weighted single o
tant average used in [117℄ and 
orrespondingly a smaller
orre
tion is needed here to 
orre
t the measured high energeti
 muon 
ux (
f.�gure 5.9).� The MC model of the dete
tor was revised for this analysis 
on
erning the gen-eration of the drift 
hamber hits and the delta ray produ
tion above and inthe dete
tor. In addition, �du
ial volume 
uts were introdu
ed to ex
lude de-te
tor regions with a poor agreement between data and MC. As a result, thesele
tion eÆ
ien
y 
orre
tions a

ording to equation (6.34) are smaller here. Inse
tion 6.3.1, the asymptoti
 sele
tion eÆ
ien
y 
orre
tion were found to be 0.897for 1999, whereas they amount to about 0.77 in [117℄.� A more thorough evaluation of the systemati
 errors was possible by in
ludingthe 
he
k of the method with 400 simulated L3+C experiments, the subsampleanalysis, the �t fun
tion bias and the additional a

eptan
e 
ross 
he
k with theZ0 events. 135



Chapter 6. Measurement of the muon fluxThe long term stability of the measured rates was found to be 2.5% in [117℄, and is0.3% here (0.5% if atmospheri
 e�e
ts are not 
orre
ted for). Depending on the zenithangle, the previous study quoted 
ux normalization un
ertainties ranging from 3.2 to12%, whereas here the estimated un
ertainties are all below 3.9%.The verti
al muon spe
trum and 
harge ratio of the two analyses, as well as the zenithangle dependen
e of the 
ux at momenta around 300 GeV are 
ompared in �gure 6.25.The unfolding pro
edure applied in [117℄ 
onstitutes a regularization 
onstraint similarto the 
ux �t a

ording to equation 6.13, therefore in both of the 
ases the shownerrors are dominated by the systemati
 un
ertainties.For the purpose of this 
omparison, the 
ux normalization of the previous measure-ment was 
orre
ted for the event loss explained in se
tion 4.4 a posteriori, as it wasnot known at the time of that analysis.Negle
ting the overall normalization, good agreement is found 
on
erning the shape ofthe verti
al muon spe
trum at high momenta. The asymptoti
 normalization di�er-en
e between the two analyses in the verti
al dire
tion is larger than expe
ted from theestimated normalization un
ertainties. On average however, the 
ux from [117℄ agreeswith this result as 
an be seen in �gure 6.25(b)�.Due to an error in a previous version of the simulation of the molasse overburden, theverti
al matter thi
kness X0 (see equation (6.45)) was assumed about 960 g
m�2 toolow 
orresponding to an underestimation of the verti
al energy loss of about 3 GeV forsurfa
e momenta of 100 GeV. Whereas here a revised version of the molasse simula-tion was used, the approximate pro
edure applied in [117℄ to 
orre
t this 
aw did notallow to examine events with a surfa
e momentum below 40 GeV. The observed shapedi�eren
e between the two analyses at low energies may be related to this problem,the details of the dis
repan
y are however not understood.Ex
ellent agreement is found for the verti
al 
harge ratio. In this analysis, the smalleralignment un
ertainties of the double o
tant �t allowed for an extension of the inves-tigated momentum range by a fa
tor two.
�Note that the verti
al zenith angle range of [117℄ is di�erent in �gures 6.25(a) and (
) (
os(�) >0:985) and �gure 6.25(b) (
os(�) > 0:970).136



6.6. Results
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ted verti
al 
ux ratio to L3+C for experiments measuring a mean
os(�) 
orresponding to 0, 15 and 20o. For this analysis h
os �i = 0:988.6.6.3 Comparison to previous experimentsIn �gure 6.27, this muon 
ux measurement is 
ompared to results from previous exper-iments. Only experiments providing an absolute normalization [16,22,31,38,52,67,92℄have been taken into a

ount. As no previous 
ontinuous zenith angle measurementsexist in the large energy range examined here, only the verti
al dire
tion 
an be 
om-pared. The de�nition of 'verti
al' is presumably di�erent for ea
h experiment, however,only two of them state the opening angle of their apparatus. The CAPRICE [38, 92℄apparatus measured the 
ux within its opening angle of 20o, whereas the AHM79 [67℄experiment was determining the muon 
ux within zenith angles of < 9o. Even for thesetwo experiments, a 
orre
tion for the opening angle di�eren
e with respe
t to L3+C isnot straightforward, as the zenith angle dependen
e of the a

