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Pion-only, chiral light-front model of the deuteron

Jason R. Cooke and Gerald A. Miller
Department of Physics, University of Washington, Box 351560, Seattle, Washington 98195-1560

~Received 28 December 2001; published 23 May 2002!

We investigate the symptoms of broken rotational invariance, caused by the use of light front dynamics, for
deuterons obtained using one- and two-pion-exchange potentials. A large mass splitting between states with
m50 andm51 is found for the deuteron obtained from the one-pion-exchange potential. The size of the
splitting is smaller when the chiral two-pion-exchange~TPE! potential is used. When the TPE potential
constructed without chiral symmetry is used, the deuteron becomes unbound. These results arise from signifi-
cant relativistic effects that are much larger than those of the Wick-Cutkosky model because of the presence of
the tensor force.
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Recently, there has been much interest in effective fi
theories~EFT! for nuclear physics. In particular, the expa
sion of the nuclear forces about the chiral limit gives go
results @1,2#. Attempts have been made to apply pionle
EFTs to study deuteron properties@3–5#. However, it has
been shown that pions are required to obtain a w
controlled theory@6#.

It is not surprising that the pions are necessary. Inde
the gross features of the deuteron are determined princip
by the one-pion-exchange~OPE! potential @7#, a conse-
quence of EFT. However, the short-distance behavior of
naive OPE potential is singular, and must be regula
Physically, this regulation is provided by the exchange
more massive mesons and multimeson exchanges. EFT
us that these high-energy parts can be replaced by anyt
that has the correct form dictated by symmetry, and the lo
energy properties of the deuteron will be left unaffected.

The expectation that pionic effects are very importan
related to work by Friar, Gibson, and Payne~FGP! @8# who
obtained nonrelativistic deuteron wave functions using o
the OPE potential. In their calculations a pion-nucleon fo
factor replaces the high-energy physics. The only influe
of chiral symmetry in the FGP model is the requirement t
the pion-nucleon coupling should be of thets•“ form.

In this Brief Report, we build upon the FGP model b
performing a relativistic calculation using light-front dynam
ics. In addition, we go beyond the OPE potential and inclu
the two-pion-exchange~TPE! potential. Chiral symmetry is
known to have profound implications for the TPE intera
tion, so that we will be able to study the effect that ignori
chiral symmetry has on the deuteron.

Our plan is to introduce a model Lagrangian for nucle
physics using only nucleons and pions. A Lagrangian t
includes chiral symmetry@9# has been used to compute th
OPE and TPE potentials for a new light-front nucleo
nucleon potential@9–11#, which involves the exchange of si
different mesons. We retain only the contributions aris
from pionic exchanges. The resulting pion-only potenti
are then used to see if the deuteron state is bound, and
to compute the binding energy. The final section is devo
to presenting a brief set of conclusions.

We consider a pion-only light-front nucleon-nucleon p
tential derived from a nuclear Lagrangian. This model is
0556-2813/2002/65~6!/067001~4!/$20.00 65 0670
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spired by the nonrelativistic one-pion-exchange model u
by Friar, Gibson, and Payne@8#. We generalize their mode
to form the basis of our pion-only light-front model, whic
includes relativity automatically. This pion-only model is e
sentially the same as the model presented in Ref.@11# re-
stricted to pions only.

Our starting point is an effective nuclear Lagrangi
@9,13,11,14# that incorporates a nonlinear chiral model f
the pions. The Lagrangian is based on the linear represe
tions of chiral symmetry used by Gursey@12#. It is invariant
~in the limit wheremp→0) under chiral transformations.

The pion-only model prescribes the use of nucleonsc and
the p meson, which is a pseudoscalar isovector. The
grangianL is given by

L5
1

4
f 2 Tr~]mU]mU†!1

1

4
mp

2 f 2 Tr~U1U†22!

1c̄@ i ]”2UM #c, ~1!

where the bare mass of the nucleon isM and the pion ismp .
The unitary matrixU can be chosen to have one of the thr
forms Ui :

U1[eig5t•p/ f , ~2!

U2[
11 ig5t•p/2f

12 ig5t•p/2f
, ~3!

U3[A12p2/ f 21 ig5t•p/ f , ~4!

which correspond to different definitions of the fields. Ea
of these definitions can be expanded to give

U511 ig5

t•p

f
2

p2

2 f 2
1OS p3

f 3 D . ~5!

In this paper, we consider at most two pion-exchange po
tials, so we takeU to be defined by Eq.~5!.
©2002 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW C 65 067001
In the limit wheremp→0, the Lagrangian in Eq.~1! is
invariant under the chiral transformation

c→eig5t•ac, U→e2 ig5t•aUe2 ig5t•a. ~6!

We use the Lagrangian to obtain the OPE and TPE lig
front nucleon-nucleon potentials@9–11,13,14#. We find that
there are three classes of TPE potentials. The first class
TPE box diagrams, consists of diagrams where the pion l
do not cross. The second class, the TPE contact diagr
consists of diagrams where at least one of the vertices
two-pion contact vertex, as demanded by chiral symme
The third class is the TPE crossed diagrams, where the
lines cross.

As discussed in Refs.@10,11,15,16#, we have some free
dom in deciding which TPE diagrams to include in our p
tential. In particular, we may neglect just the crossed d
grams, or both the crossed and contact diagrams. Altho
neglecting these diagrams may affect the exact deute
binding energy calculated, we should find a partial resto
tion of rotational invariance as compared to using just
OPE potential.

We also want to keep the potentials chirally symmetric
well. Whereas rotational invariance of the potential is p
tially restored by including higher-order potentials, chir
symmetry is restored by including thepp contact interaction
graphs to the same order as the noncontact graphs.

Chiral symmetry tells us that for pion-nucleon scatteri
at threshold, the time-ordered graphs approximately ca
@9#. Furthermore, upon closer examination, we find that
the light-front time-ordered graphs for the scattering am
tude vanish except for the two graphs with instantane
nucleons and the contact graph. These graphs are show
Fig. 1. Using the Feynman rules, Refs.@9–11,13,14#, and
denoting the nucleon momentum byk and the pion momen
tum by q, we find that

MU5C
d i , j1 i e i , j ,ktk

2~k11q1!
u~k8!g1u~k!, ~7!

MX5C
d i , j2 i e i , j ,ktk

2~k12q1!
u~k8!g1u~k!, ~8!

MC5C
2d i , j

M
u~k8!u~k!,p, ~9!

where the factors common to all amplitudes are denoted
C. The term in these equations proportional totk is the fa-
mous Weinberg-Tomazowa term@17,18#. For threshold scat-

FIG. 1. The nonvanishing diagrams for pion-nucleon scatter
at threshold:~a! MU , ~b! MX , and~c! MC .
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tering ~where k15M and q15mp), in the chiral limit,
where mp→0, the sum ofMU , MX , and MC vanishes
@9,13,14#.

The fact that the amplitudes cancel only when the con
interaction is included demonstrates that chiral symmetry
have a significant effect on calculations. In terms of tw
pion-exchange potentials, this result means that the con
potentials cancel strongly with both the iterated box pot
tials and the crossed potentials. This serves to reduce
strength of the total two-pion-exchange potential, whi
leads to more stable results.

However, in this paper we do not use the crossed gra
for the nucleon-nucleon potential, so we must come up w
a prescription that divides the contact interaction into t
parts that cancel the box and crossed diagrams separa
We do this by formally defining two new contact intera
tions, so that

MCU
[

M

2~M1lmp!
MC , ~10!

MCX
[MC2MCU

, ~11!

and the value ofl is of order unity. With these definitions
we find that at threshold and in the chiral limit,

MU1MCU
50, ~12!

MX1MCX
50. ~13!

