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Parity and time reversal in the spin-rotation interaction
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A recently reported discrepancy between experimental and theoretical values of the muon’sg22 factor is
interpreted as due to small violations of the conservation ofP and T in the spin-rotation coupling. The
experiments place an upper limit on these violations and on the weight change of spinning gyroscopes.
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The spin-rotation effect described by Mashhoon@1# at-
tributes an energy2(\/2)vW •sW to a spin-12 particle in a frame
rotating with angular velocityv relative to an inertial frame
Identical results have been derived directly from the Di
equation by means of the tetrad formalism@2–4#. The effect
extends our knowledge of rotational inertia to the quant
level and violates the principle of equivalence@5# while pre-
serving invariance underP andT. It has physical and astro
physical implications@3,6–8# and also plays a fundament
role in precise measurements of theg22 factor of the muon
@8#.

Recently, a discrepancyam(exp)2am(SM)543310210

has been observed@9# between the experimental and standa
model values of the muon’s anomalousg value, am5(g
22)/2. This discrepancy can be used to set an upper limi
P andT invariance violations in spin-rotation coupling.

The possibility that discrete symmetries in gravitation a
not conserved has been considered by some authors@10–13#.
Attention has in general focused on the potential~in units
\5c51)

U~rW !5
GM

r
@a1sW • r̂ 1a2sW •vW 1a3r̂ •~vW 3sW !#, ~1!

which applies to a particle of generic spinsW . The first term,
introduced by Leitner and Okubo@11#, violates the conser
vation of P and T. The same authors determined the upp
limit a1<10211 from the hyperfine splitting of the groun
state of hydrogen. The upper limita2<1023 was determined
in Ref. @13# from SN 1987A data. The corresponding pote
tial violates the conservation ofP andC. Conservation ofC
andT is violated by the last term, while Eq.~1!, as a whole,
conservesCPT. There is, as yet, no upper limit ona3. These
studies are extended here to the Mashhoon term.

The g22 experiment involves muons in a storage ri
@14#. As the muons decay, the angular distribution of tho
electrons projected forward in the direction of motion refle
the precession of the muon spin along the cyclotron orbi

Assume that all quantities in the effective Hamiltonian a
time-independent and referred to a left-handed turn of a
comoving with the muons and rotating about thex2 axis in
the clockwise direction of motion of the muons. Thex3 axis
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is tangent to the orbits and in the direction of the mu
momentum. The magnetic field isB252B. Of all the terms
that appear in the Dirac Hamiltonian, only the Mashho
term couples the helicity states of the muon. The remain
terms contribute to the overall energyE of the states and the
corresponding part of the Hamiltonian is indicated byH0 @8#.

Before decay, the muon states can be represented by

uc~ t !&5a~ t !uc1&1b~ t !uc2&, ~2!

whereuc1& and uc2& are the right and left helicity states o
the HamiltonianH0 and satisfy the equation

H0uc1,2&5Euc1,2&. ~3!

Assume now that the coupling of rotation touc1& differs
in strength from that touc2&. Then the Mashhoon term ca
be altered by means of a matrixA5(0

k1
k2

0 ) that reflects the

different coupling of rotation to the two helicity states. Th
total effective Hamiltonian isHe f f5H01H8, where

H852
1

2
Av2s21mBs2 , ~4!

m5(11am)m0 represents the total magnetic moment of t
muon andm0 is the Bohr magneton. A violation ofP andT in
Eq. ~4! would arise throughk22k1Þ0. The constantsk1
andk2 are assumed to differ from unity by small amountse1
ande2.

The coefficientsa(t) and b(t) in Eq. ~1! evolve in time
according to

i
]

]t S a~ t !

b~ t !
D 5M S a~ t !

b~ t !
D , ~5!

where

M5S E2 i
G

2
i S k1

v2

2
2mBD

2 i S k2

v2

2
2mBD E2 i

G

2

D , ~6!

and G represents the width of the muon. The spin-rotati
term is off-diagonal in Eq.~6! and does not therefore coup
to matter universally. It violates Hermiticity@15#. It also vio-
latesT, P andPT, as stated, while nothing can be said abo
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CPT conservation which requiresHe f f to be Hermitian
@16,17#. Because of the non-Hermitian nature of Eq.~4!, one
expectsG itself to be non-Hermitian. The resulting corre
tions to the width of the muon are, however, of second or
in the e ’s and are neglected.

M has eigenvalues

h15E2 i
G

2
1R

h25E2 i
G

2
2R, ~7!

where

R5AS k1

v2

2
2mBD S k2

v2

2
2mBD , ~8!

and eigenstates

uc1&5b1@h1uc1&1uc2&],

uc2&5b2@h2uc1&1uc2&]. ~9!

One also finds

ub1u25
1

11uh1u2

ub2u25
1

11uh2u2
~10!

and

h152h25
i

R S k1

v2

2
2mBD . ~11!

Then the muon states~2! are

uc~ t !&5
1

2
e2 iEt2Gt/2@22ih1sinRtuc1&12 cosRtuc2&],

~12!

where the conditionuc(0)&5uc2& has been applied. Th
spin-flip probability is therefore

Pc2→c1
5u^c1uc~ t !&u2

5
e2Gt

2

k1v222mB

k2v222mB
@12cos 2Rt#. ~13!

Whenk15k251, Eq. ~13! yields @8#

Pc2→c1
5

e2Gt

2 F12cosS am

eB

m
t D G , ~14!

that provides the appropriate description of the spin-rota
contribution to the spin-flip transition probability. Notice th
the casek15k250 ~no spin-rotation coupling! yields
07790
r

n

Pc2→c1
5

e2Gt

2 F12cos~11am!
eB

m G ~15!

and does not therefore agree with the results of theg22
experiments. Hence the necessity of accounting for sp
rotation coupling whose contribution cancels the fac
eB/m in Eq. ~15! @8#.

Substituting k1511e1 ,k2511e2 into Eq. ~13!, one
finds

Pc2→c1
.

e2Gt

2 F12cos
eB

m
~am2e!t G , ~16!

wheree5 1
2 (e11e2). One may attribute the discrepancy b

tweenam(exp) andam(SM) to a violation of the conserva
tion of the discrete symmetries by the spin-rotation coupl
term in Eq.~4!. The upper limit on the violation ofP,T and
PT is derived from Eq.~16! assuming that the deviatio
from the current value ofam(SM) is wholly due toe. The
upper limit is therefore 43310210.

Some more information can be extracted from currentam
data. One may in fact assume that the coupling of rotation
the two helicity states of the fermion is opposite. In this ca
the parameters have valuesk151,k2521. This is the anti-
Hermitian limit of the interaction. The oscillation frequenc
is then

R5
1

2
A~2mB!22v2

25
eB

2m
A2am1am

2

.
eB

m
Aam/2 ~17!

and Eq.~13! gives

Pc2→c1
.

e2Gt

2

am

21am
F12cosS eB

m
A2amt D G . ~18!

Equations~18! and~14! differ in amplitude and frequency. In
fact the amplitude of Eq.~18! is much smaller than that o
Eq. ~14! while its frequency is higher than that actually o
served. The choicek151,k2521 is not therefore supporte
experimentally.

It also follows from Eqs.~4!, ~5! and~6! that the weight of
a rotating object depends on its direction of rotation. T
problem has been studied experimentally in@18#. No theo-
retical motivation for the study has ever been presented.
upper limit on this effect can be obtained in the pres
model from Eq.~4!. The eigenstate energy difference due
spin-rotation coupling is in fact

2 i
v2

2
~^c2us2uc1&1^c1us2uc2&!5

v2

2
~11e!.

~19!

The additional energy difference is thereforeev2/2, where
e5243310210. Returning to normal units, the correspon
1-2
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ing decrease in mass for a muon of positive helicity isDm
52eeB\/mc2.23.1310248 g and the decrease in weigh
is gDm.4310245 dyn.

The fraction of total rotational energy associated with
effect ise/2. If one applies this result to all the particles
the gyroscope used in the experiment of@18#, then one finds
that the energy difference of the two rotation states of
nd
in

07790
e

e

body is at most (e/2) 1
2 Iv2.2.4 erg, corresponding to

change in mass<2.6310221 g and a change in weigh
<2.6310218 dyn, in agreement with the null experiment
results of@19,20#.
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