eptan
e within the verti-
al solid angle needs to be known to 
al
ulate the mean 
osine of the zenith angle. Theexpe
ted 
ux ratio deviations to L3+C, as 
al
ulated with the analyti
 formulae from
hapter 2, are however below 5% even for large opening angle di�eren
es, as shown in�gure 6.26.Due to the de
ay and energy loss of atmospheri
 muons, the muon 
ux depends alsoon the dete
tor height. Therefore all 
ux measurements were 
orre
ted to the L3+Cdete
tor height using the formula given in [79℄.In the upper part of �gure 6.27, previous measurements of the low energeti
 muon
ux 
an be seen. Very good agreement between this results and the AHM71 
ux [31℄138
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Chapter 6. Measurement of the muon flux
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Fig. 6.28: Comparison of the muon 
harge ratio to world average 
al
ulated in [79℄.is found. The spe
tra from the CAPRICE experiment, whi
h were averaged here overthe three measurement 
ampaigns, agree within a few per
ent in normalization to theL3+C spe
trum. However, at very low energies a systemati
 slope di�eren
e seemsto be present, part of whi
h may be due to the di�erent opening angle as explainedabove.At high energies only two experiments measured a normalized spe
trum. The shapeof the Kiel measurement [16℄ agrees very well with this result over the full momentumrange, but a lower 
ux normalization was determined in L3+C. The data obtainedwith the MARS apparatus [22℄ signi�
antly disagree both in shape and normalizationwith the spe
trum presented here. Given the large errors of these two experimentsabove 200 GeV, it 
an be stated, that L3+C extended the knowledge on the muonmomentum spe
trum by a fa
tor 10 in the momentum range.Finally, the verti
al 
harge ratio is 
ompared to the world average 
al
ulated in [79℄.Good agreement is found over the full momentum range. It is worthwhile pointing out,that the total error of one zenith angle bin from this experiment is 
ompatible withthe error from the average of all previous experiments.
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Chapter 7COMPARISON TO AIR SHOWERSIMULATIONSIn this 
hapter, the measured muon 
uxes and 
harge ratios will be 
ompared totheoreti
al predi
tions obtained with air shower simulations.These 
al
ulations were performed with the TARGET [57℄ transport 
ode in its onedimensional version, i. e. all se
ondary parti
les are assumed to follow the dire
tionof the in
oming primary parti
le. To 
ross-
he
k a possible systemati
 error due tothe implementation of the parti
le transport through the atmosphere, the resultswere 
ompared to a 
al
ulation with the CORSIKA transport 
ode [80℄ using thesame primary 
ux and high energy intera
tion model. No signi�
ant di�eren
e wasobserved in the energy range above 100 GeV (below, no 
omparison was possibledue to the di�erent low energeti
 intera
tion models implemented in the two programs).Intera
tion modelsThe following three high energy intera
tion models are available within the TARGETprogram:� TARGET2.1 [57℄ is a phenomenologi
al model, based on the parameterization ofa

elerator data, whi
h are extrapolated to the full phase spa
e, energies andtarget nu
lei needed in atmospheri
 air showers. Cal
ulations of the neutrino
ux [8℄ based on this model are extensively used to interpret the data ofatmospheri
 neutrino dete
tors.� QGSJET01 [89℄ and SIBYLL2.1 [56,61℄ are mi
ros
opi
 models, whi
h predi
t thehadroni
 intera
tions from �rst prin
iples and 
onsequently have a mu
h smaller141



Chapter 7. Comparison to air shower simulationsnumber of free parameters as the phenomenologi
al TARGET model. For large mo-mentum transfers between the proje
tile and target nu
leus, the well tested per-turbative QCD theory is appli
able. For momentum transfers below a few GeV,the hadroni
 intera
tions are modeled based on the Gribov-Regge theory [69,120℄in 
ase of QGSJET01, whereas they are des
ribed by the produ
tion of 
oloredstrings [46℄ in SIBYLL2.1.As no low energy model other than TARGET is implemented in the 
urrent version ofthe transport 
ode all intera
tions below a laboratory energy of 100 GeV are handledby this model.
Primary 
ux modelFor the absolute normalization of the simulated muon 
ux, a model of the primary par-ti
le 
ux is needed. Figure 7.1 displays dire
t measurements of the primary proton andhelium 
omponent of the 
osmi
 parti
le 
ux. Obviously, the indire
t measurementsof the primary 
ux mentioned in 
hapter 2 
an not be used for this purpose, as thereintera
tion models are needed to infer the 
ux from the ground level observations.Below 100 GeV, for both elements good measurements with an a

eptable statisti
ala

ura
y exist. At high energies even the two most pre
ise balloon experiments [20,21℄exhibit large statisti
al un
ertainties. Assuming that the power law ansatz for theprimary 
ux holds up to a few hundreds of TeV, the low energy measurements aloneprovide a suÆ
iently large lever arm to determine the two 
ux parameters in equa-tion (2.4). Unfortunately, the low energy measurement do not agree with ea
h otherwithin the quoted statisti
al errors, whi
h indi
ates the presen
e of systemati
 errorsnot a

