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ABSTRA CT

Muon decay is a unique processinvolving only the four leptons of the �rst two

generations. This makes it an ideal framework to study the weak interaction. The

momentum-angle spectrum of the decay positron can be studied using a general4-

fermion interaction model. Only four parametersare neededin this model to entirely

describe the spectrum. The measurement of thesefour muon decay parameters,� , � ,

� and P� � , provide a direct test of the Standard Model and its extensions.

This thesispresents the �nal resultsfrom the blind analysisof the decay parameter

� using the TWIST (TRIUMF Weak Interaction Symmetry Test) spectrometer. The

new precisionon the parameter� is a factor of 11.5better than the last experimental

result prior to TWIST achieving the goal of the TWIST collaboration of an order

of magnitude improvement. The challenging parameter � is also measuredfrom the

momentum-angle spectrum for the �rst time since1969with a precisionimproved by

a factor of 7.4.

The results are included in a global analysisto obtain stringent limits on someof

the coupling constants of the 4-fermion interaction. The result of the measurement

of � are usedto evaluate the possibility for a non-local tensor interaction.
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ABSTRA CT

La d�esint�egration du muon constitue une unique r�eaction impliquant seulement

les quatre leptons desdeux premi�eresg�en�erations ce qui la rend id�ealepour l' �etude

de l'in teraction faible. Le spectre en angle et impulsion du positron issue de la

d�esint�egration peut être d�ecrit enti �erement par seulement quatre param�etresen util-

isant un mod�ele d'interaction de contact g�en�eral �a quatre fermions. La mesuredes

quatre param�etres de d�esint�egration, � , � , � et P� � , permet de tester directement le

Mod�eleStandard ainsi que d'autres mod�elesau-del�a du Mod�ele Standard.

Cette th�esepr�esente les r�esultats de l'analyse en aveugledu param�etre � par le

spectrom�etre TWIST (TRIUMF Weak Interaction Symmetry Test). Le param�etre �

a �et�e mesur�e avecune pr�ecision11.5fois meilleurequecellede l'exp�eriencepr�ec�edent

TWIST, atteignant ainsi l'objectif de la collaboration d'une mesured'un ordre de

grandeurplus pr�ecise.Le param�etre � a aussi�et�e mesur�e �a partir du spectreen angle

et impulsion pour la premi�ere fois depuis1969. Cette nouvelle mesureest un facteur

7.4 plus pr�eciseque la mesurepr�ec�edente.

Cesr�esultats sont compar�esaux pr�edictions du Mod�ele Standard. Ils sont aussi

utilis�esdansune analyseglobalepour obtenir deslimites sur certainesconstantes de

couplagede l'in teraction g�en�erale �a quatre fermions. Le r�esultat de la mesurede �

permet �egalement d'�evaluer la pr�esenced'une interaction tensoriellenon-locale.
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Chapter 1

In tro duction

1.1 Ph ysics motiv ation

The muon was crucial to the development of particle physics. It was oneof the �rst

unstable subatomic particles discovered and studied. This early discovery in 1936

[1] is due to the abundanceof muons in cosmic rays at ground level. Muons are

now producedat high rate in facilities such asTRIUMF, which makeshigh precision

measurements possible.

Particle physicshas comea long way sincethe discovery of the muon. The theo-

retical framework of particle physics,namely the Standard Model [2], is a successful

theory capableof describingthe experimental results at all reachable energiesin cur-

rent accelerators.The only piecemissingto validate the Standard Model predictions

is the Higgs boson and its discovery is expected in the coming years at the Large

Hadron Collider at CERN.

Despitemany successes,the scienti�c community believesthat the StandardModel

is a low energylimit of a more generaltheory [3]. Due to the accuracyof the Stan-

dard Model at low energy, a new theory is expected to be an extensionrather than

a replacement. Even if the new developments are expected at high energy, the new

physicsbeyond the Standard Model could be measurableat low energyin processes

such as muon decay.

In the Standard Model the muon decays through the weak interaction [4] and

is described by the exchange of a virtual charged W boson which interacts only

with left-handed particles and right-handed anti-particles. This pure leptonic decay

provides useful observables to study the weak interaction while being free of strong
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interactions.

The TWIST (TRIUMF Weak Interaction Symmetry Test) experiment was de-

signedto measurethe momentum-angle spectrum of the decay positron from highly

polarizedmuons. Somepropertiesof muondecay aremeasurablefrom the momentum-

angle spectrum despite the fact that a signi�cant part of the decay information is

carried away by the two neutrinos. One signi�cant advantage of this measurement

is the possibility to usea model-independent approach. This theoretical framework

describesthe momentum-angle spectrum shape using the four decay parameters� , � ,

� and P� � . A precisemeasurement represents a direct test of the predictions of the

Standard Model for theseparameters.The four muon decay parametersalsoprovide

stringent limits on modelsdescribingphysicsbeyond the Standard Model.

This chapter will present the model-independent framework used to extract the

observablesfrom the momentum-angle spectrum of the decay positron. The theoret-

ical implications of the measurement of theseobservableswill be described. Finally

an overview of the TWIST experiment will introducethe blind analysisresultsof the

�nal measurement of the � parameterand the �rst measurement of the � parameter

from the TWIST collaboration.

1.2 Theoretical description of muon decay

1.2.1 General 4-fermion in teraction

To study muon decay in a model independent manner, one can use the general4-

fermion point interaction. This point-lik e interaction is a valid approximation because

the massof the W-bosonis almost three ordersof magnitude larger than the massof

the muon.

We use at this point very general assumptions; the interaction is described as

local, derivative-free,Lorentz-invariant and lepton-number conserving. The matrix

element [5] is therefore:

M = 4
GF
p

2

P
g


�� < �e� j� 
 j� e >< �� � j� 
 j� � > :


 = S;V;T

�;� = R;L

(1.1)

The factor GF is the Fermi constant which is extracted from the muon lifetime. The



3

subscript and superscript 
 represent the type of the interaction with S for scalar,V

for vector and T for tensor:

� S = 1; � V = 
 � ; � T = � �� =
1

p
2

(
 � 
 � � 
 � 
 � ) (1.2)

where
 � are the Dirac matrices. The complexcouplingconstants g

�� give the relative

strength of the interaction 
 . Finally the subscripts� and � describe respectively the

chiralit y of the electron and the muon.

Only 19 real and independent coupling constants are neededto completely de-

scribe the interaction becausewe have gT
RR � 0 and gT

LL � 0, and a commonphase

doesn't matter. The coupling constants are conventionally normalized [6] such that

the strength of the overall interaction is contained in the constant GF :

1
4

�
jgS

RR j2 + jgS
RL j2 + jgS

LR j2 + jgS
LL j2

�
+

jgV
RR j2 + jgV

RL j2 + jgV
LR j2 + jgV

LL j2 +

3
�

jgT
RL j2 + jgT

LR j2
�

= 1: (1.3)

1.2.2 Momen tum-angle spectrum parametrization

From this matrix element we can calculate the di�erential decay rate of polarized

muons:

d2�
dxdcos� T

=
m�

4� 3
W 4

e� G2
F

q
x2 � x2

0

�
FI S(x)+ P� cos� T FAS (x)

�
+ RC(x; cos� T ): (1.4)

where x = Ee=We� is the reducedpositron1 energy with the maximum energy for

the positron We� � (m2
� + m2

e)=2m� ; the minimum positron energyis x0 � me=We� ;

the angle� T is the anglebetweenthe positron momentum and the muon polarization

P� ; RC(x; cos� T ) are the radiative corrections. The experimental angle � is de�ned

betweenthe z axisof the spectrometerand the decay positron momentum vector. The

z axis correspondsto the bore of the solenoidalmagnetic �eld and to the direction of

the incoming muons. The muons are anti-p olarized with respect to the z axis. For

1The TWIST measurement is performed on the decay of positive muons. For this reason the
focus is on decay positrons. The negative muons becomequickly bound in the atoms of the target
material. The decay in orbit of the negative muons boots the outgoing electron which distorts the
momentum-angle spectrum signi�can tly . A small dataset of negative muon was taken and analyzed
to study the muon decay in orbits [7].
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this reasonthe experimental cos� has the opposite sign comparedto the theoretical

cos� T .

The isotropic and anisotropic parts of the spectrum are:

FI S(x) = x(1 � x) +
2

9
� (4x2 � 3x � x2

0) + � x0(1 � x)

FAS (x) =
1

3
�
p

x2 � x2
0

"

1 � x +
2

3
� (4x � 3 + (

p
1 � x2

0 � 1))

#

:

(1.5)

The four muon decay parameters� , � , � and � are real bilinear combinations of

the coupling constants g

�� . They are generally referred to as the Michel Parame-

ters although only � was introduced by L. Michel [8]. The other parameterswere

introducedin [9][10][11]. Their expressionsin terms of the coupling constants are:

� =
3

4
�

3

4

h�
�gV

RL

�
�2

+
�
�gV

LR

�
�2

+ 2
�
�gT

RL

�
�2

+ 2
�
�gT

LR

�
�2

(1.6)

+ <
�

gS
RL gT �

RL + gS
LR gT �

LR

� i
;

� =
1

2
<

h
gV

RR gS�
LL + gV

LL gS�
RR + gV

RL

�
gS�

LR + 6gT �
LR

�
(1.7)

+ gV
LR (gS�

RL + 6gT �
RL )

i
; (1.8)

� = 1 �
1

2

�
�gS

LR

�
�2

�
1
2

�
�gS

RR

�
�2

� 4
�
�gV

RL

�
�2

+ 2
�
�gV

LR

�
�2

� 2
�
�gV

RR

�
�2

(1.9)

+2
�
�gT

LR

�
�2

� 8
�
�gT

RL

�
�2

+ 4< (gS
LR gT �

LR � gS
RL gT �

RL ); and

� � =
3

4
�

3

8

�
�gS

RR

�
�2

�
3
8

�
�gS

LR

�
�2

�
3
2

�
�gV

RR

�
�2

�
3
4

�
�gV

RL

�
�2

�
3
4

�
�gV

LR

�
�2

(1.10)

�
3
2

�
�gT

RL

�
�2

� 3
�
�gT

LR

�
�2

+
3
4

< (gS
LR gT �

LR � gS
RL gT �

RL ):

Thesefour parameters(with the addition of the radiativecorrections)aresu�cien t

to describe the shape of the momentum-angle spectrum of the decay positron (Fig.

1.1).

In the Standard Model the interaction is purely of the form V-A and therefore

the only non-zeroconstant is gV
LL = 1. The corresponding predictions for the muon
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Figure 1.1: Theoretical momentum-angle spectrum of the decay positron from polar-
ized muons. This spectrum usesthe Standard Model valuesfor the decay parameters
and do not contain any radiative correction. The de�nition of cos� correspondshere
to the experimental angle.

decay parametersare:

� =
3

4
; � = 0; � = 1; � =

3

4
(1.11)

The parameter � cannot be measuredindependently becauseit appears in Eq.

(1.4) as a product of the muon polarization P� . Consequently only the combination

P� � can be measuredfrom the momentum-angle spectrum shape. The Standard

Model prediction for the polarization P �
� at the time of the muon production from

pion decay leadsto:

P �
� � = 1: (1.12)

The measuredpolarization di�ers from the polarization at the time of the muon

production becauseof depolarization processes.Thereforethe determination of P �
� �

from our measurement of P� � relieson the knowledgeof the depolarization processes.
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1.3 Theoretical implications

1.3.1 Global analysis

The four muon decay parametersdescribingthe momentum-angle spectrum are not

su�cien t to determineor limit the individual coupling constants g

�� . A global anal-

ysis, performedby Gagliardi et al. [12], provided limits on the individual couplings

by combining all the following muon decay observables[6]:

� the four muon decay parameters� , � , P� � and �

� the measurement of P� � � =�

� the parameters � 0 and � 00 from the longitudinal polarization of the outgoing

positrons

� the parameters � 00, � , � , � 0 and � 0 from the transverse polarization of the

outgoing positrons

� the parameter �� from the radiative muon decay

The couplingconstants arecombined in an alternativesetof bilinear combinations

to facilitate the analysis:

QRR =
1

4
jgS

RR j2 + jgV
RR j2

QLR =
1

4
jgS

LR j2 + jgV
LR j2 + 3jgT

LR j2

QRL =
1

4
jgS

RL j2 + jgV
RL j2 + 3jgT

RL j2

QLL =
1

4
jgS

LL j2 + jgV
LL j2 (1.13)

BLR =
1

16
jgS

LR + gT
LR j2 + jgV

LR j2

BRL =
1

16
jgS

RL + gT
RL j2 + jgV

RL j2

I � =
1

4
[gV

LR (gS
RL + 6gT

RL )� + (gV
RL )� (gS

LR + 6gT
LR )]

I � =
1

2
[gV

LL (gS
RR )� + (gV

RR )� gS
LL ]
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In particular the parameters Q�� represent the total probabilities for a � -handed

muon to decay into a � -handed positron. Furthermore these bilinear combinations

must satisfy the following constraints:

0 � Q�� � 1; where�; � = R; L

0 � B �� � Q�� ; where�� = RL; LR

jI � j2 � BLR BRL ; jI � j2 � QLL QRR (1.14)

QRR + QLR + QRL + QLL = 1

A Monte Carlo integration technique combinesthe probability distributions from

the muon decay observablemeasurements, assumingGaussiandistributions, and pro-

ducesthe probability distributions for the parametersin Eq. (1.13). The de�nition

of the Q�� parametersis then usedto set upper limits on the coupling constants g

��

except for gV
LL . Only the measurement of inversemuon decay allows to separatethe

coupling constants gS
LL and gV

LL and provides a lower limit for the latter. The decay

parameters� , � and P� � in the global analysisprovide stringent limits on the coupling

constants gV
LR , gS

RR and gV
RR .

1.3.2 Extended formalism for a non-lo cal tensor in teraction

The couplingconstants gT
RR andgT

LL aresetto zeroin the general4-fermioninteraction

(Eq. (1.1)) becausetheir corresponding matrix element cancel out. However by

abandoninglocality [13], onecan rede�ne the tensor interaction (Eq. (1.2)) such as:

� T =
p

2� ��
q�

q
(1.15)

where q� is the momentum transfer of somevirtual boson. This form of the tensor

interaction conserves the terms with gT
RR and gT

LL . The terms with gT
RL and gT

LR

remain unchangedbecauseof the identit y:

� �� P� 
 � � � P� �
4q� q�

q2
= � �� P� 
 � �� P� (1.16)

where P� is the chiral projection operator. Furthermore the di�erential decay rate

(Eq. (1.4)) is modi�ed. The de�nition of the decay parameterschangesto include

the newcouplingconstants gT
RR and gT

LL . Assumingthat this tensor interaction is the
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samefor quarks and leptons, the pion decay data provides constraints leading to:

gT
LL = gT

RL = gT
LR = 0: (1.17)

Therefore only left-handed (right-handed) neutrinos (anti-neutrinos) interact with

this new tensor current. In this context the decay parameter the most sensitive to

the tensor interaction is � [14]. In particular if one assumesthat all the coupling

constants exceptgV
LL and gT

RR are equal to zero:

� =

 
3

4

!
1 � jgT

RR j2

1 + 5jgT
RR j2

�
3

4
(1 � 6jgT

RR j2): (1.18)

The �nal TWIST measurement of � can provide stringent limits on this possible

non-local tensor interaction.

1.4 Exp erimen tal status of � and �

1.4.1 Previous measuremen ts of �

The �nal goal of the TWIST experiment is to measurethe parameters� , � and P� �

with a precision of an order of magnitude better than the measurements prior to

TWIST. The last pre-TWIST measurement of the parameter � was performedby B.

Balke et al. [15] in 1988 at TRIUMF. The experiment used a muon-spin-rotation

technique to determine the parity-violation decay asymmetry as a function of the

positron momentum. Their result was consistent with the Standard Model:

� = 0:7486� 0:0026(stat)� 0:0028(syst): (1.19)

The TWIST collaboration already publishedan initial result [16] and an interme-

diate result [17] which represented alreadya signi�cant improvement over the previous

measurement with the respective values:

� = 0:74964� 0:00066(stat)� 0:00112(syst) (1.20)

and

� = 0:75067� 0:00030(stat)� 0:00067(syst): (1.21)
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These three measurements were performed on the M13 beamline at TRIUMF

which provides highly polarized muons. Although the parameter � can be measured

from muons with a low polarization, a high polarization is desirablein order to in-

creasethe measurement sensitivity to this parameter.

1.4.2 Previous measuremen ts of �

The parameter� is crucial to the descriptionof muondecay becauseit hasan in
uence

on the momentum-angle and the polarization of the decay positron, and the decay

rate. Furthermore the muon decay rate is usedto determinethe Fermi constant GF .

The Standard Model is most often assumedsuch as in the results of the MuLan

[18] and FAST [19] experiments. Currently the precision on GF is limited by the

experimental precisionof the muon decay rate measurement if the Standard Model

is assumed(� = 0). However in a model independent approach, the relationship

betweenthe decay rate and the Fermi constant leadsto:

GF � GV � A
F

 

1 � 2�
me

m�

!

: (1.22)

where GV � A
F corresponds to the Standard Model assumption. In this approach the

leadinguncertainty is from the measurement of � . For instanceusing the uncertainty

from the best direct measurement of � (in Eq. (1.25)) leadsto an uncertainty on GF

80 times larger.

The measurement of the parameter � from the momentum-angle spectrum shape

is quite di�cult becauseof the multiplying factor x0 � 10� 2 which diminishessignif-

icantly the sensitivity to this parameter (Eq. (1.5)). This type of measurement of �

was last performedby S.E. Derenzo[20] with a result of

� = � 0:12� 0:21: (1.23)

The parameter � can alsobe determinedby measuringthe transversepolarization of

the decay positron asa function of energy[6]. The results from the direct2 measure-

ments from the transversepolarization by Burkard et al. [21] and Danneberg et al.

2Along with their direct measurements, Burkard and Danneberg reported results from restricted
and global analysessuch as the onepresented in Sec. 1.3.1. Theseanalysesusefurther assumptions
or the other decay parametersto constrain their � measurement. Theseresults cannot be compared
to the direct measurement presented in this thesis.
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[22] are respectively:

� = 0:011� 0:081(stat) � 0:026(syst) (1.24)

and

� = 0:071� 0:037(stat) � 0:005(syst): (1.25)

Although less sensitive, a new direct measurement of � from the momentum-

angle spectrum is a precious result complementary to the transverse polarization

measurements.

1.5 Overview of the TWIST exp erimen t

The TWIST spectrometeris composedof 56 wire chambersbuilt with high precision

(chapter 2); it is installed in a highly uniform 2 T solenoidalmagnetic �eld. The

muons from the M13 beamline stop in the center of the wire chamber stack in a

target foil. The decay positrons traverseand ionize the gas in the wire chambers,

triggering signalson various wires.

The analysis reconstructs helical tracks of the decay positrons from the signals

on individual wires, or hits (chapter 3). An event selectionalgorithm identi�es and

selectsthe valid decay positron tracks (chapter 4). The reconstructedmomentum

and angle with respect to the z axis of the spectrometer are used to create a high

statistics momentum-angle spectrum.

The experimental spectrum is �tted against a spectrum extracted from a Monte

Carlo simulation of the experiment (chapter 5) to measurethe decay parameters

betweenthe two spectra. The apparatus,the simulation and the analysisarecarefully

calibrated to high precisionprior to the decay parametermeasurement (chapter 6).

The �tting procedureextracting the decay parametershas a very low sensitivity

to the � parameter. Furthermore the � and P� � are highly correlated with � . This

is why � is �xed during the blind analysis for the extraction of � , � and P� � . A

subsidiary analysis�tting the four parameterssimultaneouslywasusedto determine

� only. For this reasonthe systematicuncertainties and corrections(chapter 7) and

the results (chapter 8) are presented for each parameterseparately.

The author's personalcontributions to the experiment are detailed in appendix

A.
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Chapter 2

TWIST exp erimen tal setup and

data

2.1 Exp erimen tal setup

Highly polarized positive muons provided by the M13 beamlineat TRIUMF stop in

a metal foil at the center of a spectrometer(Fig. 2.1). The spectrometeris composed

of 56 wire chambers which measureat high precision the tra jectory of the decay

positrons. The spectrometer is installed in a superconducting solenoidcontained in

a steel yoke that increasesthe homogeneity of the magnetic �eld [23]. The muon

beam position and direction are measuredusing a pair of time expansionchambers

[24]. The resulting muon beammeasurement is usedasan input to the Monte Carlo

simulation (MC).

2.1.1 Highly polarized muon beam

The TWIST apparatus is installed at the end of the TRIUMF M13 beamline (Fig.

2.2). The TRIUMF cyclotron producesa 500 MeV proton beam that travels in the

proton beamlineBL1A and collideswith a carbon target. The protons have enough

energyto overcomethe electrostaticrepulsionand reach the nucleusof the atom. The

strong nuclear interaction producesa pair of quarksd �d which leadsto the conversion

of a proton of the target into a neutron and a positive pion. Someof the pions stop

in the production target and decay at rest with a meanhalf life of about 26 ns. The

pions decay primarily into a positive muon and a neutrino. Due to conservation of
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Figure 2.1: The di�erent parts of the TWIST spectrometerarevisible in this cutaway
view.
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momentum, the muon from a pion decaying at rest is emitted at:

p� =
m2

� � m2
�

2m�
= 29:792MeV/c (2.1)

Figure 2.2: The momentum selectionis performedby the B1 dipoleand the horizontal
slits between B1 and Q3. The total rate delivered to TWIST is controlled by the
horizontal and vertical jaws upstreamof B1.

The emitted neutrino has a left-handed helicity1. The conservation of angular

momentum guaranteesthat all the muonsemitted by pionshavea left-handedhelicity

(Fig. 2.3).

� +� � � + (29.792MeV/c)

( ==)

�!s�
�!s�

�!p�
�!p�

Figure 2.3: The pion decay into a muon and neutrino is the dominant decay mode.
In the rest frame, the muon is emitted with a momentum of 29.792MeV/c and with
its spin opposite to its momentum.

The muonsthat are usedby TWIST are producedcloseto the production target
1 The neutrinos are not 100%left-handed in reality becausethey are not masslessand because

of the radiativ e decay of the pions: � + ! � + � � 
 . However these e�ects are below the 10� 4 level
and therefore can be neglectedin our experiment.
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surface.They undergomultiple scatteringwhich changesthe direction of the momen-

tum but not the direction of the polarization beforethey reach the M13 beamline. The

amount of multiple scattering undergoneby the muons is a function of the amount

of energy lost. Therefore the muons with a higher momentum have a higher polar-

ization. The momentum selectionof the M13 beamline is set to an averageof 29.6

MeV/c (Fig. 2.4), slightly away from the kinematic end-point, to producea beamof

highly polarizedmuonsat a useful rate. Thesemuonsare producedon the surfaceof

the target in a depth of lessthan 16 � m and are consequently calledsurfacemuons.

P [MeV]
29.0 29.5 30.0 30.5
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 s
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Figure 2.4: The beamlinemomentum selectionis carefully calibrated beforeeach data
set by using the kinematic end point of the pion decay at 29.79MeV/c. The rate in
the main scintillator of the detector is recordedfor various valuesof the B1 dipole
current. The corresponding distribution is �t to extract the B1 setting providing a
momentum selectioncentered on 29.6MeV/c.

The beam has a contamination of \cloud muons" from pions decaying in 
igh t

betweenthe production target and the dipoleB1, aswell aspionsand beampositrons.

The beam positrons originate mostly from muons decaying inside the production

target, or in the surrounding materials. The time of 
igh t is used to separatethe

surfacemuons from the cloud muons and the pions. A capacitive probe installed on

the proton beamline de�nes the time of arrival of the protons on the target which

is also the time of the pion production. The di�erence betweenthe pion production

time and the arrival of the secondaryparticles in the TWIST detector as measured

by the muon counter (seeSec.2.1.4) de�nes their time of 
igh t. The beampositrons
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cannot be completelyseparatedfrom the surfacemuonsand must be identi�ed in the

analysis(seeSec.3.2.3). The typical muon rate was2500Hz in 2006and 4300Hz in

2007.

