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Charge symmetry breaking of the nucleon-nucleon interaction:
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We investigate three models for the charge symmetry breakiigP) of the nucleon-nucleonNN) inter-
action (based upom-® mixing, nucleon mass splitting, and phenomeno)adpat all reproduce the empirical
value for the CSB of thé'S, scattering length 4acsg) accurately. We reveal that these models make very
different predictions for CSB irfP; waves and examine the impact of this on some observable quantities of
A=3 nuclear systems. It turns out that thé-2He binding energy difference is essentially ruledAssg and
not very sensitive to CSB frorR waves. However, the Coulomb displacement ener@igsch are the subject
of the Nolen-Schiffer anomalyreceive about 50% of their CSB contribution frddN partial waves beyond
1s,. Consequently, the predictions by the various CSB models differ here substa(it#ty-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.
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| INTRODUCTION Aacsg=ap,—an,=1.6£0.6 fm, (1.3
By definition, charge independencis invariance under Arcsafrr’?p—rﬁn=0-10i0-12 fm. (1.4)

any rotation in isospin space. A violation of this symmetry is

referred to as charge dependence or charge independenceThe current understanding is that—on a fundamental
breaking(CIB). Charge symmetrjs invariance under a ro- |evel—the charge dependence of nuclear forces is due to a
tation by 180° about thg axis in isospin space if the positive gjfference between the up and down quark masses and elec-
z direction is associated with the pOSitiVe Chal’ge. The ViOIa'tromagnetiC interactions among the quarks_ AS a conse-
tion of this symmetry is known as charge symmetry breakingyyence of this—on the hadronic level—major causes of CIB
(CSB). Obviously, CSB is a special case of charge depengre mass differences between hadrons of the same isospin
dence. multiplet, meson mixing, and irreducible meson-photon ex-
CIB of the strongNN interaction means that, in the isos- changes. For recent reviews on charge dependence, see Refs.
pin T=1 state, the proton-protoT{= + 1), neutron-proton [3-5].
(T,=0), or neutron-neutron T,=—1) interactions are Neutral mesons with the same spin and parity, but differ-
(Sllght'y) different, after electromagnetic effects have beerbm isospin' may mix due to the up-down quark mass differ-
removed. CSB of the\N interaction refers to a difference ence and electromagnetic interactions; that is, the Hamil-

between proton-protorp(p) and neutron-neutrom() inter-  tonian responsible for the mixingl,,, has a strong and an

actions, only. electromagnetic part

Charge asymmetry is seen most clearly in ti8g scatter-
ing length. The latest empirical values of the neutron-neutron Hn=Hst+Hem- (1.5
(nn) singlet effective range parametdisrrected for elec-
tromagnetic effectsare The most prominent case j€-w mixing that is observed in

the annihilation process"e™ — 7" 7~ from which the mix-
aN,=—18.9:0.4 fm [1,2], r),=2.75:0.11 fm [3]. ing matrix element has been extrac{éd to be
(1.9

{p°|H | @)=—0.00452-0.0006 GeV. (1.6)
This should be compared to the corresponding proton-proton
(pp) values[3]: The charge-asymmetric nuclear force created by this process
is displayed in Fig. 1. Coon and Barrett showéd that this
ap,=—17.3x0.4 fm, r) =285-0.04 fm. (1.2  mechanism alone can explain the entire empirical CSB of the
singlet scattering length, E¢L.3). Other examples of meson
The implication is that the singlet effective range parametersnixing aresr- » andw-»" mixing which, however, generate
break charge symmetry by the following amounts: only negligible effectg§7].
In recent years, the process of Fig. 1 has been subjected to
some criticism. Note that the matrix element, Ef.6), is
*Electronic address: machleid@uidaho.edu extracted on-shell, i.e., fo?= mﬁ, wherek denotes the four
Electronic address: herbert.muether@uni-tuebingen.de momentum of thep meson andn, the p mass. However, in
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the NN interaction, Fig. 1, the relevakf are spacelikgless — — a0 a*
than zerg. Using a quark model foHg,, Goldman, Hend-
erson, and Thomag$8] find a substantiak? dependence n n n n n n n n
which is such that the contributions of Fig. 1 would nearly (b)
vanish. Similar results were reported in subsequent papers
[9-11]. On the other hand, Millef5] and Coon and co- FIG. 3. Two-pion-exchange contributions with\ intermediate

