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Rho-omega mixing and the Nolen-Schiffer anomaly

in relativistic nuclear models
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Abstract

We calealate within the framework of relativistic nuclear models the contiibn
tion of the p" —w mixing interaction to the binding energy differences of the mirror
niclei in the neighborhood of A—=16 and A=10. We use two relativistic models for
the nuclear structure, one with scalar and vector Woods-Saxon potentials and the
Walecka model. The p" - winteraction is treated in first order perturbation theors
When using the Walecka model the poand w nucleon coupling constants are the
same for caleulating bound state wave functions and the pertarbation due 1o the
mixing. We find that the relativistic results on the average are of the <ame order

as the ones obtained with nonrelativistic calculations.

1 Introduction

The Nolen Sehiffer anomaly INSA ) is the persistent diserepancy het scen cxpenme nt an
conventional nuclear theory for the binding energy differences of mivror wacler T1E 2]
From the studies along the last 25 vears on the subject, there emerged a widespread
consensus that the anomaly can eventually he explained by the charge synumetoy vinlation
in the mncleon-nucleon force [3]. o partiondar, class HI (ppenu) and chass IV tpn) 1]
charge symmetry breaking (CSB) forces can affect the binding energy differences of mirior
nuelei [5]. To this context, Bhmden and Iqbal [6] (B performed asystemati aund detailed
caleulation of bhinding energy differences of mivror nneled in the vange of A THro A4

In their calewlation, B employed CSB nucleon-imcleon potentiabs devived from p" o

and 7" - 5 mixings and included the effects of the nentron-proton mass differenoe i vhe

one- and fwo-pion exchange potentials. Withiu the framework of a Schridinger equation
calculation, using harmonic oscillator bound-state wave functions, BI concluded that cSB
effects can resolve a large fraction of the anomaly. Moreover, their calculation showed
that the p®-w mixing effect gives by far the most important contribution. In a subsequent
caleulation, Miller [7] obtained a larger effect than Bl by using a new experimental value
for the mixing parameter, which is larger than the one used by BI.

In this letter we calenlate within the framework of two relativistic nuclear models
the contribution of the p" - w mixing interaction to the binding energy differences of the
mirror nuclei in the neighborhood of A=16 and A=:40. Both the nuclear structure and the
ixing amplitude are treated relativistically. Relativistic models based on the original
Waleeka model [8] have been very suceessful in deseribing several nuclear properties and
the stindy of CSB effects in the context of such models is an interesting new application.
The only published calenlation of binding energy differences of mirtor nuclei using a
relativistic mielear model is the one by Nedjadi and Rook (NRR) [9]. In their calculation
the nielear structure is deseribed in a single-particle approximation in terms of the Dirac
equation with scalar and vector Woods-Saxon potentials. The only CSB effects taken
inta account were the ones of the clectromagnetic force. Here we calculate the binding
cnergy differences emploving the NR and Walecka models, both supplemented with the
P womixing interaction. In the Walecka model we include the 7. o, w. p, and the photon
fieclds. Tn both models p = w mixing is treated in first order perturbation theory. In an
carlier publication [10], the Walecka model was employed to calculate the contribution of
the o — w mixing interaction to the neutron-proton self-energies in nuclear matter. The
C'SB effect fonnd there is of the right sign and about the right magnitude of the anomaly
in a large nucleus. The use of the Walecka model with the p” -« mixing is particulacly
inferesting hecanse of the coupling coherence. i.e., the g, and g, coupling constants
appearing in the fundamental Lagrangian are the same for the nuclear structure and the
CSB interaction. This is not the case for the NR model, where the nuelear structure has
no direct connection with the CSB interaction.

We start with the NR model. In this model. the nuclear structnre is described by the



gingle-particle Dirac equation with spherical mean fields:
{—ia@-V+W(r)+ M - U, (r) - i@ - VY(r)]} Ua(T) = EU(T) (N
where U,(r) is a scalar potential, and the potentials W(r) and V(r) are given by:

W) = 10,0 + 51+ Vi) ()

Y=l Fa LDy .
AR BYY YoM 2 A7) ()

U,(r) is a vector potential and V.(r) is the Coulomb potential. The term a - VV(r),

Kp (L) | Ka (1—73)
2

which is due to the anomalous magnetic moments of the proton and the neutron, was not
included in the Dirac equation of Ref. [9]. The index a = {a,m} = {1, & 0 1} indicates
the usual quantuin numbers of energy (1), Dirac (%), total angular momentum projection
(m) and isospin projection ({). In the NR model, the scalar and vector potentials U, and
U, are parametrized in terms of Woods-Saxon forms:

/ n = v, (1
(’,(7)7 l‘—{:—('(*:h—.m . 1 =vU,8. (-1)
The parameters V;, R, and a, are adjusted to give the best fit to the single particles
Jevels of the nuclei of interest.