ounted for. For protons, the major di�eren
e is between the two CAPRICEmeasurements and the results from BESS and AMS. Therefore, the parameterizationfrom [65℄, based on the two latter experiments, and the �t from CAPRICE [38℄, willbe used as an upper and lower estimate of the proton 
ux. Both parameterizations areindi
ated by lines in �gure 7.1(a).In 
ase of the helium 
omponent the situation is similar, but here the two high energymeasurements show a systemati
 normalization di�eren
e. The parameterization ofthe same authors as above is shown in �gure 7.1(b). The minimum of the CAPRICE�t and GH2 will be used as a lower limit of the helium 
ux, the GH1 �t as an upperlimit.The 
ontribution of heavier nu
lei to the all nu
leon spe
trum are taken from [65℄.142
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(b) Charge ratioFig. 7.2: Simulated muon 
uxes with di�erent intera
tion models and primary 
uxes
ompared to this measurement.Muon 
ux and 
harge ratioThe simulated muon 
uxes and 
harge ratios are presented in �gure 7.2. In order todistinguish 
learly between the models, the results from QGSJET and SIBYLL are onlydisplayed down to 60 GeV, above whi
h the low energy intera
tion model does not
ontribute to the simulated 
ux. For ea
h intera
tion model two results are shown,
orresponding to 'worst 
ase' 
ombinations of the four proton and helium spe
tra. Forthe muon 
ux this is given by the 
ombination of the two maximum and minimum
uxes (denoted as �+ and �� respe
tively). The 
harge ratio is in
uen
ed by theprimary neutron to proton ratio, therefore the 
ombinations of the high proton andlow helium 
ux and vi
e versa result in the largest di�eren
es (denoted as �� and ��respe
tively).The best agreement with the L3+C data is obtained with the �+ primary 
ux andthe simple TARGET model. Also the �+-SIBYLL 
ux predi
tion is 
lose to this data and
ould be easily mat
hed by using an even slightly higher primary 
ux. The QGSJETspe
trum is signi�
antly too low for both of the 
ases and an about 20-40% higher 
uxas the �+ parameterization would be needed to mat
h it with this result, whi
h is notsupported by the 
urrent primary 
ux data. Using the �� normalization, all of the144
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tra are signi�
antly too low 
ompared to L3+C.For the muon 
harge ratio, shown in �gure 7.2(b), the in
uen
e of the di�erent primary
ux models �� and �� is only of the order of per
ent. Again the predi
tions of theTARGET model are 
ompatible with this measurement. The rise of the 
harge ratio athigh energies 
an be attributed to large fra
tion of positive K-mesons, responsible for20% of the muon 
ux at 600 GeV. The systemati
 errors of the dete
tor alignmenthowever do not allow for a stringent 
he
k of the magnitude of the e�e
t, as thedata would also allow for a 
at 
harge ratio momentum dependen
e (see the previous
hapter). The SIBYLL model predi
ts a signi�
antly too large muon 
harge ratio dueto both a large �+=�� and K+=(� + K) ratio over the full investigated momentumrange. The opposite is true for QGSJET, exhibiting a 
orrespondingly mu
h too low
harge ratio. 145
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eA

ording to the analyti
al approximation introdu
ed in 
hapter 2, besides trivialfa
tors and the muon de
ay, the relative zenith angle dependen
e of the muon 
uxis introdu
ed by the di�eren
e between the meson and nu
leon attenuation length inequation (2.32). The simulated zenith angle dependen
e and muon 
harge ratio areshown in �gures 7.3 and 7.4 for four di�erent momenta. In order to disentangle therelative zenith angle dependen
e from the overall normalization and absolute 
hargeratio, both data and MC were normalized to the verti
al zenith angle bin. Ex
ellentagreement is found both between the simulation and the L3+C data demonstratingthe reliability of the transport 
ode.146



