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HERE THE FOCUS IS ON “NON-COLLIDER” EXPERIMENTS
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NEUTRINO OSCILLATIONS

π+ → μ+νμ

νμ → νe

νen → e−p

4



CHARGED LEPTON FLAVOUR EXPERIMENTS / T. MORI

NEUTRINO OSCILLATIONS

π+ → μ+νμ

νμ → νe

νen → e−p

π+n → μ+e−p CHARGED LEPTON FLAVOR VIOLATION (CLFV)!
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CHARGED LEPTONS SHOULD MIX!
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The neutrinos are just too light.

neutrino oscillation
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TEV SCALE NEW PHYSICS HELP THEM MIX !
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BIG PICTURE

SUSY

Leptogenesis

μ → eγ

seesaw mechanism
neutrino masses

force unification
charge quantization

TeV scale physics
Dark Matter

GUT

≃ 10−12

Flavor violation from 
neutrino Yukawa

Flavor violation from 
quark Yukawa
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BOTTOM-UP: POSSIBLE INDICATIONS

▸ Possible indications for lepton flavour anomalies at ~TeV scale

The g � 2 theoretical and experimental values

Run-1 results from FNAL (April ’21)
bring the combined experimental
uncertainty down to 0.35 ppm
Discrepancy with theoretical value
recommended by White Paper 2020
[T. Aoyama et al.]:

aexpµ � aSMµ = 251(59)⇥ 10�11

Target uncertainty at FNAL is 0.14 ppm
Major systematic uncertainty on theoretical value
comes from HVP contribution (�aHVPµ ⇠ 4 · 10�10)

Lorenzo Cotrozzi The precession frequency measurement in g-2 at Fermilab 3 / 19

There are mainly two issues for which B decays are interesting.

 puzzle:Vcb
EXCLUSIVE: INCLUSIVE:

 
anomaly:
R(D(*))

 discrepancy between exp.s and “SM”!∼ 3.4σ

FLAG Review 2021 [arXiv:2111.09849] Bordone et al., Phys.Lett.B [2107.00604] 

                      Manuel Naviglio (Unipi, INFN Pisa)                                                                                                                                                                      ICHEP 2022

WHY B DECAYS?

|Vcb | × 103 = 42.16(50)|Vcb | × 103 = 39.36(68)

~  difference excl./incl.2.7σ

R(D) = ℬ(B → Dτντ)
ℬ(B → Dℓνℓ)

R(D*) = ℬ(B → D*τντ)
ℬ(B → D*ℓνℓ)

“SM”=mix of theoretical calculations and experimental data to 
constrain the shape of the hadronic form factors (FFs) 

muon g-2 R(D), R(D*)
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THE CURRENT STATUS: 

T. Mori, W. Ootani / Progress in Particle and Nuclear Physics ( ) – 7

Fig. 5. Experimental upper limits (90% C.L.) on cLFV muon processes as a function of the year where the µ ! 3e and µ�N ! e�N bounds are converted
into equivalent µ ! e� bounds by using Eqs. (6) and (7). The corresponding new physics scale ⇤ for  = 0, defined in Eqs. (9) and (10), is also indicated.

with a detection efficiency ✏ ⇡ O(1%) in a few years of data taking (T ⇡ O(107) s), a DCmuon rate of 1013/✏/T ⇡ 107–108/s
is necessary. Such a high rate DC muon beam is currently only available at Paul Scherrer Institute (PSI), Switzerland. PSI’s
590 MeV isochronous ring cyclotron constantly supplies a 2.2 mA proton beam with 50.6 MHz RF time structure. Since
the muon life time of 2 µs is much longer than the RF structure, the muon decay rate becomes constant (DC) without any
time structure. The cyclotron is currently being upgraded and its beam current is planned to increase eventually to 3.0 mA,
approaching an unrivalled beam power of 1.8 MW.

Major experimental challenges are (1) a good photon energy resolution to suppress background photons from radiative
muon decays and annihilation of positrons in material, and (2) precise measurements of positrons in the high rate environ-
ment of 107–108 positrons per second.

The MEG experiment at PSI, which finished data taking in summer 2013, obtained the world’s best upper bounds on
B(µ ! e� ) < 5.7⇥ 10�13 at 90% C.L. [7] using ⇠1/2 of the data taken. The final result of MEG is expected during the year
2014. Currently at PSI, preparations are underway for the MEG II experiment, an upgrade of MEG, which plans to start data
taking in 2016 with a goal of achieving an order of magnitude better sensitivity than MEG in three years’ data taking.

1.2.2. µ+ ! e+e�e+

Searches for the µ ! 3e decay also require positive muons to avoid muonic atom formation just like µ ! e� searches.
With three particles in the final state, they also suffer from accidental coincidences: positrons from normal muon decays
coincidewith e+e� pairs fromphoton conversions or fromBhabha scattering of positronswith atomic electrons. Tominimise
the accidental background, a DC muon beam, one as constant in time as possible, should be used.

With the presently available DC muon beam at PSI (⇠1 ⇥ 108 muons/s), an improvement in sensitivity by two orders
of magnitude over the current 90% CL upper bound on B(µ ! 3e) < 1.0 ⇥ 10�12 [20] may be possible. However, a much
more intense muon source of �109 is required to become competitive with the existing upper bound on B(µ ! e� ) <
5.7 ⇥ 10�13 [7]. A new high intensity muon beamline, ‘‘High Intensity Muon Beam’’ (HIMB), that can provide >109 muons
per second, has been proposed and is under serious consideration at PSI [31]. An upgrade plan of the proton accelerator
complex at Fermilab (Proton Improvement Plan-II (PIP-II)) aimed at providing a beam power of at least 1 MW on target at
the initiation of the long baseline neutrino facility (LBNF) is embeddedwithin a longer-term concept for upgrades to achieve
multi-MW, continuous wave capabilities, which could accommodate a high intensity muon source [32].

Amajor experimental challenge for aµ ! 3e search is precise tracking and vertexing of positrons and electrons in a high
rate environment of >109 muon decays per second. Tracking detectors must have low momentum thresholds and cover a
large solid angle to efficiently measure three-body final states of µ ! 3e decays. Because of this daunting challenge, no
experiment had been proposed for more than a quarter century since the last experiment. Recent advances in ultra-thin
silicon pixel detector technology, however, seems to rise to the challenge. The mu3e experiment [33], recently proposed at
PSI, envisages to use High Voltage Monolithic Active Pixel Sensors (HV-MAPS) to realise ultra-thin tracking detectors that
minimisemultiple scattering and energy loss for precise tracking and vertexing. The first phase ofmu3ewill use the existing
beamline to achieve an O(10�15) sensitivity, but the second phase for O(10�16) requires realisation of the HIMB.

μ→eγ 
Branching Ratio 
Upper limits

MEG
“SUSY GUT”

4.2×10-13 
the smallest measured 
branching ratio  
for an elementary particle

μ → eγ
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MUON DECAYS & 
CONVERSIONS MESON DECAYS

Dieter Ries (PIONEER)

Viacheslav Duk (NA62)

Apologies for any topics that I missed…

Francesco Renga (MEG II)

Sebastian Dittmeier (Mu3e)

Jian Tang ( )M → M̄

RELATED PRESENTATIONS IN PARALLEL SESSIONS
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LEPTON-FLAVOUR VIOLATING 
(LFV) PROCESSES OF MUON
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MUON LFV PROCESSES

μ−N → e−N μ+ → e+γ μ+ → e+e−e+

12
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MUON LFV PROCESSES

▸ signal: monochromatic 
~104MeV electron 

▸ BG: beam-related 
prompt 

▸ pulsed muon beam 

▸ “extinction” of ~10-10 

▸ low mass tracker

‣ signal: 2-body 
kinematics 

‣ BG: accidental 

‣ DC muon beam 

‣ low mass tracker 

‣ excellent gamma-ray 
measurement

‣ signal: 3-body 
kinematics 

‣ BG: accidental 

‣ DC muon beam 

‣ low mass tracker 

μ−N → e−N μ+ → e+γ μ+ → e+e−e+
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MUON LFV PROCESSES

▸ signal: monochromatic 
~104MeV electron 

▸ BG: beam-related 
prompt 

▸ pulsed muon beam 

▸ “extinction” of ~10-10 

▸ low mass tracker

‣ signal: 2-body 
kinematics 

‣ BG: accidental 

‣ DC muon beam 

‣ low mass tracker 

‣ excellent gamma-ray 
measurement

‣ signal: 3-body 
kinematics 

‣ BG: accidental 

‣ DC muon beam 

‣ low mass tracker 

μ−N → e−N μ+ → e+γ μ+ → e+e−e+

Mu3e 
low mass pixel tracker  
based on HV-MAPS

MEG II 
gradient field spectrometer 
& LXe photon detector

COMET & Mu2e 
 capture and  transport  

by solenoids
π π, μ

INNOVATIVE EXPERIMENTAL TECHNIQUES 
ARE DRIVING FORCE
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TIMELINE OF MUON CLFV EXPERIMENTS
2022 2023 2027 20282024 2025 2026 2029

MEG II

Mu3e-I

COMET-I

Mu2e

Eng

Run

Run

Run

Run Run

Eng

Eng

PSI HIPA shutdown

Mu3e-II 
 + superMEG?

PIP-II shutdown

HIMB
Intensity × 102

6 × 10−14

O(10−15)

< 10−14

5.9 × 10−16

< 10−16

8 × 10−17

“My Rough Sketch”

90%CL

COMET-II Run

DeeMe
O(10−13)
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Klaus Kirch, PSI BVR Jan 26, 2022 – page 15

HIMB in WEHA

Possible new lay-out
Courtesy: Thomas Rauber

Figure 35: Cross-sectional view of the two capture solenoids together with the new target TgH
in the foreground. The black lines show trajectories of surface muons emitted from the target.

Swiss Roadmap for Research Infrastructures. If accepted, its implementation would
occur during the period 2025-2028 with regular user operations starting in 2029.
Based on the transported phase space, two scenarios for the beam spot at the fi-

nal focus were formulated for the HIMB science case workshop depending on the final
divergence achievable at the end of the beamline.
HIMB-5:

• 1010
µ

+/s at 28 MeV/c and ⇠10% momentum-bite (FWHM)

• beam spot �x,y ⇠ 50 mm

HIMB-3:

• 1010
µ

+/s at 28 MeV/c and ⇠10% momentum-bite (FWHM)

• beam spot �x,y ⇠ 30 mm

These scenarios and especially the achievable rate of 1010
µ

+/s formed the basis for
the di↵erent science cases developed for the workshop and described in this document.
Of course the HIMB beamlines do not only transport surface muons, but also other

particles such as negative muons, electrons, positrons, and pions. Figure 36 shows the
momentum spectrum of all these particles at the entrance to the capture solenoid. The
beamlines are designed for a good transport e�ciency up to about 40 MeV/c with the
dipoles capable of reaching 80 MeV/c. This allows, e.g., the use of pion beams for
calibration purposes albeit not at the highest intensities.
At 28 MeV/c the rates at the end of the beamline are expected to be 2 ⇥ 108/s for

negative muons, 2 ⇥ 1010/s for positrons, and 7 ⇥ 109/s for electrons.
One interesting suggestion raised during the workshop was the notion to study the

option of creating a parasitic µ
� beam by splitting at the first dipole of the channel

73

muCool: A novel low-energy muon beam for future precision experiments 3

Fig. 1 Scheme of the proposed muon compression beam line. Muons from the secondary
µ+ beam enter the transverse compression stage, where they are first stopped in the helium
gas and then compressed in transverse (y) direction by using the combination of a vertical
temperature gradient and the electric and magnetic fields. After that, they enter the longitu-
dinal compression stage, where they are compressed in the longitudinal (z) direction and then
extracted into the vacuum.

cyclotron frequency � = eB/m. However, the presence of the He gas leads to µ+-
He collisions that modify the muon motion. The deviation from the Ê⇥B̂ direction
(averaged over many collisions) will be proportional to the collision frequency �c

between muons and He atoms, as described by the following equation [14]:

tan � =
�c

�
, (1)

where � is angle of the muon drift velocity relative to the Ê ⇥ B̂ direction. Thus,
we can manipulate the muon drift direction by changing the collision frequency
�c.

The collision frequency can be made position dependent by having di↵erent
gas densities in di↵erent regions of our setup. In the transverse compression target
this is achieved by keeping the upper wall of the target at 12 K and the lower at
4 K which creates a temperature gradient and therefore also density gradient in
the y-direction [15].

In the middle of the target (at y = 0, see Fig. 2 (left)), the gas density is chosen
such that �c

� = 1. According to the Eq. (1), at this condition the muons drift at

45� angle with respect to Ê ⇥ B̂ direction, which in our case corresponds to the
+x�direction (see gray trajectory in Fig. 2 (left)).

In the top part of the target, the gas density is lower, which means that �c
� < 1

and muons move essentially in the Ê ⇥ B̂ direction. With our field configuration,
this corresponds to muons moving �y-direction while drifting in the +x direction
(red trajectory in Fig. 2 (left)).

In the lower part of the cell, at larger gas densities, �c
� > 1, the muons drift

mostly in electric field direction, i.e in +y and +x directions (blue trajectory in
Fig. 2 (left)). The result is transverse (in y-direction) compression of the muon
beam.

Figure 37: Schematic diagram of the muCool device. A surface muon beam is stopped in a
cryogenic He gas target with a vertical temperature gradient inside a 5-T field. The extent of
the stopped muons is reduced first in the transverse (y), then in the longitudinal (z) direction
using a complex arrangement of E-field and gas density gradient. The compressed muon beam
is then extracted through an orifice into vacuum and re-accelerated along the �z-direction.

well suited for precision experiments requiring a target with small transverse area and
small stopping power or requiring muons to be stopped close to the surface. Moreover,
such a beam is well suited for re-acceleration: beams from few keV to 100 MeV energy
can be thus obtained by combining the muCool device with a suited acceleration stage
opening various possibilities including storage experiments such as the muon EDM and
the muon g � 2 where a small phase space is required.

The proposed muCool compression scheme

In the proposed muCool scheme [325], a surface muon beam propagating in the �z-
direction is slowed down in a He gas target featuring a strong electric (E) field inside a
strong magnetic (B) field as shown in Figure 37. In the slowing-down process, the muon
energy is rapidly reduced to the eV range where the E-field becomes important. The
E-field, in conjunction with the B-field and gas density gradients, leads to drifting of the
slowed-down muons drastically reducing their initially large spatial extent. In this drift
process in the gas, the muons are guided to a mm-sized spot. The drift velocity of the
µ

+ in a gas with E- and B-fields is given by [326]

~vD =
µ| ~E|

1 + !
2
/⌫

2

"
Ê +

!

⌫
Ê ⇥ B̂ +

!
2

⌫
2

⇣
Ê · B̂

⌘
B̂

#
. (4.1)

In (4.1) µ is the muon mobility, ! = eB/m the cyclotron frequency of the muon, ⌫ the
average µ+

�He collision rate, and Ê and B̂ the unit vectors of the electric and magnetic
fields, respectively.
The spatial extent of the muon stop distribution decreases by making ~vD position-

dependent, so that µ
+ stopped at di↵erent locations in the target drift in di↵erent

directions, and converge to a small spot. This can be achieved by applying a complex
E-field pointing in di↵erent directions at di↵erent positions, and by making the collision
frequency ⌫ position-dependent through gas density gradients.

75

surface muon trajectories

schematic muCool device
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MUON CLFV SENSITIVITY COMPARISONS

Bernstein & Cooper Year

Br
an
ch
in
g 
Ra
tio
 U
L

μ e

γ

μ e

γ, Z

q q

μ e

γ, Z

e e

XXVI Lepton Photon June 2013, Satoshi MIHARA

µ ! 3eµN ! eN

1 : :1/390

for Al target

1/170

BR = 2×10-14 : 5×10-17 : 1×10-16 

“dipole” 
dominant

(SUSY)
μ → eγ

μ → eγ
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NON-DIPOLE CONTRIBUTIONS FROM NEW PHYSICS
▸  and  can have large 

contributions from other operators. 

▸ To disentangle the secrets of New 
Physics, all the three muon CLFV 
processes should be pursued together.  

▸ Angular distributions of  and 
, and atom-dependence of 

 can distinguish different new 
physics scenarios after discoveries.

μN → eN μ → 3e

μ → eγ
μ → 3e
μN → eN

• Dipole

Dominant in SUSY-GUT and 
SUSY see-saw scenarios

Relevant in RPV SUSY and RPC SUSY for 
large tan(β) and low mA, leptoquarks 

q

q
• Scalar  
(Pseudo-scalar)

• 4 Leptons, ...

Type II seesaw,  RPV SUSY,  LRSM 

• Vector
Enhanced in  Type III seesaw (Z),               

Type II seesaw,   LRSM,  leptoquarks 

(Axial-vector) qq

μ e

UV origin of various operators
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PROSPECTS OF SENSITIVITY IMPROVEMENTS
2022 2023 2027 20282024 2025 2026 2029

10−11

10−12

10−13

10−14

10−15

10−16

D
ip

ol
e 

(
-e

qu
iv

) S
en

sit
iv

ity
μ

→
eγ

MEG limit

MEG II

COMET-I
Mu3e-I

Mu2e

“My Rough Sketch”

Mu2e
Mu3e-II

superMEG?

* Shown are the running periods; It may take some time to get the final limits.

ALL THE EXPERIMENTS HAVE 
“FIRST DISCOVERY” POTENTIAL!!

COMET-II

DeeMe
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MEG II  
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Liquid xenon photon detector 
(εγ~70%, σE/E~1%)

Pixelated timing counter
(σt ≃ 35 ps)

Cylindrical drift chamber 
(~1.6×10-3 X0, σp~100 keV)

Thin-wall SC solenoid
(gradient B-filed: 1.3→0.5 T)

Radiative decay counter 
(identify high-energy BG γ 

events)

Muon stopping target
(170 μm-thick scintillating film)

μ+

γ

e+

MEG II - UPGRADE OF MEG

EPJ-C 78 (2018) 380

Continuous μ+ beam 
(7×107 s-1)

×2 intensity muon beam
×2 resolution everywhere
×2 efficiency

Search for μ+ → 
e+γ down to

6×10-14  

(90% C.L. 
sensitivity)

19

http://link.springer.com/10.1140/epjc/s10052-018-5845-6
http://link.springer.com/10.1140/epjc/s10052-018-5845-6
http://link.springer.com/10.1140/epjc/s10052-018-5845-6
http://link.springer.com/10.1140/epjc/s10052-018-5845-6
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RECENT HIGHLIGHTS (1)
Liquid Xenon Photon Detector 
A recovery procedure for degraded MPPC 
PDEs during beam time has been established.

Timing Counter 
Stable operation 
since 2017 - design 
resolution achieved: 
σT ~ 35 ps

Drift Chamber 
Stable operation in 2021 - 
calibration, alignment, & 
reconstruction algorithm 
optimization ongoing

Successful 
Engineering Run 
in 2021 w/ full 
readout of all 
detectors

20
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RECENT HIGHLIGHTS (2)
WaveDream DAQ System 
Trigger and DAQ integrated in a single, 
compact system developed for MEG II.

Muon Stopping Target 
The target monitoring 
ensured its position & shape 
with an accuracy < 100 µm 

Successful 
commissioning of 

 trigger; 
Physics data 
equivalent to whole 
MEG were taken.

μ → eγ

Timing Peak 
of Radiative 
Decays

21
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MEG II IN 2022

▸ Stable, long physics data 
taking to go beyond MEG 

▸ Expected to be 
statistics-dominant 

▸ Evaluation of 2021 data 
is ongoing 

▸ Starting physics DAQ this 
week! 

6 x 10-14
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1. Introduction                                                            Mitsutaka Nakao ★ Page:      /42

Introduction (2/2)
●There is no clear evidence of new physics to date (but for some anomalies). 
●Therefore it is important to search any possibility of BSM using existing 
experimental setups. 

‣ Displaced vertex/long-lived particles search in ATLAS/CMS, FCC. 

‣ LHC + X facilities (Codex-b, MATHUSLA, MilliQan, SHiP, FASER) 

‣ Long-lived particles search in KOTO. 

‣ Dark sector search in Belle2 (B2TiP). 

‣ …… 

‣ MEG can do the similar thing! 

●We have started studying a search for μ+→e+X, X→γγ using the MEG full 
datasets.

49

MC

μ+→e+X
X→γγ

Liquid Xe γ detector 

GOING BEYOND μ → eγ
▸ MEG searched for LFV muon decay mediated by a new light particle decaying 

into two gammas.

2.  decay                                        Mitsutaka Nakao ★ Page:      /42μ+ → e+X, X → γγ

Signal & Background

16

γμ+e+

γ

X

Background 
●one of γ is accidental 

●e+ is accidental 

●e+, γ, and γ is accidental 

●physics backgrounds are negligible

Euro. Phys. J. C80, 858 (2020)

Feasibility studies for  
 and  

  
at MEG II are also foreseen

μ → e + invisible
μ → e γ + invisible

23
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MU2E

24
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MU2E EXPERIMENTThe Mu2e Experiment

Production Solenoid

pulsed proton beam hits production

target

pions collected by the graded solenoidal

magnetic field

Transport Solenoid

pions decay to muons

charge and momentum selection

Detector Solenoid

muons stop in thin Al foils

muonic atom decays

resulting electrons are detected by a

tracker and a calorimeter

a cosmic ray veto covers the whole

detector solenoid and half the transport

solenoid (not shown)

6 / 20

Muon-to-electron Conversion

Neutrino-less µ ! e conversion violates charged lepton

flavor conservation

occurs in muonic atoms ! stop low-energy muons

in material

It has a very simple signal

a mono-energetic electron

Current limit (SINDRUM II on Au): Rµ!e < 7⇥ 10�13, where

Rµ!e =
� (µ� + N(Z ,A) ! e

� + N(Z ,A))

� (µ� + N(Z ,A) ! ⌫µ + N(Z � 1,A))

4 / 20
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PULSED PROTON BEAM & EXTINCTION

26

Beam-related Backgrounds

Backgrounds that are prompt with proton-on-target could be significant

take advantage of muonic atom’s long lifetime and use a pulsed beam to greatly reduce

beam-related backgrounds

we need extinction level (ratio of protons in and out of pulse) to be < 10�10

22 / 20
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MU2E CURRENT STATUS

Tracker: Current Status

All straws produced

167 / 216 panels produced

16 / 36 planes are built

Cosmic ray tests with a

single plane

11 / 20

tracker all straws produced

Calorimeter: Current Status

All crystals, SiPMs, and

FEEs produced

All mechanical parts in hand

to build the first disk

Cosmic ray test underway

with subset of crystals

13 / 20

calorimeter all material ready 
CR test underway

Cosmic Ray Veto: Current Status

⇠2200 / 2700 di-counters

produced

67 / 83 modules produced

Cosmic ray tests underway

at Wideband

Module Assembly at UVA
15 / 20CR veto module assembly

Other Recent Achievements

Accelerator:

recently delivered protons to diagnostic

absorber (just upstream of production

target)

Solenoids:

all coils for PS and TS are fabricated

cold mass fabricated for TS

everything else under construction

Targets:

production and stopping targets assembled

16 / 20solenoids all coils for PS & TS and 
cold mass for TS are fabricated 

Production & stopping targets assembled
targets
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MU2E RUN 1 SENSITIVITY

Timeline

Detector commissioning through to late 2024

Take Run 1 data in 2025 and 2026 until LBNF/PIP-II shutdown

x1000 improvement over SINDRUM-II

Resume data collection in 2029 after long shutdown

x10000 improvements over SINDRUM-II

17 / 20

Run 1 Sensitivity Estimate

We recently completed a sensitivity

estimate for Run 1

5� discovery Rµ!e = 1.1⇥ 10�15

90% CL Rµ!e < 5.9⇥ 10�16

1000x better than SINDRUM-II limit

paper to be submitted to Universe

Total background:
0.11± 0.03 (stat.+syst.) events

cosmics = 0.05± 0.01 events

DIO = 0.04± 0.02 events
Signal and Background PDFs for Rµ!e = 10�15

18 / 20
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COMET

29



COMET Phase I & II
• Proton beam line construction in progress to be 

completed in FY2021 
• Graphite as a pion production target 
• Pion Capture Solenoid construction is in the 2nd year 

of multi-year construction contract (FY2020-2022) 
• Physics Detector 

• CDC and hodoscope in a solenoid 
• Muon stopping target (Al) at the center of the 

solenoid 
Beam engineering run in FY2022 and physics in FY2023.

• Extension of muon transport solenoid to cope with 
higher proton beam power 

• More efficient beam background suppression 
• Pions decay to muons in longer transport 

• Tungsten alloy as a pion production target 
• Electron spectrometer solenoid to suppress the 

detector counting rate 
• Physics detector 

• Straw-tube tracker and LYSO calorimeter 
• Muon stopping target (Al + others) in a gradient 

magnetic field for the purpose of signal electron 
collection with a magnetic lens 

Pion Capture
Solenoid

Muon Transport
Solenoid

μ-e conv.
Detector 

Proton Beam

Phase-I

Phase-II

μ-e conv.
Detector 

Muon Transport
Solenoid

Proton Beam

Pion Capture
Solenoid

Electron Spec.
Solenoid

Target Sensitivity <10-14 with 3.2kW beam

Target Sensitivity <10-16 with 56 kW beam

30



J-PARC T78 Beam Extinction Measurement
• COMET dedicated beam operation at 

8GeV 
• Extremely ‘purely’ pulsed proton beam 

to suppress BG 
• Rext =  < 10-11 

• Rext measurement with secondary pion 
beam 

• Confirmed 10-10 Rext 
• Sufficiently low for Phase-I 
• Further improvement necessary for Phase-II

# 𝑝𝑟𝑜𝑡𝑜𝑛 𝑖𝑛 − 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑢𝑙𝑠𝑒𝑠
# 𝑝𝑟𝑜𝑡𝑜𝑛 𝑖𝑛 𝑎 𝑝𝑢𝑙𝑢𝑠𝑒

Beam Extinction Likelihood31



A-Line (operational)

B-Line (newly operational)

C-Line to be ready in FY2021

B-Line

C-Line

COMET Phase-I
• Proton transport beamline 

• Ready in FY2021 
• Beam engineering run with a thin graphite target in FY2022. Proton 

beam diagnostics & backward pion production (@8GeV) as well as 
background survey like anti-protons. 

• Solenoid magnet system 
• Pion capture solenoid (PCS) to be ready in FY2022 

• Cold mass assembly (FY2020), Cryostat construction (FY2021), and final 
assembly (FY2022) 

• Cryogenics system to be ready in FY2022 for the engineering run 

• Physics detector in preparation by the COMET collaboration 
toward Physics run in FY2023-2024

CS Cold Mass Assembly32



COMET Phase-α: an engineering run before starting physics

• Need a reliable estimate of the number of 
muons reaching the muon stopping target (and 
other particles – π±, e±) 
• No data available of particle (backward) production in 

the p+A reaction at 8GeV 
• Large ambiguity of anti-proton production cross 

section as it is close to the threshold 

• Proton beam diagnostics w/o PCS 
• Profile and beam extinction factor 
• Once PCS installed, there is no sufficient space 

around the pion production target

p+

② Beam profile measurement

p+

p
+

① Measurement of beam loss on target

Phase-α 
setup

Thin Graphite 
Target (200μmt)

Particle ID performance test with 
simulated data

• 300W proton beam 
• 9.2 sec acceleration cycle 
• 0.8 sec extraction time with 

1.17μsec pulse timing structure

33



Schedule of Phase-α and Phase-I
• 8GeV test and Rext 

measurement in May 2021 

• Phase-α Eng. Run in FY2022 

• Phase-I Phys. Run in FY2023

Pion Capture
Solenoid

Muon Transport
Solenoid

μ-e conv.
Detector 

Proton 
Beam

Phase-I

Phase-α

Proton Beam

34



Proton Beamline for COMET Phase-α

proton

Pion/muon

35
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DEEME
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DEEME EXPERIMENT
• Pulsed proton beams from 3 GeV RCS 

(fast extraction)

•  production target = stopping target

• SES  (Carbon target, 1 year)

μ−

∼ 10−13 • Detector commissioning in Jun-2022
• Momentum reconstruction successful.
• More beam-time expected later this year (details are not fixed yet).

37
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MU3E
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THE MU3E EXPERIMENT
• The Mu3e experiment aims to search for μ+ → e+ e+ e- with a sensitivity of ~10-15   (Phase I) up to down ~10-16  (Phase II). 

Previous upper limit BR(μ+ → e+ e+ e- ) ≤ 1 x 10-12 @90 C.L. by SINDRUM experiment)
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MU3E - LATEST NEWS AND CURRENTS STATUS

▸ Cosmic Ray Run ongoing 
outside the experimental area 
with all sub-detector services 

▸ MuPix mass production: 
ongoing 

▸ Complete integration run: 
2023 

▸ Engineering run: 2024 

▸ First physics run: 2025

Beam commissioning 2022

2.49e108 mu/s @2.4 mA
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OTHER MUON 
EXPERIMENT

41
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MUON FACILITY IN CHINA FOR MUONIUM TRANSITION

2022/7/7 Jian Tang(tangjian5@mail.sysu.edu.cn)

Accelerator centers in the YGA Bay area

7

Ref：Wen-Long Zhan from IMPRef：Sheng Wang from IHEP

Three accelerator facilities in this bay area: CSNS v.s CiADS&HIAF

• Which one will build the first accelerator muon source in China within next 5 years?

• Time to propose something on fundamental physics with accelerator muons.

CSNS 1.6 GeV 25 Hz 100 kW proton driver
→ 500 kW upgrade on the way

Heavy Ion Accelerator Facility (HIAF) &
China initiative Accelerator Driven Sub-critical system 
(CiADS)

Running facility Planned facility under civil construction

2022/7/7 Jian Tang(tangjian5@mail.sysu.edu.cn)

MACE: Muonium to Antimuonium Conversion Experiment

• Latest result of muonium-antimuonium 

conversion (MACS, PSI, 1999): 

𝑃MഥM < 8.3×10-11 (90% C.L.).

• MACE: the first proposed muonium-

antimuonium conversion experiment since 

1999, aim at physics sensitivity by more 

than two orders of magnitude.

• Together with other flavor and collider 

searches, MACE will also shed light on 

the mystery of the neutrino masses.

MACE: Muonium to Antimuonium Conversion Experiment.

MACE

82022/7/7 Jian Tang(tangjian5@mail.sysu.edu.cn)

Conceptual design

⑥ Transport atomic e+ to MCP
⑦ MCP measure the transverse position
⑧ Calorimeter detect the e+ annihilation

① Surface muon → Muonium
② Muonium emission to vacuum
③ M converts to ഥM and decay
④ Spectrometer detects the Michel e-

⑤ Atomic e+ is accelerated by linac

Basic concept:
The coincidence of
spectrometer, MCP, and 
calorimeter.

• Spectrometer: identifies Michel e-.
• Vertex coincidence: Michel e- track 

and e+ transverse position projection.
• Calorimeter: identifies atomic e+.

16a proposal to build first muon beam line  
for physics studies in China (YGA bay area)
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MESON DECAY 
EXPERIMENTS
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Pion decays PIONEER Apparatus Collaboration

Pion decays now

R� =
�! e�(�)

�! ��(�)

= (1.23534± 0.00015)⇥ 10�4 (±0.012%) (SM)
= (1.2327± 0.0023)⇥ 10�4 (±0.187%) (exp.)

• One of the most precisely known observable
involving quarks in the SM!
• Experimental uncertainty 15x larger than theoretical!

D. Ries (PIONEER Collaboration) PIONEER July 7, 2022 2 /13
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PIONEER EXPERIMENT AT PSI

Pion decays PIONEER Apparatus Collaboration

PIONEER

Goals:
• measure R� to 0.01% relative precision (Phase I)
• measure BR(�+! �0e+�) to 0.2% (Phase II)
• measure BR(�+! �0e+�) to 0.06% (Phase III)

Needs high intensity �+ beam (Phase 1: 3⇥ 105 s�1,
Phases II/III: 2⇥ 107 s�1)

Phase I approved to run at PSI
(Proposal: https://arxiv.org/abs/2203.01981)

D. Ries (PIONEER Collaboration) PIONEER July 7, 2022 4 /13

Pion decays PIONEER Apparatus Collaboration

Apparatus overview

Active Target (ATAR)

3π sr

J. LaBounty

D. Ries (PIONEER Collaboration) PIONEER July 7, 2022 7 /13

a stringent test of lepton universality
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PIONEER ESSENTIALS

Pion decays PIONEER Apparatus Collaboration

Muon Lifetime: 2197 ns

Pion Lifetime: 26 ns

C. Malbrunot

D. Ries (PIONEER Collaboration) PIONEER July 7, 2022 5 /13

Pion decays PIONEER Apparatus Collaboration

ATAR Hardware (preliminary)
• Stack of low gain avalanche diodes (LGADs)
• 48 layers, 120 µm thickness per layer
• 100 strips per layer, 20mm length, 200 µm pitch
• 20mm x 20mm area
• read out using flex cables to the side, then back
• Development led by UC Santa Cruz

D. Ries (PIONEER Collaboration) PIONEER July 7, 2022 9 /13

Pion decays PIONEER Apparatus Collaboration

CALO

C. Malbrunot

D. Ries (PIONEER Collaboration) PIONEER July 7, 2022 11 /13

 sr, fast and uniform,  
high precision calorimeter
25X0, 3π

liquid xenon
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NA62 SEARCH FOR LEPTON FLAVOUR VIOLATIONConclusions 

07.07.2022 V. Duk - ICHEP 2022, LFV/LNV decays @ NA62 15

NA62 LFV/LNV prospects

• Data taking ongoing (2022-2025)

Decay mode Previous UL on BR 
(90% CL)

NA62 UL on BR 
(90% CL)

improvement

K+→ π− μ+ μ+ 8.6 x 10-11 4.2 x 10-11 Factor of 2
(partial dataset)

K+→ π− e+ e+ 6.4 x 10-10 5.3 x 10-11 Factor of 12

K+→ π− μ+ e+ 5.0 x 10-10 4.2 x 10-11 Factor of 12

K+→ π+ μ− e+ 5.2 x 10-10 6.6 x 10-11 Factor of 8

π0→ μ− e+ 3.4 x 10-9 3.2 x 10-10 Factor of 13

K+→π− π0 e+ e+ - 8.5 x 10-10 First search

K+→μ− ν e+ e+ 2.1 x 10-8 8.1 x 10-11 Factor of 250

• LFV/LNV searches at NA62: limits improved for several decay modes

NA62 experiment

07.07.2022 V. Duk - ICHEP 2022, LFV/LNV decays @ NA62 2

NA62: fixed target experiment at CERN SPS

Technique:
Kaon decays in flight

Timeline:
➢2015: commissioning
➢2016-2018: physics runs
--------------------------------
➢2021-2025: physics runs

Primary goal:
Measure BR(K+→π+ νν)

NA62 collaboration: ~300 participants, ~30 institutions

ECN3 hall at CERN

ECN3 hall at CERN
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CONCLUSION
▸ A significant progress (discoveries!) is foreseen in the coming decade. 

▸ All muon CLFV experiments are scheduled to take data.  

▸ Essential to search all muon CLFV processes for identification of new physics.   

▸ The MEG experiment takes the lead by starting physics run this week.  

▸ Upgrades of muon production facilities (HIMB@PSI, PIP-II@FNAL) will keep the momentum 
going further into the future.  

▸ Higher-sensitivity experiments to measure angular distributions of  and , and 
atom-dependence of  are indispensable to untangle new physics after discovery. 

▸ Highly sensitive CLF studies are planned for pion and kaon decays. 

μ → eγ μ → 3e
μN → eN
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