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muon beam stop

Sun-Centered Frame

Standard reference frame for LV studies
« Z-axis towards celestial north

« X-axis from Earth to Sun at 2000

vernal equinox
production target

/

=

SRS Rotation from SCF to lab-frame
coefficients is time-dependent and relies

on laboratory location and apparatus
orientation

Charged Leptonw
Flavor Violation

- s? mms”? mmve  mmVv?

o
o
2
©

Ab initio predictions of overlap integrals
for spin-independent 4 — e conversion

572

W

Comprehensive treatment
of Hamiltonian (and many-body) uncertainties

Overlap integral in m

o
=)
=
o

Correlation analysis accounts for
correlated uncertainties

8.5 9.0 9.5 10.
(r?)en in fm?
ANNLOGo 8 2.0/2.0 (EM) V 1.8/2.0 (EM7.5)
i i i i i NNLOe 20720 (PWA) A 1.8/2.0 (sim7.5)
Key input for inferences of implications for i N oLl G

BSM physics from u — e decay rate Setimotel ol

Consistent with past work on weak scattering

MH, Hoferichter, Miyagi, Noé&l, Schwenk, arXiv:2412.0454



Charged Lepton Flavor Violation Introduction

Searches for CLFV are strong tools to probe BSM physics.

e CLFV occurs at a negligible Ex) SM + neutrino mass (vSM)
rate in the SM

e BSM physics could allow for RO
CLFV at a potentially 27T
observable level /oBsM

® Signal would be Petcov '77, Marciano-Sanda '77 ....

7] e o —eee €
unamblgupus evidence of < Br(s — er)nny
BSM physics

" The Observations of CLFV would point to new physics beyond vSM.

*Underlying mechanism of the neutrino mass.

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide from Kaori Fuyuto



CLFV Through Lorentz Violation

e Among other BSM physics, CLFV
can be a result of Lorentz
violation (symmetry under
rotations and boosts)

e SM+GR allows for additional
lagrangian terms

Lorentz violation means location, time, and
orientation of the experiment matter

Leading effect is rotation of Earth with
respect to fixed SME background
coefficients

6 am 6 pm

Most relevant for nuclear u — e conversion are EM (mass dim. 5) and 4-point quark-lepton (mass dim.
6) operators

Lagrangian (Q € {u,d, s}, q € {u,d}; ) is given by

i ap ap 1 uvap

(5) : (5) ©)]

_EFaﬁlpg <(mF )eu +L(msp)eﬂ Vs + + +E(HF )eu Oy | Yu

- il KA
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Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From William McNulty



Effective Field Theory: Comparison of CLFV Channels

SMEFT : Standard Model Effective Field Theory

P

AT
/7 ¢BSM \
/ \

T, |\ e

1

ZLsverr = Lsm + Z = c’o
d=5

Higher Dimensional Operators

Dipole g 4 Fermion >:<

All possible interactions based on gauge and Lorentz invariance

0(100) GeV

v EFT can apply to concrete models

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide from Kaori Fuyuto



Effective Field Theory: Comparison of CLFV Channels

CLFV operators F. Delzanno, KF. S. Gonzalez-Solis, E. Mereghetti, arXiv 241 1.13497

Upper limit on LFV coupling and lower limit on new physics scale

Total : 16 different types of LFV operators (dim 6)

0 EIC (lefty - 7
7 LHC (middle) (Cralij Tur"er drivdg;
: [ Low energy (right)
Lirv = Login+ Loy + Lopgs * Lo

X : Gauge boson ’Lp : Fermion © . Higgs

B-Key

4G, oo
B~ — Z (Crglreis CLv"er drivudr;

\/E C=1,u

=ild

*Assume a generic quark flavor structure

[Cralaa  [Cralas  [Cralas [Cralsa  [Cralss  [Cralss  [Cralba  [Crales  [CLalob
[Cralaa [Cralas [Cralan
Ex) [Cralee =|[Cralsa [Cralss [Cralw
[Cralva [Cralps [Cralp * i — e conversion currently gives strong bound

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide from Kaori Fuyuto




MuZ2e Experiment

tracker

1 ;-Iargel
. 5 production transport detector
o EXpeI’Iment SearCh|ng fOr IJ—>e solenoid solenoid solenoid
conversion starting in 2027 at
Fermilab

e Plans for a 10000x
improvement in the sensitivity
over its predecessor
experiment

/4 i MRERNEES
Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Mamta Jangra
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MuZ2e Signal/Background

When muons stopped in Al, a muonic atom is formed. 61% undergo nuclear capture, 39%
decay in orbit.

