PHYSICAL REVIEW A 68, 063807 (2003
Testing CPT and Lorentz symmetry with hydrogen masers
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In a recent papdPhys. Rev. D63, 111101(2001)] we reported a new limit o€PT (charge, parity, and time
reversal and Lorentz violation of the proton by using a hydrogen maser to search for a sidereal variation of the
F=1, Am=*1 Zeeman frequency in atomic hydrogen. Here we discuss the theoretical interpretation of this
recent experiment, the operating principles of the maser, and the double-resonance technique used to measure
the Zeeman frequency. We also describe the characterization of systematic effects and details of the data
analysis. We conclude by comparing our result to other recent experiments, and discussing potential improve-
ments to the hydrogen maser double-resonance technique.
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[. INTRODUCTION result in small violations of Lorentz invariance and hence
CPT at the level of the standard moddl].

A theoretical framework has been developed by Kos- A theoretical framework has been developed by Kos-
telecky and co-workerd1-5] which incorporates possible teleckyand co-workers to describe Lorentz a@&T viola-
violation of Lorentz symmetry an@PT (charge, parity, and tion at the level of the standard moddl-5]. This standard
time reversalinto a realistic extension of the standard modelmodel extension is quite general: it emerges as the low-
of elementary particle physics. One branch of this frameworlenergy limit of any underlying theory that generates the stan-
emphasizes low-energy, experimental searches for symmetdard model and contains spontaneous Lorentz symmetry vio-
violating effects in atomic energy levgls,5]. In particular, it lation, and hence can includ€PT violation [1]. For
has been shown that Lorentz a@dPT violation results in example, such characteristics might emerge from string
variations in the atomic hydrogéh=1, Ame=+1 Zeeman theory[2]. A key feature of the standard model extension is
frequency as a function of the orientation of the quantizatiorthat it is formulated at the level of the known elementary
axis (set by a static magnetic figldelative to a preferred particles, and thus enables quantitative comparison of a wide
frame (e.g., the cosmic microwave backgroiné]. Moti- array of searches for Lorentz a@PT violation [3].
vated by this theoretical framework, we used a hydrogen In the standard model extension, Lorentz &felT violat-
maser double-resonance technique to search for variations ing terms are included in the relativistic Lagrange density of
the hydrogen Zeeman frequency with a period of the sideredhe constituent particles of the atom. For example, the modi-
day (23.93 b, and placed a new, clean bound of fied electron Lagrangian becomiy
~10 2" GeV on Lorentz andCPT violation of the proton B B

Here we provide details of the theoretical framework, ex-
periment, and analysis, which underlie our recent hydrogemwhere
maser test oCPT and Lorentz symmetry. In Secs. Il and IlI
we review the theoretical framework. In Sec. IV we describe y=vy,+(c,,y"+d,,vsv") 2
the basic concepts of hydrogen maser operation and our
double-resonance Zeeman frequency measurement technd
nique. In Sec. V we discuss the procedure used to collect
data and extract a sidereal bound on the Zeeman frequency. M=m+(a,y*+b,ysy*+ %H;w‘f’w)- 3)

In Sec. VI we describe efforts to reduce and characterize

systematic effects. Finally, in Sec. VII we compare our resultThe parametera,, b,, c,,, d,,, andH,, each represent

to other clock-comparison tests GPT and Lorentz symme-  the product of vacuum expectation values of Lorentz tensors
try, and discuss potential means of improving our measurete.g., generated through spontaneous Lorentz symmetry

ment. breaking in an underlying theonand coupling strengths to
the electron field. All these parameters are absent in the stan-
Il. LORENTZ AND CPT VIOLATION IN THE STANDARD dard rggde[s]ﬁ_ICPT a”g Lorenngsymr."?try ‘Ere violated by
MODEL EXTENSION a, andb,, whilec,,, d,,, andH ,, violate Lorentz sym-

metry only. An analogous expression exists for the modified
Experimental investigations of Lorentz symmetry provideproton and neutron Lagrangiaria superscript will be ap-
important tests of the standard model of particle physics apended to differentiate between the sets of parameters for
well as general relativity. While the standard model successdifferent particle types The standard model extension modi-
fully describes particle phenomenology, it is believed to befies only the free particle properties of constituent systems
the low-energy limit of a fundamental theory that incorpo- (nuclei, atoms, etg,. as all Lorentz-violating interaction ef-
rates gravity. This underlying theory may be Lorentz invari-fects will be of higher ordef4]. Since both the particle field
ant, yet contain spontaneous symmetry breaking that coulgqh and the background expectation values transform covari-
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TABLE I. Experimental bounds on Lorentz ai@PT violation for the electron, proton, and neutron in
terms of the parametels,=by—mydy,—Hyz andby=by—m.dyo—Hzy, where the subscripts denote the
projection of the tensor couplings onto a fixed inertial frafeee Sec. VIl Bounds are listed by order of
magnitude and in terms of a sum of Lorentz-violating parameters in the standard model extsesi&s.

(2)—(4)].

Experiment by (Gev)  Bfy(Gev)  biy (Gev)
Anomaly frequency o™ in Penning trag 10] 102

19%g and 3%Cs precesion frequenci¢$4] 10727 10?7 10"
Hydrogen maser double resonancg 10727 10727

Spin-polarized torsion pendulufi2] 10°2°

Dual species?®Xe/*He maseff13] 103

antly, the LagrangiafEqg. (1)] remains invariant under ob- niques by taking the expectation value of the Hamiltonian
server Lorentz transformations. However, the backgrounderived from the standard model extension’s modified La-
expectation values are unaffected by particle Lorentz transgrangian. Note that for most atoms, the interpretation of
formations, leading to nontrivial changes in the theory undeenergy-level shifts in terms of the standard model extension
rotations and boos{st]. is reliant on the particular model used to describe the atomic
Within this framework alone, the values of the parametersiwucleus(e.g., the Schmidt modelA key advantage of an
that characterize Lorentz violation are not calculable; in-experimental study in atomic hydrogen is the simplicity of
stead, values or constraints must be determined experimethe nuclear structuré single protojy with results that are
tally. The general nature of this theory ensures that boundtherefore “clean,” i.e., uncompromised by any nuclear
placed on different combinations of Lorentz a@BTviolat-  model uncertainty.
ing terms may be compared between different experiments Figure 1 illustrates the Lorentz-violating corrections to
(see Table | and Ref4)). the hyperfine/Zeeman energy levels of the ground electronic
For example, Lorentz an€PT violation may produce state of atomic hydroge[6]. In particular, the shift in the
shifts in atomic levels depending on the orientation of theF=1, Amz==*1 Zeeman frequency, following the notation
constituent particles’ spins relative to some unknown, fixedof Refs.[4-7], is
inertial frame[4,5]. (Boosts relative to the preferred inertial
frame may also cause atomic energy level slififg Certain
atomic transition frequencies, therefore, may exhibit sinu-
soidal variation as the Earth rotates on its axis. Sensitive tests
of Lorentz andCPT symmetry can be made by searching forwhereb"" bY—d%m
sidereal variation of these atomic transition frequencies. 2w
As shown in Table I, among the most sensitive such ex-
periments are Penning trap tests by Dehmelt and co-workers
with the electron and positrofiL0] which place a limit on
electron Lorentz andCPT violation at a level of
~10 2° GeV. A recent reanalysis by Adelberger, Gundlach,
Heckel, and co-workers of existing data from the tBtlash
II” spin-polarized torsion pendulunll] has improved this
limit to a level of ~1072° GeV [12], the most stringent
bound to date on Lorentz ar@PT violation of the electron.
A limit on neutron Lorentz andCPT violation of about
10 31 GeV has been set by Beat al. [13] using a dual
species noble gas maser to compare the nuclear Zeeman fre- . |
quencies of'?*Xe and ®He. Stringent limits on Lorentz and 0 s 1000
. . magnetic field [gauss]
CPT violation of the electron, proton, and neutron have also
been derived4] from the results of an experiment by Ber-  F|G. 1. Hydrogen hyperfine/Zeeman energy levels. The full
glundet al.[14] which compared the Zeeman frequencies ofcurves are the unperturbed levels, while the dashed curves illustrate

