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Wspin = Wypm + Wppy = —[aB+(a v 1)(B><E)+ g(—+ﬁx8)]
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EDM causes vertical spin precession
- In the Standard Model, n ~ 0
- ongoing search at FNAL Muon g-2
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Wspin = Wypy + Wgpy = % ak - ¢ /éﬁ%ﬁ%% .

Choose “magic momentum”y = 29.3
- spin precession ~only depends on a and B.

10—

+2n.d.f. = 3981/4127
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Time after injection modulo 102.5 ps [us]

EDM causes vertical spin precession
- In the Standard Model, n ~ 0
- ongoing search at FNAL Muon g-2
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Known to 24 ppb
What we measure. - A N
Choose “magic momentum” y = 29.3 LW ‘u' (T HYm
- spin precession ~only depends on a and B. » a =i @ :'up( T) /J,e( ) p e
¥ 7~ I
:wp(T'l“):lue(H) He Mg 2
Accelerator Physics on Kim /’,f’ ‘~\\\\\
Storage Ring ’,"” \\\\\\
Beam manipulation ’,”’ .\\‘~\\
p -7 Omega-a Team Beam Dynamics Team-.

(talk by On Kim) (talk by David Tarazona)

Unblinding conversion factor peasured frequency Beam dynamics corrections

4 v 7

Precision
field

magnets
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m
. / Wq fclock W, (1 + Ce + Cp + le + Cpa)
Precision NMR Calorimetry R,LL = = ; —
Tracki :
Field multipoles e;::sl:agp High rate DAQ wp(T’r) fcahb <\wp (x7 Y, ¢) X M(.CU, Y, gb)j) (1 _I_ Bk _I_ BQ)
f Y H/_/
NMR probe calibration factor Magnetic field weighted over Corrections from
Nuclear Physics  High Energy Physics Mag netic Field Team the muon distribution the transient magnetic field

(talk by David Kessler)
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Last update: 10-11-2023; Total statistics = 322.1 (billions)

7 >0 \ Muon g-2 (FNAL) >00 Our physics operation
= \ /”E-r:e - terminated in June 2023.
35 280 - - 400 &
E \ A & We met the TDR 3 &xc. On Kim
%’ 210 N 7 3003 statistics goal! &%
@ \\ / g And surpassed the
8 140 < — 200 & systematics goal in the 3¢
8 & Run-2/3 analysis! ‘
3 e 1100 3
2 TOR goal Stay tuned for the final
g 5 result! (2025)
g O.V\'a;‘y‘i\‘aé_\}m‘ioy\&
First result (Run-1) Second result (Run-2/3) Final result (Run-4/5/6)

(published 2021) (published 2023) (anticipated 2025)

2025 will be an interesting year

- final Muon g-2 result

- first EDM search at FNAL Muon g-2
- update on the theory picture
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Muon g-2 Theory Status:
Plenary talks by Aida El-Khadra & Sophie Middleton
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+—eo—t
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< bilo >
® +—e—t
SM: ete- HVP World Average
T.l. White Paper (2023)
(2020)

}

New results in tension
with White Paper (2020)

@
SM: Lattice HVP
BMW Collab.
(2020)
@
SM: e+e- HVP
using only CMD-3
data below 1 GeV

17.5 18.0 18.5

19.0 19.5 20.0 20.5 21.0

a,x10° - 1165900

A. Keshavarzi, Lattice 2023:

IMPORTANT: THIS PLOT 1S VERY ROUGH!
= Tl White Paper result has been substituted by CMD-3 only far 0.33 2 1.0 GeV.
*» The NLO HVP has not been updated.

= |t is purely for demonstration purposes = should not be taken as finall

Mairz/CLS 24|

ENMW+ERE 24
Aubin et al. 22
Lehner, Meyer 20
BAW 20
Maine /LS 19
FHM 18
PACS 19
ETHIC L9
RAECTROCTY 18
B-ralin {pre CML3)
Excperiment

5. Kuberski @ KEK 2024
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(@SN — e L 1ot
e from CMD-3 [F Ignatcv et al, arXiv:2302.08834, PRD 2024]
., before CMD2
| . cmD2
e SND
s KLOE comb
| — BABAR
—_ . BES
| : CLEO
5 - ' ; SND2k
: -cmna