Since Eqs.~10! and~11! give the correct results in the chira
limit for pion-nucleon scattering, we use it to factor the TP
potentials so that chiral symmetry can be approximat
maintained while neglecting the crossed potentials.

We find that the results of our TPE calculation, whic
include approximate chiral symmetry have a very weak
pendence on the value ofl, provided that 0,l,1. As such,
we show only the results forl51. These features indicat
that we can incorporate approximate chiral symmetry wi
out including crossed graphs simply by weighting each c
tact interaction graph with a factor ofM /@2(M1mp)#.

To summarize, the OPE potential breaks rotational inva
ance, but we can improve the rotational properties of
total potential by adding the TPE box potential. Since t
TPE box potential breaks chiral symmetry, we must also
clude a TPE contact potential~with the appropriate weight-

TABLE I. Binding energies for deuterons calculated with se
eral one-meson-exchange potentials and two different me
nucleon form factors for the scalar-meson-only model. The c
pling constant isg2/4p50.424 and the meson mass is the same
the pion’s mass.

OME potential L51.0 GeV L51.915 GeV

Nonrelativistic 2.2236 MeV 4.2539 MeV
Instantaneous 2.1581 MeV 4.0862 MeV
Light front, m51 1.2027 MeV 2.2294 MeV

g
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BRIEF REPORTS PHYSICAL REVIEW C 65 067001
ing! to improve the chiral symmetry. We find that chiral sym
metry is essential for producing stable results in the deute
calculation.

To numerically calculate the bound states for these pi
only potentials, we must choose values for the potential
rameters. As a starting point, we look for inspiration from t
nonrelativistic one-pion-exchange model used by FGP@8#.
The basic parameters of the model are the mass of
nucleon (M5938.958 MeV), the mass of the pion (mp

5138.03 MeV), and the pion decay constant (f 0
250.079),

which correlate to a coupling constant ofgp
2 /4p

54M2f 0
2/mp

2 514.6228 in our formalism.
The FGP model uses family ofn-pole pion-nucleon form

factors, with the form

F~q!5S L22mp
2

L21q2 D n

, ~14!

and the parameterL is fit to reproduce the deuteron bindin
energy for a given value ofn. In this paper, we fixn51. We
can obtain the FGP model from our light-front nucleo
nucleon potential by considering only the OPE potential a
performing a nonrelativistic reduction.

Based on our previous work with the Wick-Cutkosk
model~where the mass splitting for states with different v
ues ofm was very small for lightly bound states@15#!, one
might think that the mass splitting will be small for them
50 andm51 states of the deuteron when calculated w
the light-front OPE potential. However, the pseudosca
coupling of the pion and the associated tensor force ca
the deuteron wave function to have a high-momentum
that falls off rather slowly, as 1/k4 @19#. This tail enhances
the effects of the potential’s relativistic components, such

TABLE II. Binding energies for deuterons calculated with se
eral one-pion-exchange~OPE! potentials and two different pion
nucleon form factors for the pion-only model. The coupling co
stant isg2/4p514.6. A negative binding energy indicates that
state is unbound.

OPE potential L51.01 GeV L51.9 GeV

Nonrelativistic 2.2244 MeV 227.019 MeV
Light front, m50 20.0269 MeV 0.788 MeV
Light front, m51 20.0246 MeV 8.856 MeV
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the breaking of rotational invariance. As a consequence,
deuteron mass splitting is large in our light-front model.

To make sure that the mass splitting in the pion-on
model is due to relativistic effects, we first consider a sca
version of this model, where we assume that the excha
meson has a scalar coupling to the nucleon. The sca
meson-only potential is essentially a Wick-Cutkosky pote
tial that incorporates a meson-nucleon form factor and sp
overlap factors. Table I shows the binding energies for d
terons calculated with two form factors for the scalar-mes
only nonrelativistic and light-front potentials, using the tec
niques detailed in Refs.@11,10#. The binding energies are o
the same order of magnitude for all the potentials and
binding energies of them50 andm51 light-front potentials
are essentially degenerate. These results are the sam
those for the Wick-Cutkosky model@16#.

