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Abstract

We discuss charge-dependent effects on nucleon–nucleon scattering lengths in chiral quark cluster models. We find that,
as in meson-exchange models, the pion-mass splitting can account for about 60% of the experimental difference between
proton–proton and proton–neutron scattering lengths. Adding QED–QCD interference effects both the charge independence
and charge symmetry breaking are reasonably understood. q 1999 Published by Elsevier Science B.V. All rights reserved.
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The understanding of the difference between pro-
Ž . Ž .ton–proton pp , proton–neutron pn and neutron–

Ž .neutron nn interaction endures as one of the in-
triguing and partially unsolved problems on the de-

w xscription of nuclear forces 1,2 . To this respect, the
NN scattering length in the 1S state plays a special0

role because it is extremely sensitive to small differ-
ences in the strength of the force. The values of
proton–proton, neutron–neutron and proton–neutron

Ž .scattering lengths a , a and a , respectively ,pp nn pn

after Coulomb effects are removed, indicate that the
pn force is, in average, slightly more attractive than
nn and pp forces, whereas the nn interaction is more
attractive than the pp interaction. Experimental val-
ues for the different NN scattering lengths in the 1S0

state are listed in Table 1. From these data one can
Ž .define the charge symmetry breaking CSB combi-

nation,

Da sa ya s1.5"0.5 fm , 1Ž .CSB pp nn

which shows that this symmetry is slightly broken in
nature. However, the charge independence breaking
Ž .CIB combination,

1
Da s a qa ya s5.7"0.5 fm , 2Ž . Ž .CIB pp nn pn2

shows a sizeable value which clearly demonstrates
that nuclear interactions are charge dependent.

There has been a considerable amount of theoreti-
cal activity to reproduce and understand these num-

w xbers 3–13 . Most of the theoretical calculations try
to explain the data using meson-exchange models
w x3–9 . This approach incorporates basically isospin
breaking through the charged and neutral pion-mass
difference, the proton–neutron mass difference, the
r 0–v electromagnetic mixing amplitude, and the
electromagnetic corrections. Whereas part of the CIB
has been explained by means of the mass difference
between neutral and charged pions, proton–neutron
mass difference and r 0–v mixing have been used to
account for CSB effects.
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Table 1
Experimental values of nucleon–nucleon 1S scattering length.0

The values given for pp and nn refer to the nuclear part of the
interaction. Electromagnetic effects have been removed from the
experimental values, which is model dependent. The uncertainties
quoted for a and a are mainly due to this model dependence.pp nn

w xData are taken from Ref. 1
1 Ž .S scattering length Exp. value fm0

a y17.3 "0.4pp

a y18.8 "0.3nn

a y23.75 "0.01pn

The role played by the neutral and charged pion
mass difference on CIB has been recently investi-
gated within the framework of the Bonn potential for
the NN interaction, which is entirely based on me-
son exchanges. Cheung and Machleidt and Li and

w xMachleidt 4 find in this model that the pion-mass
difference can account for about 80% of the experi-
mental discrepancy between pp and pn scattering
lengths. 70% of this number comes from OPE,
whereas the remaining 30% is due to 3p and 4p

exchanges implemented as psqpv exchanges. The
contribution of 2p diagrams almost cancels with the
pr exchange. Similar results were also previously

w xobtained by Ericson and Miller 3 . These authors
also considered a second contribution to CIB coming
from the electromagnetic loop corrections to the
one-pion exchange, generating a simultaneous pg-
exchange force between nucleons. Because the pho-
ton is massless, the pg-force has a nominal OPE
range. This correction has recently been evaluated by

w x w xFriar and Coon 5 and van Kolck et al. 6 in the
framework of chiral perturbation theory. Although in

w xRef. 5 , working with a subset of Feynman diagrams
Ž .for which the photon in the Coulomb gauge tra-

verses from one nucleon to another, a negative con-
tribution of roughly 3% to Da was obtained, theCIB

w xfull calculation of Ref. 6 demonstrated that this
contribution is negligible. Other possible contribu-
tions to CIB, as for example charge dependence of
the p NN coupling constant or isobar contributions to
the pg-exchange force have been also found to give