The M13 beamline was improved in early 2006 in order to adjust the position

and direction of the beam in y. The direction of the beam in x and incidentally its

position at the spectrometer can be adjusted using the dipole B2. The 2004beam

was not centered on the spectrometer axis, which was a sourceof depolarisation of

the muon and a problem for the measurement of the P� � parameter [25]. Additional

current sourceswere installed on the polesof the quadrupolesQ4, Q6 and Q7. The

extra current is injected to only two of the coils of the quadrupole in order to break

the symmetry of the magnetic �eld and e�ectively steer the beam in one direction.

The steeringfrom the quadrupolesand the B2 dipolesallows for a preciseadjustment

of the position and the angleof the beam.

2.1.2 Spectrometer

The spectrometerallowsa high precisionreconstructionof decay positron tra jectories

using the signalson the individual wires, referredto ashits, from 44 Drift Chambers

(DCs). It also contains 12 Proportional Chambers (PCs) for particle identi�cation.

The chambers are installed symmetrically about a stopping target foil in which the

muonsstop (Fig. 2.5(a)). The wire chambers were designedto be low massin order

to reducepositron multiple scattering and to allow the muons to reach the target

since it takes only about 1 mm of water equivalent to stop muons at 29.6 MeV/c.

Furthermorethe reducedmultiple scatteringfacilitates the reconstructionof the decay

positron tracks. The spacebetween the chambers is �lled with 97% helium also to

reducethe multiple scattering. The remaining 3% of the gas is nitrogen to prevent

high voltage breakdown on the module exteriors.

The wires chambers are installed in a support structure called the cradle. One

crucial aspect of the construction of the spectrometer is the high precisionposition-

ing of all its components. In particular the distance between the wire chambers is

controlled by high precision ceramic spacersof a Russianmaterial known as Sitall.

Pneumatic cylinders compressthe stack of wire chamber Sitalls to mechanically sta-

bilize position of the chambers for the whole run period. The Sitalls length is almost

insensitive to the pressurefrom the pneumaticcylindersand to the temperature. The

relative uncertainty on the 1 m long Sitall stack is lessthan 50 � m which meansthat
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z

y

(a)
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y
uv
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Figure 2.5: The side crosssection of the detector (Fig. (a)) shows the 56 planar
wire chambers installed symmetrically around the muon stopping target. A system
of pneumatic cylinders keepprecisely in place the chambers for the duration of the
run period. The wires are oriented parallel to the u or v axis (u plane shown on Fig.
(b)). The uvz coordinate systemis equivalent to the xyz coordinate systemrotated
by 45� around the z axis.
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the z positions of the chambers are known with a precisionof a few � m [23].

Drift chambers

The drift chambers are made of 80 parallel wires separatedby 4 mm and installed

between6 � m thick cathode foils of aluminized Mylar (Fig. 2.5(b)). The cathode-

to-cathode distance is 4 mm as well. The wires and the cathode foils are installed

on circular glassplates of 600 mm diameter with a very low coe�cien t of thermal

expansion. The 320 mm separatingthe �rst and last wires of a plane expandsonly

by 1:6� m=� C.

In order to reduce gravitational e�ects on the chambers and therefore on the

measurement, the wires are not oriented in the x and y direction but instead are

oriented in the u and v direction. The uvz coordinate systemis obtained by rotating

xyz by 45� around the z axis. The u (v) planesmeasurethe u (v) position of the

positron track with their wires parallel to the v (u) direction.

The drift chambers are arranged into two groups referred to as the sparsestack

and the densestack. The sparsestack covers most of the tracking region and is

composedof seven drift chamber modules on each side of the target. Each module

is made of a u plane and a v plane with one cathode foil in common. The dense

stacks installed at both endsof the spectrometerare extendeddrift chamber modules

containing eight planes(with nine cathodefoils) insteadof two in order to reconstruct

the longitudinal momentum of the decay positron with high accuracy. The z position

of the sparsestack moduleswasmodi�ed for this measurement in order to reducethe

degeneraciesin the track reconstruction. (Fig. 2.6).

The drift chambersare �lled with dimethyl ether (DME) gaswhich is a slow drift

gaswith a small Lorentz angle2. The reconstruction resolution de�ned by the � of

the drift distance residual distributions is about 50 � m acrossthe entire drift cell.

The high voltage on the wires was set at 1950V to optimize the hit e�ciency [23].

E�ciency measurements using beam positron tracks in zero magnetic �eld showed

this operating voltage to be well into the proportional mode e�ciency plateau.

The cathode foils on the outside of the chamber modulesseparatethe DME gas

of the chambersfrom the He-N mixture in the cradle. A di�erential pressurebetween

thesetwo gasesleadsto a bulge of the cathode foils. This bulge deformsthe electric

�eld line shapesin the drift chambersand thereforechangesthe relationship between

2The Lorentz angle is the anglebetweenthe drift �eld and the electron drift direction that occurs
in a non-zeromagnetic �eld.
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z

u

New plane position

Target

Figure 2.6: Several of the sparsestack DCs weremoved prior to this measurement in
order to reducethe degeneraciesin the track reconstructionsuch asfor this upstream
decay. This schematic doesnot represent the actual geometryof the spectrometer.

drift time and drift distance which is a crucial element of the track reconstruction.

For this reasonthe di�erential pressurebetween the inside and the outside of the

chamber is regulated very preciselyby the gassystem,which controls the DME gas


o w in the chambers. The calibration procedureusedto determine the optimal dif-

ferential pressureis detailed Sec.6.1. Under stable ambient temperature conditions,

the di�erential pressureand thereforethe cathode foil bulgeare kept constant by the

gas system. The di�erential pressuretransducer that measuresthe detector-cradle

di�erential pressureis outside of the magnet volume, connectedto the detector and

cradlevolumesby long tubes. A consequenceof this is that if the di�erence in temper-

atures betweenthe cradleand the experimental hall changes,this causesan arti�cial

changein the measureddi�erential pressure,which in turn causesthe foils to bulge.

This can happen if the temperature in the experimental hall changestoo quickly. A

3 � C changein the di�erential temperature betweenthe cradleand experimental hall

results in a foil bulge of 35 � m [26]. Runs with a di�erential temperature larger than

3 � C are removed from the analysis.

The �rst stage of the electronic readout is composedof pre-ampli�ers installed

on the outside of the wire chambers in order to amplify the signal to transport it

outsideof the detector. Higher gain post-ampli�ers completethe ampli�cation before

sending the signal to discriminators producing rectangular signals. The width of

the rectangular signal corresponds to the time-over-thresholdof the raw signal. The

digitalization of the signal is performed by Lecroy 1877 FastBus Time to Digital
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Converters (TDCs) which have a least signi�cant bit of 0:5ns [27]. The di�erential

non-linearity betweenchannelsin oneTDC is lessthan 0.1nsand the non-linearity of

oneTDC is lessthan 25 ppm for full range[28]. The non-linearitiesin the acquisition

systemare further reducedby spreadingthe signalsthrough multiple TDCs.

Prop ortional chambers

Besidesthe 44 drift chambers, 12 proportional chambers (PCs) are installed in the

spectrometer for particle identi�cation purposes.The proportional chambers o�er a

time responsewith most drift times lessthan 50 ns. Thesechambers have the same

construction asthe drift chamberswith the exceptionthat each chamber contains 160

sensewires separatedby 2 mm. The cathode-to-cathode distanceis unchangedat 4

mm. Insteadof DME the proportional chambersare�lled with CF4/isobutane, which

providesa fast response.The high voltageof maximal e�ciency wasdeterminedusing

the sametechnique as for the DCs and found to be 2050V. The electronicreadout is

the sameas for the DCs.

The 12proportional chambersareinstalled in threemodulescontaining four cham-

bers each. The target module is detailed in the next section. The upstream and

downstream PC modulesare installed at the extremities of the spectrometer. Their

role is to detect the particles entering and exiting the spectrometer. The time-over-

threshold of the hits in the PCs is crucial for the identi�cation of the particles (see

Sec.3.2.3).

PC target module

The cathode foil separating PC 6 and PC 7 is the stopping target for the muons.

In order to study the e�ects of the target material on the results, such as the muon

depolarization, two di�erent targets were usedfor the two run periods:

� 2006: high purit y silver target, 99.999%silver, (30.9 � 0.6)� m thick

� 2007: high purit y aluminium from the 2004measurement, 99.999%aluminium,

(71.6 � 0:5)� m thick

The targets cannot be installed like the aluminized Mylar cathodesbecausethey

are not 
exible enough to be tensionedand stay 
at. Instead the target is glued

in the 110 mm diameter cutout of an aluminized Mylar cathode (Fig. 2.7). The

superposition of the target material and the aluminized Mylar supporting it creates
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sharp edgeswhich are problematic for the operation of the PCs. For this reason

Kapton maskswith a central cutout of 110 mm are installed on all the cathodesof

the target module. The maskslimit the active regionof the target PCs to the cutout

in the center of the masksand only the 48 central wiresof the PCs are instrumented.

The silver epoxy glue ensuresconductivity between the target and the aluminized

Mylar. A third target was usedat the end of the summer 2007which did not use

a Kapton mask for a special set of upstream stops data (seeSec. 5) to validate the

MC. The details of this target and the corresponding data can be found in [29].
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Figure 2.7: The target module is di�erent from the two other PC modules. The
stopping target acts as the cathode foil betweenPC 6 and PC 7.

The purposeof the PCs surrounding the target is to determineif a muon stopped

in the target. A muon stopping downstream of the target createsa hit in PC 7 and

is excludedduring the analysis. Requiring a muon hit in PC 5 and 6 on the other

hand is not su�cien t to guarantee that the muon stopsin the target sinceit doesnot

excludethe stops in PC 6.

A Monte Carlo study showed that muons deposit di�erent amounts of energyin

PC 5 and 6 if they stop in the target or in the gasor a wire of PC 6 (seeSec.4.2). In

order to measureaccuratelythis energydepositedusing the pulsewidth 3, the voltage
3For technical reasonit wasnot convenient to install an ADC (Analog to Digital Converter) unit

to measurethe integral of the hits in PC 5 and 6. The time over threshold or pulse width is a good
approximation to the hit amplitude.
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on PC 5 and 6 is lowered to 1600V.

2.1.3 Superconducting solenoid and the yoke

The spectrometeris installed in the center of an Oxford Instruments superconducting

solenoidcooled by liquid helium. The whole apparatus itself is inside a steel yoke

with two circular holes(Fig. 2.1). The upstream hole allows for the muon entrance

and the downstream hole is important for the symmetry of the magnetic �eld. The

purposeof the yoke is to increasethe uniformit y of the magnetic �eld in the tracking

regioninsidethe spectrometer. The nominal data setsare takenwith a magnetic�eld

of 2 Teslaat the center of the spectrometer. Within the tracking region the magnetic

�eld varies by lessthan 8 mT. Two NMR probesare installed on the cradle at each

end of the spectrometer to measurethe strength of the �eld during data taking with

a precisionbetter than 0.1 mT.

The z component of the magnetic �eld was measuredwith high precisionusing a

Hall probe installed on a rotating arm. The resulting map granularit y is not su�cien t

for the high precisiontrack reconstruction. A �ner magnetic�eld map wasgenerated

from a simulation of the solenoidand the yoke usingthe �nite element software called

OPERA-3d[30]. The measuredmap and the simulated map agreeto within � 0.2 mT

over the drift chamber region.

2.1.4 Beam package and scintillators

The muons travel through the vacuum of the M13 beamline, which endsinside the

yokebeforethe �rst chamber of the spectrometer. The endof the beamlineis equipped

with a \b eampackage" containing the muon counter (M counter), which is the trigger

for the acquisition system. The two photomultipliers of the M counter are installed

outside of the yoke and are connectedto the scintillator by Plexiglas light guides.

The signalsfrom the two phototubes,M1 and M2, are linearly summedto form the

signal M12. The thresholdsof the electronic readout are set to provide the maximal

e�ciency on muonsand the minimal e�ciency on beampositrons. The muon trigger

is de�ned by the coincidenceM1� M2� M12. The muon trigger hit time is the earliest

time betweenM1 and M2 and the signal from M12 is sent to an ADC to provide the

amplitude of the hit.

The M counter scintillator is radially surroundedby the positron scintillator (PU

scintillator) which is usedin special analysesrequiring the decay positron time such
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as the calibration of the drift chambers wire time o�sets (seeSec. 6.2). The PU

scintillator measuresonly decay positrons upstream of the stopping target. For this

reasona scintillator is installed downstream,outside of the yoke, and covers entirely

the downstream hole in the yoke (Seedetails in [31]). The electronic readout of the

PU and downstreamscintillators are set to have high e�ciency on positrons.

The muon stopping distribution in the spectrometer is adjusted using the gas

degraderinstalled in the beam packagebetweenthe end of the M13 beam pipe and

the M counter (Fig. 2.8). The gasdegradercontains an adjustablemixture of He and

CO2 gas. The ratio of the two gasesis modi�ed to changethe density inside the gas

degraderconsequently changing the amount of material traversedby the muon. The

room temperature and the atmosphericpressurealso a�ect the density. An online

analysisof 3% of the data providesa measurement of the muon stopping distribution

from the target PCs occupancyand a feedback loop adjusts automatically the gas

mixture to keepthe stopping distribution stable during the duration of the data set.

Figure 2.8: The beampackageassembly includesthe muon counter and the PU scin-
tillator aswell as their respective photomultipliers. It alsocontains the gasdegrader
which adjusts the stopping distribution of the muons in the spectrometer.

2.1.5 Time expansion chamber (TEC)

The TEC, as it will be referred to in this thesis, is actually composedof two time

expansionchambersmeasuringin seriesthe position and the emittance of the muons

in the beam. The �rst chamber measuresthe x coordinates of the beam while the
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secondchamber measuresy. Both chambersare installed in a \gas box" which is �lled

with DME gasat a constant pressureof 80mbar (Fig. 2.9). The gasbox is installed in

the vacuumof the M13 beamlinecloseto the �nal focuspoint of the beam(Fig. 2.2).

The DME gasis operated at low pressurein order to reducethe multiple scattering

undergoneby the muons. The low pressurealso reducesthe tracking e�ciency for

the beampositrons. Although the TEC wasdesignedto be low mass,the 6 � m thick

aluminized Mylar windows separating the DME gas from the vacuum are sources

of signi�cant multiple scattering. For this reasonthe TEC is installed only at the

beginningand the end of each data set.

The two main components of a TEC module are the drift region and the sense

wires. The muonstravel through the drift regionand ionizethe DME gas(Fig. 2.10).

A drift cathode and a seriesof drift �eld wires surrounding the drift region create

an electric �eld perpendicular to the z axis. In the �rst module the electronsdrift

toward negative x and in the secondmodule toward positive y. The electronsare

consequently guided toward a multiplication region madeof sensewires (anodes) at

1150V installed betweena cathode grid plane and a cathode plane. In this region

the drift electronsaccelerateand ionize the DME gasfurther creating a situation of

avalanche. A sensewire plane(oneper module) is composedof 24 wiresseparatedby

2 mm. The drift region is contained betweenthe drift cathode and the cathode grid

plane which are separatedby 60 mm creating an e�ective active areaof 60 mm � 60

mm � 46 mm for each module. The typical drift velocity in the drift region is about

10 mm=� s. The aging of the sensewire planesdecreasestheir e�ciency . The sense

wire planeswere changedtwice during the 2006run period and three times during

the 2007run period. The rapid aging of the senseplanesis blamed on the sparking

occurring in the TEC modules.

The signalson the sensewiresgothrough the sameelectronicsystemasthe signals

from the drift chambers in the spectrometer. The measureddrift distancesare used

to reconstruct the projected straight tracks in x and y separately in the two TEC

modules. The reconstructionalgorithm detailed in [31] identi�es the muon tracks and

removesisolated hits generallycoming from overlapping beampositron tracks which

have a much lower e�ciency in the TEC. For each hit the drift time is converted into

a drift distanceaccordingto the spacetime relation of each wire. The measurement

of thesespacetime relationsalongwith the other calibrations of the TEC aredetailed

appendix C.
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(a)

(b)

Figure 2.9: Two time expansionchambers are installed the gasbox (Fig. (a)). The
gasbox and the TEC electronicsare removed from the vacuumbox for nominal data
measurement. The vacuum box is a permanent element of the M13 beamline. Both
time expansionchambersareidentical and measurerespectively the x and y directions
(Fig. (b)).
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Figure 2.10: Typical event in the x time expansionchamber. The muon ionizesthe
DME gasand the freeelectronsproduceddrift toward the sensewires becauseof the
drift �eld createdby the drift cathode at a high voltage (HV) of 1000V. The sense
wires are separatedby 2 mm with a shield wire in the interval to isolate them from
each other.

2.2 Exp erimen tal data

The data are stored in �les of 2 GB maximum. Each run is typically taken in 9

minutes. The running conditions are kept constant generallyfor six consecutive days

between two cyclotron maintenance days. A data set is de�ned for each running

condition and contains about 900 runs (seeTab. 2.1). Each nominal run contains

about 8� 109 events.

Individual runs to beanalyzedareselectedto ensurestableconditionsfor the data

set. The stabilit y of elements such as the M13 beamline or the temperature in the

cradleare guaranteed for the selectedruns. The number of discardedruns represents
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between10 and 30%of the data set.

The nominal sets(74, 75, 84, 87) are taken with optimal conditions for the mea-

surement of the decay parameters. All the components of the experiment are set to

their nominal value. Set 68 is almost nominal exceptfor the muon stopping distribu-

tion which is peaked 1/3 into the target in the z direction.

The spectrometer is designedto be highly symmetric around the stopping tar-

get. However the upstream beam package,which represents a signi�cant amount of

material is not mirrored downstream. The decay positrons backscatter in particular

on the scintillators of the beam package. The backscattered decay positrons create

a secondtrack overlapping in z and in time with the original decay positron track.

These backscatter events are the sourceof track reconstruction confusion. Set 83

was taken with a downstream beam package installed. This secondbeam package

mirrors the upstream beampackage. This data set is usedto test the consistencyof

the results with or without a symmetric apparatus.

Two sets(70 and 71) weretaken with di�erent solenoidmagnetic�eld strength to

test that the decay parametersmeasurement is consistent for samemomenta measured

at di�erent radii. In particular thesesetstest that the decay parametersareinsensitive

to a changein the physical hit position in the chamberswhich modi�es the e�ects of

the degeneracies.

The set 72 was taken with the TEC in place in the beamline contrary to all

the other sets for which the TEC was installed only at the beginning and the end

to characterize the beam. The stabilit y of the muon beam position and angle was

monitored with the TEC in placefor 6 days. This set wasalsousedto test the e�ects

of extra multiple scattering of the muon beam on the parameter P� � through the

depolarization of the muons.

The parameterP� � is alsovery sensitive to the position and direction of the muon

beamasit enters the fringe magnetic�eld betweenthe TEC and the yoke. The muon

beamwassteeredo� the detector axis with an angle� y � 30 mrad for set 76 and with

a position x � -1 cm and an angle � x � -10 mrad for set 86. Thesesetsare usedto

validate the depolarization in the fringe �eld in simulation.

The M13 beamlinemomentum selectionwasset at a value lower than the nominal

value of 29.6MeV/c to validate the correction on P� � due to the multiple scattering

in the production target. The momentum selectionwas set at 28.75MeV/c for set

91 and 28.85MeV/c for set 92 and 93.

A special set of data referred to as far upstream stops are used to validate the
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simulation (seeSec. 5.5). The momentum selectionis changedand a degrader�lm

(Fig. 2.8) is installed in the tra jectory of the muonssothey stop in the upstreamPCs.

Two sets(73 and 80) usedthe nominal targets. The set 89 usedthe modi�ed large

aluminium target to eliminate the e�ect of the Kapton mask on the decay positrons

[29].

Set Stopping target Conditions Number of good runs
68

Silver

Nominal centered at 1/3 of the target 619
70 Magnetic �eld 1.96T 855
71 Magnetic �eld 2.04T 771
72 TEC installed 979
73 Far upstreamstops 363
74 Nominal 549
75 Nominal 838
76 Muon beamo�-axis 689
80

Aluminium

Far upstreamstops 209
83 Downstreambeampackageinstalled 974
84 Nominal 847
86 Muon beamo�-axis 1192
87 Nominal 908
91 Low momentum at 28.75MeV/c 241
92 Low momentum at 28.85MeV/c 316
93 Low momentum at 28.85MeV/c 533
89 Large aluminium Far upstreamstops 605

Table 2.1: List of data sets used for the �nal TWIST measurement. The sets are
listed in chronologicalorder except for set 88 which was divided into the sets91, 92
and 93during the analysisbecausethe running conditionschanged.The \good runs"
are the runs selectedfor the analysis. The set numbersare not contiguous becauseof
rules of nomenclatureor setsbeing irrelevant for this analysis. No nominal set was
discardedfrom the analysis.
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Chapter 3

Analysis

The analysisconverts raw hit information from the wire chambersinto physicsobserv-

ablesand eventually the muon decay parametersare measuredfrom the momentum-

anglespectrum of the decay positrons. The spectrum cannot be usedto extract the

decay parametersdirectly sinceit includesthe detector responseaswell asthe recon-

struction e�ciency . For this reasonthe analysisstrategy of the TWIST experiment

includesa full Monte Carlo simulation (MC) of the detector. The MC and the exper-

imental data output �les have the sameformat in order for them to go through the

sameanalysisprocedurein parallel. This procedureis summarizedin the Fig. 3.1.

The goal of the �rst part is to reconstruct the event properties and the decay

positron tracks. The event reconstruction software called MOFIA extracts the hit

information from the data �les, identi�es the particles present in the event and �ts

all the potential decay positron tracks in a two stagetrack reconstruction.

In the secondpart of the analysis the information stored in the MOFIA output

is used to identify valid events and decay positron tracks and include them in the

momentum-angle spectrum. This section of the analysis includes the momentum

calibration algorithm, which corrects for di�erences in the detector responseof the

experimental apparatus and the MC. Finally the MC spectrum is �t to the experi-

mental spectrum to measurethe di�erence in terms of muon decay parameters.This

relative measurement has many advantages. The biasesfrom the event and track

reconstructionare included in both spectra and thereforecancelout in the �t of the

di�erence. As a result, most of the systematicuncertainties arise from the inaccura-

cies in the simulation of the detector geometryand physics processes.The analysis

method also facilitates a blind analysis.
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Figure 3.1: In the TWIST analysisschemethe experimental and the Monte Carlo data
go through the sameevent and spectrum reconstructionsoftware. The experimental
data undergo a secondpassat the spectrum reconstruction in which the results of
the momentum calibration are applied. The muon decay spectrum �t only measures
the di�erence betweenthe spectra in terms of muon decay parameterschanges.The
absolutevaluesof the muon decay parametersare known only oncethe hidden decay
parametersusedto generatethe Monte Carlo events are revealed.
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3.1 Blind analysis

To minimise human biases,the decay positrons are created in the MC accordingto

a momentum-angle spectrum generatedby an independent server [32][33]. Hidden

parameters are selectedwithin a range of � 10� 2 away from the Standard Model

prediction by this server and immediately encrypted. The key necessaryto reveal

the parametersis in a safemanagedby TRIUMF administration sta� for the entire

duration of the analysis.

The server usesa Monte Carlo acceptance-rejectionmethod to produce pairs of

(j~pj,cos� ) according to the probability distribution function de�ned by the hidden

parametersand the di�erential decay rate (Eq. (1.4)). Thesesamplesare usedin the

MC of the detector as the initial kinematics of the decay positrons.

3.2 Event reconstruction

3.2.1 Data run unpac king

The analysisstarts with the unpacking of the information storedin the run data �les.