1. -
|Avz|= B+, @
Hyy forw=p ore™ [8]. The spatial
subscripts X, v, 2) denote the projection of the tensor cou-

mp =+1

-mg=0

199Hg and 1*Cs. the shifts due to Lorentz andPT violating effects for the exagger-
ated values ofb;—dgm,—Hg,|=90 MHz and|b}—dfm,—H},|
IIl. APPLICATION OF THE STANDARD MODEL =10 MHz. (We have set a bound of less than 1 mHz for these
EXTENSION TO ATOMIC HYDROGEN terms[7].) A hydrogen maser typically oscillates on the first-order
HYPERFINE/ZEEMAN ENERGY LEVELS magnetic-field-independef?) < |4) hyperfine transition near 1420

_ _ _ _ MHz, and with a static magnetic field of less than 1 mG. For these
Atomic energy-level shifts due to Lorentz violation are low field strengths, the tw& =1, Amg=*+1 Zeeman frequencies
calculated perturbatively using standard field-theory techare nearly degenerate, amgh~ v,3~1 kHz.
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plings onto the laboratory frame, whezés the quantization
axis of the hydrogen atoms, artdis the time subscript.
Therefore, as the Earth rotates relative to a fixed inertial
frame, the Zeeman frequeney will exhibit a sidereal varia-
tion. Our recent search for a variation of the hydrogen
=1, Amg=*1 Zeeman frequency using hydrogen masers
has placed a new, clean bound on Lorentz @R violation

of the proton at a level of about 18" GeV [7].
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IV. HYDROGEN MASER CONCEPTS AND OPERATION

The electronic ground state of hydrogen is split into
four levels by the hyperfine interaction, labelédllowing
the notation of Andreseiil5]) as|1) to |4) in order of
decreasing energyFig. 1). In low magnetic fields, the
energies of state$2) and |4) have only a second-order
field dependence. Therefore, a hydrogen maser is typically
designed to oscillate on thé2)«|4) transition. This
transition frequency(in hertz as a function of static
magnetic field(in gaus$ is given by v,,= v+ 27502,
where v,;s~1420.405751 MHz is the zero-field hyper-
fine frequency. Hydrogen masers typically operate with
low static fields (less than 1 m@G such that the
two F=1, Amg==*1 Zeeman frequencies, given by
v1,=1.4X10°B—1378? and v,3=1.4x 10°B+ 13782,
are nearly degenerate. For example, Bt=0.5 mG,
v1o— Vo3~1 mHz, which is much less than the typical Zee-
man linewidth of~1 Hz. We refer to both/, andv,; asv;
when their splitting is not significant.

Zeeman

coils solenoid

microwave

quartz
cavity

bulb

FIG. 2. Hydrogen maser schematic. The solenoid generates a
weak static magnetic fiel®, which defines a quantization axis
inside the maser bulb. The microwave cavity field (dashed field

A. Maser operation

In a hydrogen masdi6—18, molecular hydrogen is dis-

sociated in a rf discharge and a thermal beam of hydrogen
atoms is formed, as shown schematically in Fig. 2. A hexa

pole state selecting magnet focuses the low-field-seeking h
perfine state$l) and|2) into a quartz maser bulb at about
102 atoms/s. Inside the bullyolume~ 10° cnr®), the atoms

travel ballistically for aboti1 s before escaping, making
~10* collisions with the bulb wall. A Teflon coating reduces

the atom-wall interaction and thus inhibits decoherence o
the masing atomic ensemble due to wall collisions. The ma

ser bulb is centered inside a cylindrical ghle microwave

cavity resonant with the 1420-MHz hyperfine transition. The
thermal microwave field stimulates a coherent magnetizatio

in the atomic ensemble, and this magnetization acts as
source to stimulate the cavity microwave field. With suffi-

ciently high atomic flux and low cavity losses, this feedback

induces active maser oscillation. The maser sigtyalically
about 10 ** W) is inductively coupled out of the microwave

cavity, amplified, and detected with a low noise heterodyne

lines and the coherent magnetizatidh of the atomic ensemble
form the coupled actively oscillating system.

and temperature controllettypically at about 320 K to

about 0.1 mK by a four-stage system of enclosures.

Y" A well engineered hydrogen maser can have a fractional

frequency stability~10~% /7 over intervalsr of seconds to
hours limited by thermal noise and spin-exchange collisions
[18]. This high stability is enabled by a long atom-field in-
[eraction time(1 9, first-order independence of the atomic
ransition frequency on magnetic fie{dt the low operating
fields), a weak atom-wall interactiofdue to the low atomic
polarizability of H and the wall’s Teflon coatingreduced
Doppler effects(the atoms are confined to a region of uni-

Form microwave field phase, effectively averaging their ve-

I%city to zero over the interaction time with the fig¢ldand
multiple layers of thermal control of the cavitgtabilizing
cavity pulling frequency shifs

B. Maser characterization

receiver. A solenoid surrounding the cavity produces a weak Among the quantities used to characterize a hydrogen ma-

static magnetic field<1 mG) which establishes the quanti-

ser, those most relevant to the double-resonaGégel/

zation axis inside the maser bulb and sets the Zeeman fré-orentz symmetry test are the atomic line quality fac@yr,

qguency &1 kHz). A pair of coils oriented orthogonal to the

the population difference decay rajg, the hyperfine deco-

cavity axis can be used to produce an oscillating transverskerence rate/,, the atomic flow rate into and out of the bulb

magnetic field to drive th& =1, Am=*=1 Zeeman transi-

Y, and the maser Rabi frequen¢¥,,. In Table Il we

tions. The cavity, solenoid, and Zeeman coils are all enclosefdresent the results of a comprehensive set of measurements
within four layers of high permeability magnetic shielding characterizing these and other parameters for one of the hy-
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TABLE II. Operational parameters for masers P-8 and Fi28I| unit9. Parameter values in regular type
were either measured direcilg.g., output poweP,), calculated from first principles or geometric measure-
ments(e.qg., filling factor and bulb escape ratg,), or derived from lineQ and power measurements as
described in Sec. IV B. Parameter values given in italics were determined from double-resonance measure-
ments as described in Sec. V A. The valuegXf, and y, for P-8 were determined from E¢20) using
values fory;, v,, vy, and|X,4|. The value ofX,,| for P-28 was set such that the ratio of the squaref
for P-28 to that for P-8 was equal to the ratio of the measured amplitudes of double-resonance-induced maser
frequency shifts.

