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Muon as a probe to new physics

* Neutrino oscillations gradually verified by experiments:
* neutrinos are massive, and lepton flavor conservation is violated.

* TOO many mysteries about neutrino masses and mixings
* New physics models needed! SeeSaw, SUSY, extra-Dimension, -

* Difficult to search for new physics directly on energy frontier

* Indirect search: precision frontier

* Muons are particularly important: relatively long lifetime, easy to produce,
not too light, simple SM physics.

* Processes to search for new physics: CLFV, g-2, EMD



Hints for new physics (In lab): muon?
couplings of electroweak gauge bosons are
“blind” to lepton flavor: lepton flavor universality.

g-2 anomaly: since 2006 Lepton flavor universality anomaly
predictions experiments e (L1601 ——
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Charged Lepton Flavor Violation (CLFV)

Highly suppressed in SM+m,, by CLFV Widely predicted in NP models
GIM due to the smallness of m,, related to neutrino mass origin.

(N eutrino Flavor Violation is observed !

!
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Clean field to search for new physics!



90% CL limit
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CLFV experiments: muons!

Muons are bringing the biggest improvements!
Can probe new physics up to at 0(10%~10°) TeV
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Differential Branching Ratio

doysyiom aininguoniy ‘ning pnA

u—ey

Starting from positive muons stopped In target.
Signal Is back-to-back electron positron pair.

Background dominated by accidental events:
* DC beam preferred. Detector resolution limit.

Can search for u = eX(y)in the meantime

Accidental Background

) - -
T | T T T T T T | T T T | T T | -E 1 ; T T T | T T T T T T | T T T T T T ; . . e . . e
T SRt . B, xT,-0E, (0E,) 0T, -(00,)
: % 101 :
0.8 — = ?
_ -*) -
i £ 10 3
0.6 __ — f ]_0 3 2’. Bacc ~0
L 7 = ul efficiency-dominated regime
i = ) ~ 1/UL~Tu¢
04l ] £ ©
Ar ] = E ]
I Signal e} | S 10T Y Signal y 3§ Baco >> 1
0.2 - 6l b background-dominated regime
B 7 107 = 1/UL ~ S/JB ~
C v; = = ~ (Fue)/J(Ti2 € 8Ee...) = J(€/5Es ...)
1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 --||r 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
% 02 04 06 03 1 107 02 04 06 08 1 +
Normalized Positron Energy (x) Normalized Gamma Energy (y)

Beam Rate
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u—ey. MEG-Il @ PSI

Liquid xenon photon detector
(LXe)

=

—— == Neutron spallation

source SINQ -
<W—' =
Neutron

— experimental hall
—

COBRA

ducti , »" Y =
superconducting ma B I - N

(pTC)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)

(RDC)

Link to the MEG Il design paper
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https://link.springer.com/article/10.1140/epjc/s10052-018-5845-6

doysyiom ainingyuoniy ‘ning MnA

u — ey MEG-I1I Vo MEG

* MEG: operated 2008~2013, 90% CL upper

limit set to 4.7 x 10~13

* MEG II: 2021~2026, aims at 4 x 1071*

* detector resolution and efficiency x2
* Beam |nten5|ty x2:3x 107 /s - 5 x 107 /s. Can

achieved: 108/s.

B, xT,-0E, - (0E)" 0T, - (00,)

AE. [keV] 380 130 90
AB: / Ape [mrad] 9/9 7.0/5.5 8/7
e+ Eff. [%] 40 70 65
AE, [%] (deep/shatiow) 1.7/2.4 1.0/1.1 1.7/2.0
Aposy, [mm] 5 2.4 2.5
y Eff. [%] 60 70 60

Atey [ps] 120 85 80

BR{L— ey)

1{]—13

1D—14

4——

I"u"IEG 21311

Qﬂ% iCL.

—— 5c¢ Discovery

1 ——3c Discovery

——90% C.L. Exclusion ]
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New muon beamline design in PSI: HIMB

« Aim: 101%u/s, surface muon, DC beam. | -
Proposed solenoidal beam line to increase the

* Schedule: long shutdown 2027~2028 transmission efficiency
* Serves for particle physics (4 = ey, u —
eee, mMuEDM) and muSR research. . 1200T goce 13X 1074 g TOM

* Optimizations on target, capture and
transmission are ongoing.

7.2x10° uH's
C~6%

3.4 x 10" ptfs

Capture C ~26%

Normal-conducting,
radiation-hard solenoids to
capture surface muons.

