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Light-front dynamic analysis of bound states in a scalar field model
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The light-front dynamic of the scalar field model theory is analyzed to solve the two-body bound-state
problem. The light-front two-body bound-state equation is extended to the full light-front dynamic kernel
including the ladder, cross-ladder, stretched-box, and particle-antiparticle creation/annihilation effects to
study the contributions of higher Fock states. The light-front two-body equation is also modified by the
term corresponding to the self-energy corrections and counterterms. Using the variational principle, we
obtain the numerical result of the binding energy B versus the coupling constant « for various mass ratios
of the constituent particles including the cases of nonzero exchange particle mass. We also discuss the
correlation between the mass spectrum and the corresponding bound-state wave function.
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L. INTRODUCTION

For an accurate calculation of the spectra and wave
functions of hadrons, it is important to include the funda-
mental relativistic effects, such as the correct relativistic
energy-momentum relation, retardation effects, and
particle-antiparticle creation and annihilation. Since the
quarks and gluons inside the hadrons have negligible
masses and interact very strongly among themselves via
quantum chromodynamics (QCD), the relativistic effects
play a significant role in analyzing the mass spectra and the
wave function-related observables (e.g., form factors, gen-
eralized parton distributions, etc.), in particular, for the
low-lying hadrons. Although the ultimate goal is to analyze
the bound-state problem in QCD, prior to getting into the
rather complicated nature of QCD we may first investigate
much simpler bound-state systems provided by the Wick-
Cutkosky model [1,2] and the similar scalar field model
theories.

C. Savkli et al. [3-5] have already used a powerful
numerical approach known as the Feynman-Schwinger
representation approach, and investigated the scalar field
model theory which they called y?¢ theory within the
given precision of the numerical computation. The earlier
work with the Feynman-Schwinger representation to
scalar-scalar bound states was presented in Ref. [6]. The
works of C. Savkli et al. [3-5] investigated not only the
stability of y?¢ theories but also the cancellation among
the vertex corrections, overlapping self-energy, vacuum
polarizations, etc. In order to get the full result for two-
body bound states up to the second order in the coupling
constant a, it has been discussed that it may already be a
good approximation just to include the ladder, cross-ladder,
stretched-box, and the relevant self-energy corrections and
counterterms. This encouraged us to look into the scalar
field model theories with the analytical tools available to us.

An analytically tractable tool for the bound-state
problem—and what is also known as the most orthodox
tool for dealing with the relativistic two-body problem in
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quantum field theory—is the Bethe-Salpeter formalism [7]
utilizing the Green’s functions of covariant perturbation
theory. In the ladder approximation of the Bethe-Salpeter
formalism the bound-state [1,2] problem has been ana-
lyzed for the system of two particles interacting with a
third scalar particle. However, this approach has funda-
mental difficulties with the relative time dependence and in
systematically including higher-order irreducible kernels,
such as crossed diagrams and vacuum fluctuations [8].

An alternative approach which can remove these diffi-
culties and restore a systematic perturbative calculation for
obtaining higher accuracy is the reformulation of the co-
variant Bethe-Salpeter equation at equal light-front time,
T =1+ z/c [9-11]. This is equivalent to expressing the
Bethe-Salpeter equation in the infinite momentum frame
[12—-17]. The light-front quantization method [18,19] pro-
vides a relativistic Hamiltonian formalism and a Fock-state
representation at equal light-front time 7, which retains a
lot of the simplicity and utility of the Schrodinger non-
relativistic many-body theory [18]. This method not only
suppresses the vacuum fluctuations but also systematically
includes cross diagrams when higher Fock-state contribu-
tions are taken into account. The relativistic Hamiltonian
dynamics with equal light-front time 7 has been known as
the light-front dynamic (LFD).

Relativistic two-body bound-states have been analyzed
with the light-front formalism of the Bethe-Salpeter ap-
proach in the Wick-Cutkosky model [20,21]. The light-
front ladder approximation in the Wick-Cutkosky model
has been extended to the lowest order light-front Tamm-
Dancoff approximation, which includes the self-energy
corrections and counterterms [22]. The cross-ladder and
stretched-box up to second order in the coupling constant «
have also been included by V. A. Karmanov et al. [23,24].
However, the higher Fock-state contributions due to the
particle-antiparticle creation/annihilation process have not
yet been included in the cross-ladder contributions [25,26].
Also, the light-front bound-state analyses in the scalar
field model theories have largely been limited to the
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Wick-Cutkosky model which describes the bound-state
system with the equal constituent mass and the zero mass
of the exchange particle. Therefore, we investigate the
contributions of the higher Fock states due to the
particle-antiparticle creation/annihilation process and ana-
lyze the two-body bound-state problem in various combi-
nations of masses for the constituent and exchange
particles: e.g., m; = m, and A = 0, when the two constitu-
ent particles ¢; and ¢, have the masses m; and m,,
respectively, and the exchange particle has the mass A.

In Sec. II, we show the light-front formalism of the
Bethe-Salpeter equation with the variational method and
provide our variational wave function suitable for the case
of nonzero exchange particle mass A. In Sec. III, we
present the numerical results of the spectrum calculation
and relate them to the wave function renormalization and
the higher Fock-state contribution. The conclusion follows
in Sec. I'V. The full expressions of the kernel and proba-
bilities of finding the lowest and higher Fock states are
summarized in Appendix A, Appendix B.

II. FORMALISM
A. The bound-state equation in LFD

For simplicity, we consider the scalar field model theo-
ries which describe bound states of two scalar particles ¢,
¢, with masses m; and m, exchanging another scalar
particle y with mass A. While m; # m, and A # 0 in
general, the model with m; = m, and A = 0 has been
known as the Wick-Cutkosky model [1,2]. The relevant
interaction Lagrangian is given by

L =g(p1d) + dahr)x.

where g is the coupling constant with the dimension of
mass and ¢; (i = 1, 2) is the conjugate field of ¢;. The
Bethe-Salpeter equation of this type of model has been
reformulated in LFD and the light-front ladder approxima-
tion has been extended to the lowest order light-front
Tamm-Dancoff approximation including the self-energy
effect [22]. The cross-ladder and stretched-box up to sec-
ond order in the coupling constant « have also been
included [23,24].

