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Dependence of hadronic properties on quark masses and constraints on their cosmological
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We follow our previous paper on the possible cosmological variation of the weak scale~quark masses! and
the strong scale, inspired by data on the cosmological variation of the electromagnetic fine structure constant
from distant quasar absorption spectra. In this work we identify thestrange quark mass ms as the most
important quantity, and thesigma meson massas the ingredient of the nuclear forces most sensitive to it. As a
result, we claim significantly stronger limits on the ratio of weak/strong scale (W5ms /LQCD) variation
following from our previous discussion on primordial big-bang nucleosynthesis (udW/Wu,0.006) and the
Oklo natural nuclear reactor@ udW/Wu,1.2310210; there is also a nonzero solutiondW/W5(20.56
60.05)31029].
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I. INTRODUCTION

The understanding of how exactly the fundamental
rameters of the standard model enter any observable is
tainly one of the most important aims of hadronic or nucle
physics. Two old profound questions drive its discussion:~i!
Can there be ‘‘alternative universes’’ with different sets
parameters, and what are the boundaries of the world
know in the parameter space?~ii ! How do we observe the
cosmological variations of the weak and strong scales?

The discussion of both issues has been significantly
vived recently. We will not go into question~i! ~see, e.g.,@1#!
and only mention the latter~ii !. The issue of the cosmologi
cal time variation of major constants of physics has be
recently revived by astronomical data which seem to sug
a variation of electromagnetica at the 1025 level for the
time scale 1031012 yr, see@2#. The statistical significance o
the effect at the moment obviously excludes any rand
fluctuations, so the effect definitely exists. Whether it has
not a conventional explanation is not yet clear: more exp
mental work is clearly needed to reach any conclusions.

Nevertheless, it is quite timely to have another look at
existing limits on time variation of all the fundamental co
stants. In particular, since the electromagnetic and w
forces are mixed together in the standard model, one m
expect a similar modification of the weak couplings, t
weak scale in general and quark masses in particular. In
one can measure only variation of dimensionless parame
Therefore, we obtain limits on variation ofms /LQCD , where
ms is the strange quark mass andLQCD is the QCD scale
defined as a position of Landau pole in logarithm for runn
coupling constant. It is convenient to putLQCD5const.

A generic further argument goes as follows. The mas
of three heavy quarks—c,b,t—aretoo largeto be important
in hadronic and nuclear physics. The masses of two li
0556-2821/2003/67~8!/083507~7!/$20.00 67 0835
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ones—u,d—are important, in particular, via the pion contr
bution to nuclear forces we studied in our previous paper@3#
and a subsequent one@4#. Much more extensive discussio
on this issue in context of chiral perturbation theory can
found in literature, see, e.g.,@5#, and references therein. Th
conclusion reached in those studies is that themu ,md aretoo
small to be really important.

Thus, we focus on the dependence on thestrangequark
massms , the only one which has the right magnitude
generate a maximal sensitivity of hadronic or nuclear phys
to the weak scale. Indeed, as follows from QCD pheno
enology, its variation from 0 to experimental value influenc

vacuum parameters such as the quark condensatesq̄q at the
factor-2 level. It also affects the masses of evennonstrange
hadrons such as the nucleon at about 20% level, etc.
fundamental explanation of why such unexpected ‘‘stran
ness’’ is in fact present is related with the important role
the instanton-induced effects in QCD. As it follows from th
chiral anomaly relation and is explained in details, e.g., i
review @6#, the multifermion ’t Hooft interaction necessaril
involves all three flavors at all steps, even in the interactio
of light u,d quarks.

The main new element of the present work is the iden
fication of the specific hadronic state~or set ofpp states!,
the s or f 0(600) meson by the Particle Data Group~PDG!
Properties@10#, as the important ingredient of the nucle
forces most sensitive toms . Strong variation of the phas
shift at 400–600 MeV is known for a very long time inpp
scattering, and was also identified in the attractive part of
nuclear forces, see e.g. a review on applications of Wale
model @7#. Whether one would like to call it a resonance
not, the fact remains that it dominates the attractive par
NN interaction, and is thus responsible for nuclear bind
and for our very existence.