1 | 1 | 1 1 11
360 365 370 3?5 330 335 T390
a’™ (0.6 <{s < 0.88 GeV ), 107°

Lots of work ongoing
- further ahead, MuOnNE will help



Gavin Hesketh

8

Wspin = Wypm + Wgpy = - [aB T (a yzl 1) (E X E) + g(E T E % §)]
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Use setup with no electric field: JPARC g-2 + EDM
- simultaneous MDM & EDM
- different systematics to FNAL

Kazuhito Suzuki

E34 simulation  Pu=50% N, =5.7x10"
200 MeV < E,. < 275 MeV

ooex1e’

T P =50% N, =57x10"  £34 simulation
nos— 200 MeV < E <275 MeV

d, = 1x1 0" ecm

—
L=
=

Decay e' counts / 5 ns
T ; T ||||
5
>s
(=]
Up-down asymmetry

—_
L=l
<
TTTIT
|
[ —

-0.04

1 1 I 1 1 I 1 1 I 1 1 —_ _I [} | 1 | [ I 1 1 1 1 | [} I 1 I LI I | | 1 1 1 1 I ol
20 25 The 35th Internationg! Wa&shgp artfeublnos fromi2__ 14 16 18 2
Time (modulo T ) [us]

O 1 1 1 5 1 1 1 1 1l:l
2024/9/16 i . .
/9 ACL];I};I%EHF‘}NUFML?DMJ, Argonne National Laboratory
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Wspin = Opmpy + Wppy & % aE%jM"‘% %EXE:

- Compact storage magnet

— Existing MRI technology with
an excellent local uniformity,

— High injection efficiency,

— Full-tracking capability with
large acceptance,

— ay and d, simultaneous meas.

rinas from

Use setup with no electric field: JPARC g-2 + EDM
- simultaneous MDM & EDM
- different systematics to FNAL

Kazuhito Suzuki

=
|

E34 simulation  Pu=50% N, =5.7x10"
200 MeV < E,. < 275 MeV

p.ogHle” : i : : y :
© P =50% N, =5.7x10"  £34 simulation + 3D spiral injection with vertical kicks
noa— 200 MeV < E,. < 275 MeV T g

A, |

= d,=1x10" ecm of (] ~F — loinject into the small

—
L=
=

Decay e' counts / 5 ns
T ; T ||||
5
>s
(=]
Up-down asymmetry

o e /ﬂ 5. orbit with high efficiency.
s — Extensive studies are on-

H,'E_il_ n

ez going for
» Injection parameters,
» Kicker bench tests.

fi]
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L - MIM AS32 (2016), 5162,
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AEL]JE!%EHF‘}NHFUHEDE#), Argonne Nationa! LaborumryTime (modulo Ta) [s] demonstrated usjn‘g e beam ( 80 ke V}
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Recent achievement

» Acceleration of USMs e World’s first muon acceleration!
MLE 52 area {Aprll 2024) Time-of-flight at the MCP detector

l

[ mmm Laser bff % Prellmlnarv data

- I Laser on

-

[=]
=)
w

QEceIerated

oold muon
|

penetrated muon
without cooling

=]
==
=

ﬂ
m .
"ﬂ T 1 T T

Rate [Hz/50 ns]
L= ]
~

1

Y56 o 500 1000 1500 2000'-' 2500 3000 3500

TR

e |onization faser

Time [ns]
(}* 244 nm) https://j-parc.jp/c/en/press-release/2024/05/23001341.html

e Much smaller ut* beam profile after cooling

Scintillator & image intensifier MCP & Phosphor plate & CCD
- 50,

Entrias
5id Dev x a
Sid Dew ¢ 1,657

y [mm]
[=]

Kazuhito Suzuki

1 ot shm'-m)
Dlagnostlc beamline 2= e
(Quad. and bendihg.magne

Accelerated p

-5,

Next step: acceleration to 4 MeV at H2 using IH-DTL (JFY2025).
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Wspin = Wypy T Wgpy = — [aB + (a y2—1) (B X E) + g(— + [ X B)]

EDMs violate CP, sensitive probes of BSM: dedicated search!
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Wspin = Wypm + Wgpy = % WW% ;"‘BXB

