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Charge symmetry breaking of the nucleon-nucleon interaction:
r-v mixing versus nucleon mass splitting
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We investigate three models for the charge symmetry breaking~CSB! of the nucleon-nucleon (NN) inter-
action~based uponr-v mixing, nucleon mass splitting, and phenomenology! that all reproduce the empirical
value for the CSB of the1S0 scattering length (DaCSB) accurately. We reveal that these models make very
different predictions for CSB in3PJ waves and examine the impact of this on some observable quantities of
A>3 nuclear systems. It turns out that the3H-3He binding energy difference is essentially ruled byDaCSB and
not very sensitive to CSB fromP waves. However, the Coulomb displacement energies~which are the subject
of the Nolen-Schiffer anomaly! receive about 50% of their CSB contribution fromNN partial waves beyond
1S0. Consequently, the predictions by the various CSB models differ here substantially~10%–20%!. Unfor-
tunately, the evaluation of the leading Coulomb contributions carries a large uncertainty such that no discrimi-
nation between the competing CSB models can presently be made. To decide the issue we suggest looking into
nuclear few-body reactions that are sensitive to CSB of the nuclear force.

DOI: 10.1103/PhysRevC.63.034005 PACS number~s!: 24.80.1y, 11.30.Hv, 13.75.Cs, 21.10.Sf
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I. INTRODUCTION

By definition, charge independenceis invariance under
any rotation in isospin space. A violation of this symmetry
referred to as charge dependence or charge independ
breaking~CIB!. Charge symmetryis invariance under a ro
tation by 180° about they axis in isospin space if the positiv
z direction is associated with the positive charge. The vio
tion of this symmetry is known as charge symmetry break
~CSB!. Obviously, CSB is a special case of charge dep
dence.

CIB of the strongNN interaction means that, in the iso
pin T51 state, the proton-proton (Tz511), neutron-proton
(Tz50), or neutron-neutron (Tz521) interactions are
~slightly! different, after electromagnetic effects have be
removed. CSB of theNN interaction refers to a differenc
between proton-proton (pp) and neutron-neutron (nn) inter-
actions, only.

Charge asymmetry is seen most clearly in the1S0 scatter-
ing length. The latest empirical values of the neutron-neut
(nn) singlet effective range parameters~corrected for elec-
tromagnetic effects! are

ann
N 5218.960.4 fm @1,2#, r nn

N 52.7560.11 fm @3#.
~1.1!

This should be compared to the corresponding proton-pro
(pp) values@3#:

app
N 5217.360.4 fm, r pp

N 52.8560.04 fm. ~1.2!

The implication is that the singlet effective range parame
break charge symmetry by the following amounts:
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DaCSB[app
N 2ann

N 51.660.6 fm, ~1.3!

Dr CSB[r pp
N 2r nn

N 50.1060.12 fm. ~1.4!

The current understanding is that—on a fundamen
level—the charge dependence of nuclear forces is due
difference between the up and down quark masses and
tromagnetic interactions among the quarks. As a con
quence of this—on the hadronic level—major causes of C
are mass differences between hadrons of the same iso
multiplet, meson mixing, and irreducible meson-photon e
changes. For recent reviews on charge dependence, see
@3–5#.

Neutral mesons with the same spin and parity, but diff
ent isospin, may mix due to the up-down quark mass diff
ence and electromagnetic interactions; that is, the Ham
tonian responsible for the mixingHm has a strong and an
electromagnetic part

Hm5Hstr1Hem. ~1.5!

The most prominent case isr0-v mixing that is observed in
the annihilation processe1e2→p1p2 from which the mix-
ing matrix element has been extracted@6# to be

^r0uHmuv&520.004 5260.0006 GeV2. ~1.6!

The charge-asymmetric nuclear force created by this pro
is displayed in Fig. 1. Coon and Barrett showed@6# that this
mechanism alone can explain the entire empirical CSB of
singlet scattering length, Eq.~1.3!. Other examples of meso
mixing arep-h andp-h8 mixing which, however, generat
only negligible effects@7#.

In recent years, the process of Fig. 1 has been subjecte
some criticism. Note that the matrix element, Eq.~1.6!, is
extracted on-shell, i.e., fork25mr

2 , wherek denotes the four
momentum of ther meson andmr the r mass. However, in
©2001 The American Physical Society05-1
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R. MACHLEIDT AND H. MÜTHER PHYSICAL REVIEW C63 034005
theNN interaction, Fig. 1, the relevantk2 are spacelike~less
than zero!. Using a quark model forHstr, Goldman, Hend-
erson, and Thomas@8# find a substantialk2 dependence
which is such that the contributions of Fig. 1 would nea
vanish. Similar results were reported in subsequent pa
@9–11#. On the other hand, Miller@5# and Coon and co-
workers @12# have advanced counterarguments that wo
restore the traditional role ofr-v exchange. The issue i
unresolved. Informative summaries of the controvers
points of view can be found in Refs.@5,13,14#.

