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We discuss a variation of quadratic gravity in which the gravitational interaction remains weakly coupled
at all energies, but is assisted by a Yang-Mills gauge theory which becomes strong at the Planck scale. The
Yang-Mills interaction is used to induce the usual Einstein-Hilbert term, which was taken to be small or
absent in the original action. We study the spin-two propagator in detail, with a focus on the high mass
resonance which is shifted off the real axis by the coupling to real decay channels. We calculate scattering
in the J = 2 partial wave and show explicitly that unitarity is satisfied. The theory will in general have a
large cosmological constant and we study possible solutions to this, including a unimodular version of the
theory. Overall, the theory satisfies our present tests for being a ultraviolet completion of quantum gravity.
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I. INTRODUCTION

There are many exotic approaches to quantum gravity,
but comparatively little present work exploring the option
of describing gravity by a renormalizable quantum field
theory (QFT). Nature has shown that the other funda-
mental interactions, i.e. those of the standard model, are
described by renormalizable QFTs at present energies, so
this should be the most conservative approach. There is a
modest body of recent work [1-13] attempting to revive
this possibility.'As a subfield, this literature is somewhat
diffuse, with different groups pursuing different, although
related, variants. However, the key question is to deter-
mine if any renormalizable QFT can serve as a UV
completion for gravity. In this paper, we explore such a
variation which we feel is particularly well suited for
being a controlled approach using present techniques,
with encouraging results.

The distinctive feature of a renormalizable QFT treat-
ment of gravity is simple to diagnose. Loops involving
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matter fields coupled to the metric yield divergences propor-
tional to the second power of the curvatures. Therefore, the
fundamental action must have terms in it which are quadratic
in the curvatures in order to renormalize the theory. This also
explains why such QFT treatments are often overlooked.
Curvatures involve second derivatives of the metric, so that
quadratic gravity involves metric propagators which are
quartic in the momentum. Quartic propagators are generally
considered problematic, for reasons which will be reviewed
below. However, quadratic gravity does have the positive
feature that it is renormalizable [14], and can be asymptoti-
cally free [15-17]. Moreover, to recover general relativity in
the low energy limit one must arrange to have the usual
quadratic propagators at low energy. The challenge for such
QFT treatments then is to deal with fundamental quartic
propagators at high energy while recovering usual gravity at
low energy.

The variation which we explore will involve a Yang-Mill
gauge theory plus weakly coupled quadratic gravity.
For the purposes of this introduction one can consider this
to be defined by the action (in units of 2 =c =kp =1,
which will be consistently employed throughout the paper)

1 1
S:/d4x1/—g|:—4—gzg” gﬂFﬂUFaﬁ_z_gCﬂyaﬂC” B
(1)

although we also discuss other variants below. The Weyl
tensor is given by
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The quantity Fy, is the usual field strength tensor for the
Yang-Mills theory. The index a is summed over the
generators of the gauge group G. One has that

Fy, = 0,A] — 0,A; + gf“”“AZAf,‘ (3)

where f9¢ are the structure constants of G and g is the
Yang-Mills coupling constant.

Both couplings g and & are asymptotically free, so this is
a renormalizable asymptotically free theory at high energy.
We consider the limit where the gauge coupling g is larger
than the gravitational coupling &. This means that the gauge
theory becomes strongly interacting at a higher energy.
The energy scale of the gauge theory will be taken to be the
Planck scale. Indeed, this is the role of the helper gauge
theory in this construction—it defines the Planck scale, and
also induces the Einstein-Hilbert action at lower energies
[18-22]. We have elsewhere [4] calculated the induced
gravitational constant due to QCD,

— 0.0095 + 0.0030 GeV2 4
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and so a QCD-like theory would need an energy scale 10"°
times greater to generate the observed Planck scale.

Left on its own, the Weyl-squared term would also
become strong at some energy. However, because we take it
to be still weakly coupled at the Planck scale, it would
become strong only at a very low energy scale. (For
example, for a pure Weyl theory if £ = 0.1 at the Planck
scale, it would become strong at A; = 10719 ¢V.) In
practice, this running of & is interrupted by the induced
gravitational effects due to the gauge field, and hence is
never relevant at low energyz. Indeed we will see that the
gravitational interaction can remain weakly coupled at all
energies. This helps give us control over the predictions of
the theory. Our goal is to explore the structure of this theory
in order to see if there are any calculable obstacles to
treating it as a UV completion of quantum gravity. The
theory so far passes such tests successfully.

In order to describe the nature of this theory, let us show
a subset of our results. For the purpose of this introduction,
let us again simplify the result by ignoring the possibility of
an induced cosmological constant, although this will be
discussed below. In this case, the spin-two part of the
propagator will be seen to have the following structure

*The same thing happens to the SU(2) coupling of the standard
model. It would become strong at 1074 eV but its running is
interrupted by the symmetry breaking at the TeV scale.
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Here, Pfi)aﬂ is the spin-two projector to be described below.
The function 1/%%(g) is induced by the gauge theory and
can be described by techniques related to QCD sum rules.

It will have the limits

g < Mp
-0 g>Mp (6)

where k?> = 327G is the coupling in the Einstein-Hilbert
action. The coefficient of the first logarithm, N, i a
number that depends on the number of light degrees of
freedom (d.o.f.) with the usual couplings to gravity and N,
is a number due to gravitons coupled through the quadratic-
curvature action. These numbers will be defined in detail
below but for now we can note that at very high energies
Nt = Noo = D + Ngyp, where D is the number of gen-
erators in the gauge theory and Ngy, is due to the particles
of the standard model and beyond® while N q = 199/3.

This propagator is described by three regions. At low
energy ¢> < &M3, where M, is the Planck mass,'the
quadratic propagator dominates, and one gets the usual
coupling of general relativity. At high energy ¢> > M3, one
has a purely quartic propagator and the running gravita-
tional coupling is

o () 32072
q) = 2 =
1.6 (ﬂ);%e;qu)ln(qz/ﬂz) (N +N,)In(g*/AZ)

(7)

where as usual we have defined the scale factor A; via
1/8(u) = (Noo + N, )(Inp? /A7) /3202%. In the inter-
mediate regime &M% < g* < M3, the propagator goes
through a resonance, and also transitions from quadratic to
quartic behavior. A plot of the absolute value of propa-
gator throughout these regions is shown in Fig. 1 for
timelike values of g?, normalized to the usual propagator
at low energy. One can readily see the usual behavior at
low energy, as well as the improved momentum behavior
at high energy. But clearly the striking feature is the
resonance, which occurs at ¢> = m2 = 2&2/k*. At weak

*Including just the standard model particles yields Ngy =
283/12.

4, . . ..

To be more precise, we are referring to a variation on a
reduced Planck mass M7 = 2/k*
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FIG. 1. The absolute value of the spin-two propagator for
¢ =0.1, normalized to the standard propagator of general
relativity. The x-axis is the momentum |g| in the time-like region,
in units of the Planck mass. The imaginary parts have been
calculated with loops of standard model particles and gravitons.

coupling the width is roughly Ag* ~ N &2m?2/320x. It is
fair to think of this as an unstable spin-two resonance, and
we will explore this interpretation more fully.

We have used this propagator in the calculation of a
physical process which goes through the resonance region,
which is the scattering in the spin-two s-channel partial
wave. The cross-section is shown in Fig. 2. The usual
growth of the amplitude, which normally would become
strong at the Planck scale, is tamed by the quartic part of the
propagator beyond s = m?, and remains weakly coupled.
We will explicitly confirm that the scattering amplitude is
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FIG. 2. The absolute value of the unitary J = 2 partial wave
amplitude, calculated with £ = 0.1. The x-axis is the center of
mass energy in units of the Planck mass.
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FIG. 3. The Euclidean spin-two propagator corresponding to
the same conditions as shown in Fig. 1, again normalized to the
standard propagator of general relativity.

unitary at all energies. This occurs despite the sign of the
propagator near the pole being the opposite from normal
expectation. Careful readers should pay attention to this
point below.

