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The Search for New Physics

High energy frontier

Precision measurements give access to high masses through quantum fluctuations
Availability of intense muon beams allows for large increases in precision in the muon sector WL
Probes new physics at the hundreds-thousands TeV scale



Fermilab Muon g-2
Experiment




Muon g-2

The interaction of a muon
with a magnetic field can
be both measured and
theoretically predicted to
an extremely high
precision
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Are new particles or forces showing up (in the experiment)
that are not in the Standard Model (calculation)?

The experiment actually measures two frequencies
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What we measure



Anomalous Precession
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(prior to last year) aum1

Run-2/3 - o :

g g e 1 e 4 ¢ 1 4 4 g 4 X 4 & 4 3 1

9.5 20.0 20.5 21.0 21.5

a- 107 — 1165900

* Run 2/3 had 4.6 times more data than run 1 with a
more than two-fold increase in precision

* Many improvements in the Run 4/5/6 analysis
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2025 Run-1 T

Rumn-2/3 —_—

Run-d4,/5/6 —_—

Rum-1-6 —

EXp. avearage Lo

i s 1 & 3 ¢ 3 1 g 4 g 4 L 4 & 4 3 1

9.5 20.0 20.5 21.0 21.5

s 107 — 1165800
a,(Run—4/5/6) = 0.001165920710(162)

a,(Run—1-6) = 0.001165920705(148)
* Results in excellent agreement

* Run-4/5/6 uncertainty reduced by 1.8 times over Run-1/2/3

* New world average reduces BNL E821 uncertainty by a factor of 4.4 m
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Comparison with Theory BNLEB21 ol
aim _ ﬂﬁED + “Ew + a;IVP + aELbL J Run-2/3 |
Run-4/5/6 [Ss ]
S . SM :
a, portion da, portion Run-1-6 a4
Non-perturbative ~ 59 ppm  ~84Y% Experiment Exp. averadge -
HVP Vé\ Vé\ (Data-driven & lattice) : & g .
SMNDOG = T.hl' ory
CMD-2 _ LO-HVP ete
Hadronic Vacuum Polarisation (HVP) = hadronic running Hatar —
KLOE .
of photon propagator. SEEE .
SND2ZO -
. CM-3 —_——
| Severe tension N _
Muon g -2 . LO-HYP lattice
Experiment exist between +
(2025) i e P Bl Bl
Standard Model Standard Model cross section | '-:..”.:," !.r!_f.':'i Vi
Data-Driven HVP Lattice GCD HVP measurements, WiE LeUzsa)
Lo (2025) and between data
Standard Model .
— mﬁ — and lattice QCD:
Cr:n,;;unﬁ,{guza} UM | SN TN N NN S [N TN TN TN TR (N T U [T _———
Standard Model 17 18 19 20 21
Data-Driven HVP a.- 10— 1165900
Babar Only (2025)
175 180 185 19.0 195 200 205 210

a,x10” - 1165900

To be continued (over next few years)...



KLOE Tty

Talk at 10.45am today
Niels Vestergaard
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| Thanks to Fedor Ignatov and Lorenzo Cotrozzi
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(% of 2x measured)

1 1 I 1 1 1 I 1
KLOE-nxt 'y analysis SNoos e w0
CMD-2 | (88.6%) H—O— -
. BABAR 09 | (99.9%) H——O——H :
* e+e-colliderrun on ¢ peak (~1020 MeV) Combined | (100%) Ot "
. ] . . . BABAR 25 | (99.9%) H—0— o
* Driftchamber + EM calorimeterinside 0.52T B field KLOE . _ I
o . . (97.2%) H O 3
* Aiming for 2 fold improvement on uncertainty w
BESIII | (72.8%) H—-O0——+H
SND20 | (80.3%) H—O—H
1400 : . . : . , :
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+: 800 B ? ap-aixp[X101°]
J 600 | “”!ﬁ
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MUonE Experiment

Talks at
3.45pm yesterday - Giorgia Cacciola
11.15am today - Clement Loic Devanne
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The MUonE Experiment

BMS g /" o\ i / .
WW . Single measurement of leading-
Tracker ~30m .
downstream order HVP term, a,"° ,in
Upstream BMS Bending Downstream BMS . . . .
Magnets spacelike domain via elastic
Phase-Il (June - Aug 2025) setup - 3 stations + BMS + ECAL + Muon Filter scattering process pe 2 pe
Tracker ECAL Muon Filter —

