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r-v oscillation and charge symmetry breaking
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We propose an oscillation mechanism for meson mixing that causes charge symmetry breaking in nucleon-
nucleon interactions. The mixing probabilities of ther meson component in thev meson and vice versa are
estimated in a nuclear medium by using the data of the branching ratioB(v→2p) and proton-proton (p-p)
and neutron-neutron (n-n) scattering lengths. It is shown that the mixing probability depends on the nuclear
density and is very small at normal density. In a nuclear medium,r-v mixing is larger in thep-p interaction
than in then-n interaction because of Coulomb repulsion.@S0556-2813~97!04511-1#

PACS number~s!: 12.90.1b, 21.30.Cb, 11.30.Hv, 13.75.Cs
n

b

k
n
s
n

y

on
lc

a

nc
is
ea

e

a
no

-

cay
t

-

y

ive

o

I. INTRODUCTION

Charge symmetry breaking in nuclear interactions is o
of the interesting problems of meson physics@1#. Significant
differences in experimental values of scattering lengths
tween proton-proton (p-p) @2# and neutron-neutron (n-n)
@3# interactions have been reported and suggest the brea
of charge symmetry in nucleon-nucleon interactions. Ma
effects that contribute to this discrepancy have been inve
gated, e.g., the mass difference between a proton and a
tron, p-h mixing, andr-v mixing. The effect ofr-v mixing
seems to make its largest contribution to the discrepanc
scattering lengths@4–6#.

Another example of charge symmetry breaking is the c
tradiction between experimental values and theoretical ca
lations of mass differences of mirror nuclei@7,8#. Some cal-
culations, including the effects of symmetry breaking in
nuclear medium, have been carried out by consideringr-v
mixing @9,10# and theu-d quark mass difference@11#, and
these calculations imply an improvement of the discrepa
by considering charge symmetry breaking. The mechan
of r-v mixing and the momentum dependence in a nucl
medium also have been discussed recently@12#.

Here we propose a different mechanism forr-v mixing.
The basic idea is that a vector meson is produced as
isospin eigenstate and travels as a mass eigenstate. Th
istent probability of isospin eigenstates~r andv! in the mass
eigenstate vector meson changes with time due to their m
difference. A similar model is applied to the solar neutri
problem@13# andCP violation of K0 meson decay@14#.

We first explain ther-v mixing through the isospin eigen
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state oscillation and then estimate the two-pion de
branching ratio ofv by this model with decay width. Nex
we consider the discrepancy betweenp-p andn-n scattering
lengths. From these two analyses the mixing angleu defined
in the next section is determined. With thisu we calculate
the r-v mixing probability in the nuclear medium and dis
cuss the effects of charge symmetry breaking.

II. r-v OSCILLATION AND 2 p DECAY

The original Lagrangian density we assume is given b

L5c̄$gm~ i ]m2gvvm2grt3rm!2M %c2
1

4
Fmn

~v!F ~v!mn

1
1

2
mv

2 vmvm2
1

4
Fmn

~r!F ~r!mn1
1

2
mr

2rmrm1evmrm,

~1!

wherec is the nucleon field with massM , v is the omega
meson with massmv and isospin 0,r is the neutral rho
meson with massmr and isospin 1,Fmn

(v)5]mvn2]nvm , and
Fmn

(r)5]mrn2]nrm . To eliminate the isospin mixing term
evmrm, we introduce new vector meson fields defined by

Am5vmcosu1rmsinu, ~2!

Bm52vmsinu1rmcosu. ~3!

The Lagrangian density~1! is rewritten as

L5c̄$gm~ i ]m2gAAm2gBBm!2M %c2
1

4
Fmn

~A!F ~A!mn

1
1

2
mA

2AmAm2
1

4
Fmn

~B!F ~B!mn1
1

2
mB

2BmBm, ~4!

where the mixing angleu is determined by

r-

f
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tan2u5
2e

mv
2 2mr

2 . ~5!

The new coupling constants and masses are given by

gA5gvcosu1grt3sinu, ~6!

gB52gvsinu1grt3cosu, ~7!

mA
25

mv
2 cos2u2mr

2sin2u

cos 2u
, ~8!

and

mB
25

2mv
2 sin2u1mr

2cos2u

cos2u
. ~9!

The vector fieldsA and B are mass eigenstates witho
nucleons, but not isospin eigenstates. In most previous w
it is assumed that a vector meson is created as a mass e
stateA or B and decays or is absorbed as a mass eigens
The mass eigenstateA or B includes isospin eigenstatesv
andr at a fixed rate. With this assumption, the mixing ang
u is determined to reproduce the two-pion decay branch
ratio of v @6# or to explain the discrepancy betweenp-p and
n-n scattering lengths@4#.

