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Abstract: We give a bilocal field theory description of a composite scalar with an extended binding
potential that reduces to the Nambu-Jona-Lasinio (NJL) model in the pointlike limit. This provides a
description of the internal dynamics of the bound state and features a static internal wave function,
¢(7), in the center-of-mass frame that satisfies a Schrodinger-Klein-Gordon equation with eigenvalues
m?. We analyze the “coloron” model (single perturbative massive gluon exchange) which yields a UV
completion of the NJL model. This has a BCS-like enhancement of its interaction, « N, the number of
colors, and is classically critical with g.,isic,1 Temarkably close to the NJL quantum critical coupling.
Negative eigenvalues for m? lead to spontaneous symmetry breaking, and the Yukawa coupling of
the bound state to constituent fermions is emergent.

Keywords: bound states; compositeness; coloron

1. Introduction

Many years ago, Yukawa proposed a multilocal field theory for the description of rela-
tivistic bound states [1-3]. For a composite scalar field, consisting of a pair of constituents,
he introduced a complex bilocal field, ®(x,y). This is factorized, ®(x,y) — x(X)¢(r)
where X = (x¥+4y#)/2 where r' = (x*—y")/2, and x(X) describes the center-of-mass
motion like any conventional point-like field. Then, ¢() describes the internal structure of
the bound state. The formalism preserves Lorentz covariance, though we typically “gauge
fix” to the center-of-mass frame, and Lorentz covariance is then not manifested. Here, we
must confront the issue of “relative time”.

Each of the constituent particles in a relativistic bound state carries its own local
clock, e.g., x0 and yO. These are, in principle, independent; so, the question “how can a
description of a multi-particle bound state be given in a quantum theory with a single time
variable, X%?” arises. To answer this, Yukawa introduced an imaginary “relative time”
10 = (1% — y°) /2, but this did not seem to be effective and is an element of his construction
we will abandon.

A bilocal field theory formalism can be constructed in an action by considering general
properties of free field bilocal actions. However, we can “derive” the bilocal theory from a
local constituent field theory by matching the conserved currents of the composite theory
with those of the constituent theory. This leads to the removal of relative time, which
then becomes associated with canonical normalization of the constituent fields x and ¢. In
the center-of-mass frame, the internal wave function reduces to a static field, ¢(7), where
7 = (¥ —)/2. The approach yields a fairly simple solution to the problem of relative
time, matching the conclusions one obtains from the elegant Dirac Hamiltonian constraint
theory [4-10]. The resulting ¢(7) then appears as a straightforward result.

After first considering a bosonic construction, we apply this to a theory of chiral
fermions with an extended interaction mediated by a perturbative massive gluon, i.e., the
“coloron model” [11-16]. This provides a UV completion for the Nambu-Jona-Lasinio
(NJL) model [17,18], which is recovered in the point-like limit, 7 — 0. This leads to an

effective (mass)? Yukawa potential with coupling ¢. We form bound states with mass m?,
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determined as the eigenvalue of a static Schrodinger—Klein-Gordon (SKG) equation for the
internal wave function ¢ (7).

A key result of this analysis leads to a departure from the usual NJL model: the coloron
model has a nontrivial classical critical behavior, g > g., leading to a bound state with a
negative m?2. The classical interaction is analogous to the Frohlich Hamiltonian interaction
in a superconductor and has a BCS-like enhancement of the coupling by a factor of N,
(number of colors) [19,20]. Remarkably, we find the classical g, is numerically close to the
NJL critical coupling constant which arises in fermion loops.

The scalar bound state develops an effective Yukawa coupling to its constituent
fermions, distinct from g, that is emergent in the theory. In the point-like limit this matches
the NJL coupling when near criticality. However, in general, this depends in detail upon
the internal wave function ¢(7) and potential. In the point-like limit this is determined by
$(0) and we recover the NJL model. However, if we are far from the point-like limit in an
extended wave function ¢(7) might suppress the emergent Yukawa coupling, even though
the coloron coupling g is large.

The description of a relativistic bound state in the rest frame is similar to the eigen-
value problem of the nonrelativistic Schrodinger equation and some intuition carries over.
However, the eigenvalue of the static Schrodinger—Klein-Gordon (SKG) equation is m?
rather than energy. Hence, a bound state with positive m? is a resonance that can decay to
its constituents and has a Lorentz line-shape in m?, and thus has a large distance radiative
component to its solution that represents incoming and outgoing open scattering states.

If the eigenvalue for m? is negative or tachyonic; contrary to the non-relativistic case,
the bound state represents a chiral vacuum instability. This then requires consideration of a
quartic interaction of the composite field, ~A®*, which is expected to be generated by the
loops in the underlying theory. We treat this phenomenologically in the present paper. In
the broken symmetry phase, the composite field ®(x, y) acquires a vacuum expectation
value (VEV), (®) = v. In the perturbative quartic coupling limit (1), in the broken phase,
¢(7) remains localized and the Nambu-Goldstone modes and Brout-Englert-Higgs (BEH)
boson retain the common localized solution for their internal wave functions.

2. Constructing a Bilocal Composite Theory
2.1. Brief Review of the NJL Model

The Nambu-Jona-Lasinio model (NJL) [17,18] is the simplest field theory of a compos-
ite scalar boson, consisting of a pair of chiral fermions. A bound state emerges from an
assumed point-like four-fermion interaction and is described by local effective field, ®(x).
The effective field arises as an auxiliary field from the factorization of the four-fermion
interaction. In the usual formulation of the NJL model, chiral fermions induce loop effects
in a leading large N, limit which, through the renormalization group, leads to interesting
dynamic phenomena at low energies. We present a brief review of this.

We assume chiral fermions, each with N. “colors” labeled by (a,b,...). A non-
confining, point-like chirally invariant U(1); x U(1)g interaction then takes the form:

Syt = [t (109 por () + P03 pur )
2
L () Te(pu (o) W

This can be readily generalized to a G1, X Gg chiral symmetry. We then factorize Equation (1)
by introducing the local auxiliary field ®(x) and write for the interaction:

5 (ST (5)2(5) + .~ MO (1)) ) @

We view Equation (2) as the action defined at the high scale y~M. Then, following [21], we
integrate out the fermions to obtain the effective action for the composite field ® at a lower
scale y << M.
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The calculation in the large- N, limit and full renormalization group is discussed in
detail in [22-24]. The leading N, fermion loop yields the result:

L — Ly = g[Pryr]® + h.c + 20, ®'0" @

—m?®dTe — %(qﬁq:)z ®3)
where
2 = M3—NEE (03— )
z =N o), A= NS (o). @

Here, M3 is the UV loop momentum cut-off, and we include the induced kinetic and quartic
interaction terms. The one-loop result can be improved by using the full renormalization
group [22-24]. Hence, the NJL model is driven by fermion loops, which are o 7 intrinsically
quantum effects.

