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Standard Model for particle physics

2012: Higgs boson discovered by ATLAS and CMS at LHC

. . THE STANDARD MODEL
No any signal of New Physics was found —

in lab, however,
> Dark matter candidates?

» Strong mass hierarchy?
» CP violation in universe vs. CKM phase?

SJ21JED 30104

indicate that new physics must be hidden
somewhere in a corner!

suojdan

Higgs boson found in 2012

Source: AAAS
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(charged) Lepton-flavor violation

Decay n—> ey, u—>eee, T— Uy, T — uup, T — phh,
B, — eu,er,ur, D° = eu,er, B — Keu, D — Kep
H — ur,er, Z — eu,er,ut, J/ — e, er, ur

Conversion u+A—-e+ A
Oscillation Ve <3 Uy Uy, M(u=e) < M(pte™)
Number violation 0028, B~ = ntu~u~, D™ = nte e ...

Non-Universality go _, D**u~v,vs B® - D**r ., Dy -7 0, vsD; = u v, (9—2),



Anomalies in Flavor

Before 2019 (HFLAV) (2019), arXiv:1909.12524.
B(B — Dt v)

RD = —
B(B — DI~ v)

B(B — D*7t— . .
= ( — T V) = 0.2954+0.011 +0.008 (expt.) SM : 0.258 4+ 0.005].
B(B — D*(—v) - '

= 0.340 4+ 0.027 = 0.013 (expt.) [SM : 0.299 4 0.003

R+

d B(B+—>K+u+1u") B(BT—K* utu~
R — _ prp)
K = B(BFSK¥efer) Pk = BEroRrtere)

Ry = 0.74570-099 4 0.036 at central Q2 € [1.0, 6.0] GeV /2 2.60
Ry« = 0.66T9 57 £ 0.03 at low Q2 € [0.045,1.1] GeV /2 2.10 — 2.30

Ry« = 0.6910 01 4 0.05 at central Q2 € [1.1,6.0] GeV /2 2.40 — 2.50
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P ng

EI“ = a,(QED) + a,(Weak) + u#(Hadr(mi('ﬂ

QED

QED corrections
+...

‘ N
u Y .y

Weak
y«t F 4 .AL

+... Weak

Hadronic... QCD contributions

...Vacuum Polarization (HVP)

-) -
a”
v , s

...Light-by-Light (HLbL)

2 )
o= i . +...

u

116584 718.9 (1) x 10~

153.6 (1.0) x 10~

6845 (40) x 1071
[0.6%]

92(18) x 1071
[20%]

From Xu Feng

0.001 ppm

0.01 ppm

0.37 ppm

0.15

s Muon U B 4E(g-2) ) = ILAK

B. Abi et al. (Muon g—2 Collaboration)
Phys. Rev. Lett. 126, 141801, 2021

BNLg-2 — Py
FNAL g-2 + .
< 420 >
@ +——t
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215
9
a, x 10 —1165900
S M —11
Aay, = ai"? —a;™ = (251 £59) x 10

FNAL experiment targets on precision of 0.14 ppm ! HVP with error 0.2-0.3%

BESII 9
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arXiv:1305.5482[hep-ph] sigebu.edu

ABSTRACT: I present my views on the future of America’s program in par-
ticle physics. I discuss a variety of experimental initiatives that do have the
potential to make transformative impacts on our discipline and should be
included in our program, as well as others that do not and should not.

| AEFLH
1979 &

i WIR &

Snowmass 2013

AR ELR F 4 AL AR,
(1) Dark matter & Dark Energy
(2) Testing Global symmetry

(3) Testing Flavor symmetry with muon (

(4) Electric Dipole moments
(5) Neutrino Physics

S5F)

R e AR AR
(CLEV) 52 355 %,

PR X LHCH 7 % IR 5 5L 3a ! &4 0 28 17T B AL,
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Muon 2 F & 4\

- = N
"' ; R ‘5 - -

1936 % Anderson and Neddermeyer % I muon#z-F s

5 F A ERA: m, =207m, ﬂﬁxwﬁﬁﬁ ( 1978-1984)
RN P . SREPT R — T K, #X
BxETFH: “long” lifetime ( 22 B AY)=> beam and probe g;;] g,{&, 1)9?47#_’&%%

FEZRZE p—ev v, (parity violating) HRXFCRELBELR
WA % 7 muon beam from pion decay FHP.muonic atom,
Muon % 45 & (muon/& F: pp, pd; muonium: p*e; dimuon: pu)

%454 B B 4 (m,/m,)? ~ 40,000

Lepton flavor violation (u—e) extremely small in SM
g% ?‘ﬁi;}%/ﬂd Pdetection ~ 1

11



- b E 3B 4T S B VE 9 muon B
& B AL X A & 7% Ay muon i

BT RA:
% 22 (CW) Muon Facilities around the World
ik 7 (Pulsed)

High

Pulsed TS

TRIUMF (50 Hz) RS

\ Pulsed (25 Hz) and
\ Bunched SlowX

p+p—2p+n+mn’

T U+,

6 &=
Pulsed and E ,’_J - R

: ere areplansat orea
Bunched SlowX JsiN|{s%2) - and CSNS(China).

;&@muon ~28 MeV 100% #3.4% China Spallation Neutron Source (CSNS)
DIF muon > 30 MeV 12

T U+,



e muon 52 3544 312

= MuLan & FAST at PSI NP o oy
ﬁié%?ls"’f’?&? A Z(p, 6, 2, PTﬁ...) J'_E./é. J‘é/ﬁ—

= TWIST at TRIUMF and polarization measurements at PSI L
Muonf$ 3 KR L

= MuCap at PSI: gp, pseudoscalar coupling
= MuSun at PSI: basic EW interaction in 2N system
2 FoRa IR
= pu—2>ey MEG at PSI
= p—>eeemuleat PSI
= p—>e conversion: SINDRUM, Mu2e (FNAL), COMET, DeeMee (J-PARC)
B B 4E (9-2)
= EB821 at BNL and Muon g-2 at FNAL & J-PARC
AR IE, AR B IE
» FNAL & J-PARC
#Ae3% / CPT Bir i Be
» FNAL & J-PARC
Y/ R A
= Mouonic Lamb shift (CREMA), MuSE at PSI

