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Abstract

The Mu2e experiment aims to search for the charged lepton flavour violating (CLFV)

process of a coherent, neutrinoless, conversion of a muon into an electron within the

proximity of an aluminium nucleus. Mu2e seeks to measure the ratio (Rµe) of the rate

of this conversion process, relative to that of ordinary muon capture. Mu2e will achieve

world-leading sensitivity, improving the current limit of Rµe < 7 × 10−13(90% C.L.),

set by the SINDRUM-II experiment, by an order of 104. This corresponds to a single-

event sensitivity of Rµe < 2.87 × 10−17(90% C.L.). Many beyond Standard Model

(BSM) theories require CLFV to occur at a rate accessible by Mu2e. Any observation

of CLFV at Mu2e would have profound implications on particle physics.

The Stopping Target Monitor (STM) will be comprised of both a HPGe and a LaBr3

detector which will monitor the signals of photons produced in stopped-muon processes

to a required accuracy of 10%. To achieve the desired sensitivity, it is imperative that

the detectors perform at their optimal level. The STM detectors are placed within a

harsh radiation environment in the form of a high energy ‘flash’ of gamma radiation

as well as a flux of fast neutrons.

Estimations of radiation damage to HPGe in literature is limited. This thesis reports

an approach which utilizes the Kinetic-Energy Released in Matter (KERMA) param-

eter that considers the energy dependence of the incident flux and the cross-section

information for the incident particle. Resampling schemes have been adopted to give

a realistic rate over the experiment run time. The results have then been normalized

to the radiation damage caused by a 252Cf source.

The estimated time before annealing of the detector is necessary is found to be 75

and 78 months in the case of neutron damage and τ ∼ 24 years, 11 months in the

case of electron/positron induced damage. This shows significant improvement on the

previous estimations.
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Chapter 1

Introduction

”Who ordered that?” The quip of Nobel laureate Isidor Isaac Rabi and a sentiment

held across the scientific community in light of the discovery of the elusive cousin to

the electron, a discovery that not only solved the problems faced within the theoretical

framework of the electrodynamic model but also the problems faced with Bethe and

Heitler’s theory of energy loss in the cosmic-ray energy regime. The discovery of the

‘mu-meson’ later to be renamed the muon came on 30 March 1937 when Neddermeyer

and Anderson announced the results of their infamous cloud chamber experiment [2].

The experiment measured the Bethe-Heitler energy loss of cosmic-ray particles passing

through a cloud chamber with a 1 cm platinum plate placed inside and revealed two

distinct types of particle. The first type were those that followed the electromagnetic,

multiplicative shower process as outlined by Carlson and Oppenheimer [1] and the

second type was a new class of so-called penetrating particles to which two solutions

were offered.

”(a) that an electron (+ or -) can possess some property other than its

charge and mass which is capable of accounting for the absence of numerous

large radiative losses in a heavy element; or (b) that there exist particles

of unit charge, but with a mass (which may not have a unique value)

larger than that of a normal free electron and much smaller than that of a

proton [2]”

These results were then confirmed in April 1937 when Street and Stevenson published

12
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similar findings [3]. They discovered that particles that did not undergo electromag-

netic showers were penetrating over 6 cm in lead more than the Bethe-Heitler theory

permitted for electrons of this momentum. Not only this but the particles also pro-

duced significantly less ionization than that of protons. Thus the conclusion was drawn

that there must be a particle in cosmic-rays with an intermediate mass between that

of the electron and proton. What followed was a series of events that solidified the

presence of the muon and pinned down its characteristics such as mass and life-time.

When neutrinos were discovered to oscillate [4] this opened up an entirely new possi-

bility that in the Standard Model, lepton flavour conservation could be violated. As

such, Charged Lepton Flavour Violation (CLFV) could occur through oscillations in

radiative decays, at loop level, where a charged lepton would decay into a charged

lepton of another flavour. In the theoretical framework of the massive neutrino ex-

tension to the Standard Model the rates of CLFV are calculated to be much smaller

than the rates calculated for many Beyond the Standard Model (BSM) theories thus

experimental detection of a CLFV process would be a direct signature of new BSM

phsyics [5]. Not only this but these processes also play a crucial role in testing BSM

models that deal with leptogenesis [6] and as such could shed light on the matter/an-

timatter asymmetry which cannot be explained, in full, by the CP-violation of the

quark sector described by the CKM matrix.

The muon is an optimal particle to test for these violating processes because the muon

has a much longer life-time than the tau lepton, the muon can be produced much

more easily through pi-meson decays and finally the muon has, unlike the tau lepton,

a mass small enough to disable major decay channels to hadrons. However to fully

understand the entire scope of physics behind the CLFV process, all possible τ → e, µ

decays would also need to be explored.

The muon has three major CLFV decay modes [5]. The first is a direct decay µ+ → e+γ

from a muon to a final state electron with the excess muon rest energy being trans-

ferred to a final state photon. The second is a decay into three final state electrons

µ→ e+e−e+. Finally, there is the coherent, neutrinoless conversion of a stopped muon

to an electron in the field of a nucleus µ−N → e−N . Over the years experiments have

set stringent limits on the branching ratios for these decay processes. This dissertation
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will focus on the Mu2e experiment based at Fermilab which aims to probe the final

decay mode µ−N → e−N and improve on the limits set by its predecessors.

CLFV in µ → e transitions is primarily experimentally studied in fixed target ex-

periments, however CLFV processes can also be probed in collider experiments [7].

The limits set for the CLFV branching ratio for different processes are displayed in

Figure 1.1 including past limits as well as predicted future limits [8]. The MEG ex-

periment at The Paul Scherrer Institut (PSI) in Switzerland offers the best current

limit on the µ+ → e+γ branching ratio in which a muon undergoes a two-body final

state decay into a positive electron and a photon emitted back-to-back, both carrying

energy equivalent to half the rest mass of the muon. The limit as of 2016 is set at

B(µ+ → e+γ) = 4.2×10−13(90% C.L.) [9]. The SINDRUM-II experiment also situated

at PSI offers the best current limit on the ratio parameter for the µ → e conversion

in the presence of various different nuclei. The limits for these processes are set at

Rµe(Au) = 7 × 10−13 (90% C.L.) [10], Rµe(Ti) = 4.3 × 10−12 (90% C.L.) [11] and,

Rµe(Pb) = 4.6× 10−11 (90% C.L.) [12].
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Figure 1.1: Overview of the limits set by experimental µ→ e CLFV searches including
predicted limits for future experiments [8].



Chapter 2

Phenomenology of CLFV

Outlined within this chapter is an overview of the phenomenological framework that

allows for sizeable rates of CLFV processes to be determined. This is achieved by

reviewing the lepton flavour sector of the Standard Model, introducing minimal ex-

tensions to the Standard Model to account for neutrino mass, demonstrating renor-

malisable gauge calculations of the µ → eγ CLFV process and, finally, introducing

an effective CLFV Lagrangian that accounts for Beyond the Standard Model (BSM)

processes.

2.1 Fermions in the Standard Model

The Standard Model of electroweak interactions proposed by Glashow, Weinberg and

Salam [13] can be used to describe interactions of fermions. The Lagrangian for the

electroweak sector takes the form of

LSM = Lg + Lf + LH + LY (2.1)

where g, f,H, Y represent the gauge, fermion, Higgs and Yukawa Lagrangian terms,

respectively.

To fully understand the lepton sector it is important to highlight the Yukawa La-

grangian term, which describes the fermion mass generation from spontanteous sym-

metry breaking (SSB) of the electroweak SU(2)L × U(1)Y symmetry and takes the

form [14]

LY = Γumnqm,Lφ̃un,R + Γdmnqm,Lφdn,R + Γemnlm,Lφen,R + Γνmnlm,Lφ̃νn,R + h.c. (2.2)

16



2.1. FERMIONS IN THE STANDARD MODEL 17

This is summed over the family, indices m,n, and Γu,d,e,νmn are matrices that describe the

so called Yukawa couplings between the Higgs doublet denoted as φ and the fermions

(u,d,e,ν represent the up quark, down quark, electron and neutrino respectively) and

L/R represents the chirality of the particle. It is important to note that, as we have

SU(2)L singlets from the combinations LφR, that this Lagrangian is of course gauge

invariant. It is also important to establish that as the mass terms of the Lagrangian

should have no hypercharge1, we must define two separate representations of the Higgs

field with hypercharges Y = +1
2

and Y = −1
2

to allow for mass terms of the down-type

quarks and charged leptons and up-type quarks and neutrinos, respectively. In the

spinor representation of SU(2)L these fields take the form

for Y (φ) = +
1

2
we have: φ =

 φ+

φ0

 (2.3)

and we define φ̃i = εijφ
∗
j , where εij is the Levi-Civita symbol, such that

for Y (φ̃) = −1

2
we have: φ̃ =

 φ0∗

−φ−

 (2.4)

where φ+/− represents the spin-up and spin-down states respectively. These fields then

transform under SU(2) like

φi → φ
′

i = Uijφj (2.5)

likewise

φ̃i → φ̃
′
i = Uijφ̃j. (2.6)

Now we have these representations for our Higgs fields we can construct mass terms

for the fermions using a single Higgs doublet and using φ and φ̃, so our Lagrangian

now reads

LY = fηlLφηR + fuqLφ̃uR + fdqLφdR + h.c. (2.7)

where η = e, µ, τ and u, d represent up-type and down-type quarks of the same gener-

ation respectively.

Now if we choose our fields such that we only include the terms responsible for the

fermion mass generation

φ =
1√
2

 0

v + h

→ 1√
2

 0

v

 , φ̃ =
1√
2

 v

0

 (2.8)

1 It is clear to see the hypercharge terms cancel from YR + Yφ + YL = −2 + 1 + 1 = 0 [15]
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then our Lagrangian now reads [14]

LY =
fηv√

2
(ηLηR + ηRηL) +

fuv√
2

(uLuR + uRuL) +
fdv√

2

(
dLdR + dRdL

)
(2.9)

From this it is easy to see that the mass terms for the fermions can be defined as

mi = −fiv√
2
, i = η, u, d (2.10)

Finally, it is important to note that as the Standard Model does not allow for a

right-handed counterpart to the neutrino its mass terms simply cannot be due to

Yukawa couplings thus the neutrino term in our Lagrangian is non-existent without

introduction of right-handed neutrinos and total flavour conservation of leptons can

be deduced simply from the minimality of the Lagrangian.

Neutrino mass can be added by a simple Dirac extension to the SSB of the electroweak

symmetry in which case the neutrino gets a mass term like other fermions with a

Lagrangian [16]

LD = −Γνmnνm,RΦ̃†Ln,L + h.c. =⇒
(
mD
ν

)
mn

=
v√
2

Γνmn (2.11)

This extension is only allowed for very small values of Γν , the maximum of which is

. 10−12 to allow for the O(eV ) neutrino mass in accordance with the observed limits.

Thus, this model is not ideal and an alternate idea is needed.

2.2 Majorana Mechanism and Massive Neutrinos

Ettore Majorana in 1937 [17] posited a mechanism that described particles with real

wave equations. This mechanism added new non-renormalisable operators as an ex-

tension to the Standard Model [18], which allowed for mass generation of left-handed

fermions directly without the necessity of adding a right-handed counterpart. How-

ever, this required the fermion to be its own anti-particle in this case. Many theories

have since been proposed that suggest the neutrino is indeed a Majorana fermion with

a Majorana mass from which the lepton flavour violation would be allowed.