Parameter Symbol P-8 P-28
Cavity volume Ve 1.4x10°2 m® 1.4x10°2 m?
Bulb volume Vp 2.9x10 % m? 2.9x10 °md
Filling factor 7 2.14 2.14
Bulb escape rate Yb 0.86 rad/s 0.86 rad/s
Cavity-Q (quality facto) Q¢ 39300 39400
Cavity coupling coefficient B 0.23 0.25
Line-Q (quality facto) Q 1.6x10° 1.9x10°
Output power P, 110 fw 75 fw
Radiated power P 600 fW 400 fW
Maser quality parameter q 0.05
One-body relax. rate Vi 1.7 rad/s
Threshold power P. 220 fwW
Threshold flux lth 0.5X 10* atoms/s
Inverted population flux I 2.1X 10" atoms/s
Total atomic flux ltot 5x 10' atoms/s
Atomic density n 1.0x 10'° atoms/ni
Spin-exchange rate Yse 0.4 rad/s
Maser decoherence rate Vo 2.8 rad/s 2.3 rad/s
Zeeman Rabi frequency |X14) 0.9 rad/s 0.3 rad/s
Zeeman decoherence rate Yz 2.4 rad/s 2.4 radls
Maser Rabi frequency | X4 2.9 rad/s2.2 rad/s 2.1 rad/s
Population difference decay rate Y1 2.0 rad/s 1.3 rad/s 1.1 rad/s

drogen masers in our laboratory, referred to as P-8. Table I Y2= Yo+ Vi + Vet V5. (7)

also includes a more restricted set of parameters for maser

P-28[19], the maser used in our rece@PT/Lorentz sym- ,

metry tes{7]. In the remainder of this section we describe 1N€ components of these rates afg, the geometric loss
the operational parameters that are specific to these hydrog&@t® from the bulby,, the rate of recombination into mo-

maserg 20]. lecular hydrogen at the bulb waltypically very small for
The filling factor, defined agl7,1§ properly made wall coatingsvyse, the hydrogen-hydrogen
spin-exchange collision rate, and which includes all other
(H)2um sources of decay, such as decoherence during wall collisions

n= (H) oo ' ©) and effects of magnetic-field gradients.
cavity The geometric escape rate from the bulb is givemgy

quantifies the ratio of the energy of the average microwave™VA/4KVy, wherev =2.5x10° cmis is the mean thermal
magnetic-field component that couples to the atoms insig¥€locity of atoms in the bulb at the operating temperature of
the maser bulb, to the average total microwave magnetic20 °C, A=0.254 cni is the area of the bulb entrance aper-
field energy in the cavity. ture, V,=3000 cn? is the bulb volume, anK~6 is the
There are two hydrogen maser relaxation rates: the popd¢lausing factor{21] which accounts for the effects of a col-
lation difference decay rate; and the hyperfine decoher- I|mat|ng tube.at the bulb entrance. The spin-exchange rate is
ence ratey,. In a standard H maser as described above, thgiven approximately by18,22
population decay is given by

1
/ Yse= 2NV, 0, (8
Y1= Yo+ Vet 2¥set V1 (6) se 2

Similarly, the decay of the atomic coherence is determinedvherev_r=3.6>< 10° cm/s is the mean relative velocity of
by atoms in the bulb and=21x10 ¢ cn? is the hydrogen-
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hydrogen spin-exchange cross section at 320 K. The hydro- The ratiol/l;, is @ measure of the effectiveness of the
gen density in all levels of the ground state is given bystate selection of atoms entering the bulb. WHiles not

(18,27 directly measurable, it can be related to the poReadiated
by the atoms by18,22
n= ItOt (9) 2
- ' P I I
(Yot 1)V _-=—2q{—— +«1—3q%——)—1, 17
Pc lth lth

wherel .. is the total flux of hydrogen atoms into the storage
bulb. whereP =% wl,/2. The maser power is also related to the

The atomic lineQ is related to the transverse relaxation maser Rabi frequencyX,4 = uoa(H ) puin/%, by [18]
rate and the maser oscillation angular frequeacly [17] Xod?| -1
X24 )
1+ ,

Y172

i [Xod?
w P=

_ 2
=—. 10 Y172
27, (10

(18)
Q

] . ) whereu,, is the transition magnetic dipole moment coupling
We measureQ, using the cavity pulling of the maser fre- the |2) and |4) states(approximately a Bohr magneton at
quency: neglecting spin-exchange shifts, the maser angulgy magnetic fields The power coupled out of the maser is
frequency(with the cavity tuned near the atomic hyperfine given py[22] P,/P=g/(1+ 8), whereg is the cavity cou-

frequency is given by[17] pling coefficient, given by the ratio of power coupled into the
Q external receiver to internal power loss in the cavity.
0= wyt —C(wc—wz4), (12) ~ If we make the reasonable approximati@iven the mo-
Q tional averaging present in our H masers and the careful

. . L trimming performed to produce a uniform static magnetic
whereQ is the loaded quality factor of the cavity given by field [17]) that v, = v,=0, then we can determirgand y,

=wc/Awc With Awc the cavity angular frequency full ‘ .
vai((:jtha;% halclt)?naximur:]ugf absorbe)é pO\?ver. By n?easu%ng thednd therefore quantify the effects of spin exchange and de-

change in maser frequeney as a function of cavity fre- coherence on the maser. By combining Eqs) and(17) we
. . ) see
guency settingoc, we determine the lin€ and thusys,.

A convenient measure of spin-exchange-independent re- 2

1 1
laxation in a hydrogen maser is given (48,22 P=a, o) +a; a +ag,
| |
Y=L+ %+ 7D (vt v+ 7)1 (12) C2
w
A useful form for the population difference decay rate, in =~ 2
terms of y;, is found by combining Eq(12) with Egs. (6)
and(7): Ewy, 1
% w2 Ml
YiT=_ +2yse. (13
Y27 Vse E')’tz
Using Eqgs(7)—(10), we can relate the lin& to I, the net Bo=" T
input flux of the maser atomic population inversigre., the
difference between the input flux of atoms in sti2¢ and h2wVe
those in staté4)): E=——7%—. (19
8mugQc”
1 2 , I i . .
6: - Yo+ v + yz+q|—yt . (14 Thus, by measuring the maser power as a function of inverse
| th

line-Q and performing a quadratic fit, we can determipe
The threshold flux required for maser oscillatigreglecting and ;.

spin exchangeis given by In practice, we use this method to determipand v,
then find 1, and P, using Eq.(15) and| from Eq. (17).

ﬁvc%z Under the assumption that~ v, + v, we findl,,; from Eq.

lth=—"F . (15  (16) andn from Eq.(9). The spin-exchange collision rajg.

4mpugQc is found using Eq(8). Finally, v, is found using Eq(13)

The maser quality parametgi8,22] and|X,,| is determined from Eq(18).

O'U_rﬁ Y Ve 1\ ot C. Zeeman frequency determination
B 87r,u§ Yot 7 | 7V Q_C D (16) In our test of CPT and Lorentz symmetry, we used a
double-resonance technique to make high-precision measure-
quantifies the effect of spin exchange on the maser. ments of the F=1, Amg=*1 Zeeman frequency
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1 X, = 2.9 rads 1337 i
] 24"l =2.9 rad/s | |
J X2l =09 rad/s C 10 130
- 1 v =20radfs X _ 125 R
:E 10 Y, =2.80 rad/s [ 2 120 L
E Yz=§-g6radésl [ 5 5 1154 -
& 3] 7, = 0.86 rad/s = S
£ 1 7 % g, 1104 -
g 03 F o 2 5 105 -
§ 0 E 0 3 8 100 Zeeman
g ] § & 7| field strength B
& E 954 - 80nG -
5 ] - -5 90 —& 210nG L
< -10—_
g 3 . R RARaa s a e Ea R e R RAaas!
3 - -10 8640 8650 8660 8670 868.0 869.0
3 [ Zeeman field frequency [Hz]
-|nu|uu|u|||n|||u-||nn|uu|nn|uu|un|un|uu| . . .
-3 2 -1 0 1 2 3 FIG. 4. Maser power reduction due to an applied Zeeman field
Zeeman detuning [Hz] in maser P-28. The open circles, taken with an applied Zeeman field

