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We perform calculations of the dependence of nuclear magnetic moments on quark masses and obtain limits
on the variation of the fine structure constantand (mg/Aqgcp) from recent measurements of hydrogen
hyperfine(21 cm and molecular rotational transitions in quasar absorption systems, atomic clock experiments
with hyperfine transitions in H, Rb, Cs, Yb Hg", and optical transition in Hg. Experiments with Cd,
deuterium/hydrogen, molecular §Fand Zeeman transitions itHe/Xe are also discussed.
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[. INTRODUCTION limits on the variation ofm,/Aqcp have been obtained re-
cently from consideration of big bang nucleosynthesis, qua-

Interest in the temporal and spatial variation of major con-sar absorption spectra, and the Oklo natural nuclear reactor,
stants of physics has been recently revived by astronomicavhich was active about 1.8 billion years age-8| (see also
data which seem to suggest a variation of the electromagRefs.[9—-13]). Below we consider the limits on various com-
netic constantv=e?/%ic at the 10° level for the time scale binations of the quark masses and the fine structure constant
10 billion years, see Ref1] (a discussion of other limits can which follow from quasar absorption radio spectra and labo-
be found in the revieW}2] and references thergirHowever, ratory atomic clock comparisons. Laboratory limits with a
an independent experimental confirmation is needed. time base of the order 1 yr are especially sensitive to oscil-

The hypothetical unification of all interactions implies latory variations of fundamental constants. A number of rel-
that the variation of the electromagnetic interaction constanévant measurements have been performed already and even
a should be accompanied by the variation of masses and tHarger numbers have been started or are planned. The in-
strong interaction constant. Specific predictions need a&rease in precision is happening very fast.
model. For example, the grand unification model discussed It has been pointed out by Karshenbojidd] that mea-
in Ref.[3] predicts that the quantum chromodynaf@CD)  surements of ratios of hyperfine structure intervals in differ-
scaleA ocp (defined as the position of the Landau pole in theent atoms are sensitive to any variation of nuclear magnetic
logarithm for the running strong coupling consteistmodi-  moments. First rough estimates of the dependence of nuclear
fied as follows:5A gcp/Aqcp~34 dala. The variation of ~magnetic moments om,/Aqcp and limits on the variation
quark and electron masses in this model is giversbym  of this ratio with time were obtained in Ref]. Using H,
~70 Sala. This gives an estimate for the variation of the Cs, and HJ measurementfl5,16], we obtained a limit on
dimensionless ratio the variation ofm,/Aqcp of about 5<10™ 2 per year. Be-

low we calculate the dependence of nuclear magnetic mo-
o(m/Aqcp) oa ments orm, /A ocp and obtain the limits from recent atomic
mw a @D clock experiments with hyperfine transitions in H, Rb, Cs,
Yb*, Hg*, and the optical transition in Hg It is conve-
This result is strongly model dependeffior example, the nient to assume that the strong interaction seelgp does
coefficient may be an order of magnitude smaller and evemnot vary, so we will speak about the variation of magseis
of opposite sigri4]). However, the large coefficients in these means that we measure masses in unitd g¢p). We shall
expressions are generic for grand unification models, irfestore the explicit appearance d§cp in the final answers.
which modifications come from high-energy scales: they ap- The hyperfine structure constant can be presented in the
pear because the running strong-coupling constant and Higdellowing form:
constantgrelated to magsun faster thamv. This means that
if these models are correct the variation of masses and the
strong interaction scale may be easier to detect than the
variation of a.

One can only measure the variation of dimensionless
guantities and therefore we want to extract from the mea-
surements the variation of the dimensionless ratioThe factor in the first set of brackets is an atomic unit of
my/Aqcp—Wherem, is the quark massgwith the depen- energy. The second “electromagnetic” set of brackets deter-
dence on the renormalization point remoyel number of  mines the dependence an An approximate expression for
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the relativistic correction facto(Casimir factoy for an  cussing such corrections is chiral perturbation theory and we

s-wave electron is the following: discuss these chiral corrections next.
E - 3 3) Il. CHIRAL PERTURBATION THEORY RESULTS
" (4y2—1)’ FOR NUCLEON MAGNETIC MOMENTS AND MASSES