The so called Majorana mechanism is a crucial precursor to the notion of charged

lepton flavour violation. Majorana’s theory was motivated by the idea of whether it

was necessary to describe fermions with equations involving complex numbers. The
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solution to this problem was to construct a new series of Dirac gamma matrices [19]

that both satisfied the Clifford algebra and were purely imaginary. These matrices

were constructed in the form of tensor products as [20]

γ̃0 = σ2 ⊗ σ1 (2.12)

γ̃1 = iσ1 ⊗ 1 (2.13)

γ̃2 = iσ3 ⊗ 1 (2.14)

γ̃3 = iσ2 ⊗ σ2 (2.15)

where σ1,2,3 denote the Pauli matrices. From these newly constructed matrices the

Dirac equation could be altered to become.

(iγ̃µ∂µ −m) ψ̃ = 0 (2.16)

So we can now express our Majorana Lagrangian as:

LM = −1

2
mM
ν ν

c
LνL + h.c. (2.17)

From this it is clear to see the feature of the neutrino mass generation requiring it

be its own antiparticle. It is important to note that νR are complete singlets in the

Standard Model and therefore there is no reason that we can’t also have νcRνR terms

instead of the left-handed terms. Terms of this nature naturally violate total lepton

number (L) and can be generated with the addition of dimension-five operators that

are compatible with the Standard Model symmetries and are of the form [16]

L ⊃ Cij
Λ

(
L
c

m,Lσ2Φ
) (

ΦTσ2Ln,L
)

+ h.c. =⇒
(
mM
ν

)
mn

=
Cmnv

2

Λ
(2.18)

Here Λ denotes the mass-scale of the extra degrees of freedom from the newly broken

symmetry L that have been integrated out, σ2 is the second Pauli matrix and Cij/mn

is the associating Wilson coefficient. It follows naturally that in the case where Λ� v

then
(
mM
ν

)
mn
� v.

It is interesting to note that as this requires SSB of the symmetry L from Goldstone’s

theorem [21] which states that for a Lagrangian with a symmetry group G which can be

spontaneously broken to a smaller symmetry group H ⊂ G that there exists a massless

boson for each broken generator of the symmetry group G. This implies that should

the neutrino be a Majorana fermion and L is a spontaneously breakable symmetry
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that there should exist a massless Goldstone boson namely a ‘Majaron’ which could

mediate an entirely new class of decays [22].

If we go back to the original Yukawa Lagrangian (2.2) we find that the Yukawa matrices

(Γf ) can be diagonalized via unitary rotations such that

Γf = Vf Γ̂fW
†
f (2.19)

The interactions via neutral currents therefore do not induce any sort of flavour viola-

tion, however, from the two rotations the charged current interactions of fermions with

the W boson do induce flavour violation and we can therefore construct a charged-

current (cc) Lagrangian as follows [16]

Lcc =
g√
2

(
uLγ

µ
(
V †uVd

)
dL + νLγ

µ
(
V †ν Ve

)
eL
)
W+
µ + h.c. (2.20)

This clearly shows the flavour violation in the quark sector and assuming the neutrino

is massless this results in the flavour conservation of the lepton sector. However, we

know the neutrino is not massless and therefore flavour violation in the lepton sector

is now possible. This flavour violation caused by massive neutrinos can be described

by the Pontecorvo-Maki-Nakagawa-Sakawa (PMNS) matrix described as [23]

UPMNS = (V †e Vν) (2.21)

This matrix can diagonalise the neutrino mass matrix and thus connects the flavour

and mass eigenstates for the neutrino as

να =
∑
k=1,3

Uαkνk, α = e, µ, τ (2.22)

The PMNS matrix as well as describing neutrino oscillations can also describe CLFV

which is forbidden at tree level but can occur through loop diagrams that involve

neutrinos and W bosons.
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Figure 2.1: Generic Feynman diagram for µ→ eγ where the loop can include would-be
Goldstones in renormalizable gauges [24].

2.3 Renormalizable Gauge Calculation for a CLFV

Process

It is now important to establish the Rξ gauge calculation for the decay of µ → eγ

to highlight the calculable, sizeable rate of the CLFV µ → e conversion in minimal

extensions to the Standard Model. A detailed account of this calculation can be found

in [24], from which the following derivation has been outlined. First it needs to be

established that the decay amplitude for the diagram as shown in Figure 2.1 takes the

form

T (µ→ eγ) = ελ〈e|JEMλ |µ〉 (2.23)

where, in this notation, ελ(q) denotes the so-called photon polarization and we note

that T has the following Lorentz decomposition where we define Ai(i = 1, 2, ...6) as

our invariant amplitudes〈
e
∣∣JEMλ ∣∣µ〉 = ue(p− q) [iqvσλv (A1 + A2γs) + γλ (A3 + A4γs) + qλ (A5 + A6γs)] uµ(p)

(2.24)

Remembering that we have the electromagnetic gauge invariance

δλJEMλ = 0 (2.25)

we find the condition

−me (A3 + A4γs) +mµ (A3 − A4γs) + q2 (A5 + A6γs) = 0 (2.26)

From which it is found that

A3 = A4 = 0. (2.27)

From this we find that for the on-shell condition where q2 = 0 and thus ελqλ = 0

T (µ→ eγ) = ε2uc(p− q) [iqvσλv (A1 + A2γ5)] uµ(p) (2.28)
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If we take the limit where me = 0 we find that A1 = A2 such that the final state

electron always be left-handed and using the Gordon decomposition we find that

T = A1ue(p− q) (1 + γs) iσλvq
vελuµ(p)

= A1ue(p− q) (1 + γs) (2p · ε−mµγ · ε) uµ(p)
(2.29)

such that we only need to factor in the p · ε term into the calculation of our amplitude.

In this derivation it is assumed that the neutrinos have the aforementioned Dirac mass,

however, this can be extended to the case of Majorana mass [25].

Neglecting contributions from diagrams where the photon vertex is external to the

loop2 and by summing over all of the corresponding diagrams, to find the total con-

tribution we find that

A1 = A2 = e
g2

8M2

mµ

32π2
δv (2.30)

Where δv is the so called GIM suppression factor that suppresses flavour changing

neutral currents (FCNC)

δv =
∑
i

U∗eiUµi
(
m2
i /M

2
)
. (2.31)

Our dependence on the gauge parameter ξ has now been cancelled which is consistent

with the fact that in the limit where ξ →∞ (the unitary gauge) the Goldstone bosons

decouple.

Thus we obtain for the decay width the expression

Γ(µ→ eγ) =
m3
µ

8π

(
|A1|2 + |A2|2

)
. (2.32)

Using Γ(µ→ eνν) = m5
µG

2
F/192π3 and by defining GF/

√
2 = g2/8M2, the branching

ratio, of this decay process, as obtained from [24] can be found as

B(µ→ eγ) ≡ Γ(µ→ eγ)/Γ(µ→ eνν)

=
3α

32π
δ2
v

(2.33)

where α is the fine structure constant. This gives a branching ratio of O(∼ 10−55) by

utilising the best fit neutrino oscillation parameters taken from [26]

|∆m2
31(32)| = 2.47(2.46)× 103eV 2, ∆m2

21 = 7.54× 105eV 2,

sin2 θ12 = 0.307, sin 13 = 0.0241(0.0244), sin2 θ23 = 0.39
(2.34)

2These terms are proportional to UeγUµ and cancel from similar terms from the diagrams where
the photon vertex is internal in the loop.
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Where, the terms in brackets, correspond to the case where the neutrino mass hierarchy

is inverted.

Throughout this derivation total lepton number was assumed to be a global symme-

try and thus it has to remain conserved. If instead we extend the SU(2)L×U(1)Y such

that both Dirac and Majorana terms for neutrino mass are included, a new derivation

can be formed that is outlined here from a full detailed description to be found in [27].

This hybrid Dirac-Majorana Lagrangian takes the form

LDM = χHχ (2.35)

Where we define χ to be a representation of the six possible self-conjugate fields

χ =

 νaL + (νca)L

νbR + (νcb)R

 , a, b = e, µ, τ (2.36)

and we define H to be a so-called 6× 6 Majorana mass matrix, which is symmetric

H =

 0 1
2
D

1
2
DT Υ

 . (2.37)

With D,Υ representing the Dirac and Majorana terms respectively. This can be

diagonalized by an orthogonal matrix, W , such that if we introduce simplifying terms

Υab = Υδab and Dab = Dδab, which don’t effect the physics used within the calculation,

we obtain W in the form

W =

 U 0

0 V

 Ĉ Ŝ

−Ŝ Ĉ

 (2.38)

Here U and V are orthogonal matrices that represent the diagonalization of the neu-

trino mass matrix for both chiral states (νL, νR respectively) and Ŝ,Ĉ are diagonal

matrices such that

Sij = sin θiδij, Cij = cos θiδij, tan 2θi = Di/Υ (2.39)

Using this matrix to diagonalise H we find that both chiral states of the neutrino

represent superpositions of the six mass-eigenstates(νi, Ni) with eigenvalues (mi,Mi),

where, mi and Mi, have values of 1
2
[Υ∓ (Υ2 +D2

i )
1
2 ] respectively.

Hence the following decay rate for µ→ eγ is obtained [27]

Ti = UµiUei cos2 θiF
(
m2
i /M

2
w

)
+ UµiUei sin

2 θiF
(
M2

i /M
2
W

)
(2.40)
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Where we define

F (x) = 2(x+ 2)I(3)(x)− 2(2x− 1)I(2)(x) + 2xI(1)(x) + 1 (2.41)

where

I(n)(x) =

∫ 1

0

zn

[z + (1− z)x]
dz (2.42)

This introduction of the two eigenstates proposes two distinct solutions. In the first,

both eigenvalues are equal (Mi is also small). This solution allows the usual neutrino

oscillations but also allows neutrino-antineutrino oscillations [28]. This results in com-

plete GIM cancellation when summed over the contributing diagrams, as for the case

with only Dirac terms and thus has a rate with the same order of magnitude. In the

second case where Mi � mi [29] the GIM cancellation loses its effectiveness. However

the mixing between the left-handed chiral states becomes extremely small and thus

this process is also highly suppressed.

2.4 Model-Independent Effective Lagrangian

CLFV in general becomes very model-dependent in extensions to the Standard Model

and thus, following from the maths of [30][31], it is important to establish a so-called

model-independent effective Lagrangian, which provides parameters to reflect the rel-

ative size of two distinct types of CLFV models. This effective Lagrangian can be

taken in the nucleon regime of mass dimension-six operators as follows

LCLFV =
∑
fq

1

Λ2

[
λS,Lf ePLµ+ λS,Rf ePRµ+ h.c.

]
qfqf

+
∑
fq

1

Λ2

[
λV,Lf eγνPLµ+ λV,Rf eγνPRµ+ h.c.

]
qfγνqf

(2.43)

Here the superscripts S, V represent Scalar and Vector current terms respectively,

L,R represent the chiral states, which are determined by PL,R, and fq represents

all quark flavours from the three generations. Here we have neglected to include

contributions from pseudo-scalar and axial-vector terms as these are suppressed in

coherent conversions by contributions of the scalar and vector terms. Introducing

from here the notation of ql = u, d, s and qh = c, b, t for light and heavy quarks,

respectively. We introduce ς = L,R, Λ as the energy scale associated with new physics
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contributions Λ ∼ 1TeV. Finally we introduce mN as the nucleon mass. Integrating

out the heavy quark terms through trace anomaly of the stress-energy tensor [32] we

obtain the following Wilson coefficients:

CS,ς
fq

= λS,ςfq −
2

27

∑
qh

mfq

mqh

λS,ςqh

CV,ς
fq

= λV,ςfq

Cς
Θ =

2

27

∑
qh

mN

mqh

λS,ςqh .