The reader may take ‘‘sigma’’ in what follows as a sho
©2003 The American Physical Society07-1
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hand for ‘‘a part of two-pion continuum with invariant mas
400–600 MeV contributing toNN scattering.’’ However for
completeness, we mention here some points in the ong
debate about its acceptance as a real hadronic state. No
ativistic quark models have scalar as al 51 or p state, and
tend to predict its mass to be around 1.4 GeV or so, in st
ing contradiction toms;500 MeV. Also large width ofs
makes this state to be easily deformed by all kind of effe
see e.g. recent work by one of us predicting drastic mod
cation on the sigma shape inpp and heavy ion collisions@9#.
On the other hand, recent data have elucidated sigma pro
tion in a set of much simpler situations from heavy qua
hadrons,Y transitions andD decays. Those consistent
point toward the smaller widthGs;250 MeV.

In the next section, we will argue that the sigma mass
stronger sensitivity toms than that of ordinary nonstrang
hadrons such asN or v. This happens because of a valen
strange part plus the repulsion from the nearbyK̄K,hh con-
tinuum thresholds. We then estimate the derivative of
deuteron binding and neutron resonance energies toms .

II. SENSITIVITY OF HADRONIC MASSES TO
VARIATION OF QUARK MASSES

A. Why sigma?

The very first appearance of the sigma mesons was
two-pion scalar-isoscalar resonance. It has been gradu
learned that the corresponding channel forq̄q interaction is
the ‘‘maximally attractive channel,’’ with attraction so stron
that it breaks spontaneously chiral symmetry and produ
the nonzero quark condensate. The mechanism of that at
tion is attributed mostly to instanton-induced ’t Hooft inte
action, for a review, see@6#.

Sigma meson is an excitation on top of the scalar cond
sate, a kind of a Higgs boson of strong interactions. If inde
one naively assumes that it underlines all hadronic mas
e.g., that of the nucleon, the corresponding coupling can
estimated as

gs5Mn / f p'10. ~1!

This large value in turn implies that the perturbation theo
can only be used as a qualitative guide at best.

In passing, let us mention that arguments about deve
ment of the most optimum effective description of hadro
or nuclear physics in terms of mesonic degrees of freed
known also as quantum hadrodynamics, are still going
Using some field variables can be better than others: in
respect let us mention the paper@8# which emphasized tha
instead of the traditionals of the linear sigma model, a chi
ral partner of the pion, one can better use the radial fi
As21pW 2 which has normal derivative coupling to pion
There is extensive literature on loop corrections and rela
observables, such as resonance mass and shape modifi
in nuclear and excited hadronic matters, see, e.g.,@9# as a
recent example.

For the purpose of this work, it would be sufficient to u
simple and widely used Walecka model, which keeps o
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the sigma and omega exchanges in the effective nuc
forces,

V52
gs

2

4p

e2rms

r
1

gv
2

4p

e2rmv

r
. ~2!

The very important lesson about nuclear forces this mo
emphasizes is that the nuclear potential is in fact a hig
tuned small difference of two large terms.

We will argue in the next section that there are reason
think that the sensitivity of these two terms to the fundam
tal weak scale is quite different. Sigma~scalars! involve all
quark flavors while omega~vectors! do not, forbidden by the
Zweig rule. As a result,there is no fine tuning in the deriva
tive over ms, which significantly enhances the effect to b
derived.

The values of the two coupling constants used in
nuclear matter applications of this model@7# are

gs
25357.4ms

2/mN
2 '100,

gv
25273.8mv

2 /mN
2 '190 ~3!

for ms5500 MeV. Note that the effective scalar coupling
close to naive value~1! mentioned above.

B. Strange valence and strange sea of thes meson

Scalar and pseudoscalar mesons are different from m
familiar vectors and axial ones in terms of their flavor co
position. In the latter case, the so called Zweig rule appl
forbidding flavor mixing: so, for example, thev meson we
will discuss in this work has a truly negligible mixing with
strange counterpart,f meson. Scalar and pseudoscalar m
sons are on the contrary nearly ideallySU(3) octets and
singlets, so different flavors are very strongly mixed togeth
The pseudoscalar channel has been studied extensively
we know that in this caseh8 is much heavier than~twice
more strange! h meson. This is the famous WeinbergU(1)
problem, resolved by existence of the instanton-induced
pulsive interaction pushing the singlet state upward.