Constraining the neutrino spe
trumA 
al
ulation of the atmospheri
 neutrino 
ux is beyond the s
ope of this work, whi
hfo
used on the experimental determination of the muon 
ux. However, it is interestingto estimate the expe
ted improvement on the knowledge of the neutrino 
ux using themuon 
ux to 
onstrain the neutrino 
ux predi
tions.For this purpose, the muon 
ux 
onstraint is studied with the air shower simulationsdis
ussed in the previous se
tions. The simulated neutrino 
uxes for the di�erent in-tera
tion models and the �+ and �� primary 
uxes are shown in �gure 7.5(a). As 
anbe seen, both the un
ertainties on the primary 
ux and intera
tions in the atmospherehave a large impa
t on the predi
ted neutrino 
uxes.In this study, it is assumed, that the 'observed' muon and 'true' neutrino spe
trumfollow the ones obtained with TARGET and the average of the �+ and �� primary
ux model. Inspired by the analyti
 approximations of the muon and neutrino spe
-trum (2.30) given in 
hapter 2, ea
h simulated muon 
ux ��i is �tted to the observedmuon spe
trum and 
harge ratio by res
aling the 
uxes a

ording to�0�i = (��+�;i + ����;i + b � ��+K;i + ���K;i) � a � p�
 (7.1)and R0 = ��+�;i + b � ��+K;i����;i + ���K;i : (7.2)Here ����=K denote the positive and negative muon 
uxes from parent pions and kaonsrespe
tively, a is a global normalization fa
tor, b adjusts the fra
tion of muons origi-nating from the de
ay of K+ mesons and �
 is the di�eren
e between the simulatedand true primary nu
leon spe
tral index.Given the large systemati
 error of the measured 
harge ratio at high momenta, the
harge ratio 
onstraint is only applied below 150 GeV.The obtained parameters a, b and �
 are then used to res
ale the simulated neutrino
uxes as follows: �0�i = (���;i + ���;i + b � ��K;i + ��K;i) � a � p�
 : (7.3)The resulting 
onstrained neutrino 
uxes are shown in �gure 7.5(b). As it was to beexpe
ted from equation (2.35), the un
ertainties due to the primary 
ux vanish almost
ompletely, if the hadroni
 intera
tion model is known. Also the di�eren
e between theQGSJET and TARGET Z-fa
tors (
f. table 2.1) is redu
ed. The largest deviations of the
onstrained to the true neutrino spe
trum is observed for SIBYLL at high energies. This147



Chapter 7. Comparison to air shower simulations
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ux and low energy
harge ratioFig. 7.5: MC study on the neutrino 
ux 
onstraint. For ea
h intera
tion model twodi�erent primary 
uxes are used, as indi
ated by the two 
urves per model.
an be tra
ed ba
k to the di�erent energy dependen
e of the kaon Z-fa
tors predi
tedby TARGET and SIBYLL, whi
h are in
reasing with the energy in the former 
ase andde
reasing in the latter.Nevertheless, it 
an be 
on
luded, that even with the very simple approa
h used here,a 
onsiderable improvement on the knowledge on the absolute neutrino 
ux 
an bea
hieved by 
onstraining the theoreti
al neutrino 
ux predi
tions with the measuredmuon 
ux. For a thorough evaluation of the remaining systemati
 errors, also di�erentlow energy models, su
h as GHEISHA [60℄ and UrQMD [30℄, need to be investigated, andthe study of other widely used high energy intera
tion models, su
h as NeXuS [53℄ andDPMJET [119℄ is needed.
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Chapter 8SUMMARY AND OUTLOOKIn this thesis, a new measurement of the atmospheri
 muon spe
trum using the L3+Cdete
tor is presented. Due to the large exposure of the experiment, its large magneti
volume and an improved momentum determination algorithm, the muon 
ux 
ould bemeasured in a momentum range from 20 to 2000 GeV.During the analysis spe
ial attention was given to the pre
ise determination of allrelevant dete
tor and environmental parameters needed to 
onvert the raw data distri-butions to an absolute surfa
e level 
ux. Due to the large amount of available statisti
s,extensive studies of the residual systemati
 un
ertainties were possible. The 
urrentoverall normalization un
ertainty of the verti
al muon spe
trum from previous mea-surements [79℄ 
ould be redu
ed from 7% to 2.4% in the verti
al dire
tion at 100 GeV.The measurement 
overed a wide zenith angle range from 0 to 58o for both the muon
ux and the 
harge ratio. The latter 
ould be determined up to 630 GeV. The averagetotal un
ertainty of the muon 
ux is 3.0% at 200 GeV. The best average pre
ision ofthe 
harge ratio was a
hieved at 60 GeV and amounts to 1.6%.The 
omparison to previous absolute 
ux measurements showed good overall agree-ment at low energies, whereas at high energies a lower normalization with respe
t tothe results from [16, 22℄ was determined.The work provides an extensive and a

urate data set with whi
h the validity of atmo-spheri
 neutrino 
ux 
al
ulations 
an be 
ross-
he
ked. With the help of the absolutenormalization and spe
tral shape of the measured muon spe
trum, the meson produ
-tion model and the assumed primary parti
le 
uxes used in these 
al
ulations 
an betested. For a given ratio of positive to negative pion produ
tion in the atmosphere, themeasured muon 
harge ratio 
an furthermore be used to 
onstrain the 
ontribution ofpositive kaons, whi
h 
onstitute an important sour
e of atmospheri
 muon neutrinos.Be
ause of the systemati
 un
ertainties of the measured 
harge ratio at high energies,the predi
ted rise of the 
harge ratio due to the positive kaon 
ontribution to the muon149



