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Talk Outline

Introduction

Muon g-2 (+EDM) Special thanks to;
L. Bernhard, R. Bernstein, S. Kawasaki, T. Mibe, S.

Miscetti, H. Nishiguchi,W. Ootani,A. Schoning,Y.
* Theoretical prediction Seiya, PWinter & many Belle Il collaborators

Muon cLFV programs for very useful inputs to prepare this talk

Tau physics at Belle |l , ,
and also to|speakers in parallel sessions

EDM dedicated exp’s in | page

* Experimental status

Sorry, if | miss any ...

Summary

Apology;
My talk cannot cover or is very brief for EDM measurements
and cannot cover LFV in meson decays.



Flavor Anomalies

There is still no indication of physics Beyond the Standard Model (BSM) at LHC.
Flavor physics experiments play important roles.

“Muon g-2 anomaly”
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Significance will likely decrease

Fermilab 1+2+3

with an updated SM prediction (2023)
< 510 >
@ H—o—
SM: e+e- HVP World Average
T.l. White Paper (2023)
(2020)
l _____________________________________________________________________________________________________________________________________________________
New results in tension
with White Paper (2020)
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Leptons are key probes to search for BSM Physics!
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Role of Lepton Flavor Physics & EDM  °

e cLFV: (almost) background free from the SM — clear signature of BSM
e EDM: 2P observable = new source of P at high-energy scale relevant to BAU

Baryon Asymmetry of the Universe

Both have sensitivities to the very high energy scale; 103-7 TeV!

Mass (energy) reach of flavor observables
(Physics Briefing Book, arXiv:1910.11775)
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Muon g-2 Experiments
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Spin precession by g-2 &, = &5 — & =

Long history in step-by-step improvement to test
the quantum corrections by QED, Hadronic,
Electrowealk; ...
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Muon g-2 Experiments
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Muon g-2 Experiments
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Spin precession by g-2 W, = W; — & - a, a, - C .
a,(QED) = +076578(—) +24.05051 (—) -

Long history in step-by-step improvement to test @) )
the quantum corrections by QED, Hadronic, Nevis (1961) T o
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E989 (Fermilab)

Beam Magic-momentum (p = 3.094 GeV/C) Ultra-cold muon beam (p = 300 MeV/c)

Polarization P=97% Pmax = 50%

Magnet Storage ring (7m radius) MRI-like solenoid (rsorage = 33cm)
E34 (J-PARC) B-field 1.45 Tesla 3 Tesla

B-field gradients Try to eliminate Small gradients for focusing

E-field Electrostatic quadrupole None

Current sensitivity goal 140 ppb ~400 ppb (possibly 100 ppb)




Design Goals;

e Statistical uncertainty of 100 ppb by using Fermilab accelerator to get
muons 2| times more than Brookhaven.

¢ TJotal systematic uncertainty of 100 ppb by reducing systematic
uncertainty for both wa and B to 70 ppb with improved hardware.

e Measure a, with four-fold improved precision of 140 ppb

Muon g-2 at Fermilab

g-2 ring moved from Brookhaven to Fermilab

g-2 frequency measurement
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Alberto Luisiani
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muon distribution
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Design Goals;

e Statistical uncertainty of 100 ppb by using Fermilab accelerator to get
muons 2| times more than Brookhaven.

Muon g-2 at Fermilab

300}

Data taking status
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TDR goal: 21 x BNL

Analyzed positrons (Billions)

® TJotal systematic uncertainty of 100 ppb by reducing systematic ssof
uncertainty for both wa and B to 70 ppb with improved hardware. e /

e Measure a, with four-fold improved precision of 140 ppb sof
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Muon g-2 at Fermilab

Design Goals;

e Statistical uncertainty of 100 ppb by using Fermilab accelerator to get

muons 2| times more than Brookhaven.

¢ TJotal systematic uncertainty of 100 ppb by reducing systematic
uncertainty for both wa and B to 70 ppb with improved hardware.

e Measure a, with four-fold improved precision of 140 ppb

g-2 ring moved from Brookhaven to Fermilab
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a,(Exp) = 0.00 116 592 059(22) [190 ppb]

BNL - o |
Run-2/3 Asyst.=70ppb
already better than the design | Phys. Rev. Lett. |31,
® Temperature control FNAL Run-1 4 0 : 161302 (2023)
® Mag. field stability
* Improved analysis (pileup FNAL Run-2/3 Fau! Detailed report;
correction) FNAL Run-1 + Run-2/3 —8—+ arXiv:2402.15410 to
_a,(FNAL) = 0.00116 592.055(24) [203 ppb] P& Published on
Phys. Rev. D
—o—i
World Average
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EDM sensitivity ~10-2le cm

muon distribution
extracted by trackers

asymmetry out of phase wit

Current best limit from BNL: |d,,

by searching for up/down
N W,

< 1.8x 1019 ecm (95%CL)




Muon g-2 /EDM at J]-PARC ...

New approach to measure the muon g-2 and EDM at the J-PARC facility Prog. Theor. Exp. Phys. 2019, 053C02 (2019)
¢ |ow emittance muon beam (1/1000) by cooling and re-acceleration
* no strong focusing (1/1000) & good injection efficiency (x10) — Independent measurement of g-2 to test BNL/FNAL

e Compact storage magnet (1/20)

results with different systematic uncertainty

J-PARC MLF
To be constructed

172nm, 358nm s in FY2024

Muop, bea( I .
u(®) 4. . () ()Ultra-cold \
&)L

D ey O o

Surface muons

+

n

Mu production
target

No focusing electrode (E=0) in the storage

=

i — = — — ] E Itivi .
- - S R BV LS.} W xpected sensitivity (2 year running)
m ~v2 —1 c 2
: Z 0 ) Astat Asyst

g-2 450 ppb 70 ppb
Almmg at data takmg from 2028. EDM 15102 e * em | 0.4 x102 e * em



https://g-2.kek.jp/

World-first Acceleration of Positive Muon!

