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CPT and Lorentz Symmetry

• Transformations
- Lorentz (foundation of relativity) 

• Rotations about and boosts along 3 spatial directions
- CPT (foundation of Quantum Field Theory)

• C: Charge (particle → antiparticle)
• P: Parity (spatial inversion: mirror + upside down)
• T: Time (flip direction of time flow)

C
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CPT and Lorentz Symmetry

• Symmetry or Invariance
- Laws of physics are unaffected by transformations
- All symmetries are ONLY as good as the EXPERIMENTAL evidence for them! (i.e. we 

assume L and CPT invariance in our theories simply because there is no evidence 
that they are violated)

• Why are we always speaking of CPT and L together (CPTLIV)?
- CPT Theorem: certain theories (local QFT) with Lorentz Symmetry must also have 

CPT Symmetry (e.g. QED, SM, GUTs)
• Implies particles and antiparticles have the same m, τ, q, µ 
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CPT and Lorentz Symmetry

• No evidence for CPTLIV (doesn’t mean it’s not there!)

• Relatively easy to form a phenomenological description of CPTLIV, but hard 
to do so with an underlying theory framework that is compatible with
- Experimental evidence in our universe
- Established QFT (e.g. SM) and GR (both with Lorentz Symmetry)

• SME: Standard Model Extension                                     (Colladay 
and Kostelecky, Phys.Rev.D58:116002,1998)

- Includes all conventional SM and GR properties
- Allows for CPTLIV that is quantitatively described by coefficients to be determined 

experimentally
• Only “particle LIV”, not “observer LIV”

https://arxiv.org/abs/hep-ph/9809521v1
https://arxiv.org/abs/hep-ph/9809521v1
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Lorentz Violations
• Observer Lorentz Transformation

- Relate measurements of an experiment                                                              
made from different reference frames                                                               
(i.e. the experiment stays put)

- David and Breese must agree because                                                            
simply a change of coordinates

• Particle Lorentz Transformation
- Identical experiments are rotated or                                                            

boosted relative to each other
- David’s 2 expts may or may not agree
- Conventional vacuum: OLT and PLT                                                         

are just inverse of each other
- Fixed background field: source of Lorentz 

Violation. Creates preferred direction. If an 
experiment sensitive to such field is 
transformed, measurable effects can be 
observed. 
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CPT and Lorentz Violations

• Lorentz Violation – existence of a preferred direction
- Uniform background                                                                                                             

vector, b
- What could it come from?                                                                                   

Spontaneous Symmetry Breaking, e.g.
• SM: In EWSB, scalar field gets non-zero                                                                                            

vacuum expectation value, filling vacuum                                                                                                  
with Lorentz Symmetric quantities

• SME: Can have Lorentz SB, where vector field gets non-zero vev, filling vacuum with 
4-dimensionally oriented quantities → preferred direction in space → LIV!

• Possibilities: string theory, loop-quantum gravity, etc.

• CPT Violation
- LIV allows but does not require CPTV, because CPT Theorem no longer holds                  

(but CPTV does require LIV)
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Brillet-Hall: Anisotropy of Space



5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 8

Hughes-Drever: Anisotropy of Inertial Mass

•  
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Magnetic Moment: g factor

 
 

 

Image Credits: Derek Leinweber

B

http://www.physics.adelaide.edu.au/theory/staff/leinweber/
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The Key Principles of Storage Ring Muon g-2

•  

Measure these

To get this

μ+ν π
+

π
+

p μ+
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The Key Principles of Storage Ring Muon g-2
3. There is some vertical beam motion, so need to use electric quadrupole fields to 

contain the beam vertically (the B field holds them in horizontally). But these facts 
complicate the expression for the anomalous precession frequency:
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The Key Principles of Storage Ring Muon g-2
 

μ+
 

 
 

Threshold Energy

Time spectrumEnergy spectrumReal data 

from Run-3

Spin

Momentum
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Measuring Muon g-2

•  
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Magnetic Field
1.45 T Superferric 
Magnet
• 14 m diameter
• 12 iron yokes excited 

by superconducting
coils

• Iron top hats (24), poles 
(72), wedges (864), foil 
laminations (8000), 
edge shims and 
surface coils for field 
shaping
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Beam Injection

Inflector Magnet
• Provides field free region to deliver 

beam to edge of storage region
• Stops strong deflection of the beam
• Injected beam center 77mm off from 

storage region center
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Kick Beam Onto Stable Orbit

3 Pulsed Kicker Magnets
• Provide 10.8 mrad “kick” to direct 

muons into ideal orbit (< 149 ns)

μ+

Kickers
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Vertical Focusing with Quadrupoles

4 Electrostatic 
Quadrupole (ESQ)
• Provide weak vertical 

focusing of the beam
• 4 sections cover 43% 

of ring circumference 

+

- -

Wanwei W. aligning and installing ESQs Jason C. teaching us to use them Meghna B. performing upgrades
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Beam Positions with Trackers

