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Abstract

I explore the existence of a massive phase in a conformally invariant U(N) Chern-Simons gauge theories in D = 3
with matter fields in the fundamental representation. These models have attracted recent attention as being dual, in the
conformal phase, to theories of higher spin gravity on AdS 4. Using the 't Hooft large N expansion, exact solutions are
obtained for scalar current correlators in the massive phase where the conformal symmetry is spontaneously broken.
A massless dilaton appears as a composite state, and its properties are discussed. Solutions exist for matters field that

are either bosons or fermions.
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1. Introduction

Scale invariant, or nearly scale invariant, interactions
have played an important role in elementary particle
physics. The Standard Model of particle physics is clas-
sically conformal as all gauge and Yukawa coupling
constants are dimensionless. Masses for all of the ele-
mentary particles are generated by their interaction with
an elementary Higgs field whose vacuum expectation
value sets the electroweak scale, v,,, = 175 GeV. In the
Standard Model, only the Higgs potential,

Vhiges = (1/2AHH - v,,,)°,
explicitly breaks the classical scale invariance and de-
termines the scale of dynamical electroweak symmetry
breaking.

However, there are two limits where the classical
scale invariance is restored. In the limit, v.y, — 0, there
is no electroweak symmetry breaking , all particles are
massless, and we recover the conformal phase. If we
consider, instead, the limit, A — 0 with v, fixed, the
potential becomes flat but the dynamical electroweak
symmetry breaking remains with all Standard Model

particles (top, W, Z, etc) having masses proportional
to vew. Only the Higgs particle, itself, remains mass-
less, the Goldstone mode of the dynamically broken
scale symmetry, a dilaton. Quantum corrections will ex-
plicitly break the classical scale symmetry although the
physical Higgs particle retains some features of its life
as a dilaton.

U(N) Chern-Simons gauge theories are also classi-
cally conformal in three dimensions as the gauge cou-
pling constant is dimensionless. They are the analogs of
quantum chromodynamics in four dimensions and can
be studied with quarks as either scalar bosons or spinor
fermions in the fundamental representation of the U(N)
gauge group. As in QCD, these theories can be stud-
ied using the 't Hooft large N expansion where the pla-
nar diagrams dominate [1]. Unlike QCD, Chern-Simons
theories retain their exact conformal invariance to lead-
ing order in the large N expansion and provide a labora-
tory for studying the possibility of the dynamical break-
ing of scale invariance.

These theories have been of considerable recent inter-
est due to connections to meson effective theories and
models of higher spin gravity. At leading order of the
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1/N expansion, exact solutions have been found for both
bosonic and fermionic matter fields in the massless con-
formal phase and at finite temperature [2]. These theo-
ries also have an infinite number of conserved higher
spin currents and appear to have dual representations on
AdS 4 corresponding to Vasiliev’s theory of higher-spin
gravity [3]. We will explore the possible existence of
the massive phase for these theories where the dynam-
ical breaking of the exact scale invariance results in a
massless composite Goldstone boson, the dilaton.

2. Chern-Simons Gauge Theory

We will study the properties of U(N) Chern-Simons
gauge theories in three dimensions using the large N ex-
pansion. These theories are topological gauge theories
no propagating gauge degrees of freedom. The Chern-
Simons action on R is given by
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In three dimensions, the gauge coupling constant, 4 =
N/k, is dimensionless.

Matter fields are quarks in the fundamental represen-
tation of U(N) and are described by complex N vec-
tors. The quarks can be either scalar bosons or spinor
fermions. The action for scalar quarks is given by

S wter = f (D3 Dud) + MG )
1
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while the action for fermions is
Sfermion = fd3x[‘;z;?(7/1DH + m)l»;] 3)

and Dy, = 9, +iA;T“ is the usual gauge covariant deriva-
tive. The fermions can be either two or four component
spinors and the fermion mass operator in three dimen-
sions is related to the axial-vector charge density in a
dimensional reduction from four dimensions.

The recent studies of the massless phase of these the-
ories [2] have made novel use of a Euclidean space
light-cone gauge, A? = (A{ - iA9)/ V2 = 0. In this
gauge, the nonabelian interactions of the gauge field
vanish and the gauge boson propagator becomes
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with 4 = N/« and all other components of G(p) vanish-
ing. In light-cone coordinates, we can make use of the

following relations,
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3. Scalar quark theory at 1 = 0

We first consider the scalar quark theory without
gauge interactions [4]. This scale invariant theory is
described by the action in Eq.(2) with the mass term
and ¢* coupling set to zero. In the symmetric phase,
there are no mass scales, the scalar quark is massless
and the vacuum expectation value of scalar current den-
sity, < <Z+$ > vanishes. However, in the massive, phase,
the vacuum expectation value of scalar current density is
not zero and the ¢° interaction generates both the mass
term and the ¢* coupling. The gap equation determining
the scalar quark mass gives

14 1 M
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In general, there is no solution to Eq.(6) except for the
massless quark case. However, for the critical coupling,
1 = A¢/32n2, there can be a massive solution where the
scalar quark mass is arbitrary. For the massive case, the
induced four-point coupling is given by

eff
L=t 5 5)> PUEEL: ¢4 >=—8xM
eff = N(¢ ), Ay =5 < ¢ >=-8n

The scalar current two-point correlator is of particu-
lar interest as it is sensitive to vacuum structure of the
theory. It is the place where we would expect to see a
massless dilaton associated with the dynamical break-
ing of the scale symmetry. In the symmetric phase, this
correlator is simply the bubble function, By (I?), associ-
ated with a simple scalar quark loop. However, in the
massive phase, the induced four-point coupling gener-
ates a sum of bubble diagrams that is singular at low
momenta reflecting the presence of the dilaton pole.
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This result is exact at leading order of the large N ex-
pansion but all orders in the ¢° coupling constant which



remains unrenormalized. The dilaton also appears in
correlators of the traceless energy-momentum tensor as
expected for the dynamical breaking of an exact scale
symmetry.

4. Chern-Simons gauge theory for scalar quarks

The Chern-Simons gauge interactions modify the cal-
culations of the previous section [5]. In the special light-
cone gauge discussed in Section 2, there is considerable
simplification as there are no self-couplings of the gauge
fields and the matter fields interact only through a cou-
pling between the scalar quark currents, J3(x) and J_(x)
and the seagull term, J33(x).

The gap equation now includes additional terms in-
duced by the gauge interactions. While the individual
terms appear to be nonlocal, the effect of the new gauge
interactions is captured by a renormalization of the local
¢° interaction.
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In general, only the massless solution exists. However,
as in Section 3, a massive solution can exist at a cer-
tain critical coupling for A¢ as a function of the gauge
coupling constant A,

1= (/42 + 26/327% = A7 132722,

The gauge interactions also modify the computation
of the two-point correlator of the scalar currents. The
scalar current vertex function has new contributions
from ladder diagrams involving the exchange gluons
between J3(p) and J_(p). These terms can be exactly
summed and result in a nontrivial function of the longi-
tudinal momentum, k3, and the transverse momentum,
p-. There are also contributions involving the seagull
interactions which can be resummed as a renormaliza-
tion of the local ¢° interaction.

Repeating the calculation of Section 3, the two scalar
current correlator is given by a bubble sum involving
the renormalized ¢® coupling and a renormalized bubble
function, Bes (K, A),

Bes (K, A) = tan(A arctan( \/g/zM))/mm ) ()

As before, scalar current correlator is singular at low
momenta reflecting the presence of the dilaton pole in

the massive phase of the theory,
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The decay constant for the dilaton is renormalized by
the gauge interactions,

fo = VOGNM/2r(1 - 22)

and becomes singular as 4 — 1 reflecting the expected
boundary for the range of physical gauge couplings for
the scalar quark theory.

5. Chern-Simons gauge theory for spinor quarks

We now turn to the consideration of quarks as
fermions in the fundamental representation of U(N) [6].
The matter action is given in Eq.(3) where we have in-
cluded a bare mass term that may be required to tune
to the critical point. We will consider the quarks to be
two component spinors with the gamma matrices iden-
tified with the Pauli spin matrices. In light-cone gauge,
gap equation for the fermion self-energy contains both
covariant and noncovariant terms,

S7HP) = (iyupu+E(P)), 2(p) = y-Zo(p)+Zo(p) (11)

where X, and X, depend only on the transverse mo-
menta, (p+, p-). The self-energy functions satisfy the
integral equation,

38 (@y--v-S(@r3}
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From the structure of this equation, we find the dynami-
cal quark mass is independent of the transverse momen-
tum and given by

_ [ dq
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Using these relations, we can solve for the covariant and
noncovariant self-energy functions,
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and

2ip_2.(p) = X3(p) - M* (15)

— Pp*+2m\Ip? + M2 +m* — (1 - *)M?