The single-particle spinors I, () are written as usually:

N l ’(;71A1¢r;171 . -
U, o) = ; co6 Ce (5)
W —kon

.
where « is the Dirac quantum number given in terms of the total angular momentum as

1 .
7 =15 5 ()
and
1 )
b, = 1%;'(1771,%”1, | 15,]’171}}’},",(9(25)&,"\. , {(7)
with
K x>0
| =

and €., and (, are respectively Pauli spin and isospin spinors.
The components (¢ and I are solutions of the following set of coupled first order

equations:

d ¢ dVY(r
((‘ - —ﬂ) Foe(r) + [Eune = W(r) = M+ U, (00)] Gualr) =00 (8)
dr r dr
1 N {V(r )
(7(— -+ t_ f»i)) Cont (1) = [Fone = W+ M - Ur)] Frundr) =0 (0
dr r dr

We solved these coupled Dirae equations in two ways: (1) directly, using the method
of Ref. [111, and (2) by transforming the two first order equations into a second order
Sehrodinger equivalent equation as in Ref. [9]. Both methods gave the same results. We
fixed the parameters of the Wouds Saxon potentials to get the best it to the single-

particle energies and r.mes. charge radit; these are:

V, = 4780 MeV, R, =3.9fin, a, = 0.6 fm, (o)
(
V0= 3085 MeV, R, =39 fm, a, = 0.6 fm.

for '), and

V, = 4572 MeV, R, =395fin. ¢, =03 fin, (n
VO = 3785 MeV, R, =3.95fm, a, =038

v
for ""Ca. For V.(r) we used the same of Nedjadi and Rook, namely the Coulomb potential
corresponding to a uniformly charged sphere of radius R. = 1.25A" [m. The results for
the single particle energies, ¢, = £, — M, and r.m.s. charge radii are shown in Table |
below. The corresponding experimental values shown in column Exp for %0 are taken
from Ref. {12} and the ones for **Ca are taken from Ref. (13].

The other model we use for the nuclear structure is the one otiginally introduced by
Walecka [8], supplemented by the r— and p—meson and photon fields. We also include
the tensor couplings of the photon and vector mesons. The Lagrangian density of the

model is given by:
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where, i, A" @, w, W, and p* are respectively the nucleon, photon. scalat jsoscalar,
pseudoscalar-isovector, vector-isoscalar and vector-isovector meson fields and Feooomn
and B® are the vector field tensors defined in the usual way, I - o [ ST A
G = gV g Ve, B = *p* -0 p". The p’ —w mixing Lagrangian density L

can be written as:

Lo =Ml (13)

where A = —2m, <w|H|p" >, is the p’-w mixing parameter.

We solve the model in the Hartree-Fock approximation {11} However. helow we
present the Hartree formulae only because the complete expressions with the Fock terms
are too lenglhy to be presented in this fetter: the complete expressions will he presented
elsewhere. The coupled first order equations for the upper and Jower components I and

AJ i . . N .
(¢ are the same as in Bgs. (8.9). and the potentials Woand Voare now aiven by

1
Wi(r) Gowolr) + (IpT';/’f:(T) + ¢ T(l + ) Ao(r) . (14
p (14 73) Kn ) Ko 0
= e s | wn == Tapn, )
Vir) =« 2M 2 +:zM i R H"“;.\f GRS YARK
(17

The potentials ¢o(r), wol(r), po(r). and Ag{r) are not given external functions bt are
determined self-consistently. They are given by infegrals over the nncleon sonpee terms,

which depend on the Fand ¢ functions. Because of the tensor conplings. the <onrce

A

terms for the vector fields are modified as compared to the nsual ones [8); they are given

by:

o0 . ; , oce 2 'K + 1 ,
wo(r) = — 9W/0 dr T'QA(’"‘ 7‘§mw)2( : 2 ){ [l Gare(r") |2 + | ant("’) |2]

