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cervaom e The Nobel Prize in
i w1 Physics 2013

Where Are We?

- Looks (a little) different from what we expected ™ & ™ .4
¢ Higgs boson with a mass of 125GeV discovered at LHC in 2012
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¢ Non-observation of supersymmetry it
- On the other hand, obviously, the Standard Model (SM) is not satlsfactory

- We should tackle the problem with different approaches including high
precision probes at low energies such as

e Electric Dipole Moment (EDM)
e Magnetic Dipole Moment (MDM)
¢ Lepton Flavour Violation (LFV)

¢ Lepton Flavour Universality Violation (LFUV)

- Note that there are some interesting hints of deviation from SM in the
low energy phenomena
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Why to Take These Approaches?

- Large contribution expected from new physics
- SM contribution strongly suppressed (No SM background)
- Complementary to energy frontier experiments
 Colourless particles not strongly constrained by LHC
 Physics at very high energy scale beyond LHC reach is accessible
- Direct study on flavour structure of new physics
- Large samples available with high intensity accelerator
- u (PSI, TRIUMF, J-PARC, Fermilab)
- T ((Super)KEKB, PEP-II, LHC)
- Development of technologies to enable sensitive experiments
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Table 8
“DNA” of flavour physics effects for the most interesting observables in a selection of SUSY and non-SUSY models

Yo % Y signals large effects, Y Y visible but small effects and Y implies that the given model does not predict
sizable effects in that observable.
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€K * 1. 0.0. 000 6. ¢ Gl ¢ * * % 1. 0.0,
Sy *hkk kkk Kkkk Kk * 1.0.0. 0. 0.6
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W.Altmannshofer et al., Nucl. Phys. B 830(2010)17

Low energy probes have broad sensitivities to BSM models

W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada



 Introduction

- EDM
* Muon g-2
* Lepton Flavour

Violation

* Lepton Flavour
Universality

 Summary




Electric Dipole Moment (EDM)

- EDM: Separation of particle charge along angular momentum axis
e Non-zero EDM violates both P (parity symmetry) and T (time-reversal symmetry).
¢ Also violates CP (C: charge conjugation), assuming CPT conservation

- New large source of CP violation (CPV) is required to explain
matter-antimatter asymmetry in the universe
e EDM induced by SM (electroweak) CPV is too small and far beyond experimental

reach KM g
¢ Possible large enhancement of EDM by new physics de ~10""e-cm

— Physics motivation of EDM search
e New physics
e New CPV source

H=—(uJ-B+dJ-E)/J
T
o _ i

Courtesy of P. Schmidt-Wellenburg
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EDM Experimental Approaches

 Various systems (neutron, muon, atom, molecules,...) are utilised
¢ Different approaches to study different CPV parameters

Origin of EDIVIs

.. of mostly composite systems!

Energy
A fundamental CP—odd phases
TeV — ‘*

Direct limits S
Active R&D ([7.]) ‘ o\
Qb 1= @ [ 6.dqdgw |

’ C
K ‘\ [ ge'C qq ] l

nuclear 75 -
g CSPT

7

| 8 NN I m& proton EDMs

”
”
- = = = ———— -

/ \\ \‘\ EDMs of . e
/ ‘.« | nuclei and ions \
// A deuteron, etc) 8‘
S Q
Solid state EDMs of paramagnetic els
EDM effects | . atoms & molecules ~ EDMsof
GdIG,GdYIG, TI,.Cs }[,YoF diamagnetic atoms
EU,Ba)TiO Fr,PbO, ThO,HfF+,WC.. Hg, XeJRa, Rn .. |
( 1O, ,PbO, ThO Courtesy of K. Kirch
Adapted from:

Pospelov, Ritz, Ann. Phys. 318 (2005) 119
Klaus Kirch  St. Petersburg FL, May 30, 2\, Raidal et al., Eur. Phys. J. C 57 (2008) 13 7, Ottawa, Canada




EDM How to Measure EDM?

