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Symmetry in Physical Laws from “Feynman Lectures*®
Copyright © 1963, 2006, 2013 by the California Institute of Technology




The “Flavour Symmetry” of Elementary Particle

\
_
+ Introduced due to new

symmery

. \
Charged ‘

— Quarks —

+ Fermion

+ Quarks & Leptons

doublets

+ 6 Flavours

+  Symmetry violations
have been observed in

doublets

“Quarks” and
“Nuetrinos”
Neutral J
(= Neutrino) © Ve o VU © VT
— Leptons —

Hajime NISHIGUCHI (KEK) “Lepton Flavour Experiments” 13th ICFA Seminar



The “Flavour Symmetry” of Elementary Particle

N L

Quarks ﬂ (Charged) Leptons S (Neutral) Leptons
~ 5
D
D

S5

]
< 9 g
]

— Quarks —

7
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Lepton Flavour Violation among Charged Leptons

+ eg. Muon Lepton Flavour Violating Decay

SM N/ Flavour violated
¢' V/A (Forbid in SM) I\IJ‘/ Y
®—- ()
v b "

3o . m2 : Wgﬁﬂegﬁ
B(y —> efy) 32?15 U U m2 * B(Ju o E'}’) G%ﬁ!‘l
W

B(u—ey)in SM w/ m, assumption B(u—ey) in New Physics (NP)
— < 1054 due to tiny v-mass Naturally causable at 1017 ~ 10-13
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Lepton Flavour Violation among Charged Leptons

/ Flavour mixing in “Quarks” and “Neutrinos”,

Possible in SM
/ Already confirmed experimentally

/ Flavour mixing in “Charged Leptons”, Not
possible in SM (Unmeasurable), Only possible
in NP
/ Never been observed
= Unambiguous evidence of New Physics !!
= Even higher energy scale physics than LHC

is accessible by searching for smaller BR.
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Decay Searches

+ Most major channels to search for muon LFV decay

Search for

y+%e+e-e+

h for ::
(/ Searc
pr—ery

MEG II (PSI), Suecessor to MEG(2009-2013) * Mu3e (PSI)
MEG set the current UL, < 4.2x10-13 (90CL) * Present UL, 1.0x10-12 (No update since 1988 )
- MEQG II sensitivity ~ 6x10-14 ' ‘Mu3essensitivity 10-15 (Phase-I), 10-16 (II)
- Enabled by; - Enabled by;
* World most intense DC muon beam @ - World most intense'DC muon beam @
PSI PSI
High resolution detectors; Liquid xenon - High resolution and High granularity
gamma-ray detector, gradient B-field and tracking and vertex detectors
low-mass e* spectrometer, etc. * Physics run will start in 2025 and continue
Physics run started in 2021, and expect to by 2026 (Phase-I), & achieve final sensitivity
continue data taking by 2026 after muon beam upgrade (Phase-II)
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Conversion Searches

+ Most promising channel to search for muon LFV process in near future

Search for y"N—e'N

Coherent y-to e- conversion
from a muonic atom that
captures y- instead of e

- COMET (J-PARO)
Enabled by;
° Very intensive pulsed muon beam
*. Long/Curved solenoid to suppress BG
Low mass / high reso. e- spectrometer
- Staged approach; Phase-I searches for mu-e
conv w/ sensitivity of 10-15, and perform
beam measurement incl. BG. Then Phase-II
will search mu-e w/ full sensitivity of 10-17.
- Phase-I will be ready by 2025 and start
physics run in 2026.

Mu2e (FNAL)
Enabled by;

- Similar concept to COMET

(Originate from same experiment; MECO)

But beam handling is different

Searches for mu-e conv w/o staged approach
Expects 2.4x10-16 by Runl (starts in 2026) and
x10 sensitivity in 2029.
Mu2e-I1I will follow, after 2030, with a new
linac and alternative targets.
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Latest Update — MEG II, Status —

+ MEG II finally resumed the physics-run after a 10-year upgrade period.

Now
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Latest Update — MEG II, First Result —

+ MEG II is running from 2021
+ The 1st result have been published just last month ! Unblinded 2021 Data
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+ Only 7 weeks of physics run in 2021 = Almost equivalent to MEG data

+ No excess of events over the expected background is observed
+ Upper Limit (9QOCL), B(ut—e+y) < 7.5 x 1013, c.f. MEG result : < 4.2 x 1013
+ Combined (MEG II 2021 + MEG): B(ut—e*y) < 3.1 x 10'13(90% C.L.)

The most stringent limit to date !
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Immediate Outlook (1) — MEG-II —

+ Latest release (2021 data) is
just 10% of MEG II data taken
already for 2021-2023.

90% upper limit sensitivity

— 30 discovery at 90% power

+ Next release (2022 data) is
planned in spring 2024.

MEG + MEG |1 2021
best limit to date

+ Results are expected to be
updated one after another from
next year onwards.

+ MEG II will continue data- -
taking by 2026

Sensitivity BR(u*—e*y)

+ Expected goal : 6x10-14 10713 2023 (exp.)

+ PSI schedules a long shut-
down 2027-2028 to upgrade
beam line (100-times muon
intensity: HIMB) -

Time to consider new
experiment that can 1090 20 30 40 50 60 70 80
handle 100X beam DAQ livetime [Weeks]
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Immediate Outlook (2) — Mu2e /[ COMET / Mu3e —

+ Preparations for 3 experiments (Mu2e, COMET, Mu3e) are in the final stage

Oct. 2023 Oct. 2024 Oct. 2025 Oct. 2026 Oct. 2027 Oct. 2028

MuZ2e construction
Mu2e final installation & prepare for beam
Mu2e commission with beam + data taking
Accelerator shutdowns Long shutdown

Critical path item: Detector solenoids Fildmap Insert  Shielding Cosmic Run 2
Scheduled deli . mid 2024 complete detector installed ray veto
cheduled delivery: mi L rigssis

Data taking begins: 2026

+ Detector and Super-conducting Solenoid construction, on going.
+ Detector Solenoid, Delivery in mid 2024
+ Runi (2.4x1014) in 2026, Run2(10x sensitivity) after long shutdown
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Immediate Outlook (3) — Mu2e / COMET /| Mu3e —

+ Preparations for 3 experiments (Mu2e, COMET, Mu3e) are in the final stage

JEY2023 JEY2024 JEY2025 JEY2026 JEY2027
Detector for mu-e Search Ready
Detector for beam measurement % Ready
Beam line construction Magnet Instgllation | Shield
Engineering & Physics Runs Eng | Physi¢s Run

+ Two detectors, for physics and BG, Ongoing and will be ready in 2025
+ Beam-line commissioning w/ low-intensity proton beam, completed
+ Pion Capture and Detector Solenoids, will be installed in 2026

+ Engineering/Physics Runs are expected to start in 2025-2026, after radiation
shield construction which leaves uncertainty in schedule.
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Immediate Outlook (4) — Mu2e / COMET / Mu3e —

+ Preparations for 3 experiments (Mu2e, COMET, Mu3e) are in the final stage

+ Detector development, completed. Construction, ongoing.

+ Installation/commissioning in 2024, and Physics run (Phase-I, 10-15) expected
in 2025-2026 by PSI HiMB upgrade (Same as MEG-II). Needs to share
secondary beam-line (tE5) with MEG-II.

Construction Physics | HIMB Upgrade

2022 2023 2024 2025 2026 2027 20238
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Tau Lepton Flavour Violation Experiments

+  Attractive to search for cLFV at ete- collider

+ Many channels, Valuable inputs for New Physics Considerations
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+ So far, Belle and BaBar experiments
performed so many searches
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Tau Lepton Flavour Violation Experiments

+  Attractive to search for cLFV at ete- collider

+ Many channels, Valuable inputs for New Physics Considerations
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erformed so many searches S X =
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recently (a = invisible boson) N Y 2
+ Belle IT1 / LHCb opening up a new era _ Xo e
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Tests of Lepton Universality

+ Anomalies in b — ¢ Decays

+ The BaBar, Belle and LHCb have observed excess of B —» D®t~¥, decays in
R(D®) measurements by 3.20 in the SM

P L LN L LI N NN NN N LR NN N
* - -
— o SN HFLAV Ay’ =10 contours -
B > DO - :
R(D )=B(§ S D@7 )’(8= € or ) 3 E
? [ Bellell i
- 03 o Belle® .

T
B LHCH® .
— 025 -
w- Vi . -
b »- > C B World Average -
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d — «— d E RDv=025 20005 g0z T
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0.2 0.25 03 0.35 04 045 0.5 0.55

+ Updated !! by Belle II; Consistent w/ SM prediction and HFLAV average.
+ The new HFLAV average increases the tension with the SM from 3.2¢ to 3.30

+ Lepton Flavour Experiments have high
affinity w/ tests of Lepton Universality
+ 1 LFV Search — Test w/ R(D¥*)
+ uLFV Search — Test w/ B(.t — ev) "

BE e e R e e
0O 10 20 30 40 50 60 70 80 90 100 ., 1.231 1232 1.233 1,234
Energy in Nal + Csl (MeV) R, % 10°

—e— Experimental value
—e— PIONEER Goal ——
—a— Theory

Counts/(0.25 MeV)

1.235 1.236
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Future Prospects
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+ Time evolution of Charged LFV Search, from long time ago to future

Limit on Branching Ratio (90% CL.)
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Further Future Prospects (1) — Theoretical Aspects —

+ Whether cLFV is observed or not, there is a strong case to be made for further
improving sensitivity, or for examining the process on additional target
materials — Further upgrades incl Accelerator is under consideration !!