S\ Arr

Ko

P~ d [G,m,(r')Fmt(r')]}, (16)

~ ’ ’ ’ 2 L3 + l « ’ il 1’ y
M) = — g, /, dr 7'2A(7'.r:1np)z< J ) 2!{ [I GtV 12 4 P lZ]

nxt 47”
e oy i (')}} (17)
2\, - r{r’ TnetlT nxelT .
and
PN occ ?]
e[t § (B [ o ot ] (5 4)
) a3 (T {1 G BTt ]
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where A(r. ', m) is the Green's function

Alr,r'om) = — -sinh(mgr o) exp(—rmirs ), (19)

mrr
with 1, (7<) being the greatest (smallest) between r and r’.

The parameters of the model are the masses and the coupling constants. For the
pion parameters we take the ones used in the Bonn potential [15]. The parameters of the
other mesons are usially chosen to adjust the saturation properties of nuclear matter {16].
Although the single-particle levels and r.m.s. charge radii for both 15() and *°Ca nuclei
with such a set of parameters come out in reasonable accord with the experimental
values [16], we preferred to readjust the parameters to get the best fit of the spectra
and radii, We used the following set of parameters: g2 = 113.6. g} = 195.2 for %0 and
gt = 1158, g2 = 201.1 for **Ca and g2 = 16.3 for both nuclei. The final results for the
hinding energy differences are not affected by this readjustment in a significant way. For
the anomalons couplings we used &, = 1L.79, &, = =191, 5, = =012, and x, = 3.7.

I'he results are shown in Table 2. Columns H and HE are respectively the Hartree and

Hartree-Fock results. Tn both colinmns the tensor conplings have been neglected. Column
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T presents the Hartree result including the tensor couplings. From this column ovne sees
that the effect of the tensor couplings on the binding energies is not significant. One
also notices that there is no significant difference between the Hartree and Hartree Fock
results.

The next step is to evaluate in first order perturbation theory the effect of the p" - w
mixing interaction on the binding energy differences. The binding energy differcnce

between two mirror nuclei can be written as:
AE = Eo(A L p)— Falt ), (20)

where Eo(A + p) and Eo(A £ 1) are respectively the ground state energies of nuclei with
A nucleons plus (minus) one prowon and A nucleons plus (minus) one neatron. We are

interested in the contribution from the p® — w mixing interaction to AE. T first order

this is:
AE,, = <AtplHulA+p> — <A tnlHA L0
a
= 1Y (<aplH, |ap> - <an|H,|on>) . (20
a=1

where the perturbation I1,, is. from Eq. (13}, given by

I
(g%

H,, = /J"‘.r H,.. = —A /rl rowt(a p“( r) ., (

and |A £ p> and |A £ n > are the ground state nuclei,

AE,,, requires evaluation of itwo-nucleou matrix elements of the type <&yl 10 >
where £, 9=p,n. First, we write the solutions for the w, and p% fields in terms of the
nucleon densities as

wy (= /d“y D2 (x - y) [WJ’( v u(y) + mdﬂ/(u) \ u'(.r/)] . (23)

0o

i(y)ﬂ*"fw(y)] :

/dqy DL, (r =) [!lnl/'(y)v”faz/"ty) + o=

where the D% and D2, are the Gireen’s functions of respectively the w and p° field

equations.

-1

Neglecting antiparticles, the nucleon field operator can be expanded as:
= Y ULx)eTE AL (25)
o
where A, (11) i« the micleon annibilation (creation) vperator, and {,(x) are given mn

Fq. (7). Then. substituting Eqs. (23,24) in Eq. (22) and using for the nucleon fie 1d

operator the expansion above, we obtain for 1, the following expression:

. A 1 ¥k RIS TP
1", i Ao d ,,/_w D2 (k) D (k]
< L e, —ra)un [Z( (’ ,7/‘ + "_;‘:’7}\.\(7\“) U(x)
. 2M
. Ko . togt 9
- [Z(;,(y)(q,,v + ITIL\U )r,l(x(y)].l,'lvh 1. (26)

One can perform the integral over over yy and ky to obtain:

