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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)
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CPT and Lorentz Symmetry

e 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, 7, g, u
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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”
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https://arxiv.org/abs/hep-ph/9809521v1
https://arxiv.org/abs/hep-ph/9809521v1

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

e Particle Lorentz Transformation

- ldentical 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

e Lorentz Violation — existence of a preferred direction

- Uniform background
vector, b

- What could it come from?
Spontaneous Symmetry Breaking, e.g.

e 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 vey, filling vacuum with
4-dimensionally oriented quantities — preferred direction in space — LIV!

» Possibllities: 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 @

VOLUME 42, NUMBER 9 PHYSICAL REVIEW LETTERS 26 FEBRUARY 1979

Improved Laser Test of the Isotropy of Space

A. Brillet(®) and J, L., Hall

Joint Instilute for Laboratory Astvophysics, National Buveau of Standavds and
University of Colovado, Boulder, Colovado 80309
(Received 20 November 1978)

Extremely sensitive readout of a stable “etalon of length” is achieved with laser fre-
quency-locking techniques, Rotation of the entire electro-optical system maps any cosmic
directional anisotropy of space into a corresponding frequency variation. We found a
fractional length change Al /1=(1.542.5)x 1071, with the expected P,(cosé) signature,

This null result represents a 4000-fold improvement on the best previous measurement
of Jaseja et al.

ds® = dt* — *(da? + dy? + d2?)

ds” = (godt')* — ¢ [(g1da’)? + g5 (dy' + dz"*)
DR=go=91 =92 =93 = 1

1 =(3+£5)x107" At (1.542.5) x 10~ *°

g2
g1 v
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Hughes-Drever: Anisotropy of Inertial Mass

¢ Search for change in u - B interaction energy as B rotates wrt the galaxy
center

- Recall there is a mass in the interaction term 3
mjp = +—
2
. 1
« Hughes: “Li my =+
- 4 equally split levels E )
- See 1 line (all three transitions are equal) g My =75
- If they are shifted by different amounts 3
see triplet, or broadened structure My =75

* Only a single line was observed to their uncertainty A, .

of 5 ppm, which was dominated by AB < 10
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Magnetic Moment: g factor
 Classical physics: g =1
. e » Relativistic quantum mechanics prediction for
u=4g — S a point-like particle: g = 2 (Dirac, 1928)
Zm * For electron, experimentally found to be
g = 2.00238(10) (Foley & Kusch, 1948)

Im&ge Crédits: Derek Leinweber

B °© Schwinger figures out why: QED

i © Anomalous magnetic moment B -
M i-yg—5=20+a —5 5 :
o9 (1+a)

/ \\\\ a = 92;2 +.00116)

an IV\‘I‘I\P"\I\‘I‘:I\V\!\ V\PI\V\I\P‘I‘:I\V‘\I‘\I 'I'f\ M? AN 2’20 B FaV oWl
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/

%. Muons from forward decay of pions produced from a
proton beam on target are about 97% polarized.

2. The anomalous magnetic moment is roughly
proportional to the anomalous precession frequency

: eB
Cyclotron (mom. precession) freq: w, =
mycy
. . _ - gueB : o eB
Spin precession freq: w, = . (1—1y) ——
. e
Anomalous precession freq: w, = W, — W, = a, — CB
U
(simplified) ¢
To get this
}#
Measure these
- 800x more sensitive than rest muon experiments that measure @ N

-—
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1
The Key Principles of Storage Ring Muon g-2 G
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:

N 5> sy 1 5> o
aa=as—ac=—i[au3 —au( 4 )(3.3)3—(%— 2_1)(,8><E)

mc Yy +1
* |f the muons are at just the right “magic” momentum (y = 29.3
(0.9994c¢),p, = 3.09 GeV/c), then the last term cancels!

» Since the beam is not perfectly planar and the muons’
momenta are not all exactly at the magic momentum, pitch and
E field corrections are needed for the 2" and 3™ terms.

Y
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The Key Principles of Storage Ring Muon g-2 , @

4. Muon decays are self-analyzing: due to parity violation, the highest energy decay

positrons are preferentially emitted in the direction of the muon spin.
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Measuring Muon g-2

= Store polarized
muon beam in the
storage ring

 The spins precess P
ike a top about the At
magnetic field as
they circulate
around the ring

 Count the rate of

decay positrons to |
get a,

(/4 -
AP
7
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Beam Injection 4 @

» 7/
i ' Inflector
| Injected Cryostat
muon beam Central Orbit 1 Inflector Body Inflector

Services

Fixed NMR
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muon beam
Muon Beam Vacuum Chamber

>

¥ Inflector Magnet

B - 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

\

e — - g _ S

1 N s e e
5L S
| 3 Pulsed Kicker Magnets
e T W * Provide 10.8 mrad “kick” to direct
R = muons into ideal orbit (< 149 ns)
ime [us]
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Vertical Focusi

/, B '. B o
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ng uadrupoles

.
- 5
L W, | = |

* Provide weak vertical
focusing of the beam

» 4 sections cover 43%
of ring circumference
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Beam Positions with Trackers

Time since injection: 5.0 us
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| i,g T 2 Straw Tracker Stations

AT LR A
|

1A || + 8 modules/station,

Akl 128 straws/module

U -« Reconstruct muon decay
‘ “_”f'! positions from e* hits to

- obtain spatial beam profile

|
0

Q Calorimeter

Tracker Chambers

Calorimeter
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Measure Positrons with Calorimeters

* 9x6 arrays of PbF, crystals
» Fast SiPM readout
* Measure arrival time & energy of the decay e*

12 Spin —p»- g 1
Momentum —5> 3 4
~~~~~~~~~~~~~~~~ §1 t;: 16609.375
E,: 4366

i pedestal: 1758 ]

Software threshold 200 b

Y5 a2 & & % = 16600 16605 16610 16615 16620 16625 16630 16635

E/3.1GeV sample number
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L

Collected statistics from Muon g — 2 : x21.9 BNL datasets @

On 27 February 2023: proposal Goal of x21 BNL datasets!

2 Muon g-2 (FNAL) //
Z i
m Run-6
25,
2
E a Run-5
—
~ 10y _ RUn-<
@
=
©
X 5- A-B
/155!"1-2
0 /'/Run-1
\’\% \‘\% \’\g \‘\g \(LQ \fLQ \’L\ \q:\ \q:\ \(L'\ \(L(L \r):)/ \q:b
STRNIR ARSI RET S O WRel g T o o
Q'\'N\ QN 0'\'\“ N> Q'\'yas'\'\“ 0'\'36 0'\")& QN 3g'\X) Q'\N\ G\ Q\X’ ©
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Measuring Muon g-2

* Only measure frequencies!
Wy =Wg —We =\|\——/7—||— == a,, —
“ 2 Jym “ym
* With & 2u,|B| (B measured in terms of proton
Larmor precession frequency)

We measure From literature

~
a = u;?(TT') :u'e(H) m# ge
Yol wp(T) e (H) e
3 ppb + 0.3 ppt

22 ppb

W g fclock wglneas (1 + Ce + Cp + le + Cpa + Cdd)

fcalib (wp(xJY» $) X M(x,y,p) ) (1 + B, + Bq)
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Fitting the time spectrum

» Simple 5-parameter fit to extract w/*“*. E F o
% 107; AN A A A A AAA A A .."' ..."'-v-"': AVAYS
This model captures exponential decay and S A ¢
g — 2 oscillation. 10° YV AN AAAA A A A

T LI

B 1PE AN A A A A ..
N(t) = Noe /™ [1 4+ Acos(w,t + ¢)] 3 AAPAAA A
=P ¥ AR A A A
i i 2%, P W i
10° = ”
= | | | | | | | | | | X103
° 20 40 60 80 100

Time modulo 102.5 us [ng]
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Fitting the time spectrum

—

o
~
|

—
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>
[T T LI |
S

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)

Counts/149.2 ns

—

o
w
|

?ff

| Ix10°

Each beam dynamic effect contributes an R

80
Time modulo 102.5 us [ns]

100

additional frequency component to the wiggle plot

FFT Mag [arb.]
N
| I T 1

—
N
L | [

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

Time since injection: 5.0 us

Coherent betatron oscillation (“CBO”

Vertical Position [mm]
N H [¢2]

Freq [MHz]
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Fitting the time spectrum

= 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.

Counts/149.2 ns
s 3 3

—
(@}

—L
o
w

 x*/ndf = 4086/4138
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100

x103
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N
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-
H
[ 11X

;— Simple Fit Function
o Full Fit Function

et IV LA\ MALA .u!.'. .';'.,-/4, ipedVut Bgse it Arlolin T b Mot Mttt Aottty Wholroa ot ML A A oo it nfy
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Freq [MHZ]
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L

The anomalous precession frequency correction @

» Electric field correction (C,): Due to spread in injected muons momenta.

= Pitch correction (C,): Due to vertical oscillation of muons.

= Muon loss correction (C,,;): It comes from the initial phase-momentum correlation in muons. As
muons are lost in time, time-dependent change In phase is observed.

= Phase acceptance correction (C,4) : It is caused by decay-position and energy dependence of
the positron phase. Early-to-late beam motion modulation leads to a time-dependent phase.

= Differential decay correction (C,,4): It accounts for high-momentum muons having a longer
lifetime.
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B fclock Wq % (1+Ce+Cp+le+Cpa+Cdd)

~ fealib { wp(xy,@)xM(x,y,$) ) (1+Bk+Bg)

Muons off the magic momentum (y = 29.3,p = 3.09 GeV/c) will produce a motional magnetic

field contribution to w,,.

, {xe
C.=2n(1—n)p Y
0
" " . . aE TO Y RERRARARRERRRRARRER) 5~ GRL R R A
n is the weak focusing field index (n = ———-) -~ Fourr Metod
0 0.8:— —=— Debunching Method

0.6:

0.4}-

Arbitrary Units

x, 1S radial equilibrium position which is proportional to the
momentum offset. et

40 -30 20 -10 O 10 20 30 40
Equilibrium Radius [mm]
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Measurement of pitch corrections C,

B feclock wg °* (1+Ce+Cp+le+Cpa+Cdd)

~ fealib { wp(xy,@)xM(x,y,$) ) (1+Bk+Bg)
» [he vertical motion of the muon causes the vertical spin precession.

= The horizontal precession (w,) is affected by coupled in-plane and out-of-plane precessions
due to the vertical motion.

1 I 1 I T I Ll 1 1 ] I ' 1 ' I I ] ' 1 L} _ E LA S L R U L L I lllllllll I T l_

- =4

i - = —s =
E o [F (a) e Data - — 16000 - — — Amplitude Fit -
2 2 E . —— Amplitude Fit 7 % 14000; Width/Acceptance Correction _;
n(y°) n (A%) g s - E
C D — 5 — 5 6000 . 16000 &
2 RZ 4 R |
0 0 4000/~ - 6000 &
. 4000} -
20001~ - 2000F =

: 0 S YOS T T PO PO N U] N TR T TR 7N N (NN (A DT Y Lt~ o S NN R A [N VIR0

0 T TS T T 0 10 20 30 40 50

1
—40 —20 0 20 40

Vertical Decay Position [mm]

Vertical Oscillation Amplitude [mm]
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The magnetic field corrections , @

~ Muon weighted magnetic field: ( w,(x,y, ¢) x M(x,y, $) )
= Kicker transient (B ): Magnetic field change caused by residual field after kicker pulse.

= Quad transient (B, ) : It is caused by vibration of ESQ plates, that perturbs the magnetic field.

= f.qipb IS calibration factor related to the magnetic field measurement.
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Run 2/3 : Total Uncertainties (Statistical + Systematics) @

: Correction Uncertainty
Quantity Frpibi -
“ E:;zifrﬁilg) ) @ = The total uncertainty is still dominated by
2 A1 9 statistical uncertainty.
Cp 170 10
pa - 13 / :
Cad 15 17| _Ce’ Cpr ( wp(x, 7, §) X M(x,y,9) ) - |
Chmi 0 3 important for CPT and Lorentz Invariance
Featib (wj () x M (7)) . 46 analysis.
By -21 13
By -21 20
iy (34.7°) /e - 11
TH8yss) e — 22
96/2 - 0
Total systematic — @
Total external parameters — r=a
Totals 622 @

arXiv:2402.15410 [hep-ex]
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https://arxiv.org/abs/2402.15410
https://arxiv.org/abs/2402.15410

a,(BNL) = 116 592 089(63) x 10~** (540 ppb)
« Current analysis found no issues with BNL result

Pubished week e 9 Apri. 2021 a, (FNAL) = 116 592 040(54) x 10~ (460 ppb)

« Consistent with BNL, 15% smaller uncertainty
Phys. Rev. Lett. 126, 141801 (2021)

a, (Exp — SM) = 251(59) x 10~
BNLg2 — | « Tension stood at 4.20

a,(Exp) = 116 592 061(41) x 10~** (350 ppb)
« Uncertainty comparable with 370 ppb WP20 SM
Phys. Rept. 887.1 (2020)

FNAL g-2

420

(soged 12303 THT) 10T M4V 6 ‘10661 1-T0SOF

Standard Model
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https://www.sciencedirect.com/science/article/pii/S0370157320302556
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801

L

FNAL Muon g-2 Run 2/3: Is the crack sealed back up*
a”(FNAL) =116 592 055(24) x 10'1 [203 ppb] Phys. Rev. Lett. 131, 161802 (2023)

*All measurements and
combinations still dominated

BNL —4+—@————
540 ppb

eNAL Run +——o——+ 460 ppbl DYy statistical error
rnaLrun23 —o— 215 ppb *\World average is almost
FNALRun-1 +Run-23 —e— 203 ppbl  completely determined by
---------------------------------------------------------------------------------------------------------------------------------- ultra-precise FNAL result

*Theory value now up In the air

World Average

T p

175 180 185 190 195 200 205 210 215
a,% 10" - 1165900

a,(Exp) = 116 592 059(22) x 10" [190 ppb]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802

Why Frequencies? — Clocks

- \We're checking if w, measurements show any evidence of CPTLIV
» But are our clocks sensitive to CPTLIV?
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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

b
» What values do we » ME: Y
2 if—;’: 5 ‘actéct(;r
reference (what rulers)? . T \ |
. 5 I ) Vhis
- Magnetic moments, masses: 2 eV 1 /\/
Mg Atomic system )
. " -1
pp/ue. 3 ppb, m /m_: 22 ppb FL —— =
- Time/frequency: ol
. ngn Multiply by M
Rb-87 hyperfine transition —
C Microwave cavih Solenoid windings
* Rb clock: secondary standard S jaazssstess
- Based on atomic trans, but.. ('ﬁ » To phasc-sensitive
- Inherent inaccuracies due to ORbdischargelamp [ B[ Photodiode
6.8347GHz OOPOO OOEQO ®
e-g- gaS Ce” AP, AT 85RD filter cell Resonance cell:

87Rb and buffer gas

- Disciplines crystal osc.: gas cells reduce intensity by ~0.1% when exposed to pwave 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 Y

- GPS uses Cs and Rb. Cs: more FET—
preCise (defines 1 S), bUt $$$ _|Frcqucncy synthesizer|

20 MHz or similar

| Hz pulses

GPS receiver

> to fixed probe NMR DAQ)

N

_ to fixed probe NMR DAQ
10 MHzZ sine

IFn:qucncy synthesizer
61.74 MHz or similar

—> t0 Trolley NMR DAQ

’—' ) to fixed probe NMR DAQ

> > to 2, DAQ

 Why do we need that particular =
mF=O _)O tranSIthn? Figure 15.6: Scheme for common master-clock. 5%, T bi
- Does not depend on orientation 1 C
- CPTLV invariant! (Brillet and Hall, 1979 : C/A

due to earth’s rotation <107'%, 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) AR PR R

ATLANTIC AREA

 Based on Cs atomic clocks

IOVYIAOD LIVHD NVHO1

 Thanks to L. Roberts, S. Baessler
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CPTLV: SME D>

- SME Lagrangian: .
L= —agpy™ i —757% QHHJ/\W"W

<
+l¢c zZ’fD/\zHl'd bye~t DA
5 kAP 22 AV Y5Y (b

- All terms violate Lorentz invariance
-a_, bK 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!

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



SME Experimental Tests

Table DG. Electron sector, d = 3,4 (part 1 of 3)

Combination Result System Ref.
Re Hy OB Im H R CB)| |Re g0 °B)|, [tm g0y @) <0 x 1027 GeV H maser 36]*
Re Hoy ! D), ImH M), |Regg 0P, [Imgnyt ) <5x1072 GeV " 36]*
by | <6 x 1072° GeV Penning trap 32]*
|by | <6x107% GeV 7 32]*
by <Tx10722 GeV " 32)*
b3, <7x107%* GeV  * 32]*
b < 2 x 1071 GeV (s spectroscopy 37]*, [38]*
. < 2x 10712 GeV Tl spectroscopy 37]*, [38]*
<7 x 107" GeV Dy spectroscopy 37]*, [38]*
<2 x 10712 GeV  Yb spectroscopy [38]*
bx (—0.9+1.4) x 1073 GeV Torsion pendulum  [39]
by (—0.9+1.4) x 1031 GeV 7 30]
bz (—0.3+4.4) x 10-30 GeV = ” 30
Lor +d_ —2§. —3¢r +4d, —dg) (0.9 +2.2) x 10~27 GeV 30]
1(28. — g — br +4d, —d_ — dg) (—08+20) x 10727 GeV 30]
+tann(dy z — Hyr)
bx (2.8 £6.1) x 1072? GeV K/He magnetometer [40
by (6.8 £6.1) x 10722 GeV 40]
; (0.1 +£2.4) x 103! GeV Torsion pendulum  [41] uw
by (—1.7+2.5) x 10-3! GeV = ” 41]
bz (—20430) x 103! GeV =~ * A1 Adelberger
b, <31x10~22 GeV 7 492

group

< 7.1 x 10728 GeV
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SME Experimental Tests

Table D9. Proton sector, d =3

Combination Result System Ref.

Re Hg ", [Im Hpyr ™|, |Regpi" ™), fmggy | <0 x10-%7 GeV  H maser 36]*
Re Hgy ), [Im B M), [Regps ™), [Imggyy | <5x10-¥7 GeV  ® 36]*

by < 1.8 x 10~** GeV  Penning trap 6]

B <IxIFHEy 76]

by < 2.1 x 10722 GeV 77

b, <26x10~2 GeV 7 77]

by <2x10721 GeV 7 32]*

b Bzl G 32]*

_ < 7.6 x 107 GeV He/Xe magnetometer [78]

o < 3 x 10-% GeV (s spectroscopy 37)*

n < 7Tx 1078 GeV ™ 78]*

R <4 x 108 GeV . 38)*

< 8 x 10— GeV Tl spectroscopy 1*, [38]*

< 7 x 10— GeV
b1 < 4 x 10730 GeV " [79]

e Similar for neutron sector
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SME Experimental Tests

Table D21. Muon sector, d = 3

Combination Result Svystem Ref.
NR{0B) NR(0B) NR(0B) NR(0B) , ELEER L, : . b
|Re H(I]\Ill'li[lﬂ‘l‘ |In H%\lll{ - , |Reg [I{ll& 113)| lm g %ﬂlﬁ(u;" < 2 x 10 GeV  Muonium spectroscopy  [20]
| ( ) -~ . 10—23 onT e [ =
|Re Hyy, |, |1 Hou |, |Reg Go11 l; [Im ggy, | <7 x10 GeV 20]

7.3+ 50) x 1007 Muon decay
—(1.0+1.1) x 10-23 GeV

< 1.4 x 107 GeV
< 2.6 x 10-2* GeV

\/' (B )2 + (by )2 < 2x 10~ GeV  Muonium spectroscopy [186

bz — 1.19(mdzo + Hxy) (—1.44+1.0) x 10-22 GeV BNL, CERN g, — 2 data [187
bs (—2.3+14) x 10-22 GeV CERN g, — 2 data 187], [188]*

= BJ —164+1.7 %1022 GeV B ERN g — 2 data [201*

" »

Re HSY |, Tm B < 2.0 x 10-2* GeV

my,dzo + Hxy (1.8 £6.0) x 10— GeV
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CPTLV: SME and Muon g-2

* SME Lagrangian: .
L= —axpy 1 ‘1»757 (2 QHHJ/\W"W

2

+= zcww D + —zd&,\wm“ D™ 1)

- All terms violate Lorentz invariance
-a_, bK are CPT-odd: others are CPT-even

* Predicts two CPT/Lorentz Violating signatures for muon g-2:
- Gomes, Kostelecky, Vargas, Phys.Rev.D90:0/7/6009.2014
- Sidereal (or annual) variation in w,_
- Difference in w_ between u* / i

- Use frame where Z is the orientation of the earth’s
axis relative to the fixed, distant stars,

and vy is the colatitude (earth’s precession negligible in our case)
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CPTLV: u"/u~ w, Difference

_ 4
Awa = (W) — (wh ) = 2Z cos y

/7
* However, the magnetic field can vary, so when comparing frequencies,

instead of w_, We use R = wa/ W,

- BNL E821 Results (2008)
AR =—(3.6+3.7) x 107°

by = —(1.0+1.1) x 10723 GeV
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CPTLV: u"/u~ w, Difference

* For two experiments at different colatitudes:

But J-PARC can'tdo u™...

- e.9. BNL & CERN, FNAL & J-PARC FNAL E989 was the only and last
2b7 COS x1 COS X2 shot at improving this!
AR = ( + )
Y Wpl Wn2

+2(mpdzo + Hxy) (

. BNL E821 Results (2008)
- BNL & CERN

(deZO —+ HXY) — (1.6 T 5.0 X 10_23) GeV
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CPTLV: Sidereal oscnlatlon of wa

. @a"‘i: amplitude of sidereal w, oscillation
» Calculate R = w,/ w, on a Run-by-Run basis

- Arunis ~1 hour of data

» Approaches to search for oscillation
- Multi-parameter fit: good for all data

- Lomb-Scargle test: designed for unequally spaced data

* Previous results:
- BNL E821

A<22ppmb” <1.4x1072*GeV

- FNAL E989 (PRELIMINARY)

A <2.0ppm, b* <1.3x1072*GeV

Walw ‘)

229175

229150

229125

al2m [HZ]

3 229075

229050}

229025

1025;

1000

W p/2m [HZ]

900+

0.0037085}

0.0037080

I 0.0037075;

Rp(

0.0037070¢

0.0037065¢

M. Bhattacharya Dissertation”

E989 Run 2 Data

229100}

975;

950;

925}

| l
W‘W M%
1555 1556  1.557  1.558 1559 1560 1561
unix time stamp [second] 1e9
+6.179e7
inngl'ed
'”‘l» : )
| Cred‘l : Simon Corrodi