Here we try to consider that an initially created vec
meson is an isospin eigenstate, i.e.,v or r. The isospin
eigenstate is represented by the linear combination of m
eigenstatesA and B. These mass eigenstates are diagon
ized without nucleons and their time dependences are g
by

A~ t !5e2 iEAtA~0! ~10!

and

B~ t !5e2 iEBtB~0!, ~11!

whereEA andEB are the eigenenergies ofA andB. Hereaf-
ter we neglect four-vector indices for simplicity.

Their time-dependent phases vary with time. The ph
variation mixes another isospin eigenstate with the ini
isospin eigenstate vector meson. The mixing rate chan
with time. Thus the vector meson initially created as a p
isospin eigenstate decays or is absorbed as a vector m
with mixed isospin.

The mechanism of isospin mixing is demonstrated as
example of thev meson decay into pions. We assumev is
created at timet50 as a pure isospin eigenstate. Thev state
with isospin 0 is represented as the mixing state ofA andB
at t50:

v~0!5A~0!cosu2B~0!sinu. ~12!

Similarly, at timet the v state is given by

v~ t !5A~ t !cosu2B~ t !sinu

5e2 iEAtA~0!cosu2e2 iEBtB~0!sinu, ~13!

where we use Eqs.~10! and ~11!. Using the transformations
~2! and ~3!, this state is rewritten as
ks
en-
te.

g

r

ss
l-
en

e
l
es
e
son

n

v~ t !5~e2 iEAtcos2u1e2 iEBtsin2u!v~0!

1~e2 iEAt2e2 iEBt!sinucosur~0!. ~14!

Herev~0! andr~0! are pure isospin eigenstates, butv(t) is
an isospin mixed state. The mixing probability of ther com-
ponent~isospin 1! in v ~mixed state! at t is defined by

P~vur!5u~e2 iEAt2e2 iEBt!sinucosuu2 ~15!

and that of thev component~isospin 0! in v ~mixed state! at
t is given by

P~vuv!5ue2 iEAtcos2u2e2 iEBtsin2uu2. ~16!

The v meson with isospin 0 decays into three pions, b
cannot decay into two pions because ofG-parity conserva-
tion. The physicalv meson, though, has a branching ra
B(v→2p) of two-pion decay because it contains the isos
1 ~r! component.

The branching ratio of two-pion decay of thev meson is
estimated by

B~v→2p!5
G~v→2p!

G~v→total!

5

E
0

`

P~vur!Grdt

E
0

`

P~vuv!Gvdt1E
0

`

P~vur!Grdt

,

~17!

whereGr is the full width of ther meson andGv is the width
of thev meson except for the two-pion-decay width. Scien
P(vur) means the probability that the initialv meson
changes intor at timet, (1/T) *0

TP(vur)Grdt represents the
time average of the width that the initialv changes intor
andr decays into two pions, where we setT→`. The first
term of the denominator of Eq.~17! is the width that the
initial v decays as a pure isospin eigenstatev. Assuming
EA5mA2 ( i /2) GA andEB5mB2 ( i /2)GB , we obtain

E
0

`

P~vur!Grdt5GrH 1

GA
1

1

GB

2
GA1GB

~Dm!21 1
4 ~GA1GB!2J sin2ucos2u

~18!

and

E
0

`

P~vuv!Gvdt

5GvH cos4u

GA
1

sin4u

GB

1
GA1GB

~Dm!21 1
4 ~GA1GB!2

sin2ucos2uJ ,

~19!
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whereDm5umA2mBu. The mass differenceDm can be cal-
culated by Eqs.~8! and~9! as a function ofu. Unfortunately,
GA and GB , which are widths ofA and B, are as yet un-
known. Though we do not know how to relateGA andGB to
Gv and Gr , here we assume a similar transformation as
the fields:

GA5Gvcosu1Grsinu ~20!

and

GB52Gvsinu1Grcosu. ~21!

From the particle data@15# we set mr5768.5 MeV, mv

5781.94 MeV, Gr5150.7 MeV, andGv58.43 MeV. A
comparison of the calculation and the experiments of
branching ratioB(v→2p)50.022160.003 gives the mix-
ing angleu52.2° – 2.5°.

III. MIXING RATIO IN THE TWO-NUCLEON
INTERACTION AND SCATTERING LENGTH

Low-energy scattering experiments show the discrepa
between the proton-proton scattering length@2# and that for
neutron-neutron scattering@3#. Some works suggest that th
discrepancy can be explained if ther meson component in
cluded in thev meson amplitude in the nuclear interaction
about 7%@5,6,10#. The off-shell mixing probability of the
isospin eigenstatesr andv in mixedv at timet propagating
between two nucleons is given by

P~vur!5u~e2 imAt2e2 imBt!sinucosuu2 ~22!

and

P~vuv!5ue2 imAtcos2u2e2 imBtsin2uu2. ~23!

The total mixing probability of ther meson in thev meson
in two-nucleon scattering is given by

I ~r!5

E
0

`

P~vur!dt

E
0

`

$P~vuv!1P~vur!%dt

52 sin2ucos2u. ~24!