workers [12] have advanced counterarguments that wouldstates to(a) pp and(b) nn scattering.
restore the traditional role gf-w exchange. The issue is
unresolved. Informative summaries of the controversiabns create a charge-dependent nuclear force. Recently, these
points of view can be found in Reff5,13,14. contributions have been calculated to leading order in chiral
We now turn to another basic source for CSB of theperturbation theory18]. It turns out that to this order they
nuclear force, namely, nucleon mass splitting. The mostorce is charge symmetritbut does break charge indepen-
trivial consequence of nucleon mass splitting is a differencejence.
in the kinetic energies: for the heavier neutrons, the kinetic The bottom line then is that we have two CSB mecha-
energy is smaller than for protons. This raises the magnitudgisms in hand, each powerful enough to fully explain the
of the nn scattering length by 0.25 fm as comparedptp. charge asymmetry seen in the singlet scattering length. This
Besides this, nucleon mass splitting has an impact on alitate of affairs challenges the questidhich of the two
meson-exchange diagrams that contribute to the nucleanechanisms is nature really using® answer the question,
force. For example, there are the one-boson exché@B&)  the 'S, state at zero energy is obviously of no use since this
diagrams, Fig. 2, which are affected by only a negligiblecan be described equally well by both mechanisms. Thus the
amount. However, a sophisticated and realistic meson modehswer, if any, can only come from energigg,>0 and/or
for the nuclear forcg15] goes beyond single meson ex- states withL>0. It is quite possible that the predictions by
change and includes irreducible diagrams of two-boson exhe two mechanisms are very different in states other than
change which generate substantial CSB from nucleon mass,. The 27 exchange contribution to the nuclear force
splitting. The major part of the CSB effect comes from dia-(where the CSB effect due to nucleon mass splitting mainly
grams of 2r exchange wittNA intermediate states, Fig. 3. comes from is chiefly a central force of intermediate range,
In fact, these diagrams can fully explain the empirical CSBwhile vector meson exchangmvolved in p-w mixing) cre-
splitting of the singlet scattering lengft6,17. ates a large spin-orbit component and a short-ranged central
Finally, for reasons of completeness, we mention that irforce. This may create large differences in tripRetvaves
reducible diagrams of and y exchange between two nucle- where the signature of spin-orbit forces is most pronounced.
If large differences between the models occurlfor0, then
p p 1 n each mechanism may have a characteristic signature on ob-
servables that are sensitive to CSB frénand higher partial
waves. In Ref[19] it was found that about 50% of the CSB
contribution to the Nolen-SchiffgiNS) anomaly[20] comes
), o ,pO, w, 0 m, o ,p ,w, & from the L>0 two-nucleon states. Thus, there is the possi-
__________ bility that the differences between competing CSB models
may show up as differences in the predictions for the NS
anomaly. Other observables may be considered, too.
It is the purpose of this paper to look into this issue. In

p p n n particular, we want to find out if it is possible to discriminate
between the two models for CSB based upon their predic-
(a) (b) tions for observable quantities, other than the singlet scatter-
ing length.
FIG. 2. One-boson-exchang®BE) contributions ta(a) pp and Besides the two CSB mechanisms discussed, we will also
(b) nn scattering. include in our study a phenomenological model for CSB,
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namely_, the Argonné/ g potential [2_1]. The thrge m(_)dels E=M?+q? andE’'=M?+q'?) makes it possible to cast
will be introduced in Sec. Il and applied to tfiél-*He bind-  the BbS equation into a form that is identical to the conven-
ing energy difference and the NS anomaly in Sec. Ill. Sectional Lippmann-Schwinger equation. The Dirac spinors in

tion IV concludes the paper. helicity representation are given by
IIl. MODELS FOR CHARGE SYMMETRY BREAKING ET M 1
OF THE TWO-NUCLEO.N.INTERACTION u(@. A )=\ | 2Maldl | N, (2.4
A. p-® mixing E+M
Here we will evaluate the charge asymmetric nuclear
force generated by®-w mixing shown in Fig. 122]. Sy 1
The coupling ofp and w mesons to nucleons is described u(—a,N2) =\ [ 2\,|q] INo), (2.5
by the following Lagrangians: 2M E+M
— T ()
Lonn=~9u9 7 de,” (2.9 with normalization
_ f —
Lonn= =Gy m @) = it - (3,60 = 0,¢0), u(@.Mu(a,M)=1, 2.6
P
(2.2

whereu=u'°. The above amplitude, includes form factors

where s denotes nucleon fieldsy meson fields, andr(i
=1,2,3) are the usual Pauli matrices describing isogpin , 5
specifically, 75| p) = +|p) and 75|n)=—|n) with |p) a pro- Fol(a'—a) ]:A2+(q’—q)2 2.7)

ton state andn) a neutron stateM,, is the proton mass “

which is used as the scaling mass in #¢N Lagrangian t0 ity m the mass of the meson involved ard, the so-
makef , dimensionless. To avoid the creation of unmotivatedgg|ieq cutoff mass. For more details concerning the formal-
charge dependence, the scaling misis used inpp as  jsm and the explicit evaluation of quasipotentials of this
well asnn scattering. , kind, see Appendix E of Ref15].

