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DESY 87-026 ISSN 0418-9833 Einstein’s equations admit Minkowski space as a solution only if the trace of the energy
(Revised) momentum tensor T** in vacuum vanishes { < T# > is the cosmological constant]. In
May 1987 the standard model of the strong and electroweak interactions, however, there exist various
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Abstract

We argue that the vanishing of the cosmological constant obtains as a result of
the dynamics of a new field - the cosmon - which is the Goldstone boson of di-
latation invariance, assumed to be broken spontaneously near the Planck scale.
The presence of the cosmon, coupled to the fact that scale invariance is anoma-
lons at the guantum level, drives the cosmolegical constani to zero, provided that
the energy momentum trace is purely anomalous. Furthermore, these quantum
anomalies give the cosmon a smail mass, giving rise to an intermediate range force
(XA < 10%m). We can estimate the effect of the cosmon force between macroscopic
matter distributions. The dominant component of the foree is attractive, couples
to inass and should be weaker than gravity (a ~ 1077 - 1073). There is, how-
ever, also a repulsive baryon number dependent component of calculable strength
{~ 1/20a} and an even smaller contribution proportional to Z-N.
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nonvanishing contributions to this trace. Forinstance, chiral symmetry breaking in QCD gives
a contribution to < T# > proportional to < myiu +ngdd >~ — fim? =2 —(1.7 x 1074GeV?),
while the gluon condensate gives a contribution almost two orders of magnitude greater
< %%%Fj‘”F:u = —(1.4 x 1072GeV*) [1]. The contribution to < T > of the Higgs sector,
unless it is appropriately tuned to zero, is of order 108G eV4, Why should these contributions,

" plus possibly others arising from sectors of the theory beyond the standard model, add up to

zero? [F1] This is the long standing cosmological constant 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 Agep, 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, suffices to dynamically cause the vanishing of the parameter § ,
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(1).
Such a singlet can couple to ordinary quarks, leptons and gauge felds 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 particle physics experiments. However, this
new interaction could well compete with gravity, if its range was large enough, giving rise to
testeble consequences. As we shall see, these latter phenomenological aspects are one of the
interesting consequences of our proposal.

There 1s 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 of the dilatation current is linked to the trace of the energy momentum tensor. Thus the
cosmological constant problem has a natural relation to the fate of dilatation symmeiry. Our
principal assumption is that, at the fundamental level, one has an action whiel is invariant
under coordinate scalings: &£ — ¢z, accompanied by corresponding scalings of the quantum
fields, according to their dimensions: & — 2 ®; ¥ — £3/2°9 ; ete. [F2]. Since we know that a
mass scale, the Planck mass, appears connected with gravity, this dilatation synunetry must
be realized in a Nambu Goldstone manner, being spontaneously hroken at a scale M near
Mp. At low energies, the dilatation symmetry of the theory is not manifest, except through
ihe couplings of the Goldstone mode of dilatation symmetry to ordinary matter and gauge
fields. It is these interactions which will serve to drive the cosmalogical 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: 5 — § + aM, where M is the scale of the
spontaneous breakdown of dilatation symmetry (typically M ~ Mp). Then a dilatation
symmetric action is obtained by multiplying any parameter with dimension {mass)” with a
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factor eD5M  In the standard model these parameters are only found in the Higgs sector.
We must, therefore, replace the Higgs niass parameter p? by pPe?¥™ and replace a possible
constant term x in the Higgs potential by xet¥M In addition we must add a scale invariant
kinetic energy for the § field:

Lg=1/2(8"8){8,5)¥ (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:

oL
JH = McPM@ug w3 Dixo o + e T 2
z-‘: /\“3(8‘,_\',-} Y 2
where D; is the dimension of the various fields x; 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
invariance, it follows that alse < T} > vanishes. However, in most cases the vanishing of
< T > is trivial, resulting from & being driven to —oo, so that all scale parameters in the
theory vanish! For a realistic theory one needs < T¥ >= 0 and a finite static value for 5 in
the vacuum. Since the tieory is scale invariant, there will be no classical static solution for
the field § uniess the parameters x and g? in the Higgs potential are correlated. For § to
have a static solution < % = must vanish. This will only happen if the Higgs potential takes
the form
V(%,5) = A#te - $iM) (3)
in which case a static solution wilt exist for ail values of 5 [F3]. Ciearly, if (3) holds it is
obvious that the trace of the classical energy momentum tensor vanishes in the vacuum

av

CTH e 4 e Ve M < -
< TH>=4< V=M< a5 = 0 (4)
This also obtains for more general parameters for whick - %% = does not vanish automat-
ically. However, as we already mentioned, in that case 5 is driven to minus infinity and
T# - 0 only because the field & cannot obtain a vacuum expeciation value.