We now turn to another basic source for CSB of t
nuclear force, namely, nucleon mass splitting. The m
trivial consequence of nucleon mass splitting is a differe
in the kinetic energies: for the heavier neutrons, the kine
energy is smaller than for protons. This raises the magnit
of the nn scattering length by 0.25 fm as compared topp.
Besides this, nucleon mass splitting has an impact on
meson-exchange diagrams that contribute to the nuc
force. For example, there are the one-boson exchange~OBE!
diagrams, Fig. 2, which are affected by only a negligib
amount. However, a sophisticated and realistic meson m
for the nuclear force@15# goes beyond single meson e
change and includes irreducible diagrams of two-boson
change which generate substantial CSB from nucleon m
splitting. The major part of the CSB effect comes from d
grams of 2p exchange withND intermediate states, Fig. 3
In fact, these diagrams can fully explain the empirical C
splitting of the singlet scattering length@16,17#.

Finally, for reasons of completeness, we mention that
reducible diagrams ofp andg exchange between two nucle

FIG. 1. r0-v exchange contributions to the nuclear force th
violate charge symmetry.

FIG. 2. One-boson-exchange~OBE! contributions to~a! pp and
~b! nn scattering.
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ons create a charge-dependent nuclear force. Recently,
contributions have been calculated to leading order in ch
perturbation theory@18#. It turns out that to this order thepg
force is charge symmetric~but does break charge indepe
dence!.

The bottom line then is that we have two CSB mech
nisms in hand, each powerful enough to fully explain t
charge asymmetry seen in the singlet scattering length. T
state of affairs challenges the question:Which of the two
mechanisms is nature really using?To answer the question
the 1S0 state at zero energy is obviously of no use since t
can be described equally well by both mechanisms. Thus
answer, if any, can only come from energiesTlab.0 and/or
states withL.0. It is quite possible that the predictions b
the two mechanisms are very different in states other t
1S0. The 2p exchange contribution to the nuclear forc
~where the CSB effect due to nucleon mass splitting mai
comes from! is chiefly a central force of intermediate rang
while vector meson exchange~involved inr-v mixing! cre-
ates a large spin-orbit component and a short-ranged ce
force. This may create large differences in tripletP waves
where the signature of spin-orbit forces is most pronounc
If large differences between the models occur forL.0, then
each mechanism may have a characteristic signature on
servables that are sensitive to CSB fromP and higher partial
waves. In Ref.@19# it was found that about 50% of the CS
contribution to the Nolen-Schiffer~NS! anomaly@20# comes
from the L.0 two-nucleon states. Thus, there is the pos
bility that the differences between competing CSB mod
may show up as differences in the predictions for the
anomaly. Other observables may be considered, too.

It is the purpose of this paper to look into this issue.
particular, we want to find out if it is possible to discrimina
between the two models for CSB based upon their pre
tions for observable quantities, other than the singlet sca
ing length.

Besides the two CSB mechanisms discussed, we will a
include in our study a phenomenological model for CS

t

FIG. 3. Two-pion-exchange contributions withND intermediate
states to~a! pp and ~b! nn scattering.
5-2
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CHARGE SYMMETRY BREAKING OF THE NUCLEON- . . . PHYSICAL REVIEW C 63 034005
namely, the ArgonneV18 potential @21#. The three models
will be introduced in Sec. II and applied to the3H-3He bind-
ing energy difference and the NS anomaly in Sec. III. S
tion IV concludes the paper.

II. MODELS FOR CHARGE SYMMETRY BREAKING
OF THE TWO-NUCLEON INTERACTION

A. r-v mixing

Here we will evaluate the charge asymmetric nucl
force generated byr0-v mixing shown in Fig. 1@22#.

The coupling ofr andv mesons to nucleons is describe
by the following Lagrangians:

LvNN52gvc̄gmcwm
(v) , ~2.1!

LrNN52grc̄gmtc•wm
(r)2

f r

4M p
c̄smntc•~]mwn

(r)2]nwm
(r)!,

~2.2!

where c denotes nucleon fields,w meson fields, andt i( i
51,2,3) are the usual Pauli matrices describing isospin1

2 ;
specifically,t3up&51up& andt3un&52un& with up& a pro-
ton state andun& a neutron state.M p is the proton mass
which is used as the scaling mass in therNN Lagrangian to
makef r dimensionless. To avoid the creation of unmotivat
charge dependence, the scaling massM p is used inpp as
well asnn scattering.

The first Feynman diagram of Fig. 1 leads to the follo
ing r-v potential:

^q8l18l28uVrv
(1)uql1l2&

52
1

~2p!3
AM

E8
AM

E
^r0uHmuv&grgvū~q8,l18!t3

3Fgm1
kr

2M p
smni ~q82q!nGu~q,l1!ū~Àq8,l28!

