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m CnvH B r,aBUTALUNOHHLIX NOJIAX U
HeMHepunarnbHbIX CUCTEMaX OTCYHeTa

m [lepBoe orpaHn4YeHne Ha aHOMaribHbIU
rpaBUTOMAarHUTHbIU MOMEHT

m CpaBHeHUe ABUXEHNSA CMUHA YacTuULl U
aHTU4yacTuu

m Bo3amoXxHoCTb npoBepku coxpaHeHusa CPT-
CUMMETPUM B rpaBUTaLLMOHHOM B3anMoOencTBuUmn
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Cnvmu B r;PaBUTALNOHHDBIX NMOJIAX WU
HEUMHEepPLUUNAJIbHbIX CUCTEeMaX
OTCuYeTa
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m The Equivalence Principle manifests in the general
equations of motion of classical particles

y7i
Du 0
dr

m and their spins:
DS”
dr
m Motion of gyroscopes and particle spins in curved

spacetimes is the same - Classical and quantum
theories are in the best compliance!

0

BrnusiHue cnuHa Ha TPaeKTOPMIO YacTUL NPUBOAMUT K

HapyweHUr npuHunna 3KkBMBaJieHTHOCTU
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Equivalence principle and experimental tests of gravitational spin effects
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The experimental tests of the Kobzarev-Okun relations
are lacking and are therefore of great importance. The
problem of the existence of the dipole spin-gravity cou-
pling in a static gravitational field has been discussed for a
long time (see Refs. [4.5.8] and references therein).
Evidently, this coupling given in the form of § + g (g is
the acceleration) contradicts the theory [4.6] and violates
both the CP invariance and the relation predicting the
absence of the gravitoelectric dipole moment [1].

CywecTBOBaHMNE rPaBUTOINEKTPUYECKOro AUNOSIbHOrO MOMEHTA

HapywaeT cooTHoweHusi KobsapeBa-OKyHA 1 NpUHLUUN 3KBUBANIEHTHOCTU
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.Yu. Kobzarev, L.B. Okun, Gravitational Interaction of Fermions.
KOTD 43, 1904 (1962) [Sov. Phys. JETP 16, 1343 (1963)].

These relations define form factors at zero momentum transfer

f — g — 1 gravitational and inertial masses are equal
Va 1 1
form factors . .
— f =1 anomalous gravitomagnetic
5 =

moment is equal to zero

f3 =0 gravitoelectric dipole
moment is equal to zero

Classical and quantum theories are in the best
compliance!

e



[lepBOE orpaHMYeHune Ha
aHOMalnbHbIU TPAaBUTOMAarHUTHbLIN
MOMEHT



" A
mThe absence of the
anomalous
gravitomagnetic moment
has been extracted from
experimental data:

mB.J. Venema, P.K.
Majumder, S.K. Lamoreaux,
B.R. Heckel, and E.N.
Fortson, Phys. Rev. Lett.
68, 135 (1992).

mby the analysis in A.J.
Silenko and O.V. Teryaev,
Phys. Rev. D 76, 061101(R)
(2007).

7(*"Hg) +0.369 (" Hg) < 0.042
(95%C.L.)

PHYSICAL REVIEW D 76, 061101(R) (2007)

Let us reconsider the earlier results [15] as restrictions
on the AGM rather than on the dipole spin-gravity cou-
pling. Recall that the latter violates not only the Kobzarev-
Okun relation for the gravitoelectric dipole moment but
also CP invariance, and may be neglected. The spin-
dependent Hamiltonian for atoms in S states may be ob-
tained by the modification of the coefficient of the term
defining the spin-rotation coupling and has the form

H =—gouyB-S —Chw - S, F=1+y ()
where g is the nuclear g factor, py 1s the nuclear magne-
ton, and y is the AGM. The measured ratio ol energy
differences in neighboring Zeeman levels, R = |v,|/|v].
depends on the AGMs. The difference of these ratios for
two opposite directions of the magnetic field is given by