In this work, we also go beyond the light-front ladder
approximation to include the cross-ladder, stretched-box,
and the higher Fock-state contributions. In particular, the
higher Fock-state contributions (the particle-antiparticle
creation/annihilation effect), which has not been numeri-
cally analyzed in the previous literature [24-26], are in-
corporated. The light-front bound-state equation for this
theory is given by

)
{M2_kL+m%_
X 1—x

2.1

Ko+m)

2 > >
e kL)}w(x, i)

2[ dy %,
y(1 —y) 167°

s K(x, kysy L)W, 1), (2.2)
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where K(x, k) ; y, 1) is the kernel of the bound-state equa-
tion, f(x, k) is the self-energy correction, i (x, k) is the
light-front wave function of the bound state, and M is the
mass of the bound state. We denote the light-front longi-
tudinal momentum fraction as x, y, etc., and the transverse
momentum as k Ls [ 1, etc. The kernel K(x, k ) ] 1)
is provided up to order g* including the ladder (L),
stretched-box (SB), cross-ladder (CL), and higher-Fock
(HF) kernels: i.e.,

Ko kysy 1)) = g2Vh(x kysy, 1))
+g* j‘dz16 = [VSB(x ks, 1152, 71)

+ VO (x, kysy, 1132, )1)

+ VHF(X, EJ_; Y, Z)J_; Z ]J_)]; 2.3)
while the self-energy corrections including counterterms
[22] are given by

l?l-%—m%

x(
f(x, ki)___[ zlog[]—i— X

0
xe—(1—

+ ( %) .

my<—ny
Our self-energy correction given by Eq. (2.4) provides
dynamical mass shifts dependent on x and &, in the two-
body bound states and satisfies the renormalization condi-
tion that allows the two masses m, and m, to be physically

measurable above the scattering threshold. For A = 0, the z
integration in Eq. (2.4) can be analytically performed and

kL+m

—M?)z(1— z)]

A2z + ml(l —2)?

(2.4)

f(x, k) is given by

S kL) e
m
2 72
10g[— (kl+m + kL +m3 M2)]
X =
1 — z(kl+m% + kJ_+m M2)
xe(1—x
+ < ( )) (2.5)
nmp; <> mp

As the works of C. Savkli et al. [3-5] indicated the
cancellation among the vertex corrections (overlapping
self-energy, vacuum polarizations, etc.), we do not include
them in the present work, but limit here only up to the four-
body Fock states in LFD. We will be content with taking

into account just the kernel K(x, k ) ] 1) in Eq. (2.3) and

the self-energy correction term f(x, k; ) in Eq. (2.4). While
the ladder kernel (V*) is given by
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the stretched-box (VSB), cross-ladder (VL) and higher-
Fock (VHF) kernels can be written in the form

x—y —Xx
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FIG. 4. Higher-Fock LFD graphs.
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where Vy, Vs, Vs, Vi, Vs, Ve, Vs, Vi, V,, and Vj are X e s W kO)VE (o kusy, 1)y, 1), 213)
presented in Appendix A. The corresponding diagrams
are shown in Figs. 1-4. In particular, the particle- i &iE o P
antiparticle creation/annihilation process, which was not  (VSBY=(167m,m,)? f l3 f Y l3
included in the previous cross-ladder analysis [24], is x(1=x)167°J y(1—y)167
shown in Fig. 4. We denote this contribution as VHF. " [d

dx d*, dy
x(1 —x) 1677 y(1 —y)

Ltk )VSBOGk sy 3z, )L,

(2.14)

B. Spectrum calculation with variational method

In order to solve Eq. (2.2) numerically, we utilize a
variational principle for a dimensionless coupling constant - -
a given by a = g?/(167m,m,). Taking the expectation (VLY = (167m,m,)? [ dx  d°ky [ dy d°l}
values with a variational wave function in Eq. (2.2), we get (1 —-x) 167 J y(1 —y) 1673

the quadratic equation in terms of a: P R
% fdz “3 Pt ky)
167

)
<M2 _ kl + m% kl + m2> <VL> + a<m1m2f> oL o N > >
X 1—x T XV ky sz )G, 1), (2.15)

+ a?(VSB 4 yCL 4 VHF)
(2.10)

dx dziél[ dy d*,

(VHFy = (167Tm1m2)2[x(1 —x) 1672 J y(1 —y) 1677

where more explicitly each of the expectation values are

given by f d fo 7
Z 3 lp (xr kL)
2 K+ mi K+ m3 HF 6 R .
<M - X o 1 —x > XV (X,kJ_;y,lJ_;Z,JJ_)'»b()’,lJ_). (2.16)
dx  d* 1 > For fixed binding energy B = m; + m, — M, we solve the
_[ x(1 — x) 1673 gt k) quadratic equation of the coupling constant a and mini-

mize the corresponding expectation values to determine the
% { M2 — kL + m1 kL * m2}¢ (x, kJ_) @2.11) optimum relation between the binding energy B and the
x 1 - coupling constant a:

72
—(VL + %f) + \/(VL + %f}z + MM — kﬁ;’"f _ kl+m2><VCL + VSB 4 VHF)
‘T 2(VCL + V5B Vi) ' @17
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The minimum of « is found by varying the parameters in
the trial wave function i (x, k| ). A judicious choice of trial
wave function is important to get the closest result to the
true minimum of «. To achieve this goal, we consider
available exact solutions in some limiting cases, e.g., the
solution of the nonrelativistic Schrodinger equation for the
Coulomb interaction. We also take into account the relation

PHYSICAL REVIEW D 86, 054011 (2012)

of the light-front bound-state equation to the covariant
Bethe-Salpeter equation, since some analytic spectral
functions for the solution of the Bethe-Salpeter equation
are known in both weak and strong binding limits [27].
For the 1S state, we take the variational wave function
parameterized by