_ The first Feynman diagram of Fig. 1 leads to the follow-  The second Feynman diagram of Fig. 1 yields the same as
ing p-w potential: the first one and, so, the entipew potentials is

(A NNV NN ) V=2V 2.8
1 MM — ) s . .
= Vo Ve [Hpl @)9,0,u(q’",\]) 73 with V. given by Eq.(2.3). Since(p”|Hp|w) is negative,
’ E P . . . .
(2m) E V,, is repulsive forpp scattering and attractive fom scat-

tering with the magnitude of ,, essentially the same in both
u(g,A)u(—q",A3) cases.
When constructing CSBNN potentials, one starts with
, 2 , 2 the pp potential since there are mapy data(andpp phase
X yHU(—0g,\5) Fol @ — a7 L@~ )] , shift analysesof high quality to constrain thep potential.
[(a'=a)2+m2][(q'—q)?+m] In this work, we use the CD-Bonpp potential[25] which
2.3 reproduces the worlgp data below 350 MeV lab. energy
' available in the year 2000 with the perfec/datum of 1.01.
whereM denotes the relevant nucleon maiss., M=Min  Thenn potential is then fabricated by adding to the po-
pp scattering andM =M, in nn scattering, m, are meson tential a difference potential that contains the entlre_ differ-
masses, and,=f,/g,. We are working here in the two- €NCe betweenn andpp due top-w exchange, which is
nucleon center of mas&.m,) frame and use the helicity .
formalism. The helicityx; of nucleoni is defined as the AV,,=V,,(n) =V, (pp)~—4ViI(M,), (2.9
eigenvalue of the helicity operatgio; - p; /|p;| which is * 3.
Incoming nucleon 1 carries helicity; and momentung and ~ whereV(}) is V() [Eq. (2.3)] with the 75 operator replaced
incoming nucleon 2 carries helicity, and momentun+q; by 1. Note that—strictly speaking¥;,,(nn) is to be evalu-
the outgoing nucleons havwe , ' and\;, —q'. The above ated withM=M, andV,,,(pp) with M=M,. However, if
“quasipotential” is defined in the framework of the relativ- we wish to subsume both terms into one, then we have to use
istic, three-dimensional Blankenbecler-Su@bS) equation  the same mass for both for which we chodde=M,. We
[23], which is a reduced version of the four-dimensional rela-have tested this approximation and found that it affects the
tivistic Bethe-Salpeter equatid24]. In the BbS formalism, singlet scattering length by 16 fm.
the four-momentum transfer between the two nucleons iS To obtain a convenient expression falV
(9’ —q)*=(0,9' —q). The square-root factd/ JE'E (with  use of the identity

K

Xt gy, Tl (4707

we make

pw
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2
1 1 ©
- 9o _ 10, (2.20
(o' =)+ mZ][(q'—q)*+mZ] mZ—m? 4
1 1 and for the mixing matrix element,
X ’ 2 2 2 2|’ (210
(Q'=q@)*+m; (q'=q)*+mj {p°|H| 0)=—0.00402 GeY, (2.21)
which allows us to writeAV ,,, in terms of the difference of tg obtain
two expressions each of which resembles single meson ex-
change; namely, Aacgg=1.508 fm. (2.22
AV,,=AVE - AV, (2.1)  The above mixing matrix element is consistent with the em-
p p
_ pirical value, Eq(1.6), and thep parameters are identical to
with the ones used in the Bonn full modék]. Concerning the,

NN (p) the Bonn model usegf,/477=20 which, however, would
(@AAIAVEL A ah2) generate too much CSB when applied in the abowe po-