my = 300 GeV, my = my:+ = 340 GeV

_4 '
_ 10° 4-fermion coefficient Cq=1 10 o\ ]
S ]
S - Can Seek Very ol | Synergy w/ (g-2)
High Energy World 5™} | in New Physics
S ¢ | [ [ —
= Even A>103TeV :o | LFV has strong
- “accessible 0 i correlation w/ g-2
S excluded 1
10%8 ol 10—7-
10° 10* 10° 102 10" 1 0.0
dipole coefficient Cq,
5 ‘— z P;angll.linl I Cviha‘rge Ra;iiu; ]— IDi;;oIe ; écaLar o p—>eX, BR([J—)GX):SX‘IO_S, mx=0
= h | — pmeX, BR(u~eX)=5x107%, my=0.3 MeV
Important inputsto ¢ | Even unknown 10-%0
NP Model Studies 2 3 phenomenon -
m
ﬁ [ © 10-32 s
) 2/ R “-é -33 |
eg. Nuclear T | Invisible boson can 2 ™
dependence of &1 be investigated 107}
[d-€ conversion i 1073
0_ | | bl -36 . ) Py
0 20 40 60 80 10 103.0 103.5 104.0 104.5 105.0
Z E, (MeV)
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Further Future Prospects (2) — w/ Stronger Beam —
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+ Whether cLFV is observed or not, there is a strong case to be made for further

improving sensitivity, or for examining the process on additional target
materials — Further upgrades incl Accelerator is under consideration
@ Mu2e-ll, based on PIP-Il Linac

2030, J-PARGC
COMET Phase-li
T Ol Beam power improve Beam power improve
AN ;%7 — I — I
D LEE 8kW — 100kW 3kW — 56kW !!
o4~ S0 many challenges are Detector R&D, OK
*_____under consideration Only radiation issue
= Aims 2 x 10-18 Aims 1 x 1017
MEG Ill(?) and Mu3e Phase-Il, based on HiMB :°
. e phomix‘ce(;:\?émon wm?‘tgg gg?m?get = |TI . Pixel L. —E—QMUM Stopping Target L 0
= B _____-: oo o i oo Fast SiGe pixel layer (cm)
ey | MEG Il and Mu3e considering their
§ 1st beam I~ St upgrades, key = rate capability
g N Mid2028 T o Expected starts in ~2030
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Further Future Prospects (3) — Brand-New Technologies —

+ “Muon Cooling”, One of the most interesting key item for next decade

°
(important)
Graphite target 3 GeV proton beam
(20 mm) (333 uA)
Trehsy ’Su rface n?uon begm
o COmpy TS e Extraction into (28 MeV/c, 4x10%/s)
4 Longltudlqal vacuum & MuoniumPro ?: r
D compression re-acceleration . (300K~ 25 m [

storage

< ] w ime of flight [ns ]
A T £y A i
~—* | muCool beam tra o, - 5 injection and
- 2 " k
1+ So, "

@I Overview of New Muon g-2/EDM Experiment
J-PARC with Ultra-Cold Muon Beam

muCool, based on gaseous J-PARC muon g-2/EDM,
phase space compression based on Muonium re-acceleration

Positron
detection

MICE, based on ionization cooling

+ Attractive also for muon LFV experiments

PRISM, based on muon phase-rotation

PRIME, New generation mu-e conversion experiment using PRISM
beam

Thanks to cooled beam, achievable even better sensitivity than 10-18

+ Muon phase-rotation is also a kind
of “Muon Cooling”

* Muon Cooling is becoming a Reality
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Further Future Prospects (3) — Brand-New Technologies —

+ “Muon Cooling”, One of the most interesting key item for next decade

°
(important)
Graphite target 3GeVprotonbeam B
(20 mm) (333 uA)
Tr. Surface muon beam
sy, L 72 MeV 108/<)
M, TS Extraction into (28 MeV/c, 4x10%/s)
& ! vacuum &
e, COMpression re-acceleration

500 ) 1500 2
— Utry o “SESRSR, & injection and
< } So ¢ i ' storage
rface p* beam Overview of New Muon g-2/EDM Experiment _
J-PARC with Ultra-Cold Muon Beam AL

detection

MICE, based on ionization cooling uCoI,be ongaseous  J-PARC muon.c

one of the key components of muon

* Attractiveal ar..0n cooling is .
° velopment.
accelerator/ collider de P y

* Muon Cooling is becoming a Reality
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— Conclusions —

+ Charged Lepton Flavour Violation = Clear evidence of New Physics BSM
+ Muon is one of the best probe to explore New Physics.
+ eg.ut — ey, wrN — e-N, u+ — ete-et, et al.
+ MEG II, Mu2e, COMET, Mu3e, et al.
+ Tau LFV has many channels to provide valuable inputs.
+ Belle II, LHCD et.al.
+ Synergy with precision tests on Lepton Universality

+ Within the coming decade...

+ In particular later half of 2020’s, many experimental results are
expected. Should be fruitful period.

+ Upgrades of the current experiment including accelerator/beam-line
upgrade will start — Important whether cLFV is observed or not, there

is a strong case to be made for further improving sensitivity.

+ Further future...

+ The synergistic effect with muon cooling will open up a new era of LFV
experiments and make further dreams come true with the v-factory/
muon collider! (just my personal perspective...)