é 51— x=0928 E, =1307 GeV Muon beam momentum =150 GeV
7 s L
o\ || N AN ] N RN L] \\ H M 5 b
N \\I\\ I \\IT\ e | 1
Station 0 gr:fhﬂi;le Station 1 ;:;the Station 2 1‘ % \ :_
\ Taniet T:lget / § E
im 2:_

ECAL: PID, remove C
possible hadronic _ = NG s
particle contamination .Muon Flclitlilrb - B
CMS 25 Si modules 'mprove ob—— = e
TN 8 e Electron scattering angle (mrad)
; & Experiment in the M2 beamline at "
ea10cm. B CERN-SPS using 160 GeV p* Wme




Data 2025

_ 0.005 MUonE preliminary
8 s : Loose elastic selection
° ° o ' Muon Filter PID
M Uon E nghllghts and Plans E’OOOZ:S Elastic scattering Entries:1t50240 %
S data with PID
=0.0035 1 —20
2025 Test Run 3 stations, Y .
June - Aug (3 months) Ooozzz
O F 10
* Firsttest of all systems includedin DAQ,  °%®®E
final design configuration, full rate (40 MHz) ™' 5
. . . 0.0005 =
* First test of online event selection based et gl
on eve I"It tO pO logIeS ° - % Electron ang?éo[?ad]

SPS beamline .

Total Scatter Events Recorded to Date (Both Targets)

lell

Proof of principle measurement of Aa'eP
Preliminary measurement of Aa"ad to 20%

Full experiment ~2030: 40 stations, 3yrs

< @ 23 muonedgm-test.web.cern.chfvertex/ Q & @  Finishupdate

| Online DQM

Ny -  Aim: measure a,"© to <0.5% (competitive)
|| 8.5x10" scattering . . .
candidates  Stringent systematic requirements

, 21| recorded (pre-DQC) ’ * 10 um longitudinal alignment

 Multiple scattering 1%

£ * Uniform efficiency over full angular range
b /‘ » Measure beam energy with ~few MeV
N 4 precision 7
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PARC Muon g-
Experiment
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* | owemittance muon

beam (1/1000)

e Muon acceleration to
300 MeV/c

* No Efield

3D spiralinjection: Good
injection efficiency (x10)

« Compact storagering
(0.66m, 1/20, B=3T)

* Tracking detector

* Excellent sensitivity to
muon EDM ~ 100 times
better than the previous
limit

* Different systematics

RF Acc. Test at S2 area (May 2023)



current sensitivity

X Sliew ¥ with 300MeVic |z ) E——
Towards High Sensitivity Sl T
-s.h - : :
The statistical precision on the : ::z
anomalous precession frequency w, is: ool | .-
250k N Isensitivity at
A 1 ) Significant effort in Liverpool ! b N e
2 (G. Venanzoni co-chairofthe | o avemee b 0 >~/
wa  wayTP [ NA? | |HighSensitivity Study Group) | 0 o
50; : i : : : T ngfgrzatic
. b, | Sneertainty not
Doubling both momentum (from 300 to 600 MeV/c) and $00"350 400 450 500 550 600 650 700 730
maghnetic field to 6 T (to keep the muon orbit unchanged)
= x4 improvement in w, precision. I R , ,
S 09f )
© I
Polarization (P), linear dependence: £ 08} 4 pulse _
« Current polarization: 50% EI{ 0.7} 1 pulse
* Possible improvement: 75% (realistically) > x1.5 gain in -§ 06} ]
. . 2] 0.5 PR G & Tl Ll L PR S R S
total precision. 207 10° 10° - 10° 167

intensity (W/cm2)

Work is in progress to asses the feasibility of these upgrades. , , _ ,
Optical pumping with train of laser pulse

Statistical goal = O(100 ppb) (systematic uncertainty ~ 70 ppb)
UCL'"
- Competitive with the Fermilab Muon g-2 Hnin



Charged Lepton Flavour Violation

In the SM rate is O(10-°9)
>

Probes a wide range of different physics models
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M Uze [ muon to electron conversion \
u +AZ,N)—e +A(Z,N)