(2.44)

If we now introduce the following simplifying terms

Fql = CS,L
ql
ePLµ+ CS,R

ql
PRµ+ h.c.

F ν
ql

= CV,L
ql
eγνPLµ+ CV,R

ql
eγνPRµ+ h.c.

FΘ =
1

MN

[
CL

ΘePLµ+ CR
ΘePRµ+ h.c.

] (2.45)

we get an effective Lagrangian of the form

LCLFV =
∑
ql

1

Λ2
Fqlqlql +

∑
ql

1

Λ2
F ν
ql
qlγνql +

1

Λ2
FΘΘµ

µ. (2.46)

It is frequently more useful to represent the effective Lagrangian in a so-called ‘lepton

only’ form [33]

LCLFV =
mµ

(1 + κ)Λ2
µRσµνeLF

µν +
κ

(1 + κ)Λ2
µLγµeL (eγµe) + h.c. (2.47)

Here we introduce mµ as the muon mass and F µν as the photon field strength. The

parameter κ has been introduced to reflect the relative size of the two operators, the

magnetic-moment type operator in the first term and the four-fermion type operator in

the second term. The first and second term are often referred to as the photonic and

contact terms respectively and represent the contributions from diagrams as shown

in Figure 2.2. If κ � 1 the photonic term dominates. If κ � 1 the contact term

dominates.

Each of the diagrams shown in Figure 2.2 can have its own model-dependent, phe-

nomenological framework for CLFV processes where:

- SUSY refers to the supersymmetry model. [34]

- Heavy-ν refers to the existence of a heavy sterile neutrino. [35]

- 2-Higgs-doublet refers to the model where the Higgs boson exists in two doublets
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and can have five physical states: two CP-even, neutral Higgs bosons h and H (H is

heavier than h), the CP-odd pseudoscalar A and two charged Higgs bosons H±. [36]

- Compositeness refers to the model where the Higgs boson is taken to be of finite size

and represents a Nambu-Goldstone field. [37]

- Leptoquarks refers to interactions via the exchange of a so-called leptoquark which

are colour-triplet bosons that carry both Lepton and Baryon number. [38]

- Anomalous-couplings refers to the anomalous couplings in three to four gauge boson

interactions introduced in operators after EW SSB. [39]

However, these in-depth analyses are beyond the scope of this dissertation and there-

fore have been omitted. More thorough phenomenological analyses can be found

in [33][40].

Figure 2.2: Generic Feynman diagrams for the CLFV µ → e process. The top row
represents the photonic diagrams (SUSY, Heavy-ν, 2-Higgs-Doublet). The bottom row
represents the contact diagrams (Compositeness, Leptoquarks, Anomalous-couplings).



Chapter 3

Mu2e: Experimental Overview

This Chapter provides a brief overview of the Mu2e experiment. A more detailed

account can be found in the experiment-specific, technical design report [41]

The Mu2e experiment utilises the distinct process of stopped muon-capture in the

field of a target-material nucleus. This process is paramount to probing CLFV effects

within and beyond the Standard Model, as once stopped, the muons can cascade

to the 1S orbital energy level, where they can undergo the following distinct decay

processes. The muon can undergo decay-in-orbit (DIO) which follows the Standard

Model decay of µ− → e−νµνe, or may undergo the process of standard weak nuclear

capture µ−p → νµn, however the muon can undergo the CLFV conversion decay

process of µ−N → e−N . This final process offers a perfect probe of CLFV effects in

the Mu2e experiment as the muon rest energy is transferred almost entirely to a mono-

energetic electron in the conversion process and thus producing a precise measurable

signal.

The binding energy of the muonic atom with the atomic number Z is given by

Eb ∼
m2
µZ

2α2

2
(3.1)

with mµ being the muon rest-mass energy. The nuclear recoil energy is given by

Eµ = mµ − Eb. The nuclear recoil energy the energy of the so-called ‘conversion

electron’ (ce) are related [42] by the expression:

Ece = mµ − Eb −
E2
µ

2mN

(3.2)

where mN is the atomic mass of the target nucleus. This signal electron has an energy

of approximately 105 MeV. The experiment aims to measure the quantity Rµe which

27
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signifies the rate of µ → e CLFV conversion events normalised to the number of

stopped muons in the aluminium target. This quantity is defined as:

Rµe =
µ− + A(Z,N)→ e− + A(Z,N)

µ− + A(Z,N)→ vµ + A(Z − 1, N)
(3.3)

As mentioned previously the current limits for this parameter have been set by Mu2e’s

predecessor SINDRUM-II at Rµe < 7 × 10−13(90% C.L.) [10]. The SINDRUM-II ex-

periment that achieved this rate in 2000 [10] focused a 53 MeV/c muon beam on a

Gold target. During a live time of 75 days, 4.4× 1013 muons were stopped. The elec-

tron spectrum was then measured via a spectrometer consisting of several cyclindrical

detectors encapsulating the target on the beam-axis which was placed within a 1 T

field superconducting solenoid. Pion contamination was reduced by a factor of 106

by directing the beam through a thin moderator to reduce the muon flux. Electrons

from the radiative pion capture process within the moderator could reach the target

and subsequently scatter into the solid angle of the detector. After removing forward

prompt events the measured electron spectrum agreed with the predictions for the

spectrum produced via muon decay-in-orbit with no electrons measured in the con-

version signal region.

The Mu2e experiment aims to increase the sensitivity of this parameter with a single-

event sensitivity of Rµe < 2.87 × 10−17(90% C.L.) [41] which is an order of 104 im-

provement on the current limit. To achieve this sensitivity Mu2e has to increase the

intensity of stopped muons to 1.5 × 1010 Hz by using a graded solenoidal field. It is

also necessary to improve background rejection to ensure conversion only events are

selected. There are three distinct backgrounds which can mimic the signal of the con-

version electron.

The first background is the DIO process previously mentioned. When the muons un-

dergo this process the nucleus undergoes a coherent recoil, this recoil, in turn, pushes

the Michel spectrum endpoint up to the conversion energy peak. Near this conversion

endpoint the DIO spectrum rapidly falls as (E−Eendpoint) [43]. Therefore it is critical

that precise momentum measurements are made to enable rejection of the DIO elec-

tron background. The spectrum for this process can be seen in Figure 3.1.

The second major source of background is the possibility of cosmic-ray particles scat-

tering off the target material this, in turn, can produce electrons which mimic the
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Figure 3.1: Energy spectrum of electrons produced via DIO muon decays (red) com-
pared to those produced via free Michel muon decay (blue) [43].

105 MeV signal. These backgrounds are indistinguishable from the conversion elec-

trons and therefore it is paramount that the experiment has an active Cosmic Ray

Veto (CRV) in place to remove this background contribution as much as possible.

The final major source of background comes from processes in the incident muon beam

itself. One example of this is the possibility of pions reaching the stopping target before

decaying into muons; these, pions can then undergo a radiative pion capture (RPC)

in the target material; this, in turn, creates a gamma which can then experience con-

version which can produce a conversion-electron like signal in the detector.

This RPC process provided the strongest limitations on previous muon conversion ex-

periments. Mu2e aims to reduce this background by using a pulsed proton beam to

introduce timing cuts which mitigate these backgrounds.
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Figure 3.2: Layout of the Fermilab accelerator complex and relative position of the
Mu2e facility [41].

3.1 Proton Beam

The main feature necessary for the pulsed proton beam is to ensure the secondary

muon beam is produced in a time-frame that allows for the stopped muons to undergo

the decay processes before the subsequent pulse arrives. The lifetime for stopped

muons in aluminium averages to approximately 864 ns [43]. The beam also needs to

be of a high enough intensity to produce a high-intensity beam of low-energy muons

within this time frame. The proton beam consists of two bunches of 8 GeV protons

extracted from the Fermilab Booster ring. These protons are then injected into the

Recycler ring where they are allowed to circulate for 90 ms to allow for an RF sequence

to be performed that coalesces the bunches into four 250 MHz bunches which occupy

one seventh of the Recycler Ring circumference. These bunches are then injected in
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succession into the Delivery ring. From the delivery ring, the bunches then undergo

a resonant extraction where for each turn, a small fraction of the beam is separated

and redirected through the extraction beamline. During the resonant extraction the

bunch is subjected to an RF knockout technique which allows for fast transverse beam

heating and fine control of the spill rate as a feedback tool. This resonant extraction

injects the protons into the experiment beamline at a rate of 1695 ns in accordance

with the revolution period of the Delivery Ring.

To suppress the generated background events from beam produced between the suc-

cessive pulses an extinction system consisting of a high-frequency AC dipole is put in

place. This AC dipole system is based on three distinct harmonics to ensure in-time

protons are transmitted to the production target and the out-of-time protons are di-

rected into collimators. The first 300 kHz harmonic is phased to ensure in-time protons

pass through the collimator. The second 4.5 MHz harmonic reduces slewing response

(the response of an electronic device to a sudden, large change of voltage or current per

unit of time.) and ensures minimal loss of in-time beam. Finally a 900 kHz harmonic

is used to reduce the maximum amplitude, which, in turn, minimises scraping effects

upstream of the collimator. It is important to ensure the extinction system has a high

efficiency and, therefore, it is important to optimise the magnet specification. The

scaling behaviour of the minimum stored energy within the bending magnets (U) can

be defined as

U ∝ 1√
βxL

(3.4)

where βx is the so-called beta function that relates to the amplitude and wavelength of

a pseudo-harmonic oscillator solution to the Hill equation and L is the magnet length

with the assumption of a waist in the non-bending plane [41]. A system of collimators

is used to ensure beams outside the admittance are not directed into the transmission

of the AC dipole. The general design of this system can be seen in Figure 3.3.

Once the beam has transversed the extinction system it is then delivered as a beam of

1 mm transverse radius (RMS) with a duration of 250 ns to the production target. The

production target is a radiatively cooled tungsten rod placed in the evacuated warm

bore of a high-field superconducting solenoid. Tungsten is chosen due to its high

atomic number and density, its large pion production cross-section and, its ability to

radiate the generated heat load without the need of a coolant at a beam power of
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Figure 3.3: Principal design and operation of the three harmonic AC dipole/collimator
system [41].

8 kW.

3.2 Mu2e Solenoids

The main beamline of the Mu2e experiment consists of three distinct solenoids as

shown in Figure 3.4: the production solenoid, the transport solenoid and the detector

solenoid. The production solenoid ensures the proton beam is directed on to the pro-

duction target and ensures the produced pions are directed to the transport solenoid.

The transport solenoid ensures the low-energy negatively charged muon beam is pro-

duced and transported to the detector solenoid. The detector solenoid houses the

muon-stopping target and all components required to analyze and identify the desired

signal and to reduce backgrounds. These solenoids and the subsequent components

are discussed in more detail below.

Figure 3.4: Cross-section design of the Mu2e apparatus (CRV not shown) [41].
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3.2.1 Production Solenoid

The production solenoid (PS) as shown in Figure 3.5 is evacuated to 10−5 Torr and

is 4 m in length with an inner bore diameter of 1.5 m. The solenoid consists of three

coils with three, two and two-layer high-current, low-inductance, aluminium-stabilized

NbTi axial coils with a decreasing number of windings on each successive coil. These

coils form a graded solenoidal field that transitions smoothly from 4.6 T to 2.5 T. The

aluminium stabilizer is used over the alternative copper stabilizer as it can be annealed

at room temperature to reverse atomic displacements that cause degradation over time.

This atomic displacement is caused primarily by neutrons. This aluminium stabilizer

also ensures nuclear heating as a result of the large flux of secondaries is reduced.

Finally, aluminium has a smaller density than that of copper thus the overall weight

of the solenoid is reduced.