w xnegligible contributions 3,5 . Therefore, at least 15%
of Da remains unexplained by meson-exchangeCIB

models.
The situation is different for CSB. As mentioned

before, two mechanisms have been invoked in me-

son-exchange models to account for CSB. In the first
w xone 7,8 , CSB is mostly attributed to the proton–

neutron mass difference which appears in the two-
pion exchange graphs involving one nucleon and one
delta. This mass difference affects the kinetic energy
of the nucleon and besides, it also influences all
meson-exchange diagrams, mainly through the prop-
agation of nucleon intermediate states with the cor-
rect mass in 2p-exchange diagrams. A different

w xmechanism 9 explains CSB through the contribu-
tion to the NN force of the electromagnetic mixing
amplitude between the isoscalar v meson and the
neutral member of the isovector r meson. There has
been discussion about the role of the contributions
mentioned above. Traditionally, it was believed that
the r 0–v mixing explained essentially all CSB in
nuclear forces. However, different theoretical inves-

w x 0tigations 14,15 found that r –v exchange may
have a substantial q2 dependence, such as to cause
this contribution to nearly vanish in NN. However,
the issue of the q2 dependence of this mixing ampli-
tude is by no means settled, and therefore from the
point of view of meson-exchange models seems to
be premature to draw any definitive conclusion.

From a more fundamental point of view one
would expect that the source of Da and DaCIB CSB

could be ultimately traced to CIB and CSB in Quan-
tum Chromodynamics. The traditional quark-model
approach incorporates only two sources of isospin
breaking, namely up–down quark mass difference
and the Coulomb interaction arising from the anti-
symmetrization of the quark wave function.

w xChemtob and Yang 10 first gave a detailed
description of the explicit quark contributions to
the isospin-violating part of the nucleon–nucleon
interaction. They used a hybrid non-relativistic
quark-potential model including the one-gluon and
one-photon exchange between quarks. These two
potentials are supplemented with a local intercluster
interaction coming from the folding of a p and s

two-body quark interaction, omitting the tensor and
contact d forces. They concluded that the up–down
quark-mass difference produces Da ;2–3.5 fmCSB

and Da compatible with zero. Later on, Brauer,¨CIB
w xFaessler and Henley 11 shown in a model based on

Ž .an one-gluon exchange OGE and with a different
prescription for the folded p and s potentials that
the quark-mass difference only contributes to DaCSB
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as 0.46 fm because of a close cancellation between
the contributions from the kinetic energy and the
color-magnetic interaction. They found a small con-

Ž .tribution to Da 0.12 fm . Calculations of Refs.CIB
w x w x w x10 and 11 were reviewed by Wang et al. 12
confirming that the quark-mass difference contribu-
tion to Da is small but the contribution to DaCIB CSB

is model dependent.
Some years ago, Stephenson, Maltman, and Gold-

Ž . w xman SMG 16–18 proposed another source of
isospin violation at the quark level due to the inter-
ference of QED and QCD terms. These interference
effects are equivalent to the electromagnetic correc-

w xtions to the one-pion exchange potential 5,6 but
now refers to the one-gluon exchange interaction.
SMG demonstrated that these electromagnetic cor-
rections to one-gluon exchange diagrams give a sig-
nificant contribution to the baryon isomultiplet mass

w xsplitting 17,18 and to the binding energy difference
3 3 w xbetween He and H 16,18 . The QED–QCD inter-

ference effects contribute both to Da and Da .CIB CSB
w xWang et al. 13 have calculated both quantities

Ž .using the Resonating Group Method RGM with a
non-relativistic hamiltonian including one-gluon ex-
change interaction and up–down mass difference
besides the interference terms. They found signifi-
cant contributions of these last terms, but their re-
sults vary from 1.50 to 3.45 fm for Da , and fromCSB

from y1.52 to 7.33 fm for Da , depending on theCIB

parameters used.
In order to establish the validity of the different

calculations it is important to note that the change of
the scattering length depends on the ’starting value’

w xto which the effect is added 3 . Therefore all the
reliable calculations should be able to reproduce the
experimental NN phase shifts. However, most of the
calculations done at the quark level introduce the
intermediate and long-range part of the NN interac-
tion in a phenomenological way and therefore, al-
though including mechanisms which produce charge
dependence of nuclear forces, one cannot fully trust
on the size of the effects predicted.

