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Unravelling the mysteriesof "JPHHE

o Outline

® Infroduction
® CLFV physics with DG muon beam

® CLFV physics with pulsed muon beam

® Prospects and summary
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Violation '

W

® cLFV rate in the Standard Model with non-zero neutrino <
mass is too small to be observed in experiments; 0(BR) < 10-90

M Vu Ve e

® No SM Physics Background
® (Qbservation = clear evidence of NP

e Motivated by many kinds of new physics models BSM

® Origin of nevtrino mass

uM—eY M-e conv. M—eee
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Unravelling the mysteries of "!"‘Pﬂﬂc

pc Beam ahd PUIsed Beam

® Pulse beam for non-coincidence experiments

® PC beawm for coincidence experiments

. a ] [}
® Decay of pions stopping on the material Pion decay in flight

surface. Muons are polarized

® [-e conversion

® uU—ey, M—eee

1-2 s

New Tools for the Next Generation of Particle Péysics and Cosmo[ogj
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Unravelling the mysteries of
matter, life and the universe.
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MEG final result
4.2 x 1013

10 " ™ Phys. Rev. Lett. 9, 36 (1962) 1977 PSI
|____G. Danby, J-M. Gaillard, K. Goulianos, L. M Lederman
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Unravelling the mysteries of ' !,"PHHE

" Muon cLFV experiments

1990 1995 2000 2005 2010 2015 2020 2025
H—eY

1 .2x}"l o-1 1.2x10-11
LAMPF
(pulse) MEG
PSI (DC)
MEG II
PSI(DC)
-e conv.
8 COMET
MELC MECO J-PARC(pulse)
BNL (pulse)
7x10-13 MuZ2e
~ SINDRUMII * FNAL puise
PSI(50MHz-pulse)
M —eee
1x10-12
\ 2 Mu3e
PSI (pulse)
SINDRUM
PSI (DC)
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= Gurrent Status of Charg'e"b""””f
Lepton Flavor Vlola’non Search

o pey

® MEG Br(p—ey) < 4.2x1012

=) MEG I

® U—eee % -
PSI Ring Cyclotron
® SINPRUM BR(u—eee) < 1.0x10-12 590MeV, 1.4MW

=) Mu3e

® SINPRUM Il Rip-e: Au) < 7x103 g g
» COMET/MuZ2e w\\‘ NAL  8GeV, 3.2-56kW

New Tools for the Next Generation of Particle Physics and cos mocfaeV, 8kW

® [1-e cohversion
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Unravelling the mysteries of
matter, life and the universe.
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MEG II: p*—e*y search o

® MEG achieved 4.2x10'°@ 90%Z C.\.

: COBRA “
® Packground was dominated by ¢ oerconducting magnet it

Accidental event overlaps \

Unravelling the mysteries of
matter, life and the universe.

Liquid xenon photon detector
(LXe)

® MEG Il aims at twice better
resolutions than MEG in all
components

® Double the muon beam rate

® 7x107 mwuon stops/s

Newsiiezs: Pixelated timing counter
A (pTC)

® New detector to tag the radiative Muon stopping target
muon decay event Cylindrical drift chamber

Radiative decay counter (CDCH)
® New calibration method (RDQ)

Target Sensitivity : 6x10-14 in 3 years running

New Toofs for the Next Generation of Particle Péysics and Cosmo[agj
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s g ' PARC
Highlight of MEG Il Petector Upgrade
' . Background
® Based on experience in MEG | ,,\*”\A DOTS%
® Liquid Xe PD Positron DC, Timing Counter v o

| Present

Upgrade

! [Single Volume
Low mass
| |Stereo-wire DC

120 mm  thickness: 5 mm

N ]
LXe Pixelated TC
2inch PMT —VUV SiPM with SiPM readout
ot~35psec

New Toofs for the Next Generation of Particle Péysics and Cosmo[agj
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Unravelling the mysteries of /

- SPARC
MuZe: u—eee Search

® Another channel sensitive
to cLFV with PC wuon beam

® 1.0x1072(907 CL.) by SINVRUM T
® Goal: 1016 in 2 steps =
Signal Acc. Overlap
® Measure all electron tracks || sp-o0 > 00

with extreme precision At=0 ,f ¢ A0
® bBackground source

LLIIS 1S 1 1L DIVALICAl L] _J

Mu3e Phase |

—
(=]
n

@ ['—e'eevv

L — eee
at 1072

L — eee
fat 10"