2 Straw Tracker Stations
• 8 modules/station,              

128 straws/module
• Reconstruct muon decay 

positions from e+ hits to 
obtain spatial beam profile
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Measure Positrons with Calorimeters 

24 Electromagnetic Calorimeters
• 9x6 arrays of PbF2 crystals
• Fast SiPM readout
• Measure arrival time & energy of the decay e+ 

Calorimeters

Software threshold

Spin
Momentum
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On 27 February 2023: proposal Goal of x21 BNL datasets!
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Measuring Muon g-2
   

 

3 ppb
22 ppb

0.3 ppt

From literatureWe measure



5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 22

 

•  
The “wiggle plot”
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▪ A simple 5-parameter fit is not sufficient due to 
complex beam dynamics effects.

• The most significant one is due to Coherent 
Betatron Oscillation (CBO)

▪ Each beam dynamic effect contributes an 
additional frequency component to the wiggle plot

▪ Need to account for beam oscillations that couple 
to detector acceptance, muons lost before decay to 
positron, and detector effects such as pileup, gain.

Coherent betatron oscillation (“CBO”)

 



5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 24

 

▪ FFT of fit residual shows several peaks 
representing beam dynamics effect 
components.

▪ Modification of fit function required to 
incorporate beam dynamics effects. 

▪ The full model (31-parameter fit) gives good fit 
quality, significantly reducing fit residuals.

 

Simple Fit Function
Full Fit Function
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The anomalous precession frequency corrections

•  
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•  
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The magnetic field corrections

•  
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Run 2/3 : Total Uncertainties (Statistical + Systematics)

 

arXiv:2402.15410 [hep-ex]

https://arxiv.org/abs/2402.15410
https://arxiv.org/abs/2402.15410
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FNAL Muon g-2 Run 1: Biggest SM Crack So Far!

 

 

 

 

Phys. Rept. 887,1 (2020)

Phys. Rev. Lett. 126, 141801 (2021)

https://www.sciencedirect.com/science/article/pii/S0370157320302556
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
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FNAL Muon g-2 Run 2/3: Is the crack sealed back up?

•All measurements and 
combinations still dominated 
by statistical error

•World average is almost 
completely determined by 
ultra-precise FNAL result

•Theory value now up in the air190 ppb

203 ppb

460 ppb

540 ppb

215 ppb

aµ(FNAL) = 116 592 055(24) x 10-11 [203 ppb] Phys. Rev. Lett. 131, 161802 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
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Why Frequencies? → Clocks

•  
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Muon g-2 Clock(Time) Reference
• How do you make a high precision measurement?

- Compare to instruments/values that are more precise

• What values do we                                                                                               
reference (what rulers)?
- Magnetic moments, masses:                                                                                 

µp/µe: 3 ppb, mµ/me: 22 ppb
- Time/frequency:                                                                                                       

Rb-87 hyperfine transition

• Rb clock: secondary standard
- Based on atomic trans, but..
- Inherent inaccuracies due to                                                                                                    

e.g. gas cell ΔP, ΔT
- Disciplines crystal osc.: gas cells reduce intensity by ~0.1% when exposed to µwave near 

trans. f; osc. stabilzed by detecting dip while sweeping RF synthesizer through f
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Muon g-2 Clock(Time) Reference
• Rb good enough?  

- Precision of ~1 ppb, but issues with long-term stability, therefore…

• GPS-disciplined Rb oscillator
- GPS uses Cs and Rb.  Cs: more                                                                                        

precise (defines 1 s), but $$$

• Why do we need that particular                                                                             
mF=0→0 transition?
- Does not depend on orientation
- CPTLV invariant! (Brillet and Hall, 1979 :                                                                          Δf/f 

due to earth’s rotation <10-14, negligible for us)
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Muon g-2 Clock(Time) Reference
• What did E821 use (GPS wasn’t ready at the time)?

- LORAN-C system
• LOngRangeNavigation-Cyclan
• Hyperbolic radio navigation: timing difference between two radio signals                                          

(i.e. GPS, but with land-based radio stations)
• Based on Cs atomic clocks

• Thanks to L. Roberts, S. Baessler



5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 36

CPTLV: SME

• SME Lagrangian:

- All terms violate Lorentz invariance
- aκ , bκ are CPT-odd; others are CPT-even

• Does not assume anything specific about the nature of the violating physics
• Don’t know what particles it might or might not couple to

- Have to check all sectors!
- But there is one sector in which we have very strong evidence for new physics – muons!
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SME Experimental Tests

UW 
Adelberger 
group

https://arxiv.org/abs/0801.0287v11
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SME Experimental Tests