In recent years, a chiral quark cluster model for
the NN interaction that is able to reproduce the
experimental data with a high quality has been de-
veloped by the Salamanca-Tubingen groups. This¨
model has been widely described in the literature
w x19–21 . Our purpose in this work is to study

charge-dependent effects based on the first quark
potential model compatible with scattering and bound
state data for the NN system.

We will summarize here only those facts which
are relevant for the issue under consideration. The
Salamanca-Tubingen potential incorporates, as a¨
consequence of chiral symmetry breaking, a pseu-
doscalar and a scalar exchange between quarks com-
ing from the lagrangian,

2L sg F q c sq ig tPp c , 3Ž . Ž .Ž .ch ch 5

Ž 2 .where F q is a monopole form factor
1

2L 2x2F q s , 4Ž .Ž . 2 2L qqx

L determining the scale of chiral symmetry break-x

ing and being bound between 1 GeV and 600 MeV
w x22 . The chiral coupling constant g is chosen toch

reproduce the experimental p NN coupling constant.
In this process the average value of m " and m 0p p

masses is taken as scaling mass, avoiding in this way
the creation of an artificial charge dependence.

From the above Lagrangian an one-pion exchange
potential between quarks can be easily derived in the
non-relativistic approximation,

g 2 L2 s Pq s PqŽ . Ž .ch x 1 2
V q syŽ .OPE 2 2 2 2 24m L qq m qqq x p

= t Pt . 5Ž . Ž .1 2

When the mass difference between charged and
neutral pions is taken into account, V generates aOPE

charge-dependent one-pion exchange potential.
Using the range of values for L given above, anx

estimation of the D–N mass difference due to the
OPE interaction varies between 150 and 200 MeV.
The rest of the mass difference, up to the experimen-
tal value, must have its origin on perturbative pro-
cesses. This is taken into account through the well

w xestablished one-gluon exchange potential 23

V q sa l PlŽ . Ž .OGE s i j

=
p p

2y 1q s PsŽ .i j32 2½ q 4mq

Ž .Ž . 22w xp qmq P s msi j
q .2 2 54m qq

6Ž .
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Table 2
Quark model parameters

Ž .m MeV 313q
a . Ž .b fm 0.518

a 0.498s
2g 6.661ch

y1Ž .m fm 3.421s
y1Ž .L fm 4.300x

a . b is the parameter of the harmonic oscillator wave function
1 Ž3r4. 2 2yŽ x r2 b .Ž .used for each quark h x s e .Ž .2p b

Although the direct-Coulomb effects are sub-
tracted from the experimental scattering lengths, at
the level of quarks there are still contributions com-
ing from the simultaneous exchange of photons and
quarks between the nucleons. The potential produc-
ing the quark-exchange Coulomb interaction is given
by

p p
2V q s4 a Q Q y 1q s Ps ,Ž . Ž .g i j i j32 2½ 5q 4mq

7Ž .

where Q is the charge operator of quark i.i

Finally, we introduce the QED–QCD interference
w xterms proposed by SMG 17 and obtained by Wang

w xet al. 13 from a perturbative calculation where the
vertex electromagnetic penguin, photon and gluon
box and crossing diagrams are included,

V q spa a l PlŽ . Ž .I s i j

=
16 1y log2 Q QŽ . i j

2½ 4p q

12 1q log2Ž .
y Q Q s PsŽ .i j i j24p mq

Q2 qQ2Ž .i j
y s Ps , 8Ž . Ž .i j2 53p mq

In these potentials we do not distinguish between
up and down constituent quark masses. Although this
mass difference does not affect to charge depen-
dence, it will contribute to charge asymmetry. This
contribution will be discussed below.