1.555 1.556 1.557 1.558 1.559 1.560 1.561
unix time stamp [second] 1e9
Preliminary
| M ,
Phone |

1.555 1.556 1.557 1.558 1.559 1.560 1.561
unix time stamp [second] 1e9
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L
SME Muon Sector Current Limits (Kostelecky et.al. )

Table D21. Muon sector, d = 3

Combination Result System Retf.
Re H;FI{(OB) . |[Im H(l)\ﬁ{ 05 . |Re goleli(OB) . |Im gONlFf(DB) < 2x 1072 GeV  Muonium spectroscopy  [20]*
Re HotUB)|  tm HYRB)| 1Re ghr )| |Im gyt 2 <Tx10"2 GeV  ” 20]*
o' fmy, (7.34£5.0) x 100"  Muon decay 184]*
b —(1.0+£1.1) x 10-* GeV  BNL g, — 2 185

\/ (bX) + (by )2 < 2x 10=% GeV  Muonium spectroscopy  [186]

bz —1.19(my,dzo + Hxy) (=1.4+1.0) x 1072 GeV  BNL, CERN g,, — 2 data [187
bz (—=2.34+1.4) x 107%%* GeV  CERN g, — 2 data 187], [188]*

Re H{®P)|. |Im H{POP) <5x1028 GeV 7 20]*

ﬁg) —1.6+1.7) x10722 GeV___BNL. CERN g, — 2 data [20]*

|Re 011 ‘ImHon , 20!

m,dzo + Hxy (1.8+6.0) x 102 GeV 7 [185]
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SME Muon Sector Current Limits

Table D21. Muon sector, d = 3

Combination Result System Retf.
Re H(iFf(OB) ~|Im H(l)\lllrl{ L) . |[Re goNlrf(OB) | W ggIlFI{(DB) < 2% 10722 GeV  Muonium spectroscopy :20:*
Re HotUB)|  tm HYRB)| 1Re ghr )| |Im gyt 2 <Tx10"2 GeV  ” 20]*
b" Im 7.3+ 5.0) x 1007 Muon decay 184]*
b —(1.04+1.1) x 10=23 GeV__ BNL g, — 2 185

< 1.4%x 102 QeV

\ (b“ )2 + (bh )2 < 26% 10~ GeV 185
(bX) + (by )2 < 2x 10=% GeV  Muonium spectroscopy  [186]
n,d 1.441.0) x 107%* GeV  BNL, CERN g, — 2 data [187]
bz (—2.3+14) x 107“* GeV CERN g, — 2 data 187], [188]*
N F3)(0B) L i (3)(0B) =+« 10—=23 (Y ” 9()]*
| ﬁ?’) | —1.64+1.7) x10~% GeV BNL, CERN g, — 2 data [20]*
Re 011| ‘ImHou , 20

‘m.’udzo + Hxy 1.6 4 6.0) % 107%° GeV
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SME Muon Sector Current Limits

Table D22. Muon sector, d = 4

Combination Result System Ref.
crr +0.35(exx + eyy ) + 0.28¢ 5 <85x10~*" BNL g, —2 189]*
ey —iey <3 x 107 Astrophysics 48]*
-t 0.05c%% (4.94+1.1) x 10=° Muon decay 184]*
|| < 107 Astrophysics 68]*
Re ggi)l(OB) . |[Im g((ﬁ)l(o )| < 5 x 10722  Muonium spectroscopy [20]*
Reds |, [Im gy < 6.6 x10~25 BNL g, — 2 20]*
Fote (—2.3+24) x 10725~ 20]*
(M) = - 10—27 (1, ” SNk
M, vy (7.88.5) %10 GeV 20

< 1.1 % 10747 QeV
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SME Muon Sector Current Limits

Table 123. Nonminimal muon sector, d > 5

r

Combination Rcesult System Ref.
Pk < 8x 1079 GeV™!  Muonium spectroscopy  [20]*
ok <8x1078 Gev™' 7 20]%
NR{0R) NR(0B NR(DRB NR(0R) - o :
Re Hoga 0|, ImHa "), [Regays ™", |Im gary <1x10 1! gev! 20]*
Re Hypy |, [liHpgy ), [Regpy |y [Eiggyg ) LB~ gev 1 207
G UR(L") My, (vUR(") (—1to 1) x 1073* GeV~! Astrophysics 73], [18]*

|R6H011 |Il H:)t{)l |R9H°11 |Im§1-1|

Re O | I g &)
5
Hoto, Haiy
‘-UR(G)
Re g©UH)|, [Tm g&©))

[Re g1 - |1mg0é}1|. IReg%&’}L Ilm G54 |
ool " ,
' \.. - ' r

+(6)  ~{6)

NR(0B) NR(0B) R(DB)
|Re 1 , [Tm Hiygy I RP”411 |, [Tm

NR(1B NR(1
Tm ”411( )| Re 411( ?, [Tm

NIR(1B)
Re Mgy

NR(OB ’

411
NR(lB,

D411

‘r
\

< 5% 1072 Gev!

ZET 25 e 1

1.3 % 10-25 QeV !
(-1.7+1.7) %1072 GeV 1
(2.9 + 3.0) x 1072¢ GeV !

8.5 to 0.0025) x 10720 GeV 2

< 53010720 QeV—2
< 6.8 10720 GeV~?
P . —26 r—2
> 10_26 GeV‘2

2.4+ 2. r,)
2.5+ 2.5) x 10~26 GeV 2

(—
(—
< 1% 10° GeV™?
< 1x 108 GeV™?
<1x10% GeV™?
< 1% 108 Gev™3
2% 107" eV
<R %1072 GeV 3

Muonium spcetroscopy
BNL g, 2

BNL, CERN g, — 2 data

Astrophysics
Muonium spectroscopy
‘

BNL g, — 2

2

.
£ J

Muonium spectroscopy

”
”
77
”

”
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SME Muon Sector Current Limits

Re H:TE(OB) i FENOE) < 4x1071% GeV™?  Muonium specltroscopy  [20]*

HO‘O ﬁn’o Hia (—1.74+1.8) x 10-%* GeV™3 BNT, CERN g, — 2 data. [20]*

H,,B,) Hg3}3 (3.0+3.1) x 10~ GeV™3 7 o0]*

iy (26 128 W20 G 7 20

Me 107, [Tm HDH , e 7750 |, [Tm 1757 <22%x 10~ eV > DBNI, g, — 2 20[*
Re H ! 411 . [tm A7 2.2% 10726 Gev™2 7 20]*

IRe H5D |, mmr231 . IRe 2%, |lm 252 <1.4%x 10726 Gev™3 7 20]*
ReH" |, ImH\Y <11x10"26 Gev=2 7 20]*

Re g\ \"9)). Imc ()05 4% 10718 GeV %  Muonium spectroscor 201*

Ut B s 6ib ( 25+26)x1072 GeV * BNLg, 2 20]*

af,’;i,.') 04’;}, ( 26+26)x10727Cev * 7 20]*

1.6+ 1.7) x 10°27 GeV_* 20]*

IRe 617 » [ Im 2110-11 , [Regsi1], [Im g511| < 1o iU % QN 2 ? 20]*
Regoy|, [Tmge, <T71x10727Gev ¢ 7 20]*

IRe 52t |, [Tm G|, [Regiar], |Tm Fio] <45%10°2T GeV ¢ 7 20]*
Re Jyey |, [Imgse) <36x10727CQev ¢ 7 20]*

H o B, HS‘{)C 255 (—1.84 1.9) x 10725 GeV™®  BNL, CERN g, — 2 data [20]*

"), HY HE, (3.2+3.3)x 10 26 Gev—> 7 20]*

g% g (2.7+2.7) x 10 26 GeV 5 20]*

H) (—1.1+1.1) x 10726 Gev—> 7 20]*

GO H10) A1) - 10) (—2.6+2.7) x 10~28 GeV=® BNL g, — 2 20]*

P s Tea (—2.7+£2.7)x 10~ GeV® 7 207