Existing HE4
beamline

| Proposed
solenoid
—», Gaindue to high capture ‘ beamline
and transmission efficiency

R R Y/ A

5 x 108 pt/s 1.3 x 1070 pt/s
T~7% Transmission T~ 40%
Total ~ 0.4% Total ~ 10%

Shielding around TgH
removed far better visibili

doysyiom ainindpyuoniy ‘eded ejabuy



U — ey: next generation experiment

* HIMB Physics Case Workshop started

- -15level seems to be within reach for
from April 2021 Afew 10 .
_ " . 3 years running at 10° u/s
* Positron detection: gaseous of silicon (further improvements possible with R&D)
* Photon detection: calorimetry or conversion
layer. 107" g -
y

———— MEG:-I| detector

——— calorimetry

— conversion (1 layer, 0.05 X , TPC vtx (opt))
conversion (10 layers, 0.05° Xo, TPC vix (opt))

T T TTTH
L L1l

(8T02) 82 O'('SAydIng “|e 12 0J0ARD 'O
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TTTI

llllll

x
L £

1
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o
l
llll

Muon stopp.ing 7 £ MEG-II .
ctive targets _\ i
10714 i S e A S S e e
E\ -------------------- :
: . : : 1075 N e aY 7_

The plan with active multiple layer conversion layers. e o 1010
Silicon detector for positron. T, [ws]



u— eee

Starting from positive muons stopped In the target.

Signal: 3 electrons from the same vertex.

Background: internal and combinatorial events:
* DC beam preferred. Detector resolution limit.

Can search for u = eX(y)in the meantime

Internal background

i)
-+
0
< oc
~ e 8
'-S
£ -16
o £ 10
PR Ny [a)
e t\//j
1 -18
e 10

Signal

101 102 103 104 105 106
e*e'et mass (MeV/c?)

Combinatory background

-+

e N
N\
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u — eee: Mu3e @ PSI

»_,1 —
—_—— == Neutron spallation
\
‘ | source SINQ |
| [ ] V]
| ! [ B
- \! Neutron
| —— - T v - ‘ O experimental hall
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cancer therapy

. -
Injector Il
72 MeV

Ultra cold neutron
source UCN

HNOINe ||

MIDAS DAQ and Slow Control

MEG/Mu3e Native nE5 elements

Shared eleme ‘tT's
'ill

Muon Beam and Triplet I: Triplet I:
t; £
target Q5K41,42,43 o qss‘llluz,zta

SML/Collimator

Split Triplet:
Q5041,05042,05M

Mupix detector

Mu3e/CMBL

Link to the Mu3e design paper
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https://arxiv.org/abs/2009.11690

[MeV/c]

pcms

u— eee: Mu3e @ PS

* Phase-1 aims at ~1071> sensitivity.

* Phase-Il aims at ~1071° sensitivity.
* Will use muons from HiMB: 10%u/s

10

* Detector needs upgrade.

Mu3e Phase | Simulation

105

=4 - eeevv ;
= 1 dot: 1 event per 10" u stops

. “Michel + Bhabha
=" 1 dot: 1 event per 10" u stops

u — eee

Meee [MeV/c?]

Mu3e Phase | Simulation

Events /0.2 MeV/c?

102

u — eeevv

Construction

- -

SINDRUM 1988

Shutdown
Commissioning Mu3e upgrade
2021 2022 2023 2024 2025 2026 2027 2028 2029
nt | " st ||| ’ oh | Phase-| Bhvel Phase-Il
ntegration ns on SICS SICS -
grati allati ySi ~10_15 ySi ~10 16
10" muon stops g 107"
£10°m ES] Sﬁ) Mu3e Phase | 10° muon stops/s
a vons’s u—eee 13.0% signal efficiency
Bhabha - — at 10-12
+Michel "=, =
o

e at 107
e, 4—t————at 10

e e e at 107°

105 110

M., [MeV/c?]

Technical design of the Phase | Mu3e Experiment

95% C.L.

Data taking days
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‘Ll,N — eN Signal

Starting from negative muons stopped In the target.
Signal: 1 mono-energetic electron. -
* Background: intrinsic, beam related, cosmic ray Tu = 863 ns @AI

* Pulsed beam preferred. Excellent extinction factor required. ~
* Cosmic ray veto needed. °

Can search for u”N — e™N, u » eX in the meantime.

E.=M, - B,

Using pulsed beam and delayed window
Intrinsic background: DIO. Can be well separated with current detector.  to avoid beam related background.

i Signal and DIO (BR=3 x 10™'°) i
DECﬂy lin Ol"bl‘t (D’O) ©0.18 : - . : ’ - i\  Main Proton Pulse |
2, : P i : @ (10° proton/pulse)
=01 An example using He- o e R
5 hacadl  Arit ~hamihar. ICrerm = | y
g oasediaritt champer: Slgna | CamRT——
§0.12_ b . , === & B ' °wppedVuonDecay
0.4 L :
«DIO
) S
0.04f—
0.02f i N A
b ' 22z PP PP i
181‘5 102 102.5 103 103.5 104 1045 105 105.5 106 < > T
Momentum [MeV/c] Llps LTZ(“S)




UN — eN: Mu2e @ Fermilab

Mu2e aims at 90% CL upper limit 8 x 10~ 17 with 8 kw
proton beam.

* Under construction. Data taking from 2025~2026.
* 1/2y before shutdown (run 1), 4y after (run 2).

« Mu2e Il aims at 8 x 10718 with 100 kW proton beam.
* planed after PIP-1l upgrade. Somewhere after 2030.
* Needs 5 years data taking.
* Infrastructure will be reused. Target/Detectors need upgrade.

muon beam stop

8 GeV/c proton beam

295kHz 4.4 MHz &
AC Dipole AC Dipole

detector solenoid

calorimeter

tracker

1.0T

AAAAAAAA

production target

transport solenoid stopping target

2.0T

Link to the MuZ2e design paper 15


https://arxiv.org/abs/2009.11690

UN — eN: COMET @ J-PARC

* Phase-| aims at 90% CL upper limit 7 x 107> with 3.2 kW
proton beam

* Under construction. Data taking from 2024~2025.
* 150 days data taking.

* Phase-Il aims at 4.6 x 10717 with 56 kW proton beam
* Planned 3 years after Phase-I. Needs 1 year data taking.
« May aim at 7 X 10718 in case of schedule delay.

* Infrastructure will be reused. Target/Detectors need upgrade. SC
beamline needs extension.

e Bt e A 5. P P25
/—b. O

16

Hadron
Experimental
Facility (HD)



https://arxiv.org/abs/2009.11690

UN — eN: Next generation

The PRISM group is still updating the design to achieve an

The original design before COMET ultimate search for uN = eN

Started from 2005.

PRISM Pion Capture. § FRILIIE ] — MW beam
Phase Rotated Intense Slow Moun source —1— M 8 d eteCtOr J Detector Solenoid
Eﬂ%ﬁr 1o Electron conversion experiment U'J spectrameter SDIBHOId
Pion Deq 3 [ momentum slit aiming S.ES ~ 3 x 1019
Mucn-Sidoping Targat [
Q
o PRISM-FFAG
.E'." extract kickers muon storage ring
1
O
Q Muon Storage Ring
_ Ll (Phase Rotator) matching section
='= Phase-Rotator E
Detector curved solenoid
beamline (short)
N SC solenoid /
- Beam Manipulator(PRISM) [injectionkickers pulsed horns

Aiming to achieve an ultimate

sensitivity: BR<10-18 In synergy with muon collider: target, capture, and

storage ring. Might be the most intense muon beam
before muon collider.

17
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uUN — eN: Next generation

* |ssues

* FFA needs special muon beam input: narrow bunch, low rate.
* 1 MW brings challenge to target station and detector/electronics.

e Benefits

* Pure low energy muon beam: no longer relies on delay window. We can finally
probe high-Z material: possible to tell apart different NP models.

Lifetime of Muonic Atom for Different Materials

10° ) I
~— Capture
, j ~— Decay
10° | <~ Total
Vector 2 102 |
] ﬁ g 10t} c ga z S 8
% 'l ,‘u"'l =) .r*_g T 8 n O J
1 [ :g [ N '
z | Vector 1 e e i Impossible
10° } |
Approx. COMET In current
Dipole (& .2 -_.S5__"_ sl [ R Beam Flash Duration | . )
P i]5E 2 T generation’s
; Scalar T 5 E e | ] .
S 3 design
-2 L L L 1 1 L 1
1075 10 20 30 40 50 60 70 80 18

V. Cirigliano et al., phys. Rev. D80 013002 (2009) Atomic Number, Z



UN — eN: Next generation

 FermiLab will have Its accelerator
upgraded: PIP-II, 8kW -> 100 kW

* Advanced Muon Facility (AMF) was
proposed to make use of PIP-Il for next
generation muon physics

* uN — eN plan in AMF took the idea
from PRISM: In cooperation.

