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Physics of Mu3e: Lepton Flavour Violation 
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Charged Lepton Flavour Violation (cLFV):

• Neutrinos (𝜈) oscillate…
• Consequently, lepton flavour violated…

• Need to adapt the Standard Model (SM) to account for 
this à 𝜈SM.

• Implications:
• cLFV possible through higher order processes but 

highly supressed

• Still, cLFV impossible at tree level in 𝜈 SM.
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Charged Lepton Flavour Violation (cLFV):

• Neutrinos (𝜈) oscillate…
• Consequently, lepton flavour violated…

• Need to adapt the Standard Model (SM) to account for 
this à 𝜈SM.

• Implications:
• cLFV possible through higher order processes but 

highly supressed

• Still, cLFV impossible at tree level in 𝜈 SM.

Opens “box of Pandora” for 
physicists…

µ+ → e+e+e-     (Mu3e @ PSI)

µ+ → e+γ.             (MEG @ PSI)

µ- +N →  e- + N    (Mu2e @                                  
                             Fermilab, COMET 
                             @ JParc)

𝝉+ →e+/ µ+  γ         (Belle 2 @ KEK)

𝝉+ → µ+ µ+ µ-            (LHC @ CERN)

Further infos: A. El-Khadra Talk 



Physics of Mu3e: µ+ → e+e+e- 

Mu3e aims to look for the Charged Lepton 
Flavour Violation decay: µ+ →e+e+e- 
• µ+ → e+e+e- … Technically allowed in the 𝜈SM but highly 

supressed (O50)

• Any sign of µ+ → e+e+e- would imply physics Beyond the 
Standard Model (BSM) as decay is strongly supressed in 
SM.  

• Possible mechanism: Supersymmetric particles etc… 
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An Experiment to Search for the Decay µ → eee

1 Motivation

In the Standard Model (SM) of elementary particle physics, the number of
leptons of each family (lepton flavour) is conserved at tree level. In the neutrino
sector, lepton flavour violation (LFV) has however been observed in the form
of neutrino mixing by the Super-Kamiokande [1], SNO [2], KamLAND [3] and
subsequent experiments. Consequently, lepton flavour symmetry is a broken
symmetry, the standard model has to be adapted to incorporate massive neut-
rinos and lepton flavour violation is also expected in the charged lepton sector.
The exact mechanism and size of LFV being unknown, its study is of large in-
terest, as it is linked to neutrino mass generation, CP violation and new physics
beyond the SM.

In the SM, charged lepton flavour violating reactions are forbidden at tree
level and can only be induced by lepton mixing through higher order loop dia-
grams. However, the neutrino mixing loop diagram, see Fig. 1 a) is strongly
suppressed in the SM with B < 10−50 in muon decays and thus giving poten-
tially high sensitivity to LFV reactions in models beyond the SM. Furthermore,
LFV effects from new particles at the TeV scale are naturally generated in many
models and are therefore considered to be a prominent signature for new phys-
ics. Fig. 1 b) shows an example where supersymmetric (SUSY) particles run in
the loop.

Figure 1: a) Feynman diagram for the µ → eee process via neutrino mixing
(indicated by the cross). b) Diagram for lepton flavour violation involving su-
persymmetric particles. c) Diagram for lepton flavour violation at tree level.

In many extensions of the SM, such as grand unified models [4–6], super-
symmetric models [7] (see Fig. 1 b), left-right symmetric models [8–10], models
with an extended Higgs sector [11] and models where electroweak symmetry is
broken dynamically [12], an experimentally accessible amount of LFV is pre-
dicted in a large region of the parameters space. The observation of LFV in
the charged lepton sector would be a sign for new physics, possibly at scales far
beyond the reach of direct observation at e.g. the large hadron collider (LHC).

Beyond the Standard Model (BSM) lepton flavor violation can also be me-
diated by tree couplings as shown in Fig. 1 (c). These couplings could be me-
diated by new particles, like Higgs particles or doubly charged Higgs particles,
R-parity violating scalar neutrinos or new heavy vector bosons which are for
example motivated by models with extra dimensions [13,14]. In contrast to the
purely leptonic LFV processes, which are best tested in muon or tau decays,
these models also predict semihadronic decays of tau leptons or the muon con-
version process µq → eq′, which is experimentally best tested in muon capture
experiments.

Several experiments have been performed or are in operation to search for
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Further infos: S. Middleton Talk 

Further infos: A. El-Khadra Talk 

Further infos: T. Menzo Talk 

https://indico.fnal.gov/event/63406/contributions/297294/
https://indico.fnal.gov/event/63406/contributions/297293/
https://indico.fnal.gov/event/63406/contributions/297922/attachments/181805/249440/Menzo_NuFact24_LightNP%40MuonFactories.pdf


Previous attempts to measure µ+ → e+e+e- 
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• Processes like :
• µ⁺ → e⁺ γ , 
• µ⁻ N → e⁻ N , 
• μ⁺ → e⁺ e⁻ e⁺ 
 à not observed!

• Best limits on LFV come from 
PSI muon experiments
• μ⁺ → e⁺ e⁻ e⁺

BR < 1 x 10-12 (SINDRUM, 1988)
• µ⁻ Au → e⁻ Au 

BR < 7 x 10-13 (SINDRUM II, 2006)
• µ⁺ → e⁺ γ

BR < 3.1 x 10-13 (MEG II, 2024)

See latest results from MEG 2 here

A closer look at the current experimental status
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Callibbi and Signorelli, Riv. Nuovo Cimento, Vol. 41 (2018) 71 (updated by MDG)
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expected
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μ cLFV decays search is a more 
than 70 years long quest… 

All μ decays channels are subject 
of running (or commissioning 
phase) experiments. 
Among them, the μ→eγ search is 
the currently most advanced one: 
MEG took data in the period 
2009 - 2013, while MEG II is just 
releasing its first results right now!

cosmic rays

π beam

μ beams

NOW!

https://indico.fnal.gov/event/63406/contributions/297167/attachments/181716/249271/degerone_nufact_First_MEGII_results.pdf


Current and future CLFV searches 
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Process Current Sensitivity Future

μ à e γ < 4.2 10-13 (MEG) ~ 10-14

μ à e e e <1.0 10-12 (SINDRUM) ~ 10-16 (Mu3e)

μ Aà e A < 7 10-13 (SINDRUM II) ~ 10-16 (COMET, Mu2e)

𝛕 à l γ 3.3 10-8 (Babar) 10-9 (Belle 2)

Limits reached by beam rate capabilities and high rates of irreducible background!



Complementarity between “golden” channels
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are translated to ⇤LFV using Renormalisation Group Equations. This study extends the analysis described in [21]
in several ways: we provide more informative plots of the current and projected experimental reaches, and a more
rigorous construction of the basis for the subspace of experimentally accessible operator coefficients. In addition we
draw attention to the information loss in matching nucleons to quarks using current theoretical results. Using this
formalism to study whether µ ! e processes can distinguish among models is an interesting question that we leave
for a subsequent publication.

This paper is organized as follows: section II outlines the procedure to take the data parametrized in EFT from the
experimental scale to beyond the weak scale. Section III presents constraints from various experimental measurements
and projections for future initiatives. The construction of the basis used in this work is discussed in Appendices A
and C. An independent issue regarding information loss in relating µA! eA rates to models is finally discussed in
Appendix B.

II. THEORY OVERVIEW

This section gives the Lagrangian and Branching Ratios at the experimental scale, and sketches the transformation
of operator coefficients from the experimental scale to ⇤LFV (which is described in more detail in [21]).

A challenge of the EFT approach lies in the large number of operators. In the case of µ ! e flavour changing
processes, about 90 operators [21] are required to parametrize interactions that have  4 Standard Model legs at
low energy and are otherwise flavour-diagonal. The difficulty to constrain and visualize this high-dimensional space
is compounded by the fact that there are (only) three processes with excellent sensitivity in the µ ! e sector (see
Table I), imposing only about a dozen constraints on operator coefficients [25]. Improved theoretical calculations and
additional µA ! eA measurements with different nuclear targets could increase this number to ⇠ 20 independent
constraints [25]. Determining all EFT coefficients appears therefore a daunting task.

This manuscript takes a different perspective, following [21]. Since there are three processes with excellent exper-
imental sensitivity, we restrict to the (12-dimensional) subspace of operator coefficients probed by µ ! e�, µ ! eēe,
and Spin Independent1 µAl ! eAl and µAu ! eAu. The dimension of the subspace can be further reduced by
half since the operator coefficients can be labelled by the helicity (or chirality) of the outgoing relativistic electron,
and the results are very similar for either eL or eR, which do not interfere. Restricting the analysis to the subspace
corresponding to an outgoing eL, the three muon processes can be described at the experimental scale (⇠ mµ) by the
following effective Lagrangian [1]:

�L =
1

⇤2
LFV

h
CD(mµe�

↵�PRµ)F↵� + CS(ePRµ)(ePRe) + CV R(e�
↵PLµ)(e�↵PRe)

+ CV L(e�
↵PLµ)(e�↵PLe) + CAlightOAlight + CAheavy?OAheavy?

i
(II.1)

where ⇤LFV is a heavy mass scale, and the dimensionless coefficients {CZ} are lined up in a vector ~C. The first term
of this Lagrangian is a dipole operator mediating µ ! e� and contributing to both µ ! eēe and µA!eA. The next
three contact operators contribute to µ ! eēe, while OAlight is a combination of operators probed by light muon
conversion targets such as Ti or Al, and OAheavy? is an orthogonal combination probed by heavy targets such as Au2.
We take Au and Al as prototypical “heavy” and “light” targets since Au was used by the SINDRUM experiment [10],
and Al will be used by the upcoming COMET [11] and Mu2e [12] experiments, in addition to resembling Ti used in
the past [10].

The constraint on the dipole operator from µ ! e� is given by:

BR(µ ! eL�) = 384⇡2 v4

⇤4
LFV

| ~C · êDR|
2 < Bexpt

µ!e� = 4.2⇥ 10�13 (II.2)

where we introduced unit vectors êA which select coefficients CA in the six-dimensional subspace. The four-lepton
operators have negligeable interference in µ ! eēe since the electrons are relativistic (⇡ chiral), setting the three

1 We leave Spin Dependent conversion [25, 27, 28] and other targets [25] for future work.
2 The constrained combination of coefficients is given at the end of Appendix A, see Eqns (A.8,A.12). It can be used to construct the

associated operator, but since data constrains the coefficients, there is no need to explicitly construct OAlight and OAheavy .

𝛬2
LFV = heavy mass scale term, S = Scalar, V = Vector, D = Dipole 

Challenge lies in plenty of operators (90 + with EFT). 
• Eur.Phys.J.C82(2022)9,836 describes the three muon processes through 

6 terms only…
• Each term contributes to the three channels through certain physics. 
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where ⇤LFV is a heavy mass scale, and the dimensionless coefficients {CZ} are lined up in a vector ~C. The first term
of this Lagrangian is a dipole operator mediating µ ! e� and contributing to both µ ! eēe and µA!eA. The next
three contact operators contribute to µ ! eēe, while OAlight is a combination of operators probed by light muon
conversion targets such as Ti or Al, and OAheavy? is an orthogonal combination probed by heavy targets such as Au2.
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the past [10].
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2 The constrained combination of coefficients is given at the end of Appendix A, see Eqns (A.8,A.12). It can be used to construct the

associated operator, but since data constrains the coefficients, there is no need to explicitly construct OAlight and OAheavy .

Dipole term:
• Mediates μ à e γ
• Contributes to μ à eee and μ Aà e A

Effective Physics Reach

Dipole Term:
Mediating /! → 0!1

Contributing to /! → 0! 0! 0"  and 
/"2 → 0"2 at loop level

2 Higgs Doublets

SO(10) SUSY Heavy Neutrinos

Rate ~ 10-15 |"!""#" |$	~	%	×	'(%&') *!# ~	'(%()(*!!)

N
SUSY (-) → /)0)

Eur.Phys.J.C 82 (2022) 9, 836
Davidson & Echenard

Muon Experiments - Sophie Middleton - smidd@caltech.edu
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Dipole Term:
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Contributing to /! → 0! 0! 0"  and 
/"2 → 0"2 at loop level

2 Higgs Doublets

SO(10) SUSY Heavy Neutrinos
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N
SUSY (-) → /)0)

Eur.Phys.J.C 82 (2022) 9, 836
Davidson & Echenard

Muon Experiments - Sophie Middleton - smidd@caltech.edu

See Eur.Phys.J.C82(2022)9,836 for further details on theory. Feynman diagram credits [S. Middleton Talk, NuFact 2024 ]
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where ⇤LFV is a heavy mass scale, and the dimensionless coefficients {CZ} are lined up in a vector ~C. The first term
of this Lagrangian is a dipole operator mediating µ ! e� and contributing to both µ ! eēe and µA!eA. The next
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where we introduced unit vectors êA which select coefficients CA in the six-dimensional subspace. The four-lepton
operators have negligeable interference in µ ! eēe since the electrons are relativistic (⇡ chiral), setting the three

1 We leave Spin Dependent conversion [25, 27, 28] and other targets [25] for future work.
2 The constrained combination of coefficients is given at the end of Appendix A, see Eqns (A.8,A.12). It can be used to construct the

associated operator, but since data constrains the coefficients, there is no need to explicitly construct OAlight and OAheavy .

See Eur.Phys.J.C82(2022)9,836 for further details on theory. Feynman diagram credits [S. Middleton Talk, NuFact 2024 ]

Contact scalar term. 
Leading order contribution to μ à eee. 
Heavily suppressed for the others.

Contact scalar term. 
Leading order contribution to μ à eee. 
Heavily suppressed for the others.

Effective Physics Reach
i.e. 4 Fermion Term

!! → %"%! %!	at leading order.
Heavily suppressed in /! → 0!1

Leptonic “Contact” term

“Contact”
Vector

!! → %"%! %!

“Contact”
Scalar

!! → %"%! %!

e.g. New boson

Eur.Phys.J.C 82 (2022) 9, 836
Davidson & Echenard

Muon Experiments - Sophie Middleton - smidd@caltech.edu
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Quark contact term 
Leading order contribution to μ Aà e A
Heavily suppressed for μ à eee. 

Effective Physics Reach

i.e. 4 Fermion Term
!"4 → %"4 at leading order.

Heavily suppressed in /! → 0!1

quark “Contact” term

Leptoquarks New Bosons

Eur.Phys.J.C 82 (2022) 9, 836
Davidson & Echenard

Compositeness

1*	~	2(((	3456+, = 	2(((	345/9$6-. = 2((((:!/:#/)
&
$	345/9$

Au and Al are prototypical “heavy” and “light” targets

Muon Experiments - Sophie Middleton - smidd@caltech.edu
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Wilson	coef,icients: 	𝐶""#	%%, 𝐶""&	'',𝐶'( 
        V vector type, S scalar type interaction
 𝐶'(	 dypole interaction contributes to all

https://arxiv.org/abs/2204.00001

Complementarity between “golden” channels

(a) (b)

Figure 1. Allowed regions (given at the scale mW ) in the 1a C
V RR
ee - CSLL

ee plane, and the 1b
C
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L plane. Existing (solid lines) and projected (dashed lines) are shown for µ
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�
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e
�
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Figure 2. 2a the acceptance, defined as the fraction of µ+
! e

+
e
�
e
+ decays where all decay

products have pT greater than pT,min. 2b the energy distribution of the highest energy decay
product in µ

+
! e

+
e
�
e
+ decays. Both are shown for the range of e↵ective operators defined

by 2.1. Figures from [1].
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+ search is backgrounds, which fall

into two categories: physics and combinatorics. The primary physics background is internal

conversion: µ+
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⌫e⌫µ, which can be separated from the signal by the presence of

two neutrinos. Combinatorics arise from the coincidence of one or more standard Michel

decays with an e
� arising primarily from Bhabha scattering or radiative decay (µ+
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⌫µe
+
⌫e�) with subsequent photon conversion in the material of the detector. The three

tracks in such cases typically do not have a common origin, and are not coincident in time.

All backgrounds can be controlled using vertexing and kinematic requirements, select-

ing three tracks consistent with e
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+ from a common origin, and with the reconstructed

vertex momentum < 4 MeV and mass consistent with the muon mass (103 MeV< meee <
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Complementarity between “golden” channels

All channels are sensitive to several new physics models. 
Rates are going to be model dependent, therefore experiments can rule out 
certain physics models.  

§ All three channels are sensitive to many New Physics models à discovery sensitivity across the board.
§ Relative Rates however will be model dependent and can be used to elucidate the underlying physics.

28

Complementarity amongst channels

Mode !! → %! %! %" !"4 → %"4 56(!! → %! %! %")
56(!! → %!9)

56(!"4 → %"4 )
56(!! → %!9)

MSSM Loop Loop ~ 6 x 10-3 10—3 – 10-2

Type I Seesaw Loop Loop 3 x 10-3 – 0.3 0.1-10
Type II Seesaw Tree Loop (0.1 – 3) x 103 10-2

Type III Seesaw Tree Tree ~103 103

LFV Higgs Loop Loop 10-2 0.1
Composite Higgs Loop Loop 0.05-0.5 2-20

Muon Experiments - Sophie Middleton - smidd@caltech.edu

Slide adapted from S. Middleton’s talk at NuFact 2024
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Prerequisites for a μ+ à e+e+e- experiment

16muon rates of 1.4 ´ 108 µ / s achieved in the past

Physics goals of Mu3e:
• Phase 1 goal: B(μ à eee ~ 10-15) 
• Phase 2 goal: B(μ à eee < 10-16)

Only one option:
• World’s highest intensity continuous muon 

beam (𝜋E5 @ PSI)
• Phase 1: ~108 muon stops/sec
• Phase 2:  >109 muon stops /sec

• Muons stopped on hollow target where they 
decay.

Need ~ 1016 muon decays for 
phase 1.



The 𝜋E5 beam at PSI

17muon rates of 1.4 ´ 108 µ / s achieved in the past

The High Intensity Proton 
Accelerator Complex (HIPA):
• 1.4 MW power
• Continuous beam (i.e. lower 

instantaneous rate)

𝜋E5 muon beam:
• Compact design
• Average muon momentum: 28 

MeV/c
• Placed right in front of the Mu3e 

magnet.

The Phase I Mu3e Experiment

Figure 3.2: CAD model of the entire fiE5 channel & CMBL used as a basis for the g4bl models.
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Figure 3.3: Optical Model of the CMBL from the graphic
transport framework program, showing 1st-order ver-
tical and horizontal beam envelopes along the entire beam
line from Target E to the end of the Mu3e solenoid with
some of the beam elements labelled (note the horizontal
scale unit is 2 m, whereas the vertical is 6 cm). The dotted
line shows the dispersion trajectory for a 1% higher central
momentum.

ard beamline configuration. This allows su�cient space
to place the 3.2 m long Mu3e detector in the front area
without compromising the optics and physics goals of the
experiment.

Based on the graphic transport model, two g4bl
models were constructed, one including the full fiE5 chan-
nel and Target E, simulating the whole pion production
process by protons in the primary target, followed by sur-
face muon production and transport to the intermediate
collimator. The second shorter version starts from Triplet
II, just upstream of the intermediate focus at the collim-
ator system, where measured phase space parameters de-
termine the initial beam used for the simulation - see Fig-

ure 3.4. The shorter version predictions were used as a
direct comparison to the CMBL commissioning measure-
ments described in the next section.

3.3 CMBL Commissioning Steps

Initial commissioning of the CMBL beam layout was un-
dertaken in two 4-week beam periods in November and
December 2014 and May 2015, using mostly existing ele-
ments. Figure 3.5 shows the good agreement between pre-
dicted and measured beam sizes at the injection point to
the Mu3e solenoid, based on a 1st-order transverse phase
space reconstruction. The validated g4bl model was then
used, and identified the ASL and ASK dipole apertures
as the main limitations for the transmission to the final
focus. Consequently, increased pole-gaps and modified va-
cuum chambers for both dipole magnets allowed for an ex-
pected enhanced transmission of 18%, which was proven in
the following 2016 measurements [19].

In 2017, the commissioning emphasis was placed on con-
firmation of increased muon yield using a 60 mm long
production Target E instead of the usual 40 mm version.
The expectation of only an ≥30% increase in muon yield
(surface phenomenon) with a full 50% increase in beam
positron contamination (bulk phenomenon) for the 165¶

backward extraction was confirmed. Furthermore, the ex-
pected impact on the experiment from an increased beam
positron background was also studied and a di�erential
measurement technique developed to distinguish Michel
positrons from beam positrons at the final focus [20].
These measurements showed that for the 60 mm Target E
a beam-e+/µ

+-ratio = 10.1 was measured, with no Wien-
filter in operation, whereas for a 40 mm target the ratio
was ≥7. However, with the Wien-filter on, an unaccept-
ably high number of beam positrons, seen as a vertically
displaced spot, were measured. On investigation it was

14



Signal and Backgrounds

18

• Common vertex
• ∑pi= 0 
• ∑Ei= mμ
• ∑teee= 0 (in time)

• Common vertex
• ∑pi≠ 0
• ∑Ei< mμ
• ∑teee= 0 (in time)

• No common vertex
• ∑pi≠ 0
• ∑Ei ≠ mμ
• ∑teee ≠ 0 (out of time)

Need good 
momentum 
resolution

Need very good 
timing, vertex and 

momentum  resolution

The signal of 
interest



Detection thresholds for Mu3e 
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• Acceptance defined as the fraction of μ à eee decays where all 
decay product have momentum higher than pt 
• Highest energy decay product for different models.

(a) (b)

Figure 1. Allowed regions (given at the scale mW ) in the 1a C
V RR
ee - CSLL

ee plane, and the 1b
C

V RR
ee - CD

L plane. Existing (solid lines) and projected (dashed lines) are shown for µ
+

! e
+
�

(green), µ+
! e

+
e
�
e
+ (red) and µ

�
N ! e

�
N (blue). Figures from [12].
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Figure 2. 2a the acceptance, defined as the fraction of µ+
! e

+
e
�
e
+ decays where all decay

products have pT greater than pT,min. 2b the energy distribution of the highest energy decay
product in µ

+
! e

+
e
�
e
+ decays. Both are shown for the range of e↵ective operators defined

by 2.1. Figures from [1].

The other key consideration in the µ
+
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+
e
�
e
+ search is backgrounds, which fall

into two categories: physics and combinatorics. The primary physics background is internal

conversion: µ+
! e

+
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+
⌫e⌫µ, which can be separated from the signal by the presence of

two neutrinos. Combinatorics arise from the coincidence of one or more standard Michel

decays with an e
� arising primarily from Bhabha scattering or radiative decay (µ+

!

⌫µe
+
⌫e�) with subsequent photon conversion in the material of the detector. The three

tracks in such cases typically do not have a common origin, and are not coincident in time.

All backgrounds can be controlled using vertexing and kinematic requirements, select-

ing three tracks consistent with e
+
e
�
e
+ from a common origin, and with the reconstructed

vertex momentum < 4 MeV and mass consistent with the muon mass (103 MeV< meee <
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Mu3e – General Detector Requirements

21

General technical requirements:
• Many muon decays needed (Phase 1+2): 1017

• Timing resolution: Better than 500 ps
• Momentum resolution: < 0.5 MeV/c
• Spatial resolution: ~ μm
• Fast data acquisition: 108 Hz rates
• Low material budget

Beam pipe

Recurl Outer 
Pixel Tracker

Central Outer Pixel Tracker 

Scintillating 
Tile Detector

Scintillating Fibre Detector

Stopping 
Target

Inner Pixel Tracker 

~ 1.5 m length
~ 0.15 m diameter
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Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Particle’s direction through detector:
• Muons decay at rest in target
• Electrons and positrons start propagating in magnetic field
• Place fine grained detector (pixel) for tracking and scintillation detectors 

for timing.

Mu3e – Particle Detection Principle
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With a fine grained detector Mu3e is in the 
multiple scattering (MS) dominated regime.
• Two factors to improve resolution: 

• Large radius
• Low scattering angle

How to make a low momentum resolution detector?

The Phase I Mu3e Experiment

Ω

MS

θMS

B

Figure 2.3: Multiple scattering as seen in the plane trans-
verse to the magnetic field direction. The red lines indicate
measurement planes.

Ω ~ π

MS

θ
MS

B

Figure 2.4: Multiple scattering for a semi-circular traject-
ory. The red lines indicate measurement planes.

y axis pointing upward and the x axis chosen to obtain a
right handed coordinate system. The polar angle measured
from the z axis is denoted with Ë, and measured from the
x-y plane denoted with ⁄. Azimuthal angles are denoted
with Ï.

2.3 Baseline Design

The proposed Mu3e detector is based on two double-layers
of HV-MAPS around a hollow double cone target, see Fig-
ures 2.6 and 2.5. The outer two pixel sensor layers are ex-
tended upstream and downstream to provide precise mo-
mentum measurements in an extended region to increase
the acceptance for recurling electrons and positrons. The
silicon detector layers (described in detail in chapter 7) are
supplemented by two timing systems, a scintillating fibre
tracker in the central part (see chapter 10) and scintillating
tiles (chapter 11) inside the recurl layers. Precise timing of
all tracks is necessary for event building and to suppress
the combinatorial background.

Scintillating 
!bres

Target

Inner pixel
layers

Outer pixel
layers

1 cm

Figure 2.5: Schematic view of the experiment cut trans-
verse to the beam axis. Note that the fibres are not drawn
to scale.

2.4 Detector Readout

The Mu3e experiment will run a continuous, triggerless
readout, and employs application-specific integrated cir-
cuits (ASICs) for the pixel and timing detectors which
stream out zero-suppressed digital hit data. These hits
are collected by field-programmable gate arrays (FPGAs)
located on front-end boards and then optically forwarded to
switching boards, which in turn distribute them to a com-
puter farm. This network makes it possible for every node
in the farm to have the complete detector information for
a given time slice. Decays are reconstructed using graph-
ics processing units, and interesting events are selected for
storage. A system overview is shown in Figure 2.8 and a
detailed description can be found in chapter 17.

2.5 Building up the Experiment

One of the advantages of the design concept presented is its
modularity. Even with a partial detector, physics runs can
be taken. In an early commissioning phase at smaller muon
stopping rates, the detector will run with all of the timing
detectors but only the central barrel of silicon detectors.
The silicon detectors of the recurl stations are essentially
copies of the central outer silicon detector; after a success-
ful commissioning of the latter, they can be produced and
added to the experiment as they become available. The
configuration with two recurl stations (Figures 2.6 and 2.5)
defines a medium-size setup, well suited for phase I running
at the highest possible rate at the fiE5 muon beam line at
PSI of ¥ 1 · 108 Hz. The sensitivity reach in this phase of
the experiment of O(10≠15) will be limited by the available
muon rate.

11

Chapter 2

Experimental Concept

Phase I of the Mu3e experiment aims for the background
free measurement or exclusion of the branching fraction for
the decay µ æ eee at the level of 2 · 10≠15. As discussed in
more detail in chapter 1, these goals require running at high
muon rates, excellent momentum resolution to suppress
background from internal conversion decay (µ æ eee‹‹),
and a good vertex and timing resolution to suppress com-
binatorial background. The present chapter introduces the
conceptual design of the Mu3e experiment, driven by these
requirements.

The momenta of electrons and positrons from muon de-
cays are measured using a silicon pixel tracker in a solen-
oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
factor a�ecting the momentum resolution. Minimising the
material in the detector is thus of the utmost importance.

The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.

2.1 Momentum Measurement with Recurlers

With a fine-grained pixel detector, we are in a regime where
multiple scattering e�ects dominate over sensor resolution

Particle track
Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.1: Tracking in the spatial resolution dominated
regime

e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:

‡p

p
Ã

�MS

� . (2.1)

So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.

2.2 Coordinate System

The Mu3e coordinate system is centred in the muon stop-
ping target with the z axis pointing in beam direction, the

Particle track Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.2: Tracking in the scattering dominated regime

10

Chapter 2

Experimental Concept
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free measurement or exclusion of the branching fraction for
the decay µ æ eee at the level of 2 · 10≠15. As discussed in
more detail in chapter 1, these goals require running at high
muon rates, excellent momentum resolution to suppress
background from internal conversion decay (µ æ eee‹‹),
and a good vertex and timing resolution to suppress com-
binatorial background. The present chapter introduces the
conceptual design of the Mu3e experiment, driven by these
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The momenta of electrons and positrons from muon de-
cays are measured using a silicon pixel tracker in a solen-
oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
factor a�ecting the momentum resolution. Minimising the
material in the detector is thus of the utmost importance.

The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.

2.1 Momentum Measurement with Recurlers

With a fine-grained pixel detector, we are in a regime where
multiple scattering e�ects dominate over sensor resolution
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e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:
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So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.

2.2 Coordinate System

The Mu3e coordinate system is centred in the muon stop-
ping target with the z axis pointing in beam direction, the
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Figure 2.2: Tracking in the scattering dominated regime
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Experimental Concept

Phase I of the Mu3e experiment aims for the background
free measurement or exclusion of the branching fraction for
the decay µ æ eee at the level of 2 · 10≠15. As discussed in
more detail in chapter 1, these goals require running at high
muon rates, excellent momentum resolution to suppress
background from internal conversion decay (µ æ eee‹‹),
and a good vertex and timing resolution to suppress com-
binatorial background. The present chapter introduces the
conceptual design of the Mu3e experiment, driven by these
requirements.

The momenta of electrons and positrons from muon de-
cays are measured using a silicon pixel tracker in a solen-
oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
factor a�ecting the momentum resolution. Minimising the
material in the detector is thus of the utmost importance.

The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.

2.1 Momentum Measurement with Recurlers

With a fine-grained pixel detector, we are in a regime where
multiple scattering e�ects dominate over sensor resolution
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e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:
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So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.

2.2 Coordinate System

The Mu3e coordinate system is centred in the muon stop-
ping target with the z axis pointing in beam direction, the
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MS dominated

MS effects cancel to first order after a half a turn.
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With a fine grained detector Mu3e is in the 
multiple scattering (MS) dominated regime.
• Two factors to improve resolution: 

• Large radius
• Low scattering angle

How to make a low momentum resolution detector?

The Phase I Mu3e Experiment

Ω
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θMS

B

Figure 2.3: Multiple scattering as seen in the plane trans-
verse to the magnetic field direction. The red lines indicate
measurement planes.

Ω ~ π

MS

θ
MS

B

Figure 2.4: Multiple scattering for a semi-circular traject-
ory. The red lines indicate measurement planes.

y axis pointing upward and the x axis chosen to obtain a
right handed coordinate system. The polar angle measured
from the z axis is denoted with Ë, and measured from the
x-y plane denoted with ⁄. Azimuthal angles are denoted
with Ï.

2.3 Baseline Design

The proposed Mu3e detector is based on two double-layers
of HV-MAPS around a hollow double cone target, see Fig-
ures 2.6 and 2.5. The outer two pixel sensor layers are ex-
tended upstream and downstream to provide precise mo-
mentum measurements in an extended region to increase
the acceptance for recurling electrons and positrons. The
silicon detector layers (described in detail in chapter 7) are
supplemented by two timing systems, a scintillating fibre
tracker in the central part (see chapter 10) and scintillating
tiles (chapter 11) inside the recurl layers. Precise timing of
all tracks is necessary for event building and to suppress
the combinatorial background.

Scintillating 
!bres

Target

Inner pixel
layers

Outer pixel
layers

1 cm

Figure 2.5: Schematic view of the experiment cut trans-
verse to the beam axis. Note that the fibres are not drawn
to scale.

2.4 Detector Readout

The Mu3e experiment will run a continuous, triggerless
readout, and employs application-specific integrated cir-
cuits (ASICs) for the pixel and timing detectors which
stream out zero-suppressed digital hit data. These hits
are collected by field-programmable gate arrays (FPGAs)
located on front-end boards and then optically forwarded to
switching boards, which in turn distribute them to a com-
puter farm. This network makes it possible for every node
in the farm to have the complete detector information for
a given time slice. Decays are reconstructed using graph-
ics processing units, and interesting events are selected for
storage. A system overview is shown in Figure 2.8 and a
detailed description can be found in chapter 17.

2.5 Building up the Experiment

One of the advantages of the design concept presented is its
modularity. Even with a partial detector, physics runs can
be taken. In an early commissioning phase at smaller muon
stopping rates, the detector will run with all of the timing
detectors but only the central barrel of silicon detectors.
The silicon detectors of the recurl stations are essentially
copies of the central outer silicon detector; after a success-
ful commissioning of the latter, they can be produced and
added to the experiment as they become available. The
configuration with two recurl stations (Figures 2.6 and 2.5)
defines a medium-size setup, well suited for phase I running
at the highest possible rate at the fiE5 muon beam line at
PSI of ¥ 1 · 108 Hz. The sensitivity reach in this phase of
the experiment of O(10≠15) will be limited by the available
muon rate.
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oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
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The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.
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e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:
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So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.

2.2 Coordinate System

The Mu3e coordinate system is centred in the muon stop-
ping target with the z axis pointing in beam direction, the
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Figure 2.2: Tracking in the scattering dominated regime
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Chapter 2

Experimental Concept

Phase I of the Mu3e experiment aims for the background
free measurement or exclusion of the branching fraction for
the decay µ æ eee at the level of 2 · 10≠15. As discussed in
more detail in chapter 1, these goals require running at high
muon rates, excellent momentum resolution to suppress
background from internal conversion decay (µ æ eee‹‹),
and a good vertex and timing resolution to suppress com-
binatorial background. The present chapter introduces the
conceptual design of the Mu3e experiment, driven by these
requirements.

The momenta of electrons and positrons from muon de-
cays are measured using a silicon pixel tracker in a solen-
oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
factor a�ecting the momentum resolution. Minimising the
material in the detector is thus of the utmost importance.

The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.

2.1 Momentum Measurement with Recurlers

With a fine-grained pixel detector, we are in a regime where
multiple scattering e�ects dominate over sensor resolution

Particle track
Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.1: Tracking in the spatial resolution dominated
regime

e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:

‡p

p
Ã

�MS

� . (2.1)

So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.

2.2 Coordinate System

The Mu3e coordinate system is centred in the muon stop-
ping target with the z axis pointing in beam direction, the

Particle track Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.2: Tracking in the scattering dominated regime

10

Spatial dominated

Chapter 2

Experimental Concept

Phase I of the Mu3e experiment aims for the background
free measurement or exclusion of the branching fraction for
the decay µ æ eee at the level of 2 · 10≠15. As discussed in
more detail in chapter 1, these goals require running at high
muon rates, excellent momentum resolution to suppress
background from internal conversion decay (µ æ eee‹‹),
and a good vertex and timing resolution to suppress com-
binatorial background. The present chapter introduces the
conceptual design of the Mu3e experiment, driven by these
requirements.

The momenta of electrons and positrons from muon de-
cays are measured using a silicon pixel tracker in a solen-
oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
factor a�ecting the momentum resolution. Minimising the
material in the detector is thus of the utmost importance.

The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.

2.1 Momentum Measurement with Recurlers

With a fine-grained pixel detector, we are in a regime where
multiple scattering e�ects dominate over sensor resolution

Particle track
Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.1: Tracking in the spatial resolution dominated
regime

e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:

‡p

p
Ã

�MS

� . (2.1)

So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.
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MS dominated

MS effects cancel to first order after a half a turn.

Catch the particle after half a turn!
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Make a compact detector, long enough to cath the particles 
after half a turn.
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Make a compact detector, long enough to cath the particles 
after half a turn.

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam



The target of the Mu3e detector
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Challenge: optimise stopping power while minimising 
material…
• Several shapes studied
• Target à la Sindrum ( see more here) 

Chapter 6

Stopping Target

The main challenge for the design of the stopping tar-
get is to optimise the stopping power, while also minim-
ising the total amount of material in order to reduce both
backgrounds and the impact on the track measurement.
Therefore the stopping target should contain just enough
material in the beam direction to stop most of the muons,
which is facilitated by a moderator in the final part of the
beam line, but should be as thin as possible to minim-
ise the material in the flight direction of decay electrons
entering the detector acceptance. Usage of a low-Z mater-
ial is advantageous as photon conversion and large-angle
Coulomb scattering are suppressed. In addition, the decay
vertices should be spread out as wide as possible in order
to reduce accidental coincidences of track vertices and to
produce a more or less even occupancy in the innermost
detector layer.

6.1 Baseline Design

These requirements can be met by a hollow double cone
target à la SINDRUM [21, 22]. In our baseline design (see
Figure 6.1), the target is made from 70 µm of Mylar in the
front part and 80 µm Mylar in the back part, with a total
length of 100 mm and a radius of 19 mm. This leads to an
incline of 20.8° of the target surface with regards to the

100 mm
38
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Figure 6.1: Dimensions of the baseline design target. The
muon beam enters from the left. Note that the material
thickness is not to scale.

beam direction. The projected thickness is thus 197 µm
for the front and 225 µm for the back part, giving a total
of 422 µm of Mylar corresponding to 0.15% of a radiation
length. The mass of the Mylar in the target is 0.671 g. The
total area of the target is 6386 mm2.

We have studied the stopping power and material budget
for a variety of target shapes (see Figure 6.2) and found that
for the given beam parameters and geometrical constraints,
the double cone o�ers the highest stopping fraction with the
least material. The simulation was performed with Mylar
as the target material, a previous study using aluminium
however gave very similar results. The stopping distribu-
tion along the beam axis for the baseline target is shown in
Figure 6.3; about 95.5 % of the muons reaching the target

a) b)

c) d)

Figure 6.2: Target shapes studied. a) Is the default hollow
double cone, b) a simple plane, c) a single-turn garland and
d) a double-turn garland. For the chiral shapes c) and d),
both senses of rotation were tried.
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Figure 6.3: Simulated stopping distribution along the beam
(z) direction for the baseline target.
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Figure 6.4: Cross section of target support and alignment mechanism. Muons hit the target from the left. The stopping
target is mounted on a thin carbon tube which is steered and fixed in the support structure. The rear end of the support
structure consists of an alignment mechanism to adjust the position of the target.

Figure 6.5: Hollow double-cone muon stopping target made
of aluminised Mylar foil.

are stopped, the reminder ends up in the downstream beam
pipe, the downstream support of the first pixel layer and
the sensors of the first pixel layer.

6.2 Production

At PSI, a manufacturing procedure was developed and a
complete target was produced, see Figure 6.5. Each single
hollow cone of the double cone structure is manufactured
separately and is a sandwich structure consisting of 2 or 3
rolled up thin Mylar foils glued together with epoxy glue.
The thickness of the individual Mylar foils and the com-
bination of several foils are chosen to match best with the
desired final thickness. Finally, the two individual cones are
glued together to build up the hollow double cone structure.

The inner and the outer foil in each sandwiched stack
is aluminium coated and the orientation of the aluminium
layers is such that the inner and outer surface of the cones
features an aluminium layer. The conductive surfaces, in
combination with the mounting on a conductive carbon
tube avoid a possible charging up of the target due to the
high stopping rate of positive muons.

6.3 Support

The double cone structure will be glued on a carbon tube
which will be fixed in a dedicated support structure with
an alignment mechanism. Figure 6.4 shows a cross section
of the complete target system consisting of stopping tar-
get, carbon tube and support, while Figure 6.6 shows an

Figure 6.6: Cross section of alignment mechanism. The
setup is spring-loaded towards the two screws and allows
an adjustment of the target position in 3 coordinates. The
direction of the spring is in the bisecting line with respect
to the two screws and is in this view therefore hidden by
the holder.

enlarged view of the rear end of the support structure con-
sisting of the alignment mechanism. The target support
structure will be placed on the downstream side of the ex-
periment in order not to disturb the incident muon beam.

The carbon tube has an inner diameter of 5 mm and will
be glued on the tip of the downstream cone of the stopping
target. Along the first 10 cm downstream of the target
the original wall thickness of 0.5 mm of the carbon tube
is reduced to ≥0.125 mm by means of centerless-grinding
to reduce the material budget in the central region of the
detector.

To avoid possible vibrations of the target due to a long
lever arm the carbon tube is not only rigidly fixed in the
alignment mechanism, but also guided in a joint at the front
end of the structure close to the target itself.

The alignment mechanism allows an adjustment of the
target position in all 3 coordinates. To ensure su�cient
clearance between the target and the innermost layer of
the silicon detectors, the range of movement for the target
is limited to ± 2 mm in x- and y-directions, and ± 4 mm in
z-direction. This is achieved with a limited range for the
adjustment screw at the rear end of the support structure,
in conjunction with the transformation ratio due to the
di�erent lengths of carbon tube and support structure.

The central tube of the support structure hosting the
carbon tube and connected to the holder at the end is
spring-loaded towards the adjustment screws to allow for a
hysteresis-free adjustment of the target.
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Final design:
• Double cone made of Mylar 
• 95.5 % of muons reaching target are stopped

https://arxiv.org/pdf/2009.11690


Mu3e – Subdetector roles - Pixel

28

Target
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Detectors:
• Pixel detectors for tracking: vertex, outer-central, and recurl
• Thin Scintillating Fibers for timing: central
• Scintillating Tiles for timing: recurl



Silicon pixel detector HV-MAPS
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Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Pixel tracker – High Voltage Monolitic Active Pixel Sensors (HV-MAPS) -  MuPix 
• Hits matched between two inner layers and two outer layers 
• Cooled with helium gas
• Acceptance increased with recurl stations
• 50 µm thickness (vertex), 70 µm (recurl)
• Active area 20 x 20 mm2 (23 mm including readout area)
• Operated with up to 70 V

The Phase I Mu3e Experiment
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ance of this transmission line is Zdi� ¥ 90⌦. 50 such
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of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.

24

• readout logic and amplifiers 
embedded in the pixel n-well

• thin active region (10 µm) → 
fast charge collection via drift



Helium cooling
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MuPix dissipates 215 mW/cm2 à Needs cooling
• Liquid cooling à High material budget 
• Gas cooling

• Air à High material budget: 1 m of air ~ 0.33 % X0. 
• Helium 1 m  ~ 0.018 % X0

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

1 metre of track length

16th Terascale Detector Workshop 2024 Thomas Rudzki – Universität Heidelberg

Helium cooling
● Providing a flow of a few grams per second of gaseous helium at ambient pressure is non-trivial
● Novel industry application in recent years:

Miniature turbo compressors

24

Turbo compressor providing 16 g/s 
helium (from Fischer)



Pixel tracker  - Status
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11 year R&D period over…
Inner pixels installation in progress 
Helium gas cooling installed 
~23 μm spatial resolution, efficiency 99%*, < 20 ns time 
resolution
Two layer vertex detector to be installed by November

Subdetectors for Phase I
Mupix Pixel Sensor

Prototype of the vertex detector with solid PCBs:
Final design with kapton flexprints:

Martin Müller NuFact 2023 9/22

6 layers of thin ( 70 µm) Mupix
Pixel sensors (HV-MAPS)
glued on kapton flexprints
provides precise vertex and
momentum reconstruction
production of inner layer modules
has started outer layer production will follow

soon

50 µm thick silicon wafer

easily achievable with 70 μs, a bit more challenging with 50 μs 



Mu3e – Subdetector roles - SciFi
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Target
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Outer pixel layers
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Detectors:
• Pixel detectors for tracking: vertex, outer, and recurl
• Thin Scintillating Fibers (SciFi) for timing: central
• Scintillating Tiles for timing: recurl



Timing at centre: Scintillating Fibre (SciFi) detector

• SciFi basics:
• 3 layers of 250 μm staggered fibres
• 12 long fibre ribbons covering 4 𝜋
• 1 ribbon = 720 μm thick, 0.2 % 

radiation length
• 300 ps time resolution
• Liquid cooling (SilOil, -20°) through 

the Cooling Ring (CR).

Mu3e spec book

10.1 SciFi Detector
Section status: preliminary

Ver. Date Author Comment
0.1 2023-02-13 Y. Demets Adding SciFi parts
0.2 2023-07-18 T. Rudzki Added Vertex detector

SciFi ribbon

SciFi super-module

SciFi cooling ring L-bracket support

Figure 10.1: SciFi Detector

SciFi super-module
(6 in total)

SciFi ribbon

           SiPM array

Figure 10.2: One of the 6 SciFi super-module

0x98e137d;2023-08-07 228
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Figure 10.1: SciFi Detector

SciFi super-module
(6 in total)

SciFi ribbon

           SiPM array

Figure 10.2: One of the 6 SciFi super-module

0x98e137d;2023-08-07 228

Particles produce photons which propagate towards the ends
• Each ribbon has SiPM arrays at its ends
• 256 channels per ribbon, 3072 for SciFi. 33



Timing at centre: Scintillating Fibre (SciFi) detector
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Performance of the SciFi detector

Most Probable Value (# p.e.)

NOL (1.1 ns) – shorter decay time than SCSF-78 (2.8 ns)
Not a great impact on the time resolution 
à Photon number is the dominant contribution.

3 layer SCSF-78 scintillator
radiation length X/X0 ~ 0.2%
à Final design

𝜎 M
T 

[p
s]

3 layers 

NOL

SCSF-78
4 layers 

Most Probable Value (# p.e.) 𝜎MT [ps] 𝜎MT [ps]



Defining quality control methods for mass production

Mu3e spec book

10.1 SciFi Detector
Section status: preliminary

Ver. Date Author Comment
0.1 2023-02-13 Y. Demets Adding SciFi parts
0.2 2023-07-18 T. Rudzki Added Vertex detector

SciFi ribbon

SciFi super-module

SciFi cooling ring L-bracket support

Figure 10.1: SciFi Detector

SciFi super-module
(6 in total)

SciFi ribbon

           SiPM array

Figure 10.2: One of the 6 SciFi super-module

0x98e137d;2023-08-07 228

A dark-count photon can produce cluster 
both on the left or the right of the ribbon.
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and right. 
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Beam test results – SciFi qualification with MuTRiG ASICs 
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Beam test results – SciFi qualification with MuTRiG ASICs 
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Time difference between coincidences at two ribbons (ns)

En
tr

ie
s

En
tri

es

Time difference [ns]Time correlation between Pixel and  SciFi (ns)

En
tr

ie
s

Excellent Mean Time resolution maintained 
for two ribbon coincidences: ~ 381 ps. 

Preliminary plot: Correlation between final 
version of both pixel detectors and SciFi.

Preliminary plotPreliminary plot



SciFi detector - Status

• 6 modules produced 
• To be installed by November
• Liquid cooling system installed

38cc Niklaus Berger – Flickr Mu3e

https://www.flickr.com/photos/nberger/


Mu3e – Subdetector roles - SciTile
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Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

Detectors:
• Pixel detectors for tracking: vertex, outer, and recurl
• Thin Scintillating Fibers for timing: central
• Scintillating Tiles (SciTi) for timing: recurl



Mu3e – Subdetector roles - SciTile

No tight material limitation on Detector volume → “Thick” detector
Highly segmented in ~6k tiles
Very compact design

•Tiles from fast Ej-228 plastic scintillator (6 x 6 x 5 mm3)
•Individually wrapped in ESR foil - Minimize crosstalk
•Coupled to Hamamatsu SiPMs read out by Mutrig ASIC
(S13360-3050VE @ -10°C, Silicon oil cooling)
•Efficiency > 99%, single-channel time resolution ~ 40 ps
•Performance validated in Demonstrator Modules

•First final modules produced

40



Mu3e – Data Acquisition

41More info in M. Koeppel’s talk

Mu3e DAQ

2844 MuPix Chips 3072 Fibre Readout Channels 6272 Tiles

88 Front-End Boards 12 Front-End Boards 14 Front-End Boards

Front-end (inside magnet)

Switching Board Switching Board Switching Board Switching Board

PC Interface Board PC Interface Board PC Interface Board

PC & GPU PC & GPU PC & GPU

MIDAS3 Mass Storage

12 PCs

up to 36 x 1.25 Gbit/s

LVDS links per FEB

1 x 6.25 Gbit/s optical
link per Switching Board

2-8 10 Gbit/s links
per Switching Board

16 inputs per Farm
FPGA

Gbit Ethernet

Counting house

3K. Olchanski et al., MIDAS, https://midas.triumf.ca
Data Flow - August 3, 2022 - Slide 7

• Trigger-less conitnuous 
readout: 100 GB/s data 
rate

• Hits collected by FPGAs 
(inside the magnet)

• Optical transmission to 
switching boards

• Decays reconstructed 
and interesting events 
are stored.

https://indico.cern.ch/event/1109460/contributions/4893262/attachments/2489268/4274969/main.pdf


Mu3e –  Plans for 2024 and further

42

Achievements so far:
• DAQ operational with different detector 

types
• Cooling for detectors
• Pixel, SciFi, SciTile à First modules installed

Aims for rest of the year:
• Cosmic run
• Complete experimental chain 

• Detector installation
• Data taking

Full detector 
commissioning

Nov/Dec 2024                                            2025                                                    2026

Cosmic run with 
inner pixel and SciFi

Physics 
data taking



From theoretical 
motivation to 

experimental design.

Design

Potential physics 
directions with Mu3e.

Mu3e physics

Update on the 
construction of  

each subdetector.

Construction



Physics reach with current design
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• μ+ à e+e+e- 
• μ+ à e+ X
• μ+ à e+ + Long lived particles
• The search for e+e- resonances in μ+ à e+e+e-  𝜈e \bar{𝜈μ }
• Precision muon decay measurement and improvements on the weak 

interactions.



μ+ à e+e+e-
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reconstructed in each frame on a GPU farm. The full o✏ine tracking and signal selection,

based on longer recurling (6 or 8 hit) tracks to optimise resolution, is then carried out on

the stored frames. Figure 4a shows the expected vertex mass distribution based on the

full o✏ine selection. Figure 4b shows the expected evolution of sensitivity with running

time; existing limits will be superseded within days, and the target sensitivity reached with

around 400 days of data taking with a muon stopping rate of 1⇥ 108 s�1.
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Mu3e Phase I Simulation
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Mu3e Phase I  muon stops/s810
13.0% signal efficiency

SINDRUM 1988

(b)

Figure 4. 4a Simulation of the reconstructed vertex mass showing backgrounds and possible signal
contributions. 4b the evolution of the Mu3e Phase 1 signal sensitivity with time. Figures from [1]

.

Mu3e Phase-2

To reach the final target sensitivity of 10�16 on the branching fraction for µ+
! e

+
e
�
e
+,

a higher rate of muon stops is required. The High Intensity Muon Beam (HiMB) currently

under study at PSI would deliver a stopping rate of 2⇥ 109 s�1, but is not expected to be

available before 2028. In order to deal with this higher stopping rate and resultant higher

occupancy and rate of coincident backgrounds, upgrades to the Mu3e timing detectors are

necessary, as well as possible improvements to the pixel sensors to improve time resolution,

and extensions to the detector stations to increase the acceptance. Such upgrades are

currently under study.

3 The search for µ+
! e+X

In addition to searches for µ+
! e

+
e
�
e
+ decays, Mu3e can also investigate lepton-flavor-

violating decays of the type µ
+

! e
+
X, where X denotes a neutral light particle that

escapes the experiment undetected. An example for such a particle is the familon which

arises as a pseudo-Goldstone boson from an additional broken flavour symmetry [13]. The

current strongest limits on the branching ratio of µ+
! e

+
X are set by the experiment by

Jodidio et al. at TRIUMF [14] for massless X with B(µ+
! e

+
X) < 2.6⇥ 10�6 at 90%CL,

as well as the TWIST experiment [15] for 13MeV < mX < 80MeV with B(µ+
! e

+
X) <

9⇥ 10�6 at 90%CL on average.

– 6 –

Expected vertex mass based on full offline selection Expected sensitivity with running time. Current limits 
will be exceeded within days.

https://arxiv.org/abs/2204.00001



μ+ à e+ X
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Mu3e can also look for decays of the type μ+ à e+ X, where X is a neutral light particle.
• Limits set by TRIUMF in 1986 (Highly polarized muon beam – details here and here)
• Mass of X is imposed by detectors acceptance. 
• For minimum 10 MeV for positron energy, max Mx ~ 95 MeV
• One track does not pass selection conditions à need way around it. 
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(a) Simulated background events.
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(b) Simulated µ+ ! e+X signal events with mX =

60MeV.

Figure 5. Spectra of the reconstructed positron momentum of simulated background events from
Standard Model muon decays (background) and µ

+
! e

+
X events with mX = 60MeV. The tracks

are reconstructed from 4 hits in the central detector like it is done on the GPU filter farm.

The characteristic signature of µ+
! e

+
X decays is a mono-energetic positron whose

energy is determined by the mass mX of the undetected particle X. These positrons would

appear as a narrow peak on top of the smooth momentum spectrum of positrons from

Standard Model muon decays. In contrast to the µ
+

! e
+
e
�
e
+ search, the final state

contains only a single positron and would thus not pass event filtering on the online GPU

farm. Therefore, a dedicated search strategy is required, and the analysis is performed on

histograms which are filled with track fit information as part of the online track recon-

struction. Since the full track reconstruction of all tracks in every event frame is performed

online, histograms of the total momentum as well as the azimuthal and polar angle of the

decay electrons and positrons can be recorded. This unprecedented dataset of the order

of 1015 µ
+ decays allows not only for µ

+
! e

+
X searches but also for studies of Stan-

dard Model µ+ decays. As a drawback of this approach, event-by-event information is lost

and the o✏ine reprocessing of track reconstruction is not possible so that the optimum

momentum resolution of recurling tracks cannot be achieved.

The acceptance of the Mu3e detector determines the mass reach of the search. With

a minimum pT(e) of about 10MeV for the positron to be reconstructed, mX of at most

95MeV can be studied. It is worth noting that complementary experiments sensitive to

higher mX up to the muon mass are currently being discussed [16]. Low mX might be out

of reach as well, as the characteristic edge of the momentum spectrum of Michel decays

µ
+

! e
+
⌫⌫ is currently used for calibration. Alternative calibration methods based on

Bhabha and Mott scattering are under investigation.

The sensitivity in Phase 1 of the Mu3e experiment is estimated in toy Monte Carlo

– 7 –

https://arxiv.org/abs/2204.00001

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.34.1967
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.34.1967
https://arxiv.org/abs/1409.0638


Dark photon e+e-  resonances in μ+ à e+e+e- 𝜈e #𝜈μ
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Mu3e can look for dark photons using the standard three track data set.
Dark photons can decay into e+e- pairs.
Masses probed up to 80 MeV. 

https://arxiv.org/abs/2204.00001
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Figure 9. Spectra of the reconstructed invariant mass mee of simulated background and dark
photon signal events with mA0 = 20MeV, 45MeV and 70MeV.
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(a) Expected limits on the branching fraction at

90% CL.
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(b) Expected limits on the kinetic mixing parameter

✏ at 90%CL. Adapted from [21].

Figure 10. Expected sensitivity to prompt dark photon decays in µ
+
! e

+
e
�
e
+
⌫e⌫µ in the first

phase of the Mu3e experiment.
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(a) Simulated background events. Both combina-

tions of e+e� are considered.
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shown.

Figure 9. Spectra of the reconstructed invariant mass mee of simulated background and dark
photon signal events with mA0 = 20MeV, 45MeV and 70MeV.
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Invariant e+e- mass from background and for signal. Both high and low energy positrons are considered. 
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Michel decay of muon: μ+ à e+ 𝜈e 3𝜈μ
Standard model decay process described by four parameters (link to PDG)
• 𝜌 and η measured with limited statistics by Twist (link to publication)
• Twist constraints: pz > 14 MeV/c, pt > 10 MeV/c 

Back to Earth: Precise measurement of SM 

! ¼ !h"h þ!ðP#"!Þ
"h þ!ðP#"Þ

: (9)

However, before unblinding it is sufficient to use the SM
values to estimate !!. The final value of ! is recalculated
after the hidden parameters have been revealed.

E. Momentum calibration

The momentum calibration exploits the kinematic end
point of the decay positron momentum at 52:83 MeV=c to
measure the mismatch between the data and simulation
detector responses. Because of the planar geometry of the
TWIST detector, the momentum loss of the positrons
exiting the target will have a 1= cos$ dependence.
Histograms of the edge region with 10 keV=c momentum
binning and bins in 1= cos$ of width 0.0636 in the range
0:5< j cos$j< 0:9 (1:11< j1= cos$j< 2:00) are pro-
duced. For each 1= cos$ slice the simulated edge histogram
is shifted in 10 keV=c steps with respect to the data histo-
gram. At each step a %2 statistic is calculated using the
difference in bin contents between the spectra. The result-
ing %2 distribution is fitted with a second-order polynomial
to determine the momentum shift required to minimize the
%2. The momentummismatch between data and simulation
versus 1= cos$ (see Fig. 4) is fitted independently upstream
and downstream with straight lines,

!p ¼ ai=j cosð$Þj% bi; i ¼ ðup; dnÞ: (10)

A new data p–$ spectrum is produced by applying the
momentum calibration for each set on an event-by-event
basis, and the statistical uncertainties and correlations of
the calibration parameters are propagated to the muon

decay parameter error budget. Table III shows the mean
values of the momentum calibration parameters.
The model used for the propagation of the momentum

mismatch to the entire spectrum depends on the source or
sources of the mismatch, which could not be uniquely
identified. For this reason the final muon decay parameter
results are the average of the analyses calibrated using a
shift that was either constant or scaled with momentum.
Systematic uncertainties associated with the momentum
calibration are discussed in Sec. VC.

F. Drift chamber calibration

Improvements to the DC calibration procedures have
been crucial to reach our final precision for the decay
parameters. First of all the wire time offsets, which correct
for the different propagation times of the signals from
different sense wires, were measured directly from the
decay positrons in the physics data. Previously the wire
time offsets were determined from special pion data taken
only at the beginning and the end of run periods, leading to
a dominant systematic uncertainty from the time depen-
dence of these offsets. For this measurement, a downstream
scintillator was used in addition to the existing upstream
scintillator. Both scintillators recorded the arrival time of
the decay positron as a reference. The upstream scintillator
is an annular shaped positron scintillator installed around
the main muon trigger scintillator. The downstream scin-
tillator on the other hand is installed outside of the steel
yoke and covers most of the yoke downstream opening.
The wire time offsets were extracted from the decay

positron signals after a time of flight correction. The

FIG. 3 (color). Residuals normalized by the statistical uncer-
tainty from the muon decay parameters fit between simulation
and data. Only bins with their center contained in the fiducial
regions are used in the fitting procedure.
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FIG. 4. Measurement of the angle-dependent momentum mis-
match at the decay positron kinematic end point for set 84, taken
with the Al target under nominal conditions.

TABLE III. Mean values of the momentum calibration pa-
rameters with statistical uncertainties.

Target aup keV=c bup keV=c adn keV=c bdn keV=c

Ag 1:8& 0:5 %10:0& 0:8 %3:1& 1:3 %1:7& 2:0
Al 4:8& 0:6 %6:9& 0:9 %0:2& 1:4 %11:0& 2:3

A. HILLAIRET et al. PHYSICAL REVIEW D 85, 092013 (2012)

092013-8

2 57. Muon Decay Parameters

functions in Eq. (57.1) become

FIS(x) = x (1 ≠ x) +
2
9 fl (4x2 ≠ 3x ≠ x2

0) + ÷ · x0 (1 ≠ x) (57.4a)

FAS(x) =
1
3 ›

Ò
x2 ≠ x2

0

◊
5
(1 ≠ x) +

2
3”

;
(4x ≠ 3) +

3Ò
1 ≠ x2

0 ≠ 1

4<6
(57.4b)

P e(x, Ë) = PT1 · ‚x1 + PT2 · ‚x2 + PL · ‚x3 (57.4c)

Here ‚x1, ‚x2, and ‚x3 are orthogonal unit vectors defined as follows:

‚x3 is along the e momentum pe
‚x3 ◊ P µ

|‚x3 ◊ P µ| = ‚x2 is transverse to pe and perpen-

dicular to “the decay plane”

‚x2 ◊ ‚x3 = ‚x1 is transverse to pe and in the de-

cay plane

The components of P e then are given by

PT1(x, Ë) = Pµ sin Ë · FT1(x)/ {FIS(x) ± Pµ cos Ë · FAS(x)} (57.5a)

PT2(x, Ë) = Pµ sin Ë · FT2(x)/ {FIS(x) ± Pµ cos Ë · FAS(x)} (57.5b)

PL(x, Ë) =
±FIP(x) + Pµ cos Ë · FAP(x)

FIS(x) ± Pµ cos Ë · FAS(x)
, (57.5c)

where

FT1(x) =
1
12

Ó
≠2

Ë
›ÕÕ

+ 12

1
fl ≠ 3

4

2È
(1 ≠ x)x0

≠3 ÷
1
x2 ≠ x2

0
2

+ ÷ÕÕ
1
≠3x2

+ 4x ≠ x2
0
2Ô

(57.6a)

FT2(x) =
1
3

Ò
x2 ≠ x2

0 ·
;

3
–Õ

A
(1 ≠ x) + 2

—Õ

A

Ò
1 ≠ x2

0

<
(57.6b)

FIP(x) =
1
54

Ò
x2 ≠ x2

0 ·
;

9 ›Õ
3

≠2x + 2 +

Ò
1 ≠ x2

0

4

+4 ›
1
” ≠ 3

4

2 3
4x ≠ 4 +

Ò
1 ≠ x2

0

4<
(57.6c)

FAP(x) =
1
6

Ó
›ÕÕ

1
2x2 ≠ x ≠ x2

0
2

+ 4

1
fl ≠ 3

4

2 1
4x2 ≠ 3x ≠ x2

0
2

+ 2 ÷ÕÕ
(1 ≠ x) x0

Ô
. (57.6d)

For the experimental values of the parameters fl, ›, ›Õ
, ›ÕÕ

, ”, ÷, ÷ÕÕ
, –/A, —/A, –Õ/A, —Õ/A, which

are not all independent, see the Data Listings below. Experiments in the past have also been

analyzed using the parameters a, b, c, aÕ
, bÕ

, cÕ
, –/A, —/A, –Õ/A, —Õ/A (and ÷ = (– ≠ 2—)/2A), as

defined by Kinoshita and Sirlin [5, 6]. They serve as a model-independent summary of all possible

measurements on the decay electron (see Listings below). The relations between the two sets of

parameters are

31st May, 2024

The contribution to η becomes imporatnt at lower 
energies (x). 

Mu3e will be able to access lower momentum ranges and 
also will have much better statistics. 

One limitation: DAQ optimized for three track processes.

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-muon-decay-params.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.092013
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Is this the end?

Three track topology of muon decay is very appealing for theorists…
See for example this study on “New Physics in multi electron muon 
decays”.
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Figure 1. The diagram for the dark scalar production and the subsequent decay chain that realizes
µ

+
! e

+2(e+
e
�) decays (left) and a sketch of the corresponding experimental signature at Mu3e

in a transverse view of the detector (not to scale).

As we will discuss, the above numerical example for yµe,eµ is safely below the current

experimental bounds discussed in Sec. 3.3.

To a good approximation, the dark scalar decay is prompt as long as the dark coupling

is sizeable. The partial decay width is given by [18],

�hd!2�d
=

↵d

8

m
3
hd

m2
�d

f(m�d/mhd
), (3.8)

where f(r) =
�
1 � 4r

2 + 12r
4
�p

1 � 4r2. In the limit of hd ! �d�d dominating the decay

width, this then also gives the lifetime of the dark Higgs,

c⌧hd
= 270 fm ⇥

✓
↵

↵D

◆✓
90 MeV

mhd

◆✓
3

mhd
/m�d

◆2 1

f(m�d/mhd
)
. (3.9)

On the other hand, the dark photon decays back to the SM particles through the kinetic

mixing parameter, " . 10�3, and, therefore, may have an observable displacement within

the experiment. In the mass range of interest, 2me < m�d . (mµ �me)/2, the dark photon

always decays back to electron-positron pairs, �d ! e
+
e
�, with the decay width [18]

��d!e+e� =
↵"

2
m�d

3

�
1 � 4r

2
e

�1/2 �
1 + 2r

2
e

�
, (3.10)

giving the �d lifetime of

c⌧
0
�d

= 0.27 mm ⇥

✓
10�4

"

◆2 ✓
30 MeV

m�d

◆
1

g(me/m�d)
, (3.11)

where g(r) =
�
1 + 2r

2
�p

1 � 4r2. Most dark photons would still decay within the stopping

target for the above parameters, leading to no significant modification of the µ
+

! 3e
+ 2e

�

signals. For smaller kinetic mixing parameters " ⌧ 10�4, other constraints from beam-

dump and fixed-target experiments exclude the mass range of interest [49]. Therefore, in

our discussion, we will always assume that the dark photons decay promptly inside the

Mu3e target.

– 6 –

Mu5e,  Mu7e, Mu(Nx2-1)e???
Let’s not get greedy!

https://arxiv.org/pdf/2306.15631

https://arxiv.org/abs/2306.15631


Thank you!
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Mu3e gallery ( Nik Berger)
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Backups
Lagrangian proposed by Kuno and Okada

g1,2 describing scalar-type and g3−6 vector-type interactions.