_strength of about 210 nG, represent typical data for the standard
FIG. 3. Examples of double-resonance maser frequency shiftsy,\yer resonance” method used to determine the static magnetic

The large open circlegmeasured with maser P-&re compared g/ in the maser bulb. The filled circles are maser power curves for

with Eq. (20) (full curve) using the parameter values showsee 5 anplied Zeeman field strength of about 80 nG. OBf/Lorentz

text). The experimental error of each maser frequency m&asuremegg,mmetry test data were taken using the double-resonance tech-

(about 40uHz) is smaller than the circle marking it. The solid g e with a field strength of about 50 nG, inducing a power reduc-
square data points are data from @@TLorentz symmetry test (o of |ess than 2%. These field strengths were determined by

(maser P-2B Note that the maser frequency shift amplitude for fing the power line shapfL5] and extracting the transverse field
these points was smaller since these data were acquired with Rabi frequenc;b(u:(l/\/i),uBHT/h.

much weaker applied Zeeman field. The large variation of maser

frequency with Zeeman detuning near resonance, along with the The double-resonance maser frequency shift, in the small

excellent maser frequency stability, allows the Zeeman frequencgt P S : :
. : atic-field limit, ignoring spin exchange, and to second order
(~800 Hz) to be determined to 3 mHz from a single sweep of the 9 gsp g

resonancerequiring 18 min of data acquisitipnThe frequency in the Rabi frequency of the applied audio fie|X;,], is

shifts in the two datasets are inverted because maser P-8 operat%alen by[15]
with an input flux of|2) and|3) atoms, while maser P-28 operated 02
with an input flux of|1) and|2) atoms(see Sec. V € Aw=—|X1d2(p%— p%) 8(y1va+ (X4 %) (vz! v0)

(75— 8%+ 5IX3J9)%+(25y,)?

[15,23,24. We applied an oscillating magnetic field perpen-
dicular to the maser’'s quantization axis, at an audio fre- z(wc—wm) Qcyz(1+K)
: , +[X414

quencyw,, swept this frequency through the atomic Zeeman Woa y§(1+ K)2+ 82(1—K)?
transition, and measured a dispersionlike shift in the maser
frequency(Fig. 3). When the applied field is near the Zee- 8(1—K)
man frequency, two-photon transitioriene audio photon —[X1d? 2 2 @ >
plus one microwave photorink states|1) and|3) to state ¥z(1+K)“+6%(1—-K)
|4), in addition to the single microwave photon transition (6+7)(1—K)
between statef?) and |4). If there is a difference in the — }
population of atoms in statd) and staté3), then the two- Y2(1+K)2+(8+ 14 (1-K)?
photon coupling shifts the maser frequency antisymmetri- ) )
cally with respect to the detuning of the applied audio field"eré vz is the Zeeman decoherence raie; w, — w,3 is the
from the Zeeman resonangs,23,24. The large relative detuning of the applied audio frequency field from the
variation of the maser frequency with the applied audio field®0MIC Zeeman frequency=wp;—wy, is the splitting be-
frequency, along with the excellent frequency stability of atween the two Zeeman frequenci¢Xp,| is the maser Rabi
hydrogen maser, allows the Zeeman frequency to be deteftequency in the absence of the applied audio fiedd,
mined to~1 mHz. =3X3%/(y5+ 6), and pd,— p3s is the steady-state popu-

We note that the standard method in hydrogen masers fdation difference between statgly and|3) in the absence of
determining the average static magnetic-field strength, anthe applied audio field. For perfect state selectios, 50%
thus the Zeeman frequency, is to scan the Zeeman resonanekthe H atoms entering the bulb in stale and 50% in state
with a large amplitude oscillating magnetic field and record|2)), this population difference ip(l’l— pg3= vp!(27v1). The
the reduced maser powee.g., see Fig. 4, open circles first term in Eq.(20) results from coherent two-photon mix-
From the applied field frequency which yields the minimuming of the F=1 levels as described aboy24], while the
maser power, typically at the center of a “power resonance’second term is a modified cavity pulling term which results
with a width of about 1 Hz, the magnetic field can be foundfrom the reduced lin€) in the presence of the applied audio
with a resolution of a fraction of uG and the average Zee- field. The third term is a small maser frequency shift due
man frequency can be determined to about 0.1 Hz. to the slight nondegeneracy of the two=1, Amg==*1

(20)
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Zeeman frequencies, which causes a modest offset of tHeequencies of the two oscillators were set by tunable syn-
zero crossing of the double-resonance curve away from ththesizers as part of heterodyne receivers for each maser, such
average Zeeman frequency(w,+ wy9). (Under typical  that there was about a 1.2-Hz offset between the oscillators.
conditions for maser P-8, the zero-crossing offset washe two output signals were combined in a double-balanced
~+1.5 mHz) All terms in Eq.(20) were included in our fits  mixer and the resulting beat nofeeriod ~0.8 s) was mea-

to the double-resonance data to determine the Zeeman frgyred for 10 gabout 12 periodswith a frequency counter.
quency(see Sec. V A beloy For example, we compared Eq. Typically we made 100 relative maser frequency measure-
(20) to experimental data from maser P-8, inserting the iNnents to determine a double-resonance spectrum with 80%
dependently measured values|ﬁ€4|, Yo, 71, @ndy; (de-  of the points in the middle 40% of the scan range, where the
termined as in Sec. IV BBy matching the fit to the data we frequency shift varied the most.

extracted the parametefX;, and vy, listed in Fig. 3 and Each double-resonance spectrum of beat pefiied ma-
Table II, as well as the Zeeman frequenoys. ser frequencyvs applied audio field frequency was fit to the

An analysis of the double-resonance maser shift Whicqunction described by Eq(20) to determine the hydrogen
included the effects of spin-exchange collisi¢@8] showed %eeman frequencyz.)/Foqr( example, the solid sqL)llare g(]jata

that there is an additional hydrogen-density-dependent offs oints of Fig. 3, measured with maser P-28, led to an uncer-
of the zero crossing of the maser shift resonance from th ainty in the. Zéeman frequency of 3 mHz’ For the weak
average Zeeman frequency. Using the full SIOIn'emhang‘cairiving field employed in this case, the amplitudes of the

lccirrgcttheid f(;frm?lanfgrfth(re] dmtzS(tarf frretqutianclyhsgft, Wr? r(;]alcu;frequency-symmetric terms in E¢RO) were consistent with
ated this ofiset a 5 093 at for typical yarogen maset;q 5 The fitted parameters of the antisymmetric term allow
densities 1~3x 10"° m~3), the offset varied with average

50 wHz/fW ( . i lati us to further characterize the maser. Usipg=0.86 rad/s
Maser power as- Mz assuming a finear refation (determined geometricallyand y,=2.3 rad/s (determined
between maser power and atomic density &P/An from the lineQ), we found that X%=2.1 rad/s
~100 fW/3x 10" m~3). For typical maser powers of ’ 2= ' 71

~100 fW, there is thus a spin-exchange shift of about— 1.1 rad/s, and/;= 2.4 rad/s.(Because the symmetric shift

! terms were not resolvable in this measurement, we chose
—5 mHz in the average Zeeman frequency. However, as de; .