Now we consider the~pseudoscalar! pion-only model.
The only difference between this potential and the sca
meson-only potential is that the numerator contains spi
overlap factors ofūig5u instead ofūu. The pseudoscala
coupling generates a tensor force that is more sensitive to
relativistic components of the wave function than the sca
force.

Table II shows the binding energies for deuterons co
puted with the pion-only model for two form factors. Th
binding energies vary greatly depending on which poten
is used. In fact, the light-front potentials do not bind t
deuteron with the first form factor, and with the second fo
factor, the mass splitting between them50 andm51 states
is very large. Since the potentials are substantially differ
only in the high-momentum region, this result indicates th
the pseudoscalar nature of the pion-exchange model mak
very sensitive to subtle changes in the potential’s relativis
structure.

We can reduce the large mass splitting by adding T
graphs to the OPE potential. We may include the TPE b
graphs that we call the nonchiral-TPE~ncTPE! potential, or
the sum of the TPE box graphs and the weighted TPE con
graphs, which we call the TPE potential. To check this s
bility and the restoration of rotational invariance of the pio
only model, we calculate the energy of the deuteron us
the OPE, OPE1TPE, and OPE1ncTPE potentials.

We find thatL51.9 GeV gives a reasonable range
binding energies, as Table III shows. The mass splitting
the difference in the percentage of theD-state wave function
both decrease when TPE diagrams are included. TheD-state

-

y

TABLE III. The binding energy for them50 andm51 states, the difference of those energies (D), and
percentages of the wave function in theD state and in theJ51 state for them50 andm51 states, calculated
with several potentials using a pion-nucleon form factor withL51.9 GeV. A negative binding energ
indicates that a state is unbound.

Potential Binding energy~MeV! D state~%! J51 ~%!

m50 m51 D m50 m51 m50 m51

OPE 0.7884 8.8561 28.0677 4.09 12.27 99.99 99.78
OPE1TPE 0.6845 2.5606 21.8761 3.98 8.08 99.98 99.88
OPE1ncTPE 20.0107 20.0087 20.0020 0.15 0.66 100.00 100.00
1-3
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BRIEF REPORTS PHYSICAL REVIEW C 65 067001
probability increases with the binding energy, and it is co
sistent ~given the range of values the probability and t
binding energy take! with the value of 6% reported in Ref
@8# for the FGP model.

Table III also shows that numerically the states arealmost
angular momentum eigenstates, since the percentage of
state withJ51 is almost 100%. This occurs even though t
eigenstates of the light-front Hamiltonian are not, in pr
ciple, eigenstates of the angular momentum. However,
does not mean that rotational invariance is unbroken. R
tions relate the differentm states, and from the mass spl
tings, we see that the states do not transform correctly.

Table III also shows the effects of using the ncTPE p
tential. As mentioned earlier, this potential is greater in m
nitude than the TPE potential, and it unbinds the deute
~Strictly speaking, this indicates only that the binding ene
is very small or zero; the uncertainty in the binding ener
calculation increases as the binding energy approaches z!
Because the ncTPE potential does not produce a bound
teron, we cannot determine what effect it has on the ro
tional properties of the state.
B
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Finally, we performed the same calculation using tw
more pion-nucleon form factors, one withL52.1 GeV and
another withL52.9 GeV andn52. The results are quali
tatively the same as those in Table III, demonstrating t
these results are robust@10#.

In this paper, a light-front pion-only model was used
investigate the effects that relativity and chiral symme
have on the deuteron. We used OPE, OPE1TPE, and OPE
1ncTPE potentials to calculate the binding energy and w
function for them50 andm51 states of the deuteron. W
find that the splitting between them50 andm51 states is
smaller for the OPE1TPE potential as compared to what th
OPE potential gives. We also find that chiral symmetry m
be included to obtain sensible results when using two-pi
exchange potentials.
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