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The status of Lorentz- and CPT-violation searches using measurements of the
anomalous magnetic moment of the muon is reviewed. Results from muon g—2
experiments have set the majority of the most stringent limits on Standard-
Model Extension Lorentz and CPT violation in the muon sector. These limits
are consistent with calculations of the level of Standard-Model Extension effects
required to account for the current 3.7¢ experiment—theory discrepancy in the
muon’s g — 2. The prospects for the new Muon g — 2 Experiment at Fermilab
to improve upon these searches is presented.

1. The anomalous magnetic moment

The magnetic moment of the muon can be expressed by the relation
fi=g5-5=(1+a,)=5 1)
where the first term arises from the leading-order Dirac theory, and the
anomaly, a, = (g — 2)/2, represents the sum of all higher-order loop dia-
grams.! The anomalous magnetic moment includes Standard-Model (SM)
terms from QED, EW, and QCD processes, as well as possible contributions
from Beyond the Standard Model (BSM) physics. The muon anomaly was
measured to very high precision (540 ppb) by the BNL E821 experiment
yielding a};**' = 116592089(63) x 10~'*.? When compared to the most re-
cent SM calculations, the difference between the BNL result and theory is
3.70, as shown in Fig. 1.% This discrepancy may be a sign of new physics.
The new Muon g—2 experiment, F989, is currently running at Fermilab and
aims to measure a, to 140 ppb, a factor of four improvement in precision.

2. CPT- and Lorentz-violating signatures in g — 2

In the Muon g — 2 experiment, a beam of polarized muons is injected
into a storage ring. The anomaly is determined by measuring the ratio

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the U.S. Department of Energy, Office of Science, Office of High Energy Physics.


http://arxiv.org/abs/1907.00162v1

Proceedings of the Eighth Meeting on CPT and Lorentz Symmetry (CPT'19), Indiana University, Bloomington, May 12-16, 2019

2
T T T
DHMZ10 ]
Jst1 —
HLMNT11 ——
FJ17 e
DHMZ17 ——
KNT18 —t—
BNL 376 |y se—
BNL (x4 accuracy) 706 s
I I I
160 170 180 190 200 210 220

(," x 10'%)-11659000

Fig. 1. Comparison of SM evaluations of a, with the most recent experimental result
and prospect. 3

of two frequencies: &, = &, — WJs, which is the rate at which the muon’s
spin (ws) advances relative to its momentum (w.), and the proton Larmor-
precession frequency w,, which is a measure of the ring magnetic field.*
These frequencies are related to the anomaly by

Wa p My Je
= Zelp pde 2
Wp fle Me 2 2)

The Standard-Model Extension (SME) is a general framework that de-
scribes CPT- and Lorentz-invariance violation by adding new terms to the
SM lagrangian.® A minimal SME expression for the muon sector is

L =— apy" ) — bubysy"th — S Honbo™ )
1 Tk H,\ 1 id n K Hk
+ 5icaapy" D2 + idxpysy™ D 7. (3)

Equation (3) predicts two Lorentz- and CPT-violating effects: a p™/u~ wq
difference, Aw, = (w*") — (w# ), and a sidereal w, variation.®

In terms of the SME coefficients, Aw, = (4bz/7) cos x, where x is the
colatitude of the experiment. Experimentally, it is convenient to perform
the analysis on the ratio R = w,/w, from Eq. (2). The BNL E821 result
AR = —(3.64+3.7) x 107 yields the limit bz = —(1.0£1.1) x 1072 GeV."”
Comparison of w{f from one experiment with w” from a second at a

different colatitude affords sensitivity to the d and H coeflicients, and doing
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so with BNL E821 and an earlier muon g — 2 experiment at CERN?® gives
(mudzo + Hxy) = (1.6 £ 5.6) x 10723 GeV.

Sidereal variation in w, is investigated using a Lomb-Scargle test? for a
significant amplitude of w, oscillation at the sidereal frequency. The Lomb—
Scargle method is optimized for data unequally spaced in time, as is the
case for E821. The limits on such an amplitude in the BNL data are A* <
4.2 ppm and ArT < 2.2 ppm, which by the relationship A* = 25‘1 sin y is
equivalent to & < 2.6 x 10724 GeV and b < 1.4 x 1072 GeV.” These
BNL E821 limits as well as other on both minimal (d = 4) and nonminimal
(d > 5) SME coefficients'? are the most stringent in the muon sector.

3. Prospects for E989

The goal for Muon g — 2 at Fermilab is to reduce the BNL @, uncertainty
by a factor of four from 540 ppb to 140 ppb. This will be achieved by
utilizing Fermilab’s much higher intensity muon beam to collect 21 times the
BNL ™ statistics, and by reducing the overall systematic uncertainty by a
factor of 2.5 through detector upgrades and improved analysis techniques.
Reaching that goal would increase the significance of the BNL discrepancy
from 3.70 to ~ 7o given the same central value for a,.

With regard to sidereal-variation Lorentz and CPT tests, sensitivity
roughly scales with w, uncertainty. Thus, E989 should be able to reach
limits of ~ 5 x 1072% GeV and could do even better due to the possibility to
search for the oscillation with a Fourier-transform method since the E989
data will be time-stamped allowing binning in equally-spaced time periods.
Also, the full three-year run for Muon g —2 will include data for most of the
calendar year. Contrary to BNL E821, which ran the same three months
in each year of operation, this permits a search for annual variation in a,.

Obviously, to measure Aw,, Muon g — 2 needs p* and p~ data. The
Fermilab Muon g — 2 schedule features u runs extending through early
2021. The Collaboration is exploring the technical requirements to carry
out a 4~ run, as was done in E821. Items to be addressed include issues
related to the lower initial muon flux and the need to improve the storage-
ring vacuum. The optimal time for a switchover to p~ depends on the
results of the current, approved p™ runs.

A 1~ run does not simply represent one more test. The p~ data gives ac-
cess to many additional SME coefficients. Furthermore, JPARC is prepar-
ing E34, a muon ¢g — 2 experiment with an ultra-cold muon beam.!! E34
proposes to measure a,+ to 450 ppb. This would make possible a sub-
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stantial improvement of the (mudzo + Hxy) limit for two reasons. First,
the BNL/CERN 540 ppm/7000 ppm precisions would be replaced with Fer-
milab/JPARC 140 ppm/450 ppm. Second, this limit is proportional to
(cosx1 — cos xz2), and there is much greater difference between Fermilab’s
and JPARC’s colatitudes then between BNL and CERN. Because E34 uti-
lizes muonium, and thus cannot measure a,-, the only possibility for real-
izing this potential improvement is with a Fermilab Muon g — 2 p~ run.

Finally, it has been shown that a nonminimal SME coefficient HQ(% ~
3 x 1072 GeV~! can account for the 3.7¢ discrepancy in muon g — 2.2
The result from BNL E821 of %) = (2.9 +3.0) x 10724 GeV~! is com-
patible with this level. With an E989 1~ run and the promise of Fermilab
and JPARC sensitivity goals, it may be possible to not only establish a
significant discrepancy, but also make a statement concerning whether or
not Lorentz and CPT violation is the physics responsible for it.
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