« Common approach
e Apply small but well-controlled B-field for spin precession
e Apply strong E-field
e Measure Larmor frequency shift in splitting of magnetic sub-levels

A

hv,, =2(u-B+d-E) .@» WAV < Ad - E
. hv, =2(u-B-d-E)
B E

Sensitivity 0d 1
p E- \/N
\ \ Measurement time
Enhancement factor /‘ # of particles  Lifetime of system

Polarlsatlon Electric field
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EDM Paramagnetic Atoms and Molecules

* Tl, Cs, Fr, YbF, PbO, ThO, HfF+, WC, ...
- Sensitive to electron EDM
- Large enhancement factor ~10Z3a? for paramagnetic atoms

- Additional enhancement by large internal electric field
(z10GV/cm) for polar molecules

e Even further enhancement with combined polar molecule Fr-Sr

- Best upper limit on electron EDM
¢ |de|<8.7x10-29 e-cm (90% C.L.)

Electric Field Plates

<€ > & 7, -
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Readout Lasers
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Beam of ThO Fluorescence
Molecules : Collectign
¥

J. Baron et al. (ACME), Science 343(2014)269

W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada



EDM Diamagnetic Atoms

- Most sensitive to P, T-odd nuclear force

* dHg=~10-3dqc (chromo EDM of quark): suppression by Schiff-
moment of ~103

- Hg, Xe, Ra, Rn,...
* |dHg-199|<7.4%10-30 e-cm (95%C.L.)—

e Limiting various CPV parameters Parameter]  system 05% L.
de ThO 9.2 x 10~*Y e-cm
Cs ThO 8.6 x 1077
199 —T0
HV coax cable (RG58) Magnetic shields Magnet coil qg 199Eg 22 a 10_12
. e g .8 x 10
Electrode (+10kV) 70 neutron 99 % 10~ 12
Vgﬁg?nston A g71r 199Hg 38 % 10 13
Jr TIF 4.1 x 1019
OT —2 199 — 11
cell Jr Hg 2.6 x 10
MT dy’ neutron 3.3 x 107%° e-cm
cell a5 TIF 8.7 x 102 e-cm
(I\;/Ie% d,” 99Hg 2.0 x 10~%° e-cm
OB Other parameters
cell dg ~ 3/4d, 2.5 x 107%° e-cm
9 ~ gv/(0.02) 1.9 x 107"
dg —d, |5 X 10_15§71T e-cm| 2 x 10727 e-cm
Vessel (0V) Groundplane ‘y y‘
a) HV feedthrough Z b) Vessel Electrode X

T. Chupp et al., arXiv:1710.02504v1
B. Graner et al., PRL 116(2016)161601
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EDM Neutron

Courtesy of P. Schmidt-Wellenburg

\ ( Best current limit: d, < 3><10‘26ecm’9 /
. 4
“

— /

* PNPI: Measurement at ILL concluded — and published d,, < 5.5x10"2®ecm**
UCN source equipment ready for WWR-M reactor
e PSI: data-taking concluded — analysis ongoing, setup of new apparatus
 TRIUMF/RCNP/KEK: construction of new source for TRIUMF
* SNS: UCN source & experiment are one apparatus, construction of half/scale prototypes,
finalization of design - Start of measurements in 2023
e TUM: Experiment moves to ILL to new source “SuperSUN” - Start 2020
 LANL: UCN source upgrade finished: factor 3 increase — construction of Ramsey apparatus

(STOT) TOSSSO ‘26 D MIIATY TVIISAHd «
£€00¢60 (GL0c) ¢6 Add “Ie 38 Anqgsjpusd "N

- Modest improvement expected in next years (PSI-nEDM, PNPI-UCN nEDM at ILL)
* x10 improvement (~10-27 e-cm) expected in next 5 years
* Also aiming at ultimate goal down to ~10-28 e-cm
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EDM Japan-Canada nEDM

- New ultra cold neutron (UCN) beam line constructed at TRIUMF

 Phase 1

e UCN source and EDM apparatus moved from Japan

e Start in 2018
 Phase 2

e Target sensitivity: dn < 1027 e-cm
e Start in 2020

New UCN beam line at TRIUMF
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T. Kikawa, nEDM Workshop 2017
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EDM PSI-nEDM