. L In recent years there has been tremendous progress in the
wherey=y1—(Za)® and Z is the nuclear charge. Variation .5|cyjation of hadron properties using lattice QCD. Moore’s
of « leads to the following variation of ¢ [15]: Law, in combination with sophisticated algorithms, means
SF Sa that one can now make extremely accurate calculations for
_’e':K_’ (4) light quark massesnf,) larger than 50 MeV. However, in
Frel a order to compare with experimental data, it is still necessary
to extrapolate quite a long way as a function of quark mass.
(Za)*(12y7-1) This extrapolation is rendered nontrivial by the spontaneous
- V(4y2—1) 5 breaking of chiral symmetry in QCD, which leads to Gold-
stone boson loops and, as a direct consequence, nonanalytic
More accurate numerical many-body calculatiphig of the ~ behavior as a function of quark mass,22. Fortunately the
dependence of the hyperfine structurecwhave shown that most important nonanalytiC contributions are model indepen-
the coefficientK is slightly larger than that given by this dent, providing a powerful constraint on the extrapolation
formula. For Cs Z=55) K=0.83 (instead of 0.74 for Rb  procedure. . .
K =0.34 (instead of 0.29 and finally for H§" K =2.28 (in- In the past few years the behavior of hadron properties as
stead of 2.18 a function of quark mass has been studied over a much wider
The last set of brackets in E®) contains the dimension- fange than one needs for the present purijage-28. One
less nuclear magnetic momeat[i.e., the nuclear magnetic can therefore apply the successful extrapolation formulas de-
moment M = u(efi/2m,c)], electron massm, and proton veloped in the context of lattice QCD with considerable con-
massm,. We may also include a small correction arising fidence.

from the finite nuclear size. However, its contribution is in-  The key qualitative feature learned from the study of lat-
significant. tice data is that Goldstone boson loops are strongly sup-

Recent experiments measured the time dependence of tREessed once the Compton wavelength of the boson is
ratios of the hyperfine structure intervals 8*Hg* and H smaller than the source. Inspection of lattice data for a range
[15], 133Cs and®7Rb [18], and the ratio of the optical fre- of observables, from masses to charge radii and magnetic
que'ncy in Hg to the hyF;erfine frequency df%Cs[20]. In ~ moments, reveals that the relevant mass scale for this transi-
the ratio of two hyperfine structure constants for differentlion iS Mg~50 MeV—i.e.,m,~400-500 MeV[22,29. The

atoms’ time dependence may appear from the ratio of th&hallenge of chiral extrapolation is therefore to incorporate
factorsF,, (depending onx) as well as from the ratio of the correct, model independent nonanalytic behavior dictated

nuclear magnetic momentdepending omg/A gcp). Mag- by chiral symmetry while ensuring excellent convergence

netic moments in a single-particle approximati@ne un- properties pf the_chiral expansi_on in the large mass region, as
paired nucleohare well as maintaining the model independence of the results of

the extrapolation. Considerable study of this problem has
w=[gs+(2j—1)g,1/2 (6)  established that the use of a finite range reguléfiRR)
fulfills all of these requirements80—37. Indeed, in the case
for j=1+1/2, of the mass of the nucleon, it has been shown that the ex-
trapolation from mfr~0.25 GeV to the physical pion
] mass—a change of, by a factor of 10—can be carried out

ARETIEED) [-9s+(2]+3)g/] (7) with a systematic error less than 1%i]. In the following
we apply this same method to calculate the change in the
for j=1—1/2. Here the orbitay factors areg,=1 for a va-  hucleon mass, corresponding to quark mass changes at the

lence proton andy =0 for a valence neutron. The present level of 0.1% or less, as required in the present context.
values of the spimg factorsgs areg,=5.586 for protons and

0,= —3.826 for neutrons. They depend UTE]/AQCD- The A. Variation of the nucleon mass with quark mass

light quark masses are only about 1% of the nucleon mass g eynansion for the mass of the nucleon given in Refs.
[mg=(m,+my)/2~5 MeV] and the nucleon magnetic mo- [31,37 is

ment remains finite in the chiral limim,= my= 0. Therefore

one might think that the corrections ti arising from the My=ao+ azm,27+ a4mi+ a6m§7+ ONgt Oant Orags

finite quark masses would be very small. However, through (8)

the mechanism of spontaneous chiral symmetry breaking,

which leads to contributions to hadron properties from Gold-where the chiral loops which given rise, respectively, to the
stone boson loops, one may expect some enhancement of tleading and next-to-leading nonanalyficNA and NLNA)
effect of quark massd49]. The natural framework for dis- behavior are
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32, with GEB, the associated coupling squared. Once again we
Tam= " 32mf2 2E9al (M7, Ana A, (100 select the dipole regulator:
2 2