". §}T§(]fi:,lz / dr d u/ ‘”; (Dol - k) Dot k)]
R 5 Ly )] Uy 1 2y )
.w
|l S s ] [ty sk |
),” )NA,),L'A-’ [ (x)o 2l )| Jetty oy )]
f( B et 0] [y e iy )]
’ET: ki) 7 2 0x)| l“,(y)w“nl(h(y)l} atbar, )

The integrations over d*k and the angles of x and y can be done analytically. The
resnlting expressions, with all the tensor couplings inchuded, are very lenghty and not
very instructive, For illustrative purposes we present the results with the tensor couplings
dropped { the numerical results of Table 2 do include their effects). These can be written
i terms of two functions Tug,s(r, 1) and Jyaqs(r, 77}, which result from integrals of terms
respectively proportional to [Q)L(bb] l‘bf}bg] and [‘DLUQﬁ] : [4)1‘7("/514 They are given by:

1

5o Z(zl +1)(= )77H)_"lﬁ+](l+]y+la+‘l ~+1 [I(t:/’)l/, ) - [.(773)1(7 - ’1

Lo, )



(20, + 1)(255 + D20, + D(25s + 1)]5‘ (1,000 | 115031010 | L1150}

x
X (Im,, — mpjgmﬂ I Ijgj,,mo)(lmn — mgjlsmg ‘ 1]'5_]'.,7717)
. S
% la Ja 2 Lo I (28)
ja Ly ! FIR T
and
4 3 I S e TR I AT TR (),
Japyslr '} = T2 %{(314,» (1) I ! ‘/,”,,lv,r [ AT A \\
o (20 4 D20 F D20 b D b D)0 L0 Lol T
x (25 4+ D){gm, - magang | FJemad(y = s [ ygas
L, ;1 [ P
V 11 i1 20
) L 22 Ly
Jo Ja ) Joods )
where
(1) ' ”P((.l,)? (1), - i) (1) - 1) s (1, () 1, ()
Ioalrr)y = - [h, Gplihe by oy 4 by paas ) i opl e {3m
with
1
pf:‘), = [m(,)‘)‘ (e, - (/i)Z] ° P (31
What remains is a double integral over [x| = # and [y| = " which has to he done

numerically:

" =

7__*_-‘16:”&_5 / drdr' S0 [(.',,(rv:;(rw,..h»(r.r’wf,w’w! (0
» ilvE

Frulr) Falr) s (NG G 01

Galr) () s s P NGL D0

Gl r) Fp(r) T sas 0V EL ()G 0

Fo(r)Galr) s (0 )G F5(0)
Fo(r)Galr)d s (o VL () Ga(r)
Fo(rYFa(e) ] e stra VEL(E ) Fs(r)

B S T L P (32)

where —a = {n, -k, m,t}.

Table 3 summarizes the results. Columns DME and SkII are the calculations of
the NSA of Sato [17]. Column BI are the results of Blunden and Igbal, as rescaled by
Miller [7] to take into account the present value of the mixing. Column NR presents the
results obtained with the Nedjadi-Rook wave functions, and columns H, HF, and T are
the results obtained using the different approximations to the Walecka model (see Table
2). In the Table, only those levels which are hound are presented. We used for the mixing
parameter the value A = —4500 MeV?. The masses and coupling constants of the p and
the « mesons used in caleulating A, are the ones of the Bonn potential [15] in the case
of the NR model, whereas for the Walecka model we have used the same values used in
the calenlation of the bound-state functions.

Both the Nedjadi-Rook and Walecka models give similar results. One notices two
main features of the relativistic results: (1) they are of the same order, with a tendency
of being on the average larger. than the nonrelativistic results of Blunden and Igbal, and
(2) the pyyy value is larger than the pyy one for A = 15 nucleus. contrary to the Bl result
and to what is required to eliminate the anomaly. This last effect can be due to the
core polarization; the missing nueleon can induce a large deformation of the strong scalar
and veetor Belds. This is being investigated in the framework of a deformed mean field
approximation in the Walecka model [18].

An important issue that is being discussed in the literature lately is the off-shell
variation of the p” — « mixing amplitude [19]. In the calenlations in this paper, and in
others involving CSB NN processes [3], one assumes that < p"|H|w > is weakly momentum
+

dependent and nses the valiue extracted at the w pole fram data on e e = pyw — w¥x™.