There are some approximations which have gone into
the form of the propagator. One is that we have included the
logarithmic behavior from loops but not any residual
nonlogarithmic constants. These in practice can be
absorbed in a redefinition of 1/£2, but we have not
explicitly calculated these terms. More importantly, we
have treated each region using only the dominant action
appropriate for that region. In particular this means that
when we are displaying results from the highest energies,
we use the quadratic curvature action only. This feature is
related to the lack of an imaginary part in the In g* terms.

We also note that the propagator in the spacelike region,
and equally the Euclidean propagator, is featureless and
well behaved. In particular the FEuclidean propagator
involves

2 4 4(N + N 2 -1
Dar(qr) = |:~2‘IE + 9dE _|_QE( eff q)ln<@>]

R (qe) 28 (n) 6407” e
2 4 N N 2 -1
— |:NZQE + qE( eff —z 11) ln <Q_€>:| (8)
k*(qE) 6407 Az

where g% > 0. Itis shown in Fig. 3, again normalized to the
usual quadratic propagator. Note that without the helper
gauge interaction inducing the usual gravitational coupling
at low energy, the quartic terms would have blown up
at gz = AZ but this point is innocuous in the present
framework.

With this as introduction, we turn to the more detailed
investigation of the theory. In Sec. II we describe some of
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the issues of quadratic gravity in general, including some
aspects of describing the d.o.f. In Sec. III we turn to the
spin-two propagator and explore some of the results
mentioned above. Section IV describes a test of unitarity
in scattering in the spin-two channel. Section V gives a
discussion of a broader class of theories, including the
cosmological constant and also the spin-zero sector. In
Sec. VI, we make some comments on the unimodular
version of this theory, which also may be useful to explore
more fully. Finally Sec. VII gives a summary and dis-
cussion. In the Appendix, we calculate the magnitude of the
R? term in the action which is also induced by the Yang-
Mills interaction.

II. QUADRATIC GRAVITY

In addition to the Einstein-Hilbert action

2
SEH :p/dA‘X\/—gR (9)

there in general can be three combinations at quadratic
order in the curvature which are generally covariant

1 1
Sewad = | d*xy/=G|—R? —— C,pos C"*% — G 10
quad / X 9[6]% 252 uvaf n ( )

where

G = R, 3R — 4R, R" + R? (11)

uvap

is the Gauss-Bonnet invariant. This latter term is a total
derivative in four dimensions, and so it cannot influence the
classical equations of motion nor graviton propagation.
One can also introduce a surface term IR in the above
action. The counterterm associated with it in the calculation
of the one-loop effective action is gauge-dependent. We
will drop the surface term as well as the Gauss-Bonnet
contribution in the rest of this paper. In any case, we remark
that topological and surface terms should be included in
order to provide renormalizability. We also note that

1 wa 1 w L, 1
—2—§2Cﬂyaﬂc - —g R”DR —§R +§G

(12)

Our conventions are: the Minkowski metric is given as
N = diag(l,—1,~1,~1) and the Riemann curvature ten-
sor is given by R, = 0,1, + TlLIh, — (v < «).

In theories with fundamental curvature-squared terms,
the graviton propagator will be quartic in the momentum.
This is generally considered to be problematic. With a
quartic propagator in free field theory one expects negative
norm ghost states, using for example

—i —I 1 I i
U R (13)
@ PP -ur) W <q2 q - /42>

and perhaps tachyons if 4? is negative. When considering
quadratic curvature gravity, the decomposition of the d.o.f.
varies depending on the gauge condition imposed and also
on the choice of field parametrization, and there are
generally gauge-variant unphysical states [23]. However,
it is generally agreed that the free field propagating modes
are a massive scalar and its massless scalar ghost, and a
massless spin-two graviton and its massive spin-two ghost.
The scalar massive mode arises uniquely from the R* term
and its mass is proportional to f3. The massless scalar ghost
is interesting because it is the ghost found in most
quantization schemes of pure Einstein gravity [24]. With
some work, it can be shown to be harmless. The massive
spin-two ghost arises uniquely from the C? term, and its
mass is proportional to &2.

In order to see what ultimately is a problem with ghost
states, one can draw on the work on Lee-Wick models
[25-30]. In these theories, states with negative norms are
introduced much like the Pauli-Villars regulators, which
combine with regular fields to produce a ¢~* fall-off of
the combined propagators. While one might worry about
unitarity and negative energies with the ghost states, it is
not these features which are problematic. Due to the
interactions of the theory, the ghost states are unstable
and do not appear in the asymptotic spectrum’. The theories
can be shown to be unitary. However, what does occur is
microscopic violations of causality due to the ghost states.
While there are not gross large scale violations of causality,
because the ghost states only propagate for a short time, the
causal properties are uncertain on small scales by amounts
of the order of the ghost width. This has been explicitly
demonstrated in Refs. [29,30]. For example, by forming
initial state localized wave packets, the final arrival times
will have portions of the wave packet arriving earlier than
usual expectations by amounts of order of the width.

In our calculation, a similar effect in the propagator
holds. Interactions shift the massive spin-two effect in the
propagator away from the real axis, and it appears as a
resonance rather than an asymptotic state. The sign of the
propagator near the pole is ghostlike. However, the result-
ing amplitude near the pole will be explicitly shown to be
unitary. We should also expect microscopic violations of
causality as in the Lee-Wick models. To have this happen
near the Planck scale in gravity does not seem outrageous.
We would expect that the causal properties would become
fuzzy in any quantum theory of gravity because the
quantum fluctuations of whatever defines spacetime would
lead to uncertainties in the causal structure. In our case
these effects would be proportional to the Planck length,
although somewhat larger by an amount 1/&* as the

>For other recent discussions regarding the emergence of real
and complex ghosts in higher-derivative quantum gravity, see
Refs. [31,32].
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resonance width is narrow. We are willing to accept this
feature as a property of our theory.

The other complaint about theories with extra derivatives
in the fundamental Lagrangian is that they lead to a
classical Hamiltonian which is not bounded from below,
via the Ostrogradsky construction [33]. It is not clear how
relevant this classical result is. The path integral treatment
based on the Lagrangian does not find the effect of such an
instability. The Lee-Wick theories also seem not to be
bothered by it. Our calculations do not show such an effect
either. One notes that the classical Dirac Hamiltonian is
also not bounded from below. The Dirac case is rendered
stable by a modification of the quantization rules. There are
at least three variations on modified quantization rules
which lead to a well-behaved quantum Hamiltonian in the
case of quartic derivative theories [34—-36]. We do not take a
position on these alternative rules. However, gauge theories
and gravity are most simply quantized by the path integral
formalism using the action, and we adopt these techniques.
They seem to lead to a well-behaved quantum theory.

Finally, theories with quartic propagators at high energy
violate the Killen-Lehmann bound on the asymptotic
behavior of propagators [37,38]. However, this bound does
not apply for gauge fields—indeed it is violated in QCD
[39,40]. Moreover, the microscopic violations of causality
also violated the assumptions for the theorem. For both
reasons, this bound is not relevant for the present theory.