The same instanton-induced interaction hasopposite sign
in the SU(3) singlet scalar channel, pushingms downward,
see@6# for details. The magnitude of flavor mixing matri
element in the scalar channel has been also evaluated o
lattice, and the results agree with the instanton-based pre
tions in sign and magnitude.

Apart from theoretical motivation, there is a simple ph
nomenological fact that no purely stranges̄s counterpart to
sigma resonancef 0(600) is seen. There are strong evidenc
that the pair of statesf 0(980),a0(980) are theK̄K molecule,
so the nextf 0’s are at 1300 and 1500 MeV.

For these reasons, we think that a description ofs as a
SU(3) singlet state

s5
1

A3
~ ūu1d̄d1 s̄s! ~4!
7-2
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strongly split from theSU(3) octet one is a reasonable a
proximation. This means that the valence contribution to
derivative is

]ms

]ms
U

val

5^sus̄sus&52/3, ~5!

since with probability 1/3 there is a strangepair. A mixing
between different scalar mesons f 0 „s
[ f 0(600),f 0(980),f 0(1370)… would further change the va
lence contributions downward. However, based on large
between sigma and other states, and also based on b
studiedhh8 mixing, one might think that the relative chang
due to mixing with nextf 0 states is not significant.

Let us now consider the contribution of the so call
strange sea, virtuals̄s pairs, which are always present eve
in a completely nonstrange hadron such as nucleon. The
tively well studied case is the nucleon mass sensitivity
ms , already discussed in@3#. Let us briefly remind thatKN
scattering data imply that

]mN

]ms
5^Nus̄suN&'1.5 ~6!

and thus about 1/5 of the nucleon mass comes from
strange sea (ms'120 MeV).

Similar matrix elements fors,v mesons are not possibl
to obtain experimentally, although it can be done on the
tice. To estimate it, we will adopt a simple constituent qua
picture, assumingadditivity of the strange sea. If so, the d
rivatives analogous to Eq.~6! for all mesons should be 2/3 o
it, or

]mmesons

]ms
U

sea

'1. ~7!

As we will see later, the exact value of the common s
contribution is not actually important, since its contributio
to s andv mesons tend to cancel each other nearly exa
when we calculate variation ofN-N interaction. What mat-
ters is thedifferencebetween their strange seas, to be d
cussed in the next section.

It is convenient to present the effect of the possible qu
mass variation on thes mass in the following form:

dms

ms
50.4S dms

ms
1

mu1md

ms

dmq

mq
D50.4

dms

ms
10.04

dmq

mq
,

~8!

where we have usedms5120 MeV. We see that the relativ
change of the strange quark mass produces much large
fect than the relative change of the light quark mass. Thi
similar to the case of the nucleon mass variation

dmN

mN
50.19

dms

ms
10.045

dmq

mq
. ~9!
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C. K̄K,hh mixing with s

As the second approximation, we will discuss loop effe
or mixing with two-meson states. These are also comple
different for s andv mesons. As we mentioned earlier, th
latter practically does not mix withK̄K states, whiles does
mix with them strongly. An admixture of virtualK̄K,hh
pairs can be viewed as an additional contribution to
strange sea, on top of the strange content of the nonstra
constituent quarks~7!.

The s mixing with continuum of pseudoscalars is d
scribed by the standard mass operator given by the u
loop diagram

S~Q2!5E d4k

~2p!4

3
l2~k,Q!

@~k1Q/2!22m21 i e#@~k2Q/2!22m21 i e#
,

~10!

wherel is theKKs,hhs, or pps couplings. Its real part
describes the shift ofms due to repulsion from these state
the imaginary part~for pions only! gives the width. The sign
of the shift due toK̄K is obviously negative, sincems

,2mK . The effect ofpp has contributions of both signs
For constant coupling the shift is logarithmically divergen
in reality it has to be regulated by form factors in the ve
texes. The total shift is negative and large and is of the or
of very large widthGs;300 MeV. Note that this large nega
tive shift is partly the reason as why thes mass is so small.
However, in this paper we focus on the dependence on qu
masses. Assuming that the main dependence comes
masses of Goldstone bosons,mp ,mK , we differentiate the
mass operator over these masses and obtain the conve
result. Thus one can ignore form factors and extract the
fective coupling constant out of the integral.