4 \/ﬁ M (p%|H | @) tential; therefore our choice is ER.20. This choice could
E

g ng(Q',M) be justified with the argument that part of tlkecontribution
"VE m-m2 7’ in meson-theoretic potentials may be just a parametrization
v My p y be | p
of short-ranged repulsion that is actually due to quark-gluon
u(gnu(=q',np)  exchange. . .
To check our calculations, we have made a comparison
, ) , ) with the results by Coon and Barrdib]. Note that these
Fol (@' —a)*]Fu[(a"—a)7] authors use very different vector-meson coupling constants
(q’_q)2+ m,f ' as compared to ours. In terms of our convention for the cou-
pling constants, Eq<2.1) and(2.2) [27], Coon and Barrett
(212 use g%4w=0.6, k,=3.7, g2/4w=5.25, andk,=—0.12,
and There are also other differences: we use the the full relativ-
istic Feynman amplitudes fop®-w exchange, Eq(2.3),
<Q'M>\é|AVf,“,L)|QM7\2> while in Ref.[6] the nonrelativistic approximation is applied.
Moreover, Coon and Barrett use the Reid poterjizd] as
4 M /M <pO|Hm|w> — their basicpp potential, whereas we use tipgp CD-Bonn
= sVNe VE —2_.2 9,9,u(d’, A1) [25]. Taking all these differences into account, we were able
(2m) E m,—m, to show that our results are consistent with the findings of
o Coon and Barrett.
u(g,N)u(—q’,\3) The bottom line is that due to the uncertainties in the
model parameters, there is latitude of a factor of 2 or so in
' 2 r_ 2 the strength of the-w potential. Within that latitude, it is
Flla’ = 174"~ q) ]_ easy to fit the full amount of CSB of the singlet scattering
(q'—q)?+m length.

(2.13

T (2m)®

X

U-,uvi(q,_q)y

b
TeT oM,

X y*u(—a,\y)

X

KP H ' v
7;/,+ 2_|\/|pa-,uvl(q _q)

Xy*u(—a,Az)

B. Nucleon mass splitting

For the masses involved, we u :
’ £26], The difference between the masses of neutron and proton

M,=938.27231 MeV, (2.14) represents a basic cause for CSB of the nuclear force. This
source of CSB effects has been explored in great detail in
M=M,=939.56563 MeV, (2.15 [17]. The investigation is based upon the Bonn model for the
NN interaction[15]. Let us briefly summarize the results.
m. =769.9 MeV, (2.16 For this we divide the total number of meson exchange dia-
P grams that is involved in the nuclear force into several
m,=781.94 MeV, (2.17) classes. Below, we report the results for each class sepa-
rately.
andA,=A,=1.4 GeV.
We choose for the meson-nucleon coupling constants, 1. One-boson-exchange
OBE (Fig. 2 contributions are mediated by°(135),

9 s 218 PO770), 0(782), 80/ (980), ando’(550). In the Bonn

Aqg 7 ' model [15], the o' describes only the correlatedn2ex-
change inm#7-S wave (and not the uncorrelated2 ex-

k,=6.1, (2.19 change since the latter is calculated explicitly, cf. Fig. 3
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Charge symmetry is broken by the fact that [igy scattering TABLE I. 'S, scattering lengttta) and effective rangery, for
the proton mass is used in the Dirac spinors representing thgoton-proton pp) and neutron-neutronn(y), with Coulomb ef-
four external leggFig. 2@], while for nn scattering the fects(C) and without any electromagnetic effectd)( in units of
neutron mass is applidéfig. 2b)]. The CSB effect from the M-

OBE diagrams is very small.

My
2. 2m-exchange diagrams p-w mixing splitting  ArgonneVg Experiment
This class consists of three groups; namely the dlagramsapp —7.8154 —7.8154 —7.8138 —7.8149-0.0029
with NN, NA, andAA intermediate states, wheferefers to rpp 2.773 2.773 2.787 2.7690.014
the baryon with spin and isospihand mass 1232 MeV. The a';p —17.460 —17.460 —17.164
most important group is the one wilhA intermediate states  r[, 2.845 2.845 2.865
which we show in Fig. 3. Parta) of Fig. 2 applies topp al  -18.968 -18.968 —18.818 ~18.9+0.4
scattering, while part(b) refers to nn scattering. When N 2816 2819 2834 2 750.1T
charged-pion exchange is involved, the intermediate-statga 1.508 1.508 1.654 160.6
nucleon differs from that of the external legs. This is one ofy, 0.029 0.026 0.031 0.100.12
the sources for CSB from this group of diagrams. The 2
class of diagrams causes the largest CSB effect. :Reference$30,3ﬂ.
Reference$l1,2].
3. @p exchanges ‘Referencd 3].

Graphically, themrp diagrams can be obtained by replac-
ing in each 2r diagram(e.g., in Fig. 3 one pion by ap  ence as the nucleon masM () splitting model, namely,
meson of the same charge state. The effect is typically opAa.gg=1.508 fm. The Argonn&/, 4 potential yieldsAacgg
posite that of the 2 exchange. =1.654 fm. Thus, all three models have nearly identical re-
sults forAacgg Which is exactly what we want as the starting
point of our study.

The Bonn potential also includes some 8xchanges that We now turn to energie$,,>0 and calculate the CSB
can be approximated in terms afo diagrams and # ex-  phase shift differenced dcgg=8,n— 8pp (Without electro-
changes ofrw type. The sum of the two groups is small, magnetic interactiondor all three modelgsee Fig. 4. In the
indicating convergence of the diagrammatic expansion. Thés, state at low energies we have, of course, nearly identical
CSB effect from this class is essentially negligible. phase shift differences because of the agreementigsg.