Muon/® & # 5 fo ks 4n 454
= Muonium hyperfine at LAMPF & MuSEUM at J-PARC

13



W22 Fek Ak 3RiE 420 muon—electron

2 ' , 2 ’\‘r\;
SL RS R W N
2 S,
B atae ’}/ _— —_— —54 - - - Lo’>—9—<—o—o—"’.— = -
(k= ey) = Mm“<m i = :
”;1 — V,
BB F BT AL E T ZHH S AR A

SIS SRR RO PR, & o FoRE e FRIREA BAL
YR AR AMANERTE, RN I Y EGEARE

Recoil off a nucleus

FREBTE @ TR (LEV): 7 :
u,—|—N—)6 +N q‘,giz

Coherent transition: A & FA1SEK-2 KA ERISN D 1S B F
K. wFHEA LR 105 MeV/e 55 B, BT E]

14



XJL M 32 09 ﬁi w

1 ,
L = c*e  F,, + Fe
CLEV & Ag AR w T T AR (ML’)’ L)(QL’}’ML)
#_ e_ : Tree 2013-08-04
Y
A A. 104 [
Dipole interaction  cgntact terms
Loops dominate dominate for k >> 1
fork<<1 E ! _
CLFV 52 o7 4y AL R 69 47y A1 77 < [ o et

) 103
p e p e \#\I /q'/
\\:/,/ : yrhu M) <XI0  SINDRUM II
HO : zZ' L ::
, n

q q
(a) Exotic Higgs (b) Z-prime (c) Leptoquarks Excluded

Four-Fermi
102 NS
z I g 0.01 0.1 1 10 100

(d) Heavy Ncutrmos (e) Exotic nggs (f) Supersymmetry

15



uE2F 515569 7 5

« BL) TR A215F/sec, BEBLJ TTIX

7= A 100 T2 F /sec

© BATERWFHRE 10° muons/sec, T —KELE

Fa B2 £ 3.1011-10!2 muons/sec,

o R ERMWRL ER F R

1013-10'* muons/sec,

Proton Driver
A,
b IR
Hg Target
Capture
Drift v beam
Buncher Morege
Bunch Flotationi' Ring
Cooling g it/ P
Acceleration P k
Linac foL i / i
0.2 -0.9 GeV Vi g ;} w
¢ L
Fh ) FFAG 1
[T 2 25-50Gey,
Y4 \ * ({optional), '
| | /. Accélefation
Dogbone ALAS 1 /rrac\ /
09 - 3.6 GeV. 12.6-25 |/ v beam
3.6 - 12.6 GeV AT\ GeV
:,\ _-__:/:
16 GeVic st
1.5 10 Proton — | piin M1
protonwyear Accelerator Iu(-:.u:_': .

‘l
il Muon Collider '

N
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CLFV: T 32 F 3R 3 ay AR L

90% CL upper limits on t LFV decays

o HFLAV
3 x | 2018 |
: - ssees: s et 2018
L A A A A
— A
- AA A A A
-A A
i A 14 Ad, AA A
A A
N A
10° = AA
— [mi
L ® v
L . ® o .l v
o
.". " " n " *
s "9 ., o
C ¢ pe o s °* [ * ¢ ¢
= =i
B | [ | L 2R J [ | v PSR 4 ¢ *
- . ’.
L m O * L 4 ® PSR 4 o [ ] PSR ® 0
< o L JE
L L 4 | ‘0..
2 00:
2
8l
O A = [ [ ([ [N [ [ [ ) [ [N ) (Y [N ) [ [ ) [ [ [ [ [N ) [ (Y [N Y [ [ O
N /A Q © S S8 . &N, A @ .8 adaaave e A £/ S, / S, - /=
oy FAYYT T FIRRL G FITFC LS I 2 ke s s L et L A L nd &IV Y 3
y - RO A P ; &
2 Y o y 0\\@\;\@ o 3 q:i‘\‘i‘\g‘i‘\/’i‘\ q:‘%;% 00 X q‘b :) X AR A A q:\_w:: &}- ; :c :f i\.@\?{- ;— & &
X

<
® ATLAS = BaBar ¢ Belle 4 CLEO v LHCb

Belle-1II starts data-taking in 2019,
Belle-IT will reach 107 for 1> py.
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L 353K muon—>electron

1
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104742 fo A % 10°

18°

10"

P
3 l.l"-"j[""'ﬂ m.q--?u;jia—- 1[}-15

1077

—t
o
o

I‘Ii ||||I| I| I‘ I‘ I|I| I| ||I|I| I| I|I|I‘|

% " Cosmic u

Y U — ey

1 — 3e
uN — eN

M e M

ceetiivsaleserlasreptsiarberiesl oyl

llllllLlllll

-19
101940

B BT %4569 R 4.2X10713 @ 90% C.1..

1950 1960 1970 1980 19980 2000 2010 2020 2030
dernstein & Cooper

MEG: arXiv:1605.05081

Year



http://arxiv.org/abs/arXiv:1605.05081

7% JPaul Scherrer Institute (PSI) 4 MEG 5235 pt—ety F &,

PSI: £%¥A k=, 4K FRIM590MeV, M2, 2mA, FLEZL K H2x108ut /s

~65 physicists

liq.Xenon photon detector IR o AElveall (12institutes/Scountries)
(~900PMTs/ ~900L LXe, excellent resol.) (200um CH? target)

P

muon transport

‘ Timing Counter
(Very Fast, 45ps)
Drift Chamber

COBRA Solenoid (Very Light, ~0.002X0) World Most Intense DC Muon
(highly gradient B-field) " @ (3x10” muon/ sec) +




MEGZ Iz &k © BR (u"—e’y)

Requiring Requiring
o 58 | ITevi<0.24ns; cosGey< 099963 S :51;Ev;55 Z MZV 52. 4];Ee<§5® 0MeV
é ) fir 1.5_ oo(fb %;po% Og@?@ @D@ O Ro @O O(%?(;%g;g_é
" 3 M E R 10

\LO I T T T | T T T

52 ."
[
50+ L ©
q o © ©
4% X i oV @) 1 I 1 l 1 _2
0 51 52 53 54 35 56 -1 -09995 0999 -0 9985
E. (MeV) cosO,,

lo, 1.640, 20 contours are shown

New constraint on the p—ey decay set by the MEG experiment
with its final dataset: 7.5x10™ stopped u*