3gmu~Àq,l2!
Fr@~q82q!2#Fv@~q82q!2#

@~q8Àq!21mr
2#@~q8Àq!21mv

2 #
,

~2.3!

whereM denotes the relevant nucleon mass~i.e., M5M p in
pp scattering andM5Mn in nn scattering!, ma are meson
masses, andkr[ f r /gr . We are working here in the two
nucleon center of mass~c.m.! frame and use the helicity
formalism. The helicityl i of nucleon i is defined as the
eigenvalue of the helicity operator1

2 si•pi /upi u which is6 1
2 .

Incoming nucleon 1 carries helicityl1 and momentumq and
incoming nucleon 2 carries helicityl2 and momentumÀq;
the outgoing nucleons havel18 , q8 andl28 , Àq8. The above
‘‘quasipotential’’ is defined in the framework of the relativ
istic, three-dimensional Blankenbecler-Sugar~BbS! equation
@23#, which is a reduced version of the four-dimensional re
tivistic Bethe-Salpeter equation@24#. In the BbS formalism,
the four-momentum transfer between the two nucleons
(q82q)m5(0,q82q). The square-root factorM /AE8E ~with
03400
-

r

d

-

-

is

E[AM21q2 andE8[AM21q82) makes it possible to cas
the BbS equation into a form that is identical to the conve
tional Lippmann-Schwinger equation. The Dirac spinors
helicity representation are given by

u~q,l1!5AE1M

2M S 1

2l1uqu
E1M

D ul1&, ~2.4!

u~2q,l2!5AE1M

2M S 1

2l2uqu
E1M

D ul2&, ~2.5!

with normalization

ū~q,l!u~q,l!51, ~2.6!

whereū[u†g0. The above amplitude, includes form facto

Fa@~q82q!2#5
La

22ma
2

La
21~q82q!2

~2.7!

with ma the mass of the meson involved andLa the so-
called cutoff mass. For more details concerning the form
ism and the explicit evaluation of quasipotentials of th
kind, see Appendix E of Ref.@15#.

The second Feynman diagram of Fig. 1 yields the sam
the first one and, so, the entirer-v potentials is

Vrv52Vrv
(1) ~2.8!

with Vrv
(1) given by Eq.~2.3!. Since^r0uHmuv& is negative,

Vrv is repulsive forpp scattering and attractive fornn scat-
tering with the magnitude ofVrv essentially the same in bot
cases.

When constructing CSBNN potentials, one starts with
thepp potential since there are manypp data~andpp phase
shift analyses! of high quality to constrain thepp potential.
In this work, we use the CD-Bonnpp potential@25# which
reproduces the worldpp data below 350 MeV lab. energ
available in the year 2000 with the perfectx2/datum of 1.01.
The nn potential is then fabricated by adding to thepp po-
tential a difference potential that contains the entire diff
ence betweennn andpp due tor-v exchange, which is

DVrv5Vrv~nn!2Vrv~pp!'24V̌rv
(1)~Mn!, ~2.9!

whereV̌rv
(1) is Vrv

(1) @Eq. ~2.3!# with the t3 operator replaced
by 1. Note that—strictly speaking—Vrv(nn) is to be evalu-
ated withM5Mn andVrv(pp) with M5M p . However, if
we wish to subsume both terms into one, then we have to
the same mass for both for which we chooseM5Mn . We
have tested this approximation and found that it affects
singlet scattering length by 1024 fm.

To obtain a convenient expression forDVrv , we make
use of the identity
5-3
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1

@~q8Àq!21mr
2#@~q8Àq!21mv

2 #
5

1

mv
2 2mr

2

3F 1

~q8Àq!21mr
2

2
1

~q8Àq!21mv
2 G , ~2.10!

which allows us to writeDVrv in terms of the difference o
two expressions each of which resembles single meson
change; namely,

DVrv5DVrv
(r)2DVrv

(v) , ~2.11!

with

^q8l18l28uDVrv
(r)uql1l2&

5
4

~2p!3
AM

E8
AM

E

^r0uHmuv&

mv
2 2mr

2
grgvū~q8,l18!

3Fgm1
kr

2M p
smni ~q82q!nGu~q,l1!ū~Àq8,l28!

3gmu~Àq,l2!
Fr@~q82q!2#Fv@~q82q!2#

~q8Àq!21mr
2

,

~2.12!

and

^q8l18l28uDVrv
(v)uql1l2&

5
4

~2p!3
AM

E8
AM

E

^r0uHmuv&

mv
2 2mr

2
grgvū~q8,l18!

3Fgm1
kr

2M p
smni ~q82q!nGu~q,l1!ū~Àq8,l28!

3gmu~Àq,l2!
Fr@~q82q!2#Fv@~q82q!2#

~q8Àq!21mv
2

.

~2.13!

For the masses involved, we use@26#,

M p5938.272 31 MeV, ~2.14!