Test of muon cooling + re-acceleration Time of flight
at MLF S2 beam line

| — - @ Laser off Preliminary data
" ZREWFNENNR &ACCGSS J-PARC Operation Status © Q : 0 ° 03 :—_ L
".'J'.pﬁﬂc About J-PARC Faciliti tJ-PARC N dT ° [ a se r o n a CCEIeratEd
A p—— ut J- acilities a ews and Topics For Researchers For Press Public Relations Visit Use J-PARC Photos m =
P h 0.02 cold muon
2024.05.23 T ! penetrated muon
https://j-parc.jp/c/en/press-release/2024/05/23001341 .html i without cooling
AN ‘ ’ ‘ ' : Q.01
Press Release "‘; : II@
m -
_l_a | M I | ,J_

A |
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World's first cooling and acceleration of muon .
- The first muon accelerator finally coming to a reality. - Time [ns]

Beam profiles

= INTERACTIDNS.ORG Home About ~ News ~ Physics Hubs Fighting COVID-19 Higgs10 Dark Matter Day

PARTICLE PHYSICS NEWS AND RESOURCES

A communication resource from the world's particle physics laboratories.

before cooling after cooling & accel.
50

Entries 157
Std Dev x 5.12
StdDevy  1.657

World's first cooling and acceleration of muon

A muon is an elementary particle like an electron. Muons were first discovered in 1936 as cosmic rays falling
from the sky. Natural muons originated from cosmic rays have been used to see through the interior of large
and/or thick objects, such as pyramids. Presently, muons can be produced in much higher intensity using
accelerators for the use of various research and applications.

y [mm]
y [mm]
(@)

https /Iwww.interactions.org Preliminary data

World first The experimental set up for muon cooling and acceleration at J-PARC. A beam of
antimatter muons enters the apparatus from the right. Credit: J-PARC
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Reference SM Predictions

® Hadronic Vacuum Polarization (HVP) is the dominant error source.
® Tension between two approaches; Dispersive and Lattice

C 5.00 >

+—o—

Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
¢ 510 >
® +—eo—
SM: e+e- HVP World Average
T.l. White Paper (2023)

(2020)

New results in tension
with White Paper (2020)
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Reference SM Predictions

® Hadronic Vacuum Polarization (HVP) is the dominant error source.
® Tension between two approaches; Dispersive and Lattice

SNDO06 — % — TUTT
: : a”™ (< 1GeV
Dispersive approach oMD2 - . u (S )
< n 5'-0.0 '|—>.—|' (d ata-d rive n) hadron Babar - - -
CllieprbeeediY . KLOE" = 2308.04217
< 510 > N BESIT . I
SM: e+‘e- HVP World Average + + et combination H—e— )
T.I. White Paper (2023) |  Fmemmemm N e e SND20 and/(CMD-3 are not
(2020) | Ohaa(@?) 17 SND20 - : - included in the combination
l ’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ CMD-3
New results in tension . : ~rla l ! 1
i Vi Pepr (2620 T.. White Paper (2020) takes this approagh— o o0 oo o s
Tension between BaBar and KLOE (2.90) 10 x 07| <1 cov
& more tension between CMD-3 (2.2/5.10 w.r.t. BaBar/KLOE)
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Reference SM Predictions

® Hadronic Vacuum Polarization (HVP) is the dominant error source.
® Tension between two approaches; Dispersive and Lattice

SNDO06 —t % — TUTT
: : a”™ (< 1GeV
Dispersive approach oD N . p (S )
< n 5'-0.0 '|—>.—|' (data-d riven) hadron Babar - - -
CllieprbeeediY . KLOE" = 2308.04217
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. . . | | | | e Nature 593,51-55 (2021)
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FHM'19 | — !
, , ETM'19 | =
Recent lattice calculation (e.g.;BMW20) _—— -
achieved comparable error and gives BMWc'17 | =
prediction closer to exp. DHMZ'19 | aa
KNT'19 | = .
CHHKS’19 | | | -5+  no newiphysics |

660 680 700 720 740
1010 % ahO-HVP



Reference SM Predictions

® Hadronic Vacuum Polarization (HVP) is the dominant error source.
® Tension between two approaches; Dispersive and Lattice

. . SNDO06 — % — TUTT < 1
Dispersive approach v e (5 1GeV)
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Recent ete” =TT 1T~ Results

CMD-3 at VEPP-2000 et*e- collider
® Scanning Ecm = 0.32-2 GeV

e Better detector performance
o [arger statistics (x30 CMD-2)
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| oW (e Statistical precision is a
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Forward-backward charge asymmetry

0.018

— Better fiducial volume determination oot
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— Better radiative correction modeling % oo
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CMD-3 at VEPP-2000 et*e- collider

® Scanning Ecm = 0.32-2 GeV

e Better detector performance
o [arger statistics (x30 CMD-2)

Recent ete” =TT 1T~ Results

~_ 50
L = CMD-2
| | - BABAR
= SND2k
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25

- BES

+ KLOE10
« KLOE12
- CMD3

e Statistical precision is a
few times better than
other experiments

i H i H
i N i
: : o H
: Rox A
30 | i
o=
oL ks
oo

el | I | 1 | | 1 | 1 | | | I | 1 | I 1 | 1

® Cross section is higher
| by ~2-5%.

