©KEK

Unravelling the mysteries of
matter, life and the universe.

A A T

WU

-

-
|
[
B

Session for research topics for future

- i
SRR
T pat

-




O KEK

Unravelling the mysteries of
matter, life and the universe.

Outline

® |ntroduction
® CLFV physics with DC muon beam

® CLFV physics with pulsed muon beam

® Schedule and summary
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Infroduction

Charged Lepton Flavor Violation

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Violation '

W
® cLFV rate in the Standard Model with non-zero
neutrino mass is oo small to be observed in u X o
experiments; O(BR) < 10-0 Vu Ve

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

® Néo’riva’red by many kinds of new physics models
BSM

uM—eY M-e conv. M—eee

H, Z H, Z

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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= (Gurrent Status of Chargwpﬂﬂc
I.ep’ron Flavor Violation Search

® ey
® MEG Brip—ey) < 4.2x1017
® U—eee
® SINPRUM BR(p—eee) < 1.0x10-12

® [1-e cohversion

® SINVRUM 1l R(p-e: Av) < 7x10-13

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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l.epfon Flavor Vlola’non Search

® [

® MEG Br(u—ey) < 4.2x1013

® L—eee ) .
PSI Ring Cyclotron
® SINPRUM BR(pu—eee) < 1.0x10-12 590MeV. 1.4MW
® [1-e cohversion
INKS: |
® SINPRUM Il R(p-e: Au) < 7x1012

~20 ns

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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=== Gurrent Status of Charg'ew""””f
Lepton Flavor Vlola’non Search

® ey

® MEG Br(u—ey) < 4.2x1013

® L —eee ®
- PSI Rln Cyclotron
® SINPRUM BR(pu—-eee) < 1.0x10-12 590MeV, 1.4MW
> Mu3e

L.

o SINPRUM Il Rp-e: Au) < 7x10-
=) COMET/Mu2e

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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MEG II: p—ey search using PC muon beam

® Twice better resolutions

. Liquid xenon photon detector
fha" MEG’ l" a" COBRA = B GiEi oo (LXe)
compone"‘l's superc?iucting magnet : :

® Double the muon beam
rate

/
/

7

»

® 7x107 muon stops/s

¥ FPySa
2 R

® New defecfor to faq fhe Pixelated timing counter

radiative muon decay AL
event uon stopping targe

Cylindrical drift chamber
Radiative decay counter (CDCH)

® New calibration method (RDO)

Target Sensitivity : 6x10-14 In 3 years running

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Unravelling the mysteries of / 'J'-PHHE

~ Mu3e: p—eee Search using PC Muon Beam

® Another channel sensitive
to cLFV with PC wuon beam

. __<,,4,
® 1.0x102(90% C.L.) by SINVRUM s
* Goal:10"%in2 Steps Signal e' Acc. Overlap
2 p=0 2 px0
® Measure all electron tracks || ,._, y 0
with extreme precision (
® Background source o Muse Phase|
S L — eee
® p—oetee Vv S O woeen e
3 C Tat10™
2 L — eee
® Accidental overlap &0 N
K _[at107’ ombinatoria
® Beawline is shared with "’ SomparE B

Irreducible Bkg

MEG " 1073 Additional suppression

due to Timing detectors
9% 98 100 102 104 106 108 110
M;ec [MeV/c?]

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii



©K

Unravelling the m
matter, life and the

eries ¢
niversg

MIDAS DAQ and Slow

Control

‘L
etector Preparatior

SiPM Array: Hamamatsu S13552-HQR

Tile detector prototype
Good enough ot

Superconducting

solenoid Magnet —
Fiore hodoscope
NeWJ‘

Tile detector

Ops
358ps
5 Bllps
\ Neare/Nease  10.54
1 —— Oungie 389 ps

| Texp- gauss 2984 ps
i
A
\
A

Opep - gass  300ps
fahm/2.35 366 ps

-2 0 2
tiet — Ligne [ns]

Fiber hodoscope
Muon Beam &
tatlger:t eam and pro-to-type

Good enough ot

Mupix detector

Target prototype

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

OERR LU T R

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Unravelling the mysteries of "!,"PHHE

7 Mu3e Status

nES5 beam line

® Moving from R&D phase
to construction phase

sssssssss

in2019

® Detector construction Tobe deliveredi
in 2020 = .

® (ommissioning start in
2021

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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CLFV Physices with
pulsed muon beam
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Ee:mu_Bu_Nrecoil

=104.9MeV
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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. " J-PHHE

~ Eleetron Energy Spec’rrUWl

events / 100 keV

run2000 on gold

|
rlaEh -:-L,_ measurement

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

SINDRUM Il

by,

10 2
10 - SINDRUM I
Il BR[u- + Au —e- + Au]
<7 x 10713 m
{1 | Ll
70 80 90 100

ETOT (MeV)

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Signal and Background

100 ns

PY si g“ al 4 k /// _~ Main Proton Pulse ﬂ
@ Electron from the muon stopping target E - PromptBacigroune
with a characteristic energy with a > N
delayed timing E AStoppediuon Decsy
E Timing Window |
® Background >l
® Pecay in Orbit Electron | .
0 Time (us) 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

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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" More Muons