The total CSB difference of the singlet scattering lengthHowever, as the energy increases, differences between the
caused by nucleon mass splitting amounts to 1.50828)  model predictions emerge. The @ model maintains the
which agrees well with the empirical value £6.6 fm.  |argestA 8.5 above 150 MeV which may be explained by
Thus, nucleon mass Spllttlng alone can explain the entil’@he fact thatp-w exchange is of shorter range than the 2
empirical CSB of the singlet scattering length. exchange which theMl splitting CSB potential is based

Starting from the CD-Bonpp potential[25], the param-  ypon. The differences iAD, can be explained by the same
eters of the scalar-isoscalar bosons of that model have beghgument.
adjusted such that the microscopically evaluated phase shift The largest differences between the model predictions oc-
differences due to nucleon mass splitting are reproduced agyr in the 3P, waves (cf. Fig. 4. As expected, the-w

4. Further 37 and 4sr contributions (ro+7w)

curately. This yields the CD-Bonnn potential. potential now clearly reveals its large spin-orbit component
typical for vector-meson exchange. Note that the spin-orbit
C. Phenomenological model force of AV, is of opposite sign to the one of ordinary

one-omega exchangief Egs. (2.9 and (2.3 and keep in
mind that{p°|H | w) is negative.

The ArgonneV, g potential follows in!S; the trend of the
p-® mechanism and irfP, it is close to theM splitting
model. In the other partial waves, it is not close to any of the
| microscopic models for CSB.

In summary, in spite of identicalacgg, thep-w and the

M, splitting models show drastic differences i®; waves.

he Unfortunately, we do not have any empirical information on
A§CSB and therefore there is no direct way to tell which is
right and which is wrong. Apart from théS, scattering
lengths, the only empirical information on CSB that we have
are some binding energy differences, to whiglwaves do

In Table |, we show théS, effective range parameters as contribute. Therefore, in Sec. lll we will turn to such binding
calculated by the three models applied in this study. By conenergy differences with the hope that the difference$ in
struction, thep-w potential produces the same CSB differ- waves may impress a detectable signature.

An excellent example for a phenomenological construc-
tion of the CSB nuclear force is the recent Argonhg NN
potential[21]. As usual, the Argonnpp potential is fixed by
a best-fit to thepp data. The Argonnaén potential is then
constructed by starting from thep one and readjusting the
central force in the&s=0,T=1 state such that the empirica
value fora,, is reproduced. For th8=1T=1 state, where
empirical information omn scattering is not available, it is
assumed that the CSB splitting of the central force is t
same as ir=0,T=1.

D. Comparing the predictions for the two-nucleon system
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Ill. PREDICTIONS FOR SYSTEMS WITH A>2 while all other partial waves are treated charge symmetri-
A. ®H-3He binding energy difference cally. In the _secor_ld_type, CSB was mc_luded in ﬁHrl_
. ' partial wavedi.e., distinctpp andnn potentials were used in
The experimental value for the difference between thghe T=1 states
binding energies offH and *He is 764 keV fH is more The predictions by the CSB models are between 60 and

bound. Most of this difference is due to the static Coulomb 66 keV. Thus, they are all consistent with the empirical value

energy (among finite-size protomswhich accounts for
648+4 keV [32—-34. Another 35-3 keV come from elec- TABLE Il. Applications of CSB potentials in the three-nucleon

tromagnetic effects neglected in the static Coulomb approxisystem and in symmetric nuclear matter.
mation [34,35 and 14+2 keV are due to then—p mass

difference in the kinetic energjyd6]. After all these obvious p-w My -
corrections, a binding energy difference of 6 keV re- mixing splitting ArgonneV,g Empirical
][2?(;23, which is commonly attributed to CSB of the nuclear 3H-%He binding energy differencékeV)

) . . SB in 1S, only 609 57.6 62.1
- We have. applied the three different CSB forces presente[gSB inallT=1 states 658  60.0 65.1 6D
in the previous section in accurate momentum-space Fad-
deev calculations of the three-nucleon syst¢g#. Our re- Nuclear matter AU s (MeV)
sults for the®H-3He binding energy differences are shown in cSB in 1s, only 0.168 0.154 0.180

the upper part of Table Il. We conducted two types of cal-csSB in allT=1 states 0.367 0.311 0.301
culations. In the first type, we included CSB only #S$,
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of 679 keV and no discrimination is possible. Moreover, tial difference between the model predictions, with fhe

the CSB contribution beyondS, is small, 2—5 keV(about  model producing about 20% more energy difference than the

6% of the total, which is within empirical uncertainty. My splitting model.