L — eee
"at 107

® Beawline is shared with e

at107°

10 Combinatorial Bkg
MEG " Irreducible Bkg

Additional suppression
10°°

due to Timing detectors
9% 98 100 102 104 106 108 110

M;ec [MeV/c?]
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® Accidental overlap

Events per 0.2 MeV/c?
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Unravelling the mysteries of
matter, life and the univers

Mowentum Resoluti

Vass ;
%%/ Momentum Resolution
Standard spectrometer: “Half turn” spectrometer:
MS MS

multiple-scattering
_____ R angle

~
~
N
; e

MS

X)E

O, _Ous

~

=P
P Q

(linearised)

()
732 ~ 0(912\45)

~ requires large lever arm ~ best precision for half turn tracks

-+~ measure recurlers
A. Schoning on behalf of Mu3e 17

+ large bending angle Q

/
 /

Recurl pixel layers 4

[(TTTTT T T T T T

Scintillator tiles

Inner pixel layers
—

——r uBeam Target

—

7

Ly gy Sonilatngfbres /

CLFV19 Conference

\/ Outer pixel layers

+ strong magnetic field (B=1T)
+ helium gas cooling

L
Y F-PRRC

on

transverse view:

helium atmosphere

Ultra-thin silicon pixel detector 1 per mil radiation length/layer

A. Schoning, CLFV19

New Tools for the Next Generation of Particle Physics and cosmology
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Unravelling the mysteries of
matter, life and the universe.

ector Preparation-=-

SiPM Array: Hamamatsu S13552-HQR

Tile detector prototype
Good enough ot

Tile detector

Superconducting
solenoid Magnet

Fibre hodoscope

’
fwhm/2.35 366 ps

MIDAS DAQ and Slow
Control

tiet — Ligne [ns]

Fiber hodoscope
Muon Beam and
e Beament prototype

Good enough o+

Mupix detector

Target prototype

Mu3e Vertex layer

2 cn

steel plates

1st large-area prototype
MuPix8 is being tested
MuPix9 & MuPix10 follow

wm + w5
R R

- used to test: \

1 « assembly procedures
i ‘E] y P

ML I
‘fﬂﬁu e |=1S1218)  mechanical stability (vibrations)

Lse) + helium cooling
pixel size 80 x 80 pm?

Netw Tools for the Next Generation of Particle Péysics and Cosmo
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Unravelling the mysteries of
matter, life and the universe.

Mu3e Status

® Moving from R&D phase iEsbeamine
to construction phase ==y

® Ready for production
in2019

® Detector construction
in 2020

® (ommissioning start in
2021

New Toofs for the Next Generation of Particle Péysics and Cosmo[ogj
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ratier. e and the unfverse: FU"’ u re pro spec‘l' s Of ‘t
High-intensity VC muon beam

o PSI HiMB project

® Pevelopment of high-intensity beam by modification of

existing target (TgM) and beam lines — goal of 1010
surface-p*/s

® New Target M Station (TgM) with 20mw thick graphite slab at o | 20 mmTgM
V] 5 rotated slab

® Split capture solenoid channel close to target
® One side: particle physics (high-intensity)

® Other side: materials science
(high-intensity, high-polarization)

@ Norwmal conducting solenoids Front-end: radiation hard
Copy of existing pE4 solenoids

| & et SO\
® First (simple) beam optics shows that 0(1010) p*/s can be | ’ s A . % |
transported — dg | ngi}i;guiuz .ﬂm@ng

New Tools for the Next Generation of Particle Physics and cosmology
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CLFV Physies with
pulsed wmuon beam

New Tools for the Next Generation of Particle Physics and cosmology



Al27

Ee:mu_Bu_Nrecoil

=104.9MeV

\\
~
\\
‘ ..