BR (p—ey) <4.2x 105 at 90% C.L.
MEG: arXiv:1605.05081



http://arxiv.org/abs/arXiv:1605.05081

MEG %2354+ 2% #F %): MEG-II at PSI

2013 2014 2015 2016 2017-20

MEGII detector concept Sensitivity [2017-20] ~ 4 x 104

Wavedream Updated and

~9000 new Calibration

channels methods

at 5GSPS Quasi mono-
chromatic

positron beam

x2 resolution
everywhere 4 '

Drift Chamber
Single
volume
He:iCsH1o

Liquid Xenon
Gamma-ray

Detector

Better uniformity w/
12x12 VUV SiPM

Cobra magnet
Gradient B field
uptol.3T

Muon Beam and
target

Full available
stopped beam
intensity

7 x 107

Timing Counter
35 ps resolution
W/

Auxiliary detectors

multiple hits Background rejection



UW—e YR T KIS 69 5 Fbk

+ + = 7 . ” 1A
u—ey XX: MEG;—LT))PSI KR K
R Radiative u decay: u—evvy
N /
1800 -
vV
%ﬂ%ﬂ$&%$ﬂ,
Z‘Kﬁ%*‘ﬁ“ﬁ{f\iﬁ{'f, LA,
AT E TR = 3 10714, u—evv + MAyET
BR (p—ey) < 4.2x 103 at 90% C.L. L g+

MEG: arXiv:1605.05081 ‘V/
MEGIIF#g : 4x1014 / v

22


http://arxiv.org/abs/arXiv:1605.05081

Muonic atoms

* A muon stopped in a target is captured in a high atomic orbit and
then typically cascades quickly to the 1S ground state, emitting a
series of X-rays |2

P

m Je?

* The Bohr radius of the 15 ground state:  «( ~

The lifetime of a muon in a 1S orbit in 27Al is 864 ns

23



Muonic atoms

61% of 1S bound muons on Al undergo nuclear capture

u +(AZ)—=v,+(AZ-1)

(
¢ ®

4

'I
? 4
7 7’

’
’

— &

o
~
\\

-
-
~
\\

’
u

¢

@
,ﬂ
I
@
-

4
V u

24



Muonic atoms

39% of 1S bound muons on Al decay, called Decay-In-Orbits (DIO)

u —evv

25



u-¢ FAL T AZ

uF R FES

4

¢

N3

In SM _ =
u —>evv

.u’— +(A,Z) g 'V“ +(A,Z—1)

Recoil off a nucleus

New Physics

-

TP T egu-FAF38

u +(A7Z)—e +(AZ)

Initial state:
@ muonic atom at rest @
Final state: @\

electron + intact nucleus
» Kinematically allowed
» Violates lepton flavor conservation
» Signal is monoenergetic electron
Ee = my, — Ep — Erecoil = 104.97 MeV for Al
» Conventional normalization to report results:

Me=+N— e +Nj

Rue = [u~ + N — all captures]

26



u-e 4L f2

uF R FARS

u —evv

u +AZ)—v,+(AZ-1)

Recoil off a nucleus

7 e
New Physics . éy .

TP F e w1535
u +(A,Z)—e +(AZ)

1z 5 = | SFAE

105 MeV Hy B 6 5 5,
FEARNK:

(1) 438 K K

W i % & (DIO)

(2) AR K AR

Wl AR, v T VITHERER
(3) 18 KA &

WmF &, BRI

27



u-e Fib it 2
Recoil off a nucleus

7 e
uF B F R A New Physics . %’Y»_q

TP F e w1535
u +(A,Z)—e +(AZ)

o F
£ F Free muon decay
= E !
¢ > F V.
2 v
<
- ”
, | - v
In SM u— e e_VT/ ;_ |O shape \L e
‘ S NI R l l

A PR T PR PR T )
0 20 40 60 80 100

‘u_ + ( A, Z) s V# + ( A, Z _ l) Electron Energy (MeV)



(Arbitrary Units)

(=} IlllllllllllllllllllllllIlllllllll

u-e3:4b 5 uF B9 Michel 5% & 5T VAR IF R

I~
N4
N

lllll

IO shape

u +(A,2) e +(AZ)

#® BRI B 4 # EDIOR K2 X 5 58 77 3

=
> 4
®
Y
Q)
MeV/t‘:3

o
-
D

NI
o
-—t
ey

Counts per 0.1
S pe
o

s

0.08F— R— 28 SR SN ¥ S— - o AU S—

L

0.06

0.04[-

0.02-

.20.

l 1
105.5 106

M . e PSR | o I P
40 60 80 1 00 Momentum [MeV/c]
Electron Energy (MeV)

TWIST Collaboration PRD 80, 052012 (2009)
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A 5 4F 69 uUN > eN FR4)

SINDRUM Il experiment at PSI

Class 1 events: prompt forward removed

3]
1075 {:'1:}’:}{;} e” measuremen t

1 ~' =  MIO simulation
10 2-

"% ue simulation

Conversion on gold:

Re<7x10-890%CL 5
[Eur.Phys.J C47(2006)] 3 - __ ﬁﬁﬁ Sy
Single event sensitivity 2 il -

S1 _25X10—13 Class 2 events: prompt forward

| w%%

vvvvvv

momentum (MeV/c)
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H AJ-PARC COMET (E21) £

8 GeV, 0.4 mA, 3.2 kW': 8 GeV, 7.0 mA, 56 kW
& Z3e. 10° muon stops/s 4532, 10! muon stops /s

COMET Phase-l COMET Phase-l|

» Pion Capture Section

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

=== Pions )

= Detector Section
IEE‘- A detector to search for

=4 muon-to-electron conver-

(*1 Niiidng sion processes.