If the charge symmetry breaking in low-energy scattering
mostly caused byr-v mixing, the mixing probability is
about 0.0049. Considering other possible origins of cha
symmetry breaking, this value is probably the maximu
Here we look for u assuming the mixing probability
I (r)50.0025– 0.0049. We obtainu52.0° – 2.8°. The range
of these values covers that obtained for the explanation
the two-pion-decay branching ratio ofv. Hereafter we use
2.4° as the typical value of the mixing angleu.

IV. MIXING PROBABILITY IN THE NUCLEAR MEDIUM

The off-shell mixing probability~22!

P~vur!52~12cosDmt!sin2u cos2u ~25!

is given as a function of timet in which a vector meson
propagates between nucleons. If we discuss the meson
n

e

y

s

e
.

of

ex-

change nuclear interaction, the meson propagating timet is
replaced by the internucleon distancer̄ . In a nuclear medium
the r mixing probability in the exchange omega is given

P~vur!52~12cosDmr̄!sin2ucos2u. ~26!

For nuclear matter with densityr5 1/( 4
3 pr 3), the

nearest-neighbor internucleon distancer̄ is given by

r̄ 52r 5S 6

pr D 1/3

. ~27!

At the normal densityr50.17 fm23 the internucleon dis-
tancer̄ is 2.24 fm and ther mixing probability is 0.000 041
with u52.4°. The density dependence of the mixing pro
ability in nuclear matter is shown in Fig. 1. At extremely lo
density the mixing probability oscillates intensively and h
a maximum value of 0.007 at 2.4631026 fm23. From that
density to 0.02 fm23 it decreases rapidly, and at higher de
sities, including the normal density, it is very small and d
creases gradually with density.

V. CONCLUSION AND DISCUSSION

We have shown that the mixing angleu is 2.2°–2.5° in an
effort to explain the branching ratio of the two-pion decay
the v meson. The mixing angleu is determined on the sup
position that a vector meson initially created is a pure isos
eigenstate. On the contrary, if it is assumed that a ve
meson produced is a mass eigenstate, the mixing probab
of r andv does not depend on time and the mixing angle
larger @4,6,10#.

Our calculation is ambiguous in terms of how to choo
the values ofGA andGB , but small changes inGA andGB do
not affect the value ofu very much. The equation
B(v→2p)50.0221 has another set solution, i.e.,u522.0°
to 22.2°. A negative value foru gives a large branching
ratio to the three-pion decay ofr. In fact, if we set
u522.0°, the branching ratioB(r→3p) is 0.003. On the
other hand, u52.4° gives a small branching rati
B(r→3p)50.0007. Since the three-pion decay of ther me-
son is rare, we should adopt a positive value foru.

The off-shell mixing probability is also calculated by re
moving the decay widths. If we want to explain the discre

FIG. 1. Ther-v mixing probability is shown as a function o
nuclear densityr.
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ancy of the nucleon-nucleon scattering lengths using o
r-v mixing, the mixing angleu must have the large value o
2.8°, which gives a value of 0.0049 to the mixing probabil
of r in v and vice versa. Other factors in addition to ther-v
mixing must make some contribution to this discrepan
@5,6#.

To calculate ther-v mixing probability in a nuclear me
dium we use u52.4°. Near the normal densit
r50.17 fm23 the mixing probability is small and decreas
with density. In finite nuclei the proton density is somewh
smaller than the neutron density because of Coulomb re
sive interaction. This means that ther-v mixing probability
in the p-p interaction is larger than that in then-n interac-
tion. Therefore, if we try to calculate the masses of mir
nuclei, the effect of charge symmetry breaking due tor-v
mixing is stronger in proton-rich nuclei.

Another candidate for charge symmetry breaking isp-h
mixing, to which we apply the same oscillation model. In t
case ofv andr mesons, their masses are so large that t
propagate only to the nearest-neighbor nucleons. P
though are light enough to arrive at far nucleons. If nucleo
are distributed uniformly with the most neighboring inte
nucleon distancer̄ , the nucleon existent probability on th
spherical shell of the radiusnr̄ is proportional to 4p(nr̄)2.
Meson intensity with massm is proportional toe2mn r̄/mnr̄
at the distancenr̄ from the nucleon source. Thus the tot
mixing probability ofh in the pion interaction is given as

I ~puh!5

(
n51

`

nr̄e2mpn r̄ P~puh!

(
n51

`

nr̄e2mpn r̄

, ~28!

where

P~puh!52~12cosDmnr̄!sin2ucos2u. ~29!

The mixing probability ofp-h is shown in Fig. 2. Becaus
the mixing angle ofp-h is not known, the absolute value o
the probability is arbitrary and the mass differenceDm is
indefinite. We usemA5mp5135.0 MeV and mB5mh
5547.45 MeV for the calculation. The total mixing prob
ys
.

ly

y

t
l-

r

y
ns
s
ability of p in h is also shown in Fig. 2. Since the mass ofh
is large enough, the summation overn is not required, i.e.,

I ~hup!'P~hup!. ~30!

Near normal density, both the mