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Charged Lepton Flavor Violation (CLFV)
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On the Disintegration of Negative Mesons

M. Converst, E. PanciNg, anp O. Piccronr*

Ceniro di Fisica Nucleare del C. N. R. Istituto di
Fisica dell' Universitd di Roma, Ilalia

December 21, 1946

Fi16. 1. Disposition of counters, absorber, and magnetized iron plates.
All counters “D" are connected in parallel.

HiEu - e+y

Search for Gamma-Radiation in the 2.2-
Microsecond Meson Decay Process

E. P. HINCKS AND B. PONTECORVO

National Research Council, Chalk River Laboratory,
Chalk River, Ontario, Canada

December 9, 1947
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Fi1G. 1. Arrangement of apparatus.
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
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A MEG was operated
with 3.3 x 107 p/s

i

Future MEG-II runs will

S =0 probably use 5 x 107 p/s

efficiency-dominated regime
1/UL~Tue

BR Exp. UL

Bacc >> 1
background-dominated regime
1/UL ~ S/JB ~
~ (Fue)/J(F2e 8Ee...) = J(e/6Ee ...)

>

Beam Rale

p— ey NIEIRBEZH TBATERIE.

COBRA

super(ﬂduchng ma

History of detector upgrades for u — ey

Experiment (year) Rate (Hz) Dutyf AE. AE, Ay AS,, Upper limit

JN 977 5 P
TRIUME-(1977) 2 x 10° 100% 10.3% 8.7% 6.7ns 80 mrad 3.6 x 1077

[265]

SIN (1980 5

[ZGGB( ) 5 x 10° 100% 87% 93% 1dns - 1'x 1672
E328 (1982 :

[267] ( ) 24 x 108 6.4% 8.8% 8% 19ns  37mrad 1.7 x 107
Crystal Box (1988) - = & - = 13
[269] 4 x 10° 6.6% 8% 8% 1.8ns 87mrad 4.9x10
MEGA (1999 .

[260] ( ) 2.5 x 108 6.5% 1.2% 45% 1.6ns 17mrad 1.2 x10~'*
MEG (2016 = :
[49] 2016 3% 107 100%  1.5% 4.7% 0.28ns 30mrad 4.2 x 107"
MEG II (2020 -

313] (2020) 7% 107 100%  0.6% 2.3% 0.19ns 20mrad 5 x 10~1®
(2) Expected.

Liquid xenon photon detector
(LXe)

MEG Il

Pixelated timing counter
(pTC)

Muon stopping target

Cylindrical drift chamber
Radiative decay counter (CDCH)
(RDQ)

- a‘%:éctrom
d '4: jsuper-layers)

*One conceptual design for next step

« Q|\/|u3e Phasé | Mu3e Phase
-4 » EEANERERNEEY
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- ESEH: — P HEERT E, = Mu - Bﬂ — Erecoir~105 MeV
. ZKE%@}?IEZIKE&M ‘}ﬁZIKEE, ?‘—EHZ)%ZIKJ?&, ?3_5?1%521%?%/%2&?&! %ﬁ%/ﬂﬁﬁ%ﬁuéﬁ%
- MIBAEXE TS FHAELNZETDIO)N VHEARELIESKERRREI TR,
e h SR AT R ARy R P RS NSRRI TR, &
s RAMFHEZRFESRERANT, TREGSXSIAXKESS, FENHILE,

Signal and DIO (BR=3 x 10"

Signal

. ©£0.18[
Decay In Orbit (DIO) i .F An example using He-
s rift chamber

Ee = M}J e B}J
~ 105 MeV
TH = 863 ns @Al

@

105 1055 106
Momentum [MeV/c]
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A ELSINDRUM-IINAE &

SINDRUM-IIFI A T SIN(PSHE R TR, HEEME
$50.6 MHz, BkH[8)fg20ns, mify&E4r 426 ns,
o] IR B K EFE .
s ZEIMKEAER: FABRIAREEIRS

- HTREMNRA X—AELERE
« SINDRUM-IIBSEFT A=

- AEEFEAM YTHEE: FEFERBXS
RRAVIRRE
« BTHHEAISNARIEZHALIN, SINDRUM-IIARTE
AL B

» TREERITHAREZTERTN

RENEBARZRAZFRATE, EEMAn
AR RY o) 71

A, EESRET,
FEAIINERNEMKFTE.

FHENEINFRAFTB R,

events / channel

10 74

10 °

10 o

10 +

Class 1 events: prompt forward removed

T T
+++ & measurement

*:}{;{hﬁ} e* measuremen t
~ ', MIO simulation

80 90 100
Class 2 events: prompt forward

T

Hﬁﬁ

HH i1t

100
momemum (MeV/c)

Eur. Phys. J., 2006, C47:337-346
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V.M. Lobashev:

Production target 1. 2 3 4

4
III-_ 7 &
-_.. e _&—)"
-.I““E“‘ 5
— h

Proton beam

Djilkibaev R.M. and Lobashev V.M., Sov.J.Nucl.Phys.
49(2), 384, (1989).

BAEZ=E> 101 muons/sec,
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Proposed in 1999: MECO Revived at FermiLab: MuZ2e

Canceled in 2005 Proposed in 2007. Under construction
MECO @BNL/AGS

Superconducting

Straw Tracker

Proposed in 1989: MELC
No budget support.

Dol sy A System of superconducting solenoids and an intense muon beam

ons
Transport Solenoid (TS)

Detector Solenoid (DS,
Superconducting
Transport Solenoid
(25T-21T)

Muon Beam

Stop Crystal

Calorimeter Muon Stopping
Target

4.6T ' ),

o BR(u+Al—e+Al)<10-16 . 25 meters
Collimators

\d

* Beam Pion Background : Pulsed Beam

e 5x10"u/spill, 1.17MHz pulse Superconducting

COMET, Phase-| of PRISM/PRIME.

« 8GeV proton beam at AGS Pf"(‘é”g‘j;’f g?j‘?r’;md )
« high field capture solenoid of 4T Proposed in 2007. Phase-| Under
e ~ 2005, and cancelled

construction

8GeV proton beam

Propuction Tarcer
PR PR o

e

Carrure
SoLexom

~E
) U”\
éﬁw it

/I
i ]
__RF Caviry

; UD% MuSIC, proposed in 2010

Under construction -

Conception started ~ 2003

PRISM/PRIME
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Primary proton
unsepar: ated hadron beams
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COMET Phase-|

« FFPhase- IR Nz REBY EZENESF
RE, (ESPhase-lIB9% T

« F|HPhase- T ERNEFE T HB FHFE#H
B2, FRREERFX100

« 2011EFE—RrEe#ttAE, 20169F 58 et
Ko 2019FERHRANRITIRE -

« 8GeV, 3.2 kW

« LIRS #EPhase- IR R
o FARERIARSY R RCGER > BRI
* COMET Phase-I Technical Design Report, DOI:10.1093/ptep/ptz125

COMET Phase-lI

FSHRETRTEGRIRE, FEBEEREA
x10000

BIRITIR 22009, HARITREE
FEAEET.

8 GeV, 56 kW,

Pion Capture Section

A section to capture pions with a large
solid angle under a high solenoidal
magnetic field by superconducting

roduction maget
»
>
=
H
H
=
1 W
S & Pior
= 49
H 4
=8, Detector Section
I:: :I Y A detector to search for
b= ¥ muon-to-electron conver-
]
= Muons sion processes.
.
-

Pion-Decay and
Muon-Transport Section

A section to collect muons from
decay of pions under a solenoi-
dal magnetic field
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> HEMHZECH R FRR, J-PARCRATIRGFM#, HER 1“’?»1?5‘2’?31 -f
-TI-I—EERE/\] ﬁ:_l:to (' 2/ o Pulsed

ke MR g
Empty Bunch roton Beam

¢ i%g*ﬁ%iﬁﬁg‘z R (Nleak/Npulse) < 10_100 Extinction ~ 1076

12;.13

FTDC Ttime Structure ALL W/ S and BH
100210 FTDC S

gs,

x
-3 b

10 ns]

> 20184, BERME 7I185IHAHART FIRATER

. ﬁﬁ%%ﬁﬁkﬁM%ﬁﬂmﬁEﬁﬁ,ﬂﬁﬁﬁﬁﬁ?ﬂﬁ%%
N#IEE, BEEREIER.
- ShnEssEIHE, ot KR EHSUE AKickertH I E B ER .

1;..-&00

1avsescr 1400
70—
1200
1000
800
40—
600
400
10F 200
,,,,,
"‘o

. — = s < . H|tt|me[‘|'|f5’& lﬁons
> 2021%F, #AT78LWHHNNE 71851 HHoR BT RR ’ H 1
» WIEY2018F MR, FRATHEAIEEMBR TIZERKEIR, 'X .
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> RITTBFRETHERRE, FMUIATRE#HIZNEE, HARFFHILETRF~=E (kE
0~50 MeV/cHIZE¥) AZTHEIR TREEBREMN T, ETHR AN,

WESHBLE

s bt e

T

10

s 1072 % L T = 1072 E

§ 'EF < E % /'&- E —— pion-: 7.708-03 = —— plon-: 2.878-0:
S OETHEBZEAD = 90

£ ——— muon-: 1.148-02 102 —— muon-: 468603
£107 E

E BLb, Mo W e E — electron-: 1.75e-02 —— electron-: 1.33e:
8 ¢ .

10° 4
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1ZIREn

7<O E@ e~

ZFE
= A B T 65%.
wE: hF
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1199 y/e* (origin y/e*) entering CDC from 2.40e+08 POTs, averagely 616 cell-hits/bunch in CDC

FEHRM =X 55 “

12000 l 13000 14000 15000

4209 neutron (origin neutron) entering CDC from 1.60e+07 POTs, averagely 341 cell-hits/bunch in CDC

11000 12000 13000 14000 15000

190 y/e* (origin neutron) entering CDC from 2.40e+08 POTSs, averagely 118 cell-hits/bunch in CDC

LS

Density [g/em’]

Density [g/em’]

Density [g/em’]

FEILAt*:Tcﬁ 65% g ?ﬁjﬁﬁ%ﬁ

R ()

-80%

R )

R )

446 y/e* (origin y/e*) entering CDC from 2.40e+08 POTs, averagely 117 cell-hits/bunch in CDC

1

11000 12000 13000 14000 15000

130 y/e* (origin neutron) entering CDC from 2.40e+08 POTSs, averagely 60 cell-hits/bunch in CDC

Density [g/em”]

Density [g/em’]

Density [g/em’]
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FHRNEE: BEFFIRNES (CyDet)

e L COMET Phase-11%3t., FEABMIRN
F S Al & R ES
e FTHE . E—1TH—EBERNREN—FET1%
BRI MBS, RMAARA, K{THE, FRFLH,
RS2
e 2RuE FEIAESINK.
* KWR, EBEAFRANTFHOERSL.

AN _
RIS
TREETEEREY (StrEcal) -

Straw tracker
4

ECAL
» AMEFRAY, RMEEE, LB, HE, M

A2 [/\'/\" —
TREFER.

« th{EXHCOMET Phase- IR =3 A9 M4 88 M
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Cylindrical tracker L
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(DIO) #®REAY, FF ALEERIEEAGET KEF

FEF ﬁﬁiﬁﬁ%ﬁﬂ_l_%ﬁo

REFFEFEEEIER AR, BOREDH, RSXROXLL
T % FFNucl.Instrum.Meth.A 1039 (2022)

Compirison batween si and at8GeV
d’c . d’c > F —
(E » dTp)I_‘,'(-\'R..\'I -P,l‘—‘ (E . E)Rs(x“.p,l " R(.\','- ﬁ) :WCE— +::PN('I';IO
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.» Delayed
.- Prompt
FHERE

-
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Y

Time (us

Type Background Estimated events
[ Physics Muon decay in orbit 0.01 |
Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Prompt Beam * Beam electrons
* Muon decay in flight
* Pion decay in flight
* Other beam particles
All (*) Combined < 0.0038
[ Radiative pion capture 0.0028]
Neutrons ~ 1077
Delayed Beam  Beam clectrons ~0
Muon decay in flight ~0
Pion decay in flight ~0
Radiative pion capture ~0
Antiproton-induced backgrounds 0.0012
[Others Cosmic rays™ < 0.0T']
Total 0.032

7 This estimate is currently limited by computing resources.
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e h . COI\/IET Phase-Il 347 Phase-|52 i BN £ f5 FF

DS construction est at Toshiba

BS & DS installation and test - BS & DS ready \ *E?u ﬁ)}g’i% HH %U Fﬁ 56 kW El\] }'ﬁ %

Cradle installation test and alignment

Cradle (CyDet) Setup CyDet ready to install /JlLa ﬁ *éjj |_J'Ij.,ﬁ* J%F-TI-JTEE}I_]-OOOOO
StrEcal Const.luclion # StrEcal raady for beam messurement 'TEL(CO M ET P h ase- | | +) o

CS construction

CS installation Phase'l Phase'" (Phase'”)+

i &nu proton beam |8 GeV, 3.2 kW| 8 GeV, 56 kW | 8 GeV, 56 kW
22 :i:: ey proton target graphite tungsten tungsten
Aot I transport 90° bend 180° bend 180° bend
:‘m f‘:"a‘":;""“:::“"“‘“" muons stop 1.2x109/s 1x1018 2x101/s
Muon stopping target installation run time 150 days 200 days 300 days
onmos . A detector CyDet StrECAL StrECAL
I n 90% CL <7x10-15 <4.6x10-17 <7x10-18

W 2000 Phese-d ready pbackgrounds | 0.03 events | 0.32 events 0.6 events

« EfrE=4S: FermilLabfIMu2e3SLLE
* Mu2e runl: 2026, 6 BEUEL, HBERFA1000/5. Z/EEMNERZAPIP-IIFHR.
* Mu2e run2: 2029~2033, HBERZRAFIIMEA10,0001Z.
« Mu2e-lI: 2019$?Etﬂ7r’1,w TTRIE2033F G, KB EIRFAZEIIE AY1000001E, 47
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Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams
l.u-“

Jf Sensitivity: 10" 10" 10°
|| Sensitivity: 10" 10'"‘ 10" or smaller
woely 'Pursue options for a follow-up experiment
(4.2 x10") Sensitivity: 10%° 10™* or smaller
2025 2030 2035 2040 2045

Data Taking .
- {Approved Experiments) - Proposed Future Running

* modified from the muon CLFV white paper for the 2020 update of European
Strategy of Particle Physics
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Intense Slow Muon source  PRISM

PRISM Muon Beam
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central momentum: 68 MeV/c
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* The capture solenoid and 36 degree of transport solenoid were™
constructed in 2010.
* Beam measurements done in 2013~2015, with 1 uA proton beam.
* First demonstration of lobashev scheme muon source!

Pion capture solenoid
Max. Bsol: 3.5 T

Au '(;1‘0
g.
y “

Measured muon yield at the exit of the 36° transport solenoid

I .
RS 21— > [wisecliA] (42£1.1)x 108
BER I 1—A Y [p/sec/pA] 1.4 x 108 (1.7 £0.3) x 10°
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A System of superconducting solenoids and an intense muon beam

. . p otons
Production Solenfd (PS) Transport Solenoid (TS) Detector Solenoid (DS,

MuZe

* All of the components of the experiment
are currently being fabricated, many of
which are completed or nearing
completion!

* The physics run is going to be separated
INto two:

* run-1in FY2026. Sensitivity improves x1000!

* run-2 after the long shut down, from
FY2029. Aiming another x10 improvement.

Detector Solenoid Project

KPP KPP complete  Beam on target

FY2024 FY2025 FY2026 /FY2027 FY2028

Muz2e construction (Project)
Muz2e final installation & prepare for beam
Mu2e commission with beam + data taking

Accelerator shutdowns Long shutdown

v e Detector External CRV modules

map complete hieldi )

train inserted  Shielding  installed
installed



MuZe-i

* Uses ~100 kW of PIP-1I 800 MeV protons

* Discussions ongoing to increase the beam energy up to 2-3 GeV
Data taking period: ~2035-2040, aiming at improving sensitivity by x10.
Capture solenoid might need to be replaced (redesigned?)
Need to replace the bronze heat and radiation shield with tungsten shield

Heat load in the target increases from ~1kW to 15 kW
* Novel production target designs are being discussed

W\

Rotating Elements

‘protons

Fixed Granular with |
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Transitions with @ In the final state

Results from LHCb Results from NA62, based on Runl (2016-2018). Run2 on going
o ~ Improved upper limits at 90%(95%) CL (2021 -CERN LSS) S
c . ) @
= B(B? = K*%u*e™) < 5.7(6.9)x107° Channel BR UL (PDG 2019) | BRUL:NA62 |Expected Background | Observed Publication %’
T B(B? - K*0u~e™) < 6.8(7.9)x107° K*—a e’ 50 x 107! 42x 1071 1.07 £0.20 0 PRL 127 (2021) 131802 =
Q = )
- K* > zpe* 52 107! 6.6 x 1071 0.92 +£0.34 2 PRL 127 (2021) 131802
c 0 0+, F -9 =
O B(B M ) < L7 70— pet 34 % 10710 32x 10710 0.23+0.15 0 PRL 127 (2021) 131802 O
- - - / =1l « i —
< wrt Belle's result (0(1077)) [PRD 98, 071101(R) (2018)] Kt —aptu® 8.6 107! 42% 107" 0.92+034 [ PLB 797 (2019) 134794 5
N Kt >7rete” 64 x 107" 5310 0.43 +0.09 0 PLB 830 (2022) 137172 3
<K~ World's first limit at 90%(95%) CL K+ = nnl*e* N/A 8.5x 10710 0.044 + 0.020 0 PLB 830 (2022) 137172 S
@ _ Kt — pvetet N/A 8.0 107! 0.26 £0.04 0 PLB 838 (2023) 137679 w
B(BS - pute’) < 16.0(19.8)x107°
Results from BES IlI Results from Belle/Belle Il Expectation from FCC-ee/CEPC, and a comparison in EFT.
_ Belle opened world best constraints o EZope wm s cec mmCR (4> e) mmu ey
Jr Generate - of the LFV K*I*T1™ modes 10
Ui 0- | J/—=y, (5.25£007) x 107* | 4.7 x 107 B(B = *U ite ) < 12 1077 ‘03
7(18) [0 J/p = m(18), (1.7T£04)% | mo result B(BO S K *0 e +) < 1.6 X 1“—7 00
Jiy | 1- ete” = Jfy, 1 x 102 4.5 % 10°? B(BO K *Oﬂir F) < 1.8x 10-7
¥(3686) | 1 ete” = ¥(3686), 2.7 x 10° no result 10
X |7 ¥(25) & 7o~ 10% | noresult Belle Il can reach 90% of UL at . . .
h.(1P) | 1% | 4(28) = ="k (1P), (7T£5) x 107* | no result O( 10-8) with 50 ab_1 ““y H)-.u o ‘”

€202 N41D ‘ONVIX Bua

Tomoyuki Konno, CLFV 2019 L. Calibbi, X. Marcano and J. Roy, Eur. Phys. J.C81(2021)3054



Transitions with T In the final state

Current limits: arXiv:2203.14919
Channal | Upperlmitt | Exxpadiuaent [Ref) Expectation from FCC-ee/CEPC, and a comparison in EFT.
T/ — €17 | 75 % 108 BES 111 1108 * High energy processes keep competitive with low energy ones!
Jfp — ptrT [ 2.0 x 1078 BES [109
B — e57F |28 x107° BaBar 110 r EEZ-Te BETocee METSeuu BETpe BETo e MET ey 1
B® = p*r¥ [ 22x 1078 BaBar [110 100
1.9 % 167® LHCb [62 !
Bt 5 ateErF [ T5x 1073 BaBar [111 eSS '
BT = rtu*r¥ | 7.2 % 1075 BaBar [111 }f_’
Bt = Kte*r¥ | 3.0 x 1075 BaBar [111] < 10
Bt -5 K+u*r¥ [ 48 x 1075 BaBar [111
Bt 5 K+p—1t | 39x10°% LHCb [63
B? —» pF ¥ [ 34x107° LHCb [62 I I l I
T(1S) = e57F [ 2.7 x 107° Belle [112 () er ;,., or
T(1S) = p*r¥ | 27 x 107° Belle [112 : Qyt o2
T(25) — eX7F [32x 10°° BaBar [113 W Z Ty WET i T pee WET OOy WET U WET S py
T(25) — p*r¥ | 3.3 x 107 BaBar [113] oos E
T(35) = e*7F [ 42 x 107° BaBar [113 — F 1
T(35) = u*7¥ | 3.1 x107¢ BaBar [113] > ' |
Z = exrT | 5.0 x 10°° () ATLAS [69 [ 10,
Z = u*r¥ | 6.5 %1078 (*) ATLAS [69 <
H— exr7 | 047% (%) ATLAS [65 ]
0.22% (*) CMS (66,
H — p=7¥ | 0.28% (*) ATLAS [65 I I .
0.15% (*) CMS [66 Qe ( B ix g
26% (*) LHCb [64 l ¢ 53

L. Calibbi, X. Marcano and J. Roy, Eur. Phys. J.C81(2021) 1054
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Beam Structure

L Time Window

From Stopped Muons

Protons

Time [ns] 1170

Pulsed structure
matters!
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From 100 proton hitting the target
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FHRIRHEIZH, DACOMET Phase-14 13

From 100 proton hitting the target
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The nuc
MOostly ©

* For muon capture, we
performed direct
measurement at P3|
(AlCap, with MuZ2e
group). The measured
spectra were
Implemented as new
physics models.

* For pion capture,
recent updates caused
concerns.

* Further investigations
needed.

Count per stop per 1 MeV

Count per stop per 1 MeV

proton from p stopped in Al target

ear capture models in Geant4 are
uestionable

proton from u” stopped in Al target: 2.32e-02 per stop

10° h
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16 = 30001
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The neutron scattering model

Scattering angle of 1.0e+00 MeV neutron on He4 in the lab frame

* The neutron radiation

. . E | — ENDF-B-VIII
level Is very important to § o
guide the design. : i
* Some part of the — BROND3 1
scattering model in _::gt;g
Geant4 doesn’t seem : coo
! p
correct. § 1001p03
* Comparisons with other § 1004p03
simulations tools are : o § 007k
R (N VR TN T RN PR VBT t oo

under investigation.
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