28.('58 0.7 0.72 0.74 0.76 0.78

— Better fiducial volume determination

Phys. Rev. D109, 112002 (2024)
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BaBar: measurement of additional radiation
in ete- 2 ULy and ete- 2 TTHTTY

‘ Bogdan Malaescu

Higher-order radiative processes
e NLO: eter ?U*MYY and eter 2 TTHTTYY

e NNLO: ete- 2T YYY and ete- 2 TTHTTYYY
affect ISR measurements if MC generator does not

correctly account these contributions.
PHOKHARA limited to NLO

_ 1.15f UWY(Y) . DatwProkiara  AFKQED includes both NLO
- 1ETT o Data/AFKQED and Nl\ﬂLO
S 1.05 +%”+++ y + #
4 | i 1 e s e 1 0 1 7 o +
g’ 0.95 .{H’ ’HF%% %ﬁ TL i
© 09
T 085 PRadi *‘++%+

0'8 } } :.}‘:}'i }
S Ly (y) ;
= 0% : s -Phys Rev.D 108
8 goel R ;4:;;}:; ;g;%;;% AR ’
> oss) i +@Ll 11103 (2023)
= 0 8'5: L g ,@«}ﬂ«}« +++~}+{n}++ 414
oC i i

26 oz o3 o8 08

Radiative corrections need to be better
understood and accounted in analyses!

‘William J. Torres Bobaailla
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ete” =TT 11~ T by Belle |l

e e*e- cross-section measurement w/ ISR method in progress at Belle |l.

e Good trigger efficiency confirmed
® Released the first result for e*e- =TT T with 2.2% error

e The largest uncertainty arises from the MC generator (1.2%)

® The results are about 2.50 higher than BaBar and global fit.

1800 800 [ —
Belle Il Preliminary ' Belle Il Preliminary
1600 - . JLdt =191 fb” 700 £ ,' [Ldt=191fb"
-8 1400 — N Dr ¢ This exp. '8 600 — t@ ¢ This exp.
- g ; N ~ : BABAR (21
c 1200 | { * BABAR (21) S 500 i % = (21)
= 1000 | 6 SND (02,03,20) = : ¢ SND (02,03,20)
Q S - %
g 800 - - J }  CMD-2 (04,07) 8 400 ' 8 % { CMD-2 (04,07
0 ; 0 300 | 0
9 600 | % : 8
S w0l ; ) S 200 f #ood
O 400 f . O : "
200 o & 100 1 P R
I Y - - BRg . , —Q B= O AN .
0~n[9]”] N T T A - e ] o b 1 1 B0l g e e o
0.76 0.77 0.78 0.79 0.8 0.81 0.82 1.005 1.01 1.015 1.02 1.025 1.03 1.035 1.04
Is' (GeV) /s’ (GeV)
< 90
S 40 £ Belle i Preliminary ® BABAR(21) =----- Belle Il Error (Total)
Q - det = 191 fb! SND (03) Belle Il Error (Syst.)
% 30 F o CMD-2 (04)
o 20F
= ; +
S 10 foodh oo % -------------------- -
C : | e mm e e - e ’
O 0 E : = PYTCTTTTITTY, TP ~ W STET - &
s o X SAME . ... . [
@ —10 f----m77 S T el B EE 2 A TS SRR §
* o E ¢ ¢
(7)) C
e =TT T BT S T U R T S TR U R T T T —_— 1 .
@) 0.76 0.77 0.78 0.79 0.8 0.81 0.82

Initial e*e” energy
Vs =10.58 GeV

LO,HVP,3m

a,

Initial-state radiation: ISR
EISR > 47'53 GeV

s' = s — 2+/sEjsg

arXiv: 2404.04915 I

Yuki Sue

E>1.8 GeV
nO
KeK, Y apHVP
K*K-
e

B

4

. T
Hadronic system energ;
Vs’ = 0.4-3.5 GeV ~13%
KK,noyE>1'8 GeV (apHVP Error)?2
et
~15% T
~063%

(0.62-1.8 GeV) = (48.91 + 0.254,¢ £ 1.07y5) X 10710

a,(31m)*x1010 Differencex1010

BABAR alone [PRD104 11 (2021)]
Global fit [JHEPO8 208 (2023)]

45.86 £0.14 £ 0.38 3.2+1.3 (6.9%)

45.91 £0.37 £0.38 3.0%£1.2 (6.5%)

* Next:ete- = TT*TT W/ target precision: 0.5% of ay(211)

Belle Il has joined this important community-wide activity

Stay Tuned!
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New Result by BMW (+ et*e- data)

Zoltan Fodor

® 40% Reduction of uncertainties w.r.t. BMW?20 by T e
, , , arXiv: 2407.10913 FNAL 2023 F—&—i
® Finer lattices @ more accurate continuum P LS
eXt ra P O I ati O n - Thi=s work
BMW 20
¢ Also include a small, long-distance contribution [ — — W
obtained using input from e*e- data where they = S
all agree e
H - " CMD-3
* Difference from measurement of ay by only 0.90. HLoE H————H
175 180 185 190 195 200 205 210 215

a, x 101 — 11659000
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New Result by BMW (+ et*e- data)