X \
4 7Y AREANARRARARAANS o
"--J';»‘-u‘s.““\\.‘.'F"'FHFn:::%!F"!Frﬁﬂ""ﬁj'ﬂ'""‘ hy ‘ |
-».__\U»‘._".‘.‘..hHH--BHJd--- W u by el llL
o LT

Pion-Decay and
Muon-Transnort Saction

Phase-I (3% % 1004%) Phase-IT (42 %100004%) [T
F R R I — 5 BRI BT ) . S

B(u +Al—e +Al)<2.6 x107" B(u +Al—e +Al) <30 %107
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Production target and the capture magnet

8GeV proton beam

—

> Target prototype

8 GeV 56 kW proton beam
* Thick target with 1~2 hadron interaction length

* Powerful capture magnet: 5T
e Large inner bore to fit in the shielding
* Adiabatic decreasing field: focusing

e Expected muon yield: 10! muon/sec! (108 @ PSI)

32



COMET capture solenoid

Superconducting solenoid magnets with Al-stabilized conductor

High field 5T to capture 7~
Large bore 1300mm
High radiation environment

Decreasing field to focus trapped pions

Thick radiation shielding 450mm
Proton beam injection tilted at 10°

Simple mandrel

380 1920

3

Superconducting coils —_

CS0 | CS1 | MS1 | MS2
Length (mm) 175 [ 1350 | 1800 | 380
Diameter (mm) 662 | 662 | 662 | 662
Layer 9 9 5 8
Thickness (mm) 144 | 144 | 80 128
Current density (A/mm? | 35 35 35 35
Maximum field (T) 5.7 4.0 3.9
Hoop stress (MPa) 59 51 30
» 625 950 N
T
Target ™ —
'/
S

X \ Radiation shield x

MS2 MS1

CS1

CSO

33



Transportation solenoid

)

Drift vertically, proportional Vertical field as “correction’
to momentum. TVerticaI Field
o - i

—

VY

AHBHEHBEE e -

=== High momentum track
—— Low momentum track

* Use Cshape curved solenoid
* Beam gradually disperses
e Charge & momentum
* Dipole field to pull back muon beam
e Can be used to tune the beam
* Collimator placed in the end
 Utilize the dispersion in 180 degrees

Beam collimator

34



COMET Phase-1I: 3£ ] & & %

e Use straw tracker to measure the momentum
e Really light: put in vacuum, 12 micro meter thin straw

ga8 outiet

1at straw piane e

A E . » Straw tube

‘optical fore ik
gas manitos

i
Vi

/

= |
* Electromagnetic calorimeter

T=T=T V T\ Tracker with Straw-tubes
» Operational in vacuum in 1T
 g—— » Ap=150~200 keV/c (for p=105 MeV/c)

e 20 um thick, 9.75 mm diameter for Phase-I
i g * 12 um thick, 5 mm diameter for Phase-Il
- » More than 5 stations (xx"yy’>5)

» Ar:C,H, (50:50)

* Providing trigger, TOF and PID

;Beam Collimator Muon Target Disks

/ Beam Blocker
| N B

I I

Detector Slenoid

Calorimeter

DIO Blocker

Y VYV

1,920 LYSO crystals
e 2X2X12cm(10.5
radiation length)
AE/E = 5% (for E=105 MeV)
40-ns decay time
APD + read-out(EROS)

35




COMET muon 4% 3k 3&

Muon Target Disks ;ﬂh&iﬁlr_-:::ll-_--
/ Beam Blocker s H :

Beam Collimator

Muon-Target Solenoid

SEAR

I N T

Detector Slenoid

Calorimeter

Tracker

c BFEGAHILEER, em ——
o *oﬁl@fiﬁ *%Cﬂi%&%ﬁﬁiﬁﬁ Nateria ;;}::ll(lllil;;\.lllll

Shape

C KB AGETFCHUREENT —he R 100 mm disk
Thickness 200 pm
Number of disks 17
Disk spacing 50 mim
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MSINDRUM-II 52 #5-5)| COM.

5T & Mule

J-PARC Fermi Lab

COMET & Mu2e 5 152 = 4] R H 5

1.0 (2.5) X10-17

ALSTNDR UM-TT 52 3 4% A f3 42 & — 77 43 |

= £ ((10'%) muons stopped per year

10" muons stopped / sec.

(A iz % %8.5 X10% 4735 T/ 4)

77 B ArSINDRUMII 52 25 O(10%) muons stopped/second

— - 9 2098 IR I
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FEymuon ik &
R.M. Dzhilkibaev, V.M. Lobashev, Sov.J.Nucl.Phys 49, 384 (1989)

Instead of this

s A

i i O e N et R { "/
IR
N/ TN

 / N
St S’

. S
g
"/

\_/
v

R X E B AR B R R RplongF, B Emuonz T
COMET : 10! muon/s for 54kW of protons



e mmuon it ik
R.M. Dzhilkibaev, V.M. Lobashev, Sov.J.Nucl.Phys 49, 384 (1989)

( | % MTS with CD

o =) Proton beam KPR FC2ZMuSIC
PCS PHYS. REV. ACCELERATORS AND BEAMS 20, 030101 (2017)

R e A F YR EKpiond)F, M kmuongz ¥
COMET : 10! muon/s for 54kW of protons
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(

117 us (584 ns x 2)

100 ns
0.7 second beam spill

8 GeV pulsed proton )

-
3.64 second accelerator cycle

TWIST Collaboration PRD 80, 052012 (2009)

T(muonic Al)=0.865us
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(

117 us (584 ns x 2)

100 ns
0.7 second beam spill

3.64 second accelerator cycle

TWIST Collaboration PRD 80, 052012 (2009)

H T(muonic Al)=0.865us

Main Profon Pulse

10;/ il \

>

A

11ps Time (us)
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COMET s 10F Z89 R

r

1.17 s (584 ns x 2)

100 ns
0.7 second beam spill

3.64 second accelerator cycle

" a.u.