21 cosfl . 4
Ry —R_= "'f—'[gz - G4 = Er
|P1| 81

(8)

where # is the angle between the directions of the magnetic
fiecld and the Earth’s rotation axis, f = w/(27) =
11.6 uHz is the Earth’s rotation frequency, and |z, is
the Zeeman frequency for atoms of the first kind. The
experimental conditions of [15] for 1?Hg and 2°' Hg atoms
correspond to # = 0, G = —0.369 139. Reconsidering the
bound for R, — R_ obtained in that reference, we drop the
contribution of the C P-violating gravitoelectric dipole mo-
ment, but account for the possibility for nonzero AGM.
which makes a difference between (8) and their Eq. (4). As
a result, their data lead to the following restriction:

| Y(2O'Hg) + 0.369 y(1%°Hg)| < 0.042 (95% C.L.).
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Search for a Coupling of the Earth’s Gravitational Field to Nuclear Spins in Atomic Mercury

B. J. Venema, P. K. Majumder, S. K. Lamoreaux, B. R. Heckel, and E. N. Fortson

Physics Department, FM-135, University of Washington, Seattle, Washington 98195
(Received 25 September 1991)

We have measured the ratio of nuclear spin-precession frequencies of '"’Hg and ?°'Hg atoms for two
orientations of magnetic field relative to the Earth’s gravitational field. We find that the spin-dependent
component of gravitational energy is less than 2.2x 10 ™%! ¢V, a substantial improvement over previous
limits. Our result provides a test of the equivalence principle for nuclear spins, and sets limits on the
magnitude of possible scalar-psecudoscalar interactions which would couple to the spins.

We report here the results of an experimental search [MonyyeHHble akcnepuMmeH-
for an interaction of the fnrmwhere o is the spin TanbHble faHHble NO3BONS-
operator for the nucleus of a mercury atom, and T is a T ycTaHOBUTb OrpaHu4YeHue
vector pointing towards the center of the Earth. Such an He Tonbko Ha rpaBuUTO3NEKT-
interaction violates both parity and time-reversal symme- pu4eckun AUNONbHLIN, HO U
try and could result, for example, from a breakdown of Ha aHomanbHbLIN rpaBuTO-
the equivalencc principlc for spin-po]ariz&d matter. It MarHUTHBI MOMEHTbI
could also arise as a consequence of a new macroscopic-
range interaction. 10
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FIG. 1. Schematic of the apparatus. Abbreviations are
defined as follows: LP, linear polarizer; A/4, quarter-wave plate;
I, adjustable iris; PMT, photomultiplier tube; PEM, photoelas-
tic modulator. Arrows on the right-hand side of the figure indi-
cate control lines from, and data lines into the computer (not
shown). f. and [, “trim” current sources are designed to cancel
residual transverse magnetic fields in the vicinity of the cell.
The I. “pump” supply is disconnected during the precession
phase of the experiment, while a highly stable current supply,
I., is turned on with a given polarity. cos¢+ and cos¢- repre-
sent the projection of the unit vector £ along the quantization
axis for these two probe field polarities. Q¢ refers to the axis of
the Earth’s rotation while ch is the effective cell quadrupole
ax1S.
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CpaBHeHMe OBUNXXeHUsA CrunHa
yacTuvy M aHTU4YacTuul
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The above-mentioned experiments do not solve the 1m-
portant problem of the equivalence ol gravitational effects
for particles and antiparticles which may be tested in
storage rings. The corresponding equation of spin motion
in a cylindrical coordinate system |25] with the addition of

a gravitational correction is given by 0
g
ds ) rd
d[:ma}{hl Mﬂ:ﬂ‘l‘ﬂEDM‘I‘M‘I‘ﬂg, (YD)

where €2 and Qg are angular velocities of spin rotation
caused by magnetic and electric dipole moments, respec-
tively. The (pseudo)vectors £ and gpy are oppositely
directed for particles and antiparticles. The gravitational
corrections to the angular velocity of spin rotation in
Cartesian and cylindrical coordinates are —e + €2, and
w + L), respectively.