Searches for the neutrinoless conversion of a

) ) ue
muon to an electron in the field of a nucleus M +A(Z,N) — b +A(Z -1,N):
| e muon capture QE‘.'ED.G..DH cleus ... )
AThe UK is leadin
Aiming for an improvement of 10 on current limits _e UK'is lead 9
this measurement!
o 04 - -
2 - . :
= — stat. errors only H :
w 0.35— _ H i
s =36 x10% Signal Window
5 oaf.  Rue=10"° 103:85 < p < 105.10 MéV/c
a Nge = 3.72 = 0.01 : :
E — L 1
§ gosf-  Npo=0:20 002 : i
z = . +  —DIO
0.2— No PID selection applied : |
- ] +  — CE ... . .
0.15F— ' : Commissioning + cosmic ray run in
. E next year. First physics run before PIP-I|
M ; shutdown will do 0(103).
0.05—
e UCL™
Qo1 102 103 T0a s 106 107 i

Reco Momentum [MeV/c)
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CO M ET 17-nation collaboration for muon-to-electron
conversion at J-PARC aiming for 10-'7 sensitivity

Electron Spectrometer
Solenoid

Phase-ll

Pion Capture
Solenoid

Pion Capturé
Solenoid

| Detector
el Solenoid

Ts.rzrei%?: C Shape Muon
o Transport Solenoid

Detector [ {{£
Solenoid =

“Phase-a”
commissioning took
placein 2023
successfully; results

Beam loss monitor #&
‘.M

: S S i y i :
: // v )\/4/ ' 20, *'] l secondary i A
3 / particles |
" == # ;E o . ] I': « :

90° Muon Transport

Phase-| data-taking scheduled for
January 2028 aiming for 1071°
sensitivity

Starting with lower intensities, to Solenoid s T .
4 __ Beam pipes (vl soon to be published
understand novel muon Z ﬂ H | ] TR 3
production systems and detectors & « < fi | VA7) Phase-a 4 |
) A WSS f o Target §
B, P i

Holder {

ﬁ'. To Phase-a Detectors ] 9% 7 2




All magnets installed;

COMET Status testing and field

Pion Cabtufe
Solenoid

Detector
‘Solenoid

Transport
_Solenoid

| —e-Data @ QGSP_BERT

UK contributions include:

@
g | mor ar
* Phase-a hardware and run coordination ¢ J[m Syst. o Nor Target
 DAQ & Trigger Electronics Design s | COMET Phe%-alpha
. : > | Prelimipary =
 Leadership in Software and Analysis = f i
. . B e -\
* Current Collaboration Board Chair and Run M= = B |
Coordinator (2/6 Executive Board positions) R ﬂ\& WL"
"3 20 50 60 70 80 90 100 T

 Future developments (Phase-Il and PRISM) Momentum (MeV/c)




Mu3e
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Beam Pipe

Recurl Outer Pixel Tracker

Central Outer Pixel Tracker

Signal:
Coincident in space & time
visible momentum =0

visible mass = m

H Scintillating Fibre Detector
Mylar Muon Stopping Target
Internal conversion (IC) Inner Pixel Tracker Scintillating Tile Detector
Br=3.4x10"
— » 3.3.10" u_s;o?‘s 1 12|0| L1 :3I0 11 x4l0 -
=~ Mu3e Phase | Simulation 10" muon stops i S, \B: 7'101: I,s . . .
q 10° at 10° muons/s ese 3. L amanwaee  Baseline design is
S e Bhabha H 12 =10 —— Signal BR = 1x10* .
> u—>eeevy B e e————at10™ g | —sewsn-na0 | 4 |ayers of pixels
g TRl 3 <o [T Bhabha + Michel
Combinatorial o ot 10" § —mendenesen | (2027 onwards)
o S > w
Scale with Rate? or 3 ¥ i at10™ o Can also push new
S -5 o limit with 3-layer
Lﬁ 1 0_2 e .‘6:' '.'“‘.' ~at
R 10?
- A .. o?.i 10—4
- TRV e
e 11 e | | NN nm
M. [MeV/c?] 86 98 100 102 104 106 108 110

M [MeV/e?)