* AMF proposed to use compressor ring
to make beam structure for FFA

* 10 ns bunches at 100-1000 Hz

* Pile-up effect will be too much
* Need PRISM type detector: select electrons.

« u”N - e™N needs separate run in this case.

Muon Beams Experiments

@

Proton Driver Front End

ut — ey, 3e

)

e} —
o 2
c - =
— —
O e
0 L 100kW-1MW  FFAto create
targetin a pure, cold
No CDR exists, no fully integrated baseline
Capture muon beam No cost estimate
- Need to extend to higher energies (10+ TeV)
SO|en0 |d But did not find something that does not work

D. Schulte, hitps://indico.cem.ch/event/930508/

AMF Front End: Compressor Ring

limitation is

Bunch separation from Space Charge
/ ( ns) )
{, tune shift | Av| < 0.2
bunches I H
T I B
/ \ Nh = €N
Injecti be de-phased bunch length, period,
nnnnnnnn (“paint”) bunches in ring
—— - T and normalized emittance
/ \“\\rﬁz. / h \
. / \r,=12 2
’ \ ( | fgap=1
! l
AN / \ 7 to
~—— SN Production
f=2 Solenoid
30 0 kW
next slide
2203.08278
4& Fermilab

24 29 May 2023

AMF: hep-ex 2203.08278 19
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Muonium Antimuonium

* Starting from muonium formed In special target (Aerogel/SF-He/-)

* Search for the the high-E electron and low-E positron.
* Background: internal (u — eeevv) and combinatorial events

-10L PSI, 1999 4
| |
10—11 L \\\ 4
1\ |

1

_.
=)
=)

Am
_ —I't .. 2
0.8 PI\II\I — F(:’ S11 - [ — Muon

_ - (Muonium)
0.6 decay

Muonium

, ' conversion
ol |/ ¥ (scaled-up)
- ’ L - . = L t/t
Z 3 O
u* beam time (h)

Shihan Zhao, Workshop on a Muon Physics at the Intensity and Precision Frontiers

MACE Py, Sg upper bound (90% C.L.)
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Prospect In the future: EIC, MulC, LHC/LHMuC

X o

* EIC and MulC, LHmuC oo
provide sensitivities on

unique channels.

* Two examples shown here.

(a)

(b)

tonvion () . p @
S @ BNL NG

arXiv: 2207.10261

s~ HERA S, MulC @ m,=500 GeV LHmuC @ m_=500 GeV
A s EIC/ECCE (18 GeV x 275 GeV, Preliminary) 1 Zz
BABAR (1-ey) . K T
— 10 L =100 ! w 1MIC----P{0 nective..
|z 5 | F
}‘_:g A R A F B -
A A
05
] 107'E
Soure 1 12 13 21 22 23 31 32 33 - :
100 o ) e BBy Mixing- i e BB Miiing € 7
——" N\ 50 HERA ég - —— Neutring Trident Limi o ——Neufrino Trident Limit~_
inection N a4 EIC/ECCE (18 GeV x 275 GeV, Preliminary) = - et 102k —
(s’;n%(r:vcglhrggif — BABAR (1-ey) 1 L - e e = - 30:fL
- " ] 0% =G
(polarised) - E 5 A A A 3000-fb ! 300611:.'
ionsource ;:—’S A A A A A
¥ L AAA AAA AT 102 N 10 \ L
Iternat os) AAA 107 1072 10! 10_3 102 107!
alternating
gradient syn
1 12 13 21 22 23 31 32 33 gb gD
ap
MulC LHmuC
£1

Zuo, CLFV 2023



Number of high energy positrons as a function of time

o —~data
i —fit

count/2"149 ns

Get g-2 by

I\/l u O n g - 2 measuring spin

precession frequency
under magnetic field.

u Fermilab Muon g-2 collaboration

After solving out the SM components with high precision, Eo @ S ey

70
time modulo 80 us

muon g-2 is a good place to search for new physics.
x Best measurement result: 2006 at BNL, 0.53 ppm
v vé : 3.8 sigma discrepancy lasted ~20 years!

