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Abstract 

We argue that the vanishing of the cosmological c,onstant obtains as a result of 
the dynamics of a new field - the c.osmon - which is the Goldstone boson of di
latation invarianee, assumed to be broken spontaneously near the Planck scale. 
The presence of the cosmon, coupled t.o the fad that scale inYariance is anoma
lous at the quantum level, drives the cosmological constant t.o zero, provided that 
the energy momentum trace is purely anomalous. Furthermore, these quantum 
anomalies give the cosmon a small mass, giving rise to an intermediate range foree 
(..\ S 104m). We can estimate the effect of the coSinon force between macroscopic 
matter distributions. The dominant component of the force is attractive, c.ouples 
to mass and should be weaker than gravity (o. '"""""' 10-1 

·- 10- 3
). There is, how

ever, also a repulsive baryon number dependent component of calculable strength 
('"""-' 1/20o) and an even smaller contribution proportional to Z-N. 

LOn leave from Departament de Fisica, Universitat AutOnoma de Bar~e\ona, Barcelona, Catalonia. 

Einstein's equations admit Miukowski space as a solution only if the trace of the energy 
momentum tensor TJJ.~-' in vacuum vanishes ( < T: > is the cosmological constant). In 
the standard model of the strong and electroweak interactions, however, there exist various 
non vanishing contributions to this trace. For inst.anc.e, chiral symmetry breaking in QCD gives 
a contribution to< Tj,' >proportional to< m,iiu +mddd >~- J;m; ~ -(1.7 X 10-4 GeV 4

), 

while the gluon condensate gives a contribution almost two orders of magnitude greater 
< ~F,;'"F;,., >-::::: -(1.4 x l0- 2 GeV 4 ) [1]. The contribution to< T:: >of the Higgs sector, 

unless it is appropriately tuned to zero, is of order 108 GeV4
• Why should these contributions, 

plus possibly others arising from sectors of the theory beyond the standard model, add up to 
zero? [Fl] This is the long standing cosmologieal eonstant problem [2]. · 

Since the problem arises within physics at scales much below the Planck mass, Mp ,·we 
think that its solution should also find a description within an effective "low energy'' theory. 
Here we investigate the possibility that the cosmological constant problem is solved by a 
new interaction, whose range is sufficiently larger than the inverse QCD scale AQcD, so that 
long range coherent effects lead to a dynamical adjustment of the cosmological constant to 
zero. In many ways the mechanism we suggest is similar to the invisible axion solution [3] 
to the strong CP problem. In the axion case the imposition of an extra symmetry [4], which 
is broken at a high scale, suffic.es to dynamically cause the vanishing of the parameter 8 , 
responsible for the strong CP breaking. We shall argue here that something quite analogOus 
happens for the cosmological constant. 

A natural candidate for the quantum mediating this new interaction is that it be a scalar 
field, which is a singlet with respect to the low energy gauge symmetry SU(3) X SU(2) X U(l). 
Such a singlet can eouple to ordinary quarks, leptons and gauge fields only via effective 
nonrenormalizable (dimension 5 or higher) interactions. These are naturally suppressed by 
some mass scale. If we assume that this scale is of order Mp, one would understand why 
such a scalar was not discovered in ordinary partiele physics experiments. However, this 
new interaction could well compete with gravity, if its range was large enough, giving rise to 
testable consequences. As we shall see, these latter phenomenological aspects are one of the 
interesting consequences of our proposal. 

There is a different, more theoretical, motivation for considering interactions involving a 
scalar singlet, which is connected with dilatation symmetry. As is well known [5], the diver
gence oft he dilatation current is linked to the trace of the energy momentum tet1sor. Thus the 
cosmologieal constant problem has a natural relation to the fate of dilatation symmetry. Our 
principal assumption i;; that, at. the fundamental level, one has an action which is invariant 
under coordinate scalings: x ----l e-'"'x, accompanied by corresponding scalings of the quantum 
fields, ac.c.ording to their dimensions: <I>-> e0 <l>; 'I' ----l e3fZa'l'; etc. [F2]. Since we know t.hat a 
mass scale, the Planck mass, appears connected with gravity, this dilatation symmetry must 
be realized in a Na.mbu Goldstone manner, being spontaneously broken at a scale M near 
Mp. At low energies, the dilatation symmetry of the theory is not manifest, except through 
the couplings of the Goldstone mode of dilatation symmetry to ordinary matter and gauge 
fields. It is these interactions which will serve to drive the cosmological constant to zero. 

It is easy to write down a dilatation symmetric version of the action of the standard 
model. One introduces for this purpose the Goldstone mode, S, of dilatation symmetry, 
which translates under scale transformations: S ----l S + aM, where M is the scale of the 
spontaneous breakdown of dilatation symmetry (typically M '"'"' Mp ). Then a dilatation 
symmetric aetion is obtained by multiplying any parameter with dimension (mass)D with a 
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fad or cDS/M. In the standard model these parameters are only found in the Higgs sector. 

W"e must, therefore, replace the Higgs mass parameter p.. 2 by p.. 2e251M and replace a possible 

constant term ~in the Higgs potential by 1\,(AS/M. In addition we must add a scale invariant 

kinetic energy for the S field: 

Ls = 1/2(8~'5)(811 5)c2 SiM I 1) 

At the classical level the standard model Lagrangian, augmented in the manner indicated 

above. possesses a conserved dilatation current. This is easily seen to be: 

8£ 
J~-' = Mc251Ma11 S -~ LD-x·---· + x T~'" 

· ; ' 'a( a,,,,) ' 
(2) 

where D; is the dimension of the various fields Xi entering in the theory. Because the di

vergence of the first two terms on the RHS of Eq. (2) vanishes in the vacuum, by Lorentz 

invarianc.e, it follows that. also < T}: > vanishes. However, in most cases the vanishing of 

< T}: > is trivial, resulting from S being driven to -OC>, so that. all scale parameters in the 

theory vanish! For a realistic theory one needs < T;: > = 0 and a finite stati<- value for S in 

the vacuum. Since the theory is scale invariant., there will be no classical static solution for 

the field S unless the parameters ~ and 11 2 in the Higgs potential are correlated. For S to 

have a static solution < ~ > must vanish. This will onl_v happen if the Higgs potential takes 

thf' form 
V(.P,S) =A[ <I>' <I>- T~(_2SiM]Z (3) 

in which case a static solut.ion will exist for all values of S [F3]. Ch·arly, if (3) holds it is 

obvious that the trace of the classical energy momentum t-ensor vanishes in the vacuum 

8F 
T 1

' >= 4 < ·v ">= .M <- >=- 0 
I' · as (4) 

This also obtains for more general parameters for which-~ ~ :__.,. does not. vanish automat

ically. However\ as we already mentioned, in that case S is driven to minus infinity and 

T~' ·:..:.. 0 only because the field <I> cannot. obtain a vacuum expectation value. 

For a discussion of the cosmological constant we should of course not restrict our discussion 

a priori to fiat space. This is easily remedied by adding a dilatation invariant gravit.y piece 

to the Lagrangian of the theory 

A12 

c = - /!J_____E_c.2S/M R = -/9hAIZ(ZS/M R 
16rr 

(G) 

The model admits then additional solutions with constant. finite expectation ndue~ for 1> and 

Sand constant curvature scalar R. (The curvature scalar only vanishes if the pt>lcntial ha~ 

the special form of eq. ( 3 ). ) For these solutions the overall seale remains undet cnni1wrl. Onl~

the ratios kPe~S/M, "~-~~~ are fixed and dependent on the parameters of the matlel. 

In presence of gravity it is more convenient to use a version of dilatation symmetry where 

the metric instead of the coordinates is scaled: g1,.., --4 £-
2

a 91,v. (Both formulations arc related 

by a general coordinate transformation.) The dilatation current, including the contribution 

from (5), can be shown to be 

]" = J9(l + 1'2h)Me25/MfY'S -i- L D,_,, a ac 
; (8,),,) 

(6) 
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In the above Xi stands for all fields except 5 and 911 ..,. The eonservation of P' shows immedi

ately that Sis a Goldstone boson [F4], which has·only derivative couplings. Indeed we could 

have made use of rescaled variables T' = e-SIM<J.>,9~.., = e251Mg~-'" so that only derivatives of 

S appear in the action. 

The above analysis is altered at the quantum level, since dilatation invariance is broken by 

anomalies [8). Th~se anomalies just reflect the fact that to renormalize a quantum field theory 

it. is necessary to introduce some scale. The dilatation current (6) is no longer divergenceless 

so that 
a.J" ~ Jg8~ (7) 

where 8~ is the anomalous trace of the energy momentum tensor. The QCD contribution to 

this anomalous tra<·e is given by 

(8;)ocv ~ fl
2
(g,) F:" F;" + m.7(g,)iiu + · · · 
g, 

(8) 

whereas the main contribution from weak interactions can be expressed in terms of the weak 

effective scalar potential V~11 ( T, <J.>I, S) [F5] 

18') ~4v _,.,av," _,.av." -Mav." 
" w~ak ~If aT 8Tt as 

The presence of the additional term in Eq. (7) has two important ·consequences: 

(9) 

1. The physical laws are no longer invariant under a constant shift in S. In particular, 

< 0~ > will depend on S. As we shall see, possible static solutions correspond to a 

fixed value 5 = S0 with< 8~(S0 ) >= 0. 

2. The field Sis really only a pseudo Goldstone boson, so that this excitation will acquire 

some mass. 

Before we discuss these points in detail, it is useful to see their parallelism to the invisible axion 

case. The condition for static S above corresponds to asking that the axion effective potential 

have an extremum. This extremum condition is what fixes the CP violating parameter iJ to 

zero [4]. The axion, because of the anomaly, also picks up a small mass. Although this is not 

the way the axion mass is calculated in practice, this mass is related to the second derivative 

of the axion effective potential at e = 0 

The presence of the scale breaking t.enn in Eq. (7) alters the equations of motion for S. 

adding to it a driving term proportional toe;:. For constant <<I>> one has from Eq.(6) 

" D~'D f 2SjM:.: __ -:-_~- < 8 11 (5) > 
I< (1-~-1'2h)M2 11 

A solution with constant S requires that for someS = S 0 

< 8~(50 ) >=0 

This solution is stable only if the S field obtains a positive mass term 

m~= 
e-25/M 881' 

~-cc:c:-;-;-;~< __ ,, > 
(1+12h)M 85 S=So 
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We will call the field S a co"mon if it fulfils, for some value S0 , the conditions (11) and 

(12). To have a bearing on the cosmological constant problem, the theory must have another 

important property, namely that in the vacuum (S = S0 ) the trace of the energy momentum 

tensor < T;: > is given by the anomalous trace < 0~ >. The driving force for the cosmon is 

then proportional to the cosmological constant. If the field Sis somewhere in the vicinity of 

S0 , it moves due to the nonvanishing driving force. It will perform damped oscillations around 

S0 and finally settle at S0 • In this way the cosmological constant is adjusted dynamically to 

zero [F6] 

How does the S dependence of < 0~ > arise? If the standard model would be valid up 

to infinitely short distances, with its dimensionless couplings being defined at some short 

distance renormalization scale fj,, the appearance of Aqco would be an explicit scale breaking 

effect. In leading order Aqco ~ fj,e-bfg!(M. Thus, up to effects arising from the change in 

the strong j3 function at fermion mass thresholds, the contribution< 0~ > QCD would simply 

be a (negative) constant"' ~a(Aqco)4 • The weak anomaly< 0~ > k is proportional to 

the fourth power of the expectation value of~. If no mass scale J.Li~a2sfM appears in the 

Higgs sector and weak symmetry breaking is a radiative effect [16], < T > would again be 

proportional to ji. Therefore also in this case < 0~ >weak would be a constant, whose sign 

depends on the sign of the /3-function for the quartic scalar coupling. This in turn depends on 

the value of the top quark mass. At the other extreme, however, if weak symmetry breaking 

is essentially due to a (negative) scalar mass term in the Higgs potential, one would have 

< T >"-' eSfM and therefore < 0"' > "'e45fM . 
;.< weak 

In actual fact we do not believe that the standard model extends to infinitely short 

distances. Rather we expect that in the neighbourhood of the Planck mass the theory has a 

larger symmetry: grand unification, higher dimensions and strings may come to play a role. 