Zoltan Fodor

® 40% Reduction of uncertainties w.r.t. BMW?20 by T e
, , , arXiv: 2407.10913 FNAL 2023 F—&—i
® Finer lattices @ more accurate continuum P LS
eXt ra P O I ati O n - Thi=s work
BMW 20
¢ Also include a small, long-distance contribution [ — — W
obtained using input from e*e- data where they = S
all agree e
H - " CMD-3
* Difference from measurement of ay by only 0.90. HLoE H————H
175 180 185 190 195 200 205 210 215

a, x 101 — 11659000

. . . 7th Plenary Workshop of the Muon g—2 Theory Initiative

Need more studies & discussions  7th Plenary Workshop of the muon T Scptembers 1 as@ ek, Tkt apan
e Other lattice results ? g-2 Theory Initiative L
e Di +e-

Difference between ete September 9-13,2024 at KEK

experiments (+ tau data) !
e MC generators ? https://conference-indico.kek.jp/event/257 ;
e HLbL? R evictration deadl ded to lulv 31 T 0
e MUonE ? egistration deadline extended to July 31. s 4 EEE



https://conference-indico.kek.jp/event/257

CLFV in Muon Decays

u* ety

Signals

e Mono-energetic ~ MMe = My = my, /2 =52.8MeV

e Angle e~ = 180° 1e?3,%

* Time coincidence Af., \

“+at rest

Backgrounds

® physics background ut = etvy

e /

 accidental background ;T — eTvp, + 1~ 'V//
vV

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

A +
‘ 'Y .
P L2 TR I
\ *heeaay
N
i -
»
)

\\\\\

Liquid xenon photon detector
(8,~70%, Og/E~1%)

x2 intensity muon beam
x2 resolution everywhere

) Continuous u+ beam
x2 efficiency

(7x107 1)

. Search for u+ — i
+

ey down to Pixelated timing counter
' 6x10-14 (01 = 35 ps)
’ (90% C.L. | Muon stopping target

Sensitivity) (170 um-thick scintillating film)

Cylindrical drift chamber
Radiative decay counter (~1.6x103 X, 0,~100 keV)
(identify high-energy BG y
events) EPJ-C 78 (2018) 380

MEG(2009-2013) set UL<4.2x10-13 (90%CL)
MEGII sensitivity: 6x10-14

Alessandro Bravar
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CLFV in Muon Decays N

“+ e e+ 'Y Thin-wall SC solenoid

(gradient B-filed: 1.3—0.5 T) Liquid xenon photon detector

\  gPRASNLY (£,~70%, Og/E~1%)

\\\\\

. x2 intensity muon beam
SI gnal S x2 resolution everywhere Continuous i+ beam
. . L L x2 efficiency (7x107 s71)
e Mono-energetic ~ MMe = My =my, /2 =52.8MeV ;
® Aﬂg' (S 96’7 — ]- 800 1 8/03\/( &+y down to ) Pixelated timing counter
. . . / e+ ‘ 6x10-14 ’ (o, = 35 ps)
* Time coincidence Af., \ & | (0%CL (170 ik it
ILat rest | sensitivity) | L H 2
Radiative decay counter C%/J:hgxr:gg ngrg:ﬁgg g\t/))er
Backgrounds ity ighvonergy BG 1078 (01 00
. + + -

e physics background n — e vy

phy 3 ut o MEG(2009-2013) set UL<4.2x10-13 (90%CL)

* accidental background %t — eTup, + %/ J MEGII sensitivity: 6x10-14
: .

/3

+ —) Aata-at

H € cc + High rate capability (>10? muon/s) ({
Signals * Good resolution

* Vertex <200 um

* Time < 100 ps

Backgrounds * Momentum < 0.5 MeV/c Pixel Tracker

e Accidental coincidences of tracks from — extremely low material budget Scintillating

Alessandro Bravar Fibers
Michel decays + Bhabha scattering

- L . Current limit <10-12 (SINDRUM |986)
e Radiative decays with internal conversion:
ut = etvvy(—ete) Mu3e sensitivity < 5x10-!5 (phasel at PiE5) = 10-'6 (phase Il at HiMB)

,Mu3e phase | design

® 3-body kiematics

Scintillating Tiles

DC beam at PSI has advantage to suppress accidental backgrounds in these searches
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MEG Il First Results & Outlook =

MEG Il is running since 2021

xlols 3 more weeks
% . 0.7 I_l T T I T T T T I T T T T I ] T T T I T T l/ _
> 3 : ]
Z 0 6 [ Last run: 552331 (2023-10-16 08:39:29) 2023 —
~ ' Tyt 187e407 s .
= - -
= 0.5 —
E L _
= 04F —
5 = 2022 :
0.3 —
0.2 —
T 2021 % =
o404 :
| | | i

D21 02Jul22 31/Dec22 02Jul23

g
o
-
[—]
Py
‘N
®
R T
9 T
X
P K
2
o 3
.