Mu-e conversion

+ Atomic capture of p-

e Pecay in orbit (PI0)

M —€eVeVy

o ¢lectron gets recoil energy

o Capture by nucleus

o -CPQ < -cpfl’ee (-cpAl = 8

H+(A,Z)2vu+(A,Z-1)

\- resultant nueleus is different

60 nsec)

* H-e conversion

v +AZ)—e+(AZ)
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Unravelling the mysteries of "!,"PHHE

~ Eleetron Energy Spec’rrUWl

run2000 on gold

|
rlaEh -:-L,_ measurement

K, ue2v simulation
A e simulation at B=10™"

SINDRUM Il

by,

SINDRUM I

events / 100 keV

Il BR[u- + Au —e + Au]
<7 x 10713 m
{1 | Ll
70 80 90 100

ETOT (MeV)
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gyt P"e CO"VQ rsion ooV -PRAC
Signal and Background

100 ns

PY si g“ al 4 h /// _~ Main Proton Pulse A
@ Electron from the muon stopping target E " PrompLRscgroune
with a characteristic energy with a > N
delayed timing E StoppedHuon Decsy
E Timing Window |
® Background >l
® Pecay in Orbit Electron | .
0 Time (“S) 1
H H 1.1 us
® Kad'aﬂve wuon cap’rure Tiny leakage of protons ?n between consecutive
pulses can cause a background through Beam Pion
o cosmic—ray Capture process:
n+(AZ) — (AZ1)" = r+(AZ1)
® Anti-protons y >ete

Number of protons between pulses

® and others Rext=

Number of protons in a pulse

New Toofs for the Next Generation of Particle Pfyysics and Cosmo[ogj
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Unravelling the mysteries of ' J’FHRE

MELC Proposal
® Pion production in magnetic field

® Pion/muon collection using gradient
maghnetic field

® Beam transport & momentum selection with x
curved solenoid magnets

ISSN 1063-7788, Physics of Atomic Nuclei, 2010, Vol. 73, No. 12, pp. 2012-2016. (© Pleiades Publishing, Ltd., 2010.
Original Russian Text © R.M. Djilkibaev, V.M. Lobashev, 2010, published in Yadernaya Fizika, 2010, Vol. 73, No. 12, pp. 2067-2071.

ELEMENTARY PARTICLES AND FIELDS

Pion/muon collection using
gradient magnetic field

Experiment >
) . Curved Solenoid Beam Transport
Search for Lepton-Flavor-Violating Rare Muon Processes b Vertical Field
A | o | o
R. M. Djilkibaev' and V. M. Lobashev™ i: | :I__ f i
Institute for Nuclear Research, Russian Academy of Sciences, T /f \
pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia /"'< \“’\/-L‘I I /,?\l / I/\‘u A v‘\
Received March 26, 2010; in final form, July 12, 2010 WA ACHTIC (LA IR IINI4 |\‘ / A
Iy o |
IS INAN A
il N W _I | |
HHEHEHEHEHBEBEEEEE 5 | | | | | i -
———  High momentum track )
——  Lowmomentumtrack L] Beam collimator

-  Momentum and charge separation
. Same scheme used in COMET Phase-ll electron spectrometer
[s for the Next Generation of Particle Physics and cosmology

Vladimir Lobashev 1934-2011
CERN Courier Vol 51, No 8
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Unravelling the mysteries of " J’PHHE

matter, life and the universe.

COMET at J-PARC

New Tools for the Next Generation of Particle Physics and cosmology



©KEK Vay
vl ey OOMET U -PARC

* Target S.ES. 2.6x107"7

* 8GeV Pulsed proton beam at J-PARC

@ Insert empty buckets for necessary pulse-pulse
width

® bunched-slow extraction

* pion production target in a solenoid magnet

* Muon transport & electron momentum analysis
using C-shape solenoids

® swaller detector hitf rate
® need compensating vertical field

* Tracker and calorimeter to measure electrons

® COMET decided to take a staging approach to realize
this. The collaboration is making an effort to start
physics PAQ as early as possible under this.