Therefore, it is impossible to draw any conclusions concern- Unfortunately, no reliable empirical estimates U -

ing the CSB contributions froniP; waves. in nuclear matter exist such that we cannot draw any conclu-
The trends in the results are consistent with the phase shifions. Accurate data exist for finite nuclei which we will

differences shown in Fig. 4: The- @ model generates more consider in the next section.

binding energy difference from th&s, state(3.3 keV more

and more from3P; waves(2.5 keV morg as compared to 2. Finite nuclei
the My splitting model. We choose'®O for our sample nucleus and we wish to
calculate Coulomb displacement energies around this
B. Nolen-Schiffer anomaly nucleug41]. Calculations of this kind are very involved and,

It is a well-known experimental fact that the single- therefore, we need to discuss first how to conduct such mi-

particle energies of corresponding states in mirror nuclei ar§70SCOpic nuclear structure calculations in a proper way.

different. If one assumes that the strong part of the nuclear On€ possibility would be to perform self-consistent
force is charge symmetric, i.e., the strong proton-proton inBrueckner-Hartree-FockBHF) calculations and extract the

teraction is identical to the interaction between two neutronsCoulomb displacement energies from the single-particle en-
then these differences would originate entirely from the elec€rgies for protons and neutrons. We do not take this ap-
tromagnetic interaction(mainly Coulomb between the proach for the following reaso_ns{l) Such self-consistent
nucleons. For this reason, it is customary to call these singleBHF calculations typically predict the radii for the charge-

particle energy differences the Coulomb displacement enefdensity distributions to be too smdH2]. This implies that
gies. After accurate experimental data on the charge distrin® I€ading Coulomb contribution to the displacement energy
bution became available from electron scatteringWOUId be overestimated. Also the calculation of the correc-

experiments, Hartree-Fock calculations with phenomenologition terms would be based on single-particle wave functions
cal models for theNN interaction like the Skyrme forces Which are localized too mucliii) BHF calculations are ap-
were performed, which reproduced these measured chardoPriate for short-range correlations. However, long-range
distributions with good accuracy. The Coulomb disp|ace_correlat|ons involving the admixture of configurations with
ment energies which were evaluated with these Hartree-FodRW €xcitation energies in the uncorrelated shell-model basis
wave functions, however, underestimated the experimentdfduire a more careful treatmen(ii) The BHF single-
data by typically 7%. This has become known as the NolenParticle energies do not account for any distribution of the
Schiffer anomaly[20]. Many attempts have been made to single-particle strength consistent with realistic spectral
explain this discrepancy by the inclusion of electromagnetidunctions. _ ,

corrections, many-body correlations beyond the Hartree- FOr the reasons listed, we take the following approach.

Fock approximation, or by explicit charge-symmetry break-W& Use single-particle wave functions from Hartree-Fock
ing terms in theNN interaction[3,37—4Q. In these investi- calculations with effective nuclear forces, which yield a good

gations it turned out that the CSB of the nuclear fofwith fit to the empirical charge distribution. These wave functions
the nn interaction more attractive than thep one is prob- &€ used to determine the leading Coulomb contribution and
ably the major reason for the “anomaly.” corrections like the effects of finite proton size, the electro-

We will now study the impact of CSB of tHeN interac- magnetic spin-orbit interaction, the kinetic energy correction

tion on the single-particle energies for protons and neutrondu€ to the mass difference between proton and neutron, and
in nuclear matter as well as in finite nuclei. the effects of vacuum polarization. Actually, for these con-

tributions we use the results by S&88]. The first column of
1. Nuclear matter our Table Il is taken from Table Il of Ref.38] which in-
: . , cludes all the effects just mentioned.
We calculate the single-particle potential for protons  the correlation effects are taken into account in a two-
Up(k) and neutron&J (k) as a function of the momentukl gt procedure. We assume a model space defined in terms

in symmetric nuclear matter using the self-consistentyt ghell-model configurations including oscillator single-
Brueckner-Hartree-Fock approaft®]. From this we obtain o icle states up to thepDf shell. We use the oscillator

the CSB energy difference parameteb=1.76 fm which is appropriate fot°0. The ef-
fects of short-range correlations are calculated by employing
AU cse(k)=U (k) — U (k). (3.1  an effective interaction, i.e.,@matrix suitable for the model