Date
7 weeks of physics run in 2021
= almost equivalent to MEG data

; 58E rrrr[rrrr[rr [ rr T E "_‘n‘ 1_ e O ESLE s é T T T
§ 57p C0s O, < —0.9995, |#.,| <0.2ns - ‘5,\ 0.83_ ° E
= __F ] ~ o ° o .
L;i\ 56:_ _: 0.6__ o o 2 =]
55F ’ . 0.4F =
S4F E 025 o 3
535— = OE_ ) | 4 od;: -
S2F ° = -0.2F- 3 o 3
C o . O
Slko © E -0.4F =
@ E 3 o o]
50_0% o . —-0.6f ° 49 < E < 55MeV -
o o o . C o ' _‘: 3 .
PON "/ -wed Euro. Phys. ].C(2024)84:216
C 1 9 lol l O 1 1 | l I L . l 11 1 1 l 11 1 1 . — I I YR N N T N ' ol—1 | I T T T A T
%81.5 52 52.5 53 53.5 54 11 —0.9998-0.9996-0.9994-0.9992 -0.999
E,. [MeV] cosO,.,

No excess of events over the expected background observed.
Upper limit (90%C.L): B(ut —ety) <7.5x 107"
Combined (MEG I1 2021 + MEG): B(p" — eTy) < 3.1 x 107 (90%C.L.)
The most stringent limit to date.
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MEG Il First Results & Outlook =

o [atest release (2021 data) is just 10% of data taken by 2023.

yore weeks

MEG Il is running since 2021

Xlle I

= 07 | T T I . .

S Y ® Next release (2022 data) is coming soon.

£ 0s ' o MEG Il will continue data-taking till PSI accelerator shutdown in 2027
£

s 04 e Expected goal: 6 x [0-14

< ___________________

S
)

IIIIIA-I.I"IlllllllllllIIII]IIII[IIII_

g
o
-
[—]
Py
‘N
®
R ST
9 T
X
P K
2
o 3
.

® PS| schedules a long shut-down in 2027-2028 to upgrade the beam
line to provide x100 muon intensity: HiMB.

0.2

2021 %

_____________________

lIllllIllIIIIIlIlIllIIII|lIIIIIIlI

3 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1
/Dec/21 02/Jul/22 31/Dec/22 02/Jul/23

Date § I | I I I 1 I [ 1 I I ] I | 1 | |

7 weeks of physics run in 2021 v - i
¢ = almost equivalent to MEG data ! 1
;585””'””'””'””'””E T g +3~10 = E
% 57F €080, < —0.999, | fe+, | < 0.2ns 3 %\o.sf- ° ] é%{ _Q_(_)_z __________________________________ MEG sensitivity (90% C.L.) Z
o S6F E ~ 0.6F “o 3 DU | N -
555_ E 0.45_ E 3 MEG limit (90% C.L.) i
s4f - 025 °o 7 : -
Y S -

520 o = 0257, o - 13| -
51F o 3 ~0.4F = 10 - .
50?_0% ® . — ~0.6F 0 49 < E, < SSSIG\' — 90% UL - |
49F 0o °o | : —0.8;— 52.5 < B < 53_:A\1c\°'—; EU Io. Ph)’S JC(2024)842 I 6 ) Seltsf 1.v1 y 7
R TR T L5558 -0.9956-09994-09992 ~0.999 = Lo of sensitivity |
E,.[MeV] cosO,., + 20 of sensitivity 7

No excess of events over the expected background observed. 10-14 L= 30 discovery at 0% power o

. o + + —13 0 20 40 60 80
L): — € D X1 L

Upper limit (90%C.L) B(u v) < 7.5 x 10 DAQ livetime [weeks]

Combined (MEG 11 2021 + MEG): B(p" — ¢*) < 3.1 x 107°(90%C.L.)
The most stringent limit to date.
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Status of I'N—e-N Conversion [

COMET at J-PARC E&?Eﬁi&frpha

Muon Transport Solenord

Pion Capture Section

A section to capture pions with a large
solid angle under a high solenoidal

Phase_l :2 e ::g;\ftic field by superconducting =
' :_:: Target
e Construct up to 90° bend and = o
place detector. = A
. . . : tﬁ, Detector Section
® Engineering run in 2025/2026 =10 A detctr o searcn for
. o o o :r_-_?' Muons sion processes.
® Intermediate sensitivity: O(10-13) ‘:

Stopping Q <>
Target R\ 4D

V4 D Cyllndrlcal drn‘t Chamber ™
| 11/ % 74 | ‘ 4
Z// 000 anhabaegaeRaea000000000009000000 PAT A 3 e ¥
Pion-Decay and 1 ""‘5_'11-:-' g 4 \\'; _ A -
. :__- . { Y /4 e . 3 Vo 2 \ EE
| e O ;
‘ i NN K L : ‘ R re 4 5
."" Il oi,\ r,‘, . 2 \ o ) : AR ..‘ A - ’l" e ~

4 ) o) = v A - : A Y )

<>

DeeMe at J-PARC MLF
te S.ES ~ 10-13 (carbon, | year) |
¢ - produced and stopped in C target §

‘ WA

WAL e
J.E QY

“

Ph ” ( 2030) Muon-Transport Section
ase-ll (> hocton o o muons o
T Detector commissioning started |
Start physics run after fixing the fake j

| track issue

® Complete all transport.
® Full sensitivity: O(10-17)

Mu2e at Fermilab

Runl Sphie Charlotte Middleton

e expect to start in 2027 and continue Sridhar Tripathy
the beginning of PIP-II/LBNF long Fabio Happacher

shutdown Production Transport Detector
] Solenoid Solenoid Solenoid
e ~|03 improvement over SINDRUM:-II

Proton .
—/— & .
P ———_ S T e - target e
= - e 72— =\, \
- Y . — . A : \ “»
Run I I \ ! - ‘ ‘ ‘-\"' / =
= 4 » - .
“ 4 ‘-‘,

e Full data set by mid-2030s | e ]
— < 8x10-7 @ 90%CL o Sa 2.0T

A schematic view of the Mu2e experiment (not including the Cosmic Ray Veto) Calorimetep CHSI(S
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Status of L-"N—e-N Ccnersmn e Nishiguch