T R I8) 254

TWIST Collaboration PRD 80, 052012 (2009)

t(muonic Al)=0.865us

----------------------

Main Proton Pulse

E (108 proton/pulse) )
’: Prompt Background :I

bl

> - ,
11ps Time (ps)
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1.17 s (584 ns x 2)

100 ns
0.7 second beam spill

3.64 second accelerator cycle

M ' y (108 proton/pulse) ;
': Prompt Background :2

TWIST Collaboration PRD 80, 052012 (2009)

t(muonic Al)=0.865us

----------------------

Main Profon Pulse

{ Stopped Muon Decay

g

+ > i i
11ps Time (us)
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1.17 s (584 ns x 2)

100 ns z
0.7 second beam spill ‘6

3.64 second accelerator cycle

TWIST Collaboration PRD 80, 052012 (2009)

t(muonic Al)=0.865us

----------------------

Main Profon Pulse

(108 proton/pulse)

----------------------

----------------------

---------------------

--------------------

Timing Window N

<+ . -
11ps Time (us)
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( LT (841 x2) TWIST Collaboration PRD 80, 052012 (2009)
4 1 1 1 4 4 1 1 T(muonic Al)=0.865ps
v~ A e,

Main Proton Pulse ‘:

= §
0.7 second beamn spill iz
° " — '\ (108proton/pulse) .
L 3.64 second accelerator cycle .l W 7 Trrmmmmmmmmmememeeeeeees
\ e e TR ;
L2 v sl recous PO
l' i

Stopped Muon Decay

/ Timing Window

.........

........

]_.

< > I :
11ps Time (us)

N of protons between the pulses

extinction —

R F 40k &R N of protons in the pulse

—11
Rewtinction ~ 10 46
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Coherent Muon to Electron

G2 F 3| F i il F2 0P Transition (COMET)

u- + Al — e + Al

85 TFHRTHRH RIS E S
BF, EAE LKA BT
B4, HA105 MeV/ci
LT

COMET Phase-1

ST &
S 291010 Anag
A I o
etz ak,

\‘/ ' RISEHR T

PHNRIRT R 254 k43 de. |

P1on4|\% , #X%%‘ ey
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~200 members,
41 institutes from 17 countries

Still growing!
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COMET Phase-l

COMET Phase-T 5t Jo 4 R34
EE TR, E364T7 .

PHEEER R

1) CDCIEM Bfod F£ 35
2) Phase-1 K Jg5H7 &5

3) Phase-I #8 A K &%

Technical Design Report
INTERNAL VERSION

January 2018

arXiv:1812.09018, PTEP 2020 (2020) no.3, 033C01

49


https://arxiv.org/abs/1812.09018

i%ﬁﬁ%mﬁﬁﬁkﬁﬁ

COMET 3£ % 35 7 I 4R

RFRRE DA TR, 20224
Y8 R F R IR EIACOMET 2 B [X
Phase alpha?2023$2ﬂ i1 g

-
® ’ Hadron
’L" % [’\ ﬂ / . ) - Experimental
/ ‘ MR (30GeV proton synchrotron) Facility
#M A-Line T S
e ==

v { i i % ol =
s 7 3 r ‘ . < TN )

= "]
A\ B-Line
. r
0 20 30 40 S0 C-Line
M:m) L N COMET
Hall
{lal]

COMETIR I 2 M IEAEFE B 722 T 5




COMET Phase-I 3N B AL POEHT

8 A5 = (CDC)
\:.‘ ‘ = i 7 — 3 »

RECBE Muon Stopping target
holders CTH ?‘* |

RECBE \

Light guide
for CTH

CyDet Cross-section

track finding in CyDET

X FGEANTAx 35 M 23 for ke O b > B 8

KRG EEDL, AT IE R Ao I K 3B [ ) ::gﬁggi%ﬁ

CDC2EEH (FHHF) . W\ y e o
Nere 7 N
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20214F, T785%%: 7 #ECOMET % 3% & BUE X TR1E

T % T VLKA R B 3 IR B 77 R AT .
J-PARCE IR By Ji F 4 1L & 20184 EF I, K4k H WP ERKH, BERIR T RMH LR
W LB X107 12D T, X T B R . BB 90%Ef £ TA®T10710, KB LB EKR,
=—NERM B Kicker L& H R

[ Extinction at MR Abort w/ FX (8GeV, 2018) |

-10 s E
§10 E 100 K1 K1 K2 K2 K3 K3 K4 K4
§ £ = front rear front rear front rear front rear
S E
= g o .
- s F T78: 8 GeV Campaign
10 ? & -100=
f f -2003
12 ) T | ] -300=
I I -4005
-500=
Z 100F
s Lo Lo b s b P by P g Ly Lo 1o ‘E'
80 100 120 140 160 180 200 220 240 260 280 )
RF voltage (kV) 2
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Intrinsic physics backgrounds #5] 32k ij&
1 Muon decays in orbit (DIO) Bound muons decay in a muonic atom

2 Radiative muon capture (external) p~+A =y, + A" +7,
followed by v — e~ + €™

3 Radiative muon capture (internal) p~+A >y, +et +e” + A,
4*  Neutron emission p+A->vy,+ A +n,
after muon capture and neutrons produce e~
5% Charged particle emission - +A—-vy,+A +p(ordor a),
after muon capture followed by charged particles produce e~
Beam related prompt/delayed backgrounds ﬂé\/}ﬁj H i é/] 'Hi 3%/ }é35$}[?§
6  Radiative pion capture (external) T+ A v+ A y—se et
7 Radiative pion capture (internal) T +A—et+e + A
8  Beam electrons e~ scattering off a muon stopping target
9  Muon decay in flight 1~ decays in flight to produce e~
10 Pion decay in flight 7~ decays in flight to produce e~
11 Neutron induced backgrounds neutrons hit material to produce e~
12 P induced backgrounds P hits material to produce e~
Other backgrounds HAR: FHE AR T BmAREE

14 Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16 False tracking
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Intrinsic physics backgrounds

1 Muon decays in orbit (DIO)

Bound muons decay in a muonic atom

2 Radiative muon capture (external) p~ +A -y, + A +7,
followed by v — e~ + €™

o

4*  Neutron emission

after muon capture and neut 5 %220s :
. . L . MamaProton Pulse e
5 Charged particle emission o+ A- / 10 prpulse S
after muon capture followed
- rompt Backgroun
- iR Background
Beam related prompt/delayed backgrounds &z Senemess
6 Radiative pion capture (external) T +A-2 ol e
— | |
7 Radiative pion capture (internal) T +A-<
8  Beam electrons e~ scatte
9 Muon decay in flight - decay
10 Pion decay in flight 7w~ decay L .
11 Neutron induced backgrounds neutrons T )
o . K]
12 P induced backgrounds phitsme. ... o .o

Other backgrounds

Radiative muon capture (internal) pu~+A =y, +et +e + A,
#_+A_\1/ 1L A1 om

14  Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16  False tracking
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COMET Phase-I Fi 3 A J&,

o , . . “ s 15 .
Table 20.8: Summary of the estimated background events for a single-event sensitivity of 3 x 1015 in
COMET Phase-I with a proton extinction factor of 3 x 10~11.