Neutrino-less conversion of a negative muon to an electron in the presence of a nucleus
u- + 27Al - e~ + 27Al

.
A A7

. 15 Onbit 4
o . . ime = *+.Nuclear Recoil
o S|g na I . Signal : Monochromatic energy electron Hfetime = 864ns fenaL ec:

. e =My - Ep - Epqu = 104.96 MeV
o Monochromatic energy )

electron at ~105 MeV Muz2e aims to improve the current upper limit on the sensitivity by four orders of magnitude
e Backgrounds Ry = oo s caprares
o Decay in orbit (DIO):
m Precise Momentum
Resolution

Ee =muc? — (BE.),g — Erec
= 104.96 MeV

Current upper limiton u -~ N — e ~ N is set by SINDRUM Il (Au target)* R,,e<7x10-13 (90% CL)

u Decay in Orbit Spectrum for 27Al

o etc... i

“|z 0025

Michel Peak

E (MeV)
Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Mamta Jangra



MuZ2e Tracker/ Resolution

e 20k straw tubes

e ~180 keV detector resolution for | ‘
~105 MeV electron N
e Require energy scale of the order 2N

~100 keV

o
w

Mu2e Run 1 simulation CE

+ R, :1.0x 10" —»— Cosmic rays
. N(u stops) : 6 x 10' aon DIO
+ T, - [640,1650] ns = Bec

Events / 50 keV/c
¢ = 8
(4] N o

o
ok

e ) il
Momentum (MeV/c)

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Mamta Jangra



MuZ2e Momentum Scale

e Data-driven momentum scale

e RPC on polyethylene target
results in ~128 MeV photon

e Convert photon and
reconstruct e+/e-

Ny /(MeV pion)

60 80 100
E y ( MeV)

FIG. 9. Photon energy spectrum from =~ capture in
CH,.

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Pavel Murat



! nd Muor tor
Inner Barrel/Endcaps: Scintillating Strips
Outer Barrel: Resistive Plate Cl bers

Csl(Tl) with waveform sampling
Position, energy, time, and
pulse-shape

Drift Chamber
He(50%):C,Hs(50%), Larger size relative

to Belle, smaller cells, new electronics.
Hardware < 30 kHz

Software < 10 kHz

DEPFET pixel detector (2 layers)
Double-sided silicon strip detector (4 layers)

f

Forward Endcap: Aerogel Ring-Imaging Cherenkov counter

e 120° fiduci Liquid xenon

volume
(LXe)
55 cm

=19X,  4.5tons of LXe

120° fiducial

»~ > volume

|

LYSO crystals

(Lutetium-yttrium oxyorthosilicate, Lu,, Y, SiO;)

Lattice of 311 crystals




Belle II: B-Factory

New LFV Results: Decay 7= — (~ K

Electromagnetic Calorimete = =
Csl(Tl) with waveform sampling AN L/ SRERE
Position, , time, and Inner Barrel/Endcaps: Scintillating Strips il _
pﬁ’s::h:::rgv allr Outer Barrel: Resistive Plate Chambers I —U/;Z—— Belle =+ Be”e 1l SearCh for T~ =/ ng (E =€, ,U)
Tag side ) = . .
oo % » Require 4 charged particles with 0 net charge in 3x1-prong topology

nber

2Hs(50%), Larger size relative

. * reconstruct K9 from 7tm~

He(50%

):
to Belle, smaller cells, new electronics. Trigger _ ¢ onthe tag side: T — eDgl/T/ﬂ'I/T(e =e, /.L)
ardware < 30 kHz > 3
- : { :
e o > Cut-based preselection gR0viZ04 15715
.......... > BDT classifier trained using R, REST— = S sh
e tl'aCk kinematics T—bqu Rectangular SR

+ event shape Data [cdt =428 fo~ 5

* neutral variables
» Resulting efficiency: 10%
» Extract signal yield from 2D
plane (M,,AE = E; — Epeam)

> No significant signal observed in 428 fb=! +980 fb~!
(Belle + Belle 11)