- Data-taking completed

- Preparation for new apparatus (n2EDM) has been started

e x10 sensitivity: dn < 1x10-27 e-cm in 500-days DAQ
e Data-taking will start in 2020

n2EDM Experimental limit Theory
expectation
| 1 | 1 | 1 | 1 | 1 | 1 | 1 | | 1 | 1 | |
ll Straight
if"ﬁim - O ORNL Harvard
at optim: ©  MIT, BNL
beampo A NPl
Q V¥ Sussex- RAL-ILL
. ® nEDM @PSI (expected 2018) I
" n2EDM @PSI (goal) }Sens't""ty S
2
o 53
o A E
AY >
A z
A
VA AL N 7}
M v current limit
|
—
—

- Standard Model

! | ! | ! | ! | ! | ! | ! | ! | | ! | ! | ! |
1960 1970 1980 1990 2000 2010 2020 [heemenersoanciion o,
Publication year

B. Lauss, nEDM Workshop 2017
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muon g-2
g-2 - _ Qe-

- muon anomalous magnetic moment a-= T u=85 3
¢ |In SM, a=0 at tree level and az0 due to radiative corrections

¢ Further corrections could be induced by new physics
A long-standing anomaly
e E821(BNL) results on a, : 3.60 deviation from SM prediction

o Effect of new physics?

- TwWo experiments are in preparation to test BNL results with
improved precision (FNAL/E989, J-PARC/E34)

x10-10
350 FUTURE
30.0 _ _
= 250 ¢ FE821FINAL VALUE < $ | xa SM contributions
E -
= 200 1 %
4 v
2 150
ij, - 360 W W
100 I W
< 50 : i _ — Py T .
- F : ?
0. Theory ..!I_Q P | { s )|(2 : QED EW QCD UNKNOWN
- R R 4
-5.0 - 2006
11 1 1
100 - PRD 2009 Hiz_mT
iolgl‘_t Proposal 2016
2007 2011 DHMZ*
“Physics Case” DHMZ

Courtesy of D. Hertzog
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muon g-2 Experimental Method

* Muon g-2 and EDM measurement

In uniform magnetic field, muon spin rotates ahead of
momentum due to g-27 0

general form of spin precession vector:

H=——|a B-|a — 21 'BXE+Q ,E’XEJrE
m| " “oyt-1l) e 2 %
BNL E821 approach J-PARCapproach
y=30 (P=3 GeV/c) E=o0atanyy
\/ \/
b=-<|a,B+l /;’x1§+E @:_E_a E+Q(sz§)_
m_ 3 2 C | m| H 2 |
FNAL E989 J-PARC E34

Courtesy of T. Mibe

W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada



muon g-2 FNAL E989

- Goal
e x21 statistics, x3 lower systematics (0.46ppm — 0.14ppm) w.r.t. BNL results

¢ x10-30 sensitivity to muon EDM
- Experiment is fully built!

W ASS

Electromagnet of E821 moved from BNL to FNAL <28 \,'fl

N [ IBMS detectors along
=l  incoming beam corridor

NS

"
N

25 ‘ / % . l i / o, : § ’ ;r} “ > < \\‘} \..‘
24 Calorimeter stations located all around the ring B SF<, =
& - . - . / b

5 \' h,} v“;'\Tw - _.._.,_,

J. Holzbauer, NuFACT 2017 Courtesy of D. Hertzog
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muon g-2 FNAL E989

- Commissioning has been started!

¢ All instrumentation works quite well
¢ First “wiggle plots” have been produced
e Spin precession vs. time on top of muon life-time

- Acquire physics data with x1-3 BNL statistics for this year’s

running Number of high energy positrons as a function of time
2] [
@ u —~—data
é‘ B § — fit
c 10° = &
3 k& |
10° & 3

10 &=
B v Fermilab Muon g-2 collaboration
B A Commissioning Run, June 2017
- “(g-2m PRELIMINARY
:I 1 1 | I 1 1 | 1 | 11 1 | I 1 1 11 I | 1 1 1 I 1 1 11 | | 11 1 I 1 1 | |
0 10 20 30 40 50 60 70 8

0
time modulo 80 us Courtesy of D. Hertzog
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muon g-2 J-PARC E34

- Muon g-2/EDM Experiment at J-PARC (E34)

e Storage of ultra cold muon beam with super-low emittance

e Completely different approach w.r.t. BNL/FANL
experiments

¢ Staging approach: 0.37ppm (stage1) = 0.1ppm (stage?2)

| Silicon
Tracker

3 GeV proton beam
(333 uA)

Production. target
(20mm)
e

"t

Surface muon beam
(28 MeV/c)

I

Muonium Production
(300 K~ 25 meV=2.3 keV/c)

Pl
"""'\
,.
5. &

Super Precision Storage Magnet
(3T, ~1ppm local precision)

Courtesy of T. Mibe
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muon g-2 J-PARC E34

e Surface muon beam, muonium production, muon acceleration, detectors,.