> N 1
l//(x’ ki) = 0 l;zlerlZS K +m? P2 2 12 2y2
e e =l I [ L A Sl B PYp S \/2(m1 +md) — kz“"% e O+ 20 - 0

where the normalization constant N cancels in the ratio
given by Eq. (2.17) and C is the variational parameter. The
factor (1 + |2x — 1]) in the denominator of Eq. (2.18)
stems from the weak-binding spectral function of the
Bethe-Salpeter solution as shown in Ref. [28]. Equation
(2.18) is the variational wave function suitable for the case
of nonzero exchange particle mass A. We tried the varia-
tional wave function without the A term in Eq. (2.18) as
well as other trial wave functions different from Eq. (2.18),
but found that the obtained expectation values of « were all
larger than what we get using Eq. (2.18). This convinced us
that the wave function given by Eq. (2.18) is an improve-
ment over any other variational wave functions that we
have considered. The origin of Eq. (2.18) may be attributed
to the exact solution of the Schrédinger equation with the
Hulthen potential [29-31]. Although the Schrodinger
equation with the Yukawa potential has not yet been ana-
Iytically solved, the Hulthen potential behaves like the
Yukawa potential for small values of r, and the exact
solutions have been obtained for the Schrodinger equation
with the Hulthen potential. With the form of the variational
wave function given by Eq. (2.18) we are well-equipped to
compute mass spectra, even for the case of A # 0.

C. Analytic calculation of spectrum
and nonrelativistic limit

A simple analytic relation between the coupling constant
« and the binding energy B may be attained by following
the method presented in Refs. [20,22]. For example, if we

u[4+t(t—4))‘—i]

I—x

(2.18)

take C = M in Eq. (2.18) for the case of m; = m, = mand
A =0, we get

N

’;{”;)]2(1 + [2x — 1)

P(x k) = (2.19)

[m? -

Without the factor (1 + |2x — 1]) in the denominator of
Eq. (2.19), this wave function corresponds to the 1§ state
wave function of the Schrdodinger equation with the
Coulomb potential. Equation (2.19) was used to find the
analytic expression for the binding energy of the 1S state of
the ladder approximation originally found in Refs. [20,21].
Including the self-energy correction, the following formula
was obtained [22]:

7= { = 2/~ "~ tan (- 1)

2 2
+ log(4/u) + —2 log=, (2.20)
u—2 u
where o = g2/(16m?) and u = m?/(m> — M?/4). In the
zero-binding limit, u — oo, Eq. (2.20) leads to = = 7 /u,
which is the well-known Balmer formula for the 1§
state: 1.e.,
2m — M = ma?/4. 2.21)
Similarly, following the method presented in Ref. [22] as
well as in Ref. [20], we obtain the following relation for
m; =m, =mand A # O:

(1 = 2)(1 + A /i) log

4(t—4)+ul[4+(t—2)(t— 4))‘2]

o 2z(1 — z)

P f dt Eu — 2t — 4) + 4ullelc — 4)(1 +

A P + 4]

1
— u/ dzlogl:l
0

] (2.22)

m 2/\ Mz)Z + ”(1 - Z)2

For A = 0, Eq. (2.22) can be integrated and reduced to Eq. (2.20). We will discuss these relations further in the zero binding
energy region when we present our numerical results in Sec. III.
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D. Wave function renormalization and probabilities of
lowest and higher Fock states

The light-front quantization method provides a descrip-
tion of a bound-state |B) in a Fock-state representation at
equal 7:

IB) = (¢ ¢|B)lp @) + (bbxIB) Db x)
+{(pdxxIBlddyxx)+ -,

where the light-front two-body wave function #(x, ky)

corresponds to the lowest Fock-state amplitude (¢ ¢|B).

The probability of finding the two-body state | ¢ ¢) is given
by the integration of the wave function squared:

PLow:f

where the subscript “Low” of Py, is introduced because
the two-body state is the lowest Fock state. The probability
of finding the higher Fock states can be obtained by differ-

(2.23)

dx  d*k,
—x) 167

[ (x, k)17, (2.24)

x(1

entiating the kernel K(x, k, ; y, [, ) in Eq. (2.3) with respect
to M2, as discussed in Refs. [22,32]: i.e.,
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where the subscript “High” of Py, indicates the contri-
butions from the higher Fock states, such as three and four
bodies through VX, VSB, VCL and VHF Including the self-
energy correction, we may also renormalize the two-body
wave function, as discussed in Ref. [28]: i.e.,

dx  d%k,

Prow = fx(l —x) 167
iy

where 4 (x, k 1) is the wave function including the self-
energy correction. The probability of finding the higher
Fock states including the self-energy correction is given by

(-5~

L g R (2K T

af(x, kJ_)
oM

aniniy

]lw(x PR (2.26)

o

dx d*, dy
1 —x) 1672 y(1 —y)

oK
aM2

(2.27)

oK dx d*k, dy Since the kernel K can be decomposed into the contributions
Pyign = <_ 8M2> -~ fx(l — 0 167 y(1 —y) from V£, V3B, VCL and VI, the probabilities Py oy Prows
PHigh, and Ppjgy can also be decomposed into the corre-
d N ot kl)( )%»//(yy i) (2.25)  sponding contributions. For example, up to the ladder and
16 3 cross-ladder, we may define the following probabilitieslz
dx  d’k " dx  d*k "
Pl = [ Tk Wt ROR, P = [ e ek P,
- dx  d*k am;my\ df(x, k)
L L 1My J_
= 1 - k
Low ,[X(l — x) 16773[ ( . ) oM ]l‘//L(x J_)l
dx  d* am;m,\ df(x, kJ_)
i [ty 1 () Y o
Low X(l — )C) 16773 P BM |¢L+CL(-X J_)l
d(aVh) dx  d*, dy &,
pL :<_ >:_z[ f k( ) N
High M2 8 x(l — )C) 1673 y(l — y) 1673 lr//L( J_) l//L(y J_)
d(aVt + a2VeL) dx  d?k, dy d*,
P = <_ oM >: _ngx(l —) 167 / Wi =) 16 Yirale kl)( )l’ll“CL(y’ h)
dx  d*k dy & & aveL 5
4 L Y L ]J_
— dz k 1),
§ ,/x(l —x) 1677 ,/y(l —y) 1673 ,/ ¢L+CL(X l)( aMz)d/HCL(y 1)
- a(aVh) dx  d*, dy &%, -
AL :<_ >:_z[ f k( ) 0
High M2 8 (1= 167 ) 30 —y) 167 l//L( 1) lﬁL(y J_)
daVL + VL) dx  dk, dy d*,
P = <_ oM >: _ngx(l — ) 16 fy(l —) 16 Viral® kl)( )ll’“CL(y’ h)
dx  d*, dy d*, an aVeLy - -
¢ [ Ten [rass e [ e thiat k(i) el ) (228)