Note the behavior of the composite scalar boson mass, m?, of Equation (4) in the
UV. The —N.g*M3 /872 term arises from the negative quadratic divergence in the loop
involving the pair (g, 1) of Figure 1, with UV cut-off M3. Therefore, the NJL model has
a critical value of its coupling defined by the cancellation of the large M2 terms for % = 0

87'(2 2
&= +0<%> G)

Note that y is the running RG mass and comes from the lower limit of the loop integrals and
breaks scale invariance and can, in principle, be small. For super-critical coupling, g > g/,
we see that m? < 0 and there will be a vacuum instability. The effective action, with a A|®|[*
term, is then the usual sombrero potential. The chiral symmetry is spontaneously broken,
the chiral fermions acquire mass, and the theory generates Nambu-Goldstone bosons.
Fine-tuning of g% ~ ¢? is possible if we want a theory with a hierarchy, |m?| << M3.

Figure 1. Diagrams contributing to the point-like NJL model effective Lagrangian,
Equations (2) and (4). External lines are ® and internal lines are fermions.

2.2. Construction of Bilocal Compositeness in a Local Scalar Field Theory

Presently, we obtain a theory of bound states by bilocal fields in a Lorentz invariant
model, consisting of a point-like complex scalar field and an interaction mediated by a
point-like real field (in Section 3, we extend this to a chiral fermion interaction via a massive
gauge field, analogous to a heavy gluon, aka “coloron”; in Appendix A we give a summary
of notation and formulas). Our present treatment will be semi-classical.

Consider local scalar fields ¢(x) (complex) and A(x) (real) and action:

_ [ 2, o 1o 24 A4
5= [ (1o0l+ 5042~ M2 A2—gMlpP A=l ©)
where we abbreviate [d¢|*> = 9,¢0" ¢ and (0A)? = 9, Ad" A. Here, g is dimensionless and

we refer all mass scales to the single scale M. We will discuss the quartic term separately
below, and presently set it aside, A = 0.
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If we integrate out A, we obtain an effective, attractive, bilocal potential interaction
term at leading order in g2,

2 A2
5=/ ool + £5 1o )P (y-x) x)0( )

where the two-point function is given by (i) x the Feynman propagator,

giq}l(xy_yy) d4q
Dr(x=4) =~/ e (amh ®

The equation of motion of ¢ is therefore
Po(x) = &M | ¢ (1)9(x) Dr(x ~y)g(y) =0 ©

(note we have transposed ¢ (y) and ¢(y) under the integral). In the action in Equation (7),
the kinetic term is still local while the interaction is bilocal, and the theory is still classical
in that this only involved a tree diagram that is O (1").

We now define a bilocal field of mass dimensiond =1

D(y,x) = M o(y)p(x). (10)

The free particle states described by the bilocal field trivially satisfy an equation of motion
and a symmetry

RBP(x,y) =0  @(x,y) = D(y,x) (11)

and this is generated by a bilocal action
S = M4/' 210+ (x, )2 (12)
xy

where we will specify the normalization, Z, and scale M subsequently (we discuss the
general properties of the bilocal fields and actions in Appendices B.2 and B.3). With the
bilocal field the interaction of Equation (7), it becomes

2M4
$ [ ) De(x- )@ (x,) (1)
xy
We can therefore postulate a bilocalized action as a free particle part plus the interaction
= [ (2M 0003 )P+ 32M0 (1 1)De (3 = ) 0(x) ) (19
X

In the limit ¢ = 0, the field ®(x,y) and the action faithfully represents two-particle kine-
matics, and we have the equation of motion

0= Z8®(x,) — 58*Dr(x ~ ) @(x,y) (15)

We see that a U(1) conserved Noether current is generated by ®(x,y) — e ®(x,y)
<~
Jou(0) =2 [ aty(@*(5,9) 32 0(00) (16
]/{ 4 axﬂ 7

—
where A 9 B = AdB — (0A)B. This must match the conserved U(1) current in the
constituent theory

>

Joulx) = ig ()52 p(x) (7)
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Substituting Equation (10) into g, (x), we see that the matching requires
Jou(x) = Jou(x) ZM? [ d*ylg(y)[? (18)
Hence
1=ZM? [dty |o(y)P (19)

This is a required constraint for the bound state sector of the theory. Note that the square of
the constraint is the four-normalization of ®

1= 22M* [ty dty () Plo(x)
= 72M° /d4y dty |®(x,y)|? (20)
This implies that the presence of a correlation in the two-particle sector, d(x,y), acts as a
constraint on the single particle action in that sector. We can now see how the underlying ¢

action of Equation (7) leads to the ® action by inserting the constraint of Equation (19) into
the kinetic term of Equation (7) and rearranging to obtain

s=[ y(ZMZ\(p(y)ax(p(x)F

2a12
LG e(IDe(x ~ 1)g* (o)) @

and S remains dimensionless. With the bilocal field of Equation (10) the bilocalized action
Equation (21) becomes Equation (14).
Following Yukawa, we go to barycentric coordinates (X, r)

(x+y)  r=i(x-y) (22)

X =
2

N[ =

where r#* = (1Y,7), where 7 is the radius and ¥ is the relative time (Yukawa preferred to

write things in terms of p = 2r, which has the advantage of a unit Jacobian, [ d*xd*y =
J [ d*Xd*p with ] = 1. We find that the radius, r, is more convenient in loop calculations
and derivatives are symmetrical, dx, = (dx £9y)/2 vs. = %ax + dp, but require the
Jacobian. See Appendix A for a summary of notation).

Hence, we write

D(x,y) = O(X+r, X—1) =P(X,1) (23)
Let S = Sk + Sp and we can then rewrite the kinetic term, Sk, using the derivative
ax = %(aX‘i‘ar)
4
sc= 20 [ Z)(ax+an@(x,n)P
Xr
_ M Z|0x®|?+2|9,®|*+Z(axDT0,® + 24
=1 )y X r x®'0,® + h.c.) (24)
Note the Jacobian | = 16
-1 _ B(X,r) _ 1 4

Likewise, the potential term is

4
Sp = %/Xrgsz(er@(X,r)\z. (26)
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We will treat the latter term in Equation (24) Z(aXCD*E)rCD + h.c.), as a constraint, with
its contribution to the equation of motion

I

We can redefine this term in the action as a Lagrange multiplier while preserving Lorentz
invariance

- /90t 9 2
N /Xr " (W@ n h.c.) hence, 65/5y =0 (28)

which also enforces the constraint on a path integral in analogy to gauge fixing. In the
following, we assume the constraint is present in the total action but not written explicitly.
We therefore have the bilocal action with the constraint understood:

S=S8k+Sp=

M4
]T X(rZ|an>|2+Z|ar‘b|2+ 2¢?Dp(2r)|®(X, 1) ?) (29)

Following Yukawa, we factorize ® (these factorized solutions form a complete set of basis
functions)

VI/A®(X,r) = x(X)$(r) (30)

where ¢ is the internal wave function which we define to be dimensionless, d = 0, while x
is an ordinary local field with mass dimension d = 1. x(X) determines the center-of-mass
motion of the composite state. The full action for the factorized field takes the form

5= (ZioxaPig?
JXr

Pzl + 2g2DF<2r>|¢<r>\2>) 31)

The matching of the U(1) current generated by x — e0(X) X (or to have a canonical normal-

ization of x (X)), where we see that the normalization of the world-scalar four-integral is
1= ZM4/d4r lp(r) 2 (32)

where ¢ replaces ¢ in Equation (19).
We can then represent S in terms of two “nested” actions. For the field x

S :/ <|8X7(\2 - m2|x|2> where m? = =S¢ (33)
X

and S is an action for the internal wave function

Sp = M2, (2904 28 Dr(2rt) 90" e
re,r
Equation (33) then implies
ok x = —m%x hence, x ~ exp(iP, X") (35)

x(X) has free plane wave solutions with P> = m?.