Let us briefly discuss the quantization of the theory given
by the action (1) within the path integral treatment. Using
the background-field method, one considers the paramet-
rization g, = g,;(e")*,, where g,, is a smooth background
metric. One should add the necessary gauge-fixing terms
concerning the Weyl part, Sgp[h], and for the Yang-Mills
term, SYM.GF[A,Z, h]. Moreover, one should also take into
account the associated Faddeev-Popov ghost contributions
Sep[n. 1%, h] (for the Weyl part) and S [c. ¢, A, h] (for the
Yang-Mills part). In such contributions, # is the ghost field
related to the Weyl term and c is the ghost field associated
with the Yang-Mills term. For the Weyl contribution, one
can consider the construction given in Refs. [23,41]. On the
other hand, the Yang-Mills part can be obtained from the
usual Minkowski counterpart by the usage of general
covariance and then one expands the metric as above. In
this way, in the background-field method the partition
function for our theory is given by

Z[g] = (detG*)!/? / DhDn*DyDADEDe

x exp{i{Sw(h] + Scr[h] + Sep[n, 1", h]
+ SymlAf, h] + SymcrlAfl, h] + Senlc, €, Ajj, h]}},
(14)

where Sy[h] (Sym[A§, h]) is obtained from (1) by solely
considering the Weyl (Yang-Mills) term expanded up to

second order in h,,, and G* is the differential operator
associated with the gravitational gauge-fixing term.

The one-loop divergences for the effective action evalu-
ated from this theory have been calculated elsewhere, see
for instance Refs. [15-17,23,41-43]. It is given by

d—4
H ((1 ta ) e %]
dl4 2 /ddx\/—g-CymﬁC" P (15)

I_‘div = -
The Weyl tensor C‘Mm/; is built from the background metric
G- We will conveniently specialize this result to a flat
background in due course. In addition, in the above
equation, a; is the contribution coming from graviton
loops, whereas a, is the contribution coming from the
non-Abelian gauge field. Specifically:

19 N,
DT 480722 T 16072
D
- 16
% = 16012 (16)

In order to include standard model particles, as well as
interactions beyond the standard model, one would have to
consider additional shifts in the a, coefficient due to one-
loop divergencies associated with such couplings. One
finds

D+ Nsgy Ny

/ pr— p—
QTR T 02 16022

(17)
at very high energies.

III. THE SPIN-TWO PROPAGATOR

Here we focus on the study of the spin-2 propagator. As
discussed above, the free field propagating modes emerg-
ing in the model depend on the choice of gauge parameters
as well as on the choice of field parametrization. However,
the spin-2 part of the propagator of the £, field maintains
the same form irrespective of gauge parameters and field
parametrizations [23]. The most interesting feature of this
exploration is the finite-width resonance in the propagator.
This emerges from a competition of the g and g* terms in
the propagator. It appears with an opposite sign from usual
expectation, and the imaginary part also changes sign from
expectation, in a way that is consistent with the optical
theorem. It is the remnant of a would-be ghost state,
although because it is unstable it does not appear as a
physical state in the asymptotic spectrum. Also of interest is
the existence of three energy regions, in each of which the
propagator has a distinct structure and/or different active
d.o.f. In the highest energy region, the quadratic curvature
terms are dominant, and this is reflected in the structure of
the propagator.

In this section we set the cosmological constant to zero,
and return to its influence in Sec. V. This allows us to
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expand around flat space. In this paper we will use the
exponential parameterization of the fluctuation, g,, =
na(e", =ny + hy +3h,h*, 4 -+~ One obtains the
following free propagator (in momentum space)

. 2iE

iD}up@) = = {22 P (18)
We will give an explicit expression for the spin-2 projector
P;(f/)aﬂ below.

First let us work at low energies and include loop
corrections. We treat all fields as massless—the small
masses of standard model fields make no difference in
the energy region of interest to us. In this case, the one-loop
vacuum polarization can be written schematically as
(temporarily suppressing the Lorentz indices), for d — 4

4-d
(a2 = o4 (- 1
(4%) qE<qE) I

where we considered dimensional regularization for regu-
larizing the integrals and this result was obtained after a
Wick rotation to the Euclidean space (g, is the Euclidean
momentum). The scale factor y, with dimensions of mass,
is inserted for dimensional reasons, and c¢; is a constant
that does not contain poles as d — 4. By rearranging the
expression in terms of an exponential of a logarithm, one
easily sees that, as d — 4, the one-loop vacuum polariza-
tion will consist of a divergent part plus a finite part. In
addition, the knowledge of the form of the divergence term
gives us straightforwardly the logarithmic finite part, since
they share the same coefficient.

All such discussions imply that the results presented at
the end of the previous section allows us to determine
explicitly the finite part of the one-loop vacuum polariza-
tion. By employing the following expansions of the differ-
ent invariants up to second order in 2 (in Minkowski
background)

R? = 0,0,h"0,05h™ — 200h0,0,h" + Ohh
1 1 1
Ry R = L OO+ Oy O + 29,0, h0,0,h
1 1
— 3 0,0, = 0,0, hy,

RyapR™™ = Ohy R — 28,0, 1 0P hyg

+ 0,0, 0,05h (19)

Hvof

where some integrations by parts were carried out, one
obtains the following one-loop contribution to the vacuum
polarization

We keep only the logarithmic terms. Additional finite terms
can be absorbed into the finite parts of the coupling constants and
do not change our analysis.

Hﬂy,aﬂ(qz)
(0) 2
N =\ 1 1
———d Inl—)|= —a*l
32071_2 1’1( /42 > |:3 uny‘Iaq/i + 2 q uvaf

1, 1,
+ gq (quzznaﬁ + QaQ[jnuu) - 6 q Muap

1
- Zqz(q,,qﬁma + Qudallup + Ghallup + 9udpMa) |

(20)

where 1,5 is given by

I;wa/} — (’],uany[)’ + ﬂﬂﬂi’lba). (21)

| —

Here N gf)f) is defined by the contributions of various matter

fields to the one-loop divergence (within the standard
model and beyond), normalized to that for gauge bosons.
For the fields with spin J < 1, this is
©) 1 1
Neff—NV+ZN1/2+6NS (22)
where Ny, Ny, Ng are the number of gauge bosons,
fermions and scalars respectively. The contribution coming
from graviton loops will be discussed in due course. The
one-loop spin-2 propagator is then given by

iDm/a/i(qz) = iDBua/)’(qz) + iDBV/)T(qZ)
x [iTP77(q)]iD)sep(a?).  (23)
Now we rewrite I1,, ,5(¢%) by introducing the set of the

following projectors for symmetric second-rank tensors in
momentum space [23]

Plihe = 5 Ousbn & 0,00) = 500
Plipe = % (OpDs5 + 00,5+ 0,150,y + 0,50,
Pithe = 3O
Plre = 0,050 (24)
where
O =My — %
0, = qgg”. (25)

Such projectors do not form a complete basis in the
corresponding space, and hence we must also add the
following transfer operators
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1

0

T oy = 7§9ﬂva)lm

0 1

TI(W,)UU = 7560141/9/)6 (26)

in order to obtain a complete basis. In terms of such
projectors the one-loop vacuum polarization can be
written as

2 N<(f)f) ar (—4F — i€\ )
Hﬂv,(lﬂ(q ) = - 64071'2 q 1n< qu >7);wa/3' (27)

The imaginary part of the vacuum polarization is found via
the usual prescription

In(=¢* - ie) = In(|¢’|) — in6(q"). (28)

Using the usual orthogonality relations satisfied by the
above projectors, one can iterate the vacuum polarization
and find an intermediate form for the spin-2 propagator

@)
P
o . (29)

22| 1 Ned 1 (==
(q ) [252(”) + 640;:'2 1[1( t]ﬂz l€)i|

Dyvaﬁ(q2) =

The factor in square brackets defines the running coupling
constant £(g?) at these energy scales (that is, below the
resonance). That is, we define