EDMs violate CP, sensitive probes of BSM: dedicated search!
- tune E and B to cancel precession due to magnetic moment

- “frozen spin”
MuEDM @ PSI, aim: sensitivity of 102 e.cm

Kim Siang Khaw

Upper detector

"l T 4T

—_
|
-

Pt PR

P ouwifs Nm s.010° L WL TEGE = COUTY

- d, =18:10" eem , 0,930 = 0,0011
L) _DUOTIGAE = 0 D0 4

=
]
|

=
[

- -
Aif) — Apgin{wt + @) -y H
aTte

BEYMIMIETY Fn{tJ—lNr{t]-\ll-:ﬂH N‘-:t:I-NL[‘.Jﬁ

-0.5

_1I:||||||||||||||||||
s 10 1% 20

Lower detector et SO
Cliamuel PRD 98 (2018) 113002
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Wspin = Wypm + Wgpy = % WW% ;"‘BXB

EDMs violate CP, sensitive probes of BSM: dedicated search!
- tune E and B to cancel precession due to magnetic moment

- “frozen spin”
MuEDM @ PSI, aim: sensitivity of 102 e.cm

Proton EDM, aim: sensitivity of 10 e.cm _
Alex Keshavarzi

o I 1
= Weubron EDM (A eved)
\ == Protan EDR indarect (Ack iewach
== Proton EDM [Flannedh
e l\ —¥— Lieutaron ELM [Flarned 1 NEW
= radigm
. | paradig
£ - of
g s
3 W s sensitivity
=
=

"] T NEW PHYSICS REGION .\\/

u | | [Stalistics = nEDM ]

1950 1870 ToE0 19TH I0AA 2CLR M2 PAE0 20O

TR Adesander st al [sTECA collaboration], 2 2206 D0EED,

Proton EDM experiment sensitivity ~ 1073% e - em!

Must understand the Strong CP Problem
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Tau g-2
If BSM effects scale with the squared lepton mass...

...deviations from the SM could be 280 times larger for a. than for a,
...BUT Tau leptons have a very short lifetime and cannot be stored in storage rings

» 2 diffracted protons
* 2 back-to-back OS 1 leptons

* No hadronic activity close to
the di-t vertex

* N 0

tracks —

Sensitivity improved from 20x to 3x the Schwinger term!

® Observed —68%CL —95%CL

CMS
OPAL
ee Z
PLB 434 (1998) 188
L3
ee Z

PLB 434 (1998) 169
DELPHI

from e)
EPJC 35 (2004) 159

ATLA
S ( from Pb)

PRL 131 (2023) 151802

M
enls ( from Pb)
PRL 131 (2023) 151803

CMS
( from p)
This result

Cécile Calllol

138 fo 1(13 TeV)

SM

0.11 1 1
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Charged lepton flavour violation:
- flavour is an “accidental conservation laws” of the Standard Model
- violate in many BSM scenarios

Three “golden channels” for muons:

nt — ety | L N—e N
Vg Uy
w . " s
w-
[ e* Y
Vi v, q q

No outgoing neutrinos!

Current Upper Limit (at 90% CL) Projected Limit (at 90% CL) Upcoming Experiment/s
nt—ety 31x1p0M 4x10™ MEG II
nt—etete” 1.0 x 1012 5x 1015 Mu3e Phase-I
1018 Mu3e Phase-l|
pH N—-e N 7x108 8x 101 COMET Phase-1
(SINDRUM-II, 2006) 6 x 1016 Muz2e Run-I
8 x 1017 (Mu2e) Mu2e Run-Il/ COMET Phase-II

Muon CLFV Overview: Sophie Middleton
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First results from MEG-II;: Matteo De Gerone
- search for u~»ey

Liquid xenon detector
(LXe)

COBRA

supercqiucting ma

Pixelated timing counter
(pTO)
Muan stopping target

Cylindrical drift chamber
Radiative decay counter (CDCH)
(RDC)

EPJ C 84:120 (2024)

7 week run from 2021 almost matched full MEG sensitivity
Combination with MEG set most stringent limit to date:

BR(p—ey) < 3.1 103 @90% CL

- e7y)