Mu3e Status and Plans

Mu3e 2026 Simulation

2025 commissioning data was incredibly 3.04

' -layer -4
useful: e . ®
« 2 pixel layers, partial fibre and tile detectors 2:5- 2 :[:iz: :‘l-‘::g"t:;ii‘;j* o ° ¢ .
. . L . R . , )
Construction, qomm|SS|on|ng, qperatlon 2ol L0 K 2027: Surpass current
 DAQ, data quality, data processing o) & . T 15
. . > ol . limit (107'9)
* Reconstruction and analysis CERE o . _ .
= o? . ® a " * Phase-1 setup with 4-
B @ s " g .
2026: First Physics Data! 1.0- o ° ° Lo S layers, major physics
« 3 pixel layers, complete fibre, o g ° et . veees? run
downstream tiles s, sx e’ o 2028-29: PS| shutdown for
» Filter farm running in selection mode 004 ., . . | beamline upgrade
10 15 20 25 30 35 40 45 50
Pmc [MeV/c] 2030: sensitivity of 10-7°,
2 pixel layers (2025): 3 pixel layers (2026): 4 pixel layers (2027): factor 1000 improvement
1.5 Mu3e 2026 Simulation ] 100 — 15 Mu3e 2026 Simulation ‘ 10¢ .. 1s5-Mu3e2026Simulation Preliminary 104 e Muse Wlll run agaln Wlth
_E uﬂg Ee 1o 08% E o o5t Phase-1 setup
b et T 0s . .Y Mid-2030: Phase 2 for
0s - o - ultimate sensitivity
) -0.5 ' -0.5 '
02 g0 0.2 s 02 WL"
I
- 0.0 -1.5 - 0.0 -1.5 0.0
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Prrue [MeWV/ic] Prue [MeV/c] Puue [MeV/c]



MEG-II
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Thanks to Fedor Ignhatov



+ e+
M EG'I I H Y Liquid xenon detector

® COBRA AR
] A superconducting magnet DA E,
Signal 7 © i \1.3-0?5Tg

‘\'\N iy
E, E. ~ 52.8MeV

Y @z 180° S =1

RMD B6 Dominant Accidental BG §

(LXe) ge/E~2%

Geometrical acceptance 11%

DC p beam
3-5x107 u/s

- v HY
v &Y Ef/ Pixelated timing counter
= ¥ k/ y (pTC) O'1»~35p5
Muon stopping target
| Cylindrical drift chamber
xSearch for e+ and y correlated Radiative decay counter (CDCH)~1.6x10-3Xo, 6. ~90keV
by time, direction, energy (RDC)

Final year of data taking (ran 2021 - 2026)
Published result 2021-22: limit 1.5 x 10713, final goal 0.5 x10-13



Future u~>ey experiment

N

e

= s
Muon stopping £ et V
active targets B . ! \ e /
I '\_Acgive converter’h, < .
4 la N —_— /

| 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 208 | 2097 | 2038 | 2038

o Mee
i » Use PSIHIMB -10" muons per second

MEG3/1 e MEG3/2 .
* Reuse Mu3e tracker (positron spectrometer)

© meoavessn () Comsmcton  Ungrese - New technology calorimeter

* Aim for 2-3 x 107'° limit
Positron

Tracker m
 vaosoesm () consuion = UCL™
ML

BTS & Magnet Field design Tech. Design  Construction
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=

72}
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Refurbishm.
R&D & Design o Construction




AR CE UL S E AU, Universe’s matter-antimatter asymmetry.

Predicted values are New CP violation.
immeasurably small

in the SM.
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(indirect)

< From Quakp+
Why EDMs? 20 violation alone, .

Permanent EDM Violates both T & P Symmetries o G"al'e'l'xy‘Pr‘Qb\abmty_.Q.': o
“ - this picture ~ ©(107%). = .

— L = o & - : N
- e L =¥ B e
. Time reversal : e g
T . : " Hubble Space Telescope; NASA, ESA. -

Time ©

Spin

EDM

Dark matter =L

DM models predict large EDMs.
o |de] /e [em]
10°

EDM, d # 0:
T-violation = CP-violation

Non-zero EDM = BSM physics + CP-violation.

At minimum, can
greatly constrain
parameter space.

Sensitive to a wide range
of interactions and
energy scales.




MuEDM
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An EDM tilts the precession plane towards the centre
MuEDM at g-z of the ring

> Vertical oscillation (1t/2 out of phase)

§ t wa wtot — Jwa2'+wn2'
@ror MDM EDM
| A

[ \ [ . \
— - = e — e | E [ =
Wan =Wa + Wy =—Q—aB—nQ— —+ﬁxB|

m 2m| ¢
wy

o S Dominant term

Muon momentum
direction

I
| y
I
I

{8y} [a.u.]