COMET at |-PARC E&?Eﬁi&f;pha
Phase-| -

Protons _
“. WA T
CXRAY
L
O
AN/
Qb

e Construct up to 90° bend and = - I Targe!
place detector. |§|Q T |§|

e Engineering run in 2025/2026 Ié:Q =

® |ntermediate sensitivity: O(10-15) ” ons |§|

| “‘;‘ Tf D o0ha000ed I':"—'__I Stopping ) . ‘\ b ﬁ ' Y celrie atJ
e =] " D i . (e S.ES ~ 1013 (carbon, | year) |

Pion-Decay and - / | 5

Phase-Il (>2030) MecyT"”S %—,/':' ! M- produced and stopped in C target §
e Complete all transport. - Detector commissioning started j
Start physics run after fixing the fake j

e Full sensitivity: O(10-17)

[ COMET Phase-I ) AN =& " track issue

Mu2e at Fermilab

Runl Sphie Charlotte Middleton
e expect to start in 2027 and continue Sridhar Tripathy
the beginning of PIP-II/LBNF long Fabio Happacher
shutdown Production Transport Detector
Solenoid Solenoid Solenoid

Proton

e ~|03 improvement over SINDRUM-II|

- - i
-4 *”""//: 7 c o e [ 2~ =
— = - \ =
. > R, . il
N »
< E a S d SN o
s A ; : % "
“ 4 ‘s‘

. “Production == eSSl
e Full data set by mid-2030s arget B Tl -4
— < 8x10-17 @ 90%CL e Sl 2.0T | i —

A schematic view of the Mu2e experiment (not including the Cosmic Ray Veto) Calorlmetep ChSI(S (¢ R\\/ mOdLlIeS
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Belle II

Plans to collect 50 ab-! of e*e- collision data at and near Y (4S);

e 7 GeV e (HER) x 4 GeV e* (LER)

e “Nano beam scheme”

— %30 higher luminosity than KEKB

Tau Physics at Belle ll/SuperKEKB

K. Shibata

o(e"e” — T(45)) = 1.05[nb]  Super B factory

o

ete” = 7t7r7)=0.92nb] = “Super T factory”

Tau is the heaviest charged lepton
e Sensitive to BSM physics

e | epton Flavor Violation

BSM

mass matrix
Complementary

to muon cLFV (m? )U =

e CP violation, EDM, Lepton Universality

e Also provide precise SM test

T—ey

L S YA ;'

16



D

wed lau Physics at Belle [I/SuperKEKB

Plans to collect 50 ab-! of e*e- collision data at and near Y (4S);

* 7 GeVe (HER) x4 GeV e* (LER) o | ow-multiplicity trigger in high luminosity
e “Nano beam scheme” environment

K. Shibata
— %30 higher luminosity than KEKB ® Improved vertex resolution, particle ID, neutral

clusters detection, ...

Technical challenge

o(e"e” — T(45)) = 1.05[nb]  Super B factory

e Analysis techniques based on machine learning.
olete” = 7777) =0.92[nb] = “Super T factory”

Belle Il integrated luminosity by summer 2024

Tau is the heaviest charged lepton {; T e i B
o . . ] — R ded Weekl
® Sensitive to BSM physics O I feﬁz;rjeddtej Y i | 500
e Lepton Flavor Violation 2 2
S 12.5 - 400 >
BSM = 2
mass matrix ey = 10.0 £
Z‘ N 0 B CECRITIITCCRIEINUERIEL R EI IR T UL TECTRTITOCRRTELLRRIELLIRRY) ) RILCRTLIILOE [XXPRRy E
Complementary , 3 300 3
to muon cLFV (m,) = T MY D L7 FR—— | - =
g o 5
© - 200 &
§ 30 [ SISO || PURTRSOORINY N (| SO OO =
= S
Do , , g ,sl..I2lod LAl N 100
e CP violation, EDM, Lepton Universality , :
e Also provide precise SM test i 0 °
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ey [est of Lepton-Flavor-Universality in T decays

Belle I

Gianluca Inguglia

The coupling of leptons to W boson is flavor-independent in SM e = &p = br

— ldentical lepton interaction rates involving e, Ll or T -

— Test of [l-e universality in T decays

Bz = uuvy) g f(l712/1712)
- u -t/ SM -~ U J UThe SM
R/l — = — 09726 o O(RHX 2/ ;_ = 1
B(T_ —> e_l/el/z.) Se ) f(’n,u my)
R,SM=0.9726 Ju=ge
. CLEO (1997) . CLEO (1997)
i 0.9777 + 0.0063 % 0.0087 i 1.0026 + 0.0055
|
| BaBar (2010) . BaBar (2010)
| T 0.9796 = 0.0016 = 0.0036 i 1.0036 + 0.0020
| |
| HFLAV fit (2021) L HFLAV fit (2021)
e 0.9762 = 0.0028 | 1.0019 + 0.0014
| I
|
i Belle Il preliminary (2024) _._i Belle Il preliminary (2024)
0.9675 = 0.0007 £ 0.0036 0.9974 £ 0.0019 .
i | arXiv:2405.14625
| ] - | ] ] ] | ] ] ] | ] L y | ) ) | el L L el | — L L 1 . PR L | ] | L
0.96 0.98 1.00 1.02 1.04 099 1.00 1.01 1.02 1.03 1.04 1.05
Ry 19,/ Gel+

The most precise test of e-ld universality in T decays from a single measurement
Consistent with the SM prediction at the level of 1.4 O
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T Searchfor T = UM | [Wenhel