Com2i(m A), GEY “(k’A):(Az+kz> ' 19

Otad— — 5 5
e 16m2f2

For the relevant diagramd§\—>K, N—AK, and N

and the relevant integrals are defingd heavy baryon ap- Ny we have
— N7,

proximation as

1
2 (= k*u?(k,A K _Z(D_E)2
IM(mP,ABB,,A)=—f dk#, (12) Gns 3(D F)e
mJo (A +wy)
1
= | 2K2u?(k) GK,==(3F+D)?,
Imw,A=fdk——t, 13 9
T( ) 0 \/mz; 0 ( )
1
with = k?+m32 andAgg the relevant baryon mass dif- Gin= 5(3F—D)2, (20

ference(i.e., Mg, —M3g). We take theA—N mass splitting,

A=M,—My, to have its physical valu@®.292 GeV, while  here we takeF=0.50 andD=0.76. We use the Gell-
ga=1.26. The regulator function(k,A) is taken to be a pann_Oakes—Renner relation in the @WUchiral limit to

?Ap?lle with r;?assAmz 0'% Gev'l In IIEq.(lS)ttO:[ defip<etd ZUChd relate the variation of the kaon mass in the chiral(®U
atl vanishes am,_=0, is a local counter term introduced | .~ _ [ 5 1 5_ . N
in FRR to ensure a linear relation for the renormalization of Mit Mk = Vi~ 2 u7=0.484 GeM(with p.; , the physi

c, cal piofkaor} masg, to the variation of the strange quark

The model independence of the expansion given in EqMass 6%@%%:_ oms/ms). Hence the variation of the
(8) is ensured by fitting the unknown coefficients to thenucleon mass with strange quark mass is given by
physical nucleon mass and lattice data from the CP-PACS _
Collaboration [33], vyielding a,=1.22,a,=1.76,a, My |[m& o omg

H H - ——(O'K +0’K +0'77 )
=—0.829,a=0.260 (with all parameters expressed in the My My gmz = N7 ONATENN <
appropriate powers of GeWVith these parameters fixed one K

can evaluate the rate of change of the mass of the nuclqusing the dipole regulator mass=0.8 GeV, Eq(21) leads
with quark or pion mass at the physical pion mass: to the result T T

(21)

J J SM om
My——My=m2—My=0.035 GeV, (14 N_ o1l 2
40m, om> My 0.0 m (22
a quantity commonly known as the pion-nucleon sigma com- o )
mutator. Using Eq(14) one finds the relationshifin terms B. Variation of proton and neutron magnetic moments
of dimensionless quantitigs with quark mass

The treatment of the mass dependence of the nucleon

2 . . ..
oMy mz dMy dmy magnetic moments is very similar to that for the masses.

My My gm2 mg 19 Once again the loops which give rise to the LNA and NLNA
T behavior are evaluated with a FRR, while the smooth, ana-
sm lytic variation with quark mass is parametrized by fitting
:0.037m—q. (16 relevant lattice data with a finite number of adjustable con-
a stants.

The extension of this procedure to the effect of a variation, O the lattice data we use the CSSM Lattice Collabora-

in the strange quark mass is similar, but one must include thion results[34] of nuclepn three-po_int funptions. Resultg are
variation arising fromyp-nucleon loops, as well as kaon loops obtained using established techniques in the extraction of
with intermediateS or A baryons form factor data[35]. Similar calculations have also been

recently reported by the QCDSF Collaborati@8]. We use

U§2+ UEA+ ol (17) the two heavie;t simulation resultsf,~0_.6—0.7 GeV [34]. .
These simulations were performed with the FLIC fermion
These contributions can be expressed as action[36] on a 2% 40 lattice ata=0.128 fm.
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(@) 3 (b) 3 have a valence proton with=7/2, 1=4, and
JES n PR oy omy SMmg
P N , N —=0.116—+0.017—. (31
L \ —_—) M mq mg
For 8Rb we have valence proton wij=3/2, 1=1, and
() (d)
ou oMy omg
& TE SN K —=-0.064—-0.010—. (32
P s N , N M My mg
\ \
‘ A ‘ > As an intermediate result it is convenient to present the

dependence of the ratio of the hyperfine constarib the
FIG. 1. Chiral corrections to the nucleon magnetic momentsatomic unit of energyE=m.e*#? (or the energy of the
included in the present work. 1s-2s transition in hydrogen, which is equal to &#Bon a
variation of the fundamental constants. We introduce a pa-
In the magnetic moment case the formulas are a littleameterV defined by the relation
more complicated, so we leave the details for the Appendix.