'See Appendix B for the full expression of Py, P ow Prign, and f’High.
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where i, (x, k) ) is the two-body wave function obtained
by including only the ladder kernel VL, while
YrioLx, k k,) and Ui (x, k) are the wave functions in-
cluding the cross-ladder kernel VCL and the self-energy
correction term f(x, K 1), respectively, in addition to V%,
leerSC we define PL+CL+SB PL+CL+SB PL+CL+SB and
Piic 5P by adding the COIItI‘lbuthIl from VSB By adding

the contribution from VHF to this, we may also define

PLYCL¥SBHHF  BL+CL+SB+HF  pL:CL+SB+HF  anq
Low 2 9
PﬁIc,CHSB*HF Here, the factor 167Tm1m2 in the relation

between « and g2 has been compensated for by the same
factor included in the definition of the expectation values
given by Egs. (2.12), (2.13), (2.14), (2.15), and (2.16). We
note that the spectrum of the bound state is intimately
correlated with the corresponding bound-state wave func-
tion. Thus, it is interesting to compute the probabilities
PLow PLow Pyjgn, and PHigh with the specific contributions
from the kernel and/or the self-energy correction, and
discuss the correlation of these wave function-related ob-
servables with the results of the spectrum We present the
probability ratios, such as Pl /Pl Pl /Plax "
PIL{Igh/PLOW, etc., in the followmg section 0 numerlcal
results.

III. NUMERICAL RESULTS

A. Spectrum

We present the results for the binding energy B = m;
— M as a function of the coupling constant «
g%/(167rmym,). Since we consider in general the m,
m, and A # 0 cases as well as the special cases of m;
m, or A = 0, we present the numerical results of represen-
tative examples (A/m, = 0,0.15,0.5,1.0,2.5) with B8 =
m;/my, =1 and 5.446 X 10™* in units where m, = 1.
Whether the range of the interaction between the two
constituents of the bound state is short or long depends
on the value of A: e.g., the Yukawa interaction with A # 0
or the Coulomb interaction with A = 0. Also, the value of
B is linked to the modeling of the bound state: e.g., a
positronium or deuteron system with S = 1, and a hydro-
gen atom with 8 = 5.446 X 10~*. Throughout the figures
that we present in this section, we use the same line style
but different thicknesses to make a correspondence
between with and without self-energy: e.g., L + CL and
L + CL + self are depicted by thin and thick dotted lines,
respectively.

Figure 5 shows the case of 8 = 1, A = 0. The numerical
results of the ladder, L + CL, L + CL + SB, and L +
CL + SB + HF with and without the self-energy correc-
tions obtained by the variational principle are presented
and compared with the available numerical or analytic
results. The nonrelativistic result given by Eq. (2.21) is
shown as the Balmer line (thick grey solid line) in the
far left of this figure, while the analytic result (Analytic
L + self) given by Eq. (2.20) is shown as a thin grey solid
line at the bottom of the figure. In the middle between these

I+
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FIG.5. B =1, A =0. The numerical results of the ladder,
L+ CL,L+CL+SB,andL + CL + SB + HF with and with-
out the self-energy corrections obtained by the variational prin-
ciple. The ladder and L + self are compared with the
corresponding analytic results from Eq. (2.20). The Balmer
line is shown as the nonrelativistic result from Eq. (2.21). The
ladder is also compared with the previous data from Mangin-
Brinet and Carbonell [33].

two curves (Balmer line and Analytic L + self), our ladder
result (thin black dot-dashed line) is compared with the
previous numerical results (solid circles) provided by
Mangin-Brinet and Carbonell [33]. Although our method
of computation is different from theirs [33], our ladder
results are in good agreement, which lends confidence to
our variational calculation. Just next to the ladder result on
the right, the analytic result without the self-energy cor-
rection, i.e., without the last term in Eq. (2.20), is shown as
a thin grey dashed line. The analytic result agrees with the
numerical result in the weak-binding limit. Similarly, the
analytic result including the self-energy effect (Analytic
L + self) shown at the bottom of the figure is comparable
to the corresponding numerical results (L + self), drawn as
a thick black dot-dashed line just above the analytic result.
Between the Balmer line and the ladder result, one can see
the three curvesof L + CL, L + CL + SB,and L + CL +
SB + HF from right to left. Also, between the ladder result
and the L + self result at the bottom, one can see the three
corresponding curves including the self-energy effect.
These results indicate that the effect of the self-energy
term is highly repulsive, while the contribution from the
cross-ladder shows a large attractive effect. The difference
between the L + self and L + CL + self is more signifi-
cant than the difference between the ladder and L + CL,
which indicates that the attractive effect from the cross-
ladder kernel is more significant when the self-energy
corrections are included. We note that the particle-
antiparticle creation/annihilation contribution from VHF
as well as the stretched-box contribution from V5B yield
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attractive effects and become larger as the coupling con-
stant « increases. Although the effect of the particle-
antiparticle creation/annihilation is very small in this
case (B8 =1, A =0), it appears more noticeable when
the self-energy corrections are included, as one can see
in the difference between the thick black solid and thick
black dashed lines. We present in Table I the variational
parameters (C) that are determined by the variational prin-
ciple to generate the L + CL + SB + HF + self result
depicted by the thick black solid line in Fig. 5. This table
(Table 1) is just exemplary since all other results are also
backed up by the corresponding variational parameters
determined by the variational principle.

In Fig. 6 we consider the case of 8 = 1, A = 2.5, where
we find that the particle-antiparticle creation/annihilation
contribution from VHF becomes quite substantial. The
contribution of VHF is much greater than that of V5B,
with or without the self-energy corrections. In particular,
with the self-energy corrections the VHF contribution be-
comes large enough to make the curve L + CL + SB +
HF + self go above the ladder curve. We also note that the
bound states can be formed only with a sufficiently large
coupling since it is difficult to exchange a large mass
particle with insufficient coupling strength. Moreover,
due to the short range interaction in this case, the effects
of the self-energy and cross-ladder seem to appear quite
different when compared to those in the case of A = 0.
Although we did not include the whole curve of L + self,
we note that « reaches 57.4 when the binding energy B
becomes 2m.