However, while in the NN processes the exchanged mesons have spacelike momentum,

+¢ processes they have timelike momentum. All of the studies in Ref. {19]

i the €
predicted a significant momentuin dependence for < p°|H|w > and a node near or at the
origin (g2 = 0). The implications of this is that the contribution of the mixing for the

CSB component of NN force is very small and its importance to the NSA is significantly

diminished. Although this is still controversial, as discussed by Miller and van Oers in

10



a recent review [20], the diminishing of the p® — w mixing contribution might require

new CSB effects for explaining the NSA. One class of effects that has received some
attention lately is the one related to possible changes of the u—, d—quark condensates in
medium [21}].

Future investigations involve the study of core polarization effects [18]. which might
be important in presence of deformed strong scalar and vector mean fields, and the effects
of the change of quark condensates in medivm [21] in conjunction with the p¥  w mixing.
The use of a deformed mean field approach will allow a complete study of all mirror nuclet

and other analog states.

This work was partially supported by CNPq.
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Table 1: Single-particle energies (in MeV) and ranes. charge radii {in fim) for the Nedjadi
Table 2: Single-particle energies (in MeV) and r.mus. charge radii (in fm) for the Walecka

Rook model. The upper (lower) part is for %0 (*'(a).
model. The upper {(Jower) part is for 0 (*Ca).

NR Exp - - S — SO ——
T H HF T Exp

p n p 1 B -
——— - — p n p n p n p n

Lsyp | 38200 42515 ) 404 8 B , L __
40,48

Lo | 18203 22201 181 o1 Lsin | -39.250 43493 | 39187 43429 | 39132 43553

Iy | 110815263 121 (57 Ppasz | 18464 22379 | 18433 -22.349 | 1R271 22,409 -18.4 -21.8

Wy | 1030 06 (13 Iprss | 9792 1358 | 9786 13570 | 9543 13557 12.1 5.7

28y | 0000 -3.531 -0.1 3.27 fi’i“_ Ler 1651 '"21,;;';ﬁff,,;f]f§_?l,f et ,;‘,);(i,,,,,wi'fw
. o oo T BV 2687 2.658 | 2.691 2659 | 2.692  2.659 2.73

2.60 2.73 ] m
lsijs | 51160 -59.535 | -51.076 -59.447 | 50.904 -59.644 | 18.5£5.0

(r2>'/2 2.60

1512 | -46.102 50473 48.5+H.0

‘ Upgjp | -34.787 42791 | 34637 -42.639 | -34.420  -42.886 | 36013,
poe | 30.655 3322 | 36,0430 P 787 791 | -34.637 639 | -34.420  -42.886 | 36.043.0
! 98.735 -36.763 | -28.606 -36.738 | -28.300 -36.801 | 31.543.
tpiya | 26500 31192 | 315435 i 735 763 | -28.606 -36.738 | -28.300 -36.801 | 31.5+3.5
Udejy | 18497 226,125 | 18366 -26.081 | 18.001 26,181 | -16.042.0

aon
anv

[

Vdsjp | iD481 22709 | 165
) ot r7oen | 12010 180 2oz | 9045 16478 | 9008 -16.344 | 8760 16421 | 12.0£1.0 -18.1
syy2 | 102240 10026 -12.0£1. ¢
y oatr 6s0s | Re4r0 156 Idy, | 8836 -15.957 | 8705 15828 | 8105 15930 | R.5+£20  -15.6
a3 - 160l -

1f 1.661 8.279 1.4 R.36 Uz | -3.169  -10.350 | -3.003 -10.362 | -2.441  -10.374 -8.36
7/2 -1.0 -8l -1, falma 18} .
H ,‘)];”7‘":% "7'_;__;—()" ”—;E" T (7‘1)’“ 3.45 3.39 347 3.40 3.43, 3.39 .49

r 3. 3,08 340 o ed —_ Y
- -




Table 3: AF,, (keV)

e -
Required €SB

1 State | DME Skl
15 1p3), 500 190
lpy), | 380 290
1714, /e 300 190
39 2570, | 370 270
1y, | 5400 430

AU Ufr | 10 350

M- w
Bl NR W HE
w2 1o 208 209
227 188 203 204
130168 166 166
590 2200 232 232
281 336 335 336

{ITS 268 260 261 262

1
200
204

166

242

337