In the center-of-mass frame of the bound state, we can choose ) to have four-momentum
P, = (m,0,0,0) where we then have

(X, 1) = x(X)p(r") o exp(imX°)p(r™). (36)
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¢(r) must then satisfy the Lagrange multiplier constraint
0
H—ao(rt) =
P T ¢(r")=0 (37)

and therefore becomes a static function of r* = (0, 7).

While we have specified Z in Equation (32), we still have the option of normalizing
the internal wave function ¢ (7). This can be conveniently normalized in the center-of-mass
frame as

M /d3r @) =1 (38)

Note that in Equation (38), we have implicitly defined the static internal wave function ¢(7)
to be dimensionless, d = 0.

We see that the relative time now emerges in the four-integral over |¢(r)|? of Equation (32)
together with Equation (38)

1= ZM* [d*rp(r) 2 = ZM* dro/d3r|<p(17')\2 — ZMT (39)
where [dr® = [dr¥P,/m = T. Then, from Equation (39), we have

TZ =M"! (40)

With static ¢(r) — ¢(7), the internal action of Equation (34) becomes
Sp = M[, (-2 )P+ 262Dr 2 lp(7) ) )

where |Vz¢(7)|?> = V¢ - Vyp. Note that V¢ is spacelike, and the arguments of the
constrained ¢(7) are now three-vector; however, Dr(2r#) still depends upon the four-
vector r#.

There remains the integral over relative time 9 in the action. For the potential, we
have the residues

277 43 —2MJ7|
B _ 0 _[e q _e
V() =2 /dr DrCN = [ i G = Bl 42)
and the potential term in the action becomes the static Yukawa potential
. o B o—2MI
Sp=~M[EMV PP, V) =~ )
The ¢(7) kinetic term in Equation (41) becomes
Sk = —M*[, Z[Vsp(7) = ~M*ZT [ |V7(7)
Jr07 7
= W[ [V (P @
where we use Equation (40). The action Sy thus becomes
nt = =5y = [ (190 + MV g )

Note that Sy has dimension d = 2, as it must for m?. We thus see, as previously mentioned,
that the combination ZT occurs in the theory, and the relative time has disappeared into
normalization constraints; see Equations (32) and (38).

The radicalization of Sy leads to the Schrodinger-Klein—Gordon (SKG) equation in the
center-of-mass frame
e—2M7|

¢(r) = mP¢(r). (46)

~Vigp(r) —g*M

87|7|
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where, for spherical symmetry in a ground state,
2_ 2,2
Vi =0y + ;ar (47)
We see that the induced mass? of the bound state, m2, is the eigenvalue of the SKG equation.

We can compare this to a non-relativistic Schrodinger equation (NRSE)

672Mr

167tr

i V)~ 859 = E(7) 8)
In the next section, we will obtain similar results for a bound state of chiral fermions and
use the known results for the Yukawa potential in the NRSE to obtain the critical coupling.
The negative eigenvalue of E in the NRSE, which signals binding, presently implies a
vacuum instability.

Integrating both parts, we then have, from Equation (45)

nt =M [ ¢4V + @MV (7)) )
Note the consistency, using Equation (48), and the normalization of the dimensionless field
¢ of Equation (38).

More generally, by promoting x to a (1 4 3) time-dependent field while maintaining a
static ¢, we have the full joint action:

s (1oP

In summary, we have constructed, by “bilocalization” of a local field theory, a bilocal
field description ®(x,y) for the dynamics of binding a pair of particles. The dynamics
implies that, in barycentric coordinates, ®(x, y)~®(X,r)~x(X)¢(7), where the internal
wave function, ¢(7), is a static function of 7 and satisfies an SKG equation with eigenvalue
m?, which determines the squared-mass of a bound state. This illustrates the removal
of relative time in an action formalism, which is usually framed in the context of Dirac
Hamiltonian constraints [4,5].

d 2
o5 |~P (19l +@mvinioP) (50)

2.3. Simplified Normalization
The normalization system we have thus far used is awkward. We can facilitate this by

defining a new integral over the internal wave function three-space 7
/ 3
/ = /Q where V = M3 (1)
r J vV
We then have the key elements of the theory in this notation:
5= fatx (oxal = nx)

! 43
1= [P = [Fle®)P

m* = —Sg
= [ (~lorgl — 2MVinlomPE)
6—2M|7|
V(r) = “ 8l 2

Our general notation is summarized in Appendix A.
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3. The Coloron Model
3.1. Boundstate and N.-Enhanced Coupling

The point-like NJL model can be viewed as the limit of a physical theory with a bilocal
interaction. An example that motivates the origin of the NJL interaction is an analogue of
QCD, with a massive and perturbatively coupled gluon. We call this a “coloron model”,
and it has been extensively deployed to describe chiral constituent and heavy-light quark
models [13,25,26], the possibility of the BEH boson composed of top quarks, and as a
generic model for experimental search strategies [11,12,14-16,27].

Consider a nonconfining SU(N;) gauge Theory with a broken global SU(N,), where
the coloron gauge fields A;:‘ acquire mass M and have a fixed coupling constant g. We as-
sume chiral fermions, each with N, “colors” labeled by (4, b, . ..) with the local Dirac action

St = [ (500D pun (0 + TR 00D () ) )

where the covariant derivative is
Dy = 9y — igAf(x)T4 (54)

and T# are the adjoint representation generators of SU(N.). We assume the colorons have
a common mass M.
The single coloron exchange interaction then takes a bilocal current-current form:

Se= = [ BT YLD (x—y)TrlyImT 4x(y) 5)

where T4 are generators of SU(N,). The coloron propagator in a Feynman gauge yields:

—igu  a(eey) 44
Duv(x—y) :/qz_iy]\j[zelq(x y)W (56)

A Fierz rearrangement of the interaction to leading order in 1/N, leads to an attractive
potential [11,12]:

Sc =8 FLWar(y) Dr(x—y) Frly) s () 7)

where Dr is defined in Equation (8). Note that if we suppress the g2 term in the denominator
of Equation (56)

1
Dp(x=y) = 758 (x =) (58)
and we immediately recover the point-like NJL model interaction.

Consider spin-0 fermion pairs of a given color [ab] P (x)yr (y). We will have free

fermionic scattering states, : P (x)yp.(y) : coexisting in the action with bound states
~ @(x,y)

P ()P (y) = M2 PR () pr () : HMPD% (2, ), (59)

The normal ordering : ... : signifies that we have subtracted the bound state from the
product. These will be eigenstates of the equation of motion and will be orthogonal wave
functions.