M5Mn5939.565 63 MeV, ~2.15!

mr5769.9 MeV, ~2.16!

mv5781.94 MeV, ~2.17!

andLr5Lv51.4 GeV.
We choose for the meson-nucleon coupling constants

gr
2

4p
50.84, ~2.18!

kr56.1, ~2.19!
03400
x-

gv
2

4p
510, ~2.20!

and for the mixing matrix element,

^r0uHmuv&520.004 02 GeV2, ~2.21!

to obtain

DaCSB51.508 fm. ~2.22!

The above mixing matrix element is consistent with the e
pirical value, Eq.~1.6!, and ther parameters are identical t
the ones used in the Bonn full model@15#. Concerning thev,
the Bonn model usesgv

2 /4p520 which, however, would
generate too much CSB when applied in the abover-v po-
tential; therefore our choice is Eq.~2.20!. This choice could
be justified with the argument that part of thev contribution
in meson-theoretic potentials may be just a parametriza
of short-ranged repulsion that is actually due to quark-glu
exchange.

To check our calculations, we have made a compari
with the results by Coon and Barrett@6#. Note that these
authors use very different vector-meson coupling consta
as compared to ours. In terms of our convention for the c
pling constants, Eqs.~2.1! and ~2.2! @27#, Coon and Barrett
use gr

2/4p50.6, kr53.7, gv
2 /4p55.25, andkv520.12.

There are also other differences: we use the the full rela
istic Feynman amplitudes forr0-v exchange, Eq.~2.3!,
while in Ref.@6# the nonrelativistic approximation is applied
Moreover, Coon and Barrett use the Reid potential@28# as
their basicpp potential, whereas we use thepp CD-Bonn
@25#. Taking all these differences into account, we were a
to show that our results are consistent with the findings
Coon and Barrett.

The bottom line is that due to the uncertainties in t
model parameters, there is latitude of a factor of 2 or so
the strength of ther-v potential. Within that latitude, it is
easy to fit the full amount of CSB of the singlet scatteri
length.

B. Nucleon mass splitting

The difference between the masses of neutron and pr
represents a basic cause for CSB of the nuclear force.
source of CSB effects has been explored in great deta
@17#. The investigation is based upon the Bonn model for
NN interaction @15#. Let us briefly summarize the result
For this we divide the total number of meson exchange d
grams that is involved in the nuclear force into seve
classes. Below, we report the results for each class s
rately.

1. One-boson-exchange

OBE ~Fig. 2! contributions are mediated byp0(135),
r0(770), v(782), a0 /d(980), ands8(550). In the Bonn
model @15#, the s8 describes only the correlated 2p ex-
change inpp-S wave ~and not the uncorrelated 2p ex-
change since the latter is calculated explicitly, cf. Fig.!.
5-4
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Charge symmetry is broken by the fact that forpp scattering
the proton mass is used in the Dirac spinors representing
four external legs@Fig. 2~a!#, while for nn scattering the
neutron mass is applied@Fig. 2~b!#. The CSB effect from the
OBE diagrams is very small.

2. 2p-exchange diagrams

This class consists of three groups; namely the diagr
with NN, ND, andDD intermediate states, whereD refers to
the baryon with spin and isospin32 and mass 1232 MeV. The
most important group is the one withND intermediate states
which we show in Fig. 3. Part~a! of Fig. 2 applies topp
scattering, while part~b! refers to nn scattering. When
charged-pion exchange is involved, the intermediate-s
nucleon differs from that of the external legs. This is one
the sources for CSB from this group of diagrams. Thep
class of diagrams causes the largest CSB effect.

3. pr exchanges

Graphically, thepr diagrams can be obtained by repla
ing in each 2p diagram ~e.g., in Fig. 3! one pion by ar
meson of the same charge state. The effect is typically
posite that of the 2p exchange.

4. Further 3p and 4p contributions (ps¿pv)

The Bonn potential also includes some 3p exchanges tha
can be approximated in terms ofps diagrams and 4p ex-
changes ofpv type. The sum of the two groups is sma
indicating convergence of the diagrammatic expansion.
CSB effect from this class is essentially negligible.

The total CSB difference of the singlet scattering leng
caused by nucleon mass splitting amounts to 1.508 fm@29#,
which agrees well with the empirical value 1.660.6 fm.
Thus, nucleon mass splitting alone can explain the en
empirical CSB of the singlet scattering length.

Starting from the CD-Bonnpp potential@25#, the param-
eters of the scalar-isoscalar bosons of that model have
adjusted such that the microscopically evaluated phase
differences due to nucleon mass splitting are reproduced
curately. This yields the CD-Bonnnn potential.

C. Phenomenological model

An excellent example for a phenomenological constr
tion of the CSB nuclear force is the recent ArgonneV18 NN
potential@21#. As usual, the Argonnepp potential is fixed by
a best-fit to thepp data. The Argonnenn potential is then
constructed by starting from thepp one and readjusting th
central force in theS50,T51 state such that the empirica
value forann is reproduced. For theS51,T51 state, where
empirical information onnn scattering is not available, it is
assumed that the CSB splitting of the central force is
same as inS50,T51.