Signal side

Vertex [ tor
DEPFET pixel detector (2 layers)
Double-sided silicon strip detector (4 layers)

1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95

» Combined 90% CL upper limit on branching ratios: M(uKS) [GeVic?]
il Se gl 0 -8 0 =i T P o e
Barrel: Time-of-Propagation counter BR(T — KSG) = 08 X 10 BR(T ¢ KS,U,) <1.2x10 = eW Woria-ieading uppe miIts
Forward Endcap: Aerogel Ring-Imaging Cherenkov counter
6/10/25 W. W. Jacobs — Studies of Tau and dark sector decays at Belle and Belle Il

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From William Jacobs



Belle Il: Many Channels!

Summary of Searches of LFV, LNV and BNV at Belle / Belle IT
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D ongoing analyses

CLEO
ATLAS
CMS

| LHCb

BaBar
Belle
Belle Il (5 ab™)
Belle Il (50 ab™)

| arXiv.2203.14919

| » Belle/Belle II

(up to 2024)
(to be) published




PIONEER: Lepton Flavor Universality

"% PIE NU

e Test of lepton flavor = PDG average [1]
. . . o == SM calculation [2] —c—
universality via pion decay = PIONEER goal e
H V Il
ratlo at PSI c:Irqu\lA;?ed!
e Current ratio error bars are
15x larger than the theory BB-ODEER
e Plan to match theoretical 1231 1232 1233 1234 1235

level of uncertainty Ry, x 10°
Measure the pion decay ratio:
R = L(r"— e ve(7))
e/ (= ptu(y))

= 1.2327(23) x 107 (Exp) 11

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Emma Klemets



PIONEER: ATAR/CAL

ATAR:
o Determines pion/muon decay
points
o 5D (xy,zt,E) tracking system
o 0(50) layers
o Good time resolution: < 100 ps
o Sufficient granularity: < 200 pm
Calorimeter:
o Measure electron
momentum/time
o Exploring prototypes in

LXe/LYSO

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Emma Klemets

Overview of the experimental setup

1. Pion beam 2. Active target (ATAR)
(~70 MeV, 300 kHz)

B)—HHBH@PTTITTE—>

0.5 = (> 52.8) MeV |

3. Tracker 4. Calorimeter (calo)

PIONEER is exploring 2 calorimeter options
Common features sy 120" fiducial ) jayjd xenon
e High light yield (> 30,000 y/MeV) (LXe)
e “Fast’, 40 ns decay time o 45tonsoflXe
e Both promise < 2% resolution
e Both promise good timing e
Differences '
e LYSO is segmented by design Jéﬂﬂfé'““a'
LXe is a single volume “
Density
Data load per event LYSO crystaIsL

(Lutetium-yttrium oxyorthosilicate, Lu,, Y, SiO

LYSO is slightly radioactive Lattice of 311 crystals



NA62

e Charged Kaon experiment at
CERN

e Measuring many Kaon/pion
branching fractions

e Presented the Run1 results..
Run 2 is ongoing until 2026

SPS protons: 400 GeV, 3x1012/spill.

Unseparated secondary (p/x*/K*) beam:
75 GeV/c (£1%), divergence < 100 urad.

The NA62 setup

JINST 12 (2017) P05025
Hadronic
Calorimeter Muon
(HAC)

LAV: large-angle
photon veto (12 stations)

Beam rate: 600 MHz; K+ rate: 35 MHz; 0,=70ps
4 MHz K+ decays in the fiducial volume

GTK: beam
tracker

Vacuum

0(10-¢) mbar

Small-angle)

Spectrometer: photon veto

STRAW chambers LKr EM
calorimeter Z[m]

KTAG: Anti-counters
Cherenkov kaon Collimator

tagger (o,=70ps)

T T
0 100 200 n L

% One year = 2x1018 protons on target = 5x1012 K+ decays.
< Beam structure: ideally, uniform over a 4.8 s long spill.
* In practice, significant variations

of instantaneous beam intensity during the spill. =)

Kt—=ntu*ru-, K*—=nt+yy, K*—nde*vy, nd0—e+e-

K+—mtvy

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Peter Cooper



JHEP 11 (2022) 11

N A 6 2 K+ % J-[, + M - M = % Dedicated di-muon trigger line.

Normalisation: K+—m*n*si- decay.
Effectively (3.48+0.09)x1012 kaon decays.
Signal candidates observed: 27679.
Negligible background: about 8 events.

Events / (MeV/c?)

Analysis:

» Data divided in 50 equipopulated bins in z:

(dl’(z)) _ News

dz Aruni DZi

o C h | ra I pe I’t U I’b at | O n th eO ry > Integratiné dr(z)/az — model-independent B

» |W(2)? function values extracted from dr'(z)/dz w‘ ‘”“ P

param eters » Fit of | W(z)|? data points — ChPT form factor
e Lepton flavor universality (along prnesmessenen T
v I.t h O.t h er searc h) peter Cooper/ CIPANP 25 Madison June 11, 2025 (4
e Observed 27k signal candidates R

Central value and total errors
. 68% CL contours:

—— NA62 (mp)
NA48/2 (xpy1)

Statistical+systematic errors

with only 8 background events! i NN

E787 (1997)
207 events

— — EB65 (vee) (stat. only) |

I

e Extremely clean signal —

430 events

e Run 1 has already improved on limit e e
by factor of 3 il

of form-factor
NA62 (2022]
2767sa$enu ) parameters

Form factor parameter b

4 5 6 7 8 9 10 11 -0.64-0.62 -0.6 -0.58-0.56 -0.54 -0.52 -0.5
B(K* = u w) x 10° Form factor parameter a,
% A factor of 3 improvement on best previous BR(K*—rt*1*1~) measurement.

< Measured form-factor parameters (a,,b,) are compatible
between K+—n*u+u- and K+—n+e+e- decays: lepton universality.
< Next step: K*—n*u*u- and K+—n+e*e- measurement with full dataset; dedicated LFU

test, search for a scalar contribution
(see D’Ambrosio, lyer, Mahmoudi, Neshatpout, arXiv:2404.03643)

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Peter Cooper

a,, b, : real parameters
W77 (z): complex function, two-pion loop

W(z) = Gem&(a; + by z) + W™ (2)




gluon quérk

Sumr

Pre-CMD-3 RESULTS (2’): DISPERSIVE-LATTICE a,’,"“‘" COMPARISON

Superconducting Solenoid

BMW 20

Magnetic kicker
Entrance’
LM 20

Trigger

XQCD 23
ABGP 22

Fermilab/HPQCD/MILC 23
RBC/UKQCD 23
Data-based BBGKMP 23

195 200 205 210
”‘)\‘viu.lqc x 1010

Large dispersive-lattice W1 IL, Iqc discrepancy (e.g., 66 with RBC/UKQCD 23)

Diego Alejandro Sanz-Bece]




Anomalous Magnetic Moment

Magnetic moment of muon pu:

e Experimental
deviation from
theory would Dirac eqn. (tree-level QFT):
imply new
physics!

Anomalous moment from loop effects:

a, = (g—2)/2

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Shaun Lahert



Anomalous Magnetic Moment

BNL-06

FNAL-21

FNAL-23

FNAL-25

Exp. avg.

WP-20

WP-25

-20 -10

(exp. —10
(au — a,‘,( p]) x 10710

Muon g-2 collaboration just
finished their final result. Parallel
talks on:
o The precision frequency
measurement
o Magnetic field Measurement

Theory community posted 2025
White Paper using lattice QCD
o Two talks on the
status/recent advances in
theory

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Shaun Lahert



g-2 HVP Data-driven

e Calculate using hardon
cross-section data

e Dominated by e+ e— pi+ pi-

e Significant discrepency when
using the recent CMD-3 data
(post WP-20)

2 [ K(s 3s
—) / ds ( )RHad.(3)7 RHad.(s) —
Sthr

2 “R-ratio”

Had. - ] ((2) = 47”]2{12 e ”t"’r"*%Hud.(”)ds_
! 9 4 s2(s—q?) )
Cauchy.

Opt. thm.

- [ete” — Hadrons (+7)]

52 dmo?

WP20
CHKLS
DIIMZ

510 520
10" x o Olrr,e'e |

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Shaun Lahert



g-2 HVP Lattice Measurement

Lattice perscription: Wick rotate (¢ — it) and discretize (a # 0) the path integral.