We see that <I>Z(X, r) is an N; X N, complex matrix that transforms as a product of
SU(N,) representations, N, x N,, and therefore decomposes into a singlet plus an adjoint
representation of SU(N.). We write ® it as a matrix ® by introducing the N? — 1 adjoint
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matrices, T4, where Tr(TATB) = %(5’43. The unit matrix is T° = diag(1,1,1,...)/v2N,,
and Tr(T%)? = 1/2, hence we have

o= \/E(Tocbo + ZTA<I>A) (60)
A

The /2 is present because ®° and ®* form complex representations since they also repre-
sent the U(1); x U(1)g chiral symmetry.
For the bilocal fields, we have a bosonic kinetic term with the constraint

_Jzm*

Sk 5

[ e (10x®P + 2 @R plox "o, 1) (61)
Xr
Note the numerical factor differs from the scalar case by treating (x, ) symmetrically as in

Equation (A15). For the singlet representations this takes the form

_Jzmt

Sk 5

; (|8Xd>0|2 + |arq>0\2+n|axq>0+arcp0|2) (62)
r

We assume the constraint in the barycentric frame, and integrate out relative time with
ZMT = 1.

5= (1/2)f [ (1ox0®x PP - (X, ) )

(where f?/ = M? [ d®r). Factorizing ®°

VI/28°(X,r) = x(X)(r) (64)
then the kinetic term action becomes identical to the bosonic case
_ 2 2 (1152
= [ (xR - P [ lorg 1) @
with
/
| e@r=1 (66)

If we include the free fermion scattering states, the full bound state interaction of
Equation (57) becomes

Sc = & TLPar(): Dr(x ~y) Frly) s ()
+g2]M2\/ﬁc/Xy:$Z(X—r)lpaR(X+r): Dp(2r) @ +h.c.
+g2JM4N, /X " (X, r) Dp(2r) (X, 1) 67)

where

Dp(2r) = —/ ! e g (68)
(4> — M?) (2m)*

The leading term S of Equation (69) is just a free four-fermion scattering state interac-
tion and has the structure of an NJL interaction in the limit of Equation (58). This identifies
¢? as the NJL coupling constant. This is best treated separately by the local interaction of
Equation (57). We therefore omit this term in the discussion of the bound states.

The second term~ Tr(¢pT1h)®Y + h.c. in Equation (69) determines the Yukawa inter-
action between the bound state ®° and the free fermion scattering states. We will treat
this below.
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Note that the third term is the binding interaction and it involves only the singlet,
Tr & = /N, ®°. It can then be written in Equation (42) as

Sc — $2JM*N;, / (X, r) Dp(2r) (X, 1)
X,r

o—2M[]

= Ne [ IXCOP [ 9(P)1PM (69)

87t|7|
We see that adjoint representation ® is decoupled from the interaction and remain as two-
body massless scattering states. Hence, they do not form bound states by the interaction.

We also see that the singlet ®° singlet field has an enhanced interaction by a factor of
N¢. This is analogous to a BCS superconductor, where the N, color pairs are analogues of
N Cooper pairs and the weak four-fermion Frohlich Hamiltonian interaction is enhanced
by a factor of Ncgoper [19,20]. The color enhancement also occurs in the NJL model, but at
loop level. Here, we see that the color enhancement is occurring in the semi-classical (no
loop) coloron theory by this coherent mechanism.

Hence, the removal of relative time is then the identical procedure as in the previous
model (and absorbs away Z and T as in Equations (32), (39) and (40)), and leads to the
same action, S = Sk + Sc, in the compact notation of Equation (52) with the interaction
enhanced by N.

The radicalization of ¢ then leads to the SKG equation

~Vip(F) - gzNCMi*\"’(ﬂ = m*$(7). (70)

3.2. Classical Criticality of the Coloron Model

The coloron model furnishes a direct UV completion of the NJL model. However,
in the coloron model, we do not need to invoke large-N. quantum loops to have a critical
theory. Rather, it leads to an SKG potential of the Yukawa form which has a classical critical
coupling, g.. For g < g, the theory is subcritical and produces resonant bound states
that decay into chiral fermions. For g > g, the theory produces a tachyonic bound state
which implies a chiral instability and ® must develop a VEV. This requires stabilization by,
e.g., quartic interactions and a sombrero potential. All of this is treated bosonically in our
present formalism.

The criticality of the Yukawa potential in the nonrelativistic Schrodinger equation is
discussed in the literature in the context of “screening”. The nonrelativistic Schrodinger
equation r = |7| is:

—Hur

e H
¢ =2mE 71)

—V2p — 2ma
and criticality (eigenvalue E = 0) occurs for # = y where a numerical analysis yields [28,29]
e = 1.19am (72)

For us, the spherical SKG equation is now r = |7

5 5 —2Mr
—Vr(P(I’) -8 N.M

¢(r) =0 (73)

8mr

Comparing, gives us a critical value of the coupling constant, when y. — 2M, m — M/2
and a« — gch /87, then:

2
2M = (1.19) (%) (%)’ hence: ¢2/4m = 6.72/ N, (74)

We can compare the NJL critical value of Equation (4)

ggN]L/47T =27/N; = 6.28/N,. (75)
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Hence, the NJL quantum criticality is a comparable effect, with a remarkably similar
numerical value for the critical coupling.

Note that we can rewrite Equation (73) with dimensionless coordinates, ii = M7,
u = M|7|
e 2u
87u

M2 (V) — NG plu) ) =0 76
and then M? only appears as an overall scale factor. Hence, we see that critical coupling
is determined by Equation (76), and the scale M cancels out at criticality. The mass scale
M is dictated in the exponential e 2M" of the particular Yukawa potential, together with
canonical normalization of ¢. In general, we can start with the dimensionless coordinate
form of the SKG equation and infer the scale M by matching it to the potential. In this way,
solutions may exist where the scale in the potential is driven by the renormalization group.
This will be investigated elsewhere.

However, it is important to realize that the NJL model involves Yukawa coupling,
gnjL, while the present criticality involves the coloron coupling constant. The NJL coupling
is emergent in the coloron model, and we need to compute it.

3.3. Yukawa Interaction

The second term in Equation (67) is the induced Yukawa interaction Sy, and can be
written with the factorized field as:

Sy = g2 (v/2]Ne)M? x
/Xr Y] (X = 1)par(X +71): Dp(2r) x(X)(7) +h.c. (77)

This is the effective Yukawa interaction between the bound state ®° and the free fermion
scattering states.

We cannot simply integrate the relative time here. However, we can first connect
this to the point-like limit by suppressing the > term in the denominator of D(2r) with
z — Oin:

i d4q 1

Df(2r) — / %ezi% @) W&‘l(r) (78)

where 64(2r) = J716%(r), hence with =1 = 1/16

S = S (VNe/8) [ B Pur(X)x(X)9(0) +he. 79)
This gives a value of the Yukawa coupling

gy = §2(v/Ne/8)¢(0) (80)

The wave function at the origin, ¢(0), in the NJL limit is somewhat undefined. However,
if we consider a spherical cavity of radius R, where MR = 7t/2, with a confined and
dimensionless ¢(r), then ¢(0) is obtained (see [30] Equation (B58))

$(0) = —. (81)
Plugging this into the expression for gy in Equation (80) gives

gy = §VN:/872 = g%/ genjL (82)

where g%NIL = (872/N,) is the critical coupling of the NJL model, as seen in Equation (4).