Dilatation symmetry is anomalous if the fundamental dimensionless couplings are running. 

We may identify the scale of spontaneous breaking of the short distance symmetry with 

M eSfM. Then an additional S dependence of the low energy sector arises through the change 

of j3 functions ·at the scale M e51M. For example, if we define an SU(5) theory by fixing its 

gauge coupling at a short distance scale it and if SU(5) is broken to SU(3) x SU(2) x U(1) 

at a scale ,..,.., M e5 fM 1 one finds in the one loop approximation, neglecting fermion thresholds, 

{3, s 
Aqcv <X Mexp[(1- -

13 
)-] 

,M 
(13) 

Here /3& and /33 are the /3~functions of SU(5) and SU(3) evaluated at the scale MeS/M. We 

conclude that < 0~ > has a rather rich and complicated dependence on S, which is sensitive 

to both long distance and short distance properties of the theory. In view of this, it seems not 

implausible that the conditions ( 11) and (12) are fulfilled for some value 5 0 . The numerical 

value of So is actually only a matter of convention, since a shift in S can always becompen

sated by an appropriate multiplicative rescaling of M and all mass parameters in the action. 

Without loss of generality we choose a convention where 5 0 = 0 , so that p 2 measures the 

scalar mass term in the vacuum and M gives the physical scale of high energy spontaneous 

dilatation symmetry breaking. We have, however, no answer whyS settles at a value where 

< T > is much smaller than M- which is the gauge hierarchy problem. 

What about the size of the cosmon mass? Since< 0~ >only depends on the dimensionless 
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c.ombination S/M it. follows immediately from Eq.(12) 

m' '- -Tns- M2 (14) 

where rn is a typical scale generated by the dilatation anomalies. There is still much uncer

tainty about the ~cale of these anomalies in the weak sector, since it depends on details of the 

symmetry breaking mechanism. We. therefore think it sensible to give only a lower bound, 

obtained from the presence of the scale AqcD 

2 > A~cD 
rns- M2 

This gives, for M of order Mp, a limit on the range of the cosmon force [F7] 

ms 2:: 10-11 eV ). :::; lO"rn. 

(15) 

(16) 

This brings immediately to mind recent speculations about a "fifth" force with similar range 

[9]. 
What are the interactions of the cosmon with a macroscopic bulk of matter? For small 

excitations of S around S0 , one can linearize the field equation (10) for Sin the presence of 

a nucleus N. In contrast to what happens in the vacuum, however, the quantity 0~ , when 

evaluated in a nucleus, is not necessarily the trace of the total energy momentum tensor for 

the nucleus. The interchange of a cosmon will give rise to a static potential between two 

nuclei 
VN,N' ~- GN QNQN· ,-i (17) 

4K r 

where GN = Mp 2 is Newton's constant. In the above QN is the cosmon charge of a nucleus, 

defined by [FS] 

QN ~ f < N]0~]N > 

and where, taking into account the correct normalization of the cosmon kinetic term, 

J~ 
1611"h 

1 + 12h 

(18) 

(19) 

Note that apart from the matrix element of 0~ between nuclear states something which 

we shall be able to estimate reasonably well - Q N depends on the parameter f entering in 

Eq.(19). This parameter , ... ill serve to characterize the strength of the interactions. 

If 0~ were the whole trace of the energy momentum tensor, then QN would just be 

proportional to the mass of the nucleus. In this case (18) would just represent an attractive, 

medium range, modification to the gravitational force. However, 0~ is only the anomalous 

part ofT: and so one can expect that QN will have additional, composition dependent pieces. 