The UK is leading the g-2 EDM -—ég_
analysis with the analysis of the x

run 2/3 data at an advanced stage ’

Expect a 5-fold improvement on | !
the current limit! 0 1 ;

time [ps]

3 4



MuEDM at PSI

Beam monitoring
p*,125MeV/c , uE1 Beamline @ PSI

TOF

With frozen spin condition an EDM B ~ aBepy?
is the only cause of the precession

SC Injection Channel

Entrance

Scintillator . ) )
AUX- TPC Spin can be frozen aligned, 251 09
and anti aligned — changes i 08
: momentum dependence 0.7
Solenoid . i ) i
Liverpool- simulation for S5
Coils . = 0.5
- positron momentum and o [H’
Electrodes angle Welghtlng 0.3
Tracker Phase I: d” <3x10%le.cm 05 0.2
Phasell:d, < 6 X i 0.1
slw 10~%3e.cm 0.0 02 04 0.6 0.8 1.0
3 u

Correction coils for central storage UK deliverable

;99 Dip for central -] » Beressun

Egg Monotonically Storage VVVVV ’ =

297 increasing

2.96 "
i

-300 -200 —Oriéi:m—g Main & Triszs(7mm) Cnrr«JtQQd Field 200 300

puel zu ‘g



pEDM




pEDM ccw

* First ever direct measurement of the
proton EDM

* Onlycurrent EDM experiment with Vv
potential to probe SM prediction

« pEDM phase-lwillreach 107%° e - cm
(0(10%) improvement).

* High-intensity, polarised proton storage
ring at BNL’s AGS tunnel:

* Systematic error control via frozen-spin
and CW/CCW storage.

* UK leading electrostatic deflector
and polarimeter development.

« pEDM cost O(£100M), TDR to
completion < 20 years.

Comprehensive proton storage test at
BNL in 2026. CDR in preparation now.




eEDM




JILAeEDM |, @l @T

Endcap
electrode

Ablation
laser

=

Radial
electrodes

Hf target Pulsed gas
valve

Ocm -~ - 38 cm 51 cm

de = (—1.3 & 2.04pa + 0.64ys) X 10730 ecm

de < 4.1 x 10739 ecm (90% confidence)

250 L I L] ' L I L]
0.999
200 S 0.99
S 00
150 &
g 0.5
100 o
2 o4
0
50 S 0.01
0.001

4 2 0 2 4

Standard deviations Standard deviations

102 102 107 102 10% 10 10%"  10%  10® 0% 10% 10

d, (e cm)



The future:

Fluorescence on Yb-174 15, - 3P; transition

probing nuclear CP
violating moments

N
T

Sum of pixel values in image (10°)
-

0

»
T

w
T

* Use heavy nucleus with spin embedded in polar molecule

* Looking at using ultracold, neutral YbCaF molecules

* Produce from separately laser-cooled species in optical
tweezers

—80 —60 —40 =20 0 20 40 60
)

Detuning (MHz
.
o o J b .
e e e e e
==Y=_—W¥. K- - ——y——= E
— -: "l s RS = =
A4
4 5

-




nEDM

q

_ Thanks to Clark Griffith




nEDM and n2EDM

nEDM apparatus developed at
RAL/Sussex at PSI UCN source

UCN storage volume E,~ neV

Main shutter Neutron guide

N to experiments

UCN convertor

S (solid D, @ 5K)
N /
Spallation target
Protons E.~MeV
590 MeV

24 mA |
| =] D,O moderator

_24i-B+2d-E neutrons in a trap
h

Apply a magnetic and
electric field across

Store ultra cold

the trap

An EDM would cause a change in the precession
frequency when the E field is reversed

dp = (0.0 £ 1155 + 0.25y5) e cm
|d,| < 1.6 X 1072% ¢ cm (90% CL)

UCL




Nn2EDM and the future

* Double precession chambers
* Sussex leadership on magnetometry and
systematics
* nEDM data taking starting this year
* projected sensitivity: 1 x 10~*”ecm (500
days of data)

1

__ ,double'UCN
precession
,Qhambers

R&D ongoing for a cryogenic nEDM
measurementin super fluid helium
to reach 1022 ecm sensitivity

,r‘ss




Summary

Lots of exciting work in the field of precision
physics — hot enough time to cover everything!

Final result published from muon g-2 experiment at Fermilab
reaching 127ppb. Lots of work ongoing to resolve theory
discrepancies

Charged lepton flavour violation experiments either running or
about to start data taking aiming for large increases in sensitivity

Many different efforts to measure particle EDMs with fantastic new
results and improved limits expected soon

Thank you! UCL™"
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