. : ; 1,=0.3 rad/s for maser P-28 such that the ratio of the
scribed below, our masers typically have sidereal power fluc=

: : - i .~ “square ofX,, for P-28 to that for P-8 was equal to the ratio
tuations of less than 1 fW, making variations in the spin- ; .
exchange Zeeman frequency shift negligible for the test on the measured maser shift amplitudes for P-28 and P-8, as

CPTand Lorentz symmetry. Sh(')l'vt\amomtifnli%esilhe Zeeman frequency resolution of our ex-
By driving theF=1, Amg=*1 Zeeman transitions, the P q y

applied field depletes the population of the upper masin@e”mental procedure, we recorded several double-resonance

e pectra with 50, 100, and 150 points at both 5-s and 10-s
state|2), thereby diminishing the number of atoms undergo- . As th Ll h of th . d. th
ing the maser transition and reducing the maser pdaee averaging. As the fotal length of the scans increased, the
Fig. 4). Also, by decreasing the lifetime of atoms in st resolution improved and converged to a limit of around 2.5
thg. Iin.eQ is‘ r)elduced Weg found that a very weak app')Iiedez' For long acquisition times, the resolution began to de-
audio field of about 50 nGas used in oultCPT/Lorentz grade due to long-term drift of the Zeeman frequeriéys

symmetry testdecreases the maser power by less than ZO)éIV il be deﬁ_cbr_ltb %d lbelo&/vzftweffogj ndt ;%atlg]; Z: e/man fre-
on resonance and reduces the @&y 2% (as calculated uency exnibited slow dritls of abou n mHz/daye

. therefore chose a scan of 100 points at 10-s averaging, i.e., a
using Eq.(6) of Ref. [15]). total acquisition time of abou? 18 min, for eachgdc?uble—
resonance spectrum obtained in the Lorentz symmetry test.
The results from a Monte Carlo analysis for this data acqui-
sition procedure indicated a Zeeman frequency resolution of
A. Zeeman frequency measurement 2.7 mHz (see Fig. 5 for a typical double-resonance spec-
um.

V. EXPERIMENTAL PROCEDURE

In the test of CPT and Lorentz symmetry, we repeatedly r
measured the atomic hydrogéh=1, Amg==*1 Zeeman
frequency using the hydrogen maser double-resonance tech-
nique. As described above, an applied audio-frequency mag- Our net bound on a sidereal variation of the hydrogen
netic field (of peak amplitude about 50 nGhifted the maser =1, Amg==*1 Zeeman frequencyv{) combines data from
frequency in a dispersivelike manner by a few millihei@z  three multiday runs of repeated 18-min Zeeman frequency
the extremy a fractional shift of about 2 parts in 0 The  scans. After every ten scans, 20 min of maser frequency sta-
frequency of the perturbed magé*28 was compared to the bility data with no applied audio field were taken to track the
frequency of a reference, unperturbed, hydrogen méer maser’s unperturbed frequency. In addition to our automated
13). Because of the excellent fractional frequency stability ofacquisition of Zeeman frequency data, we continuously
the masers2 parts in 16* over averaging times of 10,¢he  monitored the maser’s environment. At every 10-s step, we
shift was easily resolvetsee the solid square data points in recorded room temperature, maser cabinet temperature, sole-
Fig. 3. noid current, maser power, and ambient magnetic field. Es-

Independent voltage controlled crystal oscillators weretimates of systematic effects are discussed in Sec. VI. Each
phase locked to the signals from the two masers. The outputin contained about ten continuous days of data and more

B. Data analysis
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FIG. 5. Results from a Monte Carlo analysis of the resolution of L4fF ) ' ' ! !
the double-resonance method for determining the hydrogen Zeema 13k .
frequency. The horizontal axis represents the variation in extractec
Zeeman frequency as determined by fitting synthetic dat§86}s e 1.2 ]
Each set was constructed by evaluating the fit functas deter- = 11k i
mined from the dateat each drive frequency and adding Gaussian ’
noise of 40uHz as determined from the stability of the unperturbed 1.0+ —
maser. The vertical axis is the number of datasets whose extracte 09
. o 5 : 9k ] 1 1 1 +
Zeeman frequency lies within each frequency bin. The width of the 10 038 056 04 02 0.0

Gaussian fit to the data is 2.7 mHz, representing the estimated resc
lution of a Zeeman frequency determination from one double-
resonance spectrum.

shift of slope discontinuities [sidereal days]

FIG. 7. (a) Total sidereal amplitudes for run 1 data as a function

than 500 Zeeman frequency measuremdatg., Fig. 6.
However, there were periods during which the Zeeman fre
quency drifted too rapidly to be fit by our mod@lescribed
below). These periods were cut from the dataset, leaving 19
days of data for analysis.

The Zeeman frequency data, corrected for measure i
variations in the solenoid currefgee Sec. VI A were fit to
a function of the form

of the time of slope discontinuity locations in the piecewise con-
tinuous fit function.(b) Corresponding reduced chi squaregf)
parameters. The minimum value occurs with a slope break origin of
midnight (00:00 at the beginning of November 19, 1999.

heredv; , and év; 4 are the amplitudes of the cosine and
ne components of the sidereal modulation of the Zeeman
frequency, thea;} are the slopes of a linear function mod-
eling the drift as discussed beld&6], andn is the number

fit=ao+T>, a+a,[t—(n—1)T]+ v, cogQt)
i=1

n—1

+ 8z, 5 SIN(OL),

0.15
0.10
0.05

(a)

0.00

v, - 857.061 Hz

-0.05 -

residuals [mHz]

sidereal days

FIG. 6. (a) Analyzed hydrogen Zeeman frequency data from run
1 (November, 199Pand the corresponding fit functigsolid line).
From the measured Zeeman frequencies, we subtracted the initi

of sidereal days since the start of the dataset. The period and
angular frequency associated with a sidereal day are referred
to asT and(}, respectively. The subscripts and 3 refer to

two nonrotating orthogonal axes perpendicular to the rotation
axis of the Earth. The total amplitude of a sidereal-period
modulation ofv; was determined by addingy; , andév; 4

in quadrature. During each run, the Zeeman frequency
drifted hundreds of millihertz over tens of days. The linear
function in Eq.(21), with piecewise continuous derivatives
and segments of one sidereal day in length, was included to
account for these long-term Zeeman frequency drifts without
obscuring any potential sidereal variations. This function was
continuous at each break, while the derivative was discon-
tinuous. The result of the above analysis procedure was in
good agreement with a second analysis method in which
each day of Zeeman frequency data was fit to a line plus the
sidereal-period sinusoid, and the cosine and sine amplitudes
for all days were averaged separately and then combined in
guadrature to find the total sidereal-period amplitude.

To avoid a biased choice of fitting, we varied the times of
the slope discontinuities in the piecewise continuous linear
function throughout a sidereal day. We made eight separate
fits, each with the times of the slope discontinuities shifted
by three sidereal hours. The total sidereal-period amplitude
and reduced chi squared(f() for these eight fits are shown
i) Fig. 7. We chose our result from the fit with minimuyg .

value 857.061 Hz and the effect of measured solenoid current varia- The cumulative data from the first riblovember, 1999

tions. (b) Residuals after fitting the data to E@J); i.e., the differ-
ence between the Zeeman frequency data and the fit function.

are shown in Fig. @ and the residuals from the fit to Eq.
(21) are shown in Fig. ). This run consisted of 11 full
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days of data and had an overall Zeeman frequency drift of T T T T T ]
about 250 mHz. N :

As noted above, the uncertainty in a single Zeeman fre—E
quency determination was about 3 mHz. However, whend,
analyzing a typical day of Zeeman frequency data we found§
a residual rms fluctuation of about 5 mHz. We believe this i,
discrepancy in short- and long-term Zeeman frequency de-”
termination is due mainly to residual thermal fluctuations, as ' [ [ I I I [
discussed in Sec. VII B.