Suffice it to say here that the relevant processes are shown in oV S(AIE)
Fig. 1. Again we use a dipole form for the regulator with vV AE (33
A=0.8 GeV.

Having parametrized the neutron and proton magneti&Ve start from the hyperfine structure 6¥Cs which is used
moments as a function o, the fractional change versus as a frequency standard. Using E(, (31) we obtain
mg or Mg is given by

m 0.110, m 0.017m
5 13 _ 28 q ) ( S ) _e.
oK _ Ea_’u‘] Mg (23) V(FC9=a 3(/\QCD Aqcp m, (34
poo | #oomi) Mg . . . .
m The factorm,/m, will cancel out in the ratio of hyperfine
~5 transition frequencies. However, it will survive in compari-
5_1“: ﬂ&_f‘ om (24) son between hyperfine and optical or molecular transitions
o o aﬁqi mg (see below According to Egs.(16) and (22) the relative
variation of the electron to proton mass ratio can be de-
The numerical results may then be summarized as scribed by the parameter
—0.037, —0.011
Oty __o0gFa. 25) X(me/my) = ﬂ) (&) Me (35
Mp mg Aqcp Aqcp Agep
Sup Sm; which can be substituted into E¢34) instead ofmg/m,.
—. ~ 0013, (26)  This gives an expression which is convenient to use for com-
Ko s parison with optical and molecular vibrational or rotational
i P transitions
an _O'llSm_q’ (27) m. 0073 |, | 0.006
V( 133CS)=a2'83( —q) ( > . (36
S S AQCD AQCD AQCD
Mn Mg
Mn _0'0013m_5’ (28) The dependence on the strange quark mass is relatively
weak. Therefore it may be convenient to assume that the
O(pplpn) omyg, relative variation of the strange quark mass is the same as the
m_0'031m_q’ (29 relative variation of the light quark massgéhis assumption
is motivated by the Higgs mechanism of mass glgnacer}ation
and to use an approximate expressiow( S)
Apltn) 6 5162Ms. (30 ~a?%{(my/Agcp) R me/my).
(wp/bin) Ms For hyperfine transition frequencies in other atoms we
obtain
I1l. DEPENDENCE OF ATOMIC TRANSITION
FREQUENCIES ON FUNDAMENTAL CONSTANTS Vi 87Rb)=a2'3A( mq )0-064< mg )0-010% -
Using the results of the previous section we can now use Aqco Aqco Mp

Egs.(6), (7) to study the variation of nuclear magnetic mo- —0.087 0013
ments. For all everZ nuclei with valence neutron*{®Hg, V(lH):aZ( Mq ) ( Ms ) Me. (39)
17lyp My, etc) we obtain Su/u=69,/9,. For 3Cs we Aqcp Aqcp m,
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m —0.018 m —0.045m V(CS)
2y — 2 q s e _ _ 0.4 0.17 0.027
V(?H)=a (AQCD) (AQCD) o (39 X(Cs/Rb V(Rb) ~® Img/Agcol® I ms/Ageo]
45
m. |\ ~0-118 [y | 0.0013, ] (49
V( 199Hg*)=a4-3( q ) ( s ) _e and the result of the measurement in H&8] may be pre-
Aqcp Aqcp my’ sented as a limit on variation of the parameXer
40
40 1 dX(Cs/Rb . -1
my | 011§ m | 0003, X(Cs/RD dt =(0.2£7)X10 P/yr.  (46)
V( l7le+) — a3.5 —,
Aqcop Aqcop Mp 41 Note that if the relation(1) were correct, the variation of
(42) X(Cs/Rb) would be dominated by the variation of
0.118 0.0013 [My/Aqcp]. The relation(1) would give X(Cs/Rb)xa?®.
V( 1llcd+):a2.6( Mq ) ( Ms ) Me For A(1*%Cs)/A(H) we have
focol Alaool M V(C9
X(CS/"D: —V(H) :aO.S:qu/AQCD]O.lgf[mS/AQCD]O.O?zO
Note that the hyperfine frequencies of all ev@ratoms 47

where the nuclear magnetic moment is determined by a va- .
g y nd the result of the measurements in R&€] may be pre-

lence neutron have the same dependence on quark massed
Sénted as

IV. LIMITS ON VARIATION OF FUNDAMENTAL 1 dX(CsH)
CONSTANTS X(CsH) — dt |

<5.5x10 yr. (48)