For a discussion of the cosmological constant we should of course not restrict our discussion
a priori to flat space. This is easily remedied by adding a dilatation invariant gravity plece
to the Lagrangian of the theory

e
L= 7»@&35”’12 = —Jghd* MR (5)
16w
The model admits then additional solutions with constant finite expectation values for & and
S and constant curvature scalar R. (The curvature scalar only vanishes if the potential has
the special formi of eq. (3).) For these solutions the overall seale remains undetcrnined. Cnly
the ratios XJ%I;W-‘ ‘}‘gé’%ﬁ are fixed and dependent on the parameters of the model.

In: presence of gravity it is more convenient to use a version of dilatation symumetry where
the metric instead of the coordinates is scaled: g, — € 2°g,o. (Both formulations are related
by a general coordinate transformation.) The dilatation current, including the contribution
from (5), can be shown te be

ac

T = Sl + 12R)M M FE D,-A-1—8(8 - (6}
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In the above y; stands for all fields except S and g,,.. The conservation of J# shows immedi-
ately that S is a Goldstone bosen [F4], which has'only derivative couplings. Indeed we could
have made use of rescaled variables ' = ¢ 5™, ¢ = e*5/M g ., 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]. These anomalies just reflect the fact that to renormalize a quantum field theory
it is necessary to introduce some scale, The dilatation curreut (6) is no longer divergenceless
so that

8,J" = \/q®, (7
where ©% is the anomalous trace of the energy momentum tensor. The QCD contribution to

this anomalous trace is given by

(@%)acp = > FVFL, + muv(g.)aw + - (8)

Blg.)
2g,

whereas the main contribution from weak interactions can be expressed in terms of the wenk
effective scalar potential V.z (%, ®',5) [F3]
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The presence of the additional term in Eq. {7} has two important consequences:

1. The physical laws are no langer invariant under a constant shift in 5. In particular,
< ©% > will depend on 5. As we shall see, possible static solutions correspond to a
fixed value § = Sp with < @4(S;) »>= 0.

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

SOIIe INass .

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 extrerum condition is what fixes the CP violating parameter d to
zeto [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 axjon effective potential at § = 0

The presence of the scale breaking term in Eq. (7) alters the equations of motion for §.
adding to it a driving term proportional e ©. For constant < ¢ > one has from Eq.(6)

2

DuDHEZS,’M = e 1éEW < G);j(S) > (10)

A solution with constant S requires that for some § = 5y :
< O4{Sy) »=10 (11)
This solution is stable only if the S field obiains a positive mass term

- 28iM 8o
- E =0 12
(11 12MM ~ 85 ses = (12)
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We will call the field § a cosmon if it fulfils, for some value Sy, 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 {5 = $o) the trace of the energy momentum
tensar < T¥ > is given by the anomalous trace < O >. The driving force for the cosmeon is
then proportlonal to the cosmological constant . If the field 5 is somewhere in the vicinity of
Se, it moves due to the nonvanishing driving force. It will perform damped oscillations around
5y and finally settle at Sp. In this way the cosmological constant is adjusted dynamically to
zero [F§]

How does the 5 dependence of < ©% > 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 i, the appearance of Agop would be an explicit scale breaking
effect. In leading order Agep = et A Thus, up to effects arising from the change in
the strong 8 function at fermion mass thresholds, the contribution < 9} >acp would simply
be a (negative) constani ~ ~a(Agop)®. The weak anomaly < @4 > . is proportional to
the fourth power of the expectation valne of . If no mass scale p2e*™M appears in the
Higgs sector and weak symmetry breaking is a radiative effect [16], < & > would again be
proportional to fi. Therefore also in this case < ©f > would be a constant, whose sign
depends on the sign of the 8-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
< & > 5™ and therefore < 0% > ~ gt5M

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
MeS™_ Then an additional § dependence of the low energy sector arises through the change
of B functions at the scale Me¥™. For example, if we define an SU(5) theory by fixing its
gauge coupling al a short distance scale j and if SU(5) is broken to SU(3} x SU(2) x U(1)
at a scale ~ Me5M one finds in the one loop approximation, neglecting fermion thresholds,

Agep o« Mexpi(d — gs)M] (13)
Here 35 and @; are the B-functions of SU(3) and SU(3) evaluated at the scale MeSIM. We
conclude that < ©% > has a rather rich and complicated dependence on 5, 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 S,. The numerical
value of 8 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 So = 0, so that #? 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 why § settles at a value where
< & > is much smaller than M - which is the gauge hierarchy problem.