T v
B_;'/_;!'-..e.f.;, \\‘.Ll u v, " Y } ‘l\“ u " predlctlons experlments

| |
DHMZ10 —_—
QED EW QcCD UNKNOWN jext
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—~+ T T T T
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2
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o
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@ c
= o DHMZ19 _—
2 S
= 2 -7 L —
8 k= 10 KNT19
o 2
= T e 3.80
o c
Z S 10-° BNL (x4 precision) —
= = —1
35 @ 160 170 180 190 200 210 220
S 10-11 (a5 x 10%°) — 11659000
o
3 A. Keshavarzi, et al., Phys. Rev. D 97, 114025 (2018)
S A. Keshavarzi, et al., arXiv:1911.00367
[e)]



Muon g-2: after BNL

FermiLab

I ——
] I T

Same design
Upgraded beam
and detector

Table 4: Comparison of various parameters for the Fermilab and J-PARC (g —2) Experiments

Proton beam
(3GeV, 1MW)

J-PARC
Experimental design (1)

Surface muons
(3.4 MeV, 27 MeV/c)

Thermal muons

(25 meV, 2.3 keV/c)

Very different techniques from BNL-E821 & FNAL-E989:
* Small-emittance muon beam with no strong focusing,
* MRI-type storage ring with a good injection efficiency and high
uniformity of local B-field,
* Full-tracking detector with large acceptance.

Parameter

Fermilab E989 J-PARC E24

Statistical goal
Magnetic ficld

Radius

Cyclotron period
Precession frequency, wq
Lifetime, 7,

Typical asymmetry, A
Beam polarization
Events in final fit

100 ppb
1.45T
71lcm
149.1 ns
1.43 MHz
64.4 us
0.4
0.97
1.8 x 101!

400 ppb
3.0T
33.3 cm
7.4ns
2.96 MHz
6.6 s
0.4
0.50
8.1 x 10"

Small-emittance muons
(212 MeV, 300 MeV/c,

Totally new design.



Muon g-2: FermilLab

About to finish data taking of Run-6.

Today

2013 2014 2015 2016 2017 2018 2019 ZHII} 2021 2022 2023 202‘

| IR IR T ST NI N R d.

i HE = -
Ring moved from Comim.
BNL to Fermilab run Run-1 Run-2 Run-3 Run-5 Run-6

Last update: 2023-03-06 17:11 [Tntal =21.11 {XBNL]J TDR of 21xBNL reached on 27 Feb 2023

- Muon g-2 (FNAL)

Z 201 I

o

=

2

£ 151 L

=

g >110x10" CTAGsS,

% 40! -4——® Run-6 still ongoing |

+ Publication ~2025

@

E / 32.6x10° CTAGs, analysis in progress
51 Run-3— Eypected 200 ppb stat ® 100 ppb syst [

m 2 Publication expected this summer
04 ﬁ/_"éun 1 —l- 7. 3)(109 CTAGS 434 ppb stat ® 157 ppb syst errors

d\% WO A\QJ 1\9 ) Qp ah \q:\ ']:\ 'l r Uk
N\ N \
@ h!.,a 3,\5 %I‘ 3\} 33\’\ .\5‘9" (:,'\’ o g’\'PQ o %;3\ -030 "3‘9‘-‘ wit Q\'ga(\

oV

Current result with Run-1.

°
BNL

[ *— i
FNAL (Run-1)

I—Q—|: ' . i | . |
WP2:020 BMW, lattice QCD  Experimental

Standard Model Standard Model avefage
< 5 >
4.20i

1.50

175 180 185 190 195 200 205 210
a, x 10'% - 11659000

New results coming soon!
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Muon g-2: J-PARC

J-PARC MLF
H-line

Production of thermal energy muonium

Silica aerogel with
laser-ablated surface
(Si0,, 30 mg/cc)

Muonium (ute’)
30 meV
Efficiency

3 x10344

surface !
(laser region SmmxS0mm)

muon beal

Photo by S. Kamal
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cf. Contribution to the muon g-2 implies ...
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MUEDM at PSl
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Muons for precise measurement
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Muonic atom spectroscopy at J-PARC
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Precise measurement of the hyperfine structure of muonium
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Precise measurement at PSI
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summary

* Muons have unigue properties:
* Not too heavy, not too light, very clean.

* Muons play important role in the precision frontier searching for
the new physics beyond the standard model:
* CLFV, EDM, g-2.
* Can probe 1075 TeV indirectly
* In synergy with energy frontier: muon collider?

* Muons provide unique playgrounds for precise measurements

* Muonic atom spectroscopy, muon nuclear capture, muon scattering,
muonium gravity:-