In run 1, for the choice of slope discontinuity with mini- & 4oL (b) i
mum x2, the sidereal cosine amplitude wasv, , E L e . .
=0.43 mHz+0.36 mHz, and the sidereal sine amplitude 4 O T ...--.-“".-‘n,.-' et
was dvy g=—0.21 mHz-0.36 mHz. The total sidereal- =3 s + l

> OVzp— Z 40 =
period amplitude for run 1 was therefordsvy| 8 |

=4/ 5VZ,a+ 5VZ,B=O'48 mHz+0.36 mHz [27] Note that 1.0 1.5 2.0 25 3.0 35
this total amplitude is, by definition, positive, with the most .
Lo sidereal days
probable valudfor a normal distributionequal to one stan-
dard deviation. FIG. 8. (a) Analyzed hydrogen Zeeman frequency data from run
2 (December, 1999and the corresponding fit functigsolid line).
From the measured Zeeman frequencies, we subtracted the initial
In runs 2 and 3, the static solenoid magnetic-field orien-alue 894.942 Hz and the effect of measured solenoid current varia-
tation was opposite to that of the initial run, which enabledtions. (b) Residuals after fitting the data to E@1); i.e., difference
us to investigate potential systematics associated with theetween the Zeeman frequency data and the fit function.
solenoid field. With the static field inverted, and therefore ) )
directed opposite to the quantization axis at the exit of the Ve calculated a bound on the total amplitude of sidereal
state selecting hexapole magnet, the input flux consisted dfariation of theF=1, Amg==x1 hydrogen Zeeman fre-
atoms in statef2) and|3) (rather than statesl) and|2)). ~ duency by adding in quadrature the weighted mean cosine
Thus, reversing the field inverted the steady-state populatioAnd sine amplitudes from all three rungig , and 6v; z)
difference p9,—p3,) of Eq. (20) and acted to invert the an- after accounting for the sign reversal due to the magnetic-
tisymmetric double-resonance maser frequency shiffield inversion in the raw dataA= 5uzya+ﬁ'§5=0.49
[15,23,24. +0.34 mHz. As noted above, such an amplitude must be
Operating the maser in the field reversed mode also dgsositive, with its most probable value equal to one standard
graded the maser frequency stability and hence the Zeemafeviation, assuming a normal distribution.
frequency measurement sensitivisee Figs. &) and 9a)].
With opposed quantization fields inside the maser bulb anda ~ -04 T T T T T
the exit of the state selecting hexapole magnet, a narrow_ _s/[*
region of field inversion was created. Where the field passeck

C. Field-inverted runs

through zero, Majorana transitions between the differapt & -0.6 —
sublevels of theF =1 manifold could occur. This reduced ¥ 0.7 |
the number of atoms in the upper maser stdfe=(, mg e

=0, state|2)), diminishing the overall maser poweby 208 —
~30% in maser P-28and degrading the frequency stability.

In addition, the overall Zeeman frequency drift was larger in 0o

runs 2 and Jnearly 800 mHz over about 10 daythan in _ T T LI
run 1; also, the scatter in the Zeeman frequency data wa:m: .. =

increased, as can be seen from the residual plots in Filgs. 8
and 9b) which are displayed with the same scale as thes

residuals from the first rufFig. 6(b)]. Z i
Furthermore, the field-inverted data suffered from more * . L w1 - N o

changes of the slope of long-term Zeeman frequency drift 0 1 2 3 4 5

(often on time scales less than 1 gdlgan did the first run. )

Therefore, less of the data could be analyzed with our mode. siflereal days

- I

[Eq. (21)] while maintainingy;~1: only 3 of 10 days of run FIG. 9. (a) Analyzed hydrogen Zeeman frequency data from run
2 (see Fig. 8and 5 of 12 days in run Bsee Fig. 9 passed 3 (March, 2000 and the corresponding fit functiofsolid line).

this analysis criterion. As a result, bounds on sidereal-periogtyom the measured Zeeman frequencies, we subtracted the initial

amplitudes from runs 2 and 3 were up to an order of magnivalue 849.674 Hz and the effect of measured solenoid current varia-
tude less stringent than for the first run. All values are shownions. (b) Residuals after fitting the data to E@1); i.e., difference

together in Table 1. between the Zeeman frequency data and the fit function.
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TABLE Ill. Amplitudes of sidereal variations in the hydrogen

Zeeman frequency for both quadraturés £ , and 5v; ) from all C — )’
runs.[See Eq.(21).] / >
2 pairs of
Run Svz,, (MH2) dvz g (MHz) Helmholtz
coils
1 0.43+0.36 —0.21+0.36
2 —2.02+-1.27 —2.75+1.41 [l [l maser
3 4.30+1.86 1.76-1.94 bulb A
4 nested
VI. SYSTEMATICS AND ERROR ANALYSIS magnetic
shields
A. Magnetic-field systematics
The F=1, Amg=*1 atomic hydrogen Zeeman fre- magnetometer
guency depends to first order on tkecomponent of the probe
magnetic field in the storage bulb. Thus, all external field <
variations must be sufficiently screened to enable high sen C >
sitivity to possible frequency shifts frol@PT and Lorentz >
symmetry violation. In our hydrogen masers the maser cavityy
and bulb are surrounded by a set of four nested magneti 330 k 10k 1
shields(made of high permeability medalwhich reduce the VWW» —W—]
z component of the ambient field by a factor-82 000 for 10k 10k 10 LIJFI
uniform fields. We measured unshielded fluctuations in the —> MWW= AWV '\ N
ambient magnetic field of about 3 m@eak-peakthrough- rl/ -
out any given day, and even when shielded these fluctuation . -

added significant noise to each Zeeman frequency determi-
nation using the double-resonance technique, as illustrated in FIG. 11. Schematic of the active system used to compensate for
Fig. 10@). Furthermore, the amplitude of the field fluctua- ambient magnetic-field fluctuations. A large set of Helmholtz coils
tions was significantly reduced late at night, due to the cest50 turng canceled all but a residuai{5 mG) zcomponent of the
sation of local subway and electric bus lines. These nighthambient field. This residual field, detected with a fluxgate magne-
tometer probe, was actively canceled by a servoloop and a second
pair of Helmholtz coils(three turng The servoloop consisted of a

o842l proportional stag_eéga_in of 33, an integral stagétime constant of
- 0.1 9, and a derivative stag@ime constant of 0.01, not shoywn
% 0.840 The overall time constant of the loop was abeut0.1 s.
g 0.838 . . _ .
§ 0836 reductions in fluctuayons could ha\{e generated a diui2val .
: h) systematic effect in our data which would have been dif-
0.834 ficult to distinguish from a sidered23.93 b signal.
To reduce the effect of ambient magnetic-field variations,
0.850 we installed an active feedback systésee Fig. 11 consist-
= 0.848 ing of two pairs of large Helmholtz coil&ach 2.4 m diam-
fé 0.846 eten and a fluxgate magnetometer. The magnetometer probe
g was placed inside the maser’s outermost magnetic shield
§ 0.844 near the maser cavity. Due to its location inside one magnetic
0.842 shield, the probe was shielded by a factor of about 6 from
external fields, producing a differential shielding of 5300 be-

tween the magnetometer probe and the hydrogen atoms in
Zeeman detuning [Hz] the maser storage bulb. The first pair of Helmholtz c(5i8

FIG. 10. (a) Double-resonance “Zeeman scan” without active turns per coll produced a uniform, static magne'FIC-fle_Id to
compensation for ambient magnetic-field fluctuations. The “noise"cancel all but 5 mG of the component of the ambient field. .
on the scan is due to shifting of the antisymmetric resonance as th-Eh_e magnetometer OUtp_Ut _Contm”ed a second Hel_mholtz coil
hydrogen Zeeman frequency is changed by ambient field fluctuaP@ir (three turns per cojlvia a PID servoloop which can-
tions (magnitude about 3 mG outside the shiglds) Zeeman scan celed the residual field and actively countered any fluctua-
with active compensation for ambient magnetic-field fluctuationstions. The overall time constant of this ambient field control
using a Helmholtz coil feedback loop. Ambient field fluctuations System was~0.1 s, i.e., about 100 times shorter than the
outside the maser’s passive magnetic shields were effectively reaveraging time of our typical maser frequency measurements
duced to less than &G. (10 9.