-+

B

i

cos B, < —0.9995 |1, <0Z2ns 49 < E, < 55MeV 525 < E < 532McV
T T T T T T

;58:""| T Elz LI B B
S s7E - = 08" : s
L woor s ° ]
5 565— N 3 0.6:— e ]
sst P~ 3 04; 3
C i \'. ; & ]
sS4 i 2\, = 025 ° E
= el 3 o ) 3
i e ST N B
525— ‘\‘ :' / = —02?'& ° E
Slke o e X 3 -4 °
soz ¥ . %;"\ [ 3 -06F . E
a9F o AV 3 08" .
SEN I P IR I B | P R DV B I
W5 52 28 s w5 w 21 —0.9998-0.9996-09994-09992 —0.999
E,. [MceV] cos@e.y
PDF contours (1, 1.64, 20)
T T T |' T T T I T T |' T T T |'
muu = —
20 £ MEG sensitivity (90% C.L)
3 T, 7 MEG limit (90% CL) |
i —— ]
1077 E
—+— 9% UL sensitivity H\*-O .
[:I + 1o of sensitivity -
:’ = 20 of sensitivity y
10-14 —#— 3q discovery at %% power L

DAQ livetime [weeks]
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Mu3e Status Robert-Mihai Amarinei
- search for u~»>eee
- aim for 10* improvement in sensitivity

Need excellent momentum, vertex & timing information
- for low-energy electrons

~ P
Recurl pixel layers / \ /,-*""

“"\-\_\‘
£ - .

Scintillator tiles
[ TT 1T TT TTTT 1

Inner pixel layers \‘\ /

™
Target —

f
i

3
>
*

Scintillating fibres /

SciFi supermodule

SciFiribbon

SciFicocling ring L-bracket support

TT TT TT 17T 1T 1
\ f,-"’ Quter pixel layers
\\H‘_/‘f
Cosmic run with Full detector Physics
inner pixel and SciFi commissioning data taking

Nov/Dec 2024

Mube?! Tony Menzo
- Mu3e should see 100’s SM events
- can set limits on BSM enhancements

c e

'.
.
hd N

d

JHEP 10 (2023) 006, 2306.15631
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Mu2e Status: Andrei Gaponenko
- search for uN->eN
- physics data before 2027 shutdown
- x1000 on current sensitivity
- COMET similar

Proton Beam

Production Solenoid Detector Solenoid

~ Transport Solenoid

Muon

PS assembled
Will arrive this fall

Started last plane (#36) this week
Electronics installation and assembly
into stations are in progress |

“4 DS cold mass ready
Arrival summer 2025

I All components on hand
357 8 All crystals and SiPMs installed
3 Electronics installation

! and cabling are in progress

TSu+TSd installed

Cryo connections in progress
¥ e THEER 40000

New study of stopping target dependence:
- Leo Borrel, arXiv:2401.15025
- Al - V for Mu2e-II?

70

60
é: 40
% 30
g‘] 10 ZIC : 30 4‘[' 5'0 5'0 7‘3 Im 9'0 100
N D ”SLZ() =VRy/(P) 2
e = 4/\";1\ECL Dy + 4(GFm#,mpC{p]5Np + Cy Viw>l+p—on)f+LeR

More BSM scenarios: Tony Menzo
- Ee > 105 GeV
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ATLAS, CMS, Belle can test huge range of LFV BSM models T2Uun
Ben Wilson, Federica Simone, Paolo Leo

UL at 90% C.L. on B(r — 3u)
ATLAS 3.8x 1077 (L = 20.3 b7 1)
i.f i
p o ..cahmetry LHCb 4.6 x 1078 (L =3.0fb71)