The �le contains, for each event, the list of times of the leading and trailing edges

(seeFig. C.5), asthey weremeasuredby the TDCs. Each leadingand trailing edgeis

associated with a channel number describingfrom which wire it originates. MOFIA

associatestrailing and leadingedgefrom the samewire to createhits with a starting

time and a time over threshold also called TDC width as well as a wire chamber

number and a wire number. The zerotime o�set calibration (seeSec.6.2) is applied

here to correct the hit times just as they are extracted from the data �les. The hit

times arede�ned relative to the muon counter. The event window extends6 � s before

and 10 � s after the muon counter recordedhit. Only the leading and trailing edges

contained within this event window are recorded. Errors in the unpacking such as

a missing leading or trailing edgeare closelymonitored sincethey could potentially

introduceanalysisbiases.

3.2.2 Crosstalk signal remo val

The signal of a hit on a channel of a wire chamber can create fake signalson neigh-

bouring channels.Theseso-calledcrosstalksignalscreateextra hits which eventually

confusethe track reconstructionand reduceits e�ciency . The crosstalksignalshave a
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Figure 3.2: This typical event is composedof an early beam positron (window 1), a
muon triggering the event (window 2) and a decay positron (window 3). The windows
1 and 3 are of length DCOverlapTime. The window 2 stops at the beginning of the
window 3.

typical signature. They happen shortly after the real hits on adjacent wires and they

have a narrow TDC width. An algorithm identi�es the crosstalksignal and removes

it beforethe beginningof the event analysis. A hit on a DC (PC) with a TDC width

lessthan 50 (40) ns and with a coincidenceinterval with another adjacent hit of less

than 40 (60) ns is identi�ed as a crosstalk hit and removed. The crosstalk signal is

not simulated in the MC simulation. For this reasonthe crosstalkremoval is disabled

for the analysisof MC data.

3.2.3 Event iden ti�cation

At this stage,called the classi�cation, the analysiscontains only the list of hit times

which occurred during the 16 �s of the event. Due to the drift time in the wire

chambers, the hits from a particle are spreadin time. The longestdrift times are up

to 100 ns in the PCs and 1000ns in the DCs. Time windows are de�ned to group

the hits from oneparticle or more. The hits in the window are subsequently analysed

to identify the associated particle. Finally the event is classi�ed depending on the

number of windows and the type of particles identi�ed.

The hits from a typical event areshown Fig. 3.2. This exampleconsistsof a beam

positron followed by a muon triggering the event. The muon decays upstreamabout

800ns after its arrival.
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The PCs are used to detect the presenceof a new particle in the spectrometer

and therefore de�ne the beginning of most time windows. In some rare casesa

particle doesnot trigger any PC and the classi�cation must decideto createa window

basedon DC information only. In our examplethe PC hits lead to the creation of

three time windows. The length of a window is by default de�ned by the parameter

DCOverlapTime. The window starts 50nsbeforethe �rst PC hit and the parameter

DCOverlapTime is set at 1000ns in order to include all the DC hits in the window.

However if a secondparticle appears before the end of window, the window time

is shortened. This is referred to as a DC overlap. In Fig. 3.2 the decay positron

appears 800 ns after the beginning of the muon window. The latter is shortened

and eventually someof the hits from the muon might end up in the decay positron

window.

The hits from the di�erent particles are now grouped into time windows. The

next step is to identify the type of particles associated with each window. A wide

range of observablesare used. Once more the PCs play a dominant role. The time

of the PC hits as well as their corresponding time-over-threshold (TDC width) are

used. In the examplethe muon and positrons can be identi�ed using the di�erence

in TDC width of their PC hits. The spatial distributions of the hits in u, v and more

importantly in z are used as well. The decay positron leaves PC hits only on one

sideof the target while the beampositron leavesthem on both sides.A window type

describingthe particle content is assignedto each time window. The list of window

typesis in the appendix B.1.

Finally a given set of window typesde�nes the event type. The start time of the

windows is alsousedin order to identify the events with DC overlap like in Fig. 3.2 in

which muon and decay positron windows overlap. In the caseof an upstream decay

the positron and extra muon hits in the window areon the samesideof the target and

are analyzedtogether by the track reconstruction algorithm reducing its e�ciency .

The exampleFig. 3.2 contains a beam positron (window type 4), a muon (window

type 1) and an upstream decay positron (window type 2) overlapping in time with

the muon window. It is thereforeclassi�ed asa \Time DC overlap" event (event type

4). The completelist of event typesis in the appendix B.2.

During the classi�cation, the hits are analyzedto createhit clusters. A hit cluster

groupshits from adjacent wires for each window and each pair of planes. The u and

v plane hits together with the z position of the center of the pair of plane, de�ne

completely the position of the cluster in three dimensions.The width of the cluster
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is de�ned by the wire spacing. This clustering of the hits is performed betweenthe

de�nition of the windows and the event types becausethe clusters are used in the

latter.

In the caseof time overlap of hits from di�erent particles, multiple possibleassoci-

ations of the u and v hits lead to \ghost" clusters(Fig. 3.3). These\ghosts" clusters

are eliminated during the \�rst guess"reconstruction becausethey do not produce

consistent particle tracks.

True hits from two
di�erent particles

\Ghost" hits

uv

Figure 3.3: Hit clusters formation. Two adjacent wires with a hit are grouped to-
gether. The u and v hits are associated to have the u v position of the clusters. In
the caseof time overlap of two tracks, ghostsclustersappear.

3.2.4 First guess

The �rst stageof the track reconstructionreferredto asthe \�rst guess"hasthe task

of identifying the list of hits belonging to the sametrack, as well as estimating the

momentum and angleof the track candidates.The algorithm is capableof extracting

multiple tracks in onetime window. This featureis fundamental in the caseof window

typessuch as 14 or 15 which contain the decay positron as well as a beampositron.

Multiple tracks can also appear from a single decay positron if it undergoesa hard

scatter in the detector which \breaks" the track (Fig. 3.4).

The \�rst guess"obtainsfrom the classi�cation a list of hits andassociatedclusters

for each window. In order to reducecomputation time, only window typescontaining

decay positrons are analyzed. The drift time information is ignored in the \�rst

guess". For this reasonDC and PC hits are used and handled in the exact same
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z

u or vTrack 1 Track 2

Hard scatter Overlap in z

Figure 3.4: The \�rst guess"reconstruction algorithm is designedto deal with mul-
tiple tracks originating from hardscattersor from the superposition in time and in z
of two particles.

way. Their position is de�ned on the wire they triggered. In this context the hit

position distribution around the wire does not correspond to a Gaussian, but to

a uniform distribution in the squareu-v cell. In consequencethe track candidate

\goodness" is not evaluated using the standard � 2 �tting function sinceit relies on

Gaussiandistributed residuals. Instead the \�rst guess"usesa parametercalled the

Chebychev norm which suits the reconstruction of tracks in wire chambers. This is

equivalent to a maximum likelihood for uniform error distributions [34].

The clusters in the decay window are orderedaccordingto their z position. The

\�rst guess"analysesiterativ ely the list of clustersand shortensthe list until it �nds

a track candidate. Using shorter list of clusters e�ectively changesthe range in z

onto which the algorithm searchesfor a track in order to �nd tracks broken by hard

scatters.

Each list of hit clustersgoesthrough the following algorithm until a track candi-

date satis�es cuts on the Chebychev norm. The �rst step is to �t a circle to the u-v

projection of the clusters(Fig. 3.5). The circlesformed by all possiblecombinations

of three hits are calculated. The Chebychev norm of all the hits closeenoughto the

circle is calculated. The circles are ordered by decreasingvaluesof the Chebychev

norm. The secondstep takes care of the z coordinate. The phaseof the helix can-

didate at the �rst and last cluster is calculated and the seriesof possiblewinding

numbers are �t (Fig. 3.6). Once again a Chebychev norm is calculated for the hits

closeto the track. The �rst track candidatepassingthe cuts on the circle and winding

number Chebychev norms is stored as a track candidate. The hits closeto the track

candidateare included in the track data structure and removed from the list of hits

in the window. The algorithm restarts with the new list of hits if it contains at least
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four hits to �nd other track candidates.

The \�rst guess"algorithm wasimprovedsincethe previousTWIST measurement

by adjusting the cuts on the Chebychev norm of the circle and phaseof the track

candidate. The \�rst guess"now includes:

� a radius dependent cut on the circle Chebychev norm

� a cos� dependent cut on the phaseChebychev norm

� a reduction of the possiblewinding numbers in the phasesearch

The valuesof the cuts were chosento maximize the reconstruction e�ciency of the

\�rst guess".

For each track the list of hits associated with the track, the radius of the helix in

u and v, the frequencyand the phasein z are passedto the secondstageof the track

reconstruction.

3.2.5 Helix �tter

The secondand last stageof the track reconstruction is the helix �tter. It usesthe

\�rst guess"results as a starting point and re�nes the helix �t.

The helix �tter minimises the residualsat each DC plane using a least squares

method. The minimization function also includes kinks in the helix that take into

account the scatter of the positron as it goesthrough signi�cant amount of material

such as the DC chambers. The � 2 function is given by:

� 2 =
X

hits

(df � dm )2

� 2
d

+
X

kinks

� k

� k
(3.1)

where df is the drift distance of the �tted hit position, dm is the measureddrift

distance,� d is the drift distanceresolution for the �tted hit, � k is the kink angleand

� k is the width of the kink distribution.

The kink approach is well-adaptedto the TWIST spectrometersincethe scattering

massesare discrete [35]. The kinks on the track are allowed at the central cathode

foil of each pair of DC planesaswell asat the cathode foil in the middle of the dense

stacks. There are no limits on the valuesof the kink however they are constrainedin

the �t through the � 2 minimization. The value of � k in equation (3.1) is calculated

using the formula for multiple scattering through small angles[36].
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Selectedclusters

Track candidate

Unusedclusters

uv

Figure 3.5: The u-v projection of the hits is �t with various circles from various
combinations of three hits. The Chebychev norm is calculated only for the hits or
clusterswith small enoughresiduals.
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v

' �

' +

First hit

Last hit

z

u

Hit breaking the degeneracy

Figure 3.6: Secondstepin the \�rst guess"algorithm. The angulardi�erence between
the �rst and the last hit is ' � 2� k with k an integer (left diagram). The diagrams
are in two dimensionsbut the algorithm works in three dimensions. This stageof
the reconstruction software is vulnerable to degeneraciesin the winding numbers.
Negative and positive chargetracks are evaluated in parallel (' � , ' + ).
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The tra jectories between the DC chambers are calculated using the OPERA�eld

map to take into account the inhomogeneitiesof the solenoidmagnetic �eld. The

algorithm usesan arc step approximation with variable size step to integrate the

magnetic �eld features.

The helix �tter must resolve the right-left ambiguity, which refersto the di�cult y

of determining on which side of the wire the particle traveled. The narrow window

analysisdescribed in [34] restricts the allowed position of the hits and resolvesmost

of the right-left ambiguity using the hit clustersand the track angle from the \�rst

guess"(Fig. 3.7).

z

u or v

�

�

Hit clusters

Wires

Figure 3.7: In the caseof clusters containing more than one hit, the track is con-
tained within a narrow window. This narrow window is de�ned by the two extreme
possiblerays with the track angle from the \�rst guess"and going through all the
drift chamber cells with a hit. This narrow window is fundamental to resolving the
right-left ambiguity.

For each hit in the DC chambers, the helix �t has the absoluterecordedtime of

the hit as well as the position of the corresponding wire. The algorithm calculates

the drift time from the di�erence between the ionization time and the recordedhit

time. The ionization time corresponds to the time at which the particle is in the

chamber and is calculated using the muon decay time and the time of 
igh t of the

decay positron from the target to the DC. The muon decay time is a free parameter

of the helix �t to achieve a precisionhigher than the PCs.

The drift times are converted into drift distancesusing a SpaceTime Relation-
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ship (STR) table. The STR table de�nes the isochron map of the drift times. The

helix �tter usesthe closestdistancebetweenthe track and the wire to determinethe

position of the hit on the isochron (Fig. 3.8). This approach is motivated by the dis-

crete ionization of the gasin the DC all along the particle tra jectory with the closest

ionization to the wire de�ning the hit start time. The STR tables for this TWIST

analysiswere derived from the decay positron tracks to improve the reconstruction

(seeSec.6.3).

z

u or v

wire

isochron

0.4 cm

0.4 cm

Decay positron
�t track

df

dm

Figure 3.8: Calculation of the drift distancesdf and dm for the � 2. The tangent to
the positron track in used in the context of the closestdistanceof approach. Only
the isochron of the measureddrift time is drawn here. The di�erence jdm � df j is the
residual for the hit.

The drift distanceresolution � d was set at the constant value of 100 �m during

the previous TWIST analyses. A more realistic resolution dependent on the drift

distancewas implemented for this analysis(seeSec. 6.3).

Besidescattering, the particle also losesenergyby ionization in the material as

it travels through the detector. For this reasonthe helix radius and pitch change

betweenthe �rst DC and the last DC. This e�ect is taken into account in the �tting

procedure:

� E =
1

cos�

X

i

l i � ion
i (3.2)

with � E the averageenergy loss of a track, l i the thicknessof the material i and

� i the ionization energy lost per unit of thicknessin the material i . The ionization

energy loss is only correctedon average. The energy loss due to bremsstrahlungis

mostly unseenby the helix �tter [37]. The bremsstrahlunghas a signi�cant impact
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on the \�rst guess"when the energylost is su�cien t to forcethe identi�cation of two

separatetracks.

The helix �tter results are stored in the MOFIA output �le for all the tracks. In

particular the momentum and angleof the track at the DC closestto the target are

saved.

3.3 Extraction of the decay parameters

MOFIA producesa ROOT[38] output �le for each run analyzed.The event information

stored is usedto selectevents and to producethe momentum-angle spectrum of the

decay positron.

Up to this point data and MC are analyzedindependently. Now the two spectra

are �t to each other �rst of all to perform a momentum calibration and secondlyfor

the measurement of the decay parameters.

3.3.1 Spectrum reconstruction

The ROOTdata structure (TT ree) contains all the events of its corresponding run

becauseMOFIA do not apply any cut or selection.Each entry in the data structure

correspondsto oneevent. It contains the event type, the list of windows and the list

of reconstructedtracks. For each window and each track a set of variables needed

for the analysisare also stored. A C++/ROOTprogram called Clark analysesall the

MOFIA output �les and selectsthe valid decay positron tracks accordingto a set of

cuts and selectionsdetailed in Chapter 4. Finally the selectedtracks are entered in a

two dimensionalhistogram corresponding to the momentum-angle spectrum usedfor

the muon decay parametersextraction and for the momentum calibration.

3.3.2 Muon decay parameter �t

The decay parameter�t extracts the di�erence betweenthe data and the MC spectra

in terms of muon decay parameters. The �tting procedureexploits the linearity in

the decay parameters� , � and the products P� � and P� � � . The di�erence between

the data spectrum (SD ) and the MC spectrum (SM C ) can be expressedin terms of



40

derivative spectra as:

SD = SM C +
@S
@�

� � +
@S
@�

� � +
@S

@P� �
�( P� � ) +

@S
@P� � �

�( P� � � ): (3.3)

The derivative spectra are generatedaccordingto their analytical forms:

@S
@�

�
�
�
�
�;P � � ;P� � �

=
m�

4� 3
W 4

e� G2
F

q
x2 � x2

0 �
2
9

(4x2 � 3x � x2
0); (3.4)

@S
@�

�
�
�
�
� ;P� � ;P� � �
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m�

4� 3
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x2 � x2

0 � x0(1 � x); (3.5)

@S
@P� �

�
�
�
�
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=
m�

4� 3
W 4

e� G2
F (x2 � x2

0) �
1
3

cos� (1 � x); (3.6)

@S
@P� � �

�
�
�
�
� ;�;P � �

=
m�

4� 3
W 4

e� G2
F (x2 � x2

0) �
2
9

cos� (4x � 4 +
p

1 � x0): (3.7)

Events are also generatedfor the negative regionsof the derivative spectra (Fig.

3.9). A special variable containing the sign of the event is passedfrom spectrum

generationto the spectrum reconstructionsoftware.

Only the bins contained in �ducial regions for which the track reconstruction

e�ciency is maximal, are converted (Fig 3.10). The �ducial regionsare detailed in

the Sec.4.4. A histogramreferredto asthe baseand containing the MC bins and the

weighted bins of the derivativesis created. The di�erencesbetweenthe data bins and

the corresponding basebins are usedto de�ne a � 2 function which is minimized by

the ROOTimplementation of the standard MINUITalgorithm [39] with the derivatives

weight as �t parameters. The �tting algorithm underwent various consistencytests

[32].

3.3.3 Momen tum calibration

Although the MC simulation was carefully designedto reproduce the experimen-

tal setup, somecomponents are not reproduced accurately enough to provide the

precisionnecessaryto achieve the TWIST experiment goals. The decay positron re-

constructedmomentum is di�erent from its momentum at the time of the decay. In

fact the decay positron losesenergyas it travels through the target module between

the decay vertex and the �rst DC where the reconstruction starts. A mismatch of

this energy loss between data and MC leads to a di�erent detector responsewhich
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Figure 3.9: The derivative spectra describe the contribution of the decay parameters
to the shape of the momentum-angle spectrum. The reducedpositron energy x =
Ee=We� is usedhere instead of the momentum. Thesespectra include the detector
response.
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in return biasesthe decay parametersmeasurement. Such mismatch can originate

from a mismatch in target thicknessor in muon stopping distribution. Similarly the

momentum is a�ected by a mismatch in the magnetic �eld strength sinceit changes

the radius of the helix. A momentum calibration brie
y described in this section is

performedprior to the �nal decay parameter �t to correct for thesebiases. Further

details can be found in [29].

The momentum calibration exploits the kinematic end-point of the decay positron

asa point of referenceto measurethe bias in momentum and anglebetweendata and

MC. The maximum momentum pedge of the decay positron is given by:

pedge =
m2

� + m2
e

2m�
' 52:83 MeV/c

The algorithm determines the momentum shift required in the data spectrum to

match the kinematic edges(Fig. 3.11(a)). The kinematic end-point shape is a�ected

by the muon decay parameters. The data and MC spectra have very di�erent pa-

rameters becauseof the hidden parametersin MC. This di�erence is typically few

parts in 10� 3 and it eventually biasesthe edge�t of the two spectra. For this reason

a preliminary decay parameter �t is performed. The momentum calibration usesthe

sum of the MC spectrum and the weighted derivativesusing thesepreliminary decay

parameters.Only oneiteration of the momentum calibration is neededfor the decay

parametersto converge.

Due to the planar geometry of the TWIST detector, potential momentum bi-

asessuch as the energy loss have a 1=cos� dependence. For this reasonthe mo-

mentum calibration is performed on kinematic edgesat di�erent valuesof 1=cos� .

The momentum-angle spectrum is divided in constant bins of 1=cos� in the range

0:5 < j cos� j < 0:9 (1:11 < j1=cos� j < 2:00). For each 1=cos� bin, the MC edge

spectrum is shifted with respect to the data edgespectrum from 52.3to 53.4MeV/c

by stepsof onebin of 10 keV/c at a time. At each step a � 2 is calculatedsuch that:

� 2 =
X

i

(Bdata (i ) � BM C (i ))2

� 2
data (i ) + � 2

M C (i )
(3.8)

where Bdata (i ) and BM C (i ) are the number of counts in the bin i and � data (i ) and

� M C (i ) are the statistical uncertainties for bin i . The resulting � 2 distribution is

�t with a secondorder polynomial to determine the momentum shift required to
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minimize the � 2.

Finally the momentum mismatch betweendata and MC versus1=cos� is �t in-

dependently upstream and downstream with straight lines (Fig. 3.11(b)). The cal-

ibration is given by the intercepts at 1=cos� = 0 referred to as the o�sets (bup and

bdown ), and two slopesor angledependences(aup and adown ).

The measuredmomentum mismatch at the kinematic edgeis applied in a second

reconstruction of the data spectrum (Fig 3.1). The model usedfor the propagation

of the momentum mismatch to the entire spectrum depends on the sourceof the

mismatch which couldnot beisolated. For this reasonthe muon decay measurement is

the averageof the analysesusinga constant shift and a constant scalein momentum.

A systematic uncertainty is assignedto this model dependenceof the momentum

calibration (Sec. 7.1.3).
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Figure 3.11: The kinematic edgesof the data and MC spectra are �t for certain
1=cos� bins independently. The momentum calibration is de�ned by independent
straight lines for upstreamand downstreamdecays.



46

Chapter 4

Event selection

Most of the event selectionis done during the spectrum reconstruction (Fig. 3.1).

This chapter will describe the cuts in the spectrum reconstruction and the �ducial

region of the momentum-angle spectrum selectedin the spectrum �t. Fig 4.1 shows

the number of events selectedby each cut. Most of the cuts are applied identically

on data and MC. For this reason,as long as they are applied in regionsof minimal

biases,thesecuts are not a sourceof biasesbecausetheir e�ects cancelout when the

two spectra are �tted against each other. The pulsewidth cut is the only exception.

4.1 Beam and event t yp e cuts

Time of 
igh t cut

The high polarization of the muonsis guaranteed by the selectionof events triggered

by surfacemuons. Only the events triggered by the highly polarized surfacemuons

are usedin the analysis. Theseevents are selectedusing the time of 
igh t structure

of the M13 beamline.

The time of 
igh t of a particle of massm is given by the relativistic formula:

T =
d
v

= d
E
pc2

= d

p
(mc)2 + p2

pc
(4.1)

where d is the distance between the production target and the muon counter (11.4

m), E is the total energy, p is the momentum and c is the speed of light. The

corresponding time of 
igh t for the pion and the muon is respectively 183ns and 141

ns. This di�erence allows for a separation in time of muons and pions but not of
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cloud muons and surfacemuons. Cloud muons are emitted from pions decaying in


igh t which leave the production target immediately after being produced. For this

reasonthe cloud muonsare emitted in coincidencewith the production of the pions.

On the other hand the surfacemuons are emitted accordingto the pion decay rate.

This di�erence in emissiontime is usedto selectonly the surfacemuons(Fig. 4.2).

The selectedrange of time of 
igh t for the 2006run period is (32,52)nsand for

most of the 2007run period the rangeis (32,55)ns(Fig. 4.3(a)). The selectedrange

is (32,52)ns for the sets 91, 92 and 93 becausethe beam momentum selection is

set at about 28.8 MeV/c instead of 29.6 MeV/c which changesslightly the time of


igh t distribution. The measuredtime of 
igh t is actually the time between the

particle's arrival at the muon counter and the next capacitive probe signal of the

proton beamline(Sec. 2.1.1). This is why the distribution Fig. 4.3(a) appearsto go

backward in time compareto time of 
igh t structure Fig. 4.2.
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Figure 4.2: Time of 
igh t structure of the beamlineM13 at 29.6 MeV/c is periodic
dueto the cyclotron emitting protonsevery 43ns. The main component is the surface
muon distribution which is the exponential decay rate of the pion with a time constant
of 26 ns. The pions and cloud muons on the other hand are prompt and therefore
peaked around their respective time of 
igh t.
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Event t yp e cut

Only the event types1, 2, 6, 7, 10, 11, 21 and 22 are kept (Fig. 4.3(b)). The events

types 1 and 2 are the most basic and clean events in which a muon and the decay

positron as well as eventual beam positrons are well separatedin time. Each time

window contains only oneparticle.

The event types 6, 7 identify events in which the decay positron and a � ray1

overlap in time but not in the z direction. In fact the � ray is emitted in the direction

oppositeto the decay positron. The event types10and 11identify the decay positrons

which scatter back into the spectrometeron material outside. This speci�c scatter is

referred to as backscatter. Thesefour event typesare included becausethe emission

of � rays and the backscatter of decay positrons depend on the phasespaceand

can be di�erent in data and in MC. Sometracks of decay positrons backscattering

are identi�ed by the classi�cation asbeing beampositron tracks. For this reasonthe

event types21and 22(decay and beampositronsoverlap) are included in the analysis

despitethe fact that decay positrons and beampositrons are not correlated.

4.2 Muon selection

Muon stopping plane cut

The PCs surrounding the stopping target are used to determine where the muon

stopped (Fig. 2.7). This cut removesevents with hits in PC 7 or 8 making surethat

the muon did not stop downstream of the target. A hit in PC 6 is required as well.