Hence, if the coloron coupling constant, gz, is critical, as in Equations (74) and (75), we
have seen that g% ~ g% j1» and the induced Yukawa coupling from Equation (82) is then
8y ~ gcNjL- The coloron model is then consistent with the NJL model in the point-like limit
where the NJL model coupling is the Yukawa coupling, as seen in Equation (2).
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However, the induced Yukawa coupling in the bound state, gy, may be significantly
different than the coloron coupling g in realistic extended 7 models. The result we just
obtained applies when we assume the strict point-like limit of Dr(2r)~d3(r), while in
reality, as the potential becomes more extended, the [V (7)¢(7) may become smaller, even
if the coloron coupling ¢ may be supercritical. We anticipate this could have implications for
a composite Higgs model, which will be investigated elsewhere (together with loop effects
including the extended wave function). There may also be additional new effects that occur
at the loop level in extended potentials, such as the infall of zero modes, as suggested
in [31].

3.4. Spontaneous Symmetry Breaking

For subcritical Coupling, there are resonance solutions with positive m? that have
large distance tails of external incoming and outgoing radiation, representing a steady state
of resonant production and decay. The portion of the wave function localized within the
potential can be viewed as the resonant bound state for normalization purposes, while the
large distance tail is non-normalizable radiation.

With super-critical coupling, g > g, the bilocal field ®(X, r) has a negative squared
mass eigenvalue (tachyonic), with a well-defined localized wave function. In the region
external to the potential (forbidden zone), the field is exponentially damped. At exact
criticality with ¢ = g, — €, there is a 1/ (quasi-radiative) tail that switches to exponential
damping for g = g. + €. The supercritical solutions are localized and normalizable over
the entire space 7, but with m? < 0, they lead to exponential runaway in time of the field
x(X?), and must be stabilized, typically with a |®|* interaction.

We then treat the supercritical case as resulting in spontaneous symmetry breaking.
In the point-like limit, ®(X)~®(X,0), the theory has the “sombrero potential”,

V(@) =~ |MPe?| + o]t ®3)

The point-like field develops a VEV, (®) = |M|/+/A. In this way, the bound state theory
will drive the usual chiral symmetry breaking from the underlying dynamics of a potential
induced by new physics.

A quartic potential generally exists in a local field theory, Equation (6), and would be in-
duced by free loops in the coloron model. We can introduce a bilocalized quartic interaction
as a model by presently introducing another world scalar factor with coefficient Z’

A A [
2 [l 2 [ty Zlp) [ aixlplt
Z'MTA [ [/ .
= 250 [ [Ixoem? (84
XJr

and Z'MT = 1 to absorb relative time.
The simplest sombrero potential can therefore be modeled as

5=, (1o

J 2
o~V MVl

A
o) (55)

In the case of a perturbatively small A, we expect the eigensolution of ¢ to be essentially
unaffected

[(IVr0P+2NMV () o)) ~ 86

The effective quartic coupling is then further renormalized by the internal wave function

A i
Sl [le@)* = x5 )
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In this case, we see that x develops a VEV in the usual way:
(xP) = |m?[ /A =0 (88)

This is a consequence of ¢(7) remaining localized in its potential.

The external scattering state fermions, ¢*(X), will then acquire mass through the emer-
gent Yukawa interaction described in the previous section, ~gy (| x|). However, an issue we
have yet to resolve is whether the induced fermion masses back-react with the VEV solution
itself. We segregated the free fermions from the bound state wave function, ®, by shifting,
so we are presently arguing that ® forms a VEV as described above, and the scattering state
fermions independently acquire mass as spectators, but this may require a more detailed
analysis, and for general large A (as in a nonlinear sigma model), the situation is potentially
more complicated.

4. Summary and Conclusions

In the present paper, we have given a formulation of bilocal field theory, ®(x,y),
as a variation on Yukawa'’s original multilocal field theory of composite particles [1-3].
In particular, we focus on two-particle-bound states consisting of bosons or chiral fermions
and scattering states. There are many foreseeable extensions of the present work. Here,
we construct bilocal field theories from an underlying local interacting field theory via the
introduction of “world-scalars”. We then go to barycentric coordinates, and the bilocal field
is “factorized”

1 1
XZE(X+3/)/ r:E(xfy)

D(x,y) = (X, r) = x(X)¢(r) (89)

Here, x(X) describes center-of-mass motion like any pointlike scalar field, while ¢(r) is the
internal wave function of the bound state.

This procedure enables the removal of the relative time, 9, in the bilocalized theory,
essentially by canonical renormalization. The bilocal kinetic term contains a constraint that
leads to a static internal field, ¢(r) — ¢(7), in the center-of-mass frame. Hence, we obtain
a static Schrodinger—Klein—-Gordon (SKG) equation for the internal wave function. The
eigenvalue of this equation is the m? of the bound state.

The SKG equation likewise contains a static potential that comes from the Feynman
propagator of the exchanged particle in the parent theory. Typically we have a Yukawa
potential, ~g>Me~?M" /87tr, though the formalism can in principle accommodate any
desired phenomenological potential. Here, g is the exchanged particle coupling constant,
such as the coloron coupling (massive perturbative gluon) for fermions. This is not the
scalar—fermion Yukawa coupling, gy, which is subsequently emergent.

We find that the Yukawa potential is classically critical with coupling g.. If the
coupling is sub-critical, § < g, then m? is positive, and the bound state is therefore a
resonance. It will decay to its constituents if kinematically allowed. ¢(7) is then a localized
“lump”, with a radiative tail representing the two body decay and production by external
free particles.

If the coupling is supercritical, ¢ > g, then m? < 0 is tachyonic and ® will acquire a
VEV. We require an interaction, such as ~A|®|%, to stabilize the vacuum and we therefore
have spontaneous symmetry breaking. ¢(r) is expected to be localized in its potential
and x(X) acquires the VEV. If ¢(r) becomes delocalized, both x(X) and ¢(r) acquire
VEVs, which is an analogue of a Bose-Einstein condensate, e.g., in a slightly heated
superconductor; however, we have not produced solutions to the SKG equation that
demonstrates this behavior.

We consider a bound state of chiral fermions in the coloron model, where a coloron is a
massive gluon with coupling g, such as in “topcolor” models [11,12] and chiral constituent
quark models [13]. Fierz’s rearrangement of the non-local, color-current-current, interaction
yields a leading large N, interaction in §(x).¢(y)r ~ ®(x,y). For the color singlet, ®, the
coupling ¢? is enhanced by N, in analogy to a BCS superconductor [19,20].
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As our main result, we find that the coloron model can be classically critical. The
critical coupling, g%, extracted from [28,29], is astonishingly close to the critical value of
the Yukawa coupling in the NJL model. While in the NJL model the critical behavior
is O(h) coming from fermion loops, in the bilocal model this is a semiclassical result,
and the essential factor of N, comes from the coherent BCS-like enhancement of the four-
fermion scattering amplitudes. It is therefore unclear what happens when we include the
fermion loops in addition to the classical behavior in the large N, limit. Is criticality further
enhanced by the additional loop contribution? Is there an additional N enhancement of
the underlying coupling due to the /N, factor in the emergent Yukawa interaction? These
are interesting issues we will address elsewhere.

The induced Yukawa coupling of the bound state to fermions, gy (x) .9 (y)r®(x,y),
is extended and emergent in the composite models. We derive the coupling and find
gy « [V(r)¢(r) ~ g?¢(0) in the point-like limit. For ¢(0), in a tiny spherical cavity, we
obtain gy = g/ gcnjL- Hence, the critical value of g? implies the critical value of gy = genjr
in the point-like limit NJL model, which is consistent.

However, the [ V(r)¢(r) could in principle be reduced to an extended potential as
the wave function spreads out, even if ¢? is critical. This is an intriguing possibility: the
BEH-Yukawa coupling of the top quark is g;op ~ 1, which is perturbative and is insufficient
to drive the formation of a composite, negative m?, Brout-Englert-Higgs (BEH) boson
at low energies in, e.g., a top condensation model. However, the present result suggests
that perhaps [ V(r)¢(r) is small suppressing g;op, even though the underlying coloron
coupling, g?N_, is super-critical and leads to the composite BEH mechanism. In this picture,
the BEH boson may be a large object, e.g., a “balloon” of size Nmt_o}] (see [31]).

While we have an eye to a composite BEH boson for the standard model, as in top
condensation theories [22-24,32,33], our present analysis is more general, but does not yet
include many details, e.g., gauge interactions and gravity. We think the emphasis on a
bosonic field description, the treatment of the coloron model and its classical criticality, its
linkage the NJL model as UV completion, and our treatment of relative time renormalization
comprises a novel perspective.
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Appendix A. Summary of Notation
Two body kinematics:

prx+pay = (pr+p2) X+ (p1 = p2)r (A1)
p=pp=# P=(pi+p) Q=(p1—p2)
P2+ Q%= 4;12; rest frame: P? = 2;9(1); Q =2py;

P? = (p1 + p2)?, though commonly referred to as the “invariant mass” of a pair,

is not a scale breaking mass in that it involves fields with a traceless stress tensor.

Barycentric coordinates:

1 1
X=s(+y) p=@-y) r=5@-y)
1 1
ox = E(aX"v‘ar) = EaX‘Fap
1 1
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Two-body scattering states

D(x,y) = exp(ip1x + ipay) = exp(iP, X* +iQu1")
(0% +9;)®@(x,y) = (pi + P3)®(x,y) = 247D (x,y)

1 + ik (X, 1) = 2p2®(x,y)
~2\axmx, " artar, ) T T AR
&2 & 2
~ (ax#axy N aﬂ‘ary)q)(x'r) =4

2 2 82
(0x — ay)Q(x,y) = W@(X,r) =0

dx? +dy? = 24X + %de = 2dX? + 2dr?
1 1 1
2 2 __ 2 2 _ 2 2
8x+8y = §8X+Ear = EBX—&-ZBP
2 2 _ A — o
9% — 0 = A0 = 2059, (A3)

Integration measures

/ :/d4u...d4v / :/d3x...d3y
u.v .y

/ B ?/d4u..d4v d3x. ..y
u..v;X..Jf
!
/ o= Midtu. . Midto M3d3x. . . M3dy
Ju..vx. .y

/d4xd4y :/d4Xd4p —7 ‘d4Xd4r;

Jacobian | = (2)*

/ d4xd4y<\ax¢|2 + 10y — y2|¢\2)

= 1f atxatr(Sloxol + 10 ~ 210

- / A Xdip G|ax4>|2 +209p¢? — H2|4’|2)

Hermitian operator : W+ W' =W, . (Ad)

Appendix B. Bilocal Field Theory

Here, we give a general discussion of our “revisited” bilocal field theory for a pair of
particles, as inspired by Yukawa [1-3]. We begin with the “bilocalization” and subsequently
construct the generic actions for bilocal fields containing free particles.

Appendix B.1. Free Fields
Let us examine the bilocalization procedure in Section 2.2 for free particle states.
Consider a pair of local scalar fields ¢;(x) (complex):

5= [ (10 + 1092 = 2 + lgaP) (49
with independent free particle equations of motion
Por+ g1 =0  Fer+pPgr=0 (A6)
We want to describe a pair of particles by a bilocal field of mass dimesion 1:

(x,y) = M 1 (x) 2 (y) (A7)
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We therefore have the two equations of motion for ®

(03 + 95 (x, y) + 2> ®(x,y) =0 (A8)

(03 — 95)®(x,y) = 0. (A9)

Appendix B.2. Bilocalization of Scattering States

We can obtain the action for @ as follows. We multiply the kinetic and mass terms of
Equation (A5) by world scalars:

W= 202 [dy |gi(y) (A10)
and hence,
5= [ (Walogr P+ Wilogal? — 12 (Walgr P+ WalgaP)
= 202 (I92(y)2e01 () + 91 (90 ()
221120 (A

At this stage, we can still vary with respect to either ¢; of ¢, and the equations are modified.
In terms of the bilocal field, we have

= 20 (uo(a )P + P0G ) 24210 )P )

(A12)
We go to barycentric coordinates and note the derivatives:
X=(x+y)/2 r=(x—y)/2
y=(@x+0)/2 3= 0x—0)/2
D(x,y) = P(X, 1) (A13)

The factor of M is superfluous at this point, and in what follows we can set M = 1 (we'll
restore it below). Hence:

5= ]z/( (0x + ) @(X,1)2 + §1(0x — ) (X, )

220X, (A14)
which yields the action
5 =12 [ (1000 + 0006, P~ 412l0(x,1)?)
(A15)
If we vary 6®(x',y’) = 6*(x — x')6*(y — i), we obtain one equation of motion:
% D(X, 1) + 2D(X,r) + 4> D(X, 1) = 0 (A16)
We see that this is consistent with Equation (A8)
1
O+ = E(agpua’;l). (A17)
However, Equation (A9) is missing. We see using
Jd 9
2 — =
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that Equation (A9) takes the form

o d

As before, this can be viewed as a constraint, and we can treat it as a Lagrange multiplier
as in Equation (28) to supply the second equation.
We factorize @ in barycentric coordinates as

VI/29(X,r) = x(X)¢(r) (A20)
The action Equation (A15) becomes

s=z[ r(|¢(’)|2|axX(X)|2

HXCOR(2(r) - 4219 P)) (a21)
We then define
1=7 [ dirlp(r)P (a22)
The Schrodinger-Klein-Gordon equation has eigenvalue m?
0P (r) + 49 (r) = m*g(r)
m? [ 9P = [(12g(r) P +412l9(r) ) (A23)
Then, the x equation becomes
XX (X) +m?x(X) =0 (A24)
The constraint then takes the form
X(X) 99p(r) _ (A25)

In the barycentric (rest) frame, we can choose x to have four-momentum P}, = (m, 0,0,0).