G0 L0 (1.7+1.7) x 1028 GeV™® 7 20]*

ﬂl) v 10-28 ay—b » D0)]*
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SME and CPTLV in Muon g — 2

L=—axaBlay"lp —b.aBlays7"lB £
—1Hx aBlac"™ B + Yicor ap lay® D g blf: _ .’
. - © 2|s1n
+1idir aB laysy™ D g I X‘

= CPTLV effects with the signal at sidereal frequency:
* Incartesian coordinate cx or v or antisymm xv pair

* In spherical coordinate c;;4 (i.e. azimuthal index m = 1)

= CPTLV effects with the signal at sidereal frequency harmonics:
* In cartesian coordinate csymm xv pair

* |n spherical coordinate cy;,,, (i.e. azimuthal index m > 1)

No search for signal at

sidereal harmonics has
ever been conducted!

5/7/24 Breese Quinn | University of Mississippi | Searches for CPT and Lorentz Invariance Violation with Muon g-2 49



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!

" : L = — — — —
T— — —— — = . prp—— -
- . —_— ——ne RE
e - — ' — ——— e e
b4 3 v —
=
A — e =
= e — —
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SME and CPTLV in Muon g — 2
1) BTG [HD £ B gt V], m#£0

njm n]m

Ar =

dny

= 4, : Total amplitude of m**harmonic. This term is energy dependent.

= F, :unperturbed muon energy.

* G, : Dimensionless factor.  Gjm(x) = V3( + 1) 1¥jo(m/2,0)dg(—X)
= d <4 :Minimal SME, d > 4 : Nonminimal SME.

= Nonminimal terms produce effects that grow with energy.

* d:mass dimension of the SME coefficient.oddd:m,,,, =d —2;evend:m,,,,, =d — 3.
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SME and CPTLV in Muon g — 2

TABLE IX: Constraints on the moduli of the real and imag-
inary parts of spherical coefficients determined from sidereal
variations of the antimuon anomaly frequency in the BNL g

52>

experiment. Units are GeV4~4.

(3.09 GeV) is the same.

BNL and FNAL: maximum muon energy

d Coefficient Cons\t/:raint on S
K ReK|, Im K]  BNL data allowed limitsup tod = 8
3 HEk < 2.0 x 1072
4 s < 6.6 x 1072°
. 36 53O 294 = S0, E989 hasreachuptod =8 - m,,,, = 5,
011> 211 : . . . . .
o) 14 0 1 .e. Covefflc:levnts p(v)ssmlf up tg 5th harmonic.
6 5‘(3?1)1’ 5(2?)1 <6.8x107 * Hnjlv HleZ! HleB! Hnj4-1 HTLjS
_5(22)1 < 4.3 X 10_26 " "% 1% "% 1%
7 H, HiLH{Y <22x 107
7o 7D < 1.4 %1072
2 590) <1.1x 10726 _
] 5(()81)1, .\9/(281)1a 54(181)1 < 71x% 1027 -E989 Wl" COndLICt
55, 7% <45 x 10777 first-ever search at
Jis SENS I sidereal harmonics
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CPTLV Analysis Framework CPTLYV Oscillation Amplitude
Blinding & Extraction | @

R Time Series Extraction
H R = 2‘}_ Blinding signal
Y@, Rbplinding
Analyzer verification on the entire dataset \/
Blinded Signal
l Rblinded
Extraction of Unix timestamp for each i
Apply MPF to retrieve
—uhA blinded amplitude Rpjinged
l Unblinding
. Use bﬁnding w,
Extraction of @, for each run parameters to Ry= —=r
remove injected p
signals l
l Perform Lomb-
Scargle Periodogram
_ wg Analysis
Extraction of R, = —for each run

~ . I
P Calculate confidence level for the detected oscillation
amplitude of R, at sidereal harmonics
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Analyzer verification on the entire dataset

= Analysis done on Run 2, Run 3a, and Run 3b datasets.

* Full-fit with 31 parameters performed on Run 2, Run 3a and Run 3b datasets.
- Wg' = Wyer - (14 [R —AR] X 107°), AR is common software blinding offset

R (ppm)

_34 A

_36 A

—38 -

l

un2 O R AR AN

Run3a
Run3b ST TS R RN R

FEFR RN BBV EERE TR 4

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

TR b b By iy i s e fe b e e e e e S s P LNS
m O LW mghmuw WS Erreey ocmnw mgkmum nwa Thkaoa vEOOWTNIEnowWw— s e
U CDLLI o LU § U MW= mwl 5 U oWl cou.l 5
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Unix Timestamp [seconds]

Extraction of Unix timestamp and ®,, for each run: Run 2

1e9

Run 2

1.561 -
1.560 -
1.559 -
1298

M- L

1.556 -
1.555 4

/’

V 4
/’

d’J'p/2n [Hz]

24500 25000

25500 26000 26500

Run number

27000

940 -

920 -

900 -

880 -

840 1

820 -

+6.1797 Run 2

y
Vv, YA
# \,
" \

1.555 1.556 1.557 1.558 1.559
unix time stamp [second]
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“p
Determination of w, per run

= Preparation of per run wiggle plot:
* Previous analyses: Threshold method (T)
* Each positron above threshold equally weighted
* Current Run 2/3 analysis: Asymmetry weighted method (A):

» Each positron is weighted by asymmetry A(E), which is a function of energy. More
statistically powerful than T method.

=  w, per run extraction : 5-parameter fit applied to per run wiggle plot.

e N(t) = Nye t/%u [1 + Acos(w,t + ¢g)]
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“p
Determining w, per run

= 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.