Type Background Estimated events
Physics Muon decay in orbit 0.01
Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Prompt Beam * Beam electrons

* Muon decay in flight
* Pion decay in flight
* Other beam particles

All (*) Combined < 0.0038
Radiative pion capture 0.0028
Neutrons ~ 1079
Delayed Beam Beam electrons ~ 0
Muon decay in flight ~ 0
Pion decay in flight ~ 0
Radiative pion capture ~ 0
Anti-proton induced backgrounds 0.0012
Others Cosmic rays' < 0.01
Total 0.032

1 This estimate is currently limited by computing resources.



Single Event Sensitivity

1
Np. X fcap X fgnd X Ape

» Single Event Sensitivity =

Nu = number of muons stopping on the target
0.61 feap = fraction of muon capture

0.98 fenda = fraction of nucleus which is not excited by p-e conv.
0.041 Aye= Total Acceptance for e- from p-e conv.

Beam power 3.2kW 56 kW

Protons on target 3 x 1019 3 x 1021
Stopped muons on target 1.5 x 1016 1.5 x 1018

Running time ~ 5 months ~ 1 year
S.E.S 3 X 10-15 2.6 X 10-17

c.f. SIMDRUM-II: BR(u- Au—e- Au) < 7 x10-13
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JFY 2019 2020 2021 2022 2023 2024 2025 2026 2027

construction
COMET m--.--
Phase-| data
taking
construction
COMET ----"-:J-

Phase-l| '

COMET Phase-l : COMET Phase-ll :
2023 ~ 2026 ~

S.E.SS. ~3x10°™° S.E.S. ~ 3x1017

(for 150 days (for 2x107 sec
with 3.2 kW proton beam) with 56 kW proton beam)

The COMET Collaboration will have its detector systems commissioned and
tested by the end of JFY 2019, to be ready for the beam which will

arrive subsequently. Beam studies in the "B-line" proton beam line which
supplies COMET will commence at this time.
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Production Solenoid Proton Beam

ﬁmn Solenoid

- v,

......

B(p=+Al—e +Al)=5x10"1" (S.E)
B(p~ +Al - e + Al) <1071 (90%C.L.)
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R F P X HOE X0 F R p-ed2 L
PRISM (FFAG: p¥ %42 3F) )

PRIME
deteCtor Detector Solenoid

FFAG: B 28 X T4 B
[ momentum slit

4 MW beam,
5%, 103 muon stops/s

Spectrometer Solenoid

muon storage ring

[matching section]

curved solenoid
(short)

PRISM-FFAG
extract kickers

Muon Storage Ring
(Phase Rotator)

PRISM
beamline

SC solenoid /
[injeotion kickers ¢ T = Ll % ¢ ¢ ¢ pulsed horns
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PRISM-FFAG: pF %423k Fa#F 50 (B k%)

R esEiesEl-:» -i-’ ﬂ;- pr—
PRISM-FFAG ‘ Semrs 2k

- Ready to demo. phase rotation
phase rotation®] & . F LB T2
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muonif I X AR

$AmCOMETA R )G 4 5 %o &4k :

RIS S X

X Zdg e AR FRAREAXER

= ALRE TR 8 5 RKE

W= # 5 a5 A

SRABKE S A

Muon#: FH#r8 X HHE: PHRTFEE, muonyEiF

> SRAKESM#A (FFAG) © muonFxdfgtt, $MFT I, -2

V V.V V VY

FRIBERSFEGREEFRTFERDE, ARARRERFFHRT LT
J FeMuon¥F L) SE AR T XEN, A TRE Y FRIKWRALKR F R,
K E T Z I NS B E K TemuoniR,
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Muon Science [IFSIREIRN ESE 70

Condensed Mdller Physis| pCatalyzed Fusion NonlnvosweAnalysus

Chemistry Beam Technology

Biophysics

Particle Physics Industrial Application

Science and technology based on muon sources
(Courtesy: J-PARC/MUSE)
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electron mobility in | | ©lectron mobility
charged lepton flavor violation protein in DNA

muon g-2 and muon edm muon spin

rotation

Particle
Physics

nuclear muon capture muon spin

relaxation

Nuclear
Physics

nuclear weak
response

Materials
Science

55 % 1% Fmuon &

Atomic Vil 7}: H % éﬁ ZJE*E’E ﬂj ﬁ’l' "_’;Ié High-Te
muonic X-rays Physics superconductor
study of magnetism

laser spectroscopy
for a muonium

Application

non-destructive trace
element analysis

archeology

2 3 4
d+t+u® JHe+n

a muonic atom

SR 7B DS e i 2]
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Choosing the stopping targets

The probability of of exchanging a
virtual particle with the nucleus goes
up with Z, however

The muon lifetime in atomic orbit
is shorter for high Z

» This decreases the useful
live window

Nucleus R.e(Z) / Bound AtomicBind. | Conversion Electron Prob decay

R,(Al) lifetime Energy(1s) Energy >700 ns
Al(13,27) 1.0 .88 us 0.47 MeV 104.97 MeV 0.45
Ti(22,~48) 1.7 .328 us 1.36 MeV 104.18 MeV 0.16
Au(79,~197) ~0.8-1.5 0726 us 10.08 MeV 95.56 MeV negligible

Previous experiments used Ti, Pb and Pb targets
C or SiC is the target for DeeMe
Aluminum is the initial choice for Mu2e and COMET Phase |




arXiv: 1808.01858

arXiv:1905.05747

Neutrino Factory (NuMAX)

Muon coliders

Positron driven
muohn source for
a muon collider

Proton Driver Front End |Cool- | Acceleration j Storage Ring v Factory Goal:
ing o 102! u* & u- per year
S !! ! LA within the accelerator
.:l:_-——-—-—( 5 GeV : acceptance
5 .9 & 5| 0.2-1 1-5 : >
5 S 8 23 £ £ 15! | Gev  cev I '
5 05 Pof E 58 o1 u-Collider Goals:
? E 2 225 9@ g|ai m 126 GeV =
= ) w|lg:
&‘j ;8 o _E % : |Accelerators: ~14,000 Higgs/yr
=z o £ |Single-Pass Linacs Multi-TeV =
— - & Lumi > 10*¢cm2s-!
Share samecomplex  © T M
Muon Collider & " N\ l
Proton Driver Front End :Cooling Acceleration Collider Ring