Fig. 4.3(c) shows the wire chamber number of the last hit in the muon track. The

wire chamber number refers to both PCs and DCs ordered by increasingz. Only

muon tracks with a last hit in the wire chamber 28 (PC 6) are selected.

Muon stopping radius cut

Muons stopping too far away from the detector axis are removed in order to exclude

the possibility for the subsequent decay positrons to hit the glassstructure of the

outside of the DCs. The uv coordinatesof the muon stopping position on the target

are measuredby PC 5 and 6. The muonswith a radius such that
p

u2 + v2 > 2:5 cm

are excluded(Fig. 4.3(d)).

1A � ray refers to an electron knocked out of its atomic orbital by another particle such as the
decay positron.
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Figure 4.3: Typical histogram for each cut. The blue region represents the events
selectedby the cut.
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PC 5 and 6 pulse width cut

This cut complements the muon stopping plane cut by identifying muons stopping

upstreamof the target. The muonsstopping in the target and thosestopping in PC

6 deposit di�erent amounts of energy in PC 5 and 6. The pulse width of the hits

in those wire chambers are therefore di�erent and are usedto discriminate between

thesetwo cases(Fig. 4.4).

The pulsewidth cut is de�ned by two straight lines in order to cut out the stops

in the gason one side and the stops in the wires on the other side (Fig. 4.5). The

position of the cuts are tuned �rst on data. The cut on MC is de�ned such that the

rate of muons passingthe cut is the samein data and in MC. This guaranteesthat

the muon stopping distribution along z matchesin data and MC. A mismatch leads

to a bias for the measurement of the decay parameters.For this reasona systematic

uncertainty is assignedto this cut (seeSec.7.1.5).

4.3 Track selection

The decay positron window in each event can contain more than one reconstructed

track. The purposeof the following cuts is to identify which track correspondsto the

decay positron.

Num ber of reconstructed trac ks cut

This cut requiresthat the event hasat least onereconstructedtrack.

Ierror code cut

All track candidatesare recorded in the MOFIA output �le even if they are not

successfullyreconstructed. An error code named\ierror" is set to zero if the recon-

struction is successfuland to an error code number specifying the error encountered

by the reconstructionotherwise. The tracks with an \ierror" code di�erent from zero

are removed (Fig. 4.3(e)).

Start and stop plane cut

The window type of the decay window speci�es if the decay positron travelled up-

stream or downstreamof the target (Fig. 4.3(f)). This cut removesthe tracks which
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(a) Pulse width distribution for muons stopping in the
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(c) Complete pulse width distribution.

Figure 4.4: The pulsewidth distribution in PC 6 versusPC 5 for muonsstopping in
the target and in PC 6 are separatedin the MC to identify the di�erent components
of the completedistribution and to de�ne the cut.
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(a) Set 74 pulse width distribution.
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(b) MC matching set 74 pulse width distribution.

Figure 4.5: The cuts aretuned on data to reducethe stopsin PC 6 and the subsequent
fast depolarization. The MC cuts are tuned in order to have the samerate of selected
event as in data. The chamber responsein MC for PC 5 and PC 6 was not tuned
accurately to data which explainsthe largedi�erences in shape betweenFig. (a) and
(b).
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Large CDA Small CDA

Keep the track closeto the target

Beam positron

Tracks equally closeto the target

Figure 4.6: For two independent tracks the closestdistance of approach (CDA) is
large. For broken tracks, the CDA is small and the track further away from the
target is removed. In the caseof a beampositron or a backscattereddecay positron,
both halvesare closeto the target and are removed.

are on the wrong sideof the target accordingto the window type.

Charge cut

The standard analysis is on positive muon decays therefore tracks of negatively

chargedparticles are removed (Fig. 4.3(g)).

Pair matc hing cut

The purposeof this cut is to verify if two tracks in the decay window are actually

from a unique particle to remove unnecessarytracks. Two parametersare used to

�nd out if two tracks match. The track times of two matching tracks as determined

by the helix �tter must agreewithin than 60ns. Also the closestdistanceof approach

(CDA) betweenthe two tracks is calculated in three dimensionsin MOFIA. A small

distanceof approach meansthat the tracks are from the sameparticle. Broken tracks

and beampositron tracks are the two con�gurations targeted by the cut (Fig. 4.6).

The CDA distribution is di�erent in the caseof a beampositron or a broken track.

In the caseof the beampositron, the two tracks are reconstructedseparatelyon each
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side of the detector. The corresponding CDA is related to the multiple scattering

in the target. In the caseof a broken track the reconstruction identi�ed two tracks

insteadof onebecauseof a largescatter which could not be taken into account by the

kinks in the reconstruction. This is why the CDA from broken tracks is on average

larger than the CDA from beampositron tracks.
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Figure 4.7: The CDA distribution for beam positrons shows that most CDA values
are lessthan 0.5 cm. On the other hand the CDA for broken tracks is much more
spreadout and the cut is set at 2 cm.

The CDA cut is set at 0.5 cm for beam positrons and 2 cm for broken tracks.

The z position of the CDA is used to determine which casethe tracks correspond

to. Tracks with a CDA located lessthan 6 cm away from the target are from beam

positrons. Tracks with a CDA locatedmorethan 22cm away from the target arefrom

broken tracks. In the intermediate region between6 and 22 cm the CDA generally

comesfrom the match of two tracks distant in z. The conservative value of 0.5 cm is

usedin this region.

Muon-p ositron vertex cut

A way to certify if a track is the decay positron is to usethe position of the track at

the target with respect to the muon stop position. The muon position on the target

is measuredby PC 5 and 6. The reconstructedtracks (decay positron candidates)are

extrapolated to the target in MOFIA and their position in u and v is stored in the
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MOFIA output �le. This extrapolation correctsthe averageenergylossbetweenthe

target and the �rst tracking chamber. A track is not the decay positron if its distance

to the muon at the target is too large. The distancetravelled by the decay positron

betweenthe decay vertex and the �rst tracking chamber dependson 1=cos� . For this

reasonthe vertex distance is also 1=cos� dependent (Fig. 4.8). The cut takes this

dependenceinto account and is setat the limit wherethe ratio signalover background

is 50%for the selectedtracks.
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Figure 4.8: Limit of the ratio signal over background. For the selectedtracks the
ratio is larger than 50%. The decay positron track is identi�ed in the MC study to
de�ne the signaland the background. Herebackgroundmeansany particle other than
the decay positron. The vertex distance depends on 1=cos� becauseof the planar
geometryof the detector.

Distance to target selection

If more than onetrack passedthe previouscuts, the analysismust decidewhich track

is more likely to be the decay positron. The track closer to the target should be

the decay positron. If both tracks are from the decay positron, the reconstructionof

two tracks instead of one is indicative of a large scatter betweenthe two. For these

reasonsthe track farther away from the target is removed.
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Muon-p ositron vertex selection

This �nal selectionensuresthat only onetrack is selectedto go into the spectrum. It

evaluateswhich track is closerto the muon at the target using the sameinformation

usedfor the muon-positron vertex cut.

Decay �t time

Positrons from early or late decays in the event are removed using the decay time

calculatedby the helix �tter (Fig. 4.3(h)). The positron hits from early decays could

overlap the muon hits in the upstream half of the detector leading to a di�erent

reconstruction e�ciency upstream and downstream. Someof the positron hits from

muon decaying closeto the end of the event window are eventually not recordedand

the track reconstruction is missinghits. The decay �t time cut removessuch tracks.

4.4 Fiducial region selection

Unlike the other cuts presented in this chapter, the �ducial cuts de�ning the �ducial

region in the (p;cos� ) spectrum are applied in the decay parameter �t procedure

(Fig. 4.9). The reasonfor this di�erence is that the �ducial cuts do not selectindi-

vidual events. Instead the cuts are applied on the energy-anglespectrum and select

histogram bins accordingto their central position in the spectrum. This guarantees

that all the bins usedin the decay parameter �ts have an occupancyindependent of

the �ducial cuts. The �ducial cuts are applied identically to the data and the MC

spectra and for this reasondo not createany biasesas long as the �ducial region is

within the region of minimal biases.

The choice of the �ducial region is driven by two opposing constraints. On the

one hand the �ducial region must be as wide as possibleto increasethe number of

events usedin the decay parameters�t. The sensitivity to changesin the muon decay

parametersis also enhancedby the inclusion of a larger part of the spectra. On the

other hand the �ducial cuts excluderegionswhich may have signi�cant biases.These

biasescan be due to the track reconstruction, to reducedresolution or di�erences in

the detector geometrybetweendata and MC.

� j cos� j > 0:54

Each track is reconstructedfrom 22 planesonly. In this geometry high angle

tracks cannot be resolved due to the high winding numbers.
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� j cos� j < 0:96

Small angleheliceshavealsovery small radii comparableto the DC wire spacing

of 4 mm. For this reasonthe reconstructionof thesetracks in not reliable.

� p < 52:0 MeV/c

The tracks with a momentum above this cut are usedin the energycalibration

and thereforeare excludedfor the muon decay parameter �t.

� pl > 14:0 MeV/c

This cut on the longitudinal momentum removesthe region with potential de-

generacies(Fig. 2.6) in the track reconstruction. Although the detector geom-

etry was modi�ed, somedegeneraciesstill exist. However they are now further

away from the �ducial region.

� pt < 38:0 MeV/c

Largetransversemomentum tracks eventually gooutsideof the tracking region.

They can in particular hit the glassframe in the detector which is not in the

MC leading to a di�erence betweendata and MC.

� pt > 10:0 MeV/c

This cut removes tracks with small transversemomentum and therefore with

very small radii.
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Chapter 5

Mon te Carlo simulation

The Monte Carlo simulation (MC) of the TWIST experiment usesthe GEANT3.21

package[40] to simulate the particle interactions, the detector geometryand its elec-

tronics. The simulated physicsprocessesinclude the energyloss in matter, multiple

scatteringand hard scatteringsuch asbremsstrahlungemissionand � ray production.

None of theseprocessesare modi�ed from the GEANT3.21package. The positions of

the spectrometer components are set to reproduce as accurately as possiblethe ex-

perimental detector.

For each data set, a matching MC set was generatedwith the corresponding

experimental conditions. As a naming convention, the set numbers for the MC sets

matching a data setwith the silver stopping target are in the 400rangeand in the 500

range for the aluminium target. For examplethe MC set 474 matchessilver target

data set 74, and the MC set 584matchesthe aluminium target data set 84. In total

over all the sets,the number of events generatedrepresents 2.7 times the number of

events from the data sets.

This chapter describes the component of the MC speci�c to the TWIST experi-

ment. An overview of the validation of the physicsprocessesand the detector geom-

etry is alsopresented.

5.1 Beam rate and pro�le

The M13 beamlineis not includedin the MC. Only surfacemuonsand beampositrons

from M13 are simulated becausepions and cloud muonsare removed in data by the

time of 
igh t cut (seechapter 4). The muon rate is extracted from the muon trigger
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rate. The beampositron rate is extracted from the averagenumber of beampositron

per event in data.

The muon beampro�le is measuredby the TEC. For this reasonthe muon beam

starts in the MC in the center of the TEC at approximatively -191cm. The low hit

e�ciency for positrons prevents the TEC from reconstructing their tracks. Instead

the beampositron pro�le is measuredby the spectrometerwith zeromagnetic �eld.

In this con�guration, the beampositron straight tracks are reconstructedin the spec-

trometer and extrapolated back at -295cm upstreamof the target, at the beginning

of the magnetic �eld map. This beampro�le is usedto generatethe beampositrons

starting at -295cm.

5.2 Detector geometry

The simulation includes the elements necessaryto reproduce accurately the muon

and positron tracks and their interactions. The magnetic �eld is the sameOPERA

�eld map used for the analysis; it covers the whole spectrometer and extends 3 m

upstream of the target to cover the fringe �eld region outside of the steel yoke. The

particles are transported in the magnetic �eld using a classicalfourth order Runge-

Kutta numerical method. The muon spin is also transported in the magnetic �eld

using the BMT equation [41].

The wire chambers with their cathode planesand wires are included. The type

and properties of the gasinside the chambersand the cradle are alsosimulated. The

composition of the gasin the gasdegraderis set preciselyto match the composition

of the corresponding data set. This is required to reproduce the muon stopping

distribution in the target.

5.2.1 Outside material

Decay positronssometimesbackscatter on material outsideof the wire chamber track-

ing region. The hits from backscatteredpositron tracks are a sourceof confusionfor

the reconstruction algorithm, which reducesthe reconstruction e�ciency . Further-

more the probability for the decay positron to backscatter dependson its phasespace

thereforethe e�ect on the reconstructione�ciency is eventually momentum and angle

dependent.

The time of 
igh t distribution measuredby the upstream and downstream PCs
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is used to compare the amount of backscattered positrons in data and MC (Fig.

5.1). For most data sets the upstream backscatter is much larger than the down-

streambackscatter due to the upstreambeampackage(Sec. 2.1.4). The downstream

backscatter in the regular MC does not match the data becauseof interactions in

the yoke which is not simulated. The downstreambeampackageinstalled for the set

83 (Sec. 2.2) is simulated in the MC set 583. The comparisonof the upstream and

downstream backscatter validates the symmetry of the detector in data and MC for

this special set.

5.3 Decay positron spectrum

The event server producingpairs of (j~pj,cos� ) for the MC simulation usesthe theoreti-

cal muon decay spectrum with hiddendecay parametersin a Monte Carlo acceptance-

rejection method. This theoretical spectrum includesfull O(� ) radiative corrections

with exactelectronmassdependence[42], the leadinglogarithmic terms of O(� 2) [43],

the next-to-leading logarithmic terms of O(� 2) [44, 45], leading logarithmic terms of

O(� 3) [45], correction for soft pairs and virtual pairs [46], and an ad-hoc exponen-

tiation. Each sample is used only onceso all the events simulated are statistically

independent.

During the generationof the simulation runs, the MC program connectsto the

event server and receives a set of samples. Other than the initial momentum and

angle of the decay positrons, all the physics processesare generatedfrom the MC

random seed.The seedis de�ned by the run number of the simulated �le. Each run

number is usedonly onceto keepall the MC runs statistically independent.

5.4 Cham ber response

The MC reproducesthe discontinuousbehavior of the ionization of the wire chamber

gas. Ionization clustersare randomly generatedalong the path of chargedparticles.

The drift time of each cluster is calculatedfrom STRsthat werecreatedby a Garfield

simulation [47]. The analysisSTRs measuredfrom decay positron tracks and used

for the track reconstruction (seeSec. 6.3) include features from the helix �tter on

top of the chamber response. For this reasonthey cannot be used to simulate the

drift times in the MC. The di�erent ionization clustersfrom a drift cell are summed

up and the closestcluster to the wire de�nes the hit time to reproduce the behavior
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(a) Upstream backscatter signal in set 84
and MC set 584.
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(b) Downstream backscatter signal in set
83 and MC set 583. Both data and MC
contain a downstream beam package.
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(c) The downstream backscatter signal in
the data set 84 (at -18 ns) is not in the MC
set 584 becausethe yoke is not simulated.
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(d) The downstream backscatter signal (at
-18 ns) is well reproduced in a special MC
simulating the yoke.

Figure 5.1: The time of 
igh t is measuredby the di�erence betweenthe downstream
PC and the upstreamPC hit times. The backscatteredpositronsand beampositrons
cannot be separatedreliably. For this reasonthesedistributions contain the time of

igh t distributions from both sources.
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of the real chambers. The chamber response is matched to the data by adjusting

the statistical threshold and the ion cluster separationin the MC con�guration. The

statistical threshold, setat 1.6clusters,de�nes the number of clustersin a cell needed

to createa hit. The ion cluster separation,setat 0.3mm, de�nes the averagedistance

betweentwo ion clusters. Thesetwo parameterswere tuned for this measurement to

improve the MC chamber response(Fig. 5.2).
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Figure 5.2: The TDC hit time distributions are usedto tune the chamber response.
The two tuning parametersare adjusted until the widths of the data and MC distri-
butions match.

5.5 Validation

5.5.1 Target stops

The simulation and the experimental data are comparedat di�erent stagesof the

analysis in order to evaluate how well the MC reproducesthe experimental setup.

Thesecomparisonsare usedin particular to validate the incoming beam(muonsand

beampositrons) in the simulation.

The stopping distribution of the muonsin the z direction shows the match in the

amount of material traversedby the muon and in the initial muon momentum (Fig.

5.3). The remaining di�erence mostly comesfrom the identi�cation of the muons

using the PCs which do not have exactly the sameresponsein data and in MC.

Similarly the event type distributions show a good agreement betweendata and
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Figure 5.3: The muon stopping distribution is well matched by the simulation.

MC (Fig. 5.4). Only the event typesusedin the reconstructedspectrum are relevant

in this comparison. The other event typesare a�ected by the fact that the beam in

data contains background particles such as pions and radioactive gasbut the input

beam in MC contains only muons and beam positrons. The mismatch in the event

types10, 11, 21 and 22 is due to the beampositron rate being too high in the MC.

5.5.2 Far upstream stops

A special set of data is taken with the muons stopping in the upstream PCs (PC 1

to 4) and the muon counter. A downstreamdecay positron then travels through the

entire detector. Furthermore they cover the phasespaceaccordingto the cos� > 0

half of the energy-anglespectrum. This providesa setof tracks that arereconstructed

in both halvesof the detector simultaneously. The details of the analysisof the far

upstreamstopsdata can be found in [29].

Positron in teractions

Using the upstreamstopsdata, the angleand momentum at the extremity of the two

reconstructedtracks near the target are comparedin order to validate the MC of the

decay positron interactions in the target.
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Figure 5.4: Event type distributions usedfor the muon decay parametersmeasure-
ment. The di�erences are mostly due to a mismatch in the beampositron rate.

The change in angle, � � , provides a measurement of the multiple scattering

through the target module which includesthe target foil and the target PCs (Fig. 5.5

and 5.6). The mismatch betweendata and MC for the silver target multiple scatter-

ing is in part dueto a mismatch in the target thickness.The thicknessof both targets

wasreevaluated after the MC setsweregeneratedand the silver target thicknesswas

found to be (30.9 � 0.6)� m instead of the 29.5 � m measuredpreviously and usedin

the MC geometry. The aluminium target thicknessis consistent in MC and data at

71� m and (71.6 � 0.5)� m respectively.

The changein momentum, � p, is a measureof the energylossthrough the target

module. The quantit y � pj cos� j is shown in Figs. 5.7 and 5.8 instead of � p in order

to remove the 1=cos� dependenceof the momentum originating from the planar

geometryof the detector. The match betweenMC and data for the aluminium target

is again better becauseof the mismatch in the thicknessof the silver target. The

di�erence between the energy loss distributions in data and MC is less than 10%

from 100 keV/c up to 10 MeV/c. The mismatch in energy loss between data and

MC is corrected in the analysisof the nominal data by the momentum calibration

procedure.The tail of the distributions (> 1.0 MeV/c) shows the match of the hard

scatter processes.The evaluation of the corresponding systematicuncertainties from
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the � ray and bremsstrahlungratesusingtarget stopscon�rms a match of respectively

0.7%and 2.4%(seeSec.7.1.1).

Track reconstruction e�ciency

The upstreamstopsdata are alsousedto measurethe track reconstructione�ciency

becausethe samedecay positron is reconstructedindependently by the two halvesof

the spectrometer. The upstream(downstream) reconstructione�ciency is de�ned by

the presenceof a track downstream (upstream) and a reconstructedtrack upstream

(downstream). Hits in the upstreamand downstream PCs are required to guarantee

that the decay positron traversedthe whole spectrometer.

The advantage of the upstreamstopsmeasurement is that the reconstructione�-

ciency is obtained with respect to the angleand the momentum of the reconstructed

track (Fig. 5.9). The momentum region around 29.6 MeV/c is removed from the

analysisbecausethis is the momentum of the beam positrons. Sincetheir rate and

beampro�le are not very well matchedbetweendata and MC, using them would bias

the reconstructione�ciency measurement.
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Figure 5.5: Angle di�erence betweenthe upstreamand downstreamtracks for the sil-
ver target. The di�erence betweendata and MC is explainedby the known di�erence
in target thickness.
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Figure 5.6: Angle di�erence betweenthe upstreamand downstreamtracks for the alu-
minium target. The mismatch betweendata and MC is lessthan 5% which validates
the physicsprocessesand the geometryof the target module in the simulation.
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Figure 5.7: Energy lossthrough the silver target. A positive di�erence in momentum
betweenthe upstreamand downstreamtracks represents an energylossfor the decay
positron. The bin sizeis di�erent for the right and the left plots.
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Figure 5.8: Energy loss through the aluminium target. A positive di�erence in mo-
mentum between the upstream and downstream tracks represent an energy loss for
the decay positron. The bin sizeis di�erent for the right and the left plots.
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Figure 5.9: Reconstructionine�ciency (one minus the e�ciency) extracted from up-
stream stops data taken with the aluminium target. This ine�ciency measurement
is consistent with the measurement using the silver target.
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Chapter 6

Detector calibration

The calibration of the TEC and the relative alignments of the apparatuscomponents

did not lead to any signi�cant systematicuncertainties for � or � . For this reasonthe

explanation of thesecalibration procedurescan be found in appendix C for the TEC

and appendix D for the alignments.

6.1 Catho de foil bulge

The cathode foil bulge must be minimal in the spectrometer in order to reducethe

di�erence betweendata and MC sincethe latter contains perfectly 
at cathode foils.

The calibration procedurepresented heredeterminesthe di�erential pressurebetween

the wire chambers and the cradle required to minimize the bulge.

The foil bulgechangesthe distancebetweenthe anode wires and the cathode foil,

which alters the strength of the electric �eld. This modi�es the drift time acrossthe

DC. The foil bulge is measuredby comparing the averagedrift times in a disk at

the center of the DC and in a surrounding ring (Fig. 6.1). The averagedrift time is

di�erent in the two regionsonly if the foil is bulged.

The optimal di�erential pressureis extracted from a special set of data for which

the di�erential pressureis varied (Fig. 6.2) and is consistent between the 2006and

2007data at 113mTorr. An estimation of the relationship betweenbulge and di�er-

ential pressurewasevaluated at 12 � m/mT orr [26]. The di�erential pressuresfor the

physics data during the 2006and 2007run periods are respectively 108 mTorr and

113 mTorr. For this reasonthere was a permanent bulge of (-60� 22)� m (average)

during the 2006run period, and a bulge of (8� 22)� m during 2007.
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Figure 6.1: The di�erential pressurebetween the inside and the outside of a drift
chambers module leadsto a bulge of the outer cathode foil. In order to comparethe
bulge betweendi�erent chambers, the averagedrift time on the side A of the wires
is usedas a reference.The foil bulge is given by a di�erence in averagedrift times:
� T = (TIA � TIB ) � (TI IA � TI IB ).

6.2 Wire time o�sets in the drift chambers

The hit times in the wire chambersmust becorrectedto takeinto account the di�erent

propagation times of the signal between the sensewire and the TDC due to cable

lengths and electronic components. This wire time o�set a�ects the drift time and

thereforethe drift distanceusedduring the track reconstruction. Also the decay time

is extracted from the decay positron track reconstruction and a mismatch between

the wire time o�sets upstreamand downstreamof the stopping target would lead to

an asymmetry resulting in a bias for the muon decay parameters.

For all previousTWIST measurements the wire time o�sets were extracted from

straight pion tracks without the solenoidmagnet energized.Thesespecial pion data

were taken only at the beginningand the end of the run periods due to the technical

constraints of turning o� the solenoid. Di�erences in time o�sets betweenthe begin-

ning and the end of the run periods lead to signi�cant systematic uncertainties for

the previousmeasurements.
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Figure 6.2: The cathode foil is 
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(a)). The pressureof minimum bulge is taken from an averagefor all the planes(Fig.
(b)).
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A new time o�set calibration technique producesset dependent calibrations. The

newtechniqueusesthe decay positronsand is thereforeusingthe physicsdata directly.

The wire time o�set is determined with respect to the general time frame of the

event. This is done indirectly by measuringthe wire time o�set with respect to two

scintillators. The PU scintillator is usedfor the upstreamdecays and the downstream

scintillator for the downstreamdecays.

A wire time o�set is extracted from the rising edgeof the hit time distribution

with respect to the corresponding scintillator (Fig. 6.3). The hit time is correctedto

take into account the time of 
igh t of the decay positron from the drift plane to the

scintillator. This correction dependson the angle of the track, which is determined

with adequateprecisionby the �rst guessstageof the reconstruction. A �tting func-

tion composedof a Heaviside step function convoluted with a Gaussiandistribution

for the rising edgeand an exponential decay for the falling edgeextracts the midpoint

of the rising edge.The function is written as:

f (t) =
N

2� �
� exp

 
� 2

2� 2
�

t � k

�

!

� erfc

 
k � t + � 2

�p
2�

!

+ B (6.1)

with N the normalisation factor, k the edgeof the step function, � the relaxation

time of the exponential decay, � the width of the Gaussianconvoluted and B a 
at

background.

The calibration technique was validated using MC. The di�erence between the

input and the output is lessthan 1 ns. It is mostly due to the fact that the parameter

k in Eq. 6.1 is not exactly the middle of the rising edge. For this reasona constant

pedestalappearsbetween input and output time o�sets which is unimportant since

the helix �tter usesdrift times coming from time di�erences. The di�erence between

the data and the MC time wire o�sets is estimatedby observingthe di�erence of the

�t parameter� in the eq. (6.1) which represents the steepnessof the rising edge.The

mismatch of this parameter is lessthan 0.3 ns downstream and 0.5 ns upstream of

the target (Fig. 6.4). Thereforethe mismatch betweendata and MC of the wire time

o�sets is estimatedto be lessthan 0.5 ns over the entire spectrometer.

The relative calibration of the upstream and downstream halves of the detector

usesbeampositrons that traversethe wholedetector and thereforeleave hits in both

halves. Only the �v e central wires of each wire chamber are used becausebeam

positrons have very small transversemomenta. The upstream and downstream wire
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Figure 6.3: The averagerising edgeis extracted from a �t to the hit times on each
wire. The parameter k de�ning the position of the step function is the value of the
wire time o�set for this wire.
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time o�sets from the beampositrons are all measuredrelative to the DS scintillator.

In order to extract the asymmetry betweenthe two halvesof the detector, for each

wire the decay positron time o�set is subtracted from the beampositron time o�set.

The resulting di�erence contains the biasesfrom the two time o�set measurements on

both halvesplus the di�erence in time between the PU and the DS scintillators for

the upstream half. Similarly to the decay positron measurement, the beampositron

measurement was validated using MC (Fig. 6.5). The measuredasymmetry is equal

to (13 � 16)pswhich is consistent with zero. Therefore the input and the measured

asymmetry are consistent.

A possibleuncertainty in the asymmetry measurement originatesfrom the uncer-

tainty on the position of the PU and the DS scintillators usedfor the wire time o�set

measurement. The position of the scintillators is known to a precision of 0.5 cm.

The decay positrons travel more than 50 cm to reach the scintillators therefore the

fractional uncertainty on the distanceof 
igh t of the positrons is 0.01. The average

time of 
igh t is about 8 ns therefore the corresponding uncertainty is 80 ps. A con-

servative uncertainty of 100ps is assignedto the relative calibration of the upstream

and downstreamhalvesof the detector.
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Figure 6.5: The MC wire time o�set di�erences betweenthe decay positron and the
beam positron measurements are plotted versusthe DC plane number. Five wires
are usedfor each plane. The systematice�ects are due to a di�erent wire dependence
between the two wire time o�sets and should appear in both data and MC. The
parameterp1 represents the di�erence betweenupstreamand downstream.
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6.3 Drift chamber space time relationships

The Drift Chamber SpaceTime Relationships (DC STRs) are fundamental to the

decay positron track reconstructionusedto convert the drift time into a drift distance.

The previous TWIST analysesusedSTRs extracted from Gar�eld simulations [47].

TheseSTRs were the sourceof the leadingsystematicuncertainty for the previous�

measurement [17]). The analysispresented here usesSTRs derived from the decay

positron reconstruction.

The extraction of the STRs usesthe Gar�eld STRs asa starting point. The drift

volume around the wire, the cell, is divided into sub-cells. Decay positron tracks

are reconstructedusing the standard helix �tter. The time residualsof the hits in a

sub-cellare entered in a histogram. For each sub-cell the meanof the time residual

distribution is subtracted from the STRs usedfor the reconstruction. The new raw

STRs cannot be useddirectly becausethey are not smooth enoughto be physical. A

spline�t over the wholecell correctsthis problemand alsocreatesthe �nal STR table

with a much �ner granularit y. The completeprocedureis iterated until the average

time residual distributions have convergedto zero.

The STR tables include e�ects from the helix reconstruction algorithm. In order

to perform the helix �t, the algorithm must assigna position in u or v (depending

on the DC) and in z to each hit. A position on the drift time isochron is determined

by �nding the closestdistanceof approach to the wire (SeeFig. 3.8). The possible

positions on the isochron depend on the cos� of the track. For this reasonthe cell

occupancyis correlatedto the cos� reconstructione�ciency . In particular this creates

zonesin the cellswhereno hits are found due to the low reconstructione�ciency for

tracks with cos� closeto zero.

The STRs calibration procedurewas applied to experimental data and MC. This

allowed to include the helix reconstructionfeaturesfor both the real detector and the

MC. In particular the ionization of the gasin the DC cells is a discreteprocess.For

this reasonthe closestdistanceof approach usedin the helix �tter is only an approxi-

mation. Consequently the measuredSTRsarenot the real STRsof the chambersbut

instead e�ective STRs including the e�ects of this approximation. For the analysis

of the experimental data one STR table for each plane and for all the wires of the

plane is created. Theseplane dependent STRs take into account the imperfections

of the planesdue to their construction and the bulge of the cathode foils under the

di�erential pressurebetweenthe DCs and the cradle. Such imperfectionsdo not exist
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Figure 6.6: Isochrons of the STR tables from Gar�eld (in color gradient) and data-
driven. Only the isochrons from 10 ns to 260ns are displayed. The longestdrift time
in the cell is about 1000ns. The cathode foils are located at -0.185and 0.215cm in
z.

in the MC and consequently one STR table for all the planes and all the wires is

su�cien t.

The apparent di�erence betweenthe Gar�eld simulated and the data-drivenSTRs

tables is physically small (Fig. 6.6), but has a signi�cant e�ect on the helix recon-

struction (Fig. 6.7).

The previousanalysesuseda constant drift distanceresolution of 100 � m across

the whole cell. For this analysis a function describing the resolution with respect

to the drift distance was determined by improving the momentum reconstruction

resolution and bias in MC (Fig. 6.8). This drift distanceresolution corresponds to

an e�ective resolution including featuresfrom the helix �tter.

A changeof the density of the DC gasalters the drift velocity and therefore the

STRs. The relationshipbetweenthe density and the STRswasstudiedon the data set

75. The study showed that multiplying all the drift times by a scalingfactor function

of the density is su�cien t to correct for the density variations. The density correction

is applied on a run by run basisusing the slow control recordsof temperature and
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pressure.
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Chapter 7

Systematic uncertain ties and

corrections

The blind analysisschemeusedfor the measurement of the decay parameter� requires

that all the systematicuncertainties and correctionsbe evaluated prior to revealing

the hidden parametersof the MC. Noneof the systematicuncertainties or corrections

were modi�ed after the end of the blind analysis. For the entire analysisof � , the

parameter� was �xed in the spectrum �t. The systematicuncertainty for � from the

correlation with � is 0:12� 10� 5 and thereforewas dropped as too small to in
uence

the total uncertainty. The analysis of the parameter � was not blind becausethe

parameter used to generatethe MC decay positrons was not hidden. However all

the systematic uncertainties and correctionsof � were simply reevaluated by �tting

� along with the other three decay parameterswithout any other modi�cation. This

gives us con�dence that possiblehuman biaseswere greatly reducedalthough the

analysiswas not blind.

Most of the systematicuncertainties originate from a mismatch betweenthe MC

and the experimental apparatusor from the physicsof the MC. Theseuncertainties are

evaluated by purposelyexaggeratingthe mismatch in an MC simulation and measure

the changein decay parameterbetweenthis modi�ed MC set and a standard MC set.

The di�erence is the sensitivity of the decay parameter to this mismatch. The main

purposeof the exaggerationis for the sensitivity to be statistically well determined.

The ratio betweenthe exaggeratedmismatch and the estimation of the real mismatch

is called the scale factor. The sensitivity is scaleddown by the scalefactor in order

to provide the systematicuncertainty.
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Similarly a data set or an MC set can be analyzedwith one component of the

analysisexaggeratedto test the sensitivity to this component. The changein decay

parameter is then measuredbetween two di�erent analysesof the sameset. The

advantage of this technique is that the same events are �tted against each other

exceptfor the distortion from the exaggeratedanalysis. For this reasonthe statistical

uncertainty from the �t can be renormalizedto take into account the correlation by

a factor of

R =

s
� 2

dof
(7.1)

where dof is the number of degreesof freedomof the spectrum �t. In this chapter

the sensitivitieswill be presented with their statistical uncertainties renormalizedif it

appliesalong with the Statistical Uncertainty RenormalizationFactor (SURF) used.

The evaluation of the systematic uncertainties and the corrections will be ex-

plained in detail for the � parameter. Only the sensitivities are reevaluated and

presented for the � parameter. The method and thereforethe scalefactor and SURF

of each systematicuncertainty are identical for both parameters.The correctionsare

also simply reevaluated with the � parameter as a free parameter of the spectrum

�t. By following this procedure, the eta analysis was thus also not biased by our

expectations.

7.1 � systematic uncertain ties

All the systematic uncertainties presented in this section are global to all the data

sets. They are summarizedin Tab. 7.1.

7.1.1 Positron in teraction

Bremsstrahlung rate

As it is traversing the spectrometer, a decay positron can emit one or more pho-

tons which deceleratesthe positron. This emission,calledbremsstrahlung,a�ects the

momentum vector of the decay positron and thereforea�ects the momentum recon-

struction in two ways. First of all it can modify the momentum between the muon

decay vertex and the �rst DC encountered changing the momentum-angle spectrum

of the measuredtracks. Secondlythe changein momentum dueto the bremsstrahlung

can be large enoughto lead to the identi�cation of two independent tracks (before
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Systematicuncertainty Section Value (� 10� 4)
Positron in teraction 7.1.1

Bremsstrahlung 1.59
� ray 0.06
Outside material 0.13

Reconstruction resolution 7.1.2
Momentum 0.70
Angle 0.06

Momen tum calibration 7.1.3
Propagation model 1.08
End points �ts 0.54

Field map 7.1.4 0.06
Pulse width cut 7.1.5 0.04
Spectrometer alignmen t 7.1.6

Width scale(u and v) 0.10
Length scale(z) 0.34

Cham ber response 7.1.7
DC STRs 1.01
Cathode foil position 1.18
E�ciency asymmetry 0.70
Crosstalk 0.10
Wire time o�set wire dependence 0.11
Wire time o�set asymmetry 0.44

Radiativ e corrections 7.1.8 0.63
Total 2.85

Table 7.1: Systematicuncertainties of the decay parameter � . The uncertainties are
addedin quadrature.
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and after the bremsstrahlung,seeFig. 3.4) instead of one. In this casethe accuracy

of the track reconstruction is diminished due to the lower number of hits per track.

The bremsstrahlungand thereforethe corresponding e�ects on the reconstructionare

simulated in the MC. The accuracyof the simulated bremsstrahlungrate dependson

the accuracyof the GEANT3physics but also on the accuracyof the thicknessof the

cathode foil, the gasvolume and the target in the spectrometer.

The MC set441is identical to the nominal MC set474exceptthat the bremsstrah-

lung rate is a factor three higher. This allows for a measurement of the sensitivity of

the decay parametersto the bremsstrahlungrate. The � parameterdi�erence between

the sets441and 474 is (132:8 � 4:8) � 10� 4.

The scalefactor is evaluated by measuringthe bremsstrahlungrate in the data

sets and the MC sets. Events containing two reconstructed tracks from a single

decay positron, referred to as broken track events, are easily identi�ed and counted.

Although the photon from the bremsstrahlungis not measuredin the spectrometer,

its momentum can be extracted from the di�erence in momentum between the two

reconstructedtracks. The momentum of the photon is usedto determineif the broken

track is due to a bremsstrahlungor someother processes(Fig 7.1). The di�erence

betweendata and MC is given by the ratio of broken track events normalizedto the

number of muonsstopping in the target. The averageratio from all the data setsand

their corresponding MC sets is equal to 1:024� 0:004. The ratio between the MC

sets474and 441is equal to 2:82� 0:02. This ratio is di�erent from the exaggeration

factor of 3.0 becauseof saturation e�ects. In fact if too many bremsstrahlungare

emitted by one track, the track reconstruction algorithm cannot even identify two

independent tracks but instead reconstructsone or no track. As a consequenceless

bremsstrahlungevents are found in the MC with the exaggerationfactor of 3.0 than

expected. The scalefactor is

3:0 � 1:0
1:024� 1:0

= 83:3: (7.2)

Finally the systematic uncertainty for the bremsstrahlung is equal to 132:8 �

10� 4=83:3 = 1:59� 10� 4. Using the measured2.8 instead of the exaggerationfactor

3.0 for the scalefactor changesthe systematicuncertainty only by 0:2 � 10� 4 which

is not consideredsigni�cant.
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Figure 7.1: Number of broken track events versusthe momentum di�erence between
the two reconstructedtracks. The left hand side shows the nominal data set 74 and
MC set 474. The right side shows the MC sets 474 and 441. The bottom plots
correspond to the ratio of the two distributions above. This ratio is measuredfor
each comparisonin the momentum range(15 < p < 35) MeV/c.

� ray rate

The decay positron can knock out an electron from an orbital in an atom of the

material traversed. Similarly to the bremsstrahlung, this physics processcalled �

ray production must be simulated accurately in the MC to integrate the change in

decay positron momentum in the MC spectrum. Sincethe � ray production and the

bremsstrahlunghave similar e�ects on the track reconstruction, their corresponding

systematicuncertainties are evaluated in the sameway. The main di�erence is that

the higher energy tail of � rays can be reconstructedin the spectrometer. For this

reasonthe event topology usedto measurethe � ray production rate is composedof

two positively chargedtracks from the decay positron and a negatively chargedtrack



88

from the � ray.

The MC set440hasa � ray production rate three times the rate of the MC set474

but is otherwise identical to the nominal set. This exaggerationchangesthe decay

parameter� by (� 16:3� 4:9) � 10� 4. The di�erence in � ray production rate between

two sets is again given by the ratio (Fig 7.2). The averageratio from all the data

setsand their corresponding MC sets is equal to 1:007� 0:009. The ratio between

the MC sets474and 441is equal to 2:80� 0:04.

The systematicuncertainty is then

1:007� 1:0
3:0 � 1:0

� � 16:3 � 10� 4 = � 0:06� 10� 4: (7.3)

Outside material

Decay positrons can scatter on material outside of the spectrometer and eventually

enter back into the tracking region. The additional reconstructedtracks add confu-

sion to the reconstruction algorithm, which reducesits e�ciency and precision. The

probability of a backscatter dependson the momentum vector of the decay positron.

Thereforethe positron backscatter a�ects only parts of the spectrum which can lead

to a bias in the measurement of the decay parameters.

The data set 83 and its corresponding MC set 583 contain a downstream beam

package(Sec. 2.1.4). In order to evaluate the sensitivity to the positron backscatter,

the MC set 542wasgeneratedidentical to the MC set 583but without a downstream

beampackage. In this context the downstreambeampackageactsasan exaggeration

of the positron backscatter. The parameter � changesby (0:8 � 3:4) � 10� 4 between

the MC sets583and 542.

The scalefactor for this systematicuncertainty is evaluatedusingthe time of 
igh t

measuredby the PCs (Sec. 5.2.1). The di�erence in counts betweenthe distributions

of the time of 
igh t normalized to the number of muons stopping in the target,

represents the positron backscatter mismatch between two sets (Fig. 7.3). This

di�erence is measuredfor all the data sets and their corresponding MC sets. The

averagemismatch in backscatter is -612counts upstreamand 326counts downstream.

Upstream and downstream backscatters are evaluated separatelybecausefor all the

data sets,exceptfor set 83, there is the upstreambeampackageon the upstreamside

and only the hole in the yoke on the downstream side. The amount of downstream

backscatter is di�erent by 4525counts betweenthe MC sets583and 542. The scale
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Figure 7.2: Number of events with a broken positively charged track plus onenega-
tively chargedtrack versusthe momentum of the negatively chargedtrack. The left
hand side shows the nominal data set 74 and MC set 474. The right side shows the
MC sets 474 and 440. The bottom plots correspond to the ratio of the two distri-
butions above. This ratio is measuredfor each comparisonin the momentum range
(6 < p < 16) MeV/c.

factor is 4526=612 ' 7 for the upstream backscatter and 4526=326 ' 14 for the

downstreambackscatter.

The upstreamand downstreamsystematicuncertainties for the positron backscat-

ter are added in quadrature. The total uncertainty for the mismatch in outside ma-

terial is
p

(0:8=7)2 + (0:8=14)2 � 10� 4 = 0:13� 10� 4.

7.1.2 Reconstruction resolution

The reconstructionresolution in momentum and angleis part of the detector response

which modi�es the momentum-angle spectrum. In particular the momentum reso-
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Figure 7.3: PC time of 
igh t distributions for the MC sets542and 583, respectively
without and with downstream beam package. The di�erence between the two dis-
tributions is plotted in the bottom half. The integral of the di�erence is equal to
4526.

lution a�ects the kinematic end-point by modifying its shape. The data and MC

kinematic edgesare �tted against each other in the momentum calibration. A mis-

match betweenthe data and MC edgeshapeswould lead to a systematicbias in the

determination of the momentum calibration and thereforeto a systematicbias in the

decay parametermeasurement.

The data and MC detector responsesarestudied with the upstreamstopsanalysis

in which muonsare stopped far upstreamof the target and the decay positronstravel

through the entire detector (Sec. 5.5.2). The di�erence in momentum, � p, and in an-

gle, � � , betweenthe upstreamand downstreamtracks from the samedecay positron

are comparedbetweendata and MC. The distributions of � p and � � are sensitive to

the reconstruction resolution but also to other components of the spectrometersuch
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asthe target thickness.However our approach is to assignall the measureddi�erence

betweendata and MC to the resolution.

Distributions of � p and � � were extracted for various bins of 1=sin� and mo-

mentum. The resolution in momentum (angle) is given by the width � of a Gaussian

�t to a distribution of � p (� � ). The di�erence in resolution betweendata and MC

is calculatedsuch that:

� � =

8
><

>:

p
� 2

data � � 2
sim ; � data > � sim

�
p

� 2
sim � � 2

data ; � sim > � data :
(7.4)

The upstreamstopsanalysiswasperformedwith the silver and the aluminium targets,

and no signi�cant angular dependenceor momentum dependencewere found (Fig.

7.4). The constant mismatch in resolution over the entire spectrum was measured

and is summarizedTab. 7.2. The resolution mismatches for the aluminium target

are usedto evaluate the systematicuncertainty for all the data setsbecausethey are

the largest of the two targets.

Target � � Momentum [keV/c] � � Angle [mrad]
Silver -6.3 -0.07

Aluminium -11.5 1.1

Table 7.2: Di�erence in reconstruction resolution betweendata and MC calculated
accordingto Eq. (7.4).

The sensitivity to the resolution is evaluated by smearingthe track angleor mo-

mentum in the spectrum reconstruction. The momentum and anglesmearingareper-

formed separately. The track momentum is smearedby 58 keV/c which corresponds

to a scalefactor of �v e. The decay parameter� changedby (� 3:5� 1:9)� 10� 4 (SURF

of 0.30)thereforethe systematicuncertainty is (� 3:5=5)� 10� 4 = � 0:70� 10� 4. Simi-

larly the angleis smearedby 5.5mrad for the samescalefactor of �v e. The sensitivity

to the angleresolution is (0:6� 2:4)� 10� 4 (SURF of 0.38)which leadsto a systematic

uncertainty of (0:6=5) � 10� 4 = � 0:12� 10� 4.

7.1.3 Momen tum calibration

As described in Section 3.3.3, the momentum calibration proceduredeterminesthe

momentum mismatch betweendata and MC at the kinematic end-point. This mis-
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(a) Comparison of the momentum resolution for data and MC.
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(b) Comparison of the angle resolution for data and MC.

Figure 7.4: The upstreamstopsanalysisis usedto measurethe angleand the momen-
tum resolutionswith respect to the momentum and the angleof the positron track.
Theseresults are from silver target runs. Only the resolutionsin a momentum range
between30 and 35 MeV/c are shown.
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match is measuredfor bins of 1=cos� . The upstreamand downstream linear depen-

dencesare �tted and de�ned by the interceptsat 1=cos� = 0 referredto asthe o�sets

(bup and bdown ), and two slopesor angledependences(aup and adown ). Averagedover

all the sets,the two slopesare about 0 keV/c and the interceptsare about 10 keV/c.

Propagation model

The momentum mismatch is measuredonly at the kinematic end-point but is cor-

rected over the entire spectrum. The momentum dependenceof this calibration de-

pendson the sourceof the momentum mismatch betweendata and MC. For instance

a mismatch in solenoidmagnetic�eld strength leadsto a momentum mismatch which

dependslinearly on the momentum and is referredto asa scale. Another exampleis

a mismatch in target thicknesswhich translates into a constant shift of the momen-

tum with an angle dependencemeasuredby the slopesaup and adown . The o�set at

the end-point of 10 keV/c could not be attributed to a unique sourcetherefore the

propagation of the momentum mismatch is eventually a mixture of shift and scale.

For this reasonthe decay parameterswerecomputedfor the two extremecasesof

propagation which correspond to a pure shift with the form

pcorr ected = pr econstr ucted �
�

b�
a

j cos� j

�
; (7.5)

or a pure scale, given by

pcorr ected =
pr econstr ucted

1 + 1
We�

�
b� a

j cos� j

� ; (7.6)

where We� is the maximum energy for the positron. The averagevalues of the �

parameter using the shift and the scale propagationsare di�erent by 2:16 � 10� 4.

The midpoint between thesetwo extremesis usedas the central value for � so half

of the di�erence between shift and scale is used as uncertainty to cover the two

possibilities. The systematicuncertainty from the propagation model is 1:08� 10� 4.

End poin ts �ts

The momentum mismatch betweendata and MC is assumedto be linear with respect

to 1=cos� basedon geometrical considerations(Sec. 3.3.3). However the average

value of the reduced � 2 function (� 2=ndof ) for the upstream linear �t is equal to
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1.27. This indicates that the behavior of the mismatch is only linear in �rst order.

The reduced� 2 for the downstream end-point is consistent with one becauseof the

larger statistical uncertainties which reducethe sensitivity to any non-linearbehavior.

To take into account this non-linearity and to reduce the upstream reduced� 2

to be one, one has to add in quadrature an uncertainty of 1.6 keV/c to the statis-

tical uncertainty of the momentum mismatch at each 1=cos� bin. The systematic

uncertainty is evaluated in a conservative way �rst of all by applying this 1.6 keV/c

uncertainty to both the upstream and the downstream half of the spectrum. Sec-

ondly this additional 1.6 keV/c uncertainty to the parametersbup and bdown is then

propagatedto the decay parameters.The decay parameter � changesby 0:54� 10� 4

which is the value usedas the systematicuncertainty.

7.1.4 Field map

The accuracyof the momentum reconstruction reliesdirectly on the accuracyof the

solenoid�eld map. The solenoidmagnetic �eld was scannedin 2002using a custom

built apparatus. Seven Hall probesmeasuredthe z component of the �eld while an

NMR probe measuredthe total �eld. Multiple maps were measuredwith various

conditions, in particular at the di�erent �eld strengthsof 1.96T, 2.00T and 2.04T.

The �eld was measuredevery 2.5 cm or 5 cm longitudinally, depending on the map.

Thesemapsare not �ne enoughto provide an accuratetrack reconstruction.

An OPERA[30] simulation modelling the solenoidand the magnetic parts of the

apparatusprovided a moredetailed �eld map. This simulation wastuned to improve

the agreement between the OPERA�eld map and the measuredmap. The match

betweenmeasuredand simulated mapsis better than 0.2 mT in the tracking region.

In order to evaluate the systematicuncertainty, the di�erence betweenthe mea-

suredand the simulated mapsis parametrizedby

� Bz = C2z2 + C3z3 + Cr r: (7.7)

A modi�ed OPERAmap including this parametrization is �tted to the measuredmaps

in order to extract the parametersC2, C3 and Cr [48]. The �t results for the three

�eld strengths are summarizedin Tab. 7.3.

The sensitivity of � is evaluated using a 2 T magnetic �eld map including the

parametrized di�erence � Bz multiplied by 20. The radial component B r was also
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Parameter 2:0T 1:96T 2:04T
C2 (� 10� 8 T/cm 2) � 1:7 � 0:4 +11:4 � 0:3 � 19:7 � 0:5
C3 (� 10� 10 T/cm 3) � 7:8 � 0:9 +2:0 � 0:5 � 2:2 � 0:7
Cr (� 10� 6 T/cm) � 8:3 � 0:3 � 1:1 � 0:6 � 2:8 � 0:9

Table 7.3: Fit parameters measuring the di�erence between the OPERAand the
measuredmagnetic �eld mapsusing Eq. (7.7). The mapsare di�erent depending on
the �eld strength.

modi�ed accordingto

� B r = �
�

C2r z +
3
2

C3z2r
�

(7.8)

to satisfy Maxwell's equation r � � ~B = 0. The data set 84 was reanalyzedwith this

modi�ed map. The decay parameter� changedby (1:2 � 1:1) � 10� 4 (SURF of 0.18)

between the nominal analysis and this new analysis. In this evaluation the scale

factor is simply the exaggerationfactor 20. Therefore the systematic uncertainty is

0:06� 10� 4 for the data setstaken with a 2.0 T magnetic �eld.

The data sets70and 71weretaken with the magnetic�eld strength at 1.96T and

2.04T, respectively. The parametersC2, C3 and Cr for thesetwo mapsare di�erent

by an order of magnitude from the parametersof the 2.0 T map. The systematic

uncertainties for the 1.96 T and 2.04 T maps can be evaluated by scaling by an

order of magnitude the uncertainty of the 2.0 T map. This leads to a systematic

uncertainty of 0:6 � 10� 4 on the individual sets70 and 71 which is small compareto

their statistical uncertainties of 5 � 10� 4. Furthermore the parametersC2, C3 and

Cr have opposite signs therefore the systematic biasesfrom the two setseventually

cancelout when the parameters� is averagedout over all the data sets. For this

reasononly the 2.0 T systematic uncertainty is consideredin the total systematic

uncertainty.

7.1.5 Pulse width cut

The pulsewidth cut removesfrom the analysisthe muons stopping in the PC 6 and

not in the target (Sec. 4.2) modifying the muon stopping distribution in z. This

a�ects the decay parametersin particular by changing the momentum calibration.

The MC must reproducethis modi�cation to prevent a bias in the decay parameters.

This is tested by measuring the change in � for two complete analyseswith and
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without pulsewidth cut over all the sets. This meansthat the cut is turned on or o�

for the data and the MC sets. The � parameterchangedby 0:04� 10� 4. This entire

di�erence is taken as a systematicuncertainty.

7.1.6 Spectrometer alignmen t

There are two types of misalignment to consideras a sourceof uncertainty for the

decay parametersmeasurement. First of all the DCs and their wirescanbe randomly

misaligned becauseof an inaccuracy in the alignment procedure (Sec. D.1). This

a�ects randomly the hit positionsalongthe tracks which degradesthe reconstruction

resolution. Therefore the systematic uncertainty from the reconstruction resolution

already includesthe uncertainty from a random misalignment in the spectrometer.

The other type of misalignment is for example if the DCs are o�set in u or v

linearly with respect to z leading to a \shear". Similarly the DCs can be rotated

around the z axis in a \corkscrew" e�ect. These two possibilities were studied in

the previousanalysisof � [37] and the systematicuncertainties were found to be less

than 0:1� 10� 4. For this reasonthey werenot reevaluated for this analysis. Similarly

the misalignment of the magnetic �eld map and the spectrometer was previously

evaluated and found to be very small.

The length scale(z) of the spectrometer,usedto measurethe longitudinal compo-

nent of the helices,hasa precisionof 50 � m over the 1 m [23]. This correspondsto a

fractional uncertainty of 5:0 � 10� 5. A data set was reanalyzedwith the longitudinal

momentum modi�ed by a fractional changeof 1� 10� 3 in order to simulate the e�ect

of the length scaleuncertainty with an exaggerationfactor of 20. The � parameter

changedby (6:7� 0:8)� 10� 4 (SURF of 0.20)and thereforethe systematicuncertainty

is � 0:34� 10� 4.

Similarly the width scale(u and v) a�ects the determination of the transverse

momentum of the decay positron. The wiresin the DCswerepositionedwith precision

better than 5 � m over the 32 cm of the tracking region. This corresponds to a

fractional uncertainty of 2 � 10� 5. This uncertainty was exaggeratedby a factor

50 in an analysiswhere a fractional changeof 1 � 10� 3 was made to the transverse

momentum of the reconstructedhelices.The � parameterchangedby (5:0� 0:8)� 10� 4

(SURF of 0.19) which leadsto a systematicuncertainty of � 0:10� 10� 4.
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7.1.7 Cham ber response

DC STRs

The accuracyof the helix reconstructiondependson the accuracyof the SpaceTime

Relations (STRs). For this �nal analysis the STRs were measuredfrom the same

decay positron tracks usedfor the measurement of the decay parameters(Sec. 6.3).

This STRs measurement technique is applied on both data and MC to ensurethat

the impact on the analysisof theseSTRs cancelsout at the extraction of the decay

parameters. However di�erences betweenthe data and the MC STRs remain. They

are evaluated by the time residuals(Tres) from the helix �tter.

The sensitivity to a mismatch in STRs is measuredby creating MC STRs con-

taining the di�erence in Tresbetweendata and MC STRs.

1. 44 �T res are created by taking the di�erence between the data and the MC

Tres.

2. The 44 �T resare �tted with a �fth order polynomial function to guarantee the

smoothnessof the STRs createdin the next step.

3. 44 STR tables are createdby adding the 44 polynomial functions exaggerated

by a factor of ten to 44 duplicatesof the MC STRs(sinceoneSTR table is used

for all the planesin the standard MC analysis).

4. The MC set 584 is reanalyzedwith thesenew STRs.

The sensitivity of � to the STRs changessigni�cantly if the propagation model

for the momentum calibration is a shift or a scale (Sec. 7.1.3). For this reasonthe

sensitivities from both modelsare averagedout and the total sensitivity is (� 13:7 �

15:8)=2 � 10� 4 = � 14:75� 10� 4.

The reconstructionresolutionat the kinematic end-point is very di�erent between

the standardand theseexaggerated-STRanalysesof the MC set584. This shows that

the STRsareonepossiblesourceof mismatch in the reconstructionresolutionbetween

data andMC. The systematice�ects of this mismatch, in particular on the momentum

calibration at the end-point, are included in the sensitivities to the STRs. However

the systematic uncertainty from the reconstruction resolution mismatch is already

evaluated independently (Sec. 7.1.2). The systematice�ect from the resolution must

besubtractedfrom the sensitivitiesevaluated in this sectionto avoid double-counting.
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Figure 7.5: The time residuals(Tres) are shown for only half of the drift cell in a
DC becausethe STRs are re
ected about uv = 0. The di�erences between the 44
data STRs (one per plane) and the global MC STRs (one commonto all the planes)
de�ne 44 �T res.

In order to evaluate the amount by which the resolution contributes to the STRs

sensitivity, onemust measurethe reconstruction resolution. This is doneat the end-

point where the shape of the spectrum is well known. The kinematic edgeis �tted

using an analytical function in which oneof the �t parametersis the resolution (this

�tting technique was usedin the previousmeasurement as a momentum calibration

technique[32]). Secondlythe sensitivity of the reconstructionresolutionis reevaluated

with respect to the end-point resolution. The momentum is smearedin the spectrum

reconstruction by 20, 40, 58 and 80 keV/c and the end-point resolution is measured

for each smearing(Fig. 7.6). The end-point resolution of 77 keV/c for the reanalysis

of the set 584 leadsto a contribution to the sensitivity of � 4:74� 10� 4.
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Figure 7.6: Contribution of the resolution to the � sensitivity to the STRsversusthe
resolution measuredat the kinematic end-point. The dashedlines correspond to the
resolution of the exaggeratedanalysisof the MC set 584.

Finally the sensitivity is scaleddown by the exaggerationfactor of ten. The

systematicuncertainty for the DC STRs is

� 14:75+ 4:74

10
� 104 = 1:01� 10� 4 (7.9)

Catho de foil position

In the apparatus there are two di�erent sourcesof uncertainty on the foil position.

First of all there is an uncertainty due to the foil bulge from the di�erential pressure

between the wire chambers and the cradle gas. The permanent foil bulge was (-

60� 22)� m (average)during the 2006run period, and (8� 22)� m during 2007(Sec.

6.1). The secondsourceof uncertainty comesfrom the construction of the chambers

and was estimated to be 100 � m on average[49][50].

The position of the cathode foil a�ects the STRs of a chamber by changing the

distancebetweenthe foil and the wire, modifying the electric �eld. Sincethe STRs

are measuredindependently for each chamber, this e�ect is taken into account in the

analysis. On the other hand a mismatch in cathode foil position betweendata and

MC alsomeansa mismatch in the sizethe drift cells. A DC with smaller(bigger) drift

cells has a lower (higher) hit e�ciency . In particular a decay positron can miss the

corner of a drift cell if this cell has a reducedsize. This has a direct impact notably
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on the resolution of the right-left ambiguity in the helix �tter (Sec. 3.2.5).

The sensitivity of the � parameter to the cathode foil position uncertainty was

evaluated on MC by generatinga simulation with cathode foils moved inward of the

chambers by 500 � m. The �t of this MC set against the corresponding nominal

MC set givesa sensitivity of (5:9 � 4:4) � 10� 4. The cathode foils cannot be moved

outward of the chambers becausethe STRs are de�ned only within the nominal

drift cell. In this modi�ed MC set the hit e�ciency is reduced for all the planes

but in reality certain drift cells are larger in data than they are in MC. Therefore

this sensitivity measurement is an overestimate. For this reason the cathode foil

position uncertainties from the bulge and the chamber construction are not addedin

quadraturebut insteadonly the largestuncertainty of 100� m is considered.The scale

factor is (500=100)= 5 and the systematicuncertainty for � is equalto 5:9=5� 10� 4 =

� 1:18� 10� 4.

Upstream-do wnstream e�ciency asymmetry

The track reconstruction e�ciency is an important element of the detector response

and therefore a match between data and MC is crucial. The measurement of the

reconstruction e�ciency is performed on upstream stops data (more details in Sec.

5.5.2). The di�erence in e�ciency between data and MC is calculated in bins of

momentum and angle. This provides the momentum and angle dependenciesof the

e�ciency di�erence which is then usedto evaluate the systematic uncertainty (Fig.

7.7).

The results for the silver and for the aluminium target are very similar (Tab. 7.4).

The reconstruction e�ciency do not appear to depend on the track momentum and

for this reasonthe slope is �xed to zero.

The sensitivity is evaluatedby modifying a spectrum accordingto the di�erence in

e�ciency betweendata and MC. First of all the di�erence in e�ciency is multiplied

by a factor ten. The bin contents of a data spectrum are then multiplied by the

exaggerateddi�erence in e�ciency . This modi�ed spectrum is �tted against the

original spectrum. This is done for silver and aluminium but also for the angle and

the momentum contributions independently. The constant momentum contribution

is subtracted from the anglecontribution prior to the evaluation of the sensitivity in

order to avoid double-counting. The sensitivities are summarizedin Tab. 7.5.

The averageof the silver and aluminium sensitivities is scaleddown by the scale
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Figure 7.7: Pro�le plots of the di�erence betweenthe track reconstructione�ciencies
in data and MC for the silver target.

factor of ten. The angleand momentum contributions are addedin quadrature. The

systematicuncertainty is equal to � 0:70� 10� 4.

Crosstalk

The crosstalk signal in the apparatus is removed in the analysis (Sec. 3.2.2). On

the other hand there is no crosstalk signal in MC. This di�erence could eventually

lead to a systematicbias betweendata and MC. The sensitivity of the � parameteris

evaluated by turning o� the crosstalkremoval in the analysisof the data set 84. The

spectrum from this analysisis �tted against the standard analysisof set 84 with the

crosstalk removal active.

The e�ciency of the crosstalk removal could not be evaluated directly. For this

reasonthe entire di�erence � � = (0:10� 1:27)� 10� 4 (SURF of 0.19) is consideredto

be an upper limit and is usedasthe systematicuncertainty from the crosstalksignal.
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Silver
Upstream Downstream

Angle
slope (� 5:9 � 2:0) � 10� 4 (� 7:1 � 2:5) � 10� 4

Intercept 4:6 � 1:5 4:6 � 1:8
Momentum intercept (0:30� 0:20) � 10� 4 (� 0:58� 0:25) � 10� 4

Aluminium
Upstream Downstream

Angle
Slope (� 6:4 � 2:3) � 10� 4 (� 5:3 � 2:8) � 10� 4

Intercept 5:1 � 1:7 3:5 � 2:1
Momentum intercept (0:36� 0:23) � 10� 4 (� 0:30� 0:28) � 10� 4

Table 7.4: The e�ciency di�erence versusmomentum and angle are �tted indepen-
dently. The slope is �xed to zero for the momentum dependence.

Silver Aluminium Average
Angle contribution � 2:63� 0:07 � 1:21� 0:06 � 1:92� 0:09

Momentum contribution 8:74� 0:00 5:82� 0:00 7:28� 0:00

Table 7.5: Sensitivities of the � parameter to the track reconstruction e�ciency , in
units of 10� 4. The angleand momentum dependenceof the e�ciency are evaluated
separately. The SURF of 0.02 for the angleand 10� 10� 4 were applied here.

Wire time o�sets

The wire time o�sets aremeasuredfrom the decay positron tracks on a setby setbasis

(Sec. 6.2). This prevents any uncertainty from a changein the time o�sets because

of changingexperimental conditions. The systematicuncertainty from the wire time

o�sets comesfrom the accuracyof the procedureusedto measurethem. The true wire

time o�sets are known in MC. The measuredand MC input o�sets are comparedand

the di�erence betweenthe two de�nes the wire dependent accuracyof the procedure

(Fig. 7.8). As shown in Sec.6.2, the � coe�cien t describingthe wire time o�set line

shapesis di�erent by lessthan 0.5 ns over the entire spectrometerbetweendata and

MC. This guaranteesthat the accuracyof the measurement procedureis not di�erent

by more than 0.5 ns between data and MC. For this reasonthe di�erence between

input and measuredo�sets in MC canbe usedto estimatethe systematicuncertainty.

A set of wire time o�sets wascreatedby multiplying the di�erence betweeninput

and measuredo�sets seenin Fig. 7.8 by a factor of ten. This corresponds to an

exaggerationof the inaccuracyof the o�set measurement procedure.An MC set was
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Figure 7.8: Di�erence betweenthe input and the measuredwire time o�sets in MC.

reanalyzedwith thesenew wire time o�sets. The momentum-angle spectrum from

this analysiswas �tted against the standard analysisof this set. The di�erence in

the decay parameter� is equal to (1:1� 0:9) � 10� 4 (SURF of 0.15). The scalefactor

corresponds to the exaggerationfactor of ten thereforethe systematicuncertainty is

(1:1=10) � 10� 4 = � 0:11� 10� 4.

Beam positrons are used for a relative calibration of the wire time o�sets up-

stream and downstream becausethey traversethe entire detector. This calibration

is performedafter the individual wire time o�sets have beendeterminedtherefore it

requiresa separatesystematicuncertainty. An uncertainty of 100ps comesfrom the

uncertainty on the position of the scintillators usedfor the wire time o�set measure-

ment (Sec. 6.2). An MC set was reanalyzedusing a set of wire time o�sets with the

downstream o�sets shifted by 10 ns which givesa scalefactor of 100. The � param-

eter is di�erent by (� 44:3 � 0:4) � 10� 4 (SURF of 0.07) betweenthis reanalysisand

the standard analysis. The systematicuncertainty of the detector asymmetry is then

equal to � 0:44� 10� 4.

7.1.8 Radiativ e corrections

The generation of the decay positrons samples(using hidden parameters) for the

MC include the following radiative corrections: full �rst order, O(� 2L2), O(� 2L)
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and O(� 3L3) where L = ln(m2
� =m2

e). The term O(� 2) was evaluated by numerical

integration over a momentum range(and over all angles)covering the TWIST �ducial

region [51]. This numerical integration shows that in this region the O(� 2) term has

a similar shape, �v e times smaller than the O(� 2L) term. For this reasonwe use

the O(� 2L) term to evaluate the systematicuncertainty for the absenceof the O(� 2)

term.

The following stepsprovide the sensitivity to the O(� 2):

1. A spectrum of pure radiative correction (RC) of order O(� 2L) is produced.

2. The spectrum RC is normalizedand addedto the MC set 447 to createa new

spectrum (447+RC).

3. The spectrum 447+RC is �tted against the MC set 447.

The decay parameter � changesby (� 3:50 � 0:05) � 10� 4 (SURF of 0.01). The

scalefactor is given by 5 � 1:11 = 5:55 where 5 is the relative size of the O(� 2L)

term and the O(� 2) term, and 1.11 is the ratio of counts between the two spectra

447and 447+RC. The systematicuncertainty for the missingradiative correctionsis

(� 3:50=5:55) � 10� 4 = � 0:63� 10� 4.

7.2 � statistical uncertain ties

The statistical uncertainty of the decay parameterson individual sets is calculated

by the MINUITalgorithm of the spectrum �t.

The momentum calibration and the decay parameter �t usetwo di�erent regions

of the momentum-angle spectrum. The former is performed on the kinematic end-

point with momenta greater than 52.3 MeV/c. The decay parametersare extracted

from the �ducial region located below 52.0 MeV/c. Therefore the two procedures

usedi�erent events and are statistically independent. For this reasonthe statistical

uncertainty from the measurement of the momentum calibration parameters (aup,

bup,adown , bdown ) must be propagatedto the decay parameters.

This propagation is performed using a sensitivity matrix. The elements of this

matrix arecalculatedby applying a momentum calibration with oneof the calibration

parametersat 100keV/c andby �tting this calibratedsetto the samesetuncalibrated.

The changein decay parameter is scaleddown by 100 to obtain the sensitivity to a
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Data set Statistical uncertainties (� 10� 4) Corrections(� 10� 4)
momentum calibration applied

Spectrum �t Momentum calibration as a shift as a scale
68 6.18 0.44 -0.50 -0.49
70 5.10 0.36 -0.45 -0.44
71 5.36 0.38 -0.46 -0.45
72 5.22 0.37 -0.41 -0.40
74 6.09 0.44 -0.53 -0.51
75 5.19 0.37 -0.43 -0.42
76 5.70 0.40 -0.48 -0.47
83 5.32 0.37 -0.39 -0.38
84 5.58 0.39 -0.42 -0.41
86 5.07 0.35 -0.31 -0.30
87 5.47 0.39 -0.41 -0.40
91 10.46 0.86 -0.50 -0.48
92 9.03 0.69 -0.52 -0.51
93 7.37 0.54 -0.48 -0.37

Table7.6: Statistical uncertainties and correctionsfor the decay parameter� for each
data set.

changeof 1 keV/c of the calibration parameter. The correlation matrix betweenthe

calibration parametersis also required for the propagation of the uncertainty.

The spectrum �t uncertainties and the propagateduncertainties from the momen-

tum calibration are summarizedin the Tab. 7.6. Theseuncertainties are added in

quadrature for each set.

7.3 Corrections to the � parameter

A consistencycheck on the spectrum �tter and the momentum calibration showed

that both algorithms aresensitive to the ratio of the number of events in the data and

the MC spectra. This bias is attributed to the fact that the probability distribution

of a bin content in a spectrum is a di�erence of Poissondistributions which is not

symmetric.

The residualscalculated in the � 2 function take the di�erence betweeneach bin

in the data and MC spectra. In the situation where data and MC spectra have

the samenumber of events, the di�erence of the two identical asymmetric Poisson

distributions of the two bins leads to a symmetric probability distribution for the
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residuals. However all the MC sets contain more events than their corresponding

data set in order to reducethe statistical uncertainty of the decay parameters. This

createsan asymmetricdistribution for the residualsand a bias in the � 2 minimization

which is usedby the spectrum �tter and the momentum calibration.

The biasesof the two algorithms were evaluated with the sametechnique, indi-

vidually on each pair of data and MC sets. The MC set was divided into subsets

containing a number of events matching the data set. Each subsetwas �tted against

the data set and the resulting �t parameterswere averagedbecausethese �ts are

performedon equal numbers of data and MC events and they thereforedo not have

the bias. For each parameter, the di�erence between the subsetsaverageand the

results using the whole MC set corresponds to the bias.

The measuredbiasesfor the spectrum �tter vary from set to set between0.0 and

� 0:25 � 10� 4 with an averageof � 0:05 � 10� 4. The averagebias was correctedon

the �nal result of � rather than on a set by set basisbecauseof the small sizeof the

correction. The bias on the momentum calibration parameterswas propagated to

the decay parametersusing the sensitivity matricesalreadyevaluated for the statistic

uncertainties. Sincethis propagation dependson the way the momentum calibration

is applied to the spectrum, the corrections for both shift and scale were calculated

(Tab. 7.6).

The validit y of the measuredbiaseswas veri�ed using other measurement tech-

niqueswhich are not presented here. The uncertainties of the correctionsof the spec-

trum �t and the momentum calibration are lessthan 0:2 � 10� 4 and wereconsidered

too small to be included in the systematicuncertainties table.

7.4 � uncertain ties and corrections

The systematicuncertainties for the measurement of the � parameteraresummarized

in Tab. 7.7. The statistical uncertainties and correctionsaresummarizedin Tab. 7.8.

The � sensitivities are calculated by �tting the samespectra usedfor the � sen-

sitivities with all four parametersfree. Those sensitivities included in Tab. 7.7 are

su�cien t to recalculatethe uncertainties from their descriptionsfor the � parameter

in Sec.7.1. The systematicuncertainties for the propagationmodel of the momentum

calibration and the pulse width cut usedthe sameanalysesas the evaluation for � .

Theseanalysesweresimply re�tted with � as an additional �t parameter.