D. Comparing the predictions for the two-nucleon system

In Table I, we show the1S0 effective range parameters a
calculated by the three models applied in this study. By c
struction, ther-v potential produces the same CSB diffe
03400
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s
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f
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e
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en
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e
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ence as the nucleon mass (MN) splitting model, namely,
DaCSB51.508 fm. The ArgonneV18 potential yieldsDaCSB

51.654 fm. Thus, all three models have nearly identical
sults forDaCSB which is exactly what we want as the startin
point of our study.

We now turn to energiesTlab.0 and calculate the CSB
phase shift differencesDdCSB[dnn2dpp ~without electro-
magnetic interactions! for all three models~see Fig. 4!. In the
1S0 state at low energies we have, of course, nearly ident
phase shift differences because of the agreement inDaCSB.
However, as the energy increases, differences between
model predictions emerge. Ther-v model maintains the
largestDdCSB above 150 MeV which may be explained b
the fact thatr-v exchange is of shorter range than the 2p
exchange which theMN splitting CSB potential is based
upon. The differences in1D2 can be explained by the sam
argument.

The largest differences between the model predictions
cur in the 3PJ waves ~cf. Fig. 4!. As expected, ther-v
potential now clearly reveals its large spin-orbit compon
typical for vector-meson exchange. Note that the spin-o
force of DVrv is of opposite sign to the one of ordinar
one-omega exchange@cf. Eqs. ~2.9! and ~2.3! and keep in
mind that^r0uHmuv& is negative#.

The ArgonneV18 potential follows in1S0 the trend of the
r-v mechanism and in3P0 it is close to theMN splitting
model. In the other partial waves, it is not close to any of
microscopic models for CSB.

In summary, in spite of identicalDaCSB, ther-v and the
MN splitting models show drastic differences in3PJ waves.
Unfortunately, we do not have any empirical information
DdCSB and therefore there is no direct way to tell which
right and which is wrong. Apart from the1S0 scattering
lengths, the only empirical information on CSB that we ha
are some binding energy differences, to whichP waves do
contribute. Therefore, in Sec. III we will turn to such bindin
energy differences with the hope that the differences inP
waves may impress a detectable signature.

TABLE I. 1S0 scattering length~a! and effective range (r ), for
proton-proton (pp) and neutron-neutron (nn), with Coulomb ef-
fects ~C! and without any electromagnetic effects (N), in units of
fm.

r-v mixing
MN

splitting ArgonneV18 Experiment

app
C 27.8154 27.8154 27.8138 27.814960.0029a

r pp
C 2.773 2.773 2.787 2.76960.014a

app
N 217.460 217.460 217.164

r pp
N 2.845 2.845 2.865

ann
N 218.968 218.968 218.818 218.960.4b

r nn
N 2.816 2.819 2.834 2.7560.11c

DaCSB 1.508 1.508 1.654 1.660.6
Dr CSB 0.029 0.026 0.031 0.1060.12

aReferences@30,31#.
bReferences@1,2#.
cReference@3#.
5-5
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FIG. 4. CSB phase shift differencesdnn

2dpp ~without electromagnetic interactions! for
laboratory kinetic energiesTlab below 350 MeV
and partial waves withL<2 as generated byr-v
mixing ~solid line!, nucleon mass splitting
~dashed!, and the phenomenological ArgonneV18

model ~dotted!.
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III. PREDICTIONS FOR SYSTEMS WITH AÌ2

A. 3H- 3He binding energy difference

The experimental value for the difference between
binding energies of3H and 3He is 764 keV (3H is more
bound!. Most of this difference is due to the static Coulom
energy ~among finite-size protons! which accounts for
64864 keV @32–34#. Another 3563 keV come from elec-
tromagnetic effects neglected in the static Coulomb appr
mation @34,35# and 1462 keV are due to then2p mass
difference in the kinetic energy@36#. After all these obvious
corrections, a binding energy difference of 6769 keV re-
mains, which is commonly attributed to CSB of the nucle
force.

We have applied the three different CSB forces presen
in the previous section in accurate momentum-space F
deev calculations of the three-nucleon systems@32#. Our re-
sults for the3H-3He binding energy differences are shown
the upper part of Table II. We conducted two types of c
culations. In the first type, we included CSB only in1S0
03400
e

i-

r

d
d-

-

while all other partial waves are treated charge symme
cally. In the second type, CSB was included in allT51
partial waves~i.e., distinctpp andnn potentials were used in
the T51 states!.

The predictions by the CSB models are between 60
66 keV. Thus, they are all consistent with the empirical va

TABLE II. Applications of CSB potentials in the three-nucleo
system and in symmetric nuclear matter.

r-v
mixing

MN

splitting ArgonneV18 Empirical

3H-3He binding energy difference~keV!

CSB in 1S0 only 60.9 57.6 62.1
CSB in all T51 states 65.8 60.0 65.1 6769

Nuclear matter DUCSB ~MeV!

CSB in 1S0 only 0.168 0.154 0.180
CSB in all T51 states 0.367 0.311 0.301
5-6
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of 6769 keV and no discrimination is possible. Moreove
the CSB contribution beyond1S0 is small, 2–5 keV~about
6% of the total!, which is within empirical uncertainty
Therefore, it is impossible to draw any conclusions conce
ing the CSB contributions from3PJ waves.

The trends in the results are consistent with the phase
differences shown in Fig. 4: Ther-v model generates mor
binding energy difference from the1S0 state~3.3 keV more!
and more from3PJ waves~2.5 keV more! as compared to
the MN splitting model.

B. Nolen-Schiffer anomaly

It is a well-known experimental fact that the singl
particle energies of corresponding states in mirror nuclei
different. If one assumes that the strong part of the nuc
force is charge symmetric, i.e., the strong proton-proton
teraction is identical to the interaction between two neutro
then these differences would originate entirely from the el
tromagnetic interaction~mainly Coulomb! between the
nucleons. For this reason, it is customary to call these sin
particle energy differences the Coulomb displacement e
gies. After accurate experimental data on the charge di
bution became available from electron scatter
experiments, Hartree-Fock calculations with phenomenolo
cal models for theNN interaction like the Skyrme force
were performed, which reproduced these measured ch
distributions with good accuracy. The Coulomb displac
ment energies which were evaluated with these Hartree-F
wave functions, however, underestimated the experime
data by typically 7%. This has become known as the Nol
Schiffer anomaly@20#. Many attempts have been made
explain this discrepancy by the inclusion of electromagne
corrections, many-body correlations beyond the Hartr
Fock approximation, or by explicit charge-symmetry brea
ing terms in theNN interaction@3,37–40#. In these investi-
gations it turned out that the CSB of the nuclear force~with
the nn interaction more attractive than thepp one! is prob-
ably the major reason for the ‘‘anomaly.’’

We will now study the impact of CSB of theNN interac-
tion on the single-particle energies for protons and neutr
in nuclear matter as well as in finite nuclei.

1. Nuclear matter

We calculate the single-particle potential for proto
Up(k) and neutronsUn(k) as a function of the momentumk
in symmetric nuclear matter using the self-consist
Brueckner-Hartree-Fock approach@19#. From this we obtain
the CSB energy difference

DUCSB~k![Up~k!2Un~k!. ~3.1!

Since the momentum dependence ofDUCSB is weak, we
choosek5kF . Our results at nuclear matter density,kF
51.35 fm21, are shown in the lower part of Table II. Th
most encouraging aspect of the results is that here we
counter a large contribution from states withL.0 ~about
50% of the total!. Consequently, we also observe a subst
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tial difference between the model predictions, with ther-v
model producing about 20% more energy difference than
MN splitting model.

Unfortunately, no reliable empirical estimates forDUCSB
in nuclear matter exist such that we cannot draw any con
sions. Accurate data exist for finite nuclei which we w
consider in the next section.

2. Finite nuclei

We choose16O for our sample nucleus and we wish
calculate Coulomb displacement energies around
nucleus@41#. Calculations of this kind are very involved an
therefore, we need to discuss first how to conduct such
croscopic nuclear structure calculations in a proper way.

One possibility would be to perform self-consiste
Brueckner-Hartree-Fock~BHF! calculations and extract th
Coulomb displacement energies from the single-particle
ergies for protons and neutrons. We do not take this
proach for the following reasons:~i! Such self-consisten
BHF calculations typically predict the radii for the charg
density distributions to be too small@42#. This implies that
the leading Coulomb contribution to the displacement ene
would be overestimated. Also the calculation of the corr
tion terms would be based on single-particle wave functio
which are localized too much.~ii ! BHF calculations are ap
propriate for short-range correlations. However, long-ran
correlations involving the admixture of configurations wi
low excitation energies in the uncorrelated shell-model ba
require a more careful treatment.~iii ! The BHF single-
particle energies do not account for any distribution of t
single-particle strength consistent with realistic spec
functions.

For the reasons listed, we take the following approa
We use single-particle wave functions from Hartree-Fo
calculations with effective nuclear forces, which yield a go
fit to the empirical charge distribution. These wave functio
are used to determine the leading Coulomb contribution
corrections like the effects of finite proton size, the elect
magnetic spin-orbit interaction, the kinetic energy correct
due to the mass difference between proton and neutron,
the effects of vacuum polarization. Actually, for these co
tributions we use the results by Sato@38#. The first column of
our Table III is taken from Table II of Ref.@38# which in-
cludes all the effects just mentioned.