At the centre of the solenoid sits the tungsten production target with a diameter of

12.6 mm and 16 cm in length. The protons are injected through a small port at

the low-field end where they are directed on to the target producing a large flux of

secondary particles. Protons that are not stopped by the target and very-forward

going produced secondary particles exit the solenoid through the high-field end. Pions

produced at an angle of ∼30° to the solenoid axis in the forward-direction are reflected

backwards by the higher-field where they join the backwards-going produced particles

and travel helically towards the transport solenoid. The production solenoid warm

bore is lined with a bronze heat and radiation shield. This shield limits the damage to

the superconductor insulation and aluminium-stabilizer layers and prevents quenching

by limiting the heat-load in the cold mass caused by the secondary particle flux.

Figure 3.5: Cross-section design of the Mu2e production solenoid [41].
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3.2.2 Transport Solenoid

The S-shaped transport solenoid (TS) as shown in Figure 3.6 is designed to eliminate

positively charged particles and line-of-sight neutral particles, as well as high energy,

negatively charged particles to ensure the required low-energy negatively charged muon

beam is produced and transported to the detector solenoid. This solenoid is designed

in five distinct sections: TS1 (1 m straight section), TS2 (90°curved section, 3 m major

radius), TS3 (2 m straight section), TS4 (90°curved section, 3 m major radius) and

TS5 (1 m straight section). The inner warm bore diameter of the transport solenoid

cryostat is 0.5 m. Each section consists of superconducting solenoids and toroids

that produce a 2 T toroidal magnetic field allowing for the separation of negative and

positively charged particles drifting in opposite directions perpendicular to the toroidal

axis. This magnetic field along with collimators and absorbers along the beamline

ensure the necessary elimination of unwanted particles and to ensure selection of the

low-momentum muons. To reduce unnecessary transport time the straight sections

(TS1, TS3, TS4) have a permanent negative gradient which accelerates the charged

particles and eliminates the so-called traps that scatter trapped particles into the

detector solenoid late compared to the pulse beam.

Figure 3.6: Cross-section design of the Mu2e transport solenoid [41].
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3.2.3 Detector Solenoid

The detector solenoid as shown in Figure 3.7 is a low-field magnet of aluminium-

stabilized NbTi, 11 m in length with a clear bore diameter of about 2 m evacuated to

10−4 Torr. This solenoid houses the muon-stopping target (MST) and the components

required to analyze and identify the conversion-electrons as well as the backgrounds

including the tracker and calorimeter.

The Muon-Stopping Target is placed within a gradient field of 2 T to 1 T which is

achieved by introducing spacers which effectively changes the winding density of the

superconducting cable. This gradient field ensures back-scattered conversion-electrons

are reflected towards the detector components as well as ensuring necessary back-

ground reduction of high-energy electrons by incrementally pitch-shifting as they are

accelerated which, in turn, separates them from the conversion-electron pitch angle.

The detector components are placed within a relatively uniform low-field of 1 T.

Figure 3.7: Cross-section design of the Mu2e detector solenoid [41].

3.3 Muon-Stopping Target

The Muon-Stopping Target consists of seventeen coaxial discs of aluminium, radii

varying from 8.33-6.53 mm down the beamline axis, 0.02 mm thick, spaced with 50 mm

separation, with a central hole to capture and stop the helically travelling muons. The

helical path of the muons is induced by the magnetic field of the solenoid and can be

described with an expression for the helix radius Rh as follows:

Rh =
pT
qB

(3.5)

With pT being the transverse momentum, q being the particle’s charge and B is the

magnetic flux density.
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The stopping target discs are supported by tungsten wires to suppress the DIO

background as a material’s Z-value determines the DIO spectrum. The DIO endpoint

energy decreases for higher Z-value materials which reduces the background; therefore

a high Z-value material, such as tungsten, is imperative. The momentum spectrum

for the beam muons compared with the spectrum of stopped muons can be seen in

Figure 3.8.

Figure 3.8: Muon-beam momentum spectrum compared with the spectrum of stopped
muons [41].

3.4 Tracker

The Mu2e tracker provides the high precision momentum measurements necessary

to reject the background caused by DIO muons. Muons that capture on aluminium

atoms have a 39.1% chance of undergoing the DIO process in the proximity of the Al

nucleus [44]. The tracker consists of approximately ∼20,000, 15 µm metalized Mylar

straws in a vacuum, each with a diameter of 5 mm, containing a 25 µm sense-wire.

The straws are oriented as panels, transverse to the solenoid axis with a 120° arc.

Each panel consists of two staggered layers of 96 straws to help resolve the so-called

‘left-right ambiguity’ (which side of the sense wire a track passes). A station consists

of 12 panels oriented in successive 30 ° rotations and the Mu2e tracker consists of

18 consecutive stations with a total length of ∼3.2 m as shown in Figure 3.9. The

straws tracker acceptance is limited to a minimum radius of 38 cm; this limit makes the



3.5. ELECTROMAGNETIC CALORIMETER 37

tracker blind to the majority of the beam flash and low momentum DIO electrons [43].

Only approximately 3% of the total DIO rate is observed (electrons of energies greater

than 53 MeV) [41].

The tracker records a digital waveform via ADCs, allowing for dE/dx determina-

tion to distinguish between electrons and protons that produce highly ionising hits.

Transverse and longitudinal hit positions are determined by TDCs and preamplifiers

at both ends of the straws to measure the differential drift time. Digitization is per-

formed at the detector, with readout via optical fibres to ensure minimal penetration

and a liquid cooling system is in place to ensure optimal operating temperature for

the electronics.

The high-side resolution of the tracker is necessary to distinguish between back-

grounds and conversion-electrons as the high-side tail would smear background can-

didates into the signal region. The requirement for the high-side resolution is σ <

180 keV [45]. A two-Gaussian sum model of the high-side resolution from simula-

tions determines the core component: σ=115 keV/c, and a significant tail component:

σ=176 keV/c [41]. The low-side resolution is less significant as the tail smears back-

ground away from the signal region.

Figure 3.9: Design of the Mu2e straw-tube Tracker [41].

3.5 Electromagnetic Calorimeter

The Mu2e Calorimeter as shown in Figure 3.10 consists of 674 undoped CsI scintillating

crystals. Each crystal has dimensions of 3.4x3.4x20 cm3 and has a hexagonal shape.
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The calorimeter provides precision energy and time measurements which are critical

for particle identification. These precise measurements can help reduce backgrounds

from non-vetoed cosmic-ray processes such as trapped muons in the magnetic field or

subsequent electrons produced by trapped muons from cosmic rays interacting with

the detector material and it can also help to alleviate any misidentification in the

tracker due to high hit rates causing the aforementioned high-side tail smearing.

The high precision energy and time measurements are achieved via a complex sys-

tem of components. Each crystal has a readout via large surface area, solid-state

silicon photo-detectors (SiPTs). A laser-flasher system is put in place for each crystal

to ensure relative calibration and monitoring is maintained. Absolute calibration is

obtained via a circulating, radioactive source, liquid system. To provide the necessary

identification of muons and electrons, the calorimeter is required to have an energy

resolution of ∼5% and a time resolution of better than 500 ps [43].

Figure 3.10: CAD drawing of the Mu2e electromagnetic calorimeter [43].

3.6 Cosmic-Ray Veto

As mentioned in the previous sections one of the most significant and constant back-

grounds comes from processes due to high energy cosmic-ray muons interacting with
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detector material, decaying in flight or subsequently producing electrons and positrons

through delta-ray production or as secondary particles which produce 105 MeV con-

version like signals. From simulations the estimated amount of cosmic-ray induced

background is 0.082± 0.018 events, assuming a particle identification, muon-rejection

factor of 200 and a Cosmic-Ray Veto inefficiency of 10−4 [41]. Therefore, it is of

high importance that the experiment has an active Cosmic-Ray Veto (CRV) system in

place to ensure this background is suppressed. The Cosmic-Ray Veto encapsulates the

downstream end of the transport solenoid and the entirety of the Detector Solenoid

and consists of a shielding wall of concrete as well as a passive shielding detector. The

passive shielding consists of four layers of scintillating strips with a 2.0 cm thickness to

ensure a sufficient amount of light to achieve the high light intensity threshold neces-

sary to suppress the backgrounds. The scintillation light is then captured by embedded

wavelength-shifting fibres; where, it is subsequently detected by Silicon photomultipli-

ers (SiPMs) at either end of the CRV, neglecting counters placed in close proximity

to the transport solenoid downstream region. Between the scintillating layers, an alu-

minium absorber layer is placed to ensure the reduction of punch-through from the

high-energy electrons.

3.7 Trigger and Data Acquisition

To ensure necessary efficiency of data acquisition from the Mu2e detectors trigger and

data acquisition (TDAQ) subsystems are put in place. The data-acquisition (DAQ)

subsystem has an off-detector bandwidth requirement estimated to be∼100 GBytes/s [46].

The subsystem provides the recording, transferring and filtering (triggers) of the data

to ensure necessary rate reduction and data delivery to the offline and online stor-

age systems; where, the data can be further analysed. Readout controllers are used

to buffer the beam data from the digitizers during the so-called “live gate” period.

The live gate width is nominally the last 1000 ns of each 1695 ns micro-bunch pe-

riod but it is programmable. The detector will generate an estimated 120 KBytes

of zero-suppressed data per micro bunch, for an average data rate of 70 GBytes/sec

when beam is present. The calorimeter DAQ system readout produces approximately

25 ADC (analogue-to-digital converter) values (12 bits each) per hit. The cosmic ray
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veto system readout generates approximately 12 bytes for each hit. CRV data is used

in the offline reconstruction, so readout is only necessary for timestamps that have

passed the tracker and calorimeter filters. The average rate depends on threshold set-

tings. The tracker subsystem readout produces two TDC (time-to-digital converter)

values (16 bits each) and typically six ADC values (10 bits each) per hit by reading

out each straw at both ends to determine the hit position. The ADC values are the

analogue sum from both ends of the straw.

All data filtering and triggering in the Mu2e DAQ architecture is done in software.

The production DAQ will use 36 dual-CPU servers. The online processing system

must handle a total rate of 192,000 micro-Bunches per second, an average of 5400

events per second per server. The Level-1 trigger is generated when an energy clus-

ter in the calorimeter is detected above a preset energy threshold, the event is then

reconstructed in an event builder in a time-ordered manner allowing for background

rejection by using space and time information to match the clusters with tracks. The

full detailed requirements and operations of the DAQ system can be found in [41].
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Stopping Target Monitor

Mu2e must achieve a sensitivity to Rµe greater than that of previous µ → e CLFV

searches. Due to the complexity of the processes that deliver the muons from the

initial pion decays in the production solenoid to the detector solenoid, a system must

be put in place to monitor the rate of negative muons that are stopped in the target

material to a precision of ∼10% [47] as well as setting criteria for the fine-tuning of

the proton beam. This system is the stopping target monitor (STM). A high-intensity

electron beam flash is produced primarily via π0 production followed by the conversion

of decay photons and, also via decays or interactions of beam particles upstream of the

stopping target. This beam-flash poses challenges in accurately determining the rate

as the electrons can subsequently produce bremstrahlung photons at a rate calculated

to be 51 MHz/cm2 with a mean energy of 1.4 MeV [41]. The first possibility to

determine the rate of stopped muons is to measure the prompt x-ray photons produced

via the orbital transitions of muons that are captured in the atomic orbit of the target

material nucleus. Detection of these prompt x-ray photons due to stopped muon

capture is not possible with standard solid-state germanium or standard commercial

detectors as they are produced within O(ps) of the initial capture [41][48] and standard

commercial detectors only have timing capabilities of O(ns) [55]. Due to this timing

factor, as well as the high background rate for the prompt x-rays, it is necessary to

use a high resolution detector such as a High-Purity Germanium (HPGe) detector.