Chapter 8. Summary and outlook
ux 
ould not be 
on�rmed here. Future atmospheri
 muon measurements, as forinstan
e planned with the ACORDE dete
tor [14℄ at the LHC, should therefore fo
uson an a

urate dete
tor alignment to keep the related systemati
s under 
ontrol.The study of 
urrent high energeti
 intera
tion models showed, that only one of thethree investigated models su

eeds to reprodu
e the full data set. Interesting enough,this is the phenomenologi
al TARGET model, whereas the more sophisti
ated theoreti
almodels are in
ompatible with this data even within the large assumed errors of theprimary 
osmi
 parti
le 
ux.In the near future, several experiments will 
lose the gap in between the low andhigh energy primary 
ux measurements. The upgraded BESS spe
trometer [10℄will be able to extend the measurement to 600 GeV, the ATIC [9℄ 
alorimeter willmeasure the primary spe
trum from 30 to 100 TeV in long duration balloon 
ightsand the AMS [11℄ dete
tor, when �nally laun
hed to the international spa
e station,will have an unpre
edented exposure allowing for a high statisti
s measurement upto several TeV. Thus both, the in
oming parti
le beam and muoni
 end produ
tson ground level will be known pre
isely and stringent tests of the high energeti
intera
tion models will be possible.
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APPENDIX: TABULATED MUONFLUX RESULTSBelow, the parameters of the muon 
ux �t for ea
h zenith angle bin are listed along withtheir statisti
al and systemati
 errors � and the 
orresponding 
orrelation matri
es �ij.A

ording to the standard rule of error propagation, the 
ovarian
e of two 
ux valuesf = � or 
harge ratio values f = R at two arbitrary momenta pk and pl is given byVkl = 8Xi;j=1 �fk�ai �fl�aj �i �j �ij ;where ai denote the eight muon 
ux �t parameters a1 = a�1 ; : : : ; a8 = a+4 as de�ned inequation (6.11).For the muon 
ux the partial derivatives are given by��k�ai = ln(10) gki �qikand for the 
harge ratio they read as�R�ai = qi ln(10) gki Rk :The 
oeÆ
ient fun
tions gki are the derivatives of the exponent Fk in equation (6.11)with respe
t to the parameters ai:gk1 = 12 (yk � 2)(yk � 3) ykgk2 = �13 (yk � 1)(yk � 3)(2yk � 1)gk3 = 16 (yk � 1)(yk � 2) ykgk4 = 13 (yk � 1)(yk � 2)(yk � 3)and gk5 = gk1 ; gk6 = gk2 ; gk7 = gk3 ; gk8 = gk4 : 151



Here yk = log10 pk and the 
harge qi is given byqi = 8<:�; i � 4+; i > 4 ;whi
h should be read as a label in 
ase of the 
ux and as a sign in 
ase of the 
hargeratio.
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A.1 Muon 
ux from 0.525< 
os � <0.600between 40 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.232 0.091 0.078a�2 -2.878 0.002 0.017a�3 -6.111 0.014 0.058a�4 -2.706 0.273 0.293a+1 -0.155 0.088 0.066a+2 -2.775 0.002 0.023a+3 -5.897 0.010 0.045a+4 -2.448 0.254 0.183
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.641 -0.415 -0.993 -0.034 0.023 0.015 0.034a�2 -0.641 1.000 0.126 0.642 0.023 -0.019 -0.007 -0.023a�3 -0.415 0.126 1.000 0.490 0.017 -0.009 -0.024 -0.018a�4 -0.993 0.642 0.490 1.000 0.034 -0.023 -0.017 -0.035a+1 -0.034 0.023 0.017 0.034 1.000 -0.682 -0.292 -0.995a+2 0.023 -0.019 -0.009 -0.023 -0.682 1.000 0.080 0.687a+3 0.015 -0.007 -0.024 -0.017 -0.292 0.080 1.000 0.354a+4 0.034 -0.023 -0.018 -0.035 -0.995 0.687 0.354 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.544 -0.610 -0.904 0.362 0.449 0.554 0.038a�2 0.544 1.000 0.219 -0.217 0.688 0.984 0.409 -0.271a�3 -0.610 0.219 1.000 0.888 0.425 0.259 -0.476 -0.529a�4 -0.904 -0.217 0.888 1.000 0.025 -0.142 -0.590 -0.314a+1 0.362 0.688 0.425 0.025 1.000 0.631 -0.290 -0.850a+2 0.449 0.984 0.259 -0.142 0.631 1.000 0.407 -0.235a+3 0.554 0.409 -0.476 -0.590 -0.290 0.407 1.000 0.745a+4 0.038 -0.271 -0.529 -0.314 -0.850 -0.235 0.745 1.000 153



A.2 Muon 
ux from 0.600< 
os � <0.675between 40 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.165 0.055 0.079a�2 -2.875 0.001 0.012a�3 -6.142 0.013 0.060a�4 -2.730 0.176 0.265a+1 -0.093 0.054 0.059a+2 -2.770 0.001 0.017a+3 -5.968 0.009 0.036a+4 -2.569 0.167 0.119
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.667 -0.445 -0.991 -0.004 0.002 0.013 0.006a�2 -0.667 1.000 0.071 0.636 0.004 -0.016 0.003 -0.004a�3 -0.445 0.071 1.000 0.527 0.005 0.006 -0.048 -0.009a�4 -0.991 0.636 0.527 1.000 0.005 -0.001 -0.017 -0.008a+1 -0.004 0.004 0.005 0.005 1.000 -0.708 -0.324 -0.993a+2 0.002 -0.016 0.006 -0.001 -0.708 1.000 0.043 0.690a+3 0.013 0.003 -0.048 -0.017 -0.324 0.043 1.000 0.399a+4 0.006 -0.004 -0.009 -0.008 -0.993 0.690 0.399 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.530 -0.693 -0.923 0.890 0.407 0.509 -0.858a�2 0.530 1.000 0.148 -0.231 0.765 0.954 0.320 -0.483a�3 -0.693 0.148 1.000 0.915 -0.328 0.178 -0.476 0.524a�4 -0.923 -0.231 0.915 1.000 -0.666 -0.146 -0.551 0.749a+1 0.890 0.765 -0.328 -0.666 1.000 0.641 0.238 -0.903a+2 0.407 0.954 0.178 -0.146 0.641 1.000 0.351 -0.348a+3 0.509 0.320 -0.476 -0.551 0.238 0.351 1.000 -0.012a+4 -0.858 -0.483 0.524 0.749 -0.903 -0.348 -0.012 1.000154



A.3 Muon 
ux from 0.675< 
os � <0.750between 32 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.208 0.038 0.061a�2 -2.881 0.001 0.010a�3 -6.182 0.013 0.060a�4 -2.492 0.131 0.196a+1 -0.007 0.036 0.052a+2 -2.781 0.001 0.015a+3 -6.013 0.010 0.041a+4 -2.745 0.118 0.106
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.590 -0.466 -0.989 -0.058 0.026 0.046 0.063a�2 -0.590 1.000 -0.005 0.533 0.029 -0.056 0.005 -0.026a�3 -0.466 -0.005 1.000 0.556 0.037 0.006 -0.112 -0.048a�4 -0.989 0.533 0.556 1.000 0.061 -0.023 -0.056 -0.067a+1 -0.058 0.029 0.037 0.061 1.000 -0.637 -0.378 -0.990a+2 0.026 -0.056 0.006 -0.023 -0.637 1.000 -0.013 0.589a+3 0.046 0.005 -0.112 -0.056 -0.378 -0.013 1.000 0.466a+4 0.063 -0.026 -0.048 -0.067 -0.990 0.589 0.466 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.624 -0.618 -0.898 0.729 0.442 0.465 -0.507a�2 0.624 1.000 0.104 -0.298 0.840 0.865 0.201 -0.584a�3 -0.618 0.104 1.000 0.900 0.035 0.094 -0.620 -0.125a�4 -0.898 -0.298 0.900 1.000 -0.388 -0.202 -0.594 0.222a+1 0.729 0.840 0.035 -0.388 1.000 0.667 -0.089 -0.885a+2 0.442 0.865 0.094 -0.202 0.667 1.000 0.285 -0.384a+3 0.465 0.201 -0.620 -0.594 -0.089 0.285 1.000 0.491a+4 -0.507 -0.584 -0.125 0.222 -0.885 -0.384 0.491 1.000 155