[ Plana] Dot swantd-seliio g, 3, ]

1

0) =
W Z1,0CD

. . . » Quarks on sites, gluons (U, (n) = exp (iaG,(n))) on links.
e Alternatively HVP contribution | e e
. errorm pa integral:
can be performed on a lattice | | a Fersniaiie Mualjticr3 Wik genEratie.
c . m Bosonic: Markov Chain Monte Carlo (Importance Sampling).
e Calculated in three seperate e
regions:
. v > Extrapolate, interpolate, or correct (EFT/pQCD) to continuum,
O H |gh energy, LOW energy, ) el s sammer e infinite volume, physical point.
and “Goldilocks”

» Observables: (O)({a, L, mg}).

» SD(~ high energy (pQCD)):

i m sensitive to a (lattice spacing).

> LD(~ low energy (xPT)):

1010 C(t) K (t)

m sensitive to L (lattice length).
» W: Goldilocks window.
HVP,LO _ ,SD , ;W , LD
> q =a, +a, +a,

a¥ = 4a? [ dt K(t) C()W(W, 1)

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Shaun Lahert



g-2 Theoretical Measurement

e Calculations were performed by several groups
e All groups in strong agreement with one another

SNDO6
CMD-2
BaBar
KLOE
BESII

SND20
CMD-3

BMW/DMZ-24
RBC/UKQCD-24+18
Mainz/CLS-24
BMW-20

Avg. 1

Avg. 2A

Avg. 2B

Avg. 3

Avg. 4

wr2s

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Shaun Lahert



MUonE Experiment

MUonE experiment: spacelike determination of a*"

Instead of the dispersion approach:

. we swap the s and x integrations:
e To help resolve this = | S 7 o e
. 7 a, =-— ds K(s)ohad(s) ; : ais @) [ .

dlscrepancy“ = t ‘hadrons e = T/0 dX(l - X)Aahad(t)l

e MUonE offers an (ftimenke> *B t= o= M <o,
. . channels : 5 x—1

alternative spacelike [noisy]

determination of the

HVP contribution Task: measure the change (running) of the eff. FS const. «(0) ~ /137 — «(t) in a single

. scattering process ut + e~ — ut 4+ e: S —
e Measure scattering | Known extreqely wel
0 . ’," 'Y 'Y
ang|es of muons a(t) = #{1(”, with  Aa = Aoyepton + Athadron + Aiop + Adiyeak -

The sole integral is over a single well-behaved, smooth function.

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Dinko Pocanic



MUonE Experiment: Detector

MUonE apparatus

A single tracking station:

Target: 15mm/Be or C

e ~40 tracking stations
combined with an s

electromagnetic calorimeter el i s
and a muon filter
e Angular resolution (muons)
of ~ 0.04-5 mrad e e
e Preliminary data with 2 |
stations showed proof of
principle
e Physics runin 2026

Last station

N

“| After selection cuts

w

Min angle [mrad]

el

o

5
5
4
5
3

250
2
5
1
552
i.:

20 30 40 50 60 7( 10
Max angle [mrad]

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Dinko Pocanic




Muon g-2

Experimental principle

 Storing anti-polarized positive muons in a
magnetic storage ring using electrostatic
quadrupoles

* Momentum rotates w.r.t. storage ring
» Spin precesses w.r.t. ring because g > 2

+ Difference in frequencies proportional to

magnetic moment

- g-2\e- _

2 m NG o € SN
We meaSUfe@Q Via Reidar Hahn

This talk! Next talk by David Kessler

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Scott Israel



M u O n g—2 How good is the fit? Problematic!

x*/ndf

4000
e The number of highest My s - |
2 i ‘ ‘ 10t B I il
energy e+s oscillates - LR . o LA S
V| a pa r|ty V|O I a't| on ' Simple fit — only muon decay and g-2 oscillations FFT of residuals highlights unaccounted for beam
accounted for, fit can be improved dynamics

e Fityieldsw_a
e Need many corrections!:

o Detector gain =
o Coherent betatron f(t) = Noe “#(1+ Acos(wqt — ¢))

motion * Basic 5-parameter fit

e Captures two physical
processes
* Muon decay
e g-2 oscillation
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Muon g-2

<

'\/\f\/\/\/\x /Tldf = 1.08
10'\ \/\/\f\/\/\v \/\/‘\/\/\\/\/\R

FFT Mag [arb.]