- Good progress in R&D

- Moving from R&D phase to construction phase
e 4 years for construction once budget/resource is available

Positron tracker
I “ \ \ /

First wofkihg test module
am (June 2017)
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‘ _ \A‘ ,. £
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H-line construction

T
Weyg,,,, SAINOA
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XING

Ny,
3/

MuSEUM (Mu-HFS, uu/up)
DeeMe (mu-e conv.)

Photoby R. Kitamura

Courtesy of T. Mibe
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EDM Storage Rings

- Angular frequency of muon spin precession with EDM

(E+ﬁ><}§)} d,
C

e

&=——
m

. Motional electric field at muon’s rest frame can be very large (~GV/m).

=

{a}§+

_@

BxE| 7

¢ |72

E" = ycﬁxﬁ,

eh

2mce

n
=§(

)

The basic idea

E* = # x B can be very large (GV/m)

E=vxB

» Turn off g-2 precession with momentum lower than “magic momentum” and a radial electric

field

- 1/(B*y*) > a
* E = Ey = aBcBy*

particle| J a I ~ | |B] E| E'|/y | R | 05 | Ref.
(units) (GeV/c) (T) | (kV/cm)|(kV/cm)| (m) |( e cm)

p~  [1/2]+40.00117| 3.094 | 29.3 | 1.45 0 4300 | 7.11] 10~°" | E989

0.3 3.0 | 3.0 0 8500 [0.333| 107! | E34

0.5 5.0 | 0.25 22 760 7 | 1072* |stEDM

0.125 |1.57| 1 6.7 2300 |0.42 | 1072* | PSI

pT |1/2[+1.79285| 0.7007 [1.248| 0O 80 80 52.3 | 10~*” |srEDM

0.7007 |1.248| 0 140 140 30 | 107*? | JEDI

d™ 1 |—0.14299| 1.0 [1.13] 0.5 120 580 8.4 | 107% |srEDM

1.000 | 1.13 |0.135| 33 160 30 | 107*° | JEDI

He™™ [1/2|—4.18415| 1.211 | 1.09 [0.042]| 140 89 30 | 1077 | JEDI
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cLFV Search History

10° T T I
A Original plot for past experiments from Annu. Ref. Nucl. Part.
- Sci. 2008. 58:315-41 W. J. Marciano, T.Mori, and J. M. Roney
102 -
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é 108 | * -
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1940 1960 1980 2000 2020
For SUSY Year

R(pAl—-eAl)/B(p—ey)=2.6x10-3
B(p—3e)/B(p—ey)=6x10-3

Getting sensitive enough to explore new physics!
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ur—ety

- Signal

/‘ - Back-to-back
« Mono-energetic
« Ee=52.8MeV
- E,=52.8MeV

| - Coincident in time

| 1- Background

* Prompt background: p—eyvv

« “Accidental” overlap: p—evv + Y <—Predominant

M+A: ' VWA
77\ 7

D !
Nf‘ﬁ\ v

- SM contribution negligibly small (B~10-54)

- Possible enhancement of new physics contribution

car- : SM NP
within reach of state-of-art experiment r .
- Requirements for sensitive p—ey search /\N{V /){
* High intensity continuous muon beam . . X
M v Ve O L A e

« Good detectors

* Precise measurements of energy, timing and angle both
foreandy

- Operational at high rate environment (stability and
pileups...)
 Current bound
e B(u+—e+y) < 4.2x10-13 (90%C.L.) (MEG in 2016)
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MEG II

- Leading LFV experiment, looking for p—ey
e Current bound: B(u+—ety) < 4.2x10-13 (90%C.L.) (MEG in 2016)
e MEG upgrade (MEG ll) with a projected sensitivity of ~5x10-14in preparation.