The correlation effects are taken into account in a tw
step procedure. We assume a model space defined in t
of shell-model configurations including oscillator singl
particle states up to the 1p0 f shell. We use the oscillato
parameterb51.76 fm which is appropriate for16O. The ef-
fects of short-range correlations are calculated by employ
an effective interaction, i.e., aG matrix suitable for the mode
space. ThisG matrix is determined as the solution of th
Bethe-Goldstone equation

G~V!5V1V
Qmod

V2QmodTQmod
G~V!, ~3.2!

whereT is identified with the kinetic energy operator, whi
V stands for the bare two-body interaction including the Co
5-7
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lomb interaction and accounting for CSB in the strong int
action. The Pauli operatorQmod in this Bethe-Goldstone, Eq
~3.2!, is defined in terms of two-particle harmonic oscillat
statesuab. by

Qmoduab&

5H 0 if a or b from 0s or 0p shell

0 if a and b from 1s0d or 1p0 f shell

uab& elsewhere.

~3.3!

As a first approximation we use the resultingG-matrix ele-
ments and evaluate single-particle energies in the BHF
proximationea . This approximation, which will be denote
as BHF in the discussion below, accounts for short-ra
correlations, which are described in terms of configuratio
outside our model space. In a next step we add to this B
definition of the nucleon self-energy the irreducible terms
second order inG, which account for intermediate two
particle one-hole and one-particle two-hole configuratio
within the model space

U a
(2)5

1

2 (
p1 ,p2 ,h

^ahuGup1p2&^p1p2uGuah&
v2~ep1

1ep2
2eh!1 ih

1
1

2 (
h1 ,h2 ,p

^apuGuh1h2&^h1h2uGuap&
v2~eh1

1eh2
2ep!2 ih

. ~3.4!

TABLE III. Coulomb displacement energies for single-ho
(p3/2

21 and p1/2
21) and single-particle states (d5/2 and 1s1/2) around

16O. The single-particle contribution,C(1), is from Sato@38#. Con-
tributions due to short-range correlationsDSR, long-range correla-
tions inside the model spaceDLR , and due to CSB of the stron
interactionDCSB, are calculated for three different CSB mode
The total results for the displacement energiesCTot are compared to
the experimental data given in the last column. All entries are
keV.

C(1) DSR DLR DCSB CTot Exp

p3/2
21 r-v mixing 3205 244 46 106 3313 3395

MN splitting 244 46 97 3303
ArgonneV18 271 47 108 3285

p1/2
21 r-v mixing 3235 252 37 124 3344 3542

MN splitting 252 37 102 3322
ArgonneV18 279 39 103 3297

d5/2 r-v mixing 3135 154 215 93 3367 3542
MN splitting 154 215 87 3361
ArgonneV18 187 218 92 3401

1s1/2 r-v mixing 2905 159 245 134 3154 3166
MN splitting 160 246 112 3132
ArgonneV18 198 247 112 3174
03400
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Applying the techniques described in@43#, we can solve the
Dyson equation for the single-particle Green’s functi
Ga(v)

Ga~v!5ga~v!1ga~v!U a
(2)~v!Ga~v! ~3.5!

with ga the BHF approximation for the single-particl
Green’s function, and determine its Lehmann representa

Ga~v!5(
n

u^Cn
A11uaa

† uC0&u2

v2~En
A112E0!1 ih

1(
m

u^Cm
A21uaauC0&u2

v2~E02Em
A21!2 ih

. ~3.6!

This yields directly the energies of the states withA61
nucleons that we are interested in.

Our results for the Coulomb displacement energies
listed in Table III for various one-hole and one-particle sta
relative to 16O. The first column of this table,C(1), contains
the results of Ref.@38# for the leading Coulomb contribu
tions, the corrections due to the finite proton size, the e
tromagnetic spin-orbit interaction, the kinetic energy corre
tion due to nucleon mass splitting, and the effects of vacu
polarization. As discussed above, we think that it is mo
realistic to evaluate these contributions for single-parti
wave functions which are derived from Hartree-Fock calc
lations with phenomenological forces rather than using
wave functions derived from a microscopic BHF calculatio

The second and third columns of Table III list the corre
tions to the Coulomb displacement energies which origin
from the treatment of short-range (DSR) and long-range cor-
relations (DLR) discussed above. The correctionDSR has
been derived from the differences of BHF single-particle e
ergies for protons and neutrons subtracting the Coulomb
placement energy evaluated in the mean-field approxima

DSR5e i
BHF~proton!2e i

BHF~neutron!2Dmean field. ~3.7!