A.4 Muon 
ux from 0.750< 
os � <0.825between 32 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.130 0.044 0.062a�2 -2.889 0.001 0.013a�3 -6.264 0.015 0.076a�4 -2.756 0.155 0.221a+1 -0.004 0.025 0.049a+2 -2.788 0.001 0.016a+3 -6.023 0.010 0.054a+4 -2.712 0.091 0.119
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.591 -0.545 -0.990 -0.021 0.010 0.011 0.021a�2 -0.591 1.000 0.041 0.536 0.012 -0.006 -0.005 -0.012a�3 -0.545 0.041 1.000 0.628 0.012 -0.005 -0.009 -0.013a�4 -0.990 0.536 0.628 1.000 0.020 -0.010 -0.011 -0.021a+1 -0.021 0.012 0.012 0.020 1.000 -0.506 -0.413 -0.986a+2 0.010 -0.006 -0.005 -0.010 -0.506 1.000 -0.087 0.430a+3 0.011 -0.005 -0.009 -0.011 -0.413 -0.087 1.000 0.513a+4 0.021 -0.012 -0.013 -0.021 -0.986 0.430 0.513 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.457 -0.677 -0.903 0.516 0.438 0.607 -0.117a�2 0.457 1.000 0.176 -0.131 0.714 0.983 0.208 -0.351a�3 -0.677 0.176 1.000 0.926 0.250 0.113 -0.740 -0.470a�4 -0.903 -0.131 0.926 1.000 -0.126 -0.155 -0.718 -0.192a+1 0.516 0.714 0.250 -0.126 1.000 0.617 -0.217 -0.837a+2 0.438 0.983 0.113 -0.155 0.617 1.000 0.283 -0.237a+3 0.607 0.208 -0.740 -0.718 -0.217 0.283 1.000 0.691a+4 -0.117 -0.351 -0.470 -0.192 -0.837 -0.237 0.691 1.000156



A.5 Muon 
ux from 0.825< 
os � <0.900between 32 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.070 0.029 0.086a�2 -2.902 0.001 0.009a�3 -6.234 0.015 0.131a�4 -2.815 0.113 0.366a+1 -0.029 0.020 0.042a+2 -2.790 0.001 0.014a+3 -6.083 0.012 0.063a+4 -2.591 0.079 0.105
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.407 -0.547 -0.986 -0.005 -0.001 0.006 0.006a�2 -0.407 1.000 -0.102 0.322 -0.000 -0.002 0.001 0.000a�3 -0.547 -0.102 1.000 0.643 0.006 0.002 -0.010 -0.007a�4 -0.986 0.322 0.643 1.000 0.006 0.001 -0.007 -0.006a+1 -0.005 -0.000 0.006 0.006 1.000 -0.298 -0.516 -0.985a+2 -0.001 -0.002 0.002 0.001 -0.298 1.000 -0.175 0.196a+3 0.006 0.001 -0.010 -0.007 -0.516 -0.175 1.000 0.619a+4 0.006 0.000 -0.007 -0.006 -0.985 0.196 0.619 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.308 -0.872 -0.954 0.291 0.325 0.810 0.141a�2 0.308 1.000 0.094 -0.074 0.771 0.943 0.121 -0.426a�3 -0.872 0.094 1.000 0.979 0.195 -0.013 -0.876 -0.513a�4 -0.954 -0.074 0.979 1.000 -0.002 -0.144 -0.877 -0.373a+1 0.291 0.771 0.195 -0.002 1.000 0.624 -0.181 -0.826a+2 0.325 0.943 -0.013 -0.144 0.624 1.000 0.248 -0.235a+3 0.810 0.121 -0.876 -0.877 -0.181 0.248 1.000 0.665a+4 0.141 -0.426 -0.513 -0.373 -0.826 -0.235 0.665 1.000 157



A.6 Muon 
ux from 0.900< 
os � <0.938between 25 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.162 0.025 0.042a�2 -2.906 0.001 0.009a�3 -6.302 0.012 0.069a�4 -2.569 0.094 0.093a+1 -0.046 0.013 0.039a+2 -2.796 0.001 0.017a+3 -6.063 0.009 0.070a+4 -2.494 0.055 0.091
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.449 -0.458 -0.984 -0.003 -0.000 0.003 0.003a�2 -0.449 1.000 -0.099 0.373 0.000 -0.001 0.000 -0.000a�3 -0.458 -0.099 1.000 0.565 0.003 0.001 -0.006 -0.004a�4 -0.984 0.373 0.565 1.000 0.003 0.000 -0.004 -0.003a+1 -0.003 0.000 0.003 0.003 1.000 -0.272 -0.425 -0.979a+2 -0.000 -0.001 0.001 0.000 -0.272 1.000 -0.201 0.161a+3 0.003 0.000 -0.006 -0.004 -0.425 -0.201 1.000 0.548a+4 0.003 -0.000 -0.004 -0.003 -0.979 0.161 0.548 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.691 0.405 -0.923 0.900 0.349 -0.460 -0.947a�2 0.691 1.000 0.253 -0.476 0.816 0.847 -0.003 -0.501a�3 0.405 0.253 1.000 -0.392 0.097 -0.009 -0.816 -0.339a�4 -0.923 -0.476 -0.392 1.000 -0.734 -0.146 0.649 0.994a+1 0.900 0.816 0.097 -0.734 1.000 0.636 -0.061 -0.787a+2 0.349 0.847 -0.009 -0.146 0.636 1.000 0.293 -0.170a+3 -0.460 -0.003 -0.816 0.649 -0.061 0.293 1.000 0.579a+4 -0.947 -0.501 -0.339 0.994 -0.787 -0.170 0.579 1.000158