* Phase-l 86eV-3.2kW, < 1014
* Phase-Il 86eV-956kW, < 1016

New Tools for the Next Generation of Particle Péysics and Casmo[agy
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nravellin e mysteries o ’.
iatter”hfegat:d chJngf f f c O M ET Ph ’T PHHE
o Facility . b
LN . = )
- B HL
® Proton beawm line & SC magnet system - iy 1 ! i
—m 1)
. VCTBCTOYS Ia‘wi 1S nmagne and S mrumm nets wmﬁm raN i =
® Phase-1 Physics Petector (CVC & TC) : f 7 7
® Phase-l Beam measurement Petector (Straw ==-=- . i Al <
’rracker and LYSO Ecal) = W | =
| CDC CR test at KEK 22z ﬁ gt =y SN s
" | =
| X ,ﬁ”
C el
Straw tracker & olenoio
Ecal Prototype Vig'. .8 i i

Final assembly-desion  — New Tools for t‘ﬁe Next Generation of Particle Physics and Cosmology
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Unravelling the mysteries of

~ COMET Proton Beam Kéﬂpm

° OOMTEZTKI;equires MR operation at 8GeV (instead of 306GeV for HP hall experiments
and

® Proton beawm extracted from MR without destroying the bunch structure to
generate pulsed-muon beam with a suitable pulse timing

® Proton beawm extinction factor measurement using secondary beam in 2018

® 1-2x10-10 extinction factor has already been achleved by masking K4 rear bunch

ekt L 100710 [ FTOCTS & x10°
1.6 x10712 ppb 1 17us - s — {180
RCS — 90:_
S 80—
h=2 ) ,
tbunch | ﬂ % l 707
7 ./ 6.2x1072ppp" | co-
50—
empty bucket MR | -
4 batch injection h=9 L
: 4 bunches ﬂ SOE—
4 20[
Q .'—'—-"'/ 10

R . | (R ) | Ly o 0 o 0 4l M | T R - '
0 1000 2000 3000 4000 5000 6000 03
Relative Time (nsec)
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Unravelling the mysteries of " J’Pﬂﬁc

matter, life and the universe.

MuZe at FNAL

New Tools for the Next Generation of Particle Physics and cosmology
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eyl e st Muze B S PR

P A SeaI’Ch fOl’ A System of superconducting solenoids and an intense muon beam
Production Solenoid (PS)prOt%annséport Solenoid (TS) Detector Solenoid (D3)
Charged Lepton e
Flavor Violation: (RS . 00 L
4.6T ) -
~25 meters
— Expected sensitivity of 6x10-17 < >
@ 907 CL, x10,000 better than 1695 ns
SINPRUM-II e >
— Probes effective new physics E POT pul
mass scales up to 10+ TeV/e? 0.07 ;_ — ud arriF\)/l;Ijjecay time (x 1M)
— Discovery sensitivity o broad 0.06 = - arrival 400
swath of NP parameter space 0.05E w arrival time ( x 400 )
SPE u decay/capture time ( x 400 )
0.04
0.03E
0025 Signal window
0.01H
-i|- . . 1 : e T
™% 200 400 600 800 1000 1200 1400 1600 1800

Time (ns)

«  MuZ2e makes use of existing infrastructure at Fermilab

«  Mu2euses 8 kW of protons
—  From the Booster (8 GeV) & Re-bunched in the Recyeler

—  Slow-spill from Pelivery Ring
o Accumvulator/Debuncher for Tevatron anti-protons
« Revolution period 1699 ns

«  Mu2e will run simultaneously with NOvA and SBEN
Tools for the Next Generation of Particle Péysics and Casmo[o‘gy
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Unravelling the mysteries of
matter, life and the universe. u e a u s

Installation of beamline
magnets nearly complete

TS components being
devolved fo FNAL

PS model coil successfully
completed

Gryogenics in prepara’rion Delivery R;;ginstallatlon Con‘wpleté‘

(in operation for Mucm g-2 experiment)

.".‘é}NJ”;’!! 2
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Unravelling the mysteries of
matter, life and the universe.

MuZ2e Detect

Straw-tube tracker R =

i mpm s 1 ( )
Vil D@boar;d  biai | i \O

(Digitization Reg

7 0.04r
£ LAl — evAl
2
Eo.osf M,/2 E
5 o
. < @
N 20.02 M,
b, / , A goo2
T I A
connectlons : o Tracker'\ fduci
T

Electron Energy (MeV)

Csl Calorimeter

» ~1400 crystals, square cross section
 ~3 cm diameter, 20 cm (10 X;) length

* same radii as tracker

« (sl erystal calorimeter
— Important for particle ID
— 7% energy resolution @ 105 MeV
— <200 ps timing resolution
o 2 disks oriented fransverse to beam
line, 70 em apart

« Readout: 2 photo-sensors per crystal
(MPPCs)

New Tools for the Next Generation of Particle Péysics and Cosmo[ogj
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A Possible Time Line

Unravelling the mysteries of
matter, life and the universe.