- MEG |l detectors with significantly improved performance
e Much higher resolutions and efficiencies for both photon and positron detectors

e Twice or higher p intensity, fully exploiting world’s most intense DC p-beam at PSI up to
~108 py+ beam

New electronics:

Wavedream
M Liquid xenon photon detector
] COBRA Fo 22280000 , (LXe)
590MeYV ring cyclotron @PSI Supercﬁuctmg nagne: e SINSUIRE
- . : . 8 g -~ | LR X PPN

x2 Beam
Intensity

x2 Resolution

everywhere §

Updated and
new Calibration

Pixelated timing counter
(pTO)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)
(RDQC)

=

Courtesy of A. Papa

W.Ootani, “Commissioning of LXe Photon Detector for MEG Il Experiment”, 2017 IEEE NSS/MIC, Oct. 21st-28th, 2017, Atlanta, USA



MEG Il Status

* Detector commissioning in progress

* Full engineering run with all sub-detectors will start in 2018,
which will be followed by physics run

Lnin "
L)

e

LXe photon detector

positron timing counter

’ .
& e ';31.‘_‘_
\! v ) ; ey
\ - o
b . i
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H ]
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u-N—e-N (u-e- conversion)

cate o Bevond standard model
s-state in a muonic atom J1-e conversion ]

/ u +AZ)y—=c +(A.2)
Photonic Non-photonic
- Signal
- A mono-energetic electron
B, ~ 105MeV

Standard model *Ee=my -
* Muonic atom lifetime (~1us for Al target) = delayed measurement

Muon decav in orbit (DIO)

U — e‘w_/ev” - Background

- Muon decay in orbit (DIO), beam related, cosmic-ray,...

- No accidentals!
» Best limit: 7x10-13 (SINDRUM Il) Delayed measurement to avoid

Nuclear muon capture
w +((AZ)— v, + (A,Z-1)

\ y,
beam related BG
- Advantages A T s protm pule -
P 10 plpubo
- Sensitive to both photonic and non-photonic processes ~

- Delayed measurement with pulsed beam to reduce beam related BG
- Target dependence to discriminate interaction types

- Challenges
- Need high intensity and hight purity pulsed p-beam of O(10'1) u/s

- COMET@J-PARC, Mu2e@Fermilab, DeeMe@J-PARC 0 Time (us)

/St(pood Mucn Decay
- . Timing Window

-~

Arbitrary Unit

1
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u-N—-e-N COMET@J-PARC

- Staging approach @COMET
* Phase-l: SES 3x10-15(~5 month) + beam BG study
* Phase-Il: SES 2.6x10-17 (~1year)

Pion Capture Section

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

9

Pion-Decay and Muon-

Transport Section

A sectionto collect muons
from decay of pions under

Sm
———asetenetdal magnetic
field.

- T 3 m‘
- &""k‘.‘ﬂ% i

Linac ©¢

i o
bl i et

Fast eXtraction
qﬂ,eutrmo Beams,

= CY2007 Beams

b | == JFY2008 Beams J;,

g [ = JFY2009 Beams : Facﬂlty
o d's ey uarng 8

oin 8
SGeV 3.2kW pulsed proton beam in Phase l, 4/9 (or3/9) bucketsfilled in MR

COMET Phase-ll

For R~10* muon conversio

measurement
* 56 kW protonbeam
 1yearDAQ

g
<
%

l etector Section
\A detectorto search for
s muon-to-electron

‘Q\ conversion process
M. J. Lee, NuFACT 2017




u-N—-e-N COMET Phase-lI

* -N—e-N search with modest sensitivity (SES 3x10-15)
using CyDet

- Beam BG study in final operation mode with StrECAL

ot | COMET Phase-ll
section to capture pions

with a large solid angle For R~107 muon conversio
under a high solenoidal

Pion Capture Section

- measurement
magnetic field by
superconducting magnet * 56 kW proton beam
Transport Section ° 1yearDAQ
Pion decays to muon, with
momentum and charge COMET-Phase-|
election
I%ls Stopping For BG measurement,

R~105 muon conversion

* 3.2kW proton beam

Detector Section e Half year DAQ

A detectorto search for
muon-to-electron
conversion process

M. J. Lee, NuFACT 2017



CDC for CyDet: ready
- ;

u-N—-e-N COMET Status —

- Stage-2 approval of Phase-I (fully funded, beam will be delivered)

s

* Physics data-taking will start in 2019 though it depends on budget allocation

« 5-month data-taking to reach ~10-15
- Phase-Ill physics data-taking in 2021-2022
 1-year data-taking to reach ~10-17 M. J. Lee, NUFACT 2017