For the derivative atQ5ms50.5 GeV, we get the fol-
lowing numerical value for the shifts:

]S

]mK
2 50.0229 GeV22lsKK

2 , ~11!

]S

]mh
2 50.019 GeV22lshh

2 . ~12!

The couplings are not experimentally known, so we rely
the SU(3) symmetry and relate them tolspp , which is in
turn related to sigma meson width

Gs5
3

2

lspp
2

16pms
A12

4mp
2

ms
2 . ~13!

TakingGs5250 MeV we obtainlspp
2 55 GeV2. The factor

3/2 account forp1p2,p0p0 modes. However, in the mas
shift there are contribution ofK1K2,K̄0K0,hh channels
which we would count as 5/2. Substituting numbers and
ing standard Gell-Mann–Oaks-Renner expressions
7-3
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mh ,mK (m2}msLQCD), we obtain the additional sensitivit
of the sigma mass shift arising from the mixing effects,

dms

ms
5

dms

ms
F2

mK
2

2ms
2

]S

]mK
2 10.5

mh
2

2ms
2

]S

]mh
2 G' dms

ms
0.14.

~14!

We includedK1K2,K̄0K0 modes with the coefficient 1 an
hh with 1/2: the latter only contribute about 1/5 of the fin
answer. We ignored even smaller contribution of theh8h8
loop.

D. The total sensitivity of ms as compared tomN

Together with the one estimated in the previous section
leads to total

dms

ms
'~0.2410.1610.14!

dms

ms
50.54

dms

ms
, ~15!

where three terms are the contributions of the comm
strange sea~7!, valence strangeness~5!, and the loop mixing
~14!, respectively.

In the same units the sensitivity of the nucleon mass

dmN

mN
'0.19

dms

ms
. ~16!

We conclude that the sigma mass is about three times m
sensitive to the variation of the strange quark mass than
nucleon mass.

We also need the sensitivity ofv meson to the strang
mass variation. This meson does not have valence stra
quarks and practically does not mix withf, K, andh me-
sons. Therefore, only the strange see contributes,

dmv

mv
'0.15

dms

ms
. ~17!

III. THE MODIFICATION OF THE DEUTERON BINDING

A. Preliminary analytic estimates

Simple analytic estimate for sensitivity of the deuter
binding to sigma and omega mass modification is obtai
by the differentiation of the potential over the mass and
eraging the resulting expression;exp(2mr) over the radial
wave function.

The simplest short range approximation leads to the
motion wave function,

c~r !5
A2k

r
exp~2kr !. ~18!

This wave function tends to infinity at small distances. Ho
ever, the real deuteron wave function should be small th
because of the repulsive core in the potentialV(r ). There-
fore, we introduced a small cutoff radiusb in the integration
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over r. We estimatedb from the conditionV(b)50 which
givesb50.45 fm. We get the following shift of the deutero
binding:

dQd

Qd
52

ms

Qd

dms

ms

gs
2

4p

2k

2k1ms
e2(2k1ms)b'275

dms

ms
.

~19!

A variation of mv gives

dQd

Qd
5

mv

Qd

dmv

mv

gv
2

4p

2k

2k1mv
e2(2k1mv)b'80

dmv

mv
.

~20!

The sign difference between these two derivatives and v
large derivative value is due to fine tuning between ome
and sigma terms, which are separately much larger than
sum.

The next step one can do analytically is to add a simp
square potential to the hard core. The energy of a shal
level in such potential is equal to@11#

Ed52Qd52
p2

16

~U2U0!2

U0
, ~21!

U05
p2

8ma2
. ~22!

HereU anda are the depth and width of the potential we
(a5c2b, where c and b are outer and inner radii!, m
5mN/2 is the reduced mass. Selecting the width and dept
the well to bea51.6 fm,U0540.2 MeV,U552.6 MeV, we
get

dQd

Qd
'281.6e2msb

dms

ms
, ~23!

dQd

Qd
'87.4e2mvb

dmv

mv
. ~24!