In this case the BHF calculations have been performed w
the np versions of the different interactions. The correcti
termsDLR have been evaluated in a way similar to the qu
siparticle energies determined in the Green’s function
proach, subtracting the BHF effects already contained
DSR. The correction termsDSR andDLR include the effects
represented by irreducible diagrams of second and hig
order in the interaction, in which at least one of the intera
tion lines represents the Coulomb interaction. In addit
they contain the effects of folded diagrams discussed by T
et al. @40#. We find that the correlation effects are rath
weak. The short- and long-range contributions tend to can
each other. This is true in particular for the one-hole sta
p3/2

21 and p1/2
21 . The effects of short-range correlations dom

nate in the case of the particle states,d5/2 and 1s1/2, leading
to a total correlation effect on the order of 100 keV in t
Coulomb displacement energies. This effect is slightly lar
for the Argonne potential than for the Bonn potentials b
cause of the stronger correlations in the case of Argonne

n
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The contributions to the Coulomb displacement energ
caused by CSB of theNN interactions,DCSB, are listed in
the fourth column of Table III. We have conducted separ
calculations for each of the three models for CSB introdu
in Sec. II.

We also note that in the calculations of the Coulomb d
placement energies, it is important to include CSB beyo
the 1S0 state in theNN interaction. Similarly to what we
found for the nuclear matterDUCSB ~cf. Sec. III B 1 and
lower part of Table II!, CSB in P and higher partial waves
contributes about 50% of the totalDCSB. This was demon-
strated in Ref.@41#.

We achieve satisfactory or even good agreement in s
cases, likep3/2

21 and 1s1/2, but there are discrepancies in ot
ers. Forp1/2

21 andd5/2 the remaining discrepancies are larg
than theDCSB contribution.

The general trend in the results is that ther-v model
generates about 10%–20% moreDCSB than theMN splitting
mechanism, and ArgonneV18 is, in general, in between th
two. Even though ther-v trend is a favorable one, it is no
sufficiently pronounced such that one could give a pre
ence to this model. In the critical cases, likep1/2

21 and d5/2,
the discrepancies between all model predictions, on the
hand, and experiment, on the other, are much larger than
differences within the model predictions.

Concerning the remaining discrepancy, a comment is
order. Note that the nuclear structure part of our calculati
may carry some uncertainty. This is true in particular for t
evaluation of the leading Coulomb contribution, which
sensitive to the Hartree-Fock wave functions that are us
To obtain an idea of how large such uncertainties may be
compare the results for Coulomb displacement energies
ing the Skyrme II force andno CSBby Sato@38# with the
more recent ones by Suzuki, Sagawa, and Arima@44#. For
the single-hole statep1/2

21 , Suzuki’s result is larger by 167
keV as compared to Sato; and for the single-particle s
d5/2, the two calculations differ by 138 keV. Uncertainties
this size can well explain the remaining discrepancies in
results.

IV. SUMMARY AND CONCLUSIONS

We have tested three different models for the charge s
metry breaking of theNN interaction. The models are base
upon r-v mixing, nucleon mass (MN) splitting, and phe-
nomenology~ArgonneV18). All models reproduce the em
pirical value for the CSB of the1S0 scattering length
(DaCSB) accurately.
-
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We reveal that there are considerable differences in
predictions by these models for CSB in3PJ waves. We have
investigated the impact of these differences on some obs
able quantities ofA>3 nuclear systems that are sensitive
CSB of the nuclear force.

We find that the3H-3He binding energy difference is es
sentially ruled byDaCSB and thatP and higher partial waves
contribute only about 6%. Therefore, this quantity is unsu
able to discriminate between different models for CSB of
nuclear force.

A test calculation conducted for nuclear matter shows t
in heavier nuclear systems the difference between proton
neutron single-particle energies receives about 50% fr
partial waves other than1S0. Motivated by this result, we
have calculated the Coulomb displacement energies aro
the closed shell nucleus16O. We find that the contribution to
these energy differences from CSB of theNN interaction
~which is on the order of 100 keV! differs by 10%–20%
among the three models for CSB, which is appreciable. U
fortunately, the nuclear structure part of these calculations
particular the evaluation of the leading Coulomb contrib
tions, carries an uncertainty on the order of 100 keV su
that the subtle differences between the competing CSB m
els get swamped. Therefore we must conclude that, ba
upon the calculations conducted in this study, we are una
to give preference to any of the three CSB models.

What we need are observables for which the nucl
structure part is fully under control. This suggests that
look into nuclear few-body reactions for which exact calc
lations can be performed@45#. An example could be the ana
lyzing power Ay in nucleon-deuteron scattering that
known to depend sensitively on the3PJ waves of theNN
potential. Accurate data onp2d andn2d Ay exist and these
data exhibit a clear signature of CSB. Unfortunately, the
data cannot be explained without resource to three-b
forces which may obscure the CSB aspect of the problem
any case, we like to encourage the nuclear few-body co
munity @45# to identify spin observables in few-body rea
tions that show sensitivity to CSB of theNN interaction,
particularly the one that comes from3PJ waves. Investiga-
tions of this kind may ultimately allow us to discriminat
between competing models for CSB of the nuclear force
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