A.7 Muon 
ux from 0.938< 
os � <0.975between 25 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.052 0.024 0.037a�2 -2.926 0.001 0.010a�3 -6.279 0.015 0.052a�4 -2.925 0.095 0.082a+1 -0.059 0.012 0.039a+2 -2.816 0.001 0.018a+3 -6.097 0.011 0.056a+4 -2.487 0.055 0.086
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.310 -0.504 -0.984 -0.005 -0.002 0.005 0.005a�2 -0.310 1.000 -0.174 0.208 -0.001 -0.006 0.003 0.002a�3 -0.504 -0.174 1.000 0.611 0.005 0.003 -0.012 -0.007a�4 -0.984 0.208 0.611 1.000 0.005 0.002 -0.006 -0.006a+1 -0.005 -0.001 0.005 0.005 1.000 -0.101 -0.459 -0.979a+2 -0.002 -0.006 0.003 0.002 -0.101 1.000 -0.257 -0.025a+3 0.005 0.003 -0.012 -0.006 -0.459 -0.257 1.000 0.581a+4 0.005 0.002 -0.007 -0.006 -0.979 -0.025 0.581 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.660 -0.056 -0.881 0.949 0.462 0.019 -0.786a�2 0.660 1.000 0.251 -0.366 0.808 0.913 0.148 -0.422a�3 -0.056 0.251 1.000 0.416 0.150 0.087 -0.677 -0.327a�4 -0.881 -0.366 0.416 1.000 -0.732 -0.223 -0.050 0.701a+1 0.949 0.808 0.150 -0.732 1.000 0.656 -0.033 -0.775a+2 0.462 0.913 0.087 -0.223 0.656 1.000 0.349 -0.160a+3 0.019 0.148 -0.677 -0.050 -0.033 0.349 1.000 0.598a+4 -0.786 -0.422 -0.327 0.701 -0.775 -0.160 0.598 1.000 159



A.8 Muon 
ux from 0.975< 
os � <1.000between 20 and 2000 GeV�t resultparameter value stat. error syst. errora�1 -0.150 0.020 0.035a�2 -2.937 0.001 0.008a�3 -6.324 0.014 0.053a�4 -2.647 0.082 0.088a+1 -0.065 0.011 0.036a+2 -2.829 0.001 0.013a+3 -6.132 0.010 0.051a+4 -2.500 0.048 0.093
orrelation matrix of statisti
al errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 -0.248 -0.513 -0.983 -0.012 -0.007 0.015 0.015a�2 -0.248 1.000 -0.204 0.140 -0.005 -0.025 0.011 0.009a�3 -0.513 -0.204 1.000 0.623 0.013 0.013 -0.042 -0.020a�4 -0.983 0.140 0.623 1.000 0.015 0.010 -0.020 -0.018a+1 -0.012 -0.005 0.013 0.015 1.000 -0.112 -0.426 -0.974a+2 -0.007 -0.025 0.013 0.010 -0.112 1.000 -0.265 -0.023a+3 0.015 0.011 -0.042 -0.020 -0.426 -0.265 1.000 0.563a+4 0.015 0.009 -0.020 -0.018 -0.974 -0.023 0.563 1.000
orrelation matrix of systemati
 errorsa�1 a�2 a�3 a�4 a+1 a+2 a+3 a+4a�1 1.000 0.647 -0.267 -0.854 0.867 0.490 0.168 -0.547a�2 0.647 1.000 0.210 -0.320 0.776 0.889 0.060 -0.448a�3 -0.267 0.210 1.000 0.700 0.210 0.039 -0.710 -0.461a�4 -0.854 -0.320 0.700 1.000 -0.527 -0.272 -0.362 0.252a+1 0.867 0.776 0.210 -0.527 1.000 0.597 -0.213 -0.808a+2 0.490 0.889 0.039 -0.272 0.597 1.000 0.262 -0.187a+3 0.168 0.060 -0.710 -0.362 -0.213 0.262 1.000 0.728a+4 -0.547 -0.448 -0.461 0.252 -0.808 -0.187 0.728 1.000160
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