Now we can use these results to place limits on the posfFor A( ***Hg)/A(H) we have

sible variation of the fundamental constants from particular V(Hg)
measurements. Let us start from the measurements of quasgr _ 9 2, ~0.03 0.015

) . ) Hg/H)= ———~ /A /A .
absorption spectra. Comparison of the atomic H 21(bya (Hg/H) viH) ¢ Tmq/Aqeol***Ims/Aqcol
perfing transition with molecular rotational transitior8] (49

- . . B _ 2 -

gave limits for the variation o¥y=a’gp. In_ R_efs.[5,3‘_/] "' The result of the measurement in Rf5] may be presented
was suggested that one might use these limits to estimate tré%
variation ofmg/Aocp. According to Eqs(25) and(26) the

relative variation ofYy can be replaced by the relative varia- 1 dX(Hg/H)‘

— 14
tion of Y (8Y/Y=15Y4lY,), X(Hg/H) at ‘<8><10 Tyr. (50
my, —0087 g | 0013 Note that because the dependence on masses and the strong
Y=a? Aoco Agco (43 interaction scale is very weak here, this experiment may be

interpreted as a limit on the variation of

In Ref.[14] a limit was obtained on the variation of the
ratio of hyperfine transition frequencté&vb*/*3Cs (this
limit is based on the measurements of R&8]). Using Egs.
(34), (41) we can present the result as a limit B(Yb/Cs)

Then the measurements in R¢f] lead to the following
limits on the variation ofY: 8Y/Y=(—0.20+0.44)10° for
redshift z=0.2467 andsY/Y=(—0.16+0.54)10° for z

=0.6847. _ 0.7 —-0.22 -0.015
= my /A mg/A .
The second limit corresponds to roughly=6 billion o [mq/Aqeol**#Ims/Ageol
years ago. There is also a limit on the variation Xf, 1 dX(Yb/Cs;)~ s
=a’g,m./m, obtained in Ref[10]. This limit was inter- X(Yb/Cs) dt ~—1(2)x10 yr. (31

preted as a limit on the variation of or m/m,. The rela-

tive variation ofX, can be replaced by the relative variation ~ The optical clock transition enerdg(Hg) (A =282 nm)
of in the Hg" ion can be presented in the following form:

mge*
7) Freil(Za). (52

—0.124, —0.024
X=a2< Mg ) ( Ms ) Me (44) E(Hg) = constx

AQCD AQ(:D AQCD.
The dependence on quark masses appears from both the p}\cljumerlcal calculation of the relative variation B{Hg) has

ton g factor and the proton mass. The measurement in ReP'VeN [17]
[10] leads to the following limit on the variation oX: SE(Hg) Sa
SXIX=(0.7+1.1)10° for z=1.8. EHy —32 . (53)

Now let us discuss the limits obtained from the laboratory
measurements of the time dependence of hyperfine structumhis corresponds t¥/(Hg Opt)= o~ 32 Variation of the ratio
intervals. The dependence of the ratio of frequenciesf the Cs hyperfine splittindy(Cs) to this optical transition
A(*%Cs)/A(®'Rb) can be presented in the following form: energy is described by(Opt)=V(Cs)N(Hg Opt):
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m. \007% [ 0008 TABLE I. Chiral coefficients for various diagrams contributing
X(Opt)=a6<A d ) (A > ) (A ° ) (54 to proton and neutron magnetic moments. We use SU(6) symmetry
QCD QCD QCD to relate the meson couplings to th&A vertex,C=—2D.
Here we used Eq(36) for V(Cs). The work of Ref[20] o 8P 8"
gives the limit on variation of this parameter: re me
€) —(F+D)? (F+D)2
1 dX(Oopy . (b) —~5¢c? 5¢?
(d) —3(D—F)? —(D—F)?
Molecular vibrational transitions frequencies are propor
tional to (m./m,)*2 Based on Eq(35) we may describe the
relative variation of vibrational frequencies by the parameter ACKNOWLEDGMENT
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ecular vibration frequencies was discussed in R&B].
In this caseX(Cs/Vib)=a*Tme/Aqcp]®Tmg/Aqcpl ™ APPENDIX MAGNETIC MOMENTS
(ms/AQCD)O'Oll-