063807-10



TESTING CPTAND LORENTZ SYMMETRY WITH . .. PHYSICAL REVIEW A 68, 063807 (2003

O.6—I T T T T BT T T SRR BT R |_ ||||||||||||||||||||||||||||||||.||||||||||||||||||u|
2 o4 2. A [ 962690 L B
= . < - : 02 5
T.-). T . .E.‘ H ‘%
S 02 = 96.2680 : t
s ‘ g - -t
g 00 3 96.2670 B
& =
= ° -+ L
0.2+ X
g ] . [ 5 962660 I B
5 044 L i :
SR RS S SIS I e 962650 X< - B
0 12 24 36 48 60 72

time [hours] 0 40 80 120 160 200 240

FIG. 12. Residual ambient magnetic-field, after cancellation by time [hours]

the active control loop, as sensed by the magnetometer probe 10- F|G. 13. Maser P-28's solenoid current during the first data run
cated within the maser’s outermost magnetic shield. Each point is fsee Fig. 6. Each point is an average obtained during one full
10-s average. These three days of typical data depict a Sund&yydrogen Zeeman frequency measurenig8tmin). Since the Zee-
Monday, and Tuesday, with the time origin corresponding to 00:0Gnan frequency is proportional to the solenoid current, we subtracted

Sunday. From these data it can be seen thaBfo every night the  these solenoid current drifts directly from the raw Zeeman data,
magnetic noise dies out dramatically due to subway and electric bugsing a measured calibration.

cessation, and that the noise level is significantly lower on week-

ends than weekdays. Nevertheless, with the active feedback SVSteﬁ‘equency shift caused by modest current changes in the
even the largest fluctuations (16 peak-peakcaused changes_ir_w_ main coil, we found a dependence of 8 mHz/nA. Long-term
the hydrogen Zeeman frequency that were below our sensﬂwﬂ;arifts in the current were typically about 5 naee Fig. 13
(AB=1 pG=Ar;=03 mHz). large enough to produce detectable shifts in the Zeeman fre-

With this system we were able to reduce arnbientquency. We corrected for these drifts directly in the Zeeman

o . data during data analysis using the above current/Zeeman
magnetic-field fluctuations at the magnetometer by a facto g y 9

. : . frequency calibration. In particular, the measured sidereal
of 1000 bey(_)nd the passive screening prowded_ by the mecSomponent of the solenoid current variation was 25
tallic magnetic shields. The resulting measured field fluctua-

- . > . .
tions at the magnetometer position within the outermosf 10 pA, possibly arising from diurnal temperature varia

magnetic shield were less thangG peak-peaksee Fig, ions of the current supply or solenoid assembly. This side-

12). Induced fluctuations on the maser frequency due to rer_eaI current variation corresponded to a sidereal Zeeman fre-

; . . quency variation of 0.160.08 mHz. We corrected the
fr'gl;zlurn;?ngenn?t'rzsfgfﬁgf:]tm:s Sﬁg;\?ﬂﬁ“;;&%ﬁjﬁ;'ﬂg OuEeeman data for this effect, and included the resultant small

CPT and Lorentz symmetry test, the sidereal component O§ystematic uncertainty in the Zeeman frequency in the net

the magnetic-field variation measured at the probe was " analysis for the LorentZPT symmetry testSec. V1.

<1 nG, corresponding to a shift of less than @.Rz on the _
hydrogen Zeeman frequency, i.e., three orders of magnitude B. Other systematics
smaller than the sidereal Zeeman frequency bound set by our During the Lorentz symmetry test, the perturbed, double-
experiment. This small systematic uncertainty in the Zeemarnesonance hydrogen maség-28 and the unperturbed, ref-
frequency was included in the net error analysis, as describestence mase(P-13 both resided in a closed room in which
in Sec. VII. the temperature oscillated with a peak-peak amplitude of
The fluxgate magnetometer could also be sensitive to paslightly less than 0.5 K and a period of around 15 min
tential Lorentz-violating interactions through the spin orien-(driven by the room air-conditioning systénThe outermost
tation of the electrons in its magnetic core. However, basedhell of both masers was an insulated cabinet. In addition,
on the latest bound on electron Lorentz violationthe cabinet of maser P-28 was thermally controlled and pro-
(1072° GeV) [12], any Lorentz-violating effect on the mag- vided a factor of 10 isolation from temperature fluctuations
netometer corresponds to an effective magnetic-field changef the room, as shown in Fig. 14. By changing the tempera-
of less than 10! G, far below the level of residual ambient ture within maser P-28’s cabinet while measuring the Zee-
field fluctuations. Also, the additional shielding factor of man frequency, we found a relation of about 200 mHz/K, due
5300 between the magnetometer probe and the hydrogen atwainly to the effect of temperature on the solenoid current
oms further reduced the effect of any Lorentz-violating shiftsource(As described above, we monitored and corrected for
in the probe electrons’ energies. changes in the solenoid current during @ T/Lorentz sym-
With the z component of the ambient field maintained metry test)
near zero, the Zeeman frequency was set by the magnetic- However, remnant temperature-induced changes in P-28’s
field generated by the three-coil maser solenoid assemblynagnetic-field and hence the Zeeman frequency could arise
and hence by the solenoid currents. We monitored solenoiffom adjusting currents in the four-layer system of maser
current fluctuations by measuring the voltage across the maitemperature contrdinside the maser cabinet as well as three
coil's current-limiting resistor. By measuring the Zeemanother layers of control progressively deeper inside the ma-
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FIG. 14. Temperature data during the first (see Fig. & Each FIG. 15. Average output power of maser P-28 during the first

pointis a10's avgrage._The top trgce shows the characteristic 0.5 o(S%Ma run. Each point is an average over one full Zeeman frequency
peak-peak, 15 min period oscillation of the room temperature. Th easurement18 mir). We measured a sidereal variation in the

bottom trace shows the screened oscillations inside the cabinet of . power of less than 0.05 fW, leading to an additional system-

maser P-28. The cabinet is insulated and temperature controllegkiC uncertainty in the hydrogen Zeeman frequency of 0.04 mHz
with a blown air system(The microwave cavity and storage bulb hich is included in the net error analysis ' '

are further insulated from the maser cabinet air temperature, an\g
independently temperature controlled to 1 mK or bétt€he re- ) o
sidual temperature variation of the maser cabinet air had a sidere§i€cs. VIA and VIB due to the ambient magnetic-field
variation of 0.5 mK, resulting in an additional systematic uncer-(0.2 uHz), solenoid field (8QuHz), maser cabinet tem-
tainty of 0.1 mHz on the hydrogen Zeeman frequency. perature (10QuHz), and hydrogen density effects
(40 uHz). Combining these errors in quadrature with the