— OOA

]
e . L |90
— = U Qg o |.E 2]
- S 3 % |PRE£s5|3 E g £
£ L. (%) s P8 € 8|8 8 3 S ©
= E] = wsG 3 2|Y o 8 =g 8 <]
2 E 3 § |§25©¢g|892 8 g¥ S O cul
— ‘u — ot
S 19 g 2= ® S 8a= 38 £ Accelerators: woH
< g BllE 2 & | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" u pairs/sec from e
e*e” interactions. The small SoN*
production emuFtance allt?ws Ic.:wer : S— ( 10s of TeV
overall charge in the collider rings Positron Linac Pa
— hence, lower backgrounds in a =% § @
collider detector and a higher g g § & —r -
potential CoM energy due to S*¥ = Accelerators: H H
neutrino radiation. § Linacs, RLA or FFAG, RCS

101%/s
positron on target
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Muon &9 JX R i

Table 1: Summary of Measured Muon Properties and Selected Decay Rates and Limits

Property Symbol Value Precision Ref.
Mass my 105.658 3715(35) MeV 34 ppb
Mean Lifetime Ty 2.1969811(22) x 107° s 1.0 ppm
Anom. Mag. Moment a 116592091(63) x 10~**  0.54 ppm 6]
Elec. Dipole Moment dy <1.9x 107" e-cm 95% C.L.
Branching Ratios PDG average B.R. Limits 90% C.L. Ref.
p- = e Doy, ~ 100% u- = ey 5.7 x 10~ 1°
Lo > e Delyy 1.4(4)% p~ —eete” 1.0 x 10712

T e Devyete” 3.4(4) x 1073 Q- — e~ conversion 7x 10713
H 7




Muon B_ & 42| = IR
@ Most precise measurement performed at BNL (1999-2001)
@ Accuracy of ~¥0.5 ppm

aS™? =116 592 089 (0.54) 5¢(0.33) 5y (0.63)40¢ x 1071

@ Uncertainty is dominated by statistics

330

JS — BNL (2004) @ Measurement differs from
- 260 theory by ¥3.50
e FNAL expected
HLMNT I all -1 ppm
I I | | Aafod?) = (287 £ 80) x 10~
600 400 200 0
x10-11
a -a (BNL)

(TR



The new Muon g-2 experiments: A comparison

I 11T 130 A

_ E34 @ JPARC E989 @ Fermilab

Beam High-rate, ultra-cold muon beam High-rate, magic-momentum muons
(p =300 MeV/c) (p =3.094 GeV/C)

Polarization Pax = 50% P=97%

Magnet MRI-like solenoid (rge = 33cm) Storage ring (7m radius)

B-field 3 Tesla 1.45 Tesla

B-field gradients Small gradients for focusing Try to eliminate

E-field None Electrostatic quadrupole

Electron detector Silicon vanes for tracking Lead-fluoride calorimeter

B-field measurement Continuous wave NMR Pulsed NMR

Current sensitivity goal 0.400 ppm 0.140 ppm



Dipole [ppm]

g-2 at Fermilab: Getting ready for data taking 2017

= Many improvements on entire experiment to reach 140 ppb PbF, crystals and SiPM
= New segmented PbF, electron calorimeter

= Precision alignment to reach dipole gradients of AB < £25 ppm

— 72 poles .
_ Peter Winter NuFactl6
— 840 wedge shims

— 9000 thin iron foils

10 months of improving the dipole field..
‘ In Sep. 2016: Shimming completed with AB < +20 ppm v/ ‘

1600
|

1400

/M
w §

600

400

200 *_

106 0 o Ann 150 nn nsn 0 250
1.04

1.02

1.00 Y

098

0.96

094

Oct 2015 Nov 2015 Dec 2015 Jan 2016 Feb 2016 Mar 2016 Apr 2016 May 2016 Jun 2016 Jul 2016

Calibrations Poles Wedges Laminations
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Event selection Value

Online event selection efficiency 0.9

DAQ efficiency 0.9

Track finding efficiency 0.99

Geometrical acceptance + Track quality cuts  0.18

Momentum window (€0m) 0.93 103.6 < pe < 106.0 MeV/c
Timing window (&yime) 0.3 700<te<1170 ns
Total 0.041

il %N;J.(fmg I[fJ\Af |
/
F

Number of muons stopped inside targets raction of p-e conversion to the ground state = 0.9

Fraction of muons to be captured by Al target = 0.61

= 16
-I3x10 S.E.S.Jachievable in ~150 days of DAQ time corresponds to N,,=1.5x10
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PRISM :

A1imes:
© Address the technological challenges in realising an FFAG-based muon-
to-electron conversion experiment,

© Strengthen the R&D for muon accelerators in the context of the

Neutrino Factory and future muon physics experiments.

Areas of work:

© the physics of muon to electron conversion,

@ proton driver,

© pion capture,

® muon beam transport,

@ 1njection and extraction for PRISM-FFAG ring,

® FFAG ring design including the search for a new improved version,
© FFAG hardware systems Ré&D.




CLFV: BESII

Phys. Rev. D 87 (2013) 112007

0.3 ? .. TABLE I. Summary of systematic uncertainties (%).
& 025 ? * . Sources Error
ﬁ 2 . e” tracking 1.00
— 015 . #: tracking 1.00
01 * e” ID 0.62
0.05 1 - u= 1D 0.04
o N ) B o . Acollinearity, acoplanarity 5.36
%s 0.7 08 09 1 1.1 1.2 13 14 Photon veto 1.19
E, /\s Nyju 1.24
Total 5.84

IG. 3. A scatter plot of E,,/\/s versus |2 p|/./s for the J/ o

lata. The indicated signal region is defined as 0.93 = E i/ /s =
1 OO{Z J/LI) .10 and |2p|/+/s = 0.1.