By changing the core radius fromb50 to b50.4 fm, one
can vary the answer by about factor 3. Simple exponen
dependence on the core radiusb appears because of transl
tional invariance of 1D Schrödinger equation forrc(r ).

Another effect one should consider is the modification
the nucleon mass: its contribution to modification of the de
teron binding is

dQd5
dMN

MN
K dU p2

2MN
UdL ~25!

which leads to

dQ

Q
5

U1U0

U2U0

dmN

mN
.7.7

dmN

mN
. ~26!

Although the sensitivity to the nucleon mass is much wea
than that for mesons, it is still quite strong: we attribute it
7-4
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the fact that the small deuteron binding energy is in turn
delicate balance between larger kinetic and potential e
gies.

B. Using the Walecka potential

The estimates of the preceding section are given for
entation only, and in fact one of course has to solve num
cally the radial Schro¨dinger equation and obtain the corre
wave function. Then one can either average the poten
derivative over it or simply vary all masses involved expl
itly. We did the latter and determined the sensitivity ofQd to
the sigma, omega, and nucleon masses.

Strictly speaking, at this point it is no longer possible
limit ourselves to Walecka model with the coupling consta
~3!, since it does not describe correctly the deuteron bind
In fact, by ignoring all spin-dependent forces one can
even separate the spin-singlet and the spin-triplet states.
tensor forces, attributed to pion and rho exchanges,
needed for this task. Instead of doing so, we have chose
modify a bit the strength of the omega term, reducinggv

2 by
a factor 0.953 as compared to Eq.~3! and obtaining the cor-
rect deuteron binding.

Our results are1

dQd

Qd
'248

dms

ms
'226

dms

ms
, ~27!

dQd

Qd
'50

dmv

mv
'7.5

dms

ms
, ~28!

dQd

Qd
'6

dmN

mN
'1.1

dms

ms
. ~29!

One can see that the first two derivatives are more sens
to the exact shape of the wave function: they agree qua
tively but not quantitatively with the analytic estimate
above. We will not show here such details as exact and
proximate wave functions, but just comment that the diff
ence between them explain the difference in the integral

Summing all the contributions we find

dQd

Qd
'217

dms

ms
. ~30!

Using limits on big-bang nucleosynthesis from@3#

UdQd

Qd
U,0.1, ~31!

one gets the final limit on thems variation to be

Ud~ms /LQCD!

~ms /LQCD!
U,0.006. ~32!

1In the derivative over the omega mass we have divided back
the factor 0.953, restoring the original strength of the vector te
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IV. OKLO

In this section, we extract limits ondms following from
data on natural nuclear reactor in Oklo active about
3109 yr ago. The most sensitive phenomenon~used previ-
ously for limits on the variations of the electromagnetica) is
disappearance of certain isotopes~especially Sm149) possess-
ing a neutron resonance close to zero@12#. To date the lowest
resonance energyE050.097360.0002 eV is large compare
to its width, so the neutron capture cross sections;1/E0

2.
The data constrain the ratio of this cross section to a n
resonance one~which was used to measure number of ne
trons emitted by the reactor!. It therefore implies2 that these
data constrain the variation of the following ratiod(E0 /E1)
whereE1;1 MeV is a typical single-particle energy scal
which may be viewed as the energy of some one-bo
‘‘doorway’’ state.

A generic expression for the level energy in terms of fu
damental parameters of QCD can be written as follows:

dE05AdLQCD1Bqdmq1Bsdms1CdaLQCD , ~33!

where A,B,C are some coefficients. The first term is th
basic QCD term, while others are corrections due to mod
cation of the quark masses and the electromagnetica.