Transport solenoid: ready

COMET proton beam line
qnder construction

P I P N PEFETE PR
-800 -600 -400 -200 O 200 400 600 800
X [mm]

StrECAL Integrated beam test

TS1 cold Mass CS cold Mass
(TS1 coils + Shell) (CS&MS coils + Shell)
[ Extinction @ J-PARC MR Abort ] 151 :.htermlshield Vacuum vessel CS thermal shield
Drotef—1;

§

- Measured extinction <3x10-11

10"k extraction timing : P4

Measured Extinct

'odl
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u-N—-e-N Mu2e@Fermilab

Production Solenoid Proton Beam

- Target S.E.S.: 3x10-17 : / etector solenoi

- Existing Recycler and =
Debuncher at Fermilab N
(8GeV, 8kW, rebunched@1695ns)

- Important differences w.r.t. COMET Tracker
- S-shape transport solenoid Fermilab-&
« COMET: C-shape

- Positrons can also be measured— different process |
U_N_’e+N’ ol Recycler Ring

« COMET: electron only

* Muon stopping target in detector solenoid

- COMET: detector after electron transport
solenoid — lower detector hit rate

* No conflict with NOvVA experiment

« COMET can’t share the beam with other
experiments.

eratQr complex
QL X

Recycler to P1 connection
and Extraction Kicker

* No phased approach

« COMET: ~10-15@phase-| (105days)
—~10-77@phase-Il (1year)
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u-N—-e-N Mu2e@Fermilab

* Mu2e building completed

* Production of solenoid coils
underway

 Beam line under construction

- Starting production for detector
elements

- Commissioning in 2021 =
- Data taking in 2022-2024 Ry o = Accéleratorwork ~50% complete;

= solenoid work ~60% complete

Calorimeter crystal test

-

i =5 3 [
4 P

5 4 L. o -

4
-
| B

. ot e |
v - g
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ut—ete-et Mu3e@PSI 7T Foa

TR A RN e
- Mu3e @PSI * 2pi=0 g i oy
- TE5@PSI for phase-| (shared by MEG) * Same vertex ¥ . .
- ~108 p+/s on hollow double cone target * Background
- Thin silicon pixel tracker (HV-MAPS) * Accidentals
- Scintillating fibre/tile detector for timing * Radiative decay

Tile detector « Current limit: 1.0x10-12(SINDRUM)

Superconducting
solenoid Magnet

Fibre hodoscope

MIDAS DAQ and Slow
Control

Muon Beam and
target
Mupix detector

Courtesy of A. Papa

Canada



Mu3e compact beam line @nE5

ut—ete-et Mule Status B |

* Phase |
- Sensitivity goal: 2x10-15(300days DAQ)
» IES beam line at PSI with 108 p+/s
« Detector R&D completed and construction in preparation

* Technical design report to be published soon

Mupix8 (First large prototype
2x1cm? for Si tracker)

* Full engineering run expected in 2019

oy, 2,

- c

11

TRTR) g
* Phase I 4 wy ||.nm{umuuu}r/“?
o . BN
- Sensitivity goal: 10-16 Z o0
160 - : 1000 ‘
- Need higher intensity muon beam up to 10° p+/s (HIMB 140

project @PSI)
7 Scintillat tile prototype

TR

Mu3e Magnet
Expected in first half of 2019

00 20 40 60 80 100 120 °

column
Flexprint Preliminary hitmap of a Sr-90 source
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LFV T Decays

- 109 T-pairs collected at Belle/BaBar

« 48 channels of LFV t-decays studied down to O(10-8) sensitivity

- N w L (2] (=2} ~
(=4 (=4 (=4 (=] (=] (=] o
TT[TTTT[TT T[T T[T TIT[TTI T I[TITTT

Integrated luminosity (ab™)

Goal of BeIIeII/SuperKEKB

Cl)iq)iﬂJiq)i

35 of
« Similar results from LHCb g0

- O(1011) T-pairs will be collected by Belle Il at SuperKEKB 5t :

o Sensitivity & 2‘5:14 2016 '20‘18‘ 2oéo 2022
- T py: O(10-89) BG dominated E::Z ;EE:”‘;TITV'V'/)WXD)
« T, T l+meson: O(10-©-10) still clean " Phase 3 (Full Bellell)
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cLFV Searches LHC

 H—pe/pyt/et, Z—- pe/ut/et (CMS/ATLAS)
* N.B. decay to pe strongly constrained by p-LFV experiments
- Small excess (~2.40) in H—put in 8TeV data at CMS

— Excluded by 2016 data with improved analysis Br(H—pe)<0.25%
(0.25°/o exp.)