B/ — ep) < NU, /(N €)<1.6x107 @ 90% C.L.

J /LI) 9 e M - Simulated based on BESIII

e J/Y 1, Tev U, software and hardware systems
1 O_ 10 * Event topology: two opposite charged tracks, two missing
tracks
J/¢ 9 E‘LT * Most of*the backgrounds are from J/y—=1*K K, J/b—K K|,
J/P—KOKO
1 0—9 » After background suppression, the detection efficiency is
estimated to be 19%

With 1300 M J/U data

B(J/ — pr)eensitvity < NUL /(N €)< 7.3x10° @ 90% C.L.




Flavor at the Z pole: the lepton Physics Case

* Yukawa for charged fermions A. Blondel 2013

Ly = Y;;CJZ'QLi¢de + Y}?@LNBURJ' + Yz-ﬁ-l_lLiMRj + +h.c.

* Most general Lag. form for neutrals Ly = Nz‘c Nj + }/Z'?ELWNJ'

Three Gensrations Three Generations
of Matter (Fermions) spin % of Matter (Fermions) spin ¥
| ] 1} | Il 1
mass - 2.4 My 127 Gev 173.2 Gev mass - 2.4 Mev 1.27 Gev 1732 Gey
=Fu (Fc |t =Fu (*c [*t
AT — up charm top nam= — up charm top
P 104 Mev 4.2 Gev T 104 My 42Gev
k. = |- -3 2%
d |*s |*b 1d s |°h
o 3 . bott o down strange botom
:' 196 GeV 10 ke GV Y 126 GeV
0 = 0 o o 0 0
Ve/ |Vy |Vo @ C 'H Ve/Ny| Vi N, 'Ve/Ns :
= = boon
. e 057 ey 1777 Gav L_L, spin 0 @ 0.511 Mev 105.7 Mev 1.777 Gev spin 0
5 |4 <1 = - 52 2l -
r e T | : : e n*T )
- =lactrar muon =y o - elecron mucn mu




Flavor at the Z: the lepton Physics Case

) _ e_l_e_ — /7 > uN Blondel, Graverinib, Serrab,
Direct search: Shaposhnikov arXiv:1411.5230

N — 1Tl v, qd'l, qquv

See next slides for
constraint on
mass-coupling

FIG. 2. Typical decays of a neutral heavy lepton via (a)
charged current and (b) neutral current. Here the lepton /;
denotes e, i, or 7.

eTe” -7 NN =I"I"Th h +c.c.

LNV processes to identify Majorana neutrinos
Sensitivity: 101! at CEPC.

Indirect search:
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The parameter space which can be accessed [sensitivity figure supposing so far
background-free reconstruction].
Normal hierarchy
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Blondel, Graverinib, Serrab, 1 HNL mass (G.e\/1)0

Shaposhnikov arXiv:1411.5230
(a) Decay length 10-100 cm, 10!% Z° 82




Flavor at the Z: the lepton Physics Case

@ Lepton Flavor-violating Z decays in the SM with lepton mixing
are typically:

B(Z — pe) ~ B(Z = 1e) ~107°* B(Z = 1) ~ 1079

€ Any observation of such a decay would be an indisputable
evidence for New Physics.

@ Current limits at the level of ~10¢ (from LEP and recently ATLAS,
e.qg. DELPHI, Z. Phys. C73 (1997) 243 ATLAS, CERN-PH-EP-2014-
195 (2014))

@ The CEPC high luminosity Z factory would allow to gain up to

five/six orders of magnitude: 1011 —10-12
€ Complementary to the direct search for steriles.
The following plots are based on a work from V. De Romeri et al.
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Flavor at the Z: the lepton Physics Case

Low energy constraint: B(t2ppp )< 2.1 X103
B(p->ey)<5.2 X1013 -> B(Z>pe)<1010
No strong constraint on Z2Tu and te  A. Abada et al. arXiv:1412.6322
S. Davidson et al. JHEP 1209 (2012) 092
Examples of model realizations: physical states: 3 + N extra Majorana

+ crossed
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Flavor at the Z: the lepton Physics Case

A. Abada et al. arXiv:1412.6322
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Flavor at the Z: the lepton Physics Case

meas Finv SM
()

n, = 2.9840 + 0.0082 LEP
0.004 CEPC

Direct search: n, = (

Limited by uncertainty due to calculation of
Bhabha scattering. Improved by a factor ATEPE

of 2-3 at CEPC 30 | :)EI'PHI

OPAL

Direct search: one year run at E=105 GeV

20

| ¢ average measurements, J
error bars increased

=
=
© .

by factor 10

e—l_e_ — ,VZ“TU )meas (anv )SM
ete™ = YZept

n, = (

Flept - -

ATL,/ — +0.0008

‘) ol | ESSTU, "SSP O e e . RS T v (WS TS YIS O |

Blondel, Graverinib, Serrab,
Shaposhnikov arXiv:1411.5230
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F A5 F ok s R 6 5 )| 484 H—po at CMS (8 TeV)

Excess: ~2.4c excess
Best Fit B(H—urt)=0.84+0.39%
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342 F ok B IR 499711 48 4 H—pt at CMS (13 TeV)

* Repetition of 8TeV H->ut analysis: no change of

] ) CMS rreiiminary 2.3fb" (13 TeV)
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Some models motivated by the exp. data
(sorry for only incomplete list of Refs)

Kazuhiro Tobe CLFV2016

% Lepton-specific (type X) two Higgs doublet model
A. Crivellin, J. Heeck, P. Stoffer, PRL 116, 081801 (2016)

‘muon g-2"+ R(DW) (+'h—>u T”)
— light H, t—=Hc, (t—=ur) -
% L, — L. model

W. Altmannshoher, M. Carena, A. Crivellin, 1604.0822
‘muon g-2"+ ‘h»u 7°+” Rk °© — 73U . houu, -

% Leptoquark model
S. Baek, K. Nishiwaki, PRD93, 015002 (2016)

‘muon g-2"+ "h—=u 7" — T—=UY, -

% General (type-lll) two Higgs doublet model
Y. Omura, E. Senaha, K. Tobe, 1511.08880, JHEP 1505, 028 (2015)

‘muon g-2'+ *h—-ut” =—» T—>u7,taudecay, -
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