space. ThisG matrix is determined as the solution of the
Bethe-Goldstone equation
Since the momentum dependence X0 g5 is weak, we
choosek=kg. Our results at nuclear matter densikg Qmod
=1.35 fm 1, are shown in the lower part of Table Il. The g(Q):VJerg(Q), (3.2
most encouraging aspect of the results is that here we en-
counter a large contribution from states with~0 (about  whereT is identified with the kinetic energy operator, while
50% of the totgl. Consequently, we also observe a substanV stands for the bare two-body interaction including the Cou-
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TABLE lll. Coulomb displacement energies for single-hole Applying the techniques described[i#3], we can solve the
(p32 and py3) and single-particle stateslf, and 1s,;) around  Dyson equation for the single-particle Green’s function
'%0. The single-particle contributio©™, is from Satd38]. Con- G _(w)
tributions due to short-range correlatioAgg, long-range correla-
tions inside the model spack r, and due to CSB of the strong Ga(w)zg“(w)+ga(w)u(az)(w)Ga(w) (3.5
interactionA g, are calculated for three different CSB models.

The total results for the displacement enerdié&' are compared to with g, the BHF approximation for the single-particle

the experimental data given in the last column. All entries are inGreen’s function, and determine its Lehmann representation
keV. '

(PRl wo)l?

CH Agg Ag Acsg C™ Exp G (w)=> —
(24 _ + _ .
pyL  p-wmixing 3205 —44 46 106 3313 3395 n o= (Ey T —Eo)tiy
My splitting —44 46 97 3303 YA 1 g |W.)|2
ArgonneVg -71 47 108 3285 +) (¥ 13:[ Vo)l , (3.6)

m w—(Eq—Epn H—in
pt  p-wmixing 3235 —52 37 124 3344 3542
My splitting —-52 37 102 3322 This yields directly the energies of the states wih:1
ArgonneV g -79 39 103 3297 nucleons that we are interested in.
Our results for the Coulomb displacement energies are

ds, p-o mixing 3135 154 -15 93 3367 3542 . . ) )
- _ listed in Table Ill for various one-hole and one-particle states
My splitting 154 -15 87 3361 . 1 . . 1) .
ArgonneV 187 —18 92 3401 relative to %0. The first column of this tableG®), contains
18 the results of Ref[38] for the leading Coulomb contribu-
1s;, p-o mixing 2905 159 —45 134 3154 3166 tions, the corrections due to the finite proton size, the elec-
M splitting 160 —46 112 3132 tromagnetic spin-orbit interaction, the kinetic energy correc-
ArgonneVqg 198 —47 112 3174 tion due to nucleon mass splitting, and the effects of vacuum

polarization. As discussed above, we think that it is more
realistic to evaluate these contributions for single-particle

lomb interaction and accounting for CSB in the strong inter-Wave functions which are derived from Hartree-Fock calcu-
action. The Pauli operat@,,4in this Bethe-Goldstone, Eq. lations Wlth pheno_menologlcal fprces rther than using the
(3.2), is defined in terms of two-particle harmonic oscillator WaVve functions derived from a microscopic BHF calculation.
statesa8> by ~ The second and third columns of Table Il list the correc-
tions to the Coulomb displacement energies which originate
from the treatment of short-rangd {g) and long-range cor-

Qmod @B) relations (A\|gr) discussed above. The correctidtsg has
, been derived from the differences of BHF single-particle en-
0 if @ orp from Os or Op shell ergies for protons and neutrons subtracting the Coulomb dis-
=¢0 if « and B from 1s0d or 1pOf shell placement energy evaluated in the mean-field approximation
elsewhere.
) . A= € proton — eF(neutron - A pean s (3.7)

In this case the BHF calculations have been performed with
' L . . the np versions of the different interactions. The correction
As a first approximation we use the resu!tlggnatrlx ele- termsA g have been evaluated in a way similar to the qua-
menfcs ar_1d evalua’ge smgle-pam_cle energies in the BHF aps'iparticle energies determined in the Green’s function ap-
prOX|mat|pnea. T.h's approxmatlon, which will be denoted roach, subtracting the BHF effects already contained in
as BHF. in the _dlscussmn be_Iow,_accounts for short-ra_mg sr- The correction termd gz and A i include the effects
correlations, which are described in terms of configuration epresented by irreducible diagrams of second and higher
out;ujg our model space. In a next step we ad(.j fo this BHorder in the interaction, in which at least one of the interac-
definition of the_ ”“C'eo.” self-energy the-|rredUC|b.Ie terms 0ftion lines represents the Coulomb interaction. In addition
secc_)nd order inG, which account for |ntermed|a_te two- they contain the effects of folded diagrams discussed by Tam
pgrt!cle one-hole and one-particle two-hole conflguratlonset al. [40]. We find that the correlation effects are rather
within the model space weak. The short- and long-range contributions tend to cancel
each other. This is true in particular for the one-hole states
p;,zl and pl‘,zl. The effects of short-range correlations domi-