In Fig. 7, the ladder (thin black dot-dashed), L + CL
(thin black dotted), and L + CL + SB (thin black dashed)
for the case of B8 =1, A = 0.5 are compared with the
corresponding numerical data (solid circles, squares, and
stars, respectively) given by Carbonell and Karmanov
[24,34]. Our numerical results agree well with their results.
This indicates that our variational wave function in
Eq. (2.18), based on the solution for the Hulthen potential,
is reasonable for the A # 0 case. The thin black solid line
for L + CL + SB + HF is also displayed in this figure to
show the VHF effect.

Figure 8 presents the unequal mass case of 8 = 5.446 X
1074, A = 0. The ladder (thin black dot-dashed), L + CL
(thin black dotted), L + CL + SB (thin black dashed), and

TABLE I. The variational parameters (C) that are determined
by the variational principle for the case of A =0, 8= 1.0 to
generate the L + CL + SB + HF + self (thick black solid line)
in Fig. 5. The corresponding binding energies (B) are also shown
for the representative coupling constants («).

a(d =0,

B =1.0) 0.2 0.5 1.0 4.0 8.0 13.7
B 0.003 0.012 0037 0256 0.65 1.828
C 1.99650 1.98791 1.96263 1.74393 1.34632 0.17174
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FIG. 6. B =1, A =2.5. The numerical results of the ladder,
L+CL, L+CL+SB, and L+ CL+ SB + HF with and
without the self-energy corrections obtained by the variational
principle.

L + CL + SB + HF (thin black solid line) are shown in
this figure. Here, we see that the particle-antiparticle cre-
ation/annihilation contribution from VHF is non-negligible,
although the exchange particle mass is zero (A = 0). All
the results including the self-energy effects, such as L +
self, L + CL + self, L + CL + SB + self, and L + CL +
SB + HF + self, are not shown in the figure because they
are all strongly suppressed in this case.

Figure 9 shows the case of 8 = 5.446 X 1074 A = 2.5.
We find that the particle-antiparticle creation/annihilation
contribution from VHF is significantly enhanced in this
case. We also note that the attractive effect of the cross-
ladder contribution becomes significant when the self-
energy is included, as one can see from the L + CL +
selff, L + CL + SB + self, and L + CL + SB + HF +
self curves. However, the L + self result is away from
the other results and we note that « reaches 25.45 as the
binding energy B approaches to m.

These results confirm that the self-energy effect is re-
pulsive while the effect of the cross-ladder contribution is
attractive. Comparing the results with and without the self-
energy effect, we notice that the attractive effect from the
cross-ladder contribution is more significant when the self-
energy is included. Although the effects of the stretched-
box and the particle-antiparticle creation/annihilation are
also attractive, their contributions are not as significant as
the cross-ladder contribution. In particular, the effect of the
stretched-box is further reduced when 8 # 1 and A # 0.

Although the particle-antiparticle creation/annihilation
contribution is not so significant when 8 = 1 and A = 0, it
becomes non-negligible as B # 1 and/or A # 0. We
find that the VHF effect is the most significant in the case
of B # 1, A # 0, and is also non-negligible for the 8 # 1,
A#0and B =1, A = 0 cases.
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- Ladder I

. L+CL

- - L+CL+SB /i

—  L+CL+SB+HF |

o o Ladder! I

@ @ L+CL I ;

15F & » L+CL+SB! 5 * 1

B1lOf 9" 1
o
0.5} g
0.0 . .
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«
FIG.7. B =1, A=0.5. The ladder is compared with the

corresponding analytic results from Eq. (2.22). The ladder, L +
CL, and L + CL + SB are compared with the previous data.
(Data from Carbonell and Karmanov [24] and personal commu-
nication with Carbonell [34].)

1.0 T
- Ladder I
- L+CL 1
- - L+CL+SB I
—  L+CL+SB+HF I

0.0 0.5 1.0 1.5 2.0
«

FIG. 8. B =5.446 X 1074, A = 0. The numerical results of
the ladder, L + CL, L + CL + SB, and L + CL + SB + HF
without the self-energy corrections obtained by the variational
principle.

B. Zero-binding limit

It has been indicated in Refs. [24,33,35,36] that for the
nonzero mass of the exchange particle y, the relativistic
ladder results in the weak-binding limit B — 0 do not
coincide with the nonrelativistic result. We confirmed
this result as shown in Fig. 10. Our results of ladder (thin
black dot-dashed), L + CL + SB (thin black dashed), and
L + CL + SB + HF (thin black solid line) are depicted for
A =0.15,0.5, and 1.0, and compared with the available
ladder (solid circles) and L + CL + SB (stars) results from
Ref. [33]. Also, our results of the Schrodinger equation

PHYSICAL REVIEW D 86, 054011 (2012)

1.0 : : : - -
Ladder 1
< L+CL 1
- - L+CL+SB 1
— L+CL+SB+HF P
o8l " L+self R |
S L+CL+self [H
- - L+CL+SB+self 1
— L+CL+SB+HF+self 1
1
I
0.6 . I':: 4
B :
0.4+ R
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FIG. 9. B =5.446 X 1074, A = 2.5. The numerical results of
the ladder, L + CL, L + CL + SB, and L + CL + SB + HF
with and without the self-energy corrections obtained by the
variational principle.

with the Yukawa potential obtained by the variational
principle (thick grey solid line) are compared with the
corresponding results (diamonds) from Ref. [33]. Our re-
sults are in close agreement with all of the available results
from Ref. [33]. As one can see in Fig. 10, the discrepancy
between the nonrelativistic limit and the zero-binding limit
becomes larger as the exchange particle mass increases.
However, the cross-ladder and stretched-box reduce the
discrepancy. We notice that the particle-antiparticle crea-
tion/annihilation contribution from VHF further reduces the
discrepancy, although it is not as significant as the cross-
ladder and stretched-box. To show the more noticeable VHF

0.010 - - -
0.008} :
0.006 '
B ¢
0.004
! Schrodinger(Yukawa)
i — L+CL+SB+HF
0.002 . - - L+CL+SB
, --- Ladder
: ¢ ¢ Schrodinger(Yukawa)'
© o Ladder!
| * # L+CL+SB'
0.000 - - - -
0.0 0.5 3.0 3.5 4.0 4.5

FIG. 10. Zero binding energy region of the ladder, LD + CL +
SB, and LD + CL + SB + HF results compared with the non-
relativistic ones (Schrodinger equation with Yukawa potential).
B=1, A=0.15, 05, and 1.0. (M. Mangin-Brinet and J.