A second possibility to determine the rate is to instead measure the rate of the

semi-prompt photons produced via nuclear capture of the muon,

µ− + p→ n+ νµ + γ. (4.1)

41
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These photons are produced after a time approximate to the muon lifetime in alu-

minium (τ = 864 ns). Subsequently, a third, delayed type of γ-photon can be measured

which are produced from activated daughters in the aluminium stopping target due to

the aforementioned muonic nuclear capture. These processes have fewer restrictions on

timing efficiency of the detector and therefore can be measured more easily compared

with the prompt photons; however, the candidate processes for the semi-prompt and

delayed production have large error bars on their intensities [49].

There are four major candidates for the normalising rates of the stopped muons [49].

� Prompt: 2p− 1s, 347 keV, x-ray: 79.8(8)% of µ-stops

� Prompt: 3d− 2p, 66 keV, x-ray: 62.5(1.8)% of µ-stops

� Semiprompt: 1.809 MeV, γ-photon: 51(5)% of µ-captures

� Delayed: 844 keV, γ-photon: 10-13%×71.8% w 9.3% of µ-captures

Due to the high intensity and correspondence with stopped muons the prompt 347 keV

is an ideal candidate for detection; however, this candidate has many neighbouring

peaks, such as the 3p− 1s, and 4p− 1s transitions. Due to the aforementioned high-

intensity bremstrahlung flash, the detector would suffer a so-called ‘dead time’. These

factors make HPGe a good candidate for the detector due to the attainable high

resolution.

The 66 keV photon is less optimal as it sits in a low-energy regime where rates drop

from absorption either within the target material itself or in material between the

target and the detector, background rates are also high in this regime and HPGe

calibration is difficult.

The Semi-Prompt 1809 keV signal, produced in the 27Al + µ− → νµ + n + γ + 26Mg

reaction, has been determined to have no significant neighbouring peaks from data

acquired at AlCap [50] an experiment designed to determine the photon spectrum

from stopped muon processes, based at Paul Scherrer Institut in Switzerland, using

the continuous µ− beamline of the πE5 experiment. [51] The lack of neighbouring

peaks allows for the use of a detector that can withstand higher rates while having

lower resolution such as LaBr3(Ce).

The delayed 844 keV peak is unique to the aluminium target and is produced when
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the target material is activated to an excited 27Mg state, this occurs in 17% of stopped

muon captures. This process is outlined as:

27Al + µ− → 27Mg + νµ (4.2)

The excited 27Mg subsequently undergoes gamma decay with a lifetime of approx-

imately: τ = 13.6 mins producing the 844 keV peak [49]. Stopped muons can also

undergo similar processes in nuclei of trapped impurities in the aluminium layer such as

oxygen, and therefore, due to the uniqueness of the γ-photon energy being dependent

on the stopped-muon nucleus it is essential for the detector to be of high resolution to

resolve the 844 keV peak against the background. This, again, makes HPGe a good

candidate [47]. The large lifetime of the beta decaying 27Mg to produce the 844 keV

candidate allows the γ-spectrum to be attained during the idle, beam-off, 1.08 s period

of the pulsed proton beam which is relatively background-free as well as during the

beam-on time.

The estimated rate of photons that reach the STM-detector during the so-called

extraction period is ∼20 /cm2/s (∼90 /cm2/spill-second) with an average energy of

∼1.86 MeV. Accounting for time-of-flight between the stopping target and the detec-

tor, the flash occurs within ∼200-490 ns [49].
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Figure 4.1: Data from the AlCap experiment, detailing the prominent, 347 keV,
844 keV and 1809 keV peaks respectively [50].

4.1 STM Beamline

To precisely determine the rates of the stopped muon capture, stringent requirements

are needed for the detector and beamline components, a detailed account of which can

be found in [49].

4.1.1 Muon-Beam-Stop Endplug

The requirements for a muon-beam-stop can be found in [52]. The Muon-Beam-Stop

component is located down-stream of the calorimeter in the bore of the Detector

Solenoid. It is designed such that beam particles and cosmic-ray particles that reach

the downstream end of the warm bore are absorbed to minimise the rates of possible

backscattered or secondary particles in the tracker and calorimeter. The muon-beam-

stop requires a 24.0 cm thick, high-density polyethene (HDPE) endplug with a maximal

inner radius of 91 mm to ensure the x-rays and photons can pass unmoderated from

the stopping target to the stopping target monitor detectors.
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4.1.2 Instrumentation-Feedthrough-Bulkhead (IFB) Vacuum

Window

The instrumentation-feedthrough-bulkhead (IFB) shown in Figure 4.2, is supported at

the downstream edge of the muon-beam-stop and is required to have a vacuum window

to allow for the transmission of signal photons that ensures maximal beam-background

suppression. The recommended material given in [49] for the vacuum window is Mylar

with a minimum thickness of 0.212 mm and a 9.7 cm radius to maintain the down-

stream vacuum. The window is located at zmu2e = 17321 mm. Simulations have shown

that even a 10× thicker Mylar window will provide the necessary transmission and

background suppression [49].

4.1.3 End Cap Shielding (ECS)

At the absolute downstream edge of the detector solenoid, a shielded end-cap is placed.

The only requirements for this component are to ensure the inner radius exceeds that of

the inner radius hole in the Muon-Beam-Stop, such that it accounts for the placement

precision, in case the hole is slightly off-axis.

Figure 4.2: Geant4 geometry design detailing the muon-beam stop (MBS), instrument-
feedthrough-bulkhead (IFB) and the end-cap shielding [49].

4.1.4 Cosmic-Ray Veto (CRV) Shielding

To allow the necessary rates for the Stopping Target Monitor detectors there cannot

be an absorber placed directly downstream of the end-cap. This lack of an absorber



46 CHAPTER 4. STOPPING TARGET MONITOR

means muons can escape into the air and can subsequently be stopped within the air

itself or in the materials of the downstream components. These stopped muons can

then decay into Michel electrons which can cause dead-time in the cosmic-ray veto;

therefore, it is necessary to place a wall directly downstream of the endcap and a

stainless steel shield surrounding the beamline axis to minimise the possibility of the

so-called dead-time. This shielding can be seen in Figure 4.3.

Figure 4.3: Geant4 geometry design detailing the CRV-shielding and sweeper mag-
net [49].

4.1.5 Sweeper Magnet

Charged particles that have escaped beyond the cosmic-ray veto shielding could pro-

duce signal like events, reduce the rates of the stopping-target monitor detector as

well as causing significant radiation damage. Therefore, a 500 G, permanent sweeper

magnet (SM), 1.0 m in length, is placed directly downstream of the cosmic-ray veto

stainless steel shield to sweep away the charged particles.

4.1.6 Field-of-View Collimator

The stopping-target monitor detectors are required to see only the stopping target

at all times. Therefore, it is necessary to block from view all of the aforementioned

components downstream from the stopping target. To achieve this a lead collimator is

placed directly downstream of the sweeper magnet that is 45.0 cm in length, 43.2 cm

in width and 45.7 cm in height, with a collimating aperture that has a radius of 15 cm

in the upstream-most end and 7.8 cm in the downstream-most end. To suppress any
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signals from muons that have transcended the Sweeper Magnet a 15.0 cm(z) central

region of the collimator is lined with HDPE with a 2.0 cm thick HDPE absorber at

the downstream end of the lining. The maximal inner radius for the collimator is

required to be 7.1 cm, to allow for a full view of the stopping target, accounting for

misalignments [53]. The design for this collimator can be seen in Figure 4.4 with the

line-of-sight requirements shown in Figure 4.5.

Figure 4.4: Geant4 geometry design detailing the field-of-view collimator [49].

Figure 4.5: Line-of-sight requirements for the field-of-view collimator to ensure full
view of stopping target [53].
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4.1.7 Spot-Size Collimator and Shielding House

To ensure the necessary rate reduction for the ttopping target monitor detectors as well

as the necessary suppression of any so-called edge-effects from the upstream compo-

nents, it is necessary to have two collimating apertures of radius 5.642 mm (to achieve

a spot of A= 1.0 cm2 on the HPGe crystal) directly upstream of the detector crystals.

These collimating apertures are drilled within a tungsten block ∼20 m downstream

of the field-of-view collimator; that is, 15.24 cm in length, 43.18 cm in width and

45.72 cm in height. 5.08 cm thick, lead shielding will also be placed above, below and

to the sides of the detectors to ensure necessary room background suppression. This

is referred to as the shielding house. The design for the spot-size collimator can be

seen in Figure 4.6.

Figure 4.6: Geant4 geometry design detailing the spot-size (SS) collimator and detector
positions (shielding house not shown) [49].

4.2 Stopping Target Monitor (STM) Detectors

To ensure the rate of stopped muons in the stopping target is measured to the de-

sired 10% precision it is important that the detectors satisfy the following, stringent,

criteria: [54]

� The detectors must be able to perform within a high-radiation environment at

an optimal rate.

� The detectors must be of high enough energy resolution to resolve any neighbour-

ing background peaks close to the aforementioned normalisation photon peaks.
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� Generally must be capable of minimizing detector acceptance to the large flux

of lower-energy charged particles emanating from the stopping target.

� The detectors must suffer minimal dead-time.

� The detector must be able to measure the signals as a function of time, which is

required for measuring the 347 keV x-ray photons.

4.2.1 Crystal Choice

To achieve the requirements for gamma-ray spectroscopy, a material with a large

depletion depth is essential. The depletion depth is defined as the area about the P-N

junction in semiconductor materials that is essentially void of charge carriers due to

diffusion.

An expression for the depletion depth can be given as [55]

d =

(
2εV

eN

)1/2

(4.3)

Where ε is the dielectric constant, e is the electronic charge, V is the reverse bias

voltage and N is the net impurity concentration in the bulk semi-conductor material.

To achieve depletion depths of 10 mm at a fixed voltage of less than 1000 V, the

value of the net impurity concentration would need to be reduced to approximately

1010 atoms/cm3 (approximately 1 part in 1012 [55]). Germanium crystals with this

level of purity are known as High Purity Germanium (HPGe).

For a HPGe detector to detect a full-energy photon peak all of the photon energy

must be deposited in the crystal as a single photoelectric interaction or as multiple

events of three possible interaction modes: Compton scattering, pair production or via

the photoelectric effect. Due to the fall-off for the photo-electric cross-section as shown

in Figure 4.7, the efficiency of detecting photons of energies greater than 200 keV falls

off with the total absorption cross-section of Ge [57].
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Figure 4.7: Linear absorption coefficients versus gamma-ray energy for Ge [57].

It has been determined, due to the high intensity, high energy neutron environ-

ment, that the crystal of choice for the first of the STM detectors would be n-type,

coaxial HPGe with an inner ∼700 µm-thick contact of diffused lithium and, an outer,

ultra-thin, 0.3 µm-thick contact of ion-implanted boron [47]. The Ortec product guide

for the Gamma-X(GMX) series (coaxial n-type HPGe) lists the following features[56]:

Spectroscopy from 3 keV to 10 MeV, ULTRA thin boron ion implanted radiation

window ideal for Compton Suppression systems, neutron damage resistant (user self-

repair neutron damage option), excellent energy resoluton and peak symmetry, harsh

environment (-HE) option, low-background carbon fiber endcap option, PLUS pream-

plifier option for ultra-high-rate applications and, with huge configuration flexibility

including, PopTop, Streamline, and mechanically cooled options.

Due to the harsh radiation environment the detector will be placed in, the neces-

sity for a neutron damage resistant crystal is pivotal; therefore, the n-type HPGe is

required. Moreover it can be seen from Figure 4.8 the GMX series detector provides

better efficiency at both lower and higher energies.
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The performance for detectors is determined at high energies by its relative ef-

ficiency, peak-to-Compton ratio and relative energy resolution. Where the relative

efficiency is taken from the method described within the IEEE Standard Test Proce-

dures for Germanium Detectors for Ionizing Radiation [58]. The efficiency is taken at

1.33 MeV relative to the 1.2×10−3 absolute efficiency of a standard NaI(Tl) scintilla-

tor that is 3 inches in length and diameter placed 25 cm from a National Institute of

Standards 60Co source with known intensity. The 60Co source is placed 25 cm from the

endcap of the detector and the ratio of the number of counts in the 1.33 MeV photo-

peak divided by the number of γ-rays emitted from the source during the same period

is taken. This is then divided by the absolute efficiency of the NaI(Tl) scintillator. The

1.33 MeV peak resolution height is divided by the average Compton plateau between

1.040 MeV and 1.096 MeV to find the peak-to-Compton ratio. The Compton plateau

is a result of photons escaping the detector volume due to energy loss via Compton

interactions. The product of the absolute resolution and the peak-to-Compton ratio

for two detectors of equal dimensions is constant; thus, a detector with a 10% higher

peak-to-Compton ratio has a 10% better resolution [57]. At low energies, the perfor-

mance of the detector is determined by its detector window, active surface area and

resolution at 5.9 keV [56].

HPGe detectors begin to experience increases in electronic noise and leakage current

at temperatures above ∼110 K. Temperatures below ∼40 K may introduce trapping

effects that can cause deterioration in the energy resolution of the detector. The aver-

age energy necessary to create an electron/hole-pair (2.96 eV at 77 K [57]), varies with

temperature at a rate of 2.53×10−4 eV per degree K [59]; therefore, any fluctuations

in temperature during measurement would result in peak shifts that would impact the

energy resolution. Due to the temperature dependence of the energy resolution of the

HPGe detector, it is necessary to cool the detector as close as possible to the optimal

77 K temperature, using a liquid nitrogen cryogenic system that can be controlled

remotely.

The energy resolution as a function of energy for ORTEC detectors is predicted

using the following approximate expression [57]

R = (N2 + 2E)1/2 (4.4)

where, R is the full-width at half maximum (FWHM) energy resolution at the desired
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energy peak, N is the noise-line width and E is the desired energy (all given in eV).

Figure 4.8: Efficiency-Energy curve comparison of the Low-Energy Photon Spectrom-
eter (LEPS) (GLP planar), GEM (p-type coaxial) and GMX (n-type coaxial, shown
on the right) crystal detectors [56].

There are two current considerations for the secondary STM detector. The first consid-

eration is a second n-type coaxial HPGe detector, the second consideration is a caesium

doped lanthanum bromide (LaBr3(Ce)) scintillator. These scintillators do not require

cryogenic cooling, are radiation hard, have a timing resolution of 260 ps and have a fast

decay time ranging from 15-23 ns and a rise time ranging from 0.7-3.5 ns depending

on the concentration of Ce [60].

The LaBr3(Ce) detector has a significantly lower resolution than the HPGe detec-

tor as shown in Figure 4.9. This lower-resolution would mean that the lower energy

normalisation peaks could not be measured; however, for the 1809 keV it is estimated

that a ∼2% resolution could be achieved and as the AlCap data shows no discernible

neighbouring peaks at this energy, this peak could be measured with a higher rate

in the same time frame as the measure of the conversion signal which could alleviate

systematic uncertainties in the measurements [62].

The final consideration for the detectors is the necessity to perform energy and ac-

ceptance calibration. To perform these calibrations, Eu-152 and Y-88 sources with

calibrated strengths of ∼ 3 × 105 Bq (known to 5%) will be placed 2 m upstream

of the Spot-Size collimator, which will produce a good calibration of both scales in

approximately two hours. These sources have been chosen due to the large span of the
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Figure 4.9: Resolution spectra comparison of NaI(Tl), LaBr3(Ce) and HPGe [61].

γ-photon spectra produced by the Eu-152 source, as well as the good coverage of the

region around the 1809 keV from the Y-88 source. During the data collection period

calibration corrections will be performed on the scale of a few hours using the 347 keV

x-ray line, γ-ray lines, and background lines (e.g. the 511 keV line) that emanate from

the Stopping Target [49].



Chapter 5

STM Detector Simulation Studies

in Mu2e Offline

5.1 Radiation Damage to HPGe

In a high-radiation environment, one has to consider the processes in which parti-

cles interact with the detector material and subsequently lead to degradation of the

detector quality.

Photons interact with matter via three major processes: Compton scattering, pair-

production and via the photoelectric effect. This leads primarily to possible ionization

damage. Charged particles interact primarily with matter via Coulomb scattering. As

well as ionization damage this can also lead to subsequent nuclear interactions which

can result in displacement damage. Neutrons interact with matter primarily through

inelastic and elastic collisions or by transmutation. This also leads to displacement

damage. It is therefore useful to separate the radiation damage into the two sub-areas

of ionization damage and displacement damage.

5.1.1 Ionization Damage

Ionization effects occur when charged particles or high-energy photons interact with

matter. The incident particles transfer their energy to the valence electrons within the

detector material atoms. This can lead directly to fast electrons, which have been ex-

cited across the bandgap into the conduction band, leaving behind a hole. The excited

54
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electron and hole subsequently lose their excess kinetic energy via lattice scattering.

Due to the newly introduced charge separation between the electron-hole pair, if an

electric field is present then an electric current is induced. These photocurrents can

subsequently lead to a build-up of charge in the detector material which can lead to

degradation of performance over time.

A high-radiation test was conducted at Brookhaven National Laboratory (BNL)

Solid State Gamma-Ray Irradiation Facility for a p-type, coaxial HPGe detector [63].

The detector was placed as close downstream as possible to a 1.5-inch-diameter colli-

mator in front of a 60Co source, shielded by 4.0 inch lead walls as shown in Figure 5.1.

The conclusion of the test was that the detector remained stable after approximately

90hours of exposure with a total of at least 7.5 krad Total-Ionizing-Dose (TID) of

gamma radiation.

It was calculated in [64] that by taking the approximate STM rate to be 48×103 MeV/cm2/s

and by taking 1 krad = 6.66×1013 MeV, and 3.15×107 s/year; then, 0.023 krad/year

exposure is estimated for the STM detectors. This estimate suggests that the experi-

ment could run for > O(102) years before reaching the 7.5 krad dose deposited in the

BNL study.

Figure 5.1: Diagram of the BNL HPGe detector setup in the irradiation area [63].

5.1.2 Displacement Damage

The second type damage one has to consider when dealing with crystal detectors in

high-radiation environments is displacement damage.
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Displacement damage in ionic lattices of crystals occurs when a fast, high-energy

particle interacts with an atom within the lattice, displacing it from its original po-

sition. This displaced atom in a non-lattice position is known as an interstitial and

the now vacant position the atom had been displaced from is known as a vacancy.

The formation of these vacancy-interstitial pairs, known more commonly as Frenkel

pairs, has a knock-on effect that can lead to the displacement of further atoms within

the crystal lattice or cause ionization [49]. The vacancies in the crystal lattice can

be interpreted as hole-like such that they are mobile in the lattice structure at room

temperature as shown in Figure 5.2 and the presence of such vacancies translates to

deep or shallow energy-trap states within the bandgap of the crystal atoms [65].

Figure 5.2: Diagram to show displacement effects in a crystal lattice (a) energetic
particle creates a Frenkel pair (b) vacancy migrates throughout the lattice [65].

Building on the model proposed by Kinchin and Pease [66], Norgert, Robinson and

Torrens proposed a new model for calculating the number of defects formed within a

crystal lattice from an initial primary knock-on atom (PKA) [67]. The model can be

taken in the form as given in [68] to be

NNRT = κ
ξ(T )T

2Eth
(5.1)

where NNRT is the number of defects, κ = 0.8 is the displacement efficiency, T is the

kinetic energy of the PKA, ξ(T ) is the Lindhard partition function according to the

LSS theory and finally Eth is the displacement damage threshold. ξ(T ) takes the form

ξ(T ) =
1

1 + FL · 3.4008 · ε(T )1/6 + 0.40244 · ε(T )3/4 + ε(T ))
(5.2)
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with,

FL = 30.724 · Z1 · Z2
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3/2

A
3/2
1

√
A2

(5.3)

where subscript 1 and 2 represent the projectile and target respectively. We finally

obtain the number of defects v(T ) to be

v(T ) = 0 for 0 < T ≤ Eth (phonons)

v(T ) = 1 for Eth < T ≤ 2Eth

v(T ) = T/2Eth for 2Eth < T ≤ Ec

v(T ) = Ec/2Eth for T > Ec

. (5.4)

These conditions are obtained, based on the assumptions that: (a) the secondary

cascade is initiated by a sequence of two-body elastic collisions between atoms in the

lattice; (b) in the collision process, the energy transferred to the lattice is zero; (c)

only atomic collisions take place for energies below a so-called cut-off energy (Ec); (d)

no additional displacement occurs once the cut-off energy is exceeded, (e) the cross

section of energy transfer is given by the so-called hard-sphere model.

The partition function ξ(T ) becomes important for the displacement damage es-

timation proposed by Dale et al. [69], by defining a quantity named Non-Ionizing

Energy Loss (NIEL). The so-called NIEL gives an estimation that the bulk radiation

damage is proportional to the kinetic energy imparted on displaced silicon atoms and

is expressed, by convention, relative to the radiation damage caused by a given flux of

1.0 MeV neutrons as formalised in ASTM E722-14 [71]. We find an expression for the

NIEL from [70] as

NIEL(E) =
NA

A

∫ Tmax

Tmin

ξ(T )T

(
dσ

dT

)
E

dT (5.5)

where, NA is Avagadro’s number, A is the atomic mass of the crystal lattice atom,

A1 is the atomic mass of the projectile, Tmax = 4T0AA1/ (A+ A1)2, Tmin = 2Eth and

finally, ( dσ
dT

) is the differential cross-section for creating a recoil with kinetic energy T.
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5.2 Mu2e Offline Software and Simulation Studies

Mu2e Offline is an experiment-specific software package using the Fermilab Scientific

Computing Division developed, art(γ) [72], event-processing based framework. The

Offline software package is based in C++ and uses a complex system of physics condi-

tion lists, GEANT4 solid geometry, analyzer modules, and physics interaction libraries

to perform primary event-generating Monte Carlo simulations. The software is also

used to perform secondary level simulations, using the primary simulations as an in-

put, with Fermilab specific FHiCl files.

The input files used for the simulations in this dissertation were generated by Yaqian

Wang from stage 2 data recorded as hits on a virtual detector at the downstream end

of the transport solenoid [73]. From these simulations the hit data was recorded at a

virtual detector with a 2 m radius, positioned at zmu2e = 38377.59mm to cover the full

solid angle from the field-of-view collimator, approximately 2 m upstream of the spot-

size collimator (VD115) and the virtual detector positioned on the downstream edge of

the spot-size collimator (VD101), the virtual detectors located at the STM detectors

(VD89-90) are hidden within the shielding house.as shown in Figure 5.3. This data

corresponds to 5.098× 109 POT (Protons On Target), with a 131 pulse corresponding

to a time of 222 µs. This corresponds to 3.89× 107 POT over the 1695 ns extraction

period. The kinetic energy spectrum for the hits associated with the relevant particles

for this study, detected at VD115 can be seen in Figure 5.4. The plot for the photons

has an expected number of high entries due to the high gamma-radiation environment,

the plot for neutrons shows that there are only 336 neutron events detected across the

entire 2.0 m radius virtual detector. Due to loss of solid-angle from the virtual detec-

tor to the spot-size collimator and geometric considerations from this input detector

it can be determined that the statistics for neutrons will be low at the stopping-target

monitor detectors. Figure 5.3 shows the virtual detector used for the input data set

(VD115)

5.2.1 Estimation of Neutron-Induced Radiation Damage

Following from the work detailed within [64] an updated estimate for neutron-induced

radiation damage is determined. Using the formula given for NIEL (5.5) originally
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Figure 5.3: Geant4 geometry in Mu2e Offline with the Virtual Detectors VD115 and
VD101 shown in green.

Figure 5.4: Kinetic energy spectrum for electrons and positrons (top row: left to right)
and photons and neutrons (bottom row: left to right) detected at VD115 used as input
source for simulations.
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intended for silicon and by extending it to germanium instead, a new quantity can

be defined as the Kinetic-Energy Released in Matter (KERMA). KERMA takes into

account the energy dependence of the incident flux and the cross-section information

for the incident particle on the material which is critical for the estimation of radiation

damage.

The expression for KERMA is given as [64]

KERMAn(ke V) ≡ Kn = NIELn

(
keV · cm2

g

)
× φ

(
Nn

cm2

)
×m(g) (5.6)

Where, φ is the incident particle flux given in Nn

cm2 and m(g) is the mass of the Germa-

nium in grams. This can then be extended as a function of incident particle energy in

the form
dKn (En)

dEn

= NIELn (En)× dφn (En)

dEn

×m (5.7)

Therefore to find the total energy released in the detector (ER), the integral of the

KERMA function with respect to the incident particle energy is calculated as:

ER =

∫
dKn (En)

dEn

dEn. (5.8)

By measuring the energy resolution of a detector the KERMA function can then be

determined. A study was carried out at the Lawrence Livermore Laboratory on a

conventional p-type HPGe detector and a reverse bias (n-type) coaxial GMX HPGe

detector fabricated from the same Ge crystal grown by ORTEC [74]. The crystals

were placed 25.0 cm from a 252Cf source, both, in their own separate LN2 cryostats

maintained at approximately the same temperature. The 252Cf source emitted 1.26×

109 neutrons/s giving the detectors an approximate flux of 5.778× 108 n/cm2/s. The

experimental procedure was to irradiate both detectors simultaneously with a known,

measurable neutron flux and to measure the resolution of the 1332 keV γ-ray line for

a 60Co source. The detectors would then be irradiated again by the same neutron flux

and, again, the resolution for the γ-ray line would be measured. This procedure was

repeated until the detectors had a clear magnitude of difference in their sensitivities.

// The results as shown in Figure 5.5 indicate the n-type GMX detector maintained

a stable resolution of ∼ 1.8 keV FWHM without damage to 3 keV FWHM after

being irradiated by O(1010) neutrons. Due to the energy dependence of the radiation

damage and the nature of the energy distribution of the neutrons generated at Mu2e
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being significantly to the energy distribution of the 252Cf source, the same order of flux

cannot be used for the Mu2e damage estimate, therefore it is necessary to calculate the

KERMA function for the ORTEC study as this takes into account the cross sections

for the respective incident particles.

Figure 5.5: ORTEC study results of Resolution(FWHM) vs Neutron rate for a conven-
tional p-type coaxial detector and a GMX n-type coaxial detector for neutrons from
a 252Cf source [56].
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The bare neutron energy spectrum for neutrons from a 252Cf source is then ex-

tracted (see Figures 5.6 and 5.7) and the NIEL for neutrons is extracted from the

NIEL distributions for several incident particles (see Figure 5.8). This data was ex-

tracted using the plot digitization tool, WebPlotDigitizer [75]. Using the data from

these two extractions and by taking a simple model of the mass of Germanium to be

mGe(g) = dGe(g/cm3)× πr2(cm2)× h(cm) = 15.9g (5.9)

where we have used; dGe = 5.3 g/cm3, πr2 = 1.0 cm2 and h = 3.0 cm. Using the same

procedure as [64], an expression for the neutron flux distribution can be obtained in

the form ∫
dφ (En)

dEn

dEn =
1010 neutrons

cm2
(5.10)

We can then use the distributions shown in Figures 5.7 and 5.8 to normalise the

KERMA as a function of neutron energy for the ORTEC study as shown in Figure 5.9.

This takes the form

ER =

∫
dKn (En)

dEn

dEn =

∫
NIELn (En)× dφn (En)

dEn

×m = 2.385× 1012 keV (5.11)

Figure 5.6: Neutron flux distribution from a bare 252Cf source [64].
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Figure 5.7: Extraction of Figure 5.6 obtained from [64] (left) and extraction used for
calculations (right).

Figure 5.8: NIEL distribution for several particles as a function of incident energy
252Cf source [64] (left) and extraction of neutron NIEL used for calculations (right).

Figure 5.9: Calculated KERMA distribution as a function of energy for the ORTEC
252Cf source radiation test.
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In the Mu2e beamline, the random processes responsible for the creation of the

majority of fast neutrons happens within the Detector Solenoid with very few neu-

trons being created in the downstream area between the end-plug and the spot-size

collimator. Because of this, it is therefore not possible to simply resample the neutrons

exiting the detector solenoid as this would lead to the same events being resampled

again and again with no new statistics generated. It is therefore more appropriate

to take the data at a virtual detector that is directly on the upstream edge of the

spot-size collimator (VD101). However, the statistics for fast neutrons measured at

VD101 are extremely low in the simulation software due to geometric considerations

and also due to the loss of solid angle [64] and it is therefore necessary to resample

the events by applying a small Gaussian offset to the momentum in the z-direction

(pz) on an event-by-event basis to get a smoother, more realistic approximation for

the neutron distribution that would affect the detectors.
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The first resampling scheme that was used for estimating the KERMA function for

Mu2e was the resampling scheme from [64] as follows

For (1.0 < pz < 175.0) → pz(new) = pz + rndm→ Gaus(0.0, pz/4.0)

For (pz > 175.0) → pz(new) = pz + rndm→ Gaus(0.0, 20)

Otherwise → pz(new) = pz

(5.12)

The results for the resampled z-direction momentum distribution can be seen in Fig-

ure 5.10. By ensuring the Gaussian offset was only applied when the momentum was

above 1 MeV the resampling scheme only factored in forward going neutrons as well

as ensuring only the fast neutrons were resampled and not the low energy thermal

neutrons. Only the momentum in the z-direction was resampled due to the momen-

tum in the x and y direction being highly peaked around 1 MeV and the change in

the Gaussian offset from pz/4 to 20 when pz > 175.0 is due to the decreased spread of

data in this region. The resampling scheme was repeated for two sets of primary event

data sets generated using separate input files to ensure that the results were as close

to being invariant as possible for two separate seeds. From Figure 5.10 it can be seen

that the resampled scheme follows the same distribution for the backwards going and

thermal neutrons (<1 MeV). Beyond the 1 MeV point where the resampling scheme

begins to apply the offset the momentum can be seen to follow a smoothed distribution

of the primary event momentum data with a small peak between 0 and 50 MeV due

to the density of the data in this region as a feature of the Gaussian smearing.

Using the newly generated, resampled, momentum data the kinetic energy could then

be calculated as follows

Ek =
√

((p2
x + p2

y + p2
z(new)) +m2

n)−mn (5.13)

Where px and py are the original non-resampled momentum data in the respective

planes, p2
z(new) is the newly resampled neutron momentum data and, mn is the rest

mass of the neutron. From this kinetic energy function the resampling and smoothing

could then be set to the form

∫
dKn (En)

dEn

dEn(Mu2e) =

∫
dKn (En)

dEn

dEn(ORTEC 252Cf) (5.14)
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Figure 5.10: Momentum distribution of primary neutron data with the resampled data
plotted in red for 35 events and 42 events respectively, demonstrating the smoothing
of the resampling scheme.

Using this normalisation function the KERMA can then be calculated from∫
dKn (En)

dEn

dEn(Mu2e) =

∫
NIELn (En)× dNMu2e

n (En)

dEn

(cm−2)×m(g)

= 2.385× 1012 keV

(5.15)

From this expression, using the newly calculated KERMA function, the normalization

of the distribution for the number of neutrons dNMu2e
n (En) can be found. Due to the

extremely low statistics generated in the simulations and the nature of the resampling

scheme, it becomes difficult to resample up to the number of neutrons that would be

required to produce the amount of KERMA measured; therefore, the scaling behaviour

of the KERMA with respect to the number of neutrons generated has been adopted

to approximate the normalization for the number of neutrons. The primary data was

resampled to create 106 and 107 neutrons, from this the scaling behaviour was extracted

and then the KERMA for the O(106) resampled data was scaled up to the KERMA

obtained from the ORTEC extraction. From this the normalization for the number of

neutrons that would be required to impart this level of KERMA could be solved for.

Using this method it was found that for 35 primary neutrons resampled the rate of

neutrons required to impart the same level of KERMA as the ORTEC extraction was

6.8 × 1010 neutrons and for 42 primary neutrons a rate of 7.5 × 1010 neutrons. Here

it can be seen that there is not perfect invariance in the results; however, this process

of resampling has high levels of uncertainty and therefore this level of difference is
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to be expected. Finding the average of these two values to be 7.2 × 1010 neutrons

and by taking the neutron flux rate on the detectors for 5× beam flash statistics as

given in [64] to be 354 neutrons/cm2/s. It is found that the time before annealing

is absolutely necessary is approximately 78 months of run time assuming an average

month is 30 days, this is ∼4.6 times greater than the previously calculated 17 months

indicating that there is significant improvements to the reduction of radiation damage

with the updated geometry and simulation process since the 2016 study [64].

Figure 5.11: KERMA as a function of neutron energy from 35 and 42 events resampled
respectively using the 2016 resampling scheme’.

Due to the nature of the simulations being a staged process with input data, it was

necessary to ensure that neutrons with negative momenta that had reached VD101

(virtual detector placed directly on the upstream edge of the Spot-Size Collimator)

did not have any significant impact on the results due to the possibility of them

being forward-going in an earlier stage. To ensure this as well as an attempt to fit the

resampling scheme more accurately to the input data, a new four-Gaussian resampling

scheme was tested by selecting three cuts on the dataset: the first selects events with

high backwards going momentum around the mean of the dataset < −30 MeV to

capture very fast neutrons that may have been forwards-going in an earlier stage, the

second cut is the central cut which determined the first cut region and allows the

capture of neutron events with fast backwards going momenta centred around the

mean < 1 MeV and finally the third cut, like the previous resampling scheme selects
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the fast forwards going neutrons. The resampling scheme is as follows.

For (pz < −30.0) → pz(new) = rndm→ Gaus(µ1, σ1)

For (−30.0 < pz < 1.0) → pz(new) = rndm→ Gaus(µ2, σ2)

For (1.0 < pz < 175) → pz(new) = rndm→ Gaus(µ3, σ3)

Otherwise → pz(new) = pz + rndm→ Gaus(0.0, 20.0)

(5.16)

where (µi, σj) denotes the mean and standard deviation of pz for the data sets calcu-

lated within the respective cut regions, with pz given in MeV.