64.4039542 + 0.0009471 \/

o, YV \/\/V\/\, \/‘\/\N\/\
v’\fv/\/\f VAN VAVAVAYA

Counts/149.2 ns

e 7 different and Jf Ay

. . LYYV AAAAANN

independent analysis T

grOUpS ﬁt for beam 10: 2 a0 e _ 80 10 ) 5 13

. . Time modulo 102.5 s [ns] Freq [MHz]

dyna mic CorreCtlonS’ Full fit — muon decay, g-2 oscillations, muon losses, Much better residuals — no strong stand-outs for

muon IoseS, etc. beam dynamics accounted for beam dynamics / unaccounted for physical effects
e Dramatically suppress

residuals
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Muon g-2 Magnetic Field

Measurement Overview

» Trolley Probes and Fixed Probes:

holder for 17 NMR probes

multi-/duplexer & preamplifier

RF amplifier enclosure

NMR electronics enc’

closure
\ -\

-

support rail structure

barcode reader
378+ fixed probes
track changes in the
field while muons
are running.

17 trolley probes
map the field
along the muon
beam path.

Y [mm)]

@

— 30mm —— 30mm —

30.0  45.0

X [mm)]

Relative positions of
trolley and fixed probes.
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Trolley Runs

Muon g-2 Magnetic Field

8

&

e Discussed the trolley data,
calibration NMRs, calibration TR = S I
of the calibration NMRs
e Interpolation between the fixed
probes and the trolley, etc. —
e Reached 56 ppb uncertainty! o (tatistical)

. w," (systematic)
e Overall systematic of 76 ppb C." Flric i
itc
C:a Phase Acceptance
Cad  Differential Decay
C'mi_Muon Loss
(wp x M) (mapping, tracking) B Field uncertainty total:

Run-4/5/6 Uncertainties Table

Correction ~ Uncertainty
(ppb) (ppb)

(wp, x M) (calibration) 56 ppb.
By Transient Kicker
B, Transient ESQ - Target Achieved!

Hp/ 1B
My /Mme

Total systematic for R},
Total for a,,
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The Experiment - Concept

M u O n E D M —
» lagnetic kicker
Trigger .
y

e Electric field set to
“freeze” the muon'’s spin

e Detector measures the
decay positrons on the
two trackers

e Asymmetry on the two
trackers yields the EDM

e Prototypes of trackers

Bi-tape stripes on the intermediate STYCAST layer
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Measure the proton’s charge
radius:
o Discrepancy between
recent measurements
Mott Cross Section: point
scattering of structureless spin-
Y2 particles
o Cross section adding a
form factor
MUSE will measure
e+ p, U+ p, e- p, U- p elastic
scattering

The Muon Proton Scattering Experiment (MUSE)

0.8 % ? 0.86
rp [fm]

Muonic Hydrogen, Atomic Hydrogen, Electron Scattering
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The Muon Proton Scattering Experiment (MUSE)

Scatiersd Particle ‘Lcmnmelev ‘
Scintilator (SPS) \

| Monitor (BM)

[ straw-Tube |
Tracker (STT)

e Most of the data is
already recorded..
e Waiting to unblind all of

the data

| PR E T
dS2 160 MeV/c Data E 7,0~/ dS2 160 MeV/c
d(2 160 MeV/c Data [ K 2 160 MeV /¢
d$2 160 MeV/c Simulation ¢ 2 160 MeV/c Simulation
Blinding + normalization unc. l Blinding + normalization unc.
Cross Section w/Kelly FF E Cross Section w/Kelly FF

60 80
Scattering Angle (°) Scattering Angle (°)
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QUARTET Collaboration

Muonic atoms formed
by stopping muons in
target
Muon cascades to
ground state

o Can emit x-rays
Use x-rays to observe 2p
-> 1s transition
Measure charge radius

Muonic Atoms

target

Auger electron

(-}

Muonic Atoms

Replace electron by muon in simple hydrogen(-like) atom that
can be calculated with high precision:

my, =~ 200 -m,

« Bohr energies: z - from eV to keV

i 1
+ Bohr radii: "z i — 200 times smaller

Stop muons in target material

Atomic capture in high principal
quantum number n

Cascade down to the ground state via
- Auger electron emission
(dominating at high n)
- and muonic x-ray emission
(dominating at low n)
- few keV to MeV range