=
o
e

Asymmetry-weighted counts / 0.1492 us

100 200 300 400 500 600
Time (us)

N
el el Lo sl Lo aauul L a g uul Lol [ U

o
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' “p
Chi-square method and MLE method: Run 2

Distribution of wz/2m for Run 2 using Chi-Square method Distribution of wz/2m for Run 2 using MLE method
102 -
! 102 -
101 -
_ 101 -
0
i S I L 11— 10% - 1l |
228900 228950 229000 229050 229100 229150 229200 228900 228950 229000 229050 229300 225150 229200
ws/2m (HzZ) ws/2m (HZ)
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p
Chi-square method and MLE method: Run 3a

Distribution of ws/2m for Run 3a using Chi-Square method Distribution of wsz/2m for Run 3a using MLE method

? Byl
10 : 102 -

et
10" - 101 -

109 -+ 0 -
il | | miii i 107 - N | |

228900 228950 229000 229050 229100 229150 229200 228900 228950 229000 229050 229100 229150 229200
wz/21 (Hz)
wz/21 (HZ)
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' wp
Chi-square method and MLE method: Run 3b

Distribution of wz/2m for Run 3b from Chi-Square method

101 -

109 -

228900

228950

229000

229050
W3/21 (H2)

229100

229150

229200

52>

Distribution of wz/2mrm for Run 3b from MLE method

101 -

109

LI

228900

228950

229000
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|wa/2n(MLE) — wa2n(DYN)|[Hz]

wp
Comparison for Run 2
Run 2 Run 2 Run 2
: 229200 T— 60000 -
140{ ! |
| I
— i 229150 - i 50000 -
I ol
| I
' b o
1007 2291001 % 40000 - Vo p
' — o T . vz PR
s e ?;:-;,:,é*;M?-»ermM e LA
| & 2290501 N < 30000 ach L
| m | .
601 I 3 4 e 2
| g 20000 - ot e
il 8 2290001 ! .
| o | wedt .
:E i 10000 - :..;.:" "‘.. ‘
201 2 2289501 | A:”
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= (Conclusion: Even after applying dynamic-fit end time, Chi-Square w, histogram has
some outliers. The outlier runs have very small duration (~ minutes). Those runs
excluded from the analysis.
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Total run statistics used in CPTLV analysis D>

Total no. of runs | Total no. of runs included in the analysis | % positrons excluded
Run 2 689 639 0.1
Run 3a 974 901 0.05
Run 3b 376 343 0.1
o N il {
o WWWMW ' WW ! M wk i

1.555 1.556 1.557 1.558 1.559 1.560 1.561
unix time stamp [second]
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Using MPF

» [ime domain extraction: Using Multi-Parameter fit (MPF)

2.
A . )
" Ry= G+ sin(2nnfst + @) S
Y a1
+ (C,: Constant =
» A: oscillation amplitude 20|
» fs: Sidereal frequency
* n: Sidereal harmonic (1,2,3,4,5) };“82‘
S 50|
g “ Sidereal Period
O 478; /
=
-
4761 | | | | | | |
0 20000 40000 60000 80000 100000 120000

period[seconds]
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Using GLS

e

Frequency domain extraction: Using Generalized Lomb-Scargle periodogram method.

Spectral analysis technique for unequally spaced data

Time domain model: g(t) = acos(2nft) + bsin(2nft) + ¢

0.20
Minimization of y# at frequency f to obtain minimum 015
X =x? 8
.g 0.10
. X3-X2 (f)] 0.05
Lomb Power at f: Ps(f) = Aé
Xo
where y7 is y? for g(t) = c. 0.00
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Bias Test for the Blinding procedure

Blinding parameter: Injected amplitude A,;;,4.4 (PPM) at sidereal frequency and harmonics.
0.5 ppM < Apjindea < 5 PPM.

Cumulative Amplitude Histogram

1000 -

800 -

600 -

400 -

200 -

0_
) | 2 3 - 5
Amplitude in ppm

= (Conclusion: Blinding algorithm is not
biased.
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Systematic Uncertainties

Magnetic Field related
systematics

Detector gain calibration
related systematics

AN

Beam dynamics
related systematics
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Magnetic Field related systematics D>

» Search for any potential signal in a,_); at the sidereal frequency and its harmonics.
» Set a limit on the oscillation amplitude of 5{’, at the sidereal frequency and its harmonics.

'g 0.0251 a A T
A ® Run3 32 1 - 32
©
Z Run 1 Run 2 Run 3
'8 0020 1 g 30 - L 30
S &
= =
S a g
= o 28 - 28
S 0.015 - z
= C
- o
© = 96 = 56
S
% 0.010 4 A A
..-‘ = -
E 24 24
ad
Q’ 1 || 1 1
© ko) ko) ) ) ) Q
2 0.005 A @ A 8 4 O oY O IR Re
o 6\,@\0 Q‘y\ Q'VPQ 0‘\"\\) Q\’Oe 0'\’\6
<Et ® &
1 5 3 A z No insulation Added insulation  Improved cooling

Sidereal Harmonics No improved cooling No improved cooling

= 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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L

Spectral analysi

non-uniformly spaced time series data. Spectral power or Lomb power is normalized.

Generalized Lomb Scargle Periodogram (GLS): Spectral analysis technique to analyze
Maximum Lomb Power = 1.