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams
et
19

Sensitivity: 10" 10** 10

Sensitivity: 10" 10" 107° 10" or smaller
sue options for a follow-up experimen
Sensitivity: 10" 10™° or smaller
200 207 20 2%

Data Taking _
- (Approved Experiments) - Proposed Future Running

Ine‘uf to Eur. Particle Physics Strateqy
“Charged Lepton Flavour Violation using Intense Muon Beaws at Future Facilities”

New Toofs for the Next Generation of Particle Péysics and Cosmo[agj
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Unravelling the mysteries of pﬂﬂ
i < E

" Oncethe inal s foun

Pu—-O 85

® Muon bram is polarized (P,=-0.89) ,:__E_,;::j:i:j:j:iijj:j?: S ——

1 1 1 1 1
46 48 50 52 54
Positron Energy (MeV)

® Gamwma angular distribution

— Bl svdecvoibe
z OLEM LQ:
§ 13 et TE
. MUge % a2 o ¥ Srez oas : oL 8
0.9

0.8

® Invariant mass distribution milete) vs. male*e’) W  w m s N

Positron Energy (MeV)

MEG, EPJ 2016 76:223
Lett = % [CLO5+ CROR + COt + CEROSR+

CLLOLL + CRRORR 4 CLRGIR 4 CRLGRL) 4 hc.

1 -
0.8 > e ,;127”" 10
- “:_ 10° § [ 350
06 310 ORROrORR I, 10
g L s v 300 £
0.4 = 8 250
o Ve 10°
0o ok 200
e 150
oo lmmr ™0 JaEE
o 140 1 100
Angle (degree) 50
Kuno and Okada, PRL 77(1996)434 TR 290 ra—— 1012 200

mZ[MeV?] m.[MeV?]

thesis A.—K.Perrevoort
New Toofs for the Next Generation of Particle Pfyysics and Cosmo[ogj
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nee the signal (s oun .
 Cowmparison of signal rates of p—ey, p—eee, and p-e SR
conversion will clarify the physics behind cLFV reactions

V() .
o Even discovery only in p-e conversion |

aAD

o Different target material contains different quark
contents

B¢ )| Bl

e May be possible to see the target dependence on the mu-e
conversion rate

e Discriminate the principal interaction of the mu-e
conversion?

 Vector type, Dipole type, or Scaler type?

Ti
o Possible taget lifetime
e DeeMe: C (& Si) time window
o COMET & MuZ2e: Al (¢ Tiin future? & Pb in far future 77) signal

New Tools for the Next Generation of Particle Physics and Cosmology
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Unravelling the mysteries of Pﬂﬂ
i ivgese. E

J-PARC E34(g-2/EDM)

3 GeV proton
beam

Surface muon beam

FNAL E989 e o

Muonium Production

4.0
35 Resonant Laser lonization of
Muonium (106 u+/s)
3.0
2.5
20 S 40—
2 ¢ RFon
1.5 = ! RFoff
:3 l simulation
1.0 1.0 x 20— |
< +
& |
0.5 0.5 S +
=== Run-1 w— Run-2 Q = ,4 R Jm
0.0 0.0 2 0 4.&”—‘47’T*i“= BRI ANE N
S e R Ul v B : 500 1000 1500 2000
Q 2 AW ) Q 2 AW
Y o Y o> Nl o> time of flight (ns)
e Run 1 data are being analyzed:
H “Muons accelerated in Japan”
o 2 independent analyses for wp and 6 for wa P

. . . July 2018, CERN Courier
e Run 2 data collection is ending early July

L. Roberts CLFV 2019 New Tools for the Next Generation of Particle Physics and cosmology



Sumwmary

® Strong physics motivation to search for muon CLFV reactions
® Future plans of muon CLFV experiments

® MEG Il & MuZe

® COMET & MuZe

® Ilmportant to achieve similar sensitivities in all channels fo
clarify the physics behind signal ( even in case of exclusion )

® More physics results expected in coming years
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