In this section we provide a new estimate of theBs . More
specifically, we estimate the variation of the resonance
ergy resulting from a modification of the sigma mass. T
energy of the resonanceE05Eexcitation2Sn consists of ex-
citation energy of a compound nucleus minus the neut
separation energySn . This, in turn, is a depth of the potentia
well V minus the neutron Fermi energyeF , Sn5V2eF . The
latter scales like 1/R2 if the radius of the well is changed
The kinetic part of the excitation energyEexcitation scales in
the same way. So

E05Eexcitation2Sn5Eexcitation1eF2V5K
\2

MR
2V,

~34!

whereK is a numerical constant which can be found from t
present time conditionE0'0. The shift of the resonanc
then is

dE052K
\2

MR S dM

M
1

2dR

R D2dV

52VS dM

M
1

2dR

R
1

dV

V D . ~35!

Using Eq.~2! we can find the depth of the potential well3

y
.

2Of course, under assumption that thesameresonance was the
lowest one at the time of Oklo reactor.

3Note that the suppression ofN-N wave function at a small sepa
ration due to the repulsive core reduces the depth of the effec
potential V. However, this effect is not so important in the rat
dV/V.
7-5
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V5
3

4pr 0
3 S gs

2

ms
2

2
gv

2

mv
2 D . ~36!

Herer 051.2 fm is an internucleon distance. Numerical es
mates show that the contribution of the variation ofr 0 @and
the variation ofR5A1/3r 0 in Eq. ~35!# is not as important as
the direct contribution of thems variation in the equation
above. This gives us

dV

V
528.6

dms

ms
16.6

dmv

mv
523.5

dms

ms
, ~37!

dE051.73108 eV3
dms

ms
. ~38!

We usedV550 MeV in Eq.~35!. Comparison of this resul
with the the observational limits claimed in@12# udE0u
,0.02 eV gives a very strong limit

Ud~ms /LQCD!

~msLQCD!
U,1.2310210 ~39!

at time'1.83109 yr ago.
Note that the authors of the last work in@12# found also

the nonzero solutiondE0520.09760.008 eV. This solu-
tion corresponds to the same resonance moved below
mal neutron energy. In this case

d~ms /LQCD!

~msLQCD!
52~0.5660.05!31029. ~40!

The error here does not include the theoretical uncertain
The production of nuclei withA.5 during big-bang nu-

cleosynthesis~BBN! is strongly suppressed because of t
absence of stable nuclei withA55. 5He is unstable nucleu
which is seen as a resonance inn-a elastic scattering. The
ground state lies at 0.89 MeV above neutron threshold.
variation of the strange quark mass may influence the p
tion of the resonance making, for example,5He stable.
Stable 5He at the time of BBN would change strongly th
primordial abundances of light elements. The estimate s
lar to that we made for Sm nucleus gives us a limit

d~ms /LQCD!

~msLQCD!
.20.006. ~41!

This limit corresponds todE.20.89 MeV at the time of
BBN.
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We obtained limits on variation ofms /LQCD during the
interval between the big bang and present time and
shorter time scale from Oklo natural nuclear reactor wh
was active 1.83109 yr ago. It is also possible to obtain limit
on the intermediate time scale. One possibility is related
position of the resonance in12C during production of this
element in stars. This famous resonance atE5380 kev is
needed to produce enough carbon and create life. Accor
to Ref. @13# the position of this resonance cannot shift
more than 60 kev~one can also find in Ref.@13# the limits on
the strong interactions and other relevant references!. We
have made a very rough estimate of the limit on the stra
quark mass variation which can be obtained viams mecha-
nism:

Ud~ms /LQCD!

~msLQCD!
U,0.001. ~42!

This limit can be improved after an accurate calculation.

V. SUMMARY

In this work we focused at the effect of posible variatio
of strange quark mass ms relative toLQCD . We argued that
attractive scalar part of the nuclear forces is more sensitiv
it than vector repulsive one. As a result, we claim sign
cantly stronger limits on ratio of weak/strong scale (W
5ms /LQCD) variation following from our previous discus
sion of primordial big-bang nucleosynthesis (udW/Wu
,0.006) and Oklo natural nuclear reactorudW/Wu,1.2
310210.

We should stress that the errors given for the limits
clude the errors of the experimental inputs only. In view
the many assumptions made herein, it is very difficult
attempt to place theoretical error estimates on our con
sions. Optimistically, however, we do not believe that o
estimates will be eventually changed by a factor of 2.
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