Leptoquarks: up to 100 GeV
|mprovement |n I|m|ts

— 14 T = 1.0 T T T — T
=
z ATLAS 3 ATLAS £ ATLAS u :
= pair praduction
1 = -1 - -—
_g;, VE=13TeV 139 1 X VE=13TeV.139 T e =t e Yang-¥il Is eeuplirg ] CMS 2_9 X 10 8 (E — 131 ﬂ) 1)
308 g 0.8 = All Limits at 95% CL —— Combined Analysis
*‘ LY >ttt H 10 = triby T — Dbscr\r:: Liunit Individual Analyses 1 8 1
- All cunlouns al 95 CL - Al contaurs a. 95% GL & ==+ Expacted Limit — hh . ( —_ b— )
08 —— Obsorved Umit ] v 06 — Observed Limt ] E 0 — i ] Belle 21x10 L=7821
5 ——- Expectad Limir 'E ——- Expaclad Limit — bbT
T Expected £1o 1 Expecled 1o 100 ESS Theory (LO) B .1
Fos T BaBar 33x107° (L =4861b")
= = Cambined Analysis = = Combinzd Anlysis e el
= Individual Analyses = Indivicdual Analyses R =
0.2 — brbT 4 02+ — bubv B
— ity —_— il 1071 4
— tThw _ tubr B »bT]=05=1- BlU; )
ookt 1 f L L L L L L 0.0 1072 L . . L
600 800 1000 1200 1400 1600 1800 2000 2200 2400 600 ilei] 10[]0 1200 |4[|0 1500 1300 E’UDU 2200 2400 1000 1200 1400 1600 1800 2000
i s [GeV] i ge [GeV] mu, [GeV]

A range of heavy flavour LFV searches:

CLFV in top decays: g

133 TD {13 TeV] 14 138 lb (1 3 TeV)
w LI B I I T T — . T T T T T T T
o 45 cMs CLFV 68% oxp. Obs. L - CMS ' 'CLFV 6a% exp. Obs. |
ek Scalar e i o Scal - — :
P Scalr i — | G o e o — X,
) s Tensor  gmmsm —— 1 Tensor s —— ¢ ; g
; a5 85% CL upperlimits f: = 5% CL upper imits ~ _| P
L o ; L 2. 1 1 T 1 ! 1
-I 3 _: QE - i DOU D[I ATLAS E
il : 5 LEP2 .-
25 = i i T o'e = WW, V5 183-207 GeV :
s ATLAS — i
p 3 pR—W, ¥5=7 Tav, 4.6 1" i
LHCo P
1.5 P e pe—W, ¥5-8 TeV, 2 I :
: il cMS e
1 3 pp ot We=13Tov, 36 ' H
o E g PDG avarage le*—'
B B ...and new measure of lepton i e e
015 02 025 02 025 03 universality in W decays R e L

B{t— ptu) x 10° CWJAE (Tev?® BIW v /B(W sev)
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Searches for Heavy Neutral Leptons as ATLAS and CMS

Martin Kwok, Ben Wilson

- new ideas being explored to push param. space!

Displaced object reconstructions with ML

Prompt lepton

Displaced
~ N fyg

EX0-21-011, EXO-21-013

Prompt 37 = (¢, 1, 7)

Prompt leptons
from PV

EX0-22-011

HNL with B-parking dataset

R
P
.-l"n\
JTE
b
\
+H
=
l
T
=
3 3
he a
T III| T T IIII T IIIIII|

Phys. Lett

r_ — -
= ATLAS
= WE = 13Ty, 140 [
A=t U ] = |V
35%, CL Limits
0lr

Novel displaced signature -
Muon Detector Shower

@— Prompt lepton

Corbdanaticn
— Observad dmit
v ExperTed Limit

e Cxpested Liwit Z1e
Expected Limit —zc

Displaced N

Individual charnals (ckservac)
_—
— &
= iy [EFIC 83 (2023) 824]

E]
inclusive decay 10

EX0-22-017

TR

EXO-23-006

Novel data stream -
CMS Preliminary 35.9-138 1o='(13 TeV)

.:u_ : .II I| T III| T TTTTIT TT II L IIII E

Z ool Majorana i
fy=pare =t et = — Observed
; /- - -- Expected

Muon channel

Eame-sign 2£ + et
JHEP 01 (20is) 122

Srempt 18+ 2 e splaced |

JHEP 07 (2022 181

W3F same-3ign 2t

SRLTET S 01808

Srempt 126 5 1 displaced jer —
JHEP 03 (2024) 1058 E

Trempt 18 + MD3
Ak w2407 1 FERER

Trempt H-(s, 41
ELERUE T ]
Bpar<ing 26+
arg w24 4584 3
“rempk 18+ 1 splaced | & et 4
CME PAS EKF- 21 a1

. . . wal
108 10 10°
my [GeV]

EX0-22-019

104
my [GeV]