Magnetic Field related systematics

The red dotted lines indicate sidereal frequency and its harmonics.
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= Conclusion: Spectral analysis of w, vs time data shows no significant peak .
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Detector gain calibration related systematics

» Gain: The ratio of a positron detectors (calorimeters) output to its input.

Calorimeters: A positron of a certain energy generates an output signal of a certain size in the
SIPM sensors.

The output of SIPM sensors is converted to energy units by calibration procedures.
|deally, this ratio should remain constant in time so that the calibration remains accurate.

The gain of the calorimeters can vary due to temperature variation.

| AnA tArrm AffAante (. hAalirel ara imnartant fAr CCDTI /- Mt AF Fill INYNE AAaIn AArrAantiAan Thie
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Detector gain calibration related systematics: @
OOF gain correction

The red dotted lines indicate sidereal frequency and its harmonics.

Run 2 Run 3A

8 5 T T T T I
10 ' | ' | ' 108 S Run 3B
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= (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
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Beam dynamics related systematic uncertainties: 4 @
Study of Run-by-Run CBO parameter

For combined Run 2+ Run 3a+ Run 3b dataset

i

0 100 200 300 400 500 600
|Rwo — Rus| (ppb)

109 -

= Conclusion: Distribution of difference in R, from 5-parameter fit and 9-parameter fit
(including CBO parameters) is clustered between 0-300 ppb, below sensitivity limit.
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Study of Run-by-Run Electric Field Correction

Ce

I B ———————————————— —
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19MOd quioT]

0.0

Run 2
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o N o N o
o o o o o

19MOd quioT
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Frequency [Hz]

2fs

f

5f,

af,

Frequency [HZz]

f.

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.

(2
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Study of Run-by-Run Pitch Correction
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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 @

» CPTLV analysis is not yet unblinded for the entire Run 2 and Run 3 dataset.

= The new analysis model has been tested on the preliminary Run 2 dataset. Features of the
new analysis framework:

» Asymmetry-weighted method is used to extract w, data, instead of Threshold method.

* A detailed systematic study is performed which includes gain related, and beam dynamics
related systematics along with the magnetic field related systematics.

* Generalized Lomb-Scargle method is used for the spectral analysis.
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Results: Preliminary Run 2

< w WWW A S\J m WM I M i
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LS periodogram for R;1 time series data: Run 2
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Results: Preliminary Run 2 LI

10,000 MC datasets generated with 1.74 ppm sinusoidal signal injected at S|dereal frequency.
Distribution of Lomb Power at sidereal frequency is plotted for those 10,000 MC datasets.

—== Sidereal Lomb power in real data

350 A
300 - 1.738 ppm injected signal
250 A

200 T

Counts

150 T

100 A

- IR

0.00 0.01 0.02 0.03 0.04 0.05
Normalized Lomb Power

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

» Sidereal oscillation amplitude at sidereal frequency:

A} <1.74 ppm, b* <1.10 x 1072* GeV

= Previous T-method analysis on Preliminary Run 2 data:
AT < 2.0 ppm, b" < 1.3 x10°2* GeV

= Sensitivity has increased due to use of the Asymmetry-weighted method.

= With Run 2 and Run 3 unblinded data, sensitivity limit should subceed 1 x 10~%* GeV

=  With Runs 4-6, sensitivity will improve by about another factor of 2
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Prospects: Sidereal Measurement

* Muon g-2 is an extremely sensitive laboratory to test SM / search for (and
possibly identify!) BSM physics.

* Previous studies indicate that sensitivity roughly scales with w_uncertainty.
- E989 uncertainty aiming for x4 improvement compared to BNL E821.

» E989 sensitivity to sidereal variation should be at ~ 5 x 1072°> GeV level.

» Performing first-ever search for CPTLV at sidereal harmonic frequencies

 First-ever search for annual variation

- Not done in EB21 because 3-month runs b
were always at the same time of year. ~

- E989 data covers ~10 calendar
months out of the year
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