& (u) 3207
éz(q) = 52(/4)N(0) | 2| = (()) |q2‘ N (30)
I+ 550" In (%) Ner In (A_f>

In addition, there are the effects of gravitational loops. At
low energies these are treated using the effective field
theory for gravity. As briefly discussed in the Introduction
section, the Einstein-Hilbert gravitational action will be
induced at low energies by the helper gauge interaction
[18-22,44,45]. In other words, an induced Einstein-Hilbert
term is present in the effective action due to the scale-
invariance breaking generated by loop effects. We have
calculated this effect for QCD-like theories in a previous
paper, finding a positive value for x? [4]. In addition to
leading to a ¢> term in the propagator, the effects of loops of
gravitons also provide logarithmic factors in the propaga-
tor. The loops carry the usual ie convention. Taking into
account such modifications, one obtains that

2
D;wa[)’(q2) = ,P;(w)a/}D(qz)’ (31)

where

_ q* + ie B q* _ Negr #ln —q* —ie
i 282 ()  6407? u?
(32)

D™'(q?%)

and ©> = k? at the low energies which we are working
presently. The pole at ¢g> = 0 carries the usual ie pre-
scription because it was induced via the Yang-Mills
interaction. Here N.; needs to include the graviton
contribution, calculated within effective field theory
[46,47], such that

Nt = Ny + N1y + = Ng +
ot =Ny + 7N+ Ns+
21
:€+NSM+NBSM (33)

with Ngy; being the contribution from standard model
particles and Nggy that of new physics beyond the
standard model but below the scale of gravity. We neglect
the latter in what follows. In the standard model with one
Higgs doublet and three generations of fermions, one finds
that Ny =2, Ny, =45, and Ny = 12, so that Ngy =
283/12.

The effect of graviton loops is somewhat different at high
energies. Here the curvature-squared terms in the action are
dominant, and the graviton propagator is quartic in the
momentum. We treat this region by considering only the
curvature-squared effect—the induced Einstein term is
subdominant and is neglected. Here again the logarithmic
effects are tied to one-loop divergences. However, the
difference comes in that there is no imaginary part induced
by these loops. This arises because the matrix element
for the production of on-shell gravitons vanishes. This is
known quite generally, in that the Weyl action produces
no on-shell scattering amplitudes in flat space [48-52].
In our situation, this can be seen directly.

The vertex involved is a triple graviton coupling between
an off-shell graviton with invariant mass ¢ and two on-shell
gravitons. The latter will be massless, transverse and trace-
less since the spectrum is defined by the induced Einstein
action. Let us show that this triple graviton vertex vanishes.
Consider the triple graviton vertex arising from the R? term in
R?> —L1R, R™. The curvature can be expanded around flat

30w
space in powers of the number of gravitational fields involved

R=R1 1+ R® L RO 1 ... (34)
such that we can pull out the triple graviton term as
1
V=gR*= ...+ 5th<1>R<1> +2RMRA) ... (35)

The on-shell condition corresponding to transverse, traceless
fields at g> = 0 is that R, = 0. This holds order by order
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in the expansion in the number of graviton fields. The off-
shell graviton will be taken from one of the terms in Eq. (35).
However, no matter how this field is chosen, there always
remains another curvature which satisfies R”) = 0 leading
to the vanishing of the vertex. This can be verified by direct
computation. This argument also easily generalizes the
R, R*".

The vanishing of this vertex implies that the logarithms
do not pick up an imaginary part. This can be accom-
plished by using $In[(¢*)?/u*] instead of In(—g* — i) /u*.
This form can also be achieved by regularizing the
propagator via

1
D~—/—. 36
e (30

This then implies that the final propagator involves
two logarithmic factors and takes the form quoted
previously

lewaﬁ lp’,{l/(l 1D2( )

_ q + l€ q g Neff —q2 — i€
D51 = 1
2 ~2(€1) 28(n) 6407 n( W )
2

1n(<”4> ) (47)

In the low energy region below the resonance, where the
Einstein action dominates, we have N g = 0, and N is
given by Eq. (33). Above the resonance but below the
Planck scale, the Weyl action is dominant and we have
N, =199/3 and N = Ngy. Finally above the Planck
scale the gauge bosons of the helper gauge theory
become active and we have N, =199/3 and N =
D + Ngy = N, where D is the number of gauge bosons.

Now let us study the poles of the propagator given by
Eq. (31). We will show that the ghost state contained in the
free propagator becomes unstable due to loop corrections.
Clearly the spin-2 propagator (31) has the standard pole at
g*> = 0, which means that the graviton remains massless at
one-loop order. Note also that, for EBuclidean ¢% = —¢* (or
spacelike ¢), D~!'(g%) has no other real zeros apart from
qz = Ofor gz > AZ. In turn, for timelike ¢, > > O and D™
picks up an imaginary part. Because we are in the weakly
coupled region & < 1, the pole will occur below the
Planck scale.

Consider the propagator near the pole. If we expand
using

12807:

q* =m} +5q° (38)

and note that in this energy region X =k, we get the
expansion of the inverse propagator

D™'(q)
2 2
my 4 1 Neff my
=_r_ S 5y PN (it
P [252(M) 607 n(/ﬂ)]
1 1 N, m? 1
S 2 —_2 2 eff Inl =X _
o <K2 " [252@) Toaor (M) 2
. Neff
+ lﬂ'mﬁm
(39)
Using
1 Negt m; 1
— In|— | ==—%— 40
22() 64077 n<ﬂ2> 28%(m,) “0)

the real part of the pole location is then determined by the
condition

2 2
K
and we have
54> Neg&*(m,) 28m} Neg
D (g) =-S5 1+ T (42
(9) ==72 ( " S02 ) T saon WY
If we define the positive number y by
N
y =28m N (43)
6407 (1 + NgZlr)

and pull out an overall normalization (which can be
absorbed in the normalization of the field), we have the
propagator near the pole involving

IS 1
D
0= [1+ Nen (. >] —8¢> + iy
2
-1
e @
| 4 Yaflm) | 597 —

This behavior is different from the usual structure for a
propagator of an unstable particle. In the standard case we
use

1
Dig)=—— 45
and we would have near the pole, m> = M> —T2/4, the
behavior
D(q) = L (46)
V=5 +imr
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We note that, aside from the overall normalization, the
residue right on the pole is exactly the same as usual, with
the correspondence

o (47)

iy iMT
However when the form of the propagators is defined by
the sign of 8g?, this is composed of two unusual signs.
Comparing the second version in Eq. (44) with that of
Eq. (46) we see that the overall normalization is the
opposite of the expectation (i.e., ghostlike), and also the
imaginary part has the opposite sign from expectation.
These two signs are connected in an important way. We can
summarize these by a factor Z, such that

o iZ
lD(q ) ~ qz _ m% Tizy (48)
where Z = —1. As discussed in Refs. [29,30], the overall
minus sign in Z is significant; such a sign is compensated
by the unusual sign of the ghost propagator in such a way
that the imaginary part of the forward scattering amplitude
is positive, as it should be in order to obey the optical
theorem. These signs also play a very important role in the
unitarity of the scattering amplitude which we will discuss
in the next section.

Note that we find a single pole, in contrast with previous
work in Ref. [9] which claims a pair of complex-conjugated
poles. The imaginary part in the region of the pole comes
from the loops of light particles with usual quadratic
propagators. These carry the usual ie prescription, and
the imaginary part comes from the property of the loga-
rithm, Eq. (28). The fact that we are at weak coupling
facilitates the analysis of the pole location, as described
above, but the determining feature that yields a single pole
is the ie prescription of Eq. (28). Also note that in Ref. [9]
the issue of the gauge dependence of the pole location has
been raised. The location is gauge independent at one loop
which is the order that we are working, as can be seen in the
work of Ref. [23]. We hope to explore this issue in future
work when we look at loop processes using the full spin-
two propagator.