® Pion production in magnetic field

® Pion/muon collection using gradient
maghnetic field

® Beam transport with curved solenoid ~ ® T~
magnets

Pion/muon collection using

ISSN 10637 I’Jn:-:  of Atomic Nuclei, 2010, Vol. 73, No. 12, pp. 1 2016. @ Pleindes Publishing, Ltd., 2010 gradient magnetic field
Orij H\‘um;.ml > R \I! H\E \ M. Le I she 010, pr ! l \ I 1 Flizika )l \ al. 73, No. 12, 2067-2071.
ELEMENTARY PARTICLES AND FIELDS R
Experiment ”
) . Curved Solenoid Beam Transport o
Search for Lepton-Flavor-Violating Rare Muon Processes b Vertical Field
| e o | o
R. M. Djilkibaev' and V. M. Lobashev™ i: | :I_ |: i
Institute for Nuclear Research, Russian Academy of Sciences, _'(’:\ | | /A \ /t\‘u A
pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia / \ IL’\/-LJ | v‘\
Received March 26, 2010; in final form, July 12, 2010 \ , A YA AN |\‘ / A
AN HAHHHL
il I 174 _I | |
HHEHEHEHEHBEBEEEEE 5 | | | | | i -
———  High momentum track )
——  Llowmomentumtrack L] Beam collimator

-  Momentum and charge separation
. Same scheme used in COMET Phase-ll electron spectrometer
apan meeting, 15-16 April, 2019 at Univ. of Hawaii

Vladimir Lobashev 1934-2011
CERN Courier Vol 51, No 8
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COMET at J-PARC

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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* Target $.ES. 26x107"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

US-Japan meeting, 15-16 April, 2019 af Univ. of Hawaii
g
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® Proton beam line & SC magnet system ' . i
gnet sy g A P! -
® Petectors ' ol =
Lambertson magnet and Septummegnet were ingfalled’
1 i the eami ine (A-line). BeamOperation is currently
. v ghgoing with them. 7 g o
® Phase-1 Physics Detector (CPC & TC) 1Y e
y 7 /'/ //// Z '/ /// 7 /// - 7 /é/jg//' f ///
® Phase-l Beam measurement Detector (Straw ===t -1 v L7,
’rracker and LYSO Ecal) —-—--;,Mm L

CDC CR test at KEK (L, ’ Liorey

Transport

Straw tracker & Solen(DId
Ecal Prototype e

Final assembly-design US-Jagan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Unravelling the mysteries of

~ COMET Proton Beam KéVFm

° 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
80—
RCS ———— -
Shan 80—
h=2 ) ,
tbunch | M ﬂ % I 70F
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)

US-Japan meeting, 15-16 April, 2019 af Univ. of Hawaii
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MuZe at FNAL

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Sl it et Muze o S PARE

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
S-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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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

?0.047
£ LAl — evAl
s
Eo.osf M,/2 E
5 o
i a
y i Tl 20.02[ M,
b, / , A 2 :
lO§e Up Of pre aﬁ%} a 0.01|- hfljccaepnete Fully
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)

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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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”

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii



in mu-e conversion search

AC-dipole
R&D

®<FY 2015

® AC diple magnet R&D

Al stabilized :
® Al stabilized SC development SC cable'& mé&gnet atPSI
and test coil production P—T: %

® Al-cap experiment at PSI

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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- Sumwary

® Future plans of muon CLFV
e MEG Il & Mu3Je
® COMET & MuZe

® COMET & MuZe had been working together in the US-Japan
program

® AC-diple development, SC Al-stabilized wire R&Y and SC
magnet R&D

® Collaborative efforts between COMET and MuZ2e continve

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Backup

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii
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Unravelling the mysteries of

it the signal is found.

Cgl th
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 GCowmparison of signal rates of p—ey, p—eee, and p-e

conversion will clarify the physics behind cLFV reactions
Vi),
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

US-Japan meeting, 15-16 April, 2019 at Univ. of Hawaii




¢=Optimization of the Electron

Spectrometer SolenOId

No Dlpole ' | ' 1

105MeV electron generated isotropically at the target



G-Performance of the Electron
Spectrometer Solenoid
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Heat map shows path of electrons between 60 and 65MeV/c



G=Performance of the Electron

Spectrometer Solenoid
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¢ Phase-ll Sensitivity

Signal Acceptance vs. Relative DIO Background

n? per 0.11 MeV/c
S o

—_—
o

Electrons per Muon Sto
o

OA
1025

Observed Electrons per Muon Stop
x107'8

103

C.R.

103.5

Decay in orbit

L-€ conversion

3 % 10 1O

104 1045 105 105.5
Observed Momentum (MeV/c)

100

Acceptance or Relative Rate (%
oS O, (o)) ~J (o o) (o]
e o o o o o

w
O

20}

10|

o T
Q025 103

1035 104

Signal Acceptance, S
Rolative DIO Rate, B

S VI(SO B) (Arb. Units)

| Tt 1oy 00 0 a0 | -

104.5 105 1055
Low Momentum Cut (MeV/c)

. Threshold is optimized to maximize S/+(S+B)

. Single event sensitivity of 2.6x10-17 with 1.84x107 sec DAQ



Mu2e Civil Construction

Completed Mu2e hall - Dec 2016

Mu2e beam line and experimental hall are complete

Mu2e 3F Fermilab
34 http://mu2e.fnal.gov