To get an idea how the composition dependence of the cosmon charge QN comes about, we 

shall make the simplifying assumption that the mass of the nucleus is entirely given by the 

strongly interacting part of the low energy theory. In practice, this means that both in T: 
and e~ we only retain the QCD pieces. Furthermore, we shall also· neglect all contributions 

from strange and other heavier quarks. With these assumptions one has: 

QN ~ f < N[f3(g,) F:"F;" + 'Y(g,)(m"uu + m,dd)]N >= f< F' >N + J,< m,ijq >N (20) 
2g, 
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while the mass of the nucleus is 

MN =< Nl!l(g,) F:"F:" + (1 + -y(g,))(m_uu + m,dd)IN >= < F' > N + < m,qq > N (21) 
2g, 

In the above l'(g,) is the anomalous dimension for the quark operators and 

h 
!,=1+-y (22) 

Clearly the difference between (20) and (21) is that the various operator matrix elements 

enter with different strengths. Indeed, since 1 is small, Q N measures essentially the matrix 

element of the isosinglet gluon operator in nuclei. Thus, apart from its dependence on MN, 

QN should depend mostly only on Z + N = B . In what follows we shall drop all1 terms, 

but they can be easily restored if desired. 

We may use Eq. (21) to eliminate the gluon operator matrix element in favor of that of 

the quark operator. This latter matrix element can be estimated from the value of mqijq in 

nucleons, but it also requires some assumption on what is the contribution of the quark mass 

terms to the nuclear binding energy. From the measured value of the pion nucleon O"-term, 

one knows that. [10] 

. 1 -
<r = 2(mu + md)< Uu + dd >p ~ 40- 60MEV (23) 

while the proton-neutron mass difference, with the electromagnetic contribution extracted, 

gives [10] 
6 = (md- mu)< Uu- dd >p::::::: 2MeV (24) 

The corresponding neutron matrix elements follow by an isospin rotation. The nuclear matrix 

element is obtained by adding the contributions from protons, neutrons and the binding 

energy: 

· 1 a 
<mqijq>N=Z<mqijq> +N<mqijq> ~F(t:B)=(N+Z)O"+-(N-Z)D-x- -r::8 (25) 

P n 2 mN 

In the above we have introduced a phenomenological parameter, x, which characterizes the 

possible contribution F( t: 8 ) of the mqijq operator to the binding energy. If x = 0 the binding 

energy is purely an effect of glue, while if x = 1 (neglecting the small 6 effect) the mqijq 

matrix element. is proportional to MN = mN(Z + N)- E£. 

It. is now straightforward to compute QN and we find 

a I 
QN = /1(1- .c-- )MN- (1- x)aB + -(Z- N)] 

111f1,' ~ 
(26) 

If x is small, as we suspect., since nudear binding should not crucially depend on whether 

quarks have a mass or not, then Eq. {26) shows an interesting hierarchy of strengths between 

the mass dependent, baryon number dependent. and Z dependent. t.erms [F9] 

a 8 1 
L-'-"1'-'-

mN mN 20 500 
(27) 

Although the dominant mass dependent part. of QN will give rise to an attractive force, 

the baryon number dependent part will cause the appearance of a composition dependent. 
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repulsive force, as a result of the negative sign in Eq. (26). This sign is just a reflection of 

the fad that the anomalous part of< (0~)QCD > N is dominated by the gluon contribution. 

It is useful to eompare our expectations with both current experimental knowledge and 

other theoretical speculations on forces weaker than gravity. For bounds on this new force, 

when· material eomposition is not. important, we need only consider the dominant mass 

dependent part of the force. Since, to a good approximation, BmN '::::::' MN, one has 

a 
QN 'C' f(1- -)MN 

mN 

(28) 

Writing the effective potential characterizing possible deviations from Newton's gravity as 

GNM1M2 r 

V(r) =- [1 + ac-'] 
T 

(29) 

identifies 
!'(1- ~)' 1 

a-::::: "'N < ~ 
4~ 3 

(30) 