Our calculations show the emergence of three energy
scales, defined by A, A/, which is the gauge field scale
mass, and m,, the value for which the propagator presents
a resonance, as discussed above. We take A, > A;. For
energies below A, the gauge field becomes strongly
coupled and confined. In addition, we recall that we
identify the Planck scale with the Yang-Mills scale,
A, = M. For energies ~m,, the ghost particle goes as a
resonance; since it is unstable, it will not appear in
asymptotic states. Below such a scale one should take into
account the contribution to the vacuum polarization coming
from the gravitons in the effective-field-theory calculations.

Below this energy scale the theory is satisfactorily
described by the effective field theory approach.

In this analysis we have made an approximation of using
only the dominant gravitational action in each region of
interest. Specifically, at high energy where the Weyl action
dominates, we have used only the quartic propagators and
dropped the effect of the subdominant ¢? terms. In addition,
we have considered only the one-loop corrections. It seems
clear that a more complete treatment would use the full
propagator self-consistently within the graviton contribu-
tion to the vacuum polarization. This would indeed be
interesting to explore, and we hope to return to this
calculation in the future.

IV. UNITARITY OF THE SCATTERING
AMPLITUDE

In this section we show, with explicit calculations, that the
J = 2 scattering amplitude in this theory is unitary at all the
energy regions. This proceeds through the graviton propa-
gator in the s-channel and is the one which might be
expected to be problematic due to the lowest order expect-
ation for the ghost state. However, this feature turns out not
to violate unitarity, and indeed it is the special properties
of the resonance and the imaginary parts from loops which
enforce unitarity. We proceed in three steps. First we
describe the scattering of a single scalar field. This demon-
strates how unitarity occurs in this channel and highlights the
role of the various signs in the propagator and the imaginary
parts. Then we generalize to multiple fields. Finally, there is
a discussion of the graviton interactions at the highest
energies due to the quadratic curvature terms in the action.

This calculation is based on previous work by Han and
Willenbrock [53] and Aydemir et al. [54]. As a first step, we
work with a single real massless scalar field minimally
coupled to gravity and consider the reaction ¢+ ¢ —
¢ + ¢ through s-channel graviton exchange. We recall that
it is through the s-channel that resonances and new unstable
particles are usually probed. In addition, in the s-channel,
the intermediate state satisfies s > 0, where s is the
Mandelstam variable describing the square of the total
energy of the particles in the center-of-mass frame (invari-
ant rest mass).

The Feynman rules associated with the interacting vertex
for scattering amplitudes is to be extracted from the
expression (1/2)h,, T". The s-channel amplitude for the
process ¢ + ¢ — ¢ + ¢ is given by

iM= G V”D(q)>[iD””“ﬂ(q2)] (% Va/;(—q)> (49)

where the energy-momentum of matter has the following
on-shell matrix element (at the lowest order)

Vulq) ={P'\Tulp) = pury+ Pupy— P P'My.  (50)
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with p-p' = ¢*/2, p+ p' = q. Since we are only con-
sidering the effect of the scalar field, the logarithmic terms
in the propagator only reflect the loop of that particle and
are described by N, = 0; on the other hand, effective field
theory calculations yield the value N = 1/6 for a single
scalar field [54]. Employing the usual Mandelstam varia-
bles, one finds

M= 2t—£1‘)()
T\ )P

_ 1 K25 R2SNeg. [ s
D (s)==1-—— eff (2 ) oo 2t Vef
(5 '?2{ 28%(u) 64077 n(/f) i

where we used that s + ¢+ u = 0. Now we perform a
partial wave expansion with respect to the angular momen-
tum J

M = l6n i(ZJ + 1)T,(s)P;(cos ) (52)

J=0

where P;(cos 8) are the Legendre polynomials that satisfy
P;(1) = 1. Furthermore, we employ the parametrization
t=—s(l—-cos0)/2 and u = —s(1+cosd)/2. Hence
using that P,(x) = (3x*> —1)/2, one finds the following
expression for the partial wave amplitude 7'5:

Neges =

Ty(s) = —640”D(s). (53)

In order to satisfy elastic unitarity, the scattering in the
elastic channel must have ImT, = |T,|?. This is satisfied
when the amplitude has the form

AW A +iAs)]
Ty(s) = ) —iA(s)  f2s) + AXs) (54)

for any real functions f(s), A(s). Since the imaginary part
in the denominator comes from the logarithmic factor, the
unitarity condition is a relation between the tree-level
scattering amplitude which determines the A(s) in the
numerator and the logarithm in the vacuum polarization
which determines the imaginary part in the denominator.
For the elastic scattering of a single scalar, this relation is
satisfied with

Neges

A = =G0z

(55)

We note that there is an important correlation between the
unusual sign of the imaginary part in the propagator and the
sign of the scattering amplitude which allows unitarity to be
satisfied. It is however perhaps not that surprising that

unitarity is obtained in this case because we are here simply
expanding a unitary S matrix in perturbation theory.

If we now allow not only a single scalar but also other
light fields plus gravitons in the theory, we are in principle
faced with a multichannel problem. An initial state of
scalars can scatter into a final state of gravitons, and visa
versa. The solution is given by Han and Willenbrock [53],
and consists of diagonalizing the scattering matrix. Having
performed this diagonalization, the problem is back into
that of a single channel elastic scattering. Let us first
consider this in the effective field theory limit, below the
resonance where graviton scattering is determined by the
Einstein action only (i.e. N, = 0). The diagonalization of
Han and Willenbrock can be extended to include the
graviton channel, and the result is identical to that of
Eq. (53) except with a generalized value of N, given by
Eq. (33). So we see that unitarity is again satisfied.

Finally, we turn to the high energy region where the
graviton propagator arises dominantly from the terms
quadratic in the curvature. Consistent with the approxima-
tion given above, we here drop consideration of the
Einstein term in the gravitational action and only consider
the quadratic terms. As we described, these give no
coupling for on-shell gravitons. Likewise in the propagator,
the imaginary parts only arise from the matter particles and
not the gravitons. The scattering amplitude then takes the
form

T,(s) Neges s SN et In S .
s)=— - — — | —ir
: 6407 | 28(u) 64072 | \u?

N 2 -1
1;80’; _In <;4> } . (56)

In this region, we have

199
Neff:Noo:D+NSM Nq:T (57)

Again, unitarity is satisfied. The consistent decoupling of
the on-shell graviton states in both the numerator and
denominator was important in this regard.

We repeat the comment from the previous section that an
improved treatment would include the full propagator self-
consistently in loops, as we hope to do in the near future.
This will be especially instructive in the unitarity calcu-
lation as it has the potential to couple in on-shell gravitons
even at the highest energies. However it appears from the
general construction of the elastic channel that we would
expect unitarity to be satisfied in such a treatment also.

V. MORE GENERAL RESULTS

The discussion above has focussed on what we feel is the
most important and novel aspects of the present theory.
There are two main topics connected to other terms in the
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action, (1) the cosmological constant and (2) the R? term in
the quadratic action which is associated with the scalar
d.o.f. in quadratic gravity.

Let us start with the latter effect. Even if excluded from
the initial action, the R? interaction will be induced by the
helper gauge interaction, much like the Einstein action is
induced. This effect was first described by Brown and Zee
[22]. We discuss this in our Appendix below and calculate
it within QCD. The result, in the notation of Eq. (10), is
positive and has the value

—> = 0.00079 =+ 0.00030. (58)
6/5

Because this is dimensionless, it would hold in a scaled-up
version of QCD. However, the result has an unusual feature
that this value is only to be applied when working below the
Planck energy. It can be seen from the derivation of the
Adler-Brown-Zee formalism that the calculation is accom-
plished by Taylor expanding the gravitational field on
longer wavelengths than the Planck scale arising from the
helper gauge interaction. The induced effect vanishes at
energies above the Planck scale, much like the induced
value of the Newton constant also vanishes there.