What about the size of the cosmen mass? Since < 8% > only depends on the dimensionless

combination S/M it follows immediately from Eq.(12)
mt
M?
where m is a typical scale generated by the dilatation anomalies. There is still much uncer-
tainty about the scale 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 Agep

my = (14)

Al
my > 228 (15)

This gives, for M of order Mp, a Limit on the range of the cosmon force {F7]
mg = 107 eV A < 10%m. (18)

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 § around S, one can linearize the field equation (10) for § in the presence of
a nucleus N, In contrast to what happens in the vacuum, however, the quantity 8% , 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

G QuQnr _

VN,N' = ——4?—1'——6 i (17)

nuclei

where Gy = Mz’ is Newton’s constant. In the above Qu is the cosmon charge of a nucleus,
defined by [F8]
Qn =f < N@N > (18)

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

167h
I=yim (19)

Note that apart from the matrix element of @ between nuclear states - something which
we shall be able to estimate reasonably well - @y depends on the parameter f entering in
Eq.(19). This parameter will serve to characterize the strength of the interactions.

15 Oz were the whole trace of the energy momentum tensor, then @ 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, ©% is only the anomalous
part of T} and so one can expect that ¢ 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 @4 we only retain the QCI pieces. Furthermore, we shall also neglect all contnbutlons
from strange and other heavier quarks. With these assumptions one has:

(9;)

= f < NP e pe o (g ) miu 4 madd)|N 2= f< B oy fy< Trg@a 2y (20)



while the mass of the nucleus is

My =< N\’MF;‘”F;, + (1 + 7(g)) (muBu + mgdd)| N >= < F2 oy + < mggq oy (21)

29,

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

Jist

fq:1+7

Clearly the difference between (20) and (21) is that the various operator mairix elements
enter with different strengths. Indeed, since v is small, Qn measures essentially the matrix
element of the isosinglet gluon operator in nuclei. Thus, apart from its dependence on My,
Qn should depend mostly onlyon Z + N =B . In what follows we shall drop all 4 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 latier matrix element can be estimated from the value of m,gg 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]

_— B
o= E(mu+md}< fu + dd >, =~ 40 — 60M eV (23)

while the proton-neutron mass difference, with the electromagnetic contribution extracted,
gives [10]

8 = (mg —my,)< Au — dd >, > 2MeV (24)
The corresponding neutron matrix elements follow by an isospin retation. The nuclear matrix
element is obtained by adding the contributions from protons, neutrons and the binding

energy:
: 1
< mggq >y = B< megg >, + N<mogg > — Flen) = {N+Z]0+§(N*Z)5—$T%EB (25)
N

In the ahove we have introduced a phenomenological parameter, ©, which characterizes the
possible contribution F{e¢p) of the m,g§q operator to the binding energy. If £ = 0 the binding
energy is purely an cffect of glue, while if = = 1 (neglecting the small § effect) the m,gq
matrix element is proportional to My = my(Z + N) — €.

It is now straightforward to compute Qx and we find

Qv = il — e )My (1 - 2)oB + 3(Z - M) (26)

I z is small, as we suspect, since nuclear binding should not erucially 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 terms [F9]

g & 1 1

~1:—=:— 7
my Mmpy 20 500 (27)

Although the dominant mass dependent part of Q@x will give rise to an attractive force,
the baryon number dependent part will cause the appearance of a composition dependent

T

(22)

repulsive force, as a result of the negative sign in Eq. (26). This sign is just a reflection of
the fact that the anomalous part of< (@ﬂ)Qcp >y is dominated by the gluen contribution.
It is useful 1o compare our expectations with both current experimental knowledge and
other theoretical speculations on forces weaker than gravity. For bounds on this new force,
where material composition is not important, we need only consider the dominant mass
dependent part of the force. Since, to a good approximation, Bmy ~ My, one has

Qn =~ (1 ~ —)My (28)

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

V(r) = —-Mr-%{l + e ¥ {29)

identifies . .
o™ —-7f (1 _ E) =
4

Obviously, for the force due to cosmons o is positive .In the range below A ~ 10°m ,systematic ~
deviations have been observed between the determination of Gy in mines and on the earth’s
surface [12]. These discrepancies can be interpreted as evidence for a force weaker than

W=

(30)

gravity, but which is repulsive with an a ~ —107% , Clearly the cosmon force is in conflict

with these observations. However, as de Rijula 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 |a| < 1077 for the range between a few meters and 1 km. For ) larger than
10° m bounds on a come fror: satellite tracking and typically [13] give || < 107 — 1073, for
A between 10° and 10* m.