. B 856 (2024) 138865

CMS 35.9-138 fb'(13 TeV)
% 1geL Majorana -
2 [ — Observac 7
| —— Cuxpectez
107 E
'll:l'a: {i;,’- -
10k Elzctron Channal 5
i ! Prampt 44 - 2 displaced ¢
4 T JHEF 07(2022) 081
10 |- __ Prompt1f - s=1 digslacad 8
o wriiv 231207484 pu
[ Prompt 14 = MOS ]
10-5 T arXiv:2d0R.18658
N . Prompt 3E={c,mu, <1 2
F arlv:2400.00100 B
i & sign 22 je
10k - .|:;§mg[??nﬁr:r|w= | E
T TR T A TN BRI AT N
10° 107 107 109 107
My [GBV]
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Byungchul Yu
Scalar DM search with Muon g-2:

- induce oscillation in muon mass at DM freq.

w,(t) = a, %B

AT Incoming Muan

REC/GEMTEN B
RPC/GEM IR IS

Y5 Dark Matter

— o RFCGEMENS

RPCGE M IR TIER

B F Outgaing Muon

Minimum time scale

10ms 197 ms 1063 ms

Maximum time scale
Lest update: 2023-07-10 10:26 ; Total = 21 90 (xBRL]

Muon g-2 (FNAL)

[
(=]

Faw ot/ cumulaiva [x BNL)
= -
[=] wn
x
i
a
=
7
faul
T

Al 3

[

A Fins /L /L
un-1 L4 i
AR B B W g® B gh ahN  gh g g g s
L P SR I HEC VLI L e S 1400 ms

Whole experiment lifetime (5 years)

|

Bunch separation (10 ms)

DM Mass (eV) 1023 Mpp (bunch level) 10-15 1013
: s S— =
DM Freq (Hz) 108 Mpp (sub-run level ~ O (1) seconds) 100 102

Expected Dark Matter mass range with its corresponding frequency

EUTEI @ [ CIte - TR P T LU o
& uonenergy = 1GeV | s F
— -- Asymptatct-i.} axp:ctec ; -
Bl |t devion | J
. . == 1 2std. deviation E
Qiang LI 5 o :
Muon — DM scattering g a2
- tomography, or muon beam 2 :
Seattared t g 1%
Lad 4 ared-out muans aam - 1g—
o
a
S
. r/ \ o’*/*’f \. - E
e : Y -
= zfiffffffffffffﬁ @ :
. s \\\_/ \\ Y, 1g 14 e e Tt T o i
Surrounding bracker Layors 1 10 10’1

DM mass (GeV)
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Q1) Status: what can and will we learn from muons at existing facilities?

Q2) Opportunities: what are the opportunities for muon physics from future facilities
for example PIP-1l at Fermilab, HIMB at PSI?
- also upcoming Chinese Facilities: CSNS, CIADS, SHINE

Q3) Requirements: What beams/facilities are needed for future muon experiments?
- or: What can the Muon Collider do for you?

Proton Driver Front End Muon Beams Experiments

AMF, Sophie Middleton

ut - ey, 3e .
-. i -- ’
- u Looks familiar! MW Beams plenary, Kevin Lynch
- Synergies with MuC T " I M h I H d
WN s emy  cfort argetry parallel, Michael Hedges
- Need tp_ explore overlaps / - TR \
and utiize shared Tungsten, 6.3 mm x 220 mm R =1cm W/WC spheres ?;;F e S

expertise :
8 kW beamin4.5T

|
O

Proton Compressor

100kW-1MW FFA to create pure,

target in a Capture cold muon beam
Solenoid

~1 MW

\

o e
- ey

J Would be designed for the

O A concept based on the d
racetrack evolution of i
o

PRISM ! 1
e Y

LS

lowest practical muon

momentum (30-40 MeV/c)

8 The + and - beams are [First demonstrator!]
quite diffuse and do not

- 2 Muon collider
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Working Group 4 (Muon Physics) Summary

Exciting few years ahead for Muon Physics
- final results from Muon g-2, first data and results from many others

...and lots to think about longer term.
- NuFact can be a great forum for those discussions!

Thanks:
- to all the speakers for very interesting talks
- to my fellow conveners Simon Corrodi and Kim Siang Khaw
- to the organisers for a great conference!
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