It is also possible to have a “bare” value of f in the
original action. In this case the original symmetry is scale
invariance rather than local conformal invariance’ In this
case there is a scalar sector to analyze. The interesting
feature here is that the massive scalar that appears is not a
ghost state. It has the usual positive residue, and is not
problemmatic. Indeed, the scalar propagator has been
calculated elsewhere and it is given by [2,24]

4 2\ -1
0 (o _ (4 _24 (0)
D;wa/)’(q ) - (f(2) - ’?2 > P;wa/i

RO 1\
=7 (m - ?> Puas (59

where M3 = 2f3/k*. One can easily identify the massive
scalar mode, as well as a (massless) ghost state. However,
with some effort one can show that the latter is the standard
ghost that emerges also in general relativity, so it is a
harmless nonpropagating state which can be removed by a
gauge transformation [24]. In turn, the first term describes
the massive scalar excitation, which is in fact a propagating
mode, as alluded to above. In this case one can also define a
running coupling constant f%(q) through the renormaliza-
tion group equation [2]:

"Indeed calculations exist that show that divergences in fj is
generated perturbatively at higher loop order even if one starts
from a conformally invariant initial action. See the discussion of
Salvio and Strumia [2]. It would be interesting to understand if
there were regularization schemes which could prevent such
divergences.

df? 1 /5& 5
Hdiﬂo:@<é+5fzfé+8fg)- (60)
Observe that the coupling f(, is not asymptotically free,
unless f% < 0, which would lead to a tachyonic instabil-
ity M3 < 0.

It also would not be a problem for this theory if we were
to give up the initial scale/conformal invariance, as long as
the energy scale of the intrinsic G™' and cosmological
constant were small compared to the Planck scale deter-
mined by the helper gauge interaction. For example for
weakly coupled Weyl gravity, we have seen that the
intrinsic scale in the running coupling is A;, which can
be 10719 ¢V or even much lower. If the intrinsic Newton’s
constant and cosmological constant were govern by that
scale, the phenomenology of this model would be essen-
tially unchanged.

Finally, there is the problem of the induced cosmological
constant. In a QCD-like theory, this is given by

Bg)

1 1
Aug = ~ (0[T%, |0 :—<0—

FZDF“””|0>. (61)

For the standard value of the gluonic condensate, this yields
Ajpg = —0.0034 GeV*. Scaling a QCD-like theory up to
the Planck mass would yield a very large negative value of
the cosmological constant, of order of the Planck scale.
In the presence of this cosmological constant, we need to
expand about anti-de Sitter space rather than about flat
space. We can show that the AdS solution is unchanged by
the presence of quadratic terms. Using the exponential
parametrization around a background field
Gw = gﬂi(eh)l (62)

v

and discarding total derivatives, we find the expansion of
V=9(Len + L,) where

vV —9Len

_ 25 V(e o, A
= V=G| A+ SR+ S (FUR-2RY ——=-g" |y,

A R _
-3 (h))* + 12 (H3)? = R (hy s = hypht))
L (ot e L e ~ L
K‘2 ﬂ.,l/ /} a,v /} 2 a,v /} 2 j-,l/ /} .

(63)

4» We use R=R+RW 4...,
where R(D is linear in the quantum fluctuation

For the quadratic terms, £

RY =ny )} —h,“* — RUR, (64)

resulting in
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_ _ 1._
V/=gR* = /=7 {RQ + <2RR<1> + ER2hj>
_ 1 _
+ <(R<1>)2 + RRM K + g(hﬁ)2R2> + - ]
(65)

However, for constant curvature spacetimes with R/w =
B R = 4p, with f being a constant, the linear term
(2RRY + 1 R?h%) vanishes aside from a total derivative.
Moreover, for such a spacetime the background Weyl
tensor vanishes Cﬂmﬁ = 0. While in general \/:‘gcz would
have a similar expansion to Eq. (65), in this spacetime there
will be no linear term in the expansion because of the
vanishing of the background Weyl tensor. Therefore the
lowest order Einstein equation remains unchanged and we
recover the AdS curvature R,, = ;k*Ag,, and the back-
ground dependent terms of Eq. (63) reduce to

~ [0 ~ 20ng). (66)

The expansion of L, is then

1 1 _
V9L = V=3|a R+ — | (RD)> + RRVK;
6/5 6/5
1 > 1 1 v,
+g (hj)2R2) - 2—52wa>aﬂc<l>ﬂ ﬂ} : (67)

The bilinear terms in the background field expansion of £,
can be recovered by use of the identity of Eq. (12) and

1
RY == [0

2 Ay hl

uvd hll},u./l + hlll’,l,,l] (68)
as well as Eq. (64).

While probably all quantum theories of gravity suffer
from having a Planck-scale cosmological constant, it is
particularly embarrassing for a theory which starts from a
scale invariant initial action. In such a case, one cannot add
a “bare” cosmological constant in order to cancel the
induced one. We need to remove or severely suppress
the induced cosmological constant. We present a set of
possible solutions without having a perfectly compelling
choice.

Holdom [55] has raised the question of whether the
vacuum energy in massless QCD could in fact vanish. This
is in part because the present lattice estimates are uncertain
enough to include a vanishing value. The calculations are
made more difficult by the presence of a hard dimensional
cutoff—the lattice spacing—which adds a dimensionful
ingredient to the theory beyond just the running coupling.
It would be an important step for induced gravity theories if
this question could be definitively answered.

One of the conditions under which the vacuum energy
would certainly vanish in a Yang-Mills theory is that the
beta function could vanish at zero energy. This can happen
if there is an infrared fixed point in the beta function at a
finite coupling—the Caswell-Banks-Zaks fixed point
[56,57]. This can emerge from a competition of terms of
different order in the beta function, i.e. #(g) = —bg’® + cg’
with b, ¢ > 0. However, the phenomenology of the IR
phase is less-well understood. There is still a dimensional
parameter in the running coupling at higher energies, and
the perturbative contribution to the induced Einstein action
would still exist. However it is not clear if a positive
Newton’s constant would result. This option deserves
further study.

One of the present authors has proposed that the spin
connection, which appears naturally as a gauge field in
gravitational theories, could form an asymptotically free
gauge theory if treated as an independent field [3].
The Euclidean version of such a theory would involve
the symmetry O(4) and would be confined. This involves

six field strengths, F ,[ffjb] where [a,b] = a, b — b, a is the
antisymmetric combination of Lorentz indices a, b = 0, 1,
2, 3. By symmetry, each of the fields contributes equally to
the Euclidean vacuum value of F2. When continued back to
Lorentzian space-time, the symmetry becomes SO(3,1).
In the vacuum energy, the products FIOUF o, FOZF g,
FO3IF 03 change sign due to the Minkowski metric, while
the spacelike ones FUZFy5, FISIF 3, FPIFpy carry the
same sign. The Lorentzian symmetry then forces the
vacuum expectation value of the trace anomaly to vanish.
If this non-compact group makes sense as the helper gauge
interaction, then it would not suffer from the large
cosmological constant problem.