Carbonell [33].)
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0.008} |
I
1
I
I
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1
1
B 1
1
0.004 !
1
A=25 I
I
1
0.002} !
I
I
1
! .
0.000 : : : :
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@
FIG. 11. Zero binding energy region of the ladder, LD +

CL + SB, and LD + CL + SB + HF results compared to the
nonrelativistic ones (Schrodinger equation with Yukawa poten-
tial). B =1, A = 2.5.

effect, we present the A = 2.5 case in Fig. 11. One may
expect that the discrepancy would not be completely re-
moved unless all the irreducible kernels are included in the
relativistic bound-state equation.

C. Wave function renormalization and probabilities
of lowest and higher Fock states

In Sec. IID, we defined the probabilities of finding the
lowest two-body Fock state and the higher Fock states with
and without the self-energy correction. In particular, includ-
ing the self-energy correction, we have renormalized the
two-body wave function and defined the corresponding
probability with the renormalized wave function [see
Eq. (2.26)]. The probability of finding the higher Fock states
with the self-energy effect was also defined by Eq. (2.27).

In this subsection, we present the numerical results of
the probability ratios of Py;g, / PLow Without the self-energy
correction and f’High /Py ., with the self-energy correction.
In Figs. 12 and 13 we show the probability ratios for
Pliign/ Ploy (thin black dot-dashed), Piii™ /P " (thin
black dotted), PLLCL+SB/PLICL*SE (thin black dashed),
and PgegtSPHHE/ pLECEFSBHIE (thin black solid line), as

well as the probability ratios for Pk, ieh/ PL . (thick black

dot-dashed),  Piic"/Plos" (thlck black  dotted),
ﬁgggHSB/ﬁf;WCHSB (thick black dashed), and

Pl L SBHE/ PLECLFSBAAR (thick black solid line), for

A =0 and 2.5, respectively, with g = 1.

Whether or not the self-energy corrections are included,
we note that the probability ratios become larger as the
coupling constant « increases. This indicates that the
sector of the higher Fock states becomes more significant
as « increases. The probability ratio of the ladder with the
self-energy corrections is constantly lower than that of the
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T T
1.2F .. L L ]
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~,f\(l<sn\lIP +L+CL+SB+HF
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0.6 4
0.41 4
0.2r 4

FIG. 12. B =1, A = 0. The numerical results of the proba-
bility ratios of Pgp /Py (Without self-energy corrections) and
f’High/f’Low (with self-energy corrections) for the ladder, L +
CL, L+ CL+ SB, and L + CL + SB + HF.

ladder without the self-energy corrections due to the highly

repulsive effect from the self-energy term.
In the case of 8 = 1 and A = 0, as shown in Fig. 12, the
attractive effect from the cross-ladder term in
L+CL / BL+CL ayen

Pl PEAsT becomes so large that Pt/ Pl

L+CL / pL+CL — ‘S indi
crosses over Py /P around a = 1.5. This indicates

that the attractive effect from the cross-ladder kernel is
more enhanced when the self-energy corrections are in-
cluded. This behavior of the enhanced attractive effect
from the cross-ladder contribution with the inclusion of
the self-energy correction is consistent with what we have

0.30F “°° Pif/Plow
BEaCt [PLCY
o Pu(rmn/Pummn
B L+(L+$B+H! ]_+(L+SB+H1
0.25 Py /Prow
- Pn )/Pl
L+(L ~L+(L
""" PH» /Pl
L+CL+SB L+(L+.$B
0.20F == P Low
=L \(I +SB+HF ~f\(‘f\qH\HF
- High /P Low
0.15}
0.10
0.05}
0.00
11 16
FIG. 13. B =1, A=25. The numerical results of the

probability ratios of Ppgn/Ppow (Without self-energy correc-
tions) and f’High /P (With self-energy corrections) for the
ladder, L + CL, L + CL + SB, and L + CL + SB + HF.
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observed in our spectrum calculation (see, e.g., Fig. 5 and
the corresponding text in Sec. III A). This consistency
between the results of the wave function-related observ-
ables and the mass spectra manifests the correlation be-
tween the wave function and the corresponding mass
spectrum as the eigenfunction and the corresponding ei-
genvalue must be correlated in the bound-state calculation.

Due to the highly repulsive effect from the self-energy,
the probability ratio Pfy,,/ PL,,, (with self-energy) is lower
than Pﬁigh /PE..,
probability of finding the higher Fock states is lower when
the self-energy effect is included without any significant
attractive channel, such as the cross-ladder contribution.
When the cross-ladder contribution is included, however,
there is a dramatic increase in the probability of finding the
higher Fock states. Without the self-energy effect, the ratio

Pliet "/ PLac™ is much higher than the ratio Pl /Pl

With the self-energy effect, the increment of the ratio

Plict/PEsct is more dramatic than that of the ratio

Plign/ Pl as the coupling constant @ becomes larger,

even crossing over Pt /Pl " around @ = 1.5.

In the case of 8 = 1 and A = 2.5, as shown in Fig. 13,
we see again that the effect of the cross-ladder contribution
is highly attractive and enhances the probability of finding
the higher Fock states whether the self-energy corrections
are included or not. However, the increment of the ratio
pLHCL

hias/ PLac" is not as dramatic as in the case of A =0

and the ratio Piii" /Pl " does not cross over the ratio

Pl "/ Piow™. This appears to be consistent with the

(without self-energy), indicating that the

Low
reasoning that the probability of finding the higher Fock
states, including the very massive exchange particle of A =
2.5, is much less than the corresponding probability in-
volving the massless exchange particle of A = 0.

IV. CONCLUSION

We have developed a variational method for solving the
scalar field model theory (m; # m,, A # 0) up to second
order in the coupling constant a. The solutions for the
Schrodinger equation with the Hulthen potential can be
taken as a reasonable variational wave function for the
A # 0 case. We go beyond the light-front ladder approxi-
mation and extend to the full LFD kernel including the
ladder, cross-ladder, stretched-box, and particle-
antiparticle creation/annihilation contribution (VHF). We
also obtain the light-front two-body equation including
the self-energy corrections in the case of m; # m,, A #
0. Our numerical results of the light-front formalism agree
well with the previous numerical data [24,33]. They are also
consistent with our analytic result in the weak-binding limit.

Our results between the coupling constant « and the
binding energy B indicate that the self-energy effect is
repulsive, while all other effects that we took into account,
such as the ladder, cross-ladder, stretched-box, and
particle-antiparticle creation/annihilation contributions,

PHYSICAL REVIEW D 86, 054011 (2012)

are attractive. Besides the ladder, the cross-ladder effect
is most significant among the attractive contributions. The
effect of the cross-ladder is more significant when the self-
energy is included. This implies that the conventional
ladder approximation alone cannot give a good approxi-
mation to the bound-state problem.

Although the particle-antiparticle creation/annihilation
contribution from VHF is not so significant for 8 = 1 and
A = 0, it becomes non-negligible as 8 # 1 and/or A # 0.
In particular, we find that the VHF effect is the most
significant in the case of 8 # 1, A # 0 and also non-
negligible in the 8 =1, A=0o0r 8 # 1, A =0 case. In
contrast to this behavior of the VHF contribution, the effect
of the stretched-box VB is more reduced as 8 # 1 and/or
A#0.

We also note that the spectrum of the bound state is
intimately correlated with the corresponding bound-state
wave function. We see that the attractive effect of the cross-
ladder enhances the probability of finding the higher Fock
states whether the self-energy corrections are included or
not. In the case of A = 0, without the self-energy effect, the

ratio  Pfte"/PLac™ is much higher than the ratio

Pliign/ Pty Including the self-energy effect, the increment

L+CL

of the probability ratio Pfttt/PLIC is more dramatic

than that of the ratio Pl /Pf.,,, as « increases. This seems
consistent with the result of the spectrum calculation ex-
hibiting the more pronounced cross-ladder effect when the
self-energy is included. As the exchange particle mass
increases, however, the probability of finding the higher
Fock states may be reduced, as one can understand from
the derivative of energy denominator involving the ex-
change particle mass. As such, in the case of A = 2.5,

the increment of the ratio PC"/ P §°" is not as dramatic

as in the case of A = (. The probability of finding the
higher Fock states with the massive exchange particle of
A = 2.5 is much less than the corresponding probability
involving the massless exchange particle of A = 0.
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APPENDIX A: FULL EXPRESSION
OF THE KERNEL

Corresponding to Figs. 2—4, respectively, the stretched-
box (V®B), cross-ladder (VCY), and higher-Fock (VHF)
kernels are written in the form
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1