sen. On an intermediate time scale of a few hours, we esti .34-mHz statistical uncertaintisee Sec. V G we deter-

mate that. S.UCh temperature-induqed effects produced ad nine a final bound on the amplitudeof a sidereal variation
tional variations of about 1 mHz in the measured Zeeman . . =_ 1 Am.—+1 Zeeman frequency in hydrogen of
=1, ==

frequency, increasing the estimated error of the mean of the A
fitted residual Zeeman frequency in a given day from about %h_ 064;%0'?_'7 rSHZ dat the onz—siar;l;r)q-ge(\;na\sqn level.
mHz to 5 mHz. On a longer time scale, our measurements 'S ©-2/-MHAz bound corresponas 1o . evinen-

placed a bound of 0.5 mK on the sidereal component of3Y Units. _ , . o
temperature fluctuations directly inside the cabifwehere We note that since the sidereal variation amplitdde a
the solenoid current source resitleshich would produce a strlc'FIy p03|t|ve.ql.Jant|ty, the preser_1t result is consistent with
systematic sidereal variation of 1QHz on the Zeeman fre- N0 sidereal variation at the &4evel: in the case wherév; ,
quency and is included in the net error analysis. This variaand 6vz z have zero mean value and the same standard de-
tion is about a factor of 3 smaller than the statistical limit onviation o, the probability distribution forA takes the form
sidereal variation in Zeeman frequency. P(A)=Ac" 2 exp(—A%24?), which has the most probable
As mentioned in Sec. IV C, spin-exchange effects inducevalue occurring alA=¢. Our result forA is less than one
a small offset of the Zeeman frequency, as determined by thstandard deviation different from this most probable value.
double-resonance technique, from the actual Zeeman fre- To make meaningful comparisons between our result and
quency[23]. Thus, variations in the input atomic fliand  other experimental searches for spin couplings to back-
therefore the atomic density and the maser poveauld  ground vector and tensor fields, we interpret our 0.37-mHz
cause variations in the Zeeman frequency measurement. Wyund on a sidereal modulation of the hydrogen Zeeman
measured a limit of less than 0.8 mHz/fW on the shift of thefrequency in terms of a fixed, approximately inertial, refer-
Zeeman frequency due to changes in average maser PoWeknce frame. Following the construction in REf], we label

[Expected shifts from spin exchange are ten times smallefye fixed frame with coordinateX(Y,Z) and the laboratory

than this level(Sec. IV Q. We believe that the measure_d frame with coordinatesx(y,z), as shown in Fig. 16. We

limit is related to heating of the maser as the flux is " Jefine the frame with the Earth’s rotation axis as Thaxis,
creased. During long-term operation, the average maser

power drifted by~1 fw/day (see Fig. 15 The sidereal declination= right ascension 0° degrees as th¢ axis, and

component of the variations of the maser power was lesgeclination=0°, right ascension90° as theY axis. With

than 0.05 fW, implying a systematic sidereal variation in thelliS convention, theX and Y axes lie in the plane of the
Earth’'s equator. Note that the, 8 axes of Sec. V B, also in

Zeeman frequency of less than 40z which we included in )
the Earth’'s equatorial plane, are rotated about the Earth’s

the net error analysis. ) X .
rotation axis from theX,Y axes by an angle equivalent to the
right ascension of 71°7longitude at 00:00 of November 19,
1999.
We determined systematic errors in our search for a side- For our experiment, the quantization axishich we de-
real hydrogen Zeeman frequency variati@s described in note z) was vertical in the lab frame, making an angte

VIl. RESULT AND DISCUSSION
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S 1z 2 e e e p p p ZSinZX
Z;\\ |Av|“=[(by—mq vo— Hzy) +(by—mpdyo—HZy) ] ?
AN
AN 4 e e e
: \\f +[(bx—medyo—Hy2)
b y .
: \\\ ,,,,, > p p p ZSInZX
: N[ T +(bx—mpdio—HY2)] 2 (29
QY Y
; /
X I ,/ Inserting the colatitudg =48°, into Eq.(25) and comparing
:/l’v’ to our experimental limit onév,|, we obtain
)/ I X
[ I,
J V(b5 +bg)2+ (BS+58)%=(3+2)x 1072 GeV. (26)

FIG. 16. Coordinate systems used in the interpretation of thel_ . .
current experimentfollowing the convention of Ref(4]). Coordi- herefore, ou[;xpenment sets a One,'Standard'dev'at'on
nate set X,Y,Z) refers to a fixed reference frame, and coordinatebound of 2<10 GeV 9” th_e net orientation-dependent ef-
set (x,y,2) refers to the laboratory frame. The lab frame is tilted f€Ct Of Lorentz ancCPTviolation on the proton and electron.
from the fixed Z axis by the colatitude of Cambridge, MA Table | provides a comparison of our result with other recent
(%480)’ and rotates aboitas the Earth rotates. Theandﬁ axes, tests Of LorentZ an@PTsymmetry. Although our boundS are
described in Sec. V, span a plane parallel toXh¥ plane. numerically similar to the those from th€° Hg/*** Cs ex-

periment, the simplicity of the hydrogen atom allows us to
~48° relative toZ, accounted for by rotating the entire Place bounds more directly on the electron and proton; in
(x,y,Z) system byy about. The lab frame X,y,2) rotates partlcglar, uncertainties in nuclear structure models ,do, not
aboutZ by an angleQt, whereQ) is the (sidereal rotation complicate the interpretation of our result. The recent limit of

frequency of the earth, 10~ _29 GeV on electron Lorentz andPT violation set by the
These two coordinate systems are related through thifrsion pendulum experiment of Adelbergﬂral..[lz]. casts
transformation matrix our result as a clean bound on Lorentz &@¥eT violation of
the proton.
cosy cosQt cosysinQt —siny To make a more sensitive search for a sidereal variation of

the Zeeman frequency in a hydrogen maser, it will be impor-
tant to identify and reduce the long-term drift of the Zeeman
siny cosQ)t sinysinQt cosy frequency(i.e., on time scales greater than 1 gayossible
sources of these drifts are magnetic-fields near the maser
Then, vectors transform aglab:TBfixeda while tensors bulb caused by currents in heaters or power supplies in the
transform ad, ;= TdixeqT . inner regions of the maser. It will also be important to reduce
As discussed in Sec. IlI, a possible Lorentz-violating shiftvariation of the Zeeman frequency on time scales of minutes
in the hydrogenl::l7 AmF:il Zeeman frequency de- to hOUI‘S, which we believe is Currently caused by thermal
pends on the following combination of terrffer both elec-  fluctuations in the maser and its environment driving local
tron and proton magnetic-field fluctuations. Both of these objectives could be
accomplished by carefully rebuilding a hydrogen maser with
B,=b,—md,— Hyy - (23) temperature and o_the_r control systems designed to minimize
unwanted magnetic-fields applied to the hydrogen atoms,
Transforming the components 5@ to the fixed frame, we and by operating the maser in a room with improved envi-
find rqnmental control. We est!mate that these steps, together
with greater data taking, will enable an order of magnitude
improvement in the Lorent@ZPT violation test described
here.

T= —sinQt cost 0 . (22

b,=(bz— Mz~ Hyy)Cosy+ (by—mdyo—Hzy)
X siny sinQt+ (by—mdyy—Hyz)siny cos(1t.
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