Let us note at this point that the Salamanca–Tubi-¨
ngen chiral quark model does not contain any mas-

Ž .sive vector meson-exchange potentials r, v . The
problem of unifying the quark-exchange and meson-
exchange in the nuclear force and nuclear currents

w xhas been a matter of discussion 24 . It has been
Ž . Ž .shown that the pseudoscalar p and scalar s

meson-exchange can be simply added to the quark-
exchange terms without risk of double counting.
However, the vector meson exchanges, which play
an important role in meson models, need some care.
In one boson exchange models, the v meson pro-
vides most part of the short-range repulsion of the
NN interaction. This task is taken over by the OGE
combined with the antisymmetrization effects on the
OPE in the chiral quark cluster model. Besides, the r

meson reduces the strength of the tensor pionic
interaction, the same effect is obtained from the
quark-exchange terms of the one-pion exchange po-
tential.

The phase shifts and scattering lengths for the 1S0

partial wave have been calculated using a refined
multichannel RGM calculation in momentum space
w x w x25 . The model parameters are those of Ref. 20 ,
although a fine tuning has been performed to repro-
duce the exact value for the 1S scattering length in0

presence of the QED–QCD interference terms. The
parameters are shown in Table 2. For the pion
masses we take the experimental values m "sp

139.57 MeV and m 0 s134.97 MeV. The calcula-p
1 Ž . 5 Ž .tion includes the tensor coupling S NN – D ND0 0

in order to reproduce the experimental phase shifts
w x20 .

Let us first consider charge invariance breaking.
Both, the pion-mass difference and the QED–QCD
interference terms contribute to Da . In Table 3CIB

we show the different contributions to Da , denot-CIB

Table 3
CIB contributions to the 1S scattering length, Da . The num-0 CIB

bers between parenthesis in the last two columns are calculated
including the contribution of charge symmetry breaking

C T E M a .Ž . Ž . Ž .V V V V V a fm a fm Da fmOPE OPE I I g pn p p Žn n. CIB

= – – – – y21.559 y18.487 3.07
= = – – – y21.807 y18.396 3.41
= = = – – y22.085 y18.298 3.79
= = = = – y23.451 y17.863 5.59
= = = = = y23.749 y17.777 5.97

Ž . Ž .y17.807 5.94

a . 1a s a q aŽ .p p Žn n. pp nn2
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Table 4
CSB contributions to the 1S scattering length, Da0 CSB

E M Ž . Ž . Ž .V V V a fm a fm Da fmI I g pp nn CSB

– – = y17.649 y17.907 0.26
= = – y17.195 y18.400 1.20
= = = y17.075 y18.539 1.46

Ž C .ing by the different entries the central V and theOPE
1 Ž . 5 Ž . Ž T .S NN – D ND tensor coupling V of the0 0 OPE

Ž E .OPE potential, the spin-independent V and spin-I
Ž M .dependent V parts of the QED–QCD interferenceI

Ž . 1terms, and the quark-exchange Coulomb effect V .g

The main contribution to Da comes, as inCIB

meson-exchange models, from the central piece of
the OPE potential. It represents, together with the
one generated by the tensor part, almost 60 % of the
experimental value. The contribution coming from
the quark-exchange Coulomb interaction is small and
represents less than 7 % of the experimental value.
The QED–QCD interference terms give a sizeable
contribution which, added with the former ones, is
able to reproduce the experimental data.

The QED–QCD interference terms also generate
charge symmetry breaking. As can be seen in Table
4, they give a sizeable contribution, much bigger
than the effects of quark-exchange Coulomb interac-
tion. Adding together these two terms, one obtains
almost the correct value of the CSB correction to the
scattering lengths. CSB influences CIB through the
term a qa incorporated into the definition ofpp nn

Da . Such effect is given in the last two columnsCIB

of Table 3 between parenthesis, representing a very
small correction of 0.03 fm.