VSB = Vv, (A1)
z(x—z)(z—y)(l—z),tzl,z’
cL 1 .
yCL = Vi (A2)
z(x—z)(z—y)(l—x—erz),»; '
VHE = ! [Va + V] (A3)
x—2)z—y0-—x—y+2) ’
where V|, V,, V3, V4, Vs, Vi, V5, Vg, V4, and Vj are given by
v _(Mz_féi+m%_<il—1a>2+v_ﬁ+m%)—l<M2_1€i+m%_<L—1&)2“2
=
X Z—X 1 -z by Z—X
> 7 \2 2 2 o\ _ 2 2 7 7 \2 2 72 2
(g —ju)P+A _l¢+m2) 1<M2_Jl+m1_(li_fj_) + A _li+m2)_1 (Ad)
y—z 1—y z y—z l_y ’
V2:<M2_ﬁ+m%_(EJ._]?J.)2+)l2_i€i+m%)_l<M2_Z%.+m%_(J?J._Z)J_)z"i')\z__%_+m%)_l
Z xX—z 1 —x y zZ—y 11—z
P+ m? Elo— 7 )24+ A2 TOT24+ A2 B o4 m\-t
y X—z z—Yy 1—x
A+md (- )P+ A2 B+ mdy AAmd (=) + A (k=) + A
V=_(M2_JJ. mi (L —j1 i mz) (Mz_]J. my (g —j1) (k= 1)
3 Z y—z 11—y Z y—z xX—z
(- ki — 1)+ m%)l(Mz CAmd (ky = ji)? + A2 _ K+ m2)1 (A6)
l—x—y+z z xX—z 1—x ’
v :_(Mz_la+m%_(11—fl)z"')\z_(fi—lgl—ll)z"'m%)‘l(Mz_ﬁ +m%_(lz¢—11)2+)12
4 X y—2z l—=x—y+z Z xX—z
. (I —j )+ X _ (Go—ky — 1)+ m%)‘l(MQ B i+ mi (kp = j1)+ A2 B (Gi—k —1)*+ m%)‘l
y—z l—-x—y+z y X—z l—-x—-y+z
(A7)
v :_(Mz_ﬁ+m%_(7i—fl)2+)\2_(ﬁ—lzl—fi)2+m%)—l<M2_ﬁ +m%_(l€l—11)2+)12
5 X y—2z l—=-x—y+z Z xX—z
_ (I —j)?+ X _ (GL—k -1+ m%)‘l(Mz _ﬁ +mj (L —j )2+ 2 _ i+ m%)‘l (A8)
y—2 l-x—y+z z y—z 1-y /)’
AAmd (k=] )P+ 22 K+ mi\ FAAmd (k=P (- )+ A
V6=—(M2— 1 1 kL —J1 kL 2) (Mz_]i 1k —Jju (L —Jy
Z xX—z 1 —x z xX—z y—2z
LGk — k) + m%>l<M2 B Amb k= J PN (k) + m%)‘ (A9)
l—x—y+z y X—z l—-x—y+z ’
) 7 = < 7 7 e g
V7=<M2_kj_ +m%_(li—JL)2+)\2_(]L_kL_lL)2+m%)I(Mz_/a+m%_(Jl_kL)2+)\2
b y—2z l=x—y+z X z—X
(L= Ju)2+ A2 B+ md\ ) Admd (A=) +A2 B+ md\
- - M~ - - : (A10)
y—2z 1—y Z y—2z 1—y
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v Z(Mz_ﬁ +m%_(]€i —fl)2+)\2_l?i +m§)l(M2_i2L +m%_(’;L —j1)?+ 2
8 Z xX—2z 1—x y xX—z
(- [+ A _ K+ m%)l<M2 _ L+ m? _ (K — 1>+ X2 (- ki — 1)+ m%>1 (Al1)
zZ=y 1—x y xX—z l—x—y+z '
v =(M2_72l +m? (kg _jl)2+A2_(;L_gl_il)z"’m%)_l(Mz_la +m} A+mi [ +m
A y X—z l—x—y+z X Z y
B (GL—ky —1)*+ m%)-l(Mz _ K+ m? _ ([ =)+ A _ o=k — 1)+ m%)_l (A12)
l—=x—y+z x y—z l—x—y+z ’
(o Btmt @R Bemiy, Rent Bend Ben
B X—z 1—x Z I—x 1=y
_ (jJ_ - /zJ_ - ZJ_)Z + m%)_1<M2 _ﬁ +m3 _ (ZJ_ _jL)z + A2 _ Zﬁ. + m%>_l (A13)
l—x-y+z Z y—2z 11—y ’
APPENDIX B: FULL EXPRESSIONS OF Py, AND Py;g4p,
The full expressions of Py, and Py;,, without the self-energy can be given by the following integrations:
dx  d*, .
PL :[ ,k 2’ B1
b = [ e T a0 B1)
dx  d*k .
pL+CL Zf 1 kDA B2
Low x(l _ x) 16773 |¢L+CL(X J_)l (B2)
dx  d*, .
PEICLHSE = fx(l = @WHCHSB(& ki)l (B3)
dx  d*k "
pL+CL+SB+HF zf L k)12 B4
Low (1 —x) 1677 |4 1 +cLrsprur(x k)l (B4)
a(aVlh) dx  d?k, dy %, . oV .
T | / (Gt s
High aMz 8 x(l _)C) 16773 y(l — y) 16773 l//L(x J_) aMZ ¢L(y J_) ( )
d(aVl + a2vel) dx  d*, dy &, . (oVL .
PLfrCL=<_ >=_2f [ 1 -k (—) N
High 6M2 x(l _ x) 167T3 y(l _ y) 16773 ¢L+CL(X J_) GMZ ¢L+CL(y J_)
dx  d%k dy & &*j NG -
Sy L Y L[d—“ t k(—) I B6
¢ /x(l — ) 167 .[y(l =3 167 ) Fiem Viral kG Jhere L) (B6)
PLICL+SB _ <_ IaVl + a?VCL + anSB)>
High aMz

dx  d*k, dy d&%, . (VL .
= _ngx(l — X) 16773 ,[y(l — y) 16773 ¢{+CL+SB()C’ kL)(W)¢L+CL+SB(y’ l_]_)

dx %k, dy &%, &2, . [oVCL .
- g4[x(1 — .)C) 16773 _[y(l — y) 16773 fdz 16773 ¢I+CL+SB(X’ kl)<W)¢L+CL+SB(y’ ll)

dx  d’k, dy &%, &P, . [9VSB .
- g4[x(l ) 167 [y(l — ) 167 ]dz 1677 ¢I+CL+SB(X: kl)<W)¢L+CL+SB(y’ Iy), (B7)
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High

<_ IaVE + a?VCL + 2VSB + aszF)>
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- g4,[x(1 — %) 1670 ,[y(l —y) 167° [dz 1675 ‘//L+CL+SB+HF(X ki)< 8M2)¢L+CL+SB+HF())’ I)

VSB
‘//L+CL+SB+HF(X ki)( M2 )¢L+CL+SB+HF()’, 1)

_g4f dx  d*, dy d211/ i,
x(1 —x) 1673 ) y(1 —y) 1673 1673

dx  d*, dy d*l, d2j | JVHF N
- g4fx(1 — ) 1677 ,[y(l — y) 1677 /dz 167 ¢L+CL+SB+HF(X ki)( aMZ)‘/’L+CL+SB+HF(y: ZJ_),

(B8)

where ¢ (x, k 1) is the two-body wave function optimized by the variational parameter for the corresponding kernel and
coupling constant a. Likewise, the full expressions of Py, and Pyje, With the self-energy can be given by the following
integrations:

Pho= [ 5l - () 02 ) TN (B9)
B e,
Ry S e s P X
Phot = f x(ldf %) ﬁfﬁ :1 B (am;mz) 2 ;L’f”:lzzumsmm(x, kDI, (B12)
Pl = (- a(;;L)> - ¢ [ f;ié / y(ldf 3 f;i; k(5 Mz)m(y, )., @1y

d(aVE + a?VCL) dx  d’k dy d*, -
Pﬁ;EL <_ >= _ng E [ (1 . ¢L+CL(X kj_)( )¢L+CL(y’ ly)

IM? x(1 —x) 167° —y) 1677
B ‘gﬁlj.x(ldf x) f;l;-lS fy(ldi y) f;;é f i JL lrbLJrCL(x ki)(i‘;;){bua(y’ ll), (B14)
PﬁggLJ’SB _ <_ a(aVl + a2VC2L + a,2VSB)>
oM
- _ngx(ldf X) 6112]::3 fy(ldi y) f;lé (ZL+CL+SB(X kl)(gl“;Z)lsz+CL+SB(y, 11)
— g4/x(ldi ") f;it /y(ldz y) ;1223 [dz f6]i3 ¢L+CL+SB(3€» EJ.)( ;;;ZL) UricLess(n lJ_)
_ g4jx(1df D f;it ]y(ldz y) ;1625}3 [dzf ]l ¢L+CL+SB(X kl)(i;‘;;:)lZL+CL+SB(y’ Z)J_): (B15)
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