Obviously, for the force due to cosmons a is positive .In the range below).""' 103 m ,systematic · 

deviations have been observed between the determination of GN in mines and on the ear~h's 

surface [12). These discrepancies can be interpreted as evidence for a force weaker than 

gravity, but which is repulsive with an a ......, -10-2 • Clearly the cosmon force is in conflict 

with these observation-;- However, as de Rlljula has pointed out. [12], these observations have 

large systematic uncertainties and are only significant at. the level of two times the estimated 

maximum systematic error. Thus, conservatively, we interpret the mine experiments to place 

upper bounds Ia I :S 10- 2 for the range between a few meters and 1 km. For >. larger than 

103 m bounds on a come from satellite tracking and typically [13] give Ia I :S 10-2 - 10-3 , for 

>. between 103 and 104 m. 

In experiments sensitive to the composition of the materials studied, then the B and 

(N- Z) pieces of QN will be important. For instance, the difference in force experienced 

by two test. bodies of equal mass M, relative to a third mass Me, is given by the effective 

potential 
GNMMe , B Z 

VB,z(r) = ----c-'[aBL>(-) + azl>(- )] 
T /' /' 

(31) 

Here 6.( ~ ), 6.(-;) arc the difference in baryon number to atomic mass (in amu) and the 

difference in proton number to atomic mass (in amu) of the samples, respectively. The 

strength parameters DB and oz are related too: but reduced (d. Eq.27) 

a(1-x) 1 
nB =a--- ~ -o: 

mN 20 
' 1 o.z = -a:·- :::::::--a 

mN 500 
(32) 

One should contrast. the result (31) with the suggestion by Fischbach et al.[9] that the anoma

lies they discovered in their reanalysis of the EOtvO~ experiment arose from the exchange of a 

vector excitation which coupled to baryon number ~FlO]. The potential from such a baryon 

number dependend force 

V1, 2 = ar!J1B2 r: 
T 

= iiF GN11~1M2(!!_) (!!_)e-X 
r• J-1. 1 J-1 2 

(33) 
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would also imply the effective potential (31) with O:z = 0 and un = O:F. However, Eq. (33), 

implies quite a different material ~!:dependent residual force. Since ~ is very near unity for 

most materials, Eq.(33) gives an effec-tive potential like that of (29) but with o: = -QF. Thus 

the characteristics of the cosmon force and the, so called, "fifth" force are quite different. 

Very recently a group at the University of Washington [14] has carried out a new EOtvOs~ 

like experiment and obtained quite strong bounds on o:n, in the range near 103 m: 

[an[ :S 2 x 10-4 250m ::; A :s_ 1400m (34) 

If we assume the cosmon is iu this 

composition independent strength 
range, m view of Eq.(32), this implies a bound on the 

[o:[ :S 4 X 10-3 (35) 

This is a somewhat stronger bound than that available from satellites and mines [13] It 

should be pointed out that the Seattle experiment, if a fifth force existed, would place very 

strong bounds on aF, thereby contradicting the notion that the geological data could be 

explained by a fifth force. 
There is, however, also positive new evidence for a medium range composition depen

dent force, reported by Thieberger [15]. If his observation is correct, it would imply that 

at, A ::::0 103m, a 8 ::::0 3 X 10-\ in direct conflict with the Univ. of Washington experiment! 

This number is also not very comfortable for cosmons, since then o: would be quite large 

(a '"'--' 6 x l0-2 ) and be in conflict with the satellite bounds! Of course the cosmon range 

could be different and then the conflict may ease. It is clear that the present situation is 

in a very fluid state. Obviously, the correlation between residual torque and baryon number 

in the EOtvOs experiment, noted by Fischbach et al.[9], needs further experimental clarifica

tion. We note here only that, if this obtains from a cosmon force, then Eq. (27) explains 

nicely why the wmposition dependent part essentially involves only 6.( ~) and not 6.(; ). 

Indeed the numbers in Eq. (27) are in agreement with the fit of de Rlijula [13] to the EOtvOs 

anomaly in terms of 6.( ~) and L\( ;- ), in which this latter contribution is essentially negligible. 