A new matrix propagating the momentum calibration parametersto the decay
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Systematicuncertainty Section Sensitivity (� 10� 3) Value (� 10� 3)
Positron in teraction 7.1.1

Bremsstrahlung 441:61� 49:57 5.32
� ray � 64:80� 49:44 0.23
Outside material 50:08� 34:68 7.15

Reconstruction resolution 7.1.2
Momentum 8:83� 19:37 1.77
Angle 7:32� 24:53 1.46

Momen tum calibration 7.1.3
Propagation model 1.69
End points �ts 2.39

Field map 7.1.4 � 69:19� 11:67 3.46
Pulse width cut 7.1.5 10.60
Spectrometer alignmen t 7.1.6

Width scale(u and v) 31:97� 8:12 0.64
Length scale(z) 74:84� 8:54 3.74

Cham ber response 7.1.7
DC STRs 6.00
Cathode foil position 59:28� 44:83 11.86
E�ciency asymmetry 17:69� 4:50 1.77
Crosstalk 11:71� 12:35 11.71
Wire time o�set wire dep. 2:42� 8:52 2.42
Wire time o�set asymmetry 2:75� 3:90 0.03

Radiativ e corrections 7.1.8 � 17:20� 0:55 3.09
Total 23.76

Table 7.7: Systematicuncertainties of the decay parameter � .
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Data set Stat. uncertainties (� 10� 3) Corrections(� 10� 3)
Spectrum Momentum Spectrum Momentum calib. applied

�t calibration �t as a shift as a scale
68 62.54 0.79 4.52 4.83 -1.47
70 51.52 0.71 1.91 3.08 -0.94
71 54.25 0.68 1.95 3.42 -1.00
72 52.93 0.68 1.58 3.14 -0.95
74 61.57 0.82 3.24 6.19 -1.89
75 52.51 0.65 2.12 3.12 -0.94
76 57.48 0.74 2.28 4.66 -1.46
83 53.79 0.77 1.09 3.05 -0.94
84 56.35 0.80 0.02 3.41 -1.01
86 51.08 0.71 1.06 0.81 -0.24
87 55.39 0.70 1.38 3.31 -1.00
91 105.93 1.64 7.40 5.22 -1.57
92 91.20 1.23 5.48 7.60 -2.22
93 74.33 0.89 2.87 4.01 -1.19

Table7.8: Statistical uncertainties and correctionsfor the decay parameter� for each
data set.

parameterswas calculated to include � ; it was usedto calculate the end points �ts

uncertainty, the statistical uncertainties and the correctionsof the momentum cali-

bration statistical bias. The spectrum �t correction is applied on a set by set basis

for � becauseits sizeis similar to the sizeof the momentum calibration correction.
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Chapter 8

Results and conclusion

8.1 Results of the measuremen t of �

The three decay parameters� , � and P� � weremeasuredsimultaneouslyhowever only

� is presented here. The results for � and P� � can be found respectively in [29] and

[31].

8.1.1 Blind analysis results

The data setsareindependent measurements of the decay parametersand their results

are averagedout. The weight of the individual setsis set accordingto the statistical

uncertainties summarizedin Tab. 7.6. The correctionswerealsoapplied prior to the

extraction of the average.

As described in Section7.1.3, the reconstruction of the spectrum was performed

twice using shift or scale as propagation models for the momentum calibration. The

�nal valueof � is the averageof the results from thesetwo analyses(Tab. 8.1and Fig.

8.1). The correction of � 0:05� 10� 4 from the spectrum �t bias due to the unequal

number of events in data and MC is addedto the �nal value.

The result of the blind analysisis:

� � =
�

51:34� 1:57(stat.) � 2:85(syst.)
�

� 10� 4: (8.1)

Once the collaboration agreedon the end of the blind analysis,the hidden value
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� � (� 10� 4) Statistical uncertainties
momentum calibration applied (� 10� 4)

Data set asa shift as a scale
68 43.46 41.49 6.20
70 59.34 57.09 5.11
71 58.70 56.99 5.37
72 44.72 42.87 5.23
74 56.78 54.69 6.11
75 56.42 54.82 5.20
76 47.67 45.48 5.71
83 44.95 42.31 5.33
84 52.15 49.51 5.59
86 59.95 57.59 5.08
87 47.52 45.29 5.48
91 38.11 35.96 10.50
92 56.03 53.24 9.06
93 61.31 58.92 7.39

Weighted average 52.47 50.30 1.57

Table8.1: Di�erence betweendata andMC, � � , for each data setand for the weighted
average.The statistical uncertainties correspond to the quadratic sumof the spectrum
�t and the momentum calibration uncertainties (Tab. 7.6). Both analysesuse the
samedata so their statistical uncertainties are the same.

of � was revealedon the 29th of January 2010as:

� hidden = 0:74559 (8.2)

Finally the result for the measurement of � is the addition of the blind analysis

and the hidden valueswhich gives:

� = 0:75072� 0:00016(stat.)� 0:00028(syst.): (8.3)

This result is consistent with the previous measurements of TWIST [16][17](See

Sec.1.4.1) and the measurement prior to TWIST by B. Balke et al. [15] as shown in

Fig. 8.2. This measurement is morepreciseby a factor of 11.5than the measurement

by Balke and therefore it achieves the original goal of the collaboration of an order

of magnitude improvement. The Standard Model prediction of 0.75 is 2.2 standard

deviations away from our measurement.
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(a) Di�erence betweendata and MC for the analysisusing the shift asthe momentum
calibration propagation model.
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(b) Di�erence betweendata and MC for the analysisusing the scaleasthe momentum
calibration propagation model.

Figure 8.1: The di�erence � � is measuredseparately for the shift and the scale
propagation model and the average of the two analysesis the result of the blind
analysis.

Final Measurement
MacDonald, '08
Gaponenko, '05

Balke, '88

0.7450 0.7475 0.7500 0.7525

dTWIST

Figure 8.2: Comparisonbetweenthe di�erent measurements of the parameter � . All
the measurements are lessthan onestandard deviation from oneanother.
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Data set MC input Di�erence betweenMC input Measured� �
and blind analysisresults

74 (silver) 0.746542 0.00418 0:00454� 0:00061
74 (silver) 0.750665 -0.00005 0:00028� 0:00061

84 (aluminium) 0.750665 -0.00005 0:00027� 0:00056

Table 8.2: The data setsare �tted against a corresponding MC set generatedusing
known decay parametersto verify that the measured� � do not depend on the MC
input parameters.The results are consistent with the absenceof bias.

8.1.2 Consistency test

The analysisprocedureincludesonly oneconsistencytest after the hidden parameter

has been revealed. This test veri�es that the results do not depend on the value

of the hidden parameters. New MC sets were generatedusing random parameters

and parametersequal to the blind analysis results. The measuredvalues of � are

consistent with the input (Tab. 8.2). The test was performedon both targets.

8.1.3 P� � � =� inconsistency

The di�erential decay rate at the kinematic end point and in the direction opposite

to the muon polarization can be written such that:

d2�
dx dcos�

/
�

1 �
P� � �

�

�
: (8.4)

Sincethe di�erential decay rate is positivede�nite, the combination P� � �
� is necessarily

smaller or equal to one.

The blind analysis presented here provides a simultaneous measurement of the

parameters� , � and P� � thereforeit is possibleto calculate the value of their combi-

nation. The result1 from the blind analysisis:

P� � �
�

= 1:00192+0 :00167
� 0:00066 (8.5)

This measurement is 2.9standarddeviationsabovethe limit of one. This may indicate

1The asymmetric uncertainty comesfrom the asymmetric uncertainties from the measurement of
P� � [31]. The correlations betweenthe parametersare an important contribution to the uncertainty
on P � � �

� .
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Coupling constants pre-TWIST Gagliardi[12] Preliminary results Improvement
jgS

RR j < 0:066 < 0:067 < 0:031 � 2.1
jgS

LR j < 0:125 < 0:088 < 0:041 � 3.0
jgV

RR j < 0:033 < 0:034 < 0:015 � 2.2
jgV

LR j < 0:066 < 0:036 < 0:018 � 3.7
jgT

LR j < 0:036 < 0:025 < 0:012 � 3.0

Table 8.3: New global analysisresults comparedto the results prior to TWIST. The
publish global analysiswhich usedthe initial TWIST results are alsoshown.

a problem in the blind analysis. At the time of writing this thesis, the problem

has not been identi�ed and this inconsistency is being investigated. The results

and theoretical implications presented here correspond to the blind analysis. The

central valuesor the systematicuncertainties of the �nal measurement of the decay

parametersmay changedepending on the results of this investigation.

8.1.4 New global analysis

The global analysisdescribed in Section 1.3.1 was performed using the newly mea-

sured decay parameters� , � and P� � . The results available are still preliminary at

the time of writing this thesis. The new decay parametersprovide constraints mostly

on the right-handed muon decays and for this reasonthe other results of the global

analysisare not presented here.

The parametersof the global analysisQ�� (Eq. (1.13)) represents the total prob-

abilities for a � -handed muon to decay into a � -handed positron. Therefore the

parameterQ�
R de�ned by:

Q�
R = QRR + QLR (8.6)

represents the probability for a right-handed muon to decay through any type of

interaction. The global analysisprovides a limit at a 90%con�dence level of:

Q�
R < 5:8 � 10� 4 (8.7)

Limits on the individual coupling constants are also extracted from the analysis

and comparedto the results prior to TWIST in Tab. 8.3.

Besidesthe coupling constants, the global analysisprovidesnewcentral valuesfor

the decay parameters. This is particularly interesting for the parameterssuch as �
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which are di�cult to measureat high precision. This new global analysisgivesa new

value of � = � 0:0033� 0:0046.

8.1.5 Limit on non-lo cal tensor in teractions

The relative strength of a potential non-local tensor interaction (Sec. 1.3.2) is evalu-

ated using the relation:

� �
3

4
(1 � 6jgT

RR j2): (8.8)

The couplingconstant gT
RR is de�ned only if � � 0:75. The measuredvalueof � in Eq.

(8.3) is 2.2 standard deviations above 0:75 thereforethe non-local tensor interaction

is excludedwith a con�dence level of 97%.

8.2 � measuremen t

All the spectra from the blind analysiswere re�tted with the four decay parameters

as �t parametersto measure� . The measureddi�erences betweendata and MC are

tabulated in Tab. 8.4. Again the results from the two analysesusing the two propa-

gation model for the momentum calibration are averagedto give the �nal di�erence

of:

� � =
�

� 0:29� 1:57(stat.) � 2:37(syst.)
�

� 10� 2 (8.9)

using the uncertainties evaluated in Sec.7.4.

This result is not the experimental result becausethe MC wasgeneratedwith the

parameter� set at -0.0036which is the value obtained from the global analysisusing

the previous TWIST measurement [17]. Therefore the experimental results of the

measurement of � is:

� = 0:001� 0:016(stat.) � 0:024(syst.): (8.10)

This new measurement represents an improvement of a factor of 7.4 over the pre-

vious measurement on the momentum-angle spectrum by Derenzo[20] (Fig. 8.4).

The improvement is only a factor of 1.3 comparedto the best measurement from the

transversepolarization of the decay positron by Danneberg et al. [22]. However since

the two measurement techniquesare very di�erent, with their own systematicuncer-

tainties, a potential bias in one technique is unlikely to exist in the other technique.
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� � (� 10� 2) Statistical uncertainties
momentum calibration applied (� 10� 2)

Data set asa shift as a scale
68 5.06 6.67 6.25
70 9.37 11.42 5.15
71 1.79 3.03 5.42
72 -18.79 -17.22 5.29
74 -0.18 1.40 6.16
75 1.45 2.91 5.25
76 5.18 -3.33 5.75
83 0.67 1.72 5.38
84 -0.88 1.52 5.63
86 0.31 2.48 5.11
87 -5.35 -3.09 5.54
91 -4.66 -3.06 10.59
92 4.88 7.16 9.12
93 4.58 6.91 7.43

Weighted average -0.30 1.14 1.58

Table8.4: Di�erence betweendata and MC � � for each data setand for the weighted
average.The statistical uncertainties correspond to the quadratic sumof the spectrum
�t and the momentum calibration uncertainties (Tab. 7.8). Both analysesuse the
samedata so their statistical uncertainties are the same.
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(a) Di�erence between data and MC for the analysis using the shift as the momentum
calibration propagation model.
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(b) Di�erence between data and MC for the analysis using the scaleas the momentum
calibration propagation model.

Figure 8.3: The di�erence � � is measuredseparately for the shift and the scale
propagation model. The averageof the two analysesis correctedby the value of �
usedto generatethe MC to give the measuredvalue.
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TWIST Measurement
Danneberg, '05

Burkard, '85
Derenzo, '69

-0.3 -0.2 -0.1 0.0 0.1 0.2

h

Figure 8.4: Comparison between of the di�erent measurements of the parameter
� . Besidesthe TWIST and Danneberg measurements which are separatedby 1.5
standard deviation, all the measurements are lessthan one standard deviation from
one another. TWIST and Derenzo measurepositron momentum spectrum, while
Burkard and Danneberg measurethe positron's transversepolarization.

For this reasonthe two direct measurements are very complementary.

Our measuredvalueof � is consistent with the StandardModel prediction of zero.

Similarly to the other three parameters,the �nal result of the measurement of �

may be modi�ed by the resolution of the P� � � =� inconsistency(Sec. 8.1.3).
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App endix A

Personal contributions

I joined the TWIST collaboration in September 2005. At this point the collaboration

had already achieved a simultaneousmeasurement of � and � on data taken in 2002

and a measurement of P� � on a di�erent set of data from 2004. A graduatestudent

was working at the time on a new measurement of � and � from the 2004data. Two

graduate students and myself were assignedto the �nal measurement of the three

decay parameters.I performedthe subsidiaryanalysisof � after the analysisof � was

�nished.

I participated in an engineeringrun betweenOctober and December 2005. Data

was taken for physics results during three runs periods, from May to August 2006,

from October to December 2006and from May 2007to August 2007. Besidetaking

shifts during theserun periods, I was run coordinator betweenApril and June 2006,

and May and June 2007.

Prior to starting the analysisfor the �nal measurement, the varioussoftwaresused

for the previousmeasurements werereviewed. I reviewedin detail the codeperforming

the event identi�cation and classi�cation (Sec. 3.2.3). I decidedto write from scratch

an event selectionsoftware calledClark (Chapter 4) to replacethe previoussoftware.

I studied and tuned the pulsewidth and the pair matching cuts.

I alsodeveloped and preparedsomeof the calibrations (Chapter 6 and appendices

C and D) required for the �nal analysis:

� DC-TEC alignment

� DC-Yoke alignment

� DC-BField alignment
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� DC relative alignment

I improved the TEC calibration and the cathode foil bulge measurement which were

originally developed by a former PostDoc, Jingliang Hu.

The MOFIA analysisand MC generationwereperformedon the WestGrid cluster.

I have been in charge of the maintenanceof the scripts managing the submissions

and the data �les sinceOctober 2007. I wasalsocoordinator of the analysesand MC

generationson the Glacier cluster between October 2007 and November 2008 and

on the Orcinus cluster sinceMay 2009. Sincewe were the �rst userson the Orcinus

cluster, I had to adapt our scripts to this newcluster. I participated in the early tests

and validations of our �nal analysis. I preparedand submitted the analysisof most of

the data sets,and the secondround of statistics of the MC generation. I �nalized and

validated all the systematicuncertainties commonto the three parameters(Chapter

7).

Besidethe work of research, I wasalsothe administrator of the 15clustermachines

and 10 desktop computersof the TWIST collaboration at TRIUMF sinceOctober

2006. I migrated the TWIST website to a mediawiki website(�a la Wikip edia) that I

maintained over the years.
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App endix B

Classi�cation typ es

B.1 Windo w typ es

1. Muon

2. Upstream decay positron

3. Downstreamdecay positron

4. Beam positron

5. Empty window

6. Overlap involved

7. Upstream decay positron with a � ray emitted downstream.

8. Downstreamdecay positron with a � ray emitted upstream.

9. Upstream decay positron that scatteredback into the spectrometer.

10. Downstreamdecay positron that scatteredback into the spectrometer.

11. Muon decaying within 100ns downstream.

12. Muon decaying within 100ns upstream.

13. Muon and beampositron overlapping within 100ns

14. Upstream decay positron and beampositron overlapping within 100ns
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15. Downstreamdecay positron and beampositron overlapping within 100ns

16. Soft uncorrelatedtrack

17. Cosmic,noise,or beamgas

18. Track appearing too early in the event, 5800ns beforethe trigger time.

19. Track appearing too late in the event, 9800ns after the trigger time.

20. Unidenti�ed

B.2 Event t yp es

1. (Simple clean) One muon and onedecay positron not overlapping in time.

2. (Time clean) One muon, one decay positron and one or more beam positrons

not overlapping in time.

3. (Simple DC overlap) Onemuon and onedecay positron separatedby morethan

100ns but lessthan 1000ns.

4. (Time DC overlap) Sameasevent type 2 with oneore more windows separated

by more than 100ns but lessthan 1000ns.

5. (Muon PC overlap) One muon overlapping a beam positron within 100 ns or

decaying within 100ns of the event trigger.

6. (Simple � ray) One muon and one decay positron with a � ray emitted in the

other half of the spectrometer (window type 7 or 8).

7. (Time � ) One muon, onedecay positron with a � ray emitted in the other half

of the spectrometer (window type 7 or 8) and onebeampositron.

8. (Simple � ray DC overlap) Sameas event type 6 with one ore more windows

separatedby more than 100ns but lessthan 1000ns.

9. (Time DC overlap � ray) Sameas event type 7 with one ore more windows

separatedby more than 100ns but lessthan 1000ns.

10. (Simple backscatter) One muon and onedecay positron scattering back in the

spectrometer (window types9 or 10).
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11. (Time backscatter) One muon, onedecay positron scattering back in the spec-

trometer (window types9 or 10) and onebeampositron.

12. (Simple backscatter DC overlap) Sameas event type 10 with one ore more

windows separatedby more than 100ns but lessthan 1000ns.

13. (Time backscatter DC overlap) Sameas event type 11 with oneore more win-

dows separatedby more than 100ns but lessthan 1000ns.

14. (Beam positron trigger) Event triggered by a beampositron.

15. (Multiple muon decays simple clean) More than one muon each with a corre-

sponding decay positron.

16. (Multiple muon decays time clean) More than one muon each with a corre-

sponding decay positron and oneor more beampositrons.

17. (Multiple muon decays simple clean DC overlap) Sameas event type 15 with

oneore more windows separatedby more than 100ns but lessthan 1000ns.

18. (Multiple muon decays time cleanDC overlap) Sameasevent type 16 with one

ore more windows separatedby more than 100ns but lessthan 1000ns.

19. (Multiple muon decays dirt y) More than one muon with somedecay positrons

not associated with any muon.

20. (Muon(s) and beam positron(s)) One or more muons and one or more beam

positrons. No decay positrons.

21. (Simple beam positron) One muon and one decay positron overlapping within

100ns of a beampositron (window type 14 or 15).

22. (Time beampositron) Onemuon, onedecay positron overlapping within 100ns

of a beampositron (window type 14 or 15) and oneor more beampositrons.

23. (Simple beam positron DC overlap) Sameas event type 21 with one ore more

windows separatedby more than 100ns but lessthan 1000ns.

24. (Time beam positron DC overlap) Sameas event type 22 with one ore more

windows separatedby more than 100ns but lessthan 1000ns.
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25. (Beampositrons,unknown trigger) The event contains oneor morebeampositrons

but no trigger window.

26. (Unknown trigger) Unidenti�ed trigger window.

27. (Unknown) The topology of the event do not correspond to any other event

type.

28. (Simple cleanwith too few plane hit) Sameas the event types1, 6, 10, and 21

but with lessthan �v e hit clustersin the decay positron window.

29. (Time cleanwith too few planeshit) Sameas the event types2, 7, 11, and 22

but with lessthan �v e hit clustersin the decay positron window.

30. (Simple cleanwith too high angledecay positron) Sameasthe event types1, 6,

10, and 21 but with too many hits or hit clustersin the decay positron window.

31. (Time cleanwith too high angledecay positron) Sameas the event types2, 7,

11, and 22 but with too many hits or hit clustersin the decay positron window.
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App endix C

Time Expansion Cham ber (TEC)

calibration

The TEC characterization of the muon beamis a critical aspect of the �nal TWIST

measurement of the P� � parameter. Four separatecalibrationsareusedto convert the

hit TDC times measuredin the TEC into drift distancesfrom the sensewires (Fig.

C.1). The four calibrations are determinedseparatelyin a well de�ned sequence.

The calibration procedure and precision have been improved signi�cantly from

the results reported in [24].

C.1 Calibration data

The calibration of the TEC requires data taken under special running conditions.

Two collimators (Fig. C.2(a)) are installed on the TEC gas box (seeSec. 2.1.5).

These collimators de�ne straight tracks with a preciseposition relative to the gas

box. Therefore the calibration of the TEC modules is relative to the TEC gasbox

which is aligned in the TWIST coordinate systemas described in sectionD.

The collimators contain 121 holes,which is an improvement comparedto the 49

holesof the collimators usedin [24]. The new collimators almost entirely cover the

active volume of the TEC, and provide more points for the STR calibration. The

M13 beamlinewas tuned to provide a widely spreadbeamof muons at 29.6MeV/c,

illuminating almost all the holesof the collimators (Fig. C.2(b)).

Calibration runs were taken for almost every sensewire plane usedfor the �nal

analysis(seeTab. C.1). Unfortunately no calibration runs were taken for the sense
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TEC hit analysis

Raw hit

Global time o�set
Sec. C.3

Wire time o�sets
Sec. C.4

Discriminator amplitude walk
Sec. C.5

SpaceTime Rela-
tionships (STRs)

Sec. C.6

Drift time

TEC calibration procedure

Global time o�set

Wire time o�sets
2 iterations

Discriminator amplitude walk
3 iterations

Wire time o�sets
2 iterations

SpaceTime Rela-
tionships (STRs)

2 iterations

Figure C.1: Four calibrations are applied to a raw hit beforeobtaining the drift time
(on the right). The TEC calibration proceduremeasuresthe four calibrations. Most
calibrations require few iterations due to the interplay betweenthe track reconstruc-
tion and the calibrations. The discriminator amplitude walk correction a�ects the
wire time o�sets. For this reasonthe wire time o�sets are calibrated beforeand after
the discriminator amplitude walk correction is measured.
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Figure C.2: Diagram of the collimators installed on the TEC gas box in (a). The
corresponding pro�le measuredby the TEC is (b). Only the projections on x or y in
(c) and (d) are measuredby the wires.
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wire planesusedin October and November 2006. The muon beamcharacterizations

measuredby theseplaneswill have a higher systematic uncertainty due to the lack

of calibration.

Calibration data Date Averagetemperature [� C]
2006Aa June 2006 26.0
2006Ab June 2006 27.2
2006B December 2006 22.4
2007A May 2007 26.4
2007B July 2007 27.9
2007C July 2007 28.1

TableC.1: TEC calibration data collected. The calibration runs 2006Aaand 2006Ab
weretakenwith the samesensewire planesrespectively without and with the solenoid
magnet energized.

Each wire in the TEC measuresthe projection in x or y. The wiresare calibrated

separatelyand therefore during the calibration only the projection of the 121 holes

onto eleven drift distancesare available (Fig. C.2(c) and C.2(d)).

C.2 Characterization analysis

The calibrations require straight tracks going through corresponding holes of the

upstream and downstream collimators. Cuts on the position and the angle of the

tracks selectthe required tracks. The measuredposition and angleof the tracks are

modi�ed by each stepof the calibration procedure.For thesereasonsthe beampro�le

is analysedbeforeeach iteration of each calibration to de�ne the cuts on the position

and the angleselectingthe straight tracks going through corresponding holes.

C.3 Global time o�set

The TDC times from the TEC needto be comparedwith the M counter of the spec-

trometer in order to be converted into drift times. The global time o�set calibrates

the whole TEC. The time o�set for each wire is re�ned in the rest of the calibration

procedure.

The global time o�set is set in order to get a measuredposition around zero in x

and y for the tracks goingthrough the central hole. This calibration is only providing
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a global calibration of the time o�set. The calibration of the individual wire time

o�sets and more importantly the STRs make the �nal adjustments.

C.4 Wire time o�sets

The wire time o�sets for the TEC sensewiresare derived in a similar way to the wire

time o�sets in the DCs and PCs. The calibration method usesthe time information

of hits from the straight tracks going through the central holes of the collimators

which are thereforeat a constant distancefrom the sensewires. Sinceall the hits are

in averagefrom the samedrift distance,the meandrift times from all the wires must

be the same.

For each wire the TDC time of the hits from the tracks going through the central

hole of both collimators are plotted (Fig. C.3). A Gaussian�t �nds the meanof the

peak for each wire. The averagedrift time is then calculated for the 48 wires. The

x and y modulesare calibrated simultaneously sincethe global time o�set is set for

the whole TEC.