PLB 749(2015)337

CMS PAS HIG-17-001

. CMS rreliminar 359fb" (13 TeV
19.7fb1(8TeV) IIi||||Illyl|||||||||||||||I(|||||)
> - e Data - BT, o 0 Jets :
o - CMS 7 0.51% (0.43%) i .
O 60 — [ ] Bkgd. uncertainty  _| - h—pe: BDT Fit —
8 B + SMH 7 e o1 Jet l ® Observed
> B : : y 7 0.53% (0.56%) X Median expected
i) L] [ —
S 30— I Other ] w2 dets [ 68% expected
— — had
|_|>J = . N i, ¢, t - 0.56% (0.94%) l [ ] 95% expected
T 40 . [ | MisID'd 1, e, 1 _ Ve — .
= e e LFV Higgs, (B=0.84%) ] M o l —_
-% B ggs, ( ) 7] 0.51% (0.58%) H |~|T
o — _
; 30 L _ e, 0 Jets l
= B 7 1.30% (0.83%)
0 C 7] | _|
(d)p) 20 N ] e, 1 Jet .
%’ L _ 1.34% (1.19%)
10— —] b, 2 Jets -
B - 2.27% (1.98%)
= 0 - ut, VBF .
Els04EF 1.79% (1.62%)
T I= -
_9’ o 0 e
m(é g E 3 Hourt *
2 -0.1 E = 0.25% (0.25%)
a : - :IIII||||||||||l|l|||l|l|l|||
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95% CL Limit on Br(H-pr), %
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cLFV Searches Perspectives

10° T T I
Original plot for past experiments from Annu. Ref. Nucl. Part.
. A Sci. 2008. 58:315-41 W. J. Marciano, T.Mori, and J. M. Roney
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For SUSY Year

R(pAl—-eAl)/B(p—ey)=2.6x10-3
B(p—3e)/B(p—ey)=6x10-3
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cLFV Searches Perspectives

10° T T I
Original plot for past experiments from Annu. Ref. Nucl. Part.
- A Sci. 2008. 58:315-41 W. J. Marciano, T.Mori, and J. M. Roney
102 -
A A
107 & -
o “o I
= LA\
=
o 10° -
a 4
o Bell I
| 108 | * .
§ = L1y
W ou—ey .; =P —3u
101° ® u— 3e A A‘. A. - h
A pN—=eN oA A MEG(2)16)
1072 ‘ T — uy . A . -
A T—3u =P MEG II
10-14 1 1 |
1940 1960 1980 2000 2oa_et COMET I
Mu3e 1
For SUSY Year
R(pAI- eAl)/B(u—ey)=2.6x10-2 = COMET I1I/Mu2e
B(p—3e)/B(p—ey)=6x10-3

A lot of new results coming in next decade!
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* Introduction
 Dipole Moments
- EDM

* Muon g-2

* Lepton Flavour

Violation

 Summary




Lepton Flavour Universality

- In SM, couplings of leptons to gauge bosons do not depend on lepton
flavours

- Lepton Flavour Universality (LFU)

« Any observation of LFU violation = Unambiguous evidence of new physics!

- Some hints of deviation from SM predictions in recently measured semi-
leptonic B-meson decays.