In experiments sensitive to the composition of the materials studied, then the B and
(N — Z) pieces of @y will be important. For instance, the difference in force experienced
by two test bodies of equal mass M, relative to a third mass Mg, is given by the effective
potential

GnMMg _-
= "¢

Ve,z(r} i[ugﬂ(g)—o—azﬂ(%}} (31) '

r
Here L\(%), A(%) are the difference in baryon number to atomic mass (in amu) and the
differenice in proton number to atomic mass (in amu) of the samples, respectively. The
sirength paranmieters ag and oz are related to a but reduced (<f. Eq.27)
o(1l - z) 1 & 1 (32)
g =o————> ¥ —a az=-—a— = ———a
5 ma 20 ‘ my 300
Oune should eontrast the result {31) with the suggestion by Fischbach et al.[9] that the anoma-
lies they discovered in their reanalysis of the Eotvés experiment arose from the exchange of a
vector excitation which coupled to baryon number iF10]. The potential from such a baryon
nuniber dependend force

BB, - GNM’& E} (E) =

Vig=ap-——e€ & =ar 5 {33)
r ByH




would also imply the effective potential {31) with az = 0 and ap = &p. However, Eq. (33),
implies qnite a different material independent residual force. Since % s very near unity for
most materials, Bq.(33) gives an effective potential like that of {29) but with @ = —é&p. Thus
the characteristics of the cosmon force and the, so called, "Rfth” force are quite different.
Very recently a group at the University of Washingion [14] has carried out a new Edtvos-

like experiment and obtained quite strong bounds on ap, in the range near 10% m:
lag| < 2x107° 250m < A < 1400m {34}

If we assume the cosmon is in this range, in view of Eq.(32), this implies a bound on the
composition independent strength
la] < 4 x 107° (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 @&p, thereby contradicting the notion that the geological data could be
explained by a fifth force.

There is, however, also positive new evidence for a medinm range composition depen-
dent force, reported by Thieberger [15]. If his observation is correct, it would imply that
at, A ~ 10°m, ap = 3 x 107%, in direct conflict with the Univ. of Washington experiment!
This number is also not very comfortable for cosmons, since then a would be quite large
(& ~ 6 % 107%) and be in conflict with the satellite bounds! Of course the cosmon range
could be different and then the eonflict may ease. It is clear that the present situation is
in a very fluid siate. Obviously, the correlation between residual torque and baryon number
in the Edtvis 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 composition dependent part essentially involves anly A(%) and not A{f)
Indeed the numbers in Bq. (27) are in agrecment with the fit of de Rujula [13] to the Edtvos
anomaly in terms of A( g) and A( %)) in which this latter contribution is essentially negligible.

In conclusion, we have presented a model for a dynamical adjusiment of the cosmological
constant to zero. The main ingredient is dilatation symmetry realized in 2 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 < @4 > . This condition is not yet well understood.
If it holds, however, there is no need any more to carefully cancel the various contributions to
the cosmological constant arising from different sectars of the theors. The dynamics selects a
value for the cosmon field where this automatically happens. Our wodel, furthermore,predicts
a new force, with a typical range which should be shorter than 10 km, which is mediated
by the pseudo Galdstone 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 understood 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 o < 1072 — 1073,
s0 as not to run into conflict with present bounds. It also has a baryon number dependent
repulsive component with strength ap ~ %fx and a Z dependent component with an even
weaker strength. We await eagerly new results searching for weaker forces than gravity.
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Footnotes

[F1] The cosmological constant is known to be really tiny [2]: < T% »< 107GV

[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] 1t 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 Fq.(3} does.

[F4] The true Goldstone boson has a small admixture of ®, which is of order of < & > /M.

[F5] This formula follows essentially from the definition of V.;; and the role of ©% as a scale

breaking effect. If V,;; is scale invariant, it has the form Vigp = (@12 F( M;I:_;im) and O

vanishes.

[F8] There have been many other attempts to adjust the cosmological constant dynamicalily.
See, for example, [19].

[F7} We are, of course, aware that for particles with gravitational coupling 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.

[F8] Strictly speaking, the expectation value of ©% in the state stands for the difference be-
tween its value in a static nucleus and & piece of vacuum of corresponding volume

[F'9] Although, in our approximation, Z — N dependent forces can appear only through the
sinall isospin breaking term 6 , in a more complete treatment there will be other isospin
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breaking contributions in nuclei. They will change the quantitative value of our estimale,
but not its magnitude. We note that the dominant part of the cosmon force, not proportional
to mass, has a strength proportional io the amount of chiral breaking in nucleons o/mp. 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!

[F10] Because the strength of the effect in the EStvos experiment is mostly a function of the
nearby mass inhomogencities, it is not possible to extract a reliable value of &p. A valiant
attempt by Talmadge et al.[17] gave & = 1077 , but this number has an enermous uncer-
tainty.
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