. ] . arXiv:2405.07386
® Previous results from Belle: 2.1 x 10-8 at 90% CL with 782 fb-!
® Tag side: |-track T decays S | | |
1prong :g i ] >19 » Signal: efficiency: 20.4% (2.7 x Belle efficiency);
. + h ‘ v
® Belle Il analysis explores  3prongs . » Number of expected BG: 0.5;
® |nclusion of | x 3 and 3 x 3 topologies > 1 event observed inside the SR;
® Selection and background rejection using BDT > B(t » 3u) < 1.9 x 1078 at 90% C.L.;
= 04 Belle ll (Preliminary) 2 SR y 1 9|-Belle Il (Preliminary) . .
- | Data: dt = 424 fb~" — 200 ~ 1'2-.1 t, F,4 -——-= EX L. median
S lomlmar,, T, SUETA Expecn 1. med UL at 90% C.L.on B(z > 3u) | |Chiara Rovell
a | o badgond 10 = Expecied CL, £ 1s ATLAS 3.8x 1077 (L =203 fb~1) | Recentresult by CMS
+ Data : —+— Observed CL, Phys. Lett. B853
| . . ! LHCD 46x 1078 (L =3.0fb"1) | (2024) 138633
o e . 0.6 CMS 29%1078 (L =131fb"1) |€&—d [Cms
{ R * .. | e Belle 2.1x 1078 (L =782 1) é
01 e LY . . I . Wi
N RS : -2 BaBar 3.3x1078 (L =486fb™")
0365 T 7 e I N T 0 1 2 3 4 5
Ms, [GeV /] B(t+ — ptutu®) x 107"

The world best limit!



Search for T—1VO0 at Belle/Belle I
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Wenzhe Li

1.90

|
- | 0.4l = Toub | o © Toed
Update w/ full Bele data set of 980 fb T T—ud oL 1oed
® More decay modes in the tag side 03 02 '
> ' - .
_ s % s .- o] I
. VO - p’ (l)’ q)’ K O and K O % 0.07 . ?i,C_l-f"’ C ' % 0.0 e 0=
< _;h;f;‘;' < : o
® Further suppress T— 31TV and ee—qq with BDT -2 - . ] LT N R N
.2’ R '’ Tae -
—0.4 —'.: o::. oty ’ i" ' ::: . ;. . —0.4‘.. ' .:' ': ..: T e : .'
IR R IR T S Lok L RAETEIT O LHE RO RIS R 3P I S
1.65 1.70 175 1.80 1.85 1.90 1.65 1.70 1.75 1.80 1.85
My (GeV/c?) M.y (GeV/c?)
1\ IOdP ) ((% ) “?\'TBC: (Tsyst ((A) ‘?\Tobs Bobs ( x 10~ s )
. — + + 50 7.7 05+0.20(stat. 15(syst. ~ 1.7
B(T—> eVO) < (1.7~2.4) % 10 8 T = pp 7.78  0.95=+0 U(btut) :tUl)(}st) 4.6 0 < 1.7
0 . 7% — eTpY 8.49  0.80%£0.27(stat.) =40.04(syst.) 4.4 1 < 2.2
B(T - uV ) <(1.7~4.3) X 10~ 7= s uréd 550 0.47+0.15(stat.) +0.05(syst.) 1.8 0 <23 _
£ 5 et 6.45  0.38=+0.21(stat.) +0.00(syst.) 1.5 0 <20 <
: T = pTw 3.27  0.3240.23(stat.) £0.19(syst.) 4.8 0 <39 =
WOI‘Id Ieadmg results T & eT 5.41  0.74=40.43(stat.) +0.06(syst.) 4.5 0 < 2.4 ;
FE s pEK0 452 0.84+40.25(stat.) +0.31(syst.) 4.3 0 =929 =
‘ Je
JHEP 2023’ 118 (2023) 75 & eTK* 6.94 0.54+0.21(stat.) £0.16(syst.) 4.1 O <19 =
T+ 5 pFK*0 458  0.58+0.17(stat.) +0.12(syst.) 1.3 1 <43 =
¥ 5 eTK*0 745 0.25+0.11(stat.) £0.02(syst.) 4.1 0 —17| %

D

</[O

Belle I

Belle Il explores also untagged inclusive reconstruction

® higher signal efficiency (16% higher)
e Background rejection with preselection and BDT

B(t — ep) <23 x 107°

190 fb-!

B(r — ud) < 9.7x 1078 90% CL
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Tau Physics Prospects

Tau LFV decays

90% CL upper limits on T LFV decays

BNV

Ihh

11

IvO

IP° IS©

ly

L AR PN

HFLAV

& @

\ 4

4-10°

2-10">-

1-10">-

4-107°

2-1079

1-1079-

4-1071

2-10 7

1-10"74

2-1078;

1-10"84

* Combination

LHCDb

¢ CLEO o CMS

Belle 11

v

Belle

= BaBar A

e ATLAS



Tau Physics Prospects

Tau LFV decays

2 g
0 0 0
o -y IP 1S IV |l lhh BNV -
& | : ]
-5 __ |
-8 10 E P . ...... 0.. .. ¢ E
i :. .. . < o ® o] :
_Cl 6— ’ ”'oo. e ¢ |
o 10°E ° e =
® = . v ) -« CLEO
L v A 7 —
E T Coe T T - ATLAS
o 107 "¢ . ° AR _ Y — » CMS
g = |a * A Aa vt X M AL v A =
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Belle Il will push the sensitivity down to O(10-7~10) at 5 — 50 ab’!
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Belle Il will push the sensitivity down to O(10-7~10) at 5 — 50 ab’!