We have been exploring this theory in the limit where the
Weyl coupling constant £ stays small, or more precisely that
the scale involved in the running coupling &(gq) is very
much smaller than the Planck scale. This is chosen mainly
for our convenience in analysing the theory. However, if the
scale in the gravitational running constant is of the same
order as the Planck scale, it will also become strongly
coupled. In this case, it would induce extra contributions to
the induced Newton constant and to the cosmological
constant. Almost nothing is known about this situation,
although Adler [21] has developed some of the relevant
formalism. In the absence of knowledge, one can engage in
wishful thinking that perhaps a mechanism can be found
such that the gravitational contribution to the cosmological
constant cancels the gauge contribution.

Another approach could be to have the helper gauge
theory be supersymmetric. This would lead to a vanishing
of the cosmological constant if the supersymmetry is still
exact at the Planck scale. One would need supersymmetry
breaking at a lower scale, and potentially a much smaller
value of A.
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Finally, one can have a version of the theory in which the
energy density of the vacuum does not gravitate. This is
accomplished by fixing the determinant of the metric to a
constant, such that the vacuum energy term in the action
does not involve the gravitational field. We discuss this
unimodular option in the next section.

VI. UNIMODULAR GAQ GRAVITY

Because of the difficulties associated with the cosmo-
logical constant, it is worth considering a unimodular
version of the theory. In unimodular general relativity
[58-65], the determinant of the metric is set equal to a
constant, which can be chosen to be unity,

Jog=1 (69)

and the symmetry of the theory is reduced to volume-
preserving diffeomorphisms which preserve this condition.
The initial equations of motion differ from those of general
relativity, because the /=g factor is not varied, but there is
an additional constraint on the solutions associated with
energy conservation. When this constraint is imposed, the
equations are exactly those of general relativity, including
the possibility of a cosmological constant term which
emerges as an integration constant of the constraint
equation. Percacci [64] has a recent treatment of unim-
odular theories which makes it clear that the equivalence of
the unimodular theory to the general one is not just a
property of the Einstein action, but would also be true for a
theory quadratic in the curvature, such as we are consid-
ering here.

However, the striking advantage of a unimodular theory
is the different status of the cosmological constant. In usual
metric theories, the cosmological constant is tied to the
energy density of the vacuum, and appears as a constant
term in the Lagrangian. The many large contributions to
this energy density form part of the “cosmological constant
problem.” In unimodular theories, this energy density in the
Lagrangian (which we have called A above) does not
couple to gravity and is irrelevant. The cosmological
constant which appears in the equations of motion arises
from the initial condition of the constraint equation. We can
call this constraint parameter A,. Of course, we do not
yet have a good theory of this initial condition. For our
purposes A, can have any magnitude and either sign.
Unimodular theories solve this part of the cosmological
constant problem by decoupling the constant that appears
in Einstein’s equation A, from the vacuum energy A. In the
theory considered in this paper, the unimodular constraint
would remove the worry about the large energy density
found when one scales up QCD-like theories as the helper
gauge theory.

Our starting point can be close to the unimodular case.
Consider first the theory with a gauge interaction and the
Weyl-squared action, as in Eq. (1). This has local conformal

symmetry, and it has one less propagating d.o.f. compared
to general quadratic gravity. In the exponential parameter-
ization, this is the scalar trace & = h*;. This “conformal
mode” is missing from the action to all orders in pure 4D,
not just in the expansion about flat space.

This set-up differs from a unimodular version in the
path integral measure. In a general theory, the conformal
mode is included in the path integration, whereas in a
unimodular one it is not included. When one regulates the
general theory, this mode can in principle get fed back into
the action. If one regulates dimensionally, the conformal
mode actually appears in the action when the dimension D
is not equal to 4. If one regulates with a cutoff, then the
mode is presumably sensitive to the cutoff when done in a
gauge invariant manner. So the path integral measure is
one way that the general action differs from a unimod-
ular one.

Let us then remove the conformal mode from the path
integration. The background field expansion for the final
theory changes. From the analysis shown above using the
exponential parametrization, we must set 4 = h*;, = 0. The
R? action could still be induced, or even appear initially.
The remaining background field expansion has a slightly
modified structure in the unimodular case. Generally, when
we expand to second order in the fluctuation, we take the
first order term to vanish by the equations of motion. But
for unimodular gravity the first order term is not equivalent
to the final equations of motion. In particular it does not
include the constraint that brings in the parameter that plays
the role of the cosmological constant. In particular, the first
order term in the expansion is

A 1
hy <R”” - 45]’”’R> (70)

where the fluctuating field with the conformal mode
removed is

R 1.
h/u/ :]’l}w—zglwhll. (71)

This is the equation of motion before the constraint is
imposed. However, both this original equations of motion
and the constraint are separately satisfied. This implies that
the first order variation vanishes as usual. When we reach
second order in the fluctuation there are also background
curvatures here. Here we should use the background
curvatures which satisfy the final equations of motion.
This leads to two differences in the final result. One is that
the fluctuating field is traceless in the exponential repre-
sentation. This removes the vacuum energy A from the
quadratic action. The other is that the equations of motion
will involve the constraint-generated cosmological constant
rather than the one connected with the vacuum energy. That
is, one uses R, = %KZAMQM. For example, these changes
yield the leading low energy action for AdS or dS spaces as
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1 B iva 1~ ray Au TUTY
SEH = /d{xg |:—hgyyh/}’ +§hg,vh ’ +Th;;hﬂ (72)

instead of Egs. (63), (66).

VII. SUMMARY

There are several features of this theory which differ

from usual expectation. We list these here:

(i) Although the initial theory was scale invariant, the
Planck scale and the Einstein term in the action were
induced by the helper gauge theory interaction via
dimensional transmutation. This allows the low
energy spectrum of gravitons to be the usual one.

(i) The spin-two graviton propagator has a resonance at
a scale EMp. This is the remnant of the ghost state,
but is unstable and does not exist as an asymptotic
state in the spectrum. Related work on Lee-Wick
models indicates that we should expect microscopic
violations of causality on timescales given by the
inverse of the width of the resonance, which is
1/EMp.

(iii) The propagator sign at the resonance is opposite to
the usual expectation, and likewise the imaginary
part has the opposite sign from usual expectation.
These two features combine to give the residue at the
resonance the proper sign, consistent with the optical
theorem.

(iv) There are three kinematic regions with different
physical content. At low energies, below the reso-
nance, the usual effective field theory description is
valid. In the intermediate energies between the
resonance and the Planck scale, the quadratic cur-
vature terms dominate for the gravitons, but the
helper gauge interaction is not yet active. At high
energies, the theory can be asymptotically free with
both the gauge and graviton interactions active.

(v) When treated using only the interactions from the
quadratic curvatures at ultrahigh energies, the propa-
gator does not pick up imaginary parts from the
graviton loops, because the coupling to on-shell
states vanishes.

(vi) The spin-two partial wave amplitude—which is the
dangerous one due to the original ghost pole—has
been shown to be unitary in all energy regions. This
is nontrivial and is tied to the special properties of
the propagator.

(vii) The gravitational interaction remains weakly coupled
at all energies. The usual growth of amplitudes with
increasing energy is tamed by the transition to quartic
propagators at high energy.

(viii) The R? term in the action is also induced by the
helper gauge interaction even if it was not present in
the initial theory. We calculate its coefficient in
QCD-like theories. However, this has the feature that

the induced coupling is only present below the
Planck scale, and disappears above it.

The role of the helper gauge interaction in the theory is
primarily to dynamically generate the Planck scale, while
still keeping the gravitational interaction weakly coupled.
This is the feature which allows the theory to be under
reasonable theoretical control. We understand the dynamics
of confined gauge theories from decades of study of QCD
and related theories. By keeping the gravitational inter-
action weakly coupled, we can use perturbation theory to
describe it and to bypass a strongly coupled theory of
gravity. One can imagine other limits of this same theory in
which the gravitational interaction is also strongly interact-
ing. Or one could consider other methods for inducing the
Planck scale, perhaps with scalar fields. However, the
variation considered here, with weakly coupled gravity
and a strongly interacting gauge theory, seems to be a very
good laboratory for UV complete quantum field theories of
gravity.