In eonclnsion, we have presented a model for a dynamical adjustment of the cosmological 

constant to zero. The main ingredient is dilatation symmetry realized in a Nambu-Goldstone 

mode and broken only by anomalies. The usual fine tuning of the cosmological constant is 

replaced, in our approach, by the condition that the trace of the energy momentum tensor in 

the vacuum is given by its anomalous part < E)~ > . This condition is not. yet well understood. 

If it holds, hmve\·er, there is no need any more t.o carefully caned 1lw various contributions to 

the cosmological constant. arising from different sectors of the theor~·. The dynamics selects a 

value for the cosmon field where this automatically happens. Our model, furthermore,predicts 

a new force, with a typical range which should be shorter thau 10 km, which is mediated 

by the pseudo Goldstone boson of dilatation symmetry - the cosmon. The couplings of this 

scalar singlet to ordinary matter are very weak and of strength comparable to gravity. The 

resulting force for a nucleus has a well underst.ood.composition dependence, typified by the 

parameters which give chiral and isospin breaking in nucleons. The dominant part of the 

cosmon force is mass dependent and attractive and has to have a strength et ::; 10-2
- 10-3

, 

so as not t.o run into conflict with present. bounds. It also has a baryon number dependent 

repulsive component. with strength o:n '"'"-' ;Joet and a Z dependent component with an even 

weaker strength. -v.le await eagerly new results searching for weaker forces than gravity. 
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Footnotes 

[Fl] The cosmological constant is known to be really tiny [2]: < T:; >S 10-46 GeV4 

[F2] We speak here of fields very generically, since they need not be the fundamental entities 

in the theory. Indeed our starting point is much more appropriate for theories without in

trinsic scales, like superstrings [6] 

[F3] It is well known [7], that in a spontaneously broken theory with dilatation invariance, 

it is necessary for the scalar potential to develop flat directions in the vacuum, as Eq.(3) does. 

[F4] The true Goldstone boson has a small admixture of <I?, which is of order of< 4' > jM. 

[F5] This formula follows essentially from the definition of V:11 and the role of E)~ as a scale 

breaking effect. If Vet f is scale invariant, it has the form V~ff = (<I>' 4' )4 F( M~;!/M) and e~ 
vanishes. 

\F6] There have been many other attempts to adjust the cosmological constant dynamically. 

See, for example, [19]. 

[F7] We are, of course, aware that for particles with gravitational r.oupling strength and small 

mass there can in principle be a cosmological problem, since the energy stored in coherent 

motion of this excitation is dissipated very slowly. This is similar to the case of the invisible 

axion [18]. However, this issue depends critically on the initial conditions, which are not 

obvious in our case. We expect that. the expectation value and the effective mass term of the 

cosmon undergoes important temperature dependent changes (especially at phase transitions 

where condensates form). Any linear approximation valid for late cosmology becomes invalid 

for early cosmology (where the initial condition for the late evolution is prepared). Clearly 

this point deserves further investigation. 

[FSJ Strictly speaking, the expectation value of 0~ in the state stands for the difference be

tween its value in a static nucleus and a piece of vacuum of corresponding volume 

[F9] Although, in our approximation, Z - N dependent forces can appear only through the 

small isospin breaking term 8 , in a more complete treatment there will be other isospin 

10 



breaking contributions in nuclei. They will change the quantitative value of our estimate, 

but. not. its magnitude. We note that the dominant part of the cosmon force, not proportional 

to mass, has a strength proportional to the amount of chiral breaking in nucleons cr /mN. It 

is the fact that this breaking is much larger than the effective isospin breaking which gives 

the baryon number dominance of the residual force! 

[FlO] Because the strength of the effect in the EOtvOs experiment is mostly a function of the 

nearby mass inhomogeneities, it is not possible to extract a reliable value of iiF. A valiant 

attempt by Talmadge et al.[l7] gave i5.F :::::: 10-3 , but this number has an enormous uncer

tainty. 
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