• Similar for neutron sector
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SME Experimental Tests
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CPTLV: SME and Muon g-2

• SME Lagrangian:

- All terms violate Lorentz invariance
- aκ , bκ are CPT-odd; others are CPT-even

• Predicts two CPT/Lorentz Violating signatures for muon g-2:
- Gomes, Kostelecky, Vargas, Phys.Rev.D90:076009,2014
- Sidereal (or annual) variation in ωa
- Difference in ωa between µ+ / µ-

- Use frame where Z is the orientation of the earth’s                                                                 
axis relative to the fixed, distant stars,                                                                               
and χ is the colatitude (earth’s precession negligible in our case)

Z

χ

https://arxiv.org/abs/1407.7748v2
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• However, the magnetic field can vary, so when comparing frequencies, 
instead of ωa, we use R = ωa/ ωp 

• BNL E821 Results (2008)

χ
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• For two experiments at different colatitudes:
- e.g. BNL & CERN, FNAL & J-PARC

• BNL E821 Results (2008)
- BNL & CERN

χ
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•  

E989 Run 2 Data
M. Bhattacharya Dissertation
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SME Muon Sector Current Limits (Kostelecký et.al. ) 

https://arxiv.org/abs/0801.0287v11
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SME Muon Sector Current Limits
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SME Muon Sector Current Limits
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SME Muon Sector Current Limits
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SME Muon Sector Current Limits
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No search for signal at 
sidereal harmonics has 
ever been conducted!
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Muon g-2 Run 2/3 CPTLV Analysis

• The rest of the talk is basically copied from Dr. Baisakhi Mitra’s 28 May 2024 
dissertation defense!
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E989 will conduct 
first-ever search at 
sidereal harmonics
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CPTLV Analysis Framework

Analyzer verification on the entire dataset

Extraction of Unix timestamp for each 
run

 

 

Rµ Time Series Extraction

CPTLV Oscillation Amplitude
Blinding & Extraction
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Analyzer verification on the entire dataset
•  
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 •  



5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 57

 

▪ Per run data suffers from poor statistics in late time 
bins.

▪ Traditional Chi-square fit method uses dynamic end 
time to cut off low statistic late time bins from the fit.

▪ Poisson statistics is excellent in handling low 
statistics. Maximum Likelihood Estimator (MLE) 
with Poisson statistics used.
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Total run statistics used in CPTLV analysis
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•  
Run 2 Preliminary
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•  
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Bias Test for the Blinding procedure
 

▪ Conclusion: Blinding algorithm is not 
biased.
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Systematic Uncertainties

Magnetic Field related 
systematics

Detector gain calibration 
related systematics 

Beam dynamics
related systematics 
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Magnetic Field related systematics
•  

▪ For most of the harmonics, magnetic field oscillation amplitude is larger in Run 2 than in Run 3. 
It is expected because of improved hall cooling in Run 3.

▪ The maximum oscillation amplitude is 0.025 ppm that is less than sensitivity limit 0.5 ppm
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Magnetic Field related systematics: Spectral analysis

▪ Generalized Lomb Scargle Periodogram (GLS): Spectral analysis technique to analyze 
non-uniformly spaced time series data. Spectral power or Lomb power is normalized. 
Maximum Lomb Power = 1.

 

The red dotted lines indicate sidereal frequency and its harmonics.
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Detector gain calibration related systematics

•  



5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 70

Detector gain calibration related systematics:                                                                
OOF gain correction 

▪ Conclusion: The Spectral analysis of OOF gain correction vs time shows no distinct peak. 
Therefore, this systematics does not have an effect on CPTLV analysis 

The red dotted lines indicate sidereal frequency and its harmonics.
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Beam dynamics related systematic uncertainties:                                   
Study of Run-by-Run CBO parameter

 

For combined Run 2+ Run 3a+ Run 3b dataset
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▪ Conclusion: Only Run 3b has a distinct peak at sidereal frequency. Amplitude of oscillation 
corresponding to this peak is 11 ppb, below the sensitivity limit.
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▪ Conclusion: Only Run 2 has a distinct peak at sidereal frequency. Amplitude of oscillation 
corresponding to this peak is 0.45 ppb, below the sensitivity limit.
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Results

•  
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Results: Preliminary Run 2
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Results: Preliminary Run 2
▪ 10,000 MC datasets generated with 1.74 ppm sinusoidal signal injected at sidereal frequency. 

Distribution of Lomb Power at sidereal frequency is plotted for those 10,000 MC datasets.

▪ The red dotted line indicates the Normalized Lomb power at the sidereal frequency in the real 
Run 2 dataset. Total bin count above the red dotted line is 9502, which indicates confidence 
level of 95.02%.
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Results: Preliminary Run 2

•  
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Prospects: Sidereal Measurement

•  

E821

E989
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Thank You, UCL!
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