Using these solutions we can compute the exact so-
lutions for the scalar current vertex functions and the
two point scalar current correlator. As with the fermion
self-energies, there are both covariant and noncovariant
contributions to the vertex functions that are gauge de-
pendent. The scalar current correlator should be a gauge
invariant and Lorentz invariant function of the square of
the total three momentum. Using a conformal cutoff,
the correlator takes the form
< IR > IN =~ L= Ly ryr

R0 T 2wA 2n° A ’
(16)

Y VR J2(m + AM)) tan (A arctan ( VE2 /2M))
tan (A arctan ( \/ﬁ/ZM)) —( \/IZ/Z(m + AM))

In the conformal limit, this becomes

i 2, 1 1 -,
<Jo®Jo(-K)> /N = (=) k2tan(/lg)

for 1<2, k=0 (17)

This result is in some tension with computations done
strictly in the conformal phase which have a different
prefactor, (1/4) vs (1/4 — 1) as above, and a different
critical coupling, A, = 1 vs A, =2 [2, 7].

If the quark mass is dynamically generated from a
spontaneously broken scale symmetry, then the two
point current correlation function in Eq.(16) should re-
veal an infrared singularity associated with the presence
of a dilaton pole. At zero momentum, we find

1 M(m+ M)
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which is singular if we tune the bare mass parameter to
satisfy m = (1/4 — A)M. At this critical point, we can

expand the denominator of Eq.(16) to second order in
the momentum, l?, to expose the dilaton pole.
3 14M°
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From the near critical behavior we can determine the
dilaton mass and decay constant
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Figure 1: The scalar correlation function:[A = 0.01, u = 0].
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Figure 2: The scalar correlation function: [4 = 0.01, u # 0].

The scalar current correlation function of Eq.(16) is
plotted versus momentum in Figures (1,2,3). Figures 1
and 2 show the behavior at weak coupling, 4 = 0.01,
for critical and near critical values of p. Figure 3 shows
the critical case for a moderate coupling, 4 = 0.5. In all
cases, the presence of the dilaton pole is seen in the in-
frared behavior of the correlator while the normal scal-
ing behavior emerges in the ultraviolet region.

This critical behavior depends crucially on the in-
frared behavior of the noncovariant self-energy function
derived in Eq.(15) using our expression for the dynam-
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Figure 3: The scalar correlation function: [A = 0.5, u = 0].

ical quark mass in Eq.(13). However, the noncovari-
ant self-energy function should also satisfy an integral
equation following from Eq.(12) which gives
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which differs from the result found in Eq.(15) by the
presence of a zero mode contribution to the gap equa-
tion.

R
iZ.(p) = — +(Xpy +2Amp. [(\[p? + M2+ M) (22)
P-

where R, = (m + AM)?> — M?>. The zero mode ap-
pears to be essential to the presence of the dilaton pole
and a consistent solution for the massive phase but may
be a particular artifact of the light-cone gauge. The
residue, R., does not vanish at the critical point found
Eqgs.(18,19,20) unless 4 = 1. Without the zero mode
contribution, at 4 = 1 and R, = 0, the two point scalar
current correlator of Eq.(16) is nonsingular and there is
no dilaton in the massive phase. This could imply a
hidden explicit breaking of the scale symmetry in the
massive phase or that the massive phase is not the true
groundstate of the fermion theory [8].

6. Conclusions

U(N) Chern-Simons gauge theories are an interest-
ing laboratory for studying the mechanism of the dy-

namical breaking of scale or conformal symmetry. As
in quantum chromodynamics in four dimensions, the
gauge coupling constant is dimensionless and the the-
ories are classically conformal. Unlike QCD, Chern-
Simons gauge theories remain conformal to leading or-
der in the large N expansion for quarks in the fundamen-
tal representation of U(N).

We obtain exact solutions for the massive phase
in theories with quarks as scalar bosons or spinor
fermions. The scalar current density represents the or-
der parameter of the spontaneous breaking of conformal
symmetry. The explicit computation of the scalar cur-
rent correlator reveals the presence of the dilaton pole
in the massive quark phase.

A zero mode pole seems essential to the existence of
the massive fermion phase and remains a puzzling arti-
fact of the light-cone gauge calculations.

It would be interesting to explore theories containing
both scalar bosons and fermions with additional portal
interactions connecting the two sectors. In three dimen-
sions, the portal interactions preserve the scale invari-
ance to leading order in the large N expansion. For par-
ticular values of the coupling constants, these theories
should display N = 1 or N = 2 superconformal symme-
try [9].
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