1 Q

A.J. Silenko and O.V. Teryaev, Phys. Rev. D 76, 061101(R) (2007).
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BO3MOXHOCTb NPOBEPKU
coxpaHeHus CPT-cummeTpumn
B rpaBUTaUMOHHOM
B3auMoO4EeUCTBUN
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Equation of spin motion in storage rings in the cylindrical coordinate system

Alexander J. Silenko
Institute of Nuclear Problems, Belarusian State University, 220080 Minsk, Belarus
(Received 23 January 2004; revised manuscript received 14 December 2004; published 29 March 2006)
After neglecting the small terms, the equation for the angular velocity of the g — 2
precession with allowance for the EDM takes the form

bes yyeTa
€ ay _ :
0+ Qo= o~ 688 Faewm
1
(15)

1 . n . . :
—| By — — (B X E) ]+_{,&+ﬁ><31.
‘y[ I 32 I 2

Marvueckuin y-paktop paBeH ¥, = \/(1+ a)/a, a=(g-2)/2.

[Mpn 06bIYHOM CXEME IKCMEPUMEHTA C BEPTMKAIbHLIM MarHUTHbIM NOJSIEM B Ka4ecTBe
OCHOBHOIO N 3nNeKTpru4eckon ooKyCMpOBKOU ornpeadensemMmas MarHUTHbIM Mosiem
YacToTa BpalleHUs1 OKa3blBaeTCs 3HaYNTENbHO BOsbLUE YacTOThl BpalleHUst 3eMnu.
Heobxoanmo namMepsTe Masnyro pasHoCTb 60MbLIMX YAaCTOT Npeueccum cnnHa
9NEeKTPOHOB M MO3UTPOHOB B MarHUTHOM Mone. 1=
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PaBeHCTBO (-(hpakTOpPOB 3N1eKTPOHA U NO3UTPOHaA:

R. S. Van Dyck, Jr., P. B. Schwinberg, and H. G. Dehmelt,
Phys. Rev. Lett. 59, 26 (1987).

H. Dehmelt, R. Mittleman, R. S. Van Dyck, Jr., and P. Schwinberg,
Phys. Rev. Lett. 83, 4694 (1999).

Q-+ QEDM MMeeT pasHble 3HaKu Ans YacTul 1 aHTu4actuy (e* n e-)

() MMEEeT OOWH M TOT e 3HaK Ans YacTuuy u aHTuyactuy, (et v e’)

w,(e)=w,(e)!

Pasnuyme yactoT npeueccum crimHa 4YyacTuy n aHTu4ac-
TUL (37N1EeKTPOHOB 1 NO3UTPOHOB) BO BpaLlakoLencs cuc-
TemMe oTcyeTa OQHO3HA4YHO CBMAETeNbCTBOBAaNoO Obl O
HapyweHuu nnm CPT-cummeTpun, Unn 3KBUBaANEHTHOCTU
rpaBUTaUMOHHOrO MNoJsisd U HemHepunaribHbIX CUCTEM OT-
c4yeTa, KOTOpasa HegaBHO Obliyia NoaATBepPXAeHa 3Kcnepu-
MeHTalNbHbIM HabnwaeHnem adpekra ﬂeH3e-TVIppI/IHr1?
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HoBoe akcnepumMeHTanbHoe npeanoxeHue
6asnpyeTca Ha HOBbIX pa3paboTkKax,

cAaenaHHbIX B pamMkax nogarotoBku 3M-
JKCNnepuMeHTa B HaKOMNMUTEeNbHbIX KONMbLUaX

MeToa 3amopaxuBaHUA CNUHa:

PagunanbHoe ANMNEeKTpnyeckKoe rnorlre B
KavyecTBe OCHOBHOIO

Storage Ring Electric Dipole Moment Collaboration

17



Spin Precession in EDM Ring

(T op V1 EW’) : Momentum
L vector

d —  Spin vector

e T
STORIOS, 23 May 2005 e, BNL d_s=;23<5+ﬂfn-cf

dt



] Storage ring EDM experiment.