[ns]
3200 3400 3600 3800 4000 42000
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400
600
800

1000
1200
1400
1600
1800
2000  / ndf 2c  54.31 / 17

Prob   8.824e­06

Constant  15.9±  2003 

Mean      0.8±  3714 

Sigma     1.23± 84.12 

Figure C.3: The drift time of the hits from the tracks going through the central holes
is plotted. A Gaussian�t is usedto �nd the meanusedto correct the wire time zero
o�set.

Fig. C.4 shows the dependenceof the time o�set versusthe sensewire number.

The relative time o�set calibration is doneusing the �xed distanceof selectedtracks

thereforethe geometryof the TEC is an important element of the measurement. The

slope of the time o�set in onemodule canbe explainedby an anglebetweenthe TEC
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Figure C.4: The main sourceof the vertical shift of the time o�sets is mostly due to
the temperature of the DME gas. The di�erence in slopesis due to di�erent positions
of the di�erent sensewire planesfrom their nominal values.

module and the TEC gasbox in which the collimators are installed. The wire time

o�set calibration is fairly stable for di�erent sensewire planes. The main sourceof

variation is the relative position of the sensewire planesand the collimators. Their

absoluteposition is not perfectly reproducible in repeatedinstallations. The position

is reproducible within 500� m.

The calibration improvesthe tracking, which in return improvesthe reconstruction

of the tracks usedfor the calibration. For this reasonthe wire time o�sets calibration

was iterated twice.

C.5 Discriminator amplitude walk

The rising edgeof a hit signal is more or lesssteepdepending on the amplitude of

the signal. The Fig. C.5 shows how this a�ects the time at which the signal reaches

the threshold of the TDC. The discriminator amplitude walk calibration correctsfor

this e�ect in the TEC.

The amplitude walk calibration usesthe sametracks from the central holesof the

collimators and thereforethe samecuts asthe wire time o�sets calibration. The time

of the hits is plotted versusthe TDC width corresponding to their time-over-threshold
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(Fig. C.6).

TDC time

discriminator threshold

amplitude walk

TDC width

Leading edgeproviding the hit time

Trailing edge

Figure C.5: Typical TDC signal shape and the e�ect of the discriminator amplitude
walk on the hit starting time. Two hits with di�erent amplitudes do not crossthe
discriminator threshold at the sametime. The resulting walk is biasing the time
measurement of the hit from the leading edge.
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Figure C.6: The drift time versusthe TDC width before the discriminator ampli-
tude walk correction (in black) is �tted with a straight line. There is no signi�cant
correlation betweenthe TDC time and the TDC width after the correction (in red).

A linear �t is performed on the restricted range of the TDC width becausethe

correlation between the width and the time of the signal is only valid for a certain
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Figure C.7: Three iterations arenecessaryto get a convergenceof the amplitude walk
correction. There is no signi�cant correlation between the correction and the sense
wire position in the module.

range of TDC width. For very small widths the electronic noise is too signi�cant.

The slope of the rising edgereaches a limit above a certain width and the starting

time of the signal is not a�ected anymore. To take this into account the discriminator

amplitude walk correction is applied only on a restricted rangeof the TDC width:

Tcorr ected =

8
><

>:

T + A � (120� 20) if W < 20ns

T + A � (120� W) if 20ns < W < 120ns

T + A � 0:0 if W < 20ns

The amplitude walk calibration requires three iterations to converge (see Fig.

C.7). The correctionsfor all the calibration runs convergeto the samevalue of -0.5.

As expected the discriminator amplitude walk is independent of the wire and the

sensewire plane.

C.6 TEC Space Time Relationships (STRs)

The SpaceTime Relationship of each wire is the most important calibration. The

collimators shown in Fig. C.2(a) proved to be the ideal designto extract the required
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high precisionSTR calibration. The following procedureis applied to each wire.

The �rst step of the calibration is to select the tracks going through the eleven

drift distances.A �gure of merit is calculatedfor each drift distance:

Mh =
(x � xh)2

� 2
x

+
Ax � Ax0

� 2
A

with the index h going from 1 to 11; x and A are the position and the angle of the

track; xh the drift distance; Ax0 the measuredmean angle of the beam; � x and � A

the uncertainties of the position and the angle.

If the value of the �gure of merit of oneof the drift distancesis lessthan one, the

track is selectedas going through corresponding collimator holes. Its hit drift times

are addedto a onedimensionhistogram (Fig. C.8(a)). Eleven independent Gaussian

�ts extract the meandrift times for the eleven drift distances.

A plot of the drift distancesversusthe corresponding drift times is �tted with a

third order polynomial (Fig. C.8(b)). This function is the spacetime relation usedin

the reconstruction algorithm in MOFIA to convert a drift time into a drift distance.

The residualsare lessthan 50 � m on both modules.

The TEC STRs are sensitive to the density of the DME gas. The pressureis

preciselyregulated at 80 mbar therefore only the temperature has to be taken into

account. Drift time correction factors were calculated using a Gar�eld [47] simula-

tion of the TEC at di�erent temperatures. The drift time depends linearly on the

temperature at a given distance from the sensewire plane(Fig. C.9). The slope of

this linear dependencevariesquadratically with the distanceto the wire.

The temperature correction is applied to the meandrift times from the Gaussian

�ts of the eleven peakson Fig. C.8(a). Therefore the correction is applied before

the third order polynomial �t. This temperature correction was validated by using

the calibration data 2006B and 2007C,which were taken at temperatures di�erent

by almost 6� C. The 2007Ccalibration data was analysedwith the calibration from

2006Bwith and without temperature correction (Fig. C.10(a) and C.10(b)).

Although the temperature correction corrects for most of the di�erence between

2006Band 2007C,there are someremaining discrepanciesthat can be explainedby

the shape of the muon beam. The discrepanciesare larger in x and the beamin this

direction is very di�erent for 2006Band 2007C(Fig. C.10(c)). The position as well

as the angleof the beamdetermine the illumination of the holesand the occupancy

of the variousdrift distancesespecially the short and long ones.A drift distancewith
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Figure C.8: The elevendrift time peaksare�tted independently in (a) with a Gaussian
distribution to obtain the mean. The plot (b) of the drift distanceversusthe drift time
is �tted with a third order polynomial which represents the spacetime relation for
this wire. The error bars on the residualsare the uncertainties on the hole positions
on the collimators.
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Figure C.10: The residualson the plots (a) and (b) are the di�erence between the
measuredposition of the holes and their actual position on the collimators. The
temperature correction is clearly reducing the di�erences between the calibrations.
The remaining di�erence between the calibrations is from the di�erent beamsused
for the calibration runs (Fig. (c) and (d)). The e�ect of the temperature on the drift
distancesin the opposite in the x and y modulesbecausethe sensewiresare installed
in the x module at x=-3cm and in the y module at y=+3cm.
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a low occupancyis biasedby up to 500 � m which corresponds to the radius of the

holesin the collimators.

C.7 TEC calibration precision

The discriminator amplitude walk calibrations are consistently at -0.5 within statis-

tical errors for all the sensewire planes. Studies on the track reconstruction in the

TEC showed that the discriminator amplitude walk asa negligiblee�ect on the muon

beampro�les [31]. Thereforethere is no uncertainty from this calibration.

The wire time o�set corrections are just a �rst guess. The o�set is calibrated

much more preciselyby the lowest order coe�cien t of the STR calibration.

The STR calibration is the only sourceof systematic uncertainty for the TEC

calibration. The residualsfrom the polynomial �t extracting the STRs are lessthan

50 ns and thereforenegligible (Fig. C.8(b)).

A possiblesourceof uncertainty is the temperature correction. The corrections

applied are lessthan 2� C and the table C.2 shows little changein the position mea-

surement despitea correctionof 5� C. For this reasonthe temperaturecorrectionis not

a signi�cant sourceof uncertainty. The position uncertainty is better than 100 � m

and the corresponding angleuncertainty is 2 mrad. The main uncertainty comesfrom

the e�ects of the position of the beam on the STR calibration. This a�ects all the

calibrations and all the TEC beampro�les. A systematicuncertainty can be derived

from the comparisonbetween2006Band 2007Ccalibrations becauseof the di�erence

in their muon beams(Fig. C.10(c)). The changeis not visible in the meanposition

in x (table C.2) becausethe center of the TEC where the beam for nominal data is

located, is barely a�ected by the changein calibration beam (Fig C.10(a). However

a conservative uncertainty of 200� m is usedfor the TEC position uncertainty and 4

mrad for the angleuncertainty.
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Calibration data 2007C 2006B 2006Bcorrected
Mean x [cm] 0.186 0.101 0.182
RMS x [cm] 0.433 0.426 0.439
Mean y [cm] 0.431 0.504 0.440
RMS y [cm] 0.567 0.547 0.562
Mean dx [mrad] -0.89 -1.98 -2.08
RMS dx [mrad] 13.98 13.80 14.18
Mean dy [mrad] -2.56 -5.57 -5.73
RMS dy [mrad] 20.96 20.24 20.79

Table C.2: A pro�le taken with the 2007Cplanesis analyzedwith its corresponding
calibration and with the 2006Ccalibration with and without the 5 � C temperature
correction. The temperature correction changesthe position by almost a milimiter
and barely changesthe angle. The change in angle between the 2007Cand 2006B
calibrations is due to the di�erence in position of the sensewire planes.
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App endix D

Relativ e alignmen ts of the

apparatus comp onents

All the di�erent elements of the TWIST experiment cannot be aligned simultane-

ously. Instead a seriesof relative alignment proceduresare performed. The relative

alignment of the wire chambers is performed �rst since its results are used for the

other alignment procedures.The stack of the chambers is then aligned to the rest of

the experimental setup.

The relative alignment of the wire chambersis fundamental for the reconstruction

of the particle tracks in the spectrometer which are used for the other alignment

procedures. Once their relative misalignment is corrected, the individual chambers

are not consideredindependently but instead the spectrometeras a whole is aligned

to the rest of the experimental setup.

Each procedure aligns two elements of the experimental setup relative to each

other. The TEC is alignedduring its installation to the yoke by usinga theodolite at

the beginningof each run period. The spectrometeris alignedto the yoke usingcolli-

mated straight tracks. Finally the magnetic �eld map is aligned to the spectrometer

by �tting decay positron tracks with helicesincluding two extra degreesof freedom

for the helix axis direction. Indirectly the magnetic �eld map, the spectrometerand

the TEC are aligned to each other.

An alignment procedureusingstraight tracks reconstructedin both the TEC and

the spectrometerwasdeveloped to align thesetwo elements to each other. This pro-

cedurewould have eventually improved or at least validated the theodolite alignment

of the TEC to the yoke. However the position of the TEC wasnot constant between
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the beginning and the end of the data setswhen the TEC was installed to measure

the muon beam[31]. Due to this instabilit y the alignment procedurewasnot carried

out for this analysis.

D.1 Wire chambers relativ e alignmen t

The position of the wires within each wire chamber plane is known to lessthan 10

� m from mechanical measurements during the production of the wire chambers and

the position in z of the wholechamber is known to a few microns[23]. The alignment

of each wire is thereforesu�cien t and only the misalignment in u and v of the whole

chamber is measured.

The position of the chambers was measuredusing a wide-spreadbeam of 120

MeV/c pions with the solenoidturned o�. In this con�guration the pions travel in

straight linesthrough the wholedetector. The relativealignment of the drift chambers

is achievedby reducingthe spaceresidualsof the reconstructedstraight tracks at each

plane.

The straight tracks are reconstructedusing the samehelix �tter algorithm used

to reconstrcut the helicesfrom the decay positrons in the standard data. However in

the caseof data with zero magnetic �eld, the helix �tter actually �ts straight lines

to the hits. This straight track mode is very e�cien t becauseit includeskinks at 16

points in the detector and at the target as �t parametersto take into account the

multiple scattering.

The position of the chamber along the direction of its wires cannot be calibrated

and is not important. The rotation of the planecanbeextracted from the dependence

of the residualswith respect to the v (u) direction for a u (v) plane (Fig. D.1).

D.1.1 Drift chambers relativ e alignmen t

The DC alignment procedureis an iterativ e process.During an iteration and for each

plane �v e histogramsof the residualsare �lled (Fig. D.1). At the end of an iteration,

the meanvalue of the histogramsis usedto computethe misalignment in translation

and rotation of the plane. The measuredmisalignment is directly implemented as

a correction to the detector geometry in the reconstruction software. The residual

histogramsareemptiedbeforethe beginningof the next iteration. Although the same

data can be used up to three times in an alignment procedure, it is never used in
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two consecutive iterations. The number of tracks per iteration increasesduring the

alignment procedureto increasethe precisionas it is getting closerto convergence.

0 u (or v)

v (or u)

0

Rotation correction

Translation
correction

Residual distributions

Mo�a central axis
Plane central axis

P
la

ne
di

vi
de

d
in

5
re

gi
on

s

Figure D.1: The translation and rotation misalignment measurement. The residuals
are histogramedseparatelyfor each sectorof the plane. The actual sectorsare larger
at the top and the bottom of the planein order to compensatefor the lower occupancy.

D.1.2 Target kink corrections

The 16 kinks are located in the drift planes and constrained by the straight line

�t (Sec. 3.2.5). The kink at the target on the other hand is a free parameter.

It is also independent of the residualsby used for the alignment procedureof the

DCs. For this reasona linear dependenceof the misalignment can appear with an

averagekink at the target di�erent from zero (Fig. D.2). This linear dependence

corresponds to a constant shearof opposite direction upstream and downstream for

the translation correction. The e�ect on the rotation correction can be described

as a \cork screw" e�ect and more precisely two cork screwsof opposite direction

upstream and downstream. The cork screw e�ect on the v (u) planes is due to a

linear dependenceof the kink at the target with respect to the u (v) coordinate,

similar to the linear dependenceof the residualsFig. D.1.
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Figure D.2: The kink at the target createsa dependencyof the translation misalign-
ment measuredwith respect to z. The correction of this e�ect usesthe meanof the
kink at the target � at each iteration. The �xed planes(planes14 and 31) are used
as anchor points for this correction.

The misalignment createdby the non-zeroaveragekink at the target cannot be

eliminated by the basic alignment procedure. The kink at the target is known for

each track. The averageis calculated and used to apply a correction at the end of

each iteration of the alignment procedure. Two planes are used as anchors. The

target kink correction for the translation is simply using the linear dependencein z

(Fig. D.2). For the rotation the target kink correction R for an upstreamu plane at

a position z is given by:

R = arctan

 
tan

�
v� aU

2

�
� (z � z14)

v

!

'
aU

2
� (z � z14) (D.1)

with au the averagetarget kink angleand z14 the z position of the anchor plane 14.

D.1.3 Precision of the DC alignmen t pro cedure

The alignment algorithm wasdeveloped and tested on a MC by comparingthe input

misalignment and the misalignment measured.The di�erence betweenthe input and

the output after convergenceis alsousedto determinethe precisionof the alignment

procedure.
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Figure D.3: Di�erence between the input and measuredmisalignments after con-
vergenceof a MC for the translation (� tr ansl ation ) and the rotation (� r otation ). The
precisionof the alignment procedureis extracted from (c) and (d).
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The precision of the alignment is 10 � m for the translation and 0.03 mrad for

the rotation (Fig. D.3) including the z dependenceremaining after the target kink

correction. The alignment of the DCs was done for each run period becausethe

target was changedbetweeneach run period. When the target is changed,the wire

chamber stack is openedand the misalignment of the chamberscan change. The DC

misalignment can typically reach 1 mm in translation and 4 mrad in rotation.

D.1.4 Prop ortional chambers relativ e alignmen t

Unlike the DC alignment, the PC alignment procedureis not iterativ e becausethe

PCs are not usedin the track reconstruction. In addition the PC alignment is not of

very high precisionsincethere is no usabledrift time. The DCs are aligned �rst in

order to improve the track reconstruction. The position of the tracks areextrapolated

to the PCs and comparedwith the position of the wires which recordeda hit. The

residual distributions producedare usedin the exact sameway that the DC residual

distributions in the caseof the DC alignment (seeFig. D.1).

D.2 Relativ e alignmen t of the spectrometer and

the yoke

The relative position of the spectrometer and the yoke is not directly important for

the decay parameters. However aligning the spectrometer to the yoke meansalso

that the spectrometeris aligned indirectly to the TEC. The muon beamis measured

precisely in the TEC and this characterization of the beam is used to generatethe

simulated beam. Thereforeto propagatethe muon beamposition and its polarization

accurately in the MC, the relative alignment of the TEC and the spectrometermust

be as preciseas possible.

The measurement of the misalignment betweenthe spectrometerand the yoke is

performed using a technique quite similar to the TEC calibration. Two collimators

are installed at each end of the yoke (Fig. D.4). The M13 channel is setup to provide

a spreadbeamof 120MeV/c pions. The solenoidmagnet is not energizedin order to

obtain straight tracks in the spectrometer. The straight tracks are reconstructedjust

like in the relative alignment of the DCs and are extrapolated to the collimators. The

misalignment of the spectrometerwith respect to the yoke is equal to the di�erence

betweenthe track occupancyat the collimators and the position of the collimators.
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Figure D.4: The collimators installed on the entrances of the yoke contain 14 holes
de�ning a crossplus a hole for the orientation. The holes are labelled using their
relative position in x and y such that the hole in the center of the crossis the hole
0,0.

A cut on the track angle selectsthe tracks going through the corresponding holes

upstreamand downstream.

The position of the holescannot be measuredaccuratelyby using the peaksof the

track occupancy. The pion beamis divergingand thereforethe position of the peakof

maximum occupancyis not in the center of the holes. The edgeof the holeshowever

is lessa�ected by the track occupancythan the peaks. In order to determine the

position of the edgeof a hole, the crosssectionsat di�erent height of the occupancy

peak are �tted with a circle of constant diameter of 2 cm (Fig. D.5). The cross

section with the minimum � 2 de�nes the circle �tting the edgeand the center of

the circle is the position of the hole. The misalignments of the corresponding holes

upstreamanddownstreamarecomparedto determinethe translational and rotational

misalignment of the spectrometer. The averageof the upstream and downstream

misalignments de�nes the misalignment at the center of the spectrometer while the

di�erence de�nes the anglebetweenthe spectrometerand the yoke.

Although the technique of measuringthe edgeof the holesis lesssensitive to the

track occupancy, it is possiblefor a beam travelling at an angle in the spectrometer

to bias the measurement. To verify that the alignment procedureis not too sensitive

to this e�ect, the pion beam direction was varied in x using the dipole B2 of the

beamline. Variations in the dipole intensity changethe track occupancyof the holes
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Figure D.5: The crosssectionsof the track occupancyfor a hole are �tted with a
circle of constant diameter of 2 cm. The � 2 of the circle �ts reachesa minimum with
respect to the height on the occupancypeak. The circle of minimum � 2 is assumed
to be best measurethe position of the edgeof the hole.

aswell asthe global angleof the beamin x. The biasdueto the holeoccupancyis the

only uncertainty takeninto account in this measurement becauseit is the largest. The

variations of the misalignments measuredwith respect to the value of the B2 dipole

givesan evaluation of this uncertainty (Fig. D.6). Also the track occupancyis not the

samefor all the holes. The consistencyin the displacements measuredfrom di�erent

holesis the secondelement usedto evaluate the precisionof the measurement.

The installation of the collimatorson the yokerequiresthe upstreambeampackage

to be removed which is a lengthy operation. For this reasononly oneset of data were

acquiredfor this measurement. The results of the misalignment wereextracted from

the holes0,0 upstream and downstream for the B2 DAC value of 11800which gives

the highest occupancyfor the central holesand a symmetrically spreadbeam.

� Translational misalignment in x: (� 0:4 � 0:4) mm

� Translational misalignment in y: (� 0:6 � 0:4) mm

� Rotational misalignment in x: (� 1:4 � 0:1) mrad

� Rotational misalignment in y: (� 0:4 � 0:1) mrad

The pion data with the collimator could not be simulated accurately therefore

the alignment procedure could not be performed on the MC. For this reasonthe

spectrometer and the yoke are perfectly aligned in the MC. The misalignment is
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Figure D.6: A changein the B2 DAC value modi�es the position and the orientation
in x of the pion beamconsequently changingthe track occupancyin the holes. For the
two extremeB2 DAC values,the beamis centered respectively on the holes-1,0 and
1,0. The measuredmisalignment betweenthe spectrometerand the yoke is sensitive
to the hole occupancyin particular the translational misalignment in x.

correctedfor the experimental data by using the calibration �le de�ning the position

of the DCs. A constant o�set as well as a z dependent correction (or \shear") are

applied to the DC positions to correct the translational and rotational misalignment

of the spectrometerand the yoke.
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Figure D.7: A misalignment of � B = 35 mrad (2� ) and � B = 784mrad (45� ) leadsto
signi�cant residualspotentially biasing the measurement.

D.3 Relativ e alignmen t of the spectrometer and

the magnetic �eld map

The high precisionreconstructionof the decay positron tracks relieson a very accurate

magnetic �eld map. First of all the shape was studied extensively (Sec. 2.1.3). The

secondelement is the position of the �eld map with respect to the spectrometer. A

mismatch in angle in particular leadsto signi�cant reconstruction biases(Fig. D.7).

The relative alignment procedureof thesetwo components of the experiment corrects

for any rotational misalignment. The translational alignment is not as important

due to the very high homogeneity of the magnetic �eld. It was however evaluated in

order for the simulated beam to match the experimental beam as measuredby the

wire chambers [31]. This evaluation was not usedfor the reconstructionof the decay

positrons but is usedfor the uncertainty on the position of the magnetic �eld map

(SeeSec.7.1.4).

The misalignment of the magnetic�eld map with respect to the spectrometeraxis
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z is described by the polar and azimuthal angles� B and � B such that:

Bx = B sin� B cos� B

By = B sin� B sin� B

Bz = B cos� B (D.2)

with � B small. This misalignment distorts the helix shape in a way that the recon-

struction algorithm cannot correct for. In the limit of small � B , the misalignment can

be approximated by a linear component in z added to the helix. Consequently the

misalignment is �tted using the following function to describe the distorted helix:

x = asin(bz� c) + xc + dxz

y = acos(bz� c) + yc + dyz (D.3)

wherea is the amplitude, b is the wavenumber, c is the phase,xc and yc are the helix

axis position at z = 0, and dx and dy are the misalignments coe�cien ts.

The relationship betweenthe misalignment coe�cien ts and anglesis then:

dx = sin(� B ) cos(� B );

dy = sin(� B ) sin(� B ); (D.4)

� B = arcsin
q

d2
x + d2

y;

� B = arctan(dy=dx): (D.5)

The misalignment anglesare determinedby �tting decay positron tracks with the

function Eqs. (D.3). A modi�ed versionof MOFIA was developed for that purpose.

Only events of event types1 (onemuon and onedecay positron well separatedin time)

and events containing only onereconstructedtrack areusedin the procedure.The list

of hits usedin the �t are taken from the �rst guessoutput with the hit positionswire-

centered. A standard� 2 minimization algorithm usesthe �rst guessparametersof the

track asa starting point to �t the functions in Eqs. (D.3). Unlike the standard helix

�tter, this reconstruction does not include any kink. This procedurewas validated

on MC runs and the uncertainty on the � B angleis 0.03mrad.

The measurement of the misalignment betweenthe spectrometerand the magnetic
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Misalignment in x Misalignment in y
2006Silver target 0.33mrad 1.16mrad
2007Aluminium target 0.30mrad 1.12mrad
2007Large target 0.32mrad 1.16mrad

TableD.1: Rotational misalignment betweenthe spectrometerand the magnetic�eld
mapfor each run period. The stabilit y of the misalignment showsthe robustnessof the
TWIST spectrometerdesignand construction. The uncertainty on each measurement
is 0.03mrad.

�eld map was performed for each run period since the spectrometer was moved in

and out of the solenoidbetweeneach run period (seeTab. D.1). The misalignment

was corrected in MOFIA using a separatecalibration �le for each run period. The

misalignment was alsosimulated in the MC runs and correctedin MOFIA.
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