Mike Roney
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Belle Il will push the sensitivity down to O(10-7~10) at 5 — 50 ab’!
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Opportunities also at LHC—=HL-LHC (LHCb, ATLAS, CMS) proposed future facilities;

Super T-c factory, FCC-ee, CEPC



Worldwide Efforts for EDM

e New bound by the HfF* molecule at JILA (Colorado, NIST)
de = (—1.3 + 2.0gt0t O'GSySt) x 107°"e cm
de < 4.1 x 107*°ecm(90% CL)

e ThO by ACME (Havard, Northwestern, Yale)

ee more info: Ms world wide
M SearCheS for EDMS https://swww.psi.<:hjen/EISedm/edmf-wodrld-wide
uon
e MukEDM at PSI Francesco Renga Various searches for EDMs are ongoing and planned.
® Spin-frozen method to achieve O(10-23) e cm
*Example

Neutron

ANL
o PSI, ILL, SNS, LANL, TRIUMF ~O(10-27) e cm TUCANJILA JBNL el

a J-gARC/KEK
&More (ongoing, planned and proposed) LANL

. . ILL
e Diamagnetic atoms (Hg, Ra, Xe)
® Molecules
Electron

® Proton (strorage ring)

21
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Alex Keshavarzi Muon/Tav K. Fuyuto at FPCP2024
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Worldwide Efforts for EDM

® New bound by the HfF* molecule at JILA (Colorado, NIST) See Science 381 (2023) 6653
de = (—1.3 + 2.0gt0t O'GSySt) x 107°"e cm
de < 4.1 x 107*°ecm(90% CL)

mass scale for new CPV source
M/g > 40 TeV /al/?

e ThO by ACME (Havard, Northwestern, Yale)

See more info: EDMs world wide
M SearCheS fOF EDMS https://www.psi.ch/en/nedm/edms-world-wide 10
uon
e MuEDM at PSI Francesco Renga Various searches for EDMs are ongoing and planned.
® Spin-frozen method to achieve O(10-23) e cm
*Example

Neutron

ANL
o PSI, ILL, SNS, LANL, TRIUMF ~O(10-27) e cm TUCAN“LA JBNL el

- J-gARC/KEK
&More (ongoing, planned and proposed) LANL

. . ILL
e Diamagnetic atoms (Hg, Ra, Xe)
® Molecules |
Electron

® Proton (strorage rin
(strorage 1iNg)  I')ex Keshavarzi uenftas K. Fuyuto at FPCP2024
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Summary

® | epton flavor physics and EDM are important to find BSM physics at high energy scale.

®* “Anomaly” found in the muon anomalous magnetic moment could be clue to BSM, but
requires verification by other experiments based on different technique, i.e.; ]-PARC muon g-2/
EDM and also clarification of the SM prediction

® Rich muon LFV programs in progress at ]-PARC (COMET, DeeMe), PSI (MEG Il, Mu3e) and
Fermilab (Mu2e).

® Belle Il at SuperKEKB provides rich programs w/ large sample of tau decays, complementary to
muon projects and also provides inputs to the muon g-2 anomaly from on-going experiment.

® There are various ongoing, planned and proposed EDM experiments. Recent electron EDM
results are intriguing.



Summary

® | epton flavor physics and EDM are important to find BSM physics at high energy scale.

®* “Anomaly” found in the muon anomalous magnetic moment could be clue to BSM, but
requires verification by other experiments based on different technique, i.e.; ]-PARC muon g-2/
EDM and also clarification of the SM prediction

® Rich muon LFV programs in progress at ]-PARC (COMET, DeeMe), PSI (MEG Il, Mu3e) and
Fermilab (Mu2e).

® Belle Il at SuperKEKB provides rich programs w/ large sample of tau decays, complementary to
muon projects and also provides inputs to the muon g-2 anomaly from on-going experiment.

® There are various ongoing, planned and proposed EDM experiments. Recent electron EDM
results are intriguing.

Many challenges are in progress and interesting results will
come in 2025~ and 2030°s!

Gambaro (D AIEX3 5) I! & Stay Tuned!.'!_'_hank you!
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Search for UI"N—e-N

“Muon-to-Electron Conversion in Munic Atom (U'N — e- N)” A~ N l
® One of the most prominent process of muon LFV ( — 0T ) —y C )
w + (A, Z2) —e + (A, 2) ‘
muon decay in orbit
Signals: nuclear muon capture u- — e v
a mono-energetic electron _
& W+ (A Z) s v+ (A, Z - 1)
Ee ~ MMy, — Ebound,u — Erecoil ~ 105 MeV
Backgrounds:
® Physics backgrounds preTmemnesmsna e ‘ e.g.; Excellent extinction O(10-12)-
100 ns ' Main Proton Pulse :
= L Shaianad O(10-'") in MR confirmed at J-PARC
® Beam-related backgrounds 3 T/ e \* (10°1) J
'\"-P_r(_n??t-l_};:c_k -g fo-u-n-d ----"' Extinction at MR Abort w/ FX (8GeV, 2018)
® Cosmic-ra)’ induced T |§m-°E — !
. . . . / P Timing Window q 10"
Extinction is essential
o # of leaked protons in between bunches i o
Extinction =

lllllllllllllll

- 11 1 l 1 1 1 1 1 1 1 1 1 1 1 1 l 11 U I 11 1 1
_ 80 100 120 140 160 180 200 220 240 260 280
< _ > Time (118) RF voltage (kV)

# of filled protons in main bunches