In the results quoted above the effects induced by
the difference between the up and down constituent
quark masses have not been considered. While the
constituent mass is related to the scale of chiral
symmetry breaking, the up–down constituent mass

1 As explained above, the Coulomb term does not generate any
contribution in baryonic models. However, in the case of quark
models it gives a contribution coming from the simultaneous
exchange of photons and quarks between the baryons. Obviously
this mechanism is not present if the quark substructure of baryons
is not considered.

difference has been traditionally determined through
the hadron isomultiplet splittings. As a consequence,
constituent quark mass differences are in turn depen-
dent on the assumptions of the model one is working
with. Nevertheless, the influence of Dmsm ymd u

on Da can be evaluated. Since the mass splittingCSB

of the up and down quarks is small, we can write

1 1 Dm
z zs 1q t qt , 9Ž .Ž .i j2m m 2mmi j

where ms313 MeV. This correction generates CSB
Ž Ž ..on the kinetic energy, the OGE interaction Eq. 6 ,

Ž Ž ..the OPE interaction Eq. 5 , the quark-exchange
Ž Ž ..Coulomb interaction Eq. 7 , and the QED–QCD

Ž Ž ..interference terms Eq. 8 , being the last one negli-
gible.

w xAs in Ref. 10 , there is a cancellation between
the CSB induced by Dm on the kinetic energy and
that induced on the OPE and OGE interactions. In
our case, the cancellation is even more pronounced
due to the effect of the tensor coupling with the ND

channel which has the same sign as the kinetic
energy correction. For values of Dm ranging from
y5 MeV to 5 MeV, the total correction to CSB
depends linearly on Dm and Da can be ex-CSB

pressed as Da s 1.46q0.07Dm fm, when DmŽ .CSB

is given in MeV. From this expression one obtains
for Da results between 1.39 fm and 1.74 fm forCSB

the interval of possible values of Dm deduced from
w xthe hadron isomultiplet splittings in Ref. 17 , y1

MeV FDmF 4 MeV. In particular, for the value of
w xDm recommended in Ref. 2 , Dm;3 MeV, the

final result would be Da s1.67 fm, compatibleCSB

with the error bars of the experimental data.
In the case of the present chiral quark cluster

model the proton–neutron mass difference is com-
patible with Dmy2.13 MeV or y1.34 MeV, de-
pending on the use of quadratic or linear confine-
ment, respectively 2. With these values for Dm, we
obtain Da s1.31–1.37 fm, really close to theCSB

w xresults obtained in Ref. 4 . As explained above, the
r 0–v mixing is discarded in chiral quark cluster

2 Confinement, while not affecting the NN interaction, it has a
great influence on the spectrum.
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models as a possible source of CSB. Therefore, the
proton–neutron mass difference in meson-exchange
models provides similar results to those obtained in
quark models when the QED–QCD interference
terms are considered and the up–down constituent
quark mass difference is taken to reproduce the
neutron-proton mass difference. However, both
mechanisms are completely different. While the
quark-based terms providing the CSB splitting also
give a significant contribution to CIB, in meson-ex-
change models none of the employed mechanisms to
explain CSB contribute to CIB. As a consequence, a
direct comparison is not reliable.

The success of the present approach suggests a
further effort to explain charge-dependent effects as
for example binding-energy differences of the As3
sector or separation energies in the As4 one. How-
ever, these systems are enough complicated from the
quark-model point of view as to make a straightfor-
ward generalization of the accurate calculations done
in the present work for the two-body system. There-
fore, although tempting, to make a thoughtful predic-
tion for the three- or four-body systems based on the
results presented here for the two-body system seems
to be rather involved.

In summary, taking into account the pion-mass
splitting, the quark-exchange Coulomb interaction
and the QED–QCD interference terms it is possible
to reproduce the charge independence breaking on
the 1S scattering length in a chiral quark cluster0

model without introducing any additional parameter
to those necessary for describing the NN interaction.
The contribution of the quark-exchange Coulomb
interaction and the QED–QCD interference terms
make also possible to explain the charge symmetry
breaking on the scattering length. The influence of
up–down constituent quark-mass difference, being
small due to the cancellation among the different
terms, is compatible with the values of Dm extracted
from the hadron isomultiplet splittings.
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