F A Magic Proton Ring for 10-2%e-cm.

Simulations team Yannis K. Semertzidis

Spin Coherence Time
~ € m - =
W, =—| a— [—j L xE
m

/ dP\’
do, ~ (Fj x10" rad/s

m Due to beam momentum spread dP/P there is
spread in the horizontal spin precession.

m The linear part of the spread is canceled by using
RF-cavity. The quadratic part by using
compensating sextupole magnets.

m \We expect to demonstrate (with simulation) ~103s
by end of 2010 using realistic fields. 19



" N Storage ring EDM experiment
A Magic Proton Ring for 10-2°e-cm.

Yannis K. Semertzidis

Cancelling the 2" order effects
with sextupoles

: : dP Y’

Ao, ~a A +a A +a, (Fj

MaX
m Strategically placed sextupoles around the ring
will cancel the effect from dp/p, horizontal and

vertical betatron oscillations. Method applied at

Novosibirsk. Our case is analyzed by Y. Orlov
who estimated SCT of 103s should be possible.

20




" I QR ing EDM experiment

i i -29.
A'possible magic proton ring lattice: éMa,g'CKPg’tO” i'r_‘g for 10-*°e-cm.
~240m circumference with ES-separators. 2"M'S . SeMErtzdis

E-field plate

K.: Injection Kickers
P! Polarimeters
o RF:  RF-system
S——0 — . St Sextupoles
— —r Q: Quadrupoles

= " BPMs: ~70 Beam
Position Monitors

21



O _ Storage ring EDM experiment.

A Magic Proton Ring for 10-2°e-cm.
Yannis K. Semertzidis

Magic Proton EDM ring includes:

m [njection
m Bunch capture with RF
m Vertical to horizontal spin precession

m Slow extraction onto an internal target for
polarization monitoring

m Use RF-feedback from polarimeter to keep
spin longitudinal

22



[Ins npoTOHOB BpeMsi KorepeHTHOoCcTu cnuHa ~103 ¢
ABNAeTCHA BNOJSIHE AOCTUXUMbIM

Ona 3neKTpoHOB U NO3UTPOHOB pe3ynbTaT
AOJKEeH ObITb He XyXe

Ucnonb3oBaHue metoaa 3aMopaxKmBaHUA CrinHa
Nno3BOJIAET NPaAKTU4YeCKN UCKITIOYAUTD
AJNMeKTPOMarHUTHoe BO34eUCcTBME Ha CMUH

Onae*,e y,=29.38 E_ ~15MeV, a=0.001159 652 181

23
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BbiBOAbI

_ OTcyTCTBVIe dHOMaAJIbHOIo rpyaBUTOMarHUTHOIro m
rpaBUTOINEKTpn4eCKoro AmnosibHOro MOMEeHTOB MOXeT ObITb
noaTrBepxXaAeHo 3KCNnepmMeHTarnibHoO

m CnuHbI YacTuUy M aHTUYaCTUL, BpawaoTCAa B
NMPOTUBOMNOJIOXKHbIX HanpaBrieHUSAX B 3NIEKTPOMArHUTHbIX
NONAX U B OAMHAKOBbIX HanpaBJfieHUsIX — B rPaBUTaUMNOHHbIX
NONAX U B HeMHepuUuaribHbIX CUCTeMax oTcyeTa (npu
ycnoBuu coxpaHeHna CPT-cummeTtpun)

m CoxpaHeHue CPT-cummeTpum B rpaBUTaLlMOHHOM
B3auMOAeUCTBUU C AOCTAaTOYHO BbICOKOU TOYHOCTbLIO MOXeT
ObITb NPOBEPEHO ANA NYYKOB 3NTeKTPOHOB U MO3UTPOHOB B
HaKOMNMUTEeNbHbIX KOMbLUaX Mpu UCMNOJIb30BaHUM MeToAa
3aMopaXmBaHuA CNuUHa

24
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