The theory has passed the tests that we have explored thus
far. The naive fears concerning ghosts and unitarity violation
have not been realized. The mechanisms for avoiding these
have been nontrivial, and required the signs and amplitudes
to work out in a coordinated manner. Further work is needed
in order to study amplitudes with gravitational loops in this
theory, and we hope to turn to this in the future. In addition,
the cosmological constant problem remains, although we
have suggested possible solutions, including a unimodular
version of the theory. Overall, the possibility of using this
theory as a QFT-based ultraviolet completion of quantum
gravity remains promising.
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APPENDIX: THE CALCULATION OF THE
INDUCED R? TERM IN THE ACTION

Here we derive the induced R? term within the Adler-
Zee-Brown approach. The gravitational effective action
reads

eiSerlan] — / dpeiSba), (AI)
where ¢ represents generically the matter fields and
S[¢. g,,] describes matter fields on a curved background.
As discussed above, we are considering the Yang-Mills
field as the matter field responsible for inducing the
effective gravitational action. Since Se[g,,] is a scalar
under general-coordinate transformations, it may be
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represented as the integral over the manifold of a
scalar density, which for slowly varying metrics can be
formally developed in a series expansion in powers of

829/41/

Seff[g/w} = /d4x\/ _gﬁeff[gﬂu]

Laitlgu) = L30g) + LEg0] + L519,] + O1(0,9,)°)
ﬁé(f)g [g/w} = Aind’

@ 1_ R
L:eff [g/“/} - 167[Gind ’
1
Lailon) = g B (a2)
ind

Let us derive a representation of the induced f? in terms
of the vacuum expectation value of products of the stress-
energy tensor T, of the matter fields. For that, let us study
the response of the action functional to an external
classical gravitational field g,, =n,, + h,, treating h,,
as a small perturbation. The response of quantum fields to
an arbitrary external field is described by the generating
functional of connected Green’s functions:

Wi =~ / dxh () (T (x))
+45 / 4y (x) g () (2995 )
oo
x (T{T"(x)T (A3)
where {...) = {0]...|0) denotes vacuum expectation value,

T is the energy-momentum tensor of the Yang-Mills
field, given by

o
T, = —F% F%, -

y2% " v 4’/[;ngﬂFaaﬂ'

(A4)

and 7" (x) = T"(x) — (T*(x)). The second term on the
right-hand side of Eq. (A3) is needed for consistency;
it plays a role in the cosmological constant sum rule [4].
We consider, for arithmetical simplicity, that h,, =
(1/4)n,,h. We choose h to be a slowly varying over
the scale of the gauge interaction so that one can expand

1
h(y +z) = h(y) + 2#0,h(y) + Ez”z”ayayh(y) +

In this way, with W = [ d*x,/=gLs, one finds

iv/=9Let¢[Gy]
<= 240 [ ) |+ 02 [, )]

—%(h(x))z/d“z[élf(z)] 210(8 h)? /d4zz2[K(z)]

Loy / (2PK()

24576 (A6)

where integrations by parts in the two last terms were
performed, K#°(x — y) = (T{T*(x)T"°(y)}), T=n,, T"
and K = n,,17,,K**?°. In turn

1 1 1
A/ —gR %Z [aahﬁ,ﬁa (l’llK —51’]/11(‘]1> 20 <hﬂﬂ —EI’Mﬂh> 5‘K

1
h/bc__ /bch —
(g

~0,0,h" 0, Dy — 20100, 0, b + hTh

3 2
— (0.

VIR

9
:E(Oﬁh)z (A7)
and also /=g =1+ (1/2)h + (1/16)h*. Equipped with
such results one is able to derive representations for the
induced cosmological constant and induced Newton’s
constant as described in Refs. [18-22,44,45] and recently
investigated in Ref. [4] for the gluonic QCD case. In the
present context, we need an expression for the induced
coupling constant appearing before the R? term. One finds

1
6f2, 13824

/ P (2ATTRT0))).  (AS)

Working in Euclidean space, one obtains

1 1

% ——— | d*x(x*)X(T{T(x)T(0)}).

A
13824 (A9)

After performing a change of variables x*> = ¢, we split the
integration into an ultraviolet part and an infrared part as
follows:

o
6f2, 13824

1
IUV - /Odtt3lP(t)

0

Ig = /oo dr*¥(t)
)

(Tyy +Ir)

(A10)

where

P(x) =

(T{T()T(0)})- (A11)
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Now let us use the same approach as in Ref. [4] to evaluate
f2, which would arise in QCD. We will employ the same
ingredients, namely perturbation theory and the operator
product expansion (OPE) at short distances and modern
lattice glueball studies at long distances.

Using the same expression for the infrared contribution
to W(x) as presented in Ref. [4], one gets the following
result for the /1 part:

1642 M| 1
G Al2
R=2ME, (4 0,3,4) (Al2)
where
Gr ey )

is the Meijer G-function [66], M is the glueball mass and

A= (0|T(0)[S). (A13)
is the glueball coupling, with |S) being the normalized
scalar glueball state.

As for Iy portion, one finds perturbative contributions
coming from short-distance scales as well as contributions
coming from intermediate energies which are going to be
evaluated through the OPE technique. Regarding these
latter terms, the results presented in Ref. [4] (and references
cited therein) allows one to obtain

JOPE _ bgas [ 2bot (@, F2)
Woasert | o

8o ((30) - o).

(Al14)

where a, = ¢*>/4x and

by = 1 N 2N
0 — 3 c 3 f

with Ny = 0 and N, = 3 for gluonic QCD. In addition, y is
an arbitrary subtraction point, y = 0.5772 is the Euler-
Mascheroni constant and ((---)) are gluon condensate
terms
(a,F?) = (a,Fj, Fo)
<gF3> — < fabLFa Fbchpy>

14

(@3 F*) = 14((a, f Fi,Fr)?) —

Hp

((agf®Fy,F,)%)
(A15)
As for the perturbative contribution, with the change of

variables u = AéCDt and again using the results quoted in
Ref. [4], one gets

u (Inu)?
o) = 1+ izamn [ln(lnu_1 ?1]m
n=1 m=0 (hlu )

where the QCD scale parameter is given by (at one-loop
order)

— ﬂe_l/[bgz(”z)]

_bo
8%

AQCD (9(/‘)7 M)

(A17)

The coefficients a,,, are loop corrections of higher order.
We employ the restriction that uy = AéCDto < 1. Let us
rewrite /5y, as

o0 O(e™?
I[le_Cq//l dv (62 )

-1 v
n U,

(A18)

At leading order the integral can be easily evaluated and the
result is

Cy
Ih, = —. (A19)
X0
where x, = Inug'. Hence collecting our results, one has
that

1 7’ {16/12 0<M2x2

1
0,3,4

62, 13824\ 22M% 2\ 4
C bia? [2boX3
+ Y 0% 120070 (g, F2)
ln[(AQCDXO) } 25677.'

B2 ) )]

(A20)

The above expression gives the induced f? as a function of
X = +/1y. Using the lattice data given by Ref. [67], as well
as the values given by Refs. [67-69] for the OPE coef-
ficients, following Ref. [4] we quote our result for a
matching scale of X! =2 GeV:

—— = 0.00079 =+ 0.00030.

ind

(A21)

The error bar is determined by examining changes in the
input parameters. As one can easily see, QCD predicts a
positive shift for this coupling constant (in the energy range
of interest). This suggests that f .4 should be a positive
quantity.
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