35 events resampled
i µi σi
i = 1 -41.0 6.29
i = 2 -16.4 7.77
i = 3 72.3 38.8

42 events resampled
i µi σi
i = 1 -44.6 7.50
i = 2 -12.1 8.97
i = 3 71.4 50.5

Table 5.1: Values of parameters calculated for the Gaussian functions used in four-
Gaussian resampling scheme

Once again the input data for 35 and 42 primary neutron events was resampled with

the parameters for the Gaussian functions as shown in Table 5.1. The same scaling

behaviour as previously outlined was used to scale up to the normalised neutron rate

required to impart the same level of KERMA as the ORTEC study. This can be

seen in 5.12. Using this resampling scheme the number of neutrons was found to be

6.5× 1010 neutrons and 7.3× 1010 neutrons for the 35 and 42 primary events respec-

tively. Taking the average to be 6.9 × 1010 neutrons and using the same flux rate

of 354 neutrons/cm2/s the time before annealing would be required is calculated to

be approximately 75 months assuming an average month to be 30 days. This gives

between the two resampling schemes an estimated time of 75 and 78 months. Due

to the high level of uncertainty in both the resampling process and the extraction of

the ORTEC data, as well as geometric considerations and the staged nature of the

simulations, this time is only an estimate and annealing should be carried out on a

much more regular basis to ensure full, optimal detector performance is maintained

during the experiment run-time.
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Figure 5.12: KERMA as a function of neutron energy from 35 and 42 events resampled
respectively using four-Gaussian resampling scheme’.

5.2.2 Shielding Effects of Spot-Size Collimator for

Fast Neutrons

As the statistics for the neutron flux in the simulations is so low it is not possible to

determine the rate at which neutrons pass through the spot-size collimator and reach

the detectors; therefore, a Geant4 neutron particle gun is placed at in the geometry at

coordinates - Posmu2e = (−3904 mm, 0 mm, 38350 mm), corresponding to the centre

of the stopping target and approximately 2m upstream of the Spot-Size Collimator.

The momentum is set at 43.360 MeV which corresponds to Ek=1 MeV in accordance

with ASTM E722-14. [71] A 5 keV upper and lower limit is set and the momentum is

distributed with a Gaussian distribution, using the FWHM rule to find the σ-parameter

for the Gaussian function, with a full-width of 2 keV.

We first take the general equation for a Gaussian function in the form

f(x) = Ce(−x2/2σ2) (5.17)

If we then let x = h at half the maximum height of the Gaussian peak then

0.5C = Ce(−x2/2σ2). (5.18)

By taking the natural logarithm of both sides we arrive at the relationship:

h2 = −2 ln(0.5)σ2 = 2 ln 2σ2. (5.19)
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as x = h at half the maximum height the full width Γ is equal to 2h and thus:

Γ = 2
√

2 ln 2σ = 2.355σ → σ = 2 keV/2.355. (5.20)

To test the rates two sets of data were generated the first with O(107) and the second

with O(108) neutrons generated to ensure invariance except for a scaling factor. The

time parameters for the neutron generation were set to t = 0.0 and the rate of neutron

flux at VD101 and VD89|90 was recorded. A cut on momentum of (pz > 0.0) was

made to separate forward going neutrons from those that recoil from the collimator

surface the results from this can be seen in Figure 5.13.

Figure 5.13: 1 MeV neutron flux rate at virtual detectors from G4 particleGun for
O(107) and O(108) events respectively.

It can be seen from these results that the results are indeed only affected by a scaling

factor and thus it is no longer necessary to use theO(108) data. The fast neutrons reach

the pot-Size collimator approximately 150ns after generation, the rate then rapidly

drops off by 4-5 orders of magnitude and continues to decline as time increases. The

likely source of the neutrons after the initial peak is primarily from elastic scattering

effects with atoms in the air with contributions also from inelastic scattering effects.

The neutrons then reach the Virtual Detectors located at the STM detector positions

approximately 10 ns later with an initial magnitude of 2-3 orders lower than at VD101

with a slow decline in the rate as time increases due to the effects of interaction within

the collimator apertures reducing the energy of the neutrons.

To test this the kinetic energy of the forward-going neutrons was also measured as
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shown in Figure 5.14.

Figure 5.14: 1 MeV neutron kinetic energy spectrum at virtual detectors from G4
particleGun for 107 events at VD101 and VD89-90 (Left and right respectively).

The kinetic energy spectra for VD101 show that the majority of neutrons maintain

the initial 1 MeV energy and the rate for the slowed neutrons due to the scattering

effects is fairly consistent at four orders of magnitude for all energies below 1 MeV.

We can see that the kinetic energy spectra for virtual detectors VD89—90 still have

the largest peak at 1 MeV; however, the rates for the slowed neutrons is much higher

with less than an order of magnitude difference, due to the slowing effects of both the

scattering processes with atoms in the air as well as interactions with the collimator

as they pass through the apertures. Up to 1 MeV the elastic scattering cross sections

for light elements, such as those in air, are more-or-less independent of the neutron

energy. These results show that 2.27% of the 1 MeV neutrons passed through the

Spot-Size collimator; therefore these neutrons are not the primary cause of significant

damage to the detectors.

The kinetic energy distribution from the data used with the resampling schemes has

neutrons with kinetic energy up to a maximal value between 50 MeV and 60 MeV.

These very fast neutrons behave differently to 1 MeV neutrons, therefore it was nec-

essary to test the effects of the shielding from the collimator within this extrema. The

momentum for the particle gun therefore was set to 326.155 MeV which corresponds

to a kinetic energy of 55 MeV. This was then distributed again with a FWHM Gaus-

sian function however this time a 2 MeV full-width was used, to increase the spread,

corresponding to σ = 2 MeV/2.355. A 5 MeV limit was set on the kinetic energy to
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ensure the distribution was spread between 50 MeV and 60 MeV. With a minimum

limit on the momentum of 310.574 MeV and a maximum limit of 341.098 MeV. The

rates for these very fast neutrons can be seen in Figure 5.15.

Figure 5.15: High energy neutron flux rate at virtual detectors from G4 particleGun
for O(107) events.

These neutrons reach VD101 in approximately 20 ns and traverse the collimator aper-

ture in approximately 2.5 ns with 27.12% of the neutrons passing successfully reaching

VD89—90. The kinetic energy spectra for these neutrons can be seen in Figure 5.16.

Figure 5.16: High energy neutron kinetic energy spectrum at VD101 and VD89-90
(left and right respectively) from G4 particleGun for O(107) events.

These spectra show that the rate is maximal at 55 MeV with an even spread either
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side, the rate then drops off significantly due to small energy losses and stays at a

consistent rate down to <10 MeV where the rate increases again. This is due to the

dominant process for these high energy neutrons being inelastic scattering where the

slowing process rate is significantly increased due to the loss of energy from the emis-

sion of a neutron from the excited atomic nucleus as well as the emission of a photon.

The slowing effects are even more significant after traversing the Spot-Size apertures

as the neutrons are more likely to interact with the tungsten atoms in the collimator

wall.

The dominating inelastic scattering can be seen in the order of difference in the kinetic

energy spectra of the photons produced by the neutrons, where an O(10) and O(30)

increase in the number of photons produced can be seen from Figure 5.17. These very

fast neutrons are the most likely to cause significant radiation damage therefore it is

important to stress that the time calculated from the resampling data is a conserva-

tive estimate and annealing should take place much more regularly than the estimated

time with respect to the ORTEC data.

5.2.3 Estimation of Positron-Induced Radiation Damage

As well as the radiation damage caused by neutrons it is also important to highlight

the fact that there is a high energy gamma background, due to the high energies pair

production can occur within close proximity to the STM detectors and therefore it is

also important to make an estimate on the time before annealing would be required

due to these processes. As the NIEL takes into account cross-sections for various

particle species it is possible to extract the NIEL from Figure 5.8 for electrons and

extend the KERMA formula from the ORTEC study to the case of positrons. This

extraction can be seen in Figure 5.18a. We therefore get the expression∫
dKe+ (En)

dEn

dEe+(Mu2e) =

∫
dKn (En)

dEn

dEn(ORTEC 252Cf) (5.21)

It is important to note that the rate of photons was calculated in [64], which should

take into account the gammas that pair-produce and the NIEL from those electrons

and positrons. This study provided an estimate of ∼ 9.1± 0.9 years before annealing

would be required. However due to the large number of positrons formed in updated

simulations it was important to test that there had not been any significant decrease
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Figure 5.17: Kinetic energy spectrum of photons at virtual detectors VD101 and VD89
(left and right respectively) produced by 1 MeV and high-energy neutrons (top and
bottom row respectively) from G4 particleGun for O(107) events.

in this time. The 23,936 primary positrons from the simulation are distributed, using

the same Gaussian offset as the first resampling scheme in the previous section, in the

form∫
dKe+ (En)

dEn

dEe+(Mu2e) =

∫
NIELe+ (Ee+)×

dNMu2e
e+ (Ee+)

dEe+

(cm−2)×m(g)

= 2.38537× 1012 keV

(5.22)

Once again by solving for the normalization (dNMu2e
e+ (Ee+)) and integrating we get

the positron rate required to impart the same level of KERMA as the ORTEC study

to be ∫
dNmu2e

e+ (Ee+)

dEe+
dEe+ = 1.3423× 1013 positrons (5.23)
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With a rate of 17097 (e+/e-)/cm2/s it would take approximately 24 years 11 months

before the HPGe crystal would require annealing. This is a significant increase to the

rate obtained from the previous photon study and the detector would definitely need

to be annealed much more regularly than this.

(a) Extracted NIEL for electrons/positrons
from Figure 5.8 used in the calculations.

(b) Kinetic energy spectrum for resampled
positron data.

Figure 5.18: Positron extraction and data used for KERMA calculation.

Figure 5.19: KERMA distribution as a function of positron energy for Mu2e.



Chapter 6

Conclusion

This thesis has outlined the theoretical framework in which CLFV effects can appear in

µ→ e transitions within and beyond the Standard Model. It has outlined prior limits

set by CLFV experiments and has covered a detailed account of the Mu2e experiment

and how it aims to improve the current limits on the Rµe ratio. Finally it has offered

a range of methods to calculate estimations for radiation damage to the STM, which

is crucial for measuring the rate of stopped muons. Methods for establishing radiation

damage of HPGe crystals are, in general, limited. This dissertation offers assessment

of radiation damage caused by the harsh radiation environment of the STM beamline

in Mu2e including that of fast neutrons and pair-produced positrons caused by the

high energy gamma flash.

By extracting the NIEL distribution for incident particles and, by extending the

KERMA parameter to the case of HPGe as a function of energy using data from

the ORTEC study, allowed for an estimation of the neutron rate that would cause

substantial damage to the HPGe crystals. Utilising the Geant4 based, Mu2e Offline

software, by producing simulations based on input files and by resampling the data

an estimation of the time before the crystal would need annealing could be obtained.

It was found that in the case of neutrons the time before annealing was estimated

to be 75 and 78 months and in the case of pair-produced positrons the time before

annealing was estimated to be τ ∼ 24 years, 11 months, which shows an increase from

the estimates from [64].

It was then established by generating neutrons that the Spot-Size collimator was ef-

fective at shielding the detector for fast neutrons (O(1 MeV)); however, the neutrons
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with energy in the extreme limits from the data (O(50 − 60 MeV)) passed through

at a rate of 27.12%. It can be concluded that the damage caused by photons via

ionization damage, as well as the damage caused by pair-produced positrons, is small

compared to the damage caused by neutrons. The damage caused by neutrons in

the updated geometry shows a ∼ 4.6× improvement over the 2016 data showing the

progress of design specifications to protect the STM from radiation damage, ensur-

ing optimal performance. Due to the uncertainties in the resampling, the geometrical

considerations, loss of solid angle and data extraction, as well as the rate for the very

fast neutrons on the HPGe, being much greater, further research must be conducted

to fully understand the damage caused by neutrons.
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