The constraint becomes P, ¢(r) = 0, Therefore, ¢ becomes a static function of r = (0, 7).
The Schrodinger—Klein—Gordon equation is then a static equation

—VEP(F) + 4> Pp(F) = m*x(F) (A26)

We define the static internal wave function ¢(7) to be dimensionless, d = 0, and we
normalize the dimensionless static wave function (restoring M)

() [ @719 =1 (427)
We then have
1= z(M%) [ o) = 2(m") [ @r° [ F7pP? = 2T(M) (A28)

where an integral over relative time has appeared leading to an overall factor ZT (M) =1
in the action for x. The action becomes two nested parts

5=/ )(\%(X(X)F - mZ\x<x>|2)

w27 pF)F = [V (N +42p(r)) (A29)

;‘

with Equation (A27).
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Appendix B.3. Kinematics of Scattering States

We can more directly construct the bilocal fields, without appealing to world scalars,
by considering simple free particle kinematics. For free particles of four-momenta p;, we
see that ® describes a scattering state

D(x,y) ~ exp(ipyxt +ipayuy") = exp(iPy X +iQurt)

(A30)
where
Py=piu+pyu  Qu=priu— Pu (A31)
For massive particles, p? = p3 = u?, ® satisfies
02 02 )
(erWJAy )CD(X,r) =0 (A32)
The constraint is the second equation
(3% — ) P(x,y) = P p(x,n)=0 (A33)
aXHary

and forces ®(X,7) to have P = 0 in the center-of-mass frame; hence, P,QF = 0 and

Q=(0,9).
Constant Positive m3 = 4p*:
In the center-of-mass frame, p(l) = pg, QY =0,
Q=(p—p)=-(1-P) =7 (A34)
Hence, from Equations (A32) and (A33)

P? =42 + 2
92

- 7Y — 2 =2 =
aXVaXy(D(X,r) (mg+7°)P(X,7) (A35)

Therefore, if we were to try to interpret ® as a “bound state”, we see that is has continuum
of invariant “masses” m? = m3 + . This is evidently an “unparticle” [34]. This implies it
is not localized and is a scattering state of asymptotic free particles each of mass y = /2.

With the constraint of Equation (A33), we can choose r# = (0,7) and X* = (X°,0). We
factorize @ = x(X)¢(r) and the factor field ¢(r) then satisfies the static SKG equation with
eigenvalue M?

~ V() + mip(7) = m*p(7) (A36)
the solutions of the factorized field ¢(r) are static, box normalized, plane waves, with
eigenvalues m?> = mZ = mj +§°

- 1 . -
9(7) = 5 P 7) mz = i* + g (A37)

X(X) then satisfies the KG equation with X = tand X = 0
Ax) +mix(t)=0 =X (A38)
and the x(X) solution becomes

X(X) ocexp(imgt) (A39)
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This is just the spectrum of the two body states of y-massive particles in the barycen-
tric frame.

Constant Negative m3:

If we suppose m3 < 0 then the solutions for ®(t,r) for small 7 are runaway exponen-
tials, @ ~ exp(|my|t). The eigenvalues are

my =g~ |mol? (A40)

This analogous to a “Dirac sea” of negative mass eigenvalues extending from 72 = 0 to
7% = |mg|?, where the lowest mass state has § = 0 and eigenvalue —|m|?.

This would therefore be a tachyonic instability of unparticles, and we then require
higher field theoretic interactions, such as A|®|*, to stabilize the vacuum. This represents a
spontaneous breaking of the chiral symmetry, and the constituent fermions will dynamically
acquire masses and the instability is halted.

However, a constant negative m3 does not give a Higgs-like spontaneous symmetry
breaking mechanism. If the potential is

A
V = —m3|®+ E|c1>|4 (A41)

where we have constant —m% rather than a localized potential. Then, indeed, the field
develops a constant VEV:

(@) =V 4+  mi=10%A (A42)

Then, ®° indeed becomes a massive BEH mode, but with the continuous spectrum
m? = |mo|*> + g2. To have an acceptable BEH mechanism, with a well-defined BEH
boson, we therefore require a localized potential in 7 where (®) = (x)¢(7) and ¢(7) is a
localized eigenmode.

Appendix B.4. Removal of Relative Time and Generic Potential

A point-like interaction in the underlying theory may produce an effective action with
a potential term that is a function of r#

JM* 2 2 2
= —— [ (Z]ox®D|* + Z[9,D|*— U(2r")[|D(X,7)[7) (A43)

S
2 Jxr

and we assume the constraint:

oot 9@ 2
Sz/xrﬂ(w@—&-h.c.) . (A4d)
We factorize ®
VI/2®(X,r) = x(X)¢(r) (A45)

In the center-of-mass frame we impose the constraint, ®(X,r) — x(X°)¢(7). We can then
integrate over relative time

5 =M [_(ZTMpxxlo®)P ~ ZTMIX(OP (T
VOOl (Ade)

where

V(F) =M / U2t (A7)
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and V (7) has dimensions of M?. We now define the normalizations,
ZTM =1 1= M3 [&8r|p(7) > (A48)

The purpose of these normalizations is to have a canonically normalized yx field in the
center-of-mass frame, even in the limit ¢ = 0. It also defines the conserved ) current to

have unit charge (one boundstate pair) to match the underlying theory’s conserved current.
Hence, we obtain the actions:

s = 103201 - m2lx(0 )
w27 ()P = [T+ V(D)lg(r)?) (A%9)

7
with Equation (A48).

An attractive (repulsive) potential is V' < 0 (V > 0). The main point is that the field
x(X) must have canonical normalization of its kinetic term, which dictates the introduction
of Z. The kinetic term of ) is seen to be extensive in T, and this is absorbed by normalizing
Z, as ZMT = 1. The potential is determined by the integral over relative time of the
interaction and is not extensive in T.

From the factorization ® = x(X)¢(7) with normalized ¢(r), as in Equation (38), the

eigenvalue m? is computed in the rest frame
n2 = [19)2 =[ (=o' 2o+ V@l (A50)
r r
From this, we obtain a normalized effective action for x in any frame
o' 9
_ 4 X 99X 2.2
Sxf./d X(ax# 3%, ~ ) (A51)

The mass of the bound state is determined by the eigenvalue of the static Schrodinger—
Klein-Gordan (SKG) equation in the center-of-mass frame:

—V2p + V(@) (F) = m*¢ (7). (A52)

References

® NSO W

o

11.
12.
13.

14.
15.

16.
17.

Yukawa, H. Quantum Theory of Nonlocal Fields. 1. Free Fields. Phys. Rev. 1950, 77, 219-226. [CrossRef]

Yukawa, H. Quantum Theory of Nonlocal Fields. 2: Irreducible Fields and Their Interaction. Phys. Rev. 1950, 80, 1047-1052.
[CrossRef]

Yukawa, H. Structure and Mass Spectrum of Elementary Particles. 1: General Considerations. Phys. Rev. 1953, 91, 415. [CrossRef]
Dirac, P.A.M. Generalized hamiltonian dynamics. Can. J. Math. 1950, 2, 129. [CrossRef]

Dirac, P.AM. Lectures on Quantum Mechanics; Yeshiva University: New York, NY, USA, 1964.

Kamimura, K. Elimination of relative time in bilocal model. Prog. Phys. 1977, 58, 1947-1953. [CrossRef]

Dominici, D.; Gomis, J.; Longhi, G. A Lagrangian for Two Interacting Relativistic Particles. Nuovo C. B 1978, 48, 152-166. [CrossRef]
Kihlberg, A.; Marnelius, R.; Mukunda, N. Relativistic Potential Models as Systems With Constraints and Their Interpretation. Phys.
Rev. D 1981, 23, 2201. [CrossRef]

Crater, H.W.; Alstine, P.V. Two Body Dirac Equations. Ann. Phys. 1983, 148, 57-94. [CrossRef]

. Crater, H; Liu, B.; Alstine, P.V. Two body Dirac equations from relativistic constraint dynamics with applications to QED and

QCD bound states and to N N scattering. arXiv 2003, arXiv:hep-ph/0306291.