(a) Point nucleus (b) Finite size nucleus

+ Finite nuclear size effect: AEgyg(n,1) = ;?(Za)‘*m%zz?m - Enhanced by 107!
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Low-Z Charge Radii

QUARTET Collaboration

E (2P-1S) keV
33 75

L @ plaser
35 . 9B, @ El. Scattering
Li @ ¢ 10g
s @ pX-ray (HPGe)
e "B @ pX-ray (Crystal)

Proton radius
puzzle

e Many targets will be
tested
e X-rays measured using

metallic magnetic ,
. 500 pm x 500 pm
calorimeter 2% —

EV
photon
1 magnetic field

absorber }' 20 pm
paramagnehc sensor magne[ome(e{

weak thermal link

thermal bath

DOI: 10.1109/TASC.2009.2012724

>
2
=
©
=
@
o
<
)
(2]
=
ie
©
o
©
=
=]
Loy
[}
£

Dylan Palo | Precision Physics at High Intensities | CIPANP 2025 | Slide From Katharina von Schoeler



QUARTET Collaboration

Muonic Lithium Data 2024

Preliminary results

e Data with Lithium (2024) _

e Current uncertainty in " . Dbt
the radius >100% from
1968

e Next plan to measure
oxygen

® Muon anticoincidence

>
(]
=t
a
@
Q
1)
2
c
=]
Q
(&)

30000
Energy / eV
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B Impact on weak mixing angle — EIC kinematics

Pion Detectors
Downstream
scanner

0251 JAM+EIC

El58] { DIS* —> smaller uncertainties on extracted sin” 6y
for SoLID due to high CEBAF luminosity

Violation
1X1Ing Angle

Tracking

Ll LllLLl Detectors
=

Solenoid Magnet }5 \

B F
= /|

N

Ge Detectors

e Detector
Hsm

in preparation
for the ANNRI
beamline at JPARC

Neutron spin i
j o P
Nuclear spin
P Nal detectc Magnetic field Bo
- (mainly used for

Puclear data) L —

Neutron momentum



Parity Violation: Weak Mixing Angle

Universal quantum corrections: can be absorbed into a scale dependent, “running” sin?0, or sin? Oy(u)
Qo oy
e A A :
The relationship between QPwand sin®,, is modified at the 1-loop level and is dependent on

the energy scale at which the experiment is carried out
0.245

RGE Running

4+ Particle Threshold
Measurements
Proposed l

SLAC-E158

e Talks on several parity violation I
experiments | e

e Examples: Moller and P2 will both \/
measure weak mixing angle at | e T
low Q < 0.1 GeV =

e Deviations from the SM prediction Lo e
would indicate BSM physics

BSM: The Dark Z Maark 7z = 100 MeV

Myak z = 200 MeV

v-DIS
Heavy Photons # '
(A’ mixed with Zo):
The Dark Z

Qweak

"Anticipated sensitivities" Bill Marciano

Log,, Q [GeV]
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P2 Experiment

Goal is a fractional precision of 0.15%..on par
with higher energy weak mixing angle
measurements

Hit fixed protons with right and left polarized
electrons

Comparing right and left handed scattering
rate

Liquid hydrogen target..

Cherenkov detector -> silica bars

MuPix tracking detector

Plans to start in 2026

Formulation PVES Experiment

Problem: The weak interaction is weak: Mk << M,

Solution: Harness the fact that the weak force is parity violating & spin doesn’t reverse under P

L=rxp 2(-r)x(-p)=rxp=L!:L>L

Reverse space + Keep Spin Same = Reverse spin + Keep Space Same

Reverse Spin and
measure rate
asymmetry
— Or=O.
6 [M; + Mycar2 ~ | M, + 2M (Mocai)* +...

Interference between electromagnetic and weak neutral current
amplitudes gives rise Parity violating asymmetry

Tracking
Detectors
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Moller Experiment

e Alternatively, Moller will use
electron-electron collisions to measure
the weak mixing angle

e Fractional precision of ~0.1%

e Switch between polarizations rapidly at
TkHz

e Looking for a difference in scattering
angle as the polarity is switched

e Physics expected in 2027
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~130 GHz signal rate

91 ppm at 50 ppb precision
960 Hz f \, perhour

| repeat for
| 344 days
\

e 0 Tod
Pair asymmetry