1 ah[G[p1p2)(P1P2|G|ah
uf)=§ > <w_|(|e 1+ZE>< _1:|)J|ri ) nate in the case of the particle statés, and 1s,,,, leading
P1.P2: Py Epp T T to a total correlation effect on the order of 100 keV in the
Coulomb displacement energies. This effect is slightly larger
1 h,;hs)(hih
= > (apldihsha)(hy 2|g|6.¥p>. (3.4  for the Argonne potential than for the Bonn potentials be-
2 ny'hpp @~ (€n, T €n,—€p)=i7 cause of the stronger correlations in the case of Argonne.
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The contributions to the Coulomb displacement energies We reveal that there are considerable differences in the
caused by CSB of th&lN interactions,Acsg, are listed in  predictions by these models for CSBiR; waves. We have
the fourth column of Table Ill. We have conducted separaténvestigated the impact of these differences on some observ-
calculations for each of the three models for CSB introducedble quantities oA=3 nuclear systems that are sensitive to
in Sec. Il. CSB of the nuclear force.

We also note that in the calculations of the Coulomb dis- We find that the*H-3He binding energy difference is es-
placement energies, it is important to include CSB beyondentially ruled byAacsg and thatP and higher partial waves
the 1S, state in theNN interaction. Similarly to what we contribute only about 6%. Therefore, this quantity is unsuit-
found for the nuclear matteAU g (cf. Sec. IlIB1 and able to discriminate between different models for CSB of the
lower part of Table I, CSB in P and higher partial waves nuclear force.
contributes about 50% of the totAl-gg. This was demon- A test calculation conducted for nuclear matter shows that
strated in Ref[41]. in heavier nuclear systems the difference between proton and

We achieve satisfactory or even good agreement in someeutron single-particle energies receives about 50% from
cases, likepgs and Is,5,, but there are discrepancies in oth- partial waves other thanS,. Motivated by this result, we
ers. FOFPl_/zl andds, the remaining discrepancies are largerhave calculated the Coulomb displacement energies around
than theA cgg contribution. the closed shell nucleu$0. We find that the contribution to

The general trend in the results is that thew model these energy differences from CSB of theN interaction
generates about 10%—20% mdrgsg than theM splitting ~ (which is on the order of 100 kewdiffers by 10%—-20%
mechanism, and ArgonerS iS, in generaL in between the among the three models for CSB, which is appreciable. Un-
two. Even though the-w trend is a favorable one, it is not fortunately, the nuclear structure part of these calculations, in
Sufficienﬂy pronounced such that one could give a preferparticular the evaluation.Of the Ieading Coulomb contribu-
ence to this model. In the critical cases, liggs andds,, ~ UONs, carries an uncertainty on the order of 100 keV such
the discrepancies between all model predictions, on the on@at the subtle differences between the competing CSB mod-
hand, and experiment, on the other, are much larger than ttfdS get swamped. Therefore we must conclude that, based
differences within the model predictions. upon the calculations conducted in this study, we are unable

Concerning the remaining discrepancy, a comment is ifC give preference to any of the three CSB models.
order. Note that the nuclear structure part of our calculations What we need are observables for which the nuclear
may carry some uncertainty. This is true in particular for theStructure part is fully under control. This suggests that we
evaluation of the leading Coulomb contribution, which is |00k into nuclear few-body reactions for which exact calcu-
sensitive to the Hartree-Fock wave functions that are usedations can be performed5]. An example could be the ana-
To obtain an idea of how large such uncertainties may be, wi/Zing power A, in nucleon-deuteron scattering that is
compare the results for Coulomb displacement energies u&nown to depend sensitively on thiP, waves of theNN
ing the Skyrme Il force ansio CSBby Sato[38] with the ~ Potential. Accurate data gn—d andn—d A, exist and these
more recent ones by Suzuki, Sagawa, and Arjadl. For  data exhibit a clear signature of CSB. Unfortunately, these
the single-hole state[,%, Suzuki’s result is larger by 167 data cannot be explained without resource to three-body
keV as compared to Sato; and for the single-particle statfrces which may obscure the CSB aspect of the problem. In
dsy2, the two calculations differ by 138 keV. Uncertainties of @Y case, we like to encourage the nuclear few-body com-
this size can well explain the remaining discrepancies in oufunity [45] to identify spin observables in few-body reac-
results. tions that show sensitivity to CSB of thdN interaction,
particularly the one that comes frofP; waves. Investiga-
tions of this kind may ultimately allow us to discriminate
between competing models for CSB of the nuclear force.

We have tested three different models for the charge sym-
metry breaking of thé&IN interaction. The models are based

IV. SUMMARY AND CONCLUSIONS
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