Hill, C.T. Topcolor: Top quark condensation in a gauge extension of the standard model. Phys. Lett. B 1991, 266, 419-424. [CrossRef]
Hill, C.T. Topcolor assisted technicolor. Phys. Lett. B 1995, 345, 483-489. [CrossRef]

Bijnens, J.; Bruno, C.; de Rafael, E. Nambu-Jona-Lasinio like models and the low-energy effective action of QCD. Nucl. Phys. B
1993, 390, 501-541. [CrossRef]

Simmons, E.H. Coloron phenomenology. Phys. Rev. D 1997, 55, 1678-1683. [CrossRef]

Chivukula, R.S; Ittisamai, P.; Simmons, E.H. Distinguishing flavor nonuniversal colorons from Z’ bosons at the LHC. Phys. Rev. D
2015, 91, 055021. [CrossRef]

Bai, Y.; Dobrescu, B.A. Collider Tests of the Renormalizable Coloron Model. JHEP 2018, 04, 114. [CrossRef]

Nambu, Y.; Jona-Lasinio, G. Dynamical Model of Elementary Particles Based on an Analogy with Superconductivity. I. Phys. Rev.
1961, 122, 345-358. [CrossRef]


http://doi.org/10.1103/PhysRev.77.219
http://dx.doi.org/10.1103/PhysRev.80.1047
http://dx.doi.org/10.1103/PhysRev.91.415.2
http://dx.doi.org/10.4153/CJM-1950-012-1
http://dx.doi.org/10.1143/PTP.58.1947
http://dx.doi.org/10.1007/BF02743639
http://dx.doi.org/10.1103/PhysRevD.23.2201
http://dx.doi.org/10.1016/0003-4916(83)90330-5
http://dx.doi.org/10.1016/0370-2693(91)91061-Y
http://dx.doi.org/10.1016/0370-2693(94)01660-5
http://dx.doi.org/10.1016/0550-3213(93)90466-3
http://dx.doi.org/10.1103/PhysRevD.55.1678
http://dx.doi.org/10.1103/PhysRevD.91.055021
http://dx.doi.org/10.1007/JHEP04(2018)114
http://dx.doi.org/10.1103/PhysRev.122.345

Entropy 2024, 26, 146 22 of 22

18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.
31.
32.
33.

34.

Nambu, Y.; Jona-Lasinio, G. Dynamical Model of elementary Particles based upon an Analogy Superconductivity. II. Phys. Rev.
1961, 124, 246-254. [CrossRef]

Cooper, L.N. Bound electron pairs in a degenerate Fermi gas. Phys. Rev. 1956, 104, 1189-1190. [CrossRef]

Bardeen, J.; Cooper, L.N.; Schrieffer, ].R. Theory of superconductivity. Phys. Rev. 1957, 108, 1175-1204. [CrossRef]

Wilson, K.G. The Renormalization Group and Strong Interactions. Phys. Rev. D 1971, 3, 1818. [CrossRef]

Bardeen, W.A; Hill, C.T.; Lindner, M. Minimal Dynamical Symmetry Breaking Of The SM. Phys. Rev. D 1990, 41, 1647 [CrossRef]
Bardeen, W.A; Hill, C.T. Top quark condensates and the symmetry breaking of the electroweak interactions. Adv. Ser. Direct. High
Energy Phys. 1992, 10, 649.

Hill, C.T. Minimal dynamical symmetry breaking of the electroweak interactions and m(top). Mod. Phys. Lett. A 1990, 5, 2675-2682.
[CrossRef]

Bardeen, W.A; Hill, C.T. Chiral dynamics and heavy quark symmetry in a solvable toy field theoretic model. Phys. Rev. D 1994, 49,
409-425. [CrossRef]

Bardeen, W.A; Eichten, E.J.; Hill, C.T. Chiral multiplets of heavy—Light mesons. Phys. Rev. D 2003, 68, 054024. [CrossRef]

Hill, C.T.; Simmons, E.H. Strong Dynamics and Electroweak Symmetry Breaking. Phys. Rept. 2003, 381, 235-402; Erratum in Phys.
Rept. 2004, 390, 553-554. [CrossRef]

Edwards, J.P.; Gerber, U.; Schubert, C.; Trejo, M.A.; Weber, A. The Yukawa potential: Ground state energy and critical screening.
Prog. Theor. Exp. Phys. 2017, 2017, 083A01. [CrossRef]

Napsuciale, M.; Rodriguez, S. Complete analytical solution to the quantum Yukawa potential. Phys. Lett. B 2021, 816, 136218.
[CrossRef]

Hill, C.T. Revisiting Yukawa’s Bilocal Field Theory for Composite Scalar Bosons. arXiv 2024, arXiv:2310.14750.

Hill, C.T. Naturally Self-Tuned Low Mass Composite Scalars. arXiv 2022, arXiv:2201.04478.

Miransky, V.A.; Tanabashi, M.; Yamawaki, K. Is the t Quark Responsible for the Mass of W and Z Bosons? Mod. Phys. Lett. A 1989,
4,1043. [CrossRef]

Miransky, V.A.; Tanabashi, M.; Yamawaki, K. Dynamical Electroweak Symmetry Breaking with Large Anomalous Dimension and
t Quark Condensate. Phys. Lett. B 1989, 221, 177-183. [CrossRef]

Georgi, H. Unparticle physics. Phys. Rev. Lett. 2007, 98, 221601. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1103/PhysRev.104.1189
http://dx.doi.org/10.1103/PhysRev.108.1175
http://dx.doi.org/10.1103/PhysRevD.3.1818
http://dx.doi.org/10.1103/PhysRevD.41.1647
http://dx.doi.org/10.1142/S0217732390003127
http://dx.doi.org/10.1103/PhysRevD.49.409
http://dx.doi.org/10.1103/PhysRevD.68.054024
http://dx.doi.org/10.1016/S0370-1573(03)00140-6
http://dx.doi.org/10.1093/ptep/ptx107
http://dx.doi.org/10.1016/j.physletb.2021.136218
http://dx.doi.org/10.1142/S0217732389001210
http://dx.doi.org/10.1016/0370-2693(89)91494-9
http://dx.doi.org/10.1103/PhysRevLett.98.221601
http://www.ncbi.nlm.nih.gov/pubmed/17677831

	Introduction 
	 Constructing a Bilocal Composite Theory 
	Brief Review of the NJL Model
	Construction of Bilocal Compositeness in a Local Scalar Field Theory  
	 Simplified Normalization

	The Coloron Model 
	Boundstate and Nc-Enhanced Coupling  
	Classical Criticality of the Coloron Model 
	Yukawa Interaction
	Spontaneous Symmetry Breaking

	Summary and Conclusions
	Appendix A
	Bilocal Field Theory 
	Free Fields
	Bilocalization of Scattering States 
	Kinematics of Scattering States 
	Removal of Relative Time and Generic Potential

	References