- B—-KOI+I-, B—D0OIv
- R(D™), R(K™), Angular observable Ps
- Experimental and theoretical uncertainties greatly suppressed by taking ratio

o
VT
W-
B 7 RN K*0
T ¢ "\
. 5
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R(D™)

- Test LFU at semi-leptonic decay B—D0llv

- Experimental and theoretical uncertainty greatly
suppressed by taking ratio

* 4,10 deviation from SM in combination of R(D) and R(D*)

B(B — D™ 1v)
B(B — D™ 4v)

R(D™) =

#+/T+
9/6\ [ T T T ' T T T T I I T T T T I _]
05F BaBar, PRL109,101802(2012) ’ —
b N v a) - ——— Belle, PRD92,072014(2015) Ax” = 1.0 contours .
4 Y - LHCb, PRL115,111803(2015) SM Predictions -
B 045 [~ Belle, PRD94,072007(2016) = _
"7 ——— Belle,PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) -
¢ ~ == LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -
D* 0.4 . [] Average R(D*)=0.252(3) S. Fajfer et al. (2012) __]
035 . =
n l S a
03 [ ) T
b n T - -
025 <> =
B n _
- | FPCP 2017 |4
02 | | | P(X2)=71.6;7o—_
0.2 0.3 04 0.5 0.6

R(D)

W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada



R(K(*))- R0 = B(B® — K"t p”) / B(B® — K*%cTe™)
K7 BB = K /(= utp)) /| B(BO = K0J/j(— ete))

- Test LFU at semi-leptonic decay B—KU)/+-
 Very precise SM prediction in double ratio

- LHCDb: 2.1-2.306 (2.4-2.50) deviation from SM in low (central) g2 (JHEP 08(2017)55)

2.0 i I I I I l I I I I l I I I I l I I I I ]
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Summary

- High precision probes at low energies such as dipole moments,
LFV and LFUV are powerful tools to hunt for new physics
beyond Standard Model

- Very high mass scale beyond LHC reach can be explored

- Physics motivations higher than ever with non-discovery of new
physics at LHC

* Already constraining new physics with some interesting hints of
deviation from SM and significant improvements expected in

the next 5-10 years
- Let’s see how the tensions will develop
- Good chance of discovery(ies)
- “Discovery” is not the end of the story!

- Possibility to pin-down new physics model from “pattern”
measured in multiple probes

W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada



Summary

- High precision probes at low energies such as dipole moments,
LFV and LFUV are powerful tools to hunt for new physics
beyond Standard Model

- Very high mass scale beyond LHC reach can be explored

- Physics motivations higher than ever with non-discovery of new
physics at LHC

* Already constraining new physics with some interesting hints of
deviation from SM and significant improvements expected in

the next 5-10 years
- Let’s see how the tensions will develop
- Good chance of discovery(ies)
- “Discovery” is not the end of the story!

- Possibility to pin-down new physics model from “pattern”
measured in multiple probes

The next decade is going to be really exciting!!
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Thank you for your attention!
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Ps In b sl

® 3.40 (LHCb), 2.10 (Belle) deviation from SM in Ps'in 4<q*<8 GeV?
® Belle also compared b — see and b — supu

® 2.60 deviation for P;'* versus 1.3o0 deviation for Ps'¢

_ . , / .
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Reach of Low Energy Probes

|mB|:|mW|:3TeV, ImglleTeV
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EDM Limits History

@ |ILL,n
1E-24 ® PSI| n
— -~ ® SNS,n
& 1E-26 =
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Figure 7. The past experimental sensitivity as well as the expected sensitivity of several experimental
methods 1s shown here. The various electron EDM efforts have a similar goal as the Xe, Rn and Ra
efforts and at approximately the same time period. The physics reach of the different systems varies.

At present, the physics limits are dominated mostly by the '*’Hg, but also **T1 (at 1.6x10"e-cm for
the electron, see text) and neutron EDM results.

Yannis K Semertzidis 2011 J. Phys.: Conf. Ser. 335 012012
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cLFV

ratio LHT MSSM (dipole) | MSSM (Higgs)

= e 0.02...1 ~6-107° ~6-107°
e ) 0.04...0.4 ~1-1072 ~1-1072
Brle i) 0.04...0.4 ~2-1073 0.06...0.1
el e s ) 0.04...0.3 ~2-1073 0.02...0.04
Bl e 0.04...0.3 ~1-1072 ~1-1072
i oeee) 0.8...2.0 ~5 0.3...0.5
Brir ou pop ) 0.7...1.6 ~ 0.2 5...10

) 1073...107 ~5-1073 0.08...0.15

M.Blanke et al., Acta Phys.Polon.B41(2010)657

Correlation btw cLFV processes strongly depends on BSM models
—possibility to discriminate BSM models after discovery
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cLFV Searches Strongly Constrain NP!
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