The measurements of hyperfine constant ratios in different As explained in the text, we explicitly include the pro-
isotopes of the same atom depends on the ratio of magnet@sses shown in Fig. 1, which give rise to the leading and
moments and is therefore sensitive g /Aqcp. For ex- next-to-leading nonanalytic behavior as a function of quark
ample, it would be interesting to measure the rate of chang81ass.

for hydrogen/deuterium ratio where X(H/D) We describe the quark mass dependence of the magnetic
=[mg/Agcol T ms/Agep]®0 moments as
Walsworth has suggested that one might measure the ratio
of the Zeeman transition frequencies in noble gases in order __ % (A1)
to explore the time dependence of the ratio of nuclear mag- m= 1+ a,m2 '

netic moments. Consider, for exampt&Xe/*He. For He

the magnetic moment is very close to that of neutron. FofyhereM" denotes the chiral loop corrections given by
other noble gases the nuclear magnetic moment is also given

by the vaIen_ce neutroZn, however, there are S|gr_1|f|_cant many- ML=Xﬂ(a)|,L(mmO»A)JFX,L(b)',L(mW,ANA A)

body corrections. Fot?®e the valence neutron is in &,

state, which corresponds to the single-particle value of the T X o)l (M ANAA) + X ! w(Mi S Ans A
nuclear magnetic moment,= u,= —1.913. The measured (A2)
value isu=—0.778. The magnetic moment of the nucleus

changes most efficiently through the spin-spin interactioniThe chiral coefficients of the loop integrals,,, are given by
because the valence neutron transfers a part of its &gin,

to the core protons and the proton magnetic moment is large My
and has the opposite sign. In this approximaties (1 Xpa=BuaT 75
—b)un+bu,. This givesb=0.24 and the ratio of magnetic 8wt
moments Y= u(*?Xe)/u(*He)~0.76+0.249,/g,. Using o

Egs. (25)—(28) we obtain an estimate for the relative varia- 2hd are summarized in Table[40—42. Note that the re-

tion of 11(12%e)/u( 3He), which can be presented as varia-auired analytic terms in the chiral expansion to this order
tion of X:[mq/AQCD]_,O'OZTms/AQCD]O'Olz- Here again have been placed in a Padpproximant designed to repro-

SYIY = 8X/X duce the Dirac moment behavior of the nucleon at moderate
' guark mass.
The corresponding loop integral is given by

(A3)

Note that the accuracy of the results presented in thi
paper depends strongly on the fundamental constant under
study. The accuracy for the dependencecors a few per-

cent. The accuracy fan,/Aqcp is about 30%—being lim- | (mALA) = — ijwdk(A+2wk)k4u2(k,A)
ited mainly by the accuracy of the single-particle approxima- pr 3m)o 203(A+ wy)?
tion for nuclear magnetic moment§-or comparison, the (A4)

estimated systematic error associated with the calculation of

the effect of the quark mass variation is less than 30%.where the various terms have been defined in Sec. Il. We
Finally, we stress that the relatidft) between the variation note that in the limit where the mass splitting vanishes this
of @ andm/Aqcp has been used solely for purposes of il- integral is normalized such that the leading nonanalytic con-
lustration. tribution is m.
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With the coefficients of the loop integrals defined, we Upon renormalization of the loop diagrams, the resultant
only require determination of the parameters and «, in magnetic moments in the $2) chiral limit are given by
Eqg. (Al) to constrain the variation with quark mass. We note
also that this form assumes no a_na_lytic_ o_lependence on the ub=3.48 uy, and uf=—-2.58 uy. (A7)
strange quark mass, beyond what is implicitly included in the
loop diagrams ¢,d). We determinex , for both the proton

and neutron by fitting the physical magnetic moment as well We now take_derivativeg O_f Equ) at the physical pion_
as the lattice QCD data. We fit only to the two heaviestNass to determine the variation with quark mass. In particu-

simulation results of the CSSM Lattice Collaboratigg#], &% We have
m2~0.6-0.7 GeV. These simulations were performed with
the FLIC fermion action[36] on a 2Gx40 lattice ata S [m2 du omyg
=0.128 fm. We select the heaviest two data points, where w | modm2| Mg (A8)
the effects of quenching are anticipated to be si#E8l44]. g
The best fits to the physical values and the lattice data
give 5 mZ du | Sm
oK _ [ _K T’U“z = S (A9)
aB=2.17 puy, a8=0.817 GeV'?, (A5) M Hodm) Ms
ap=—1.33 uy, a3=0.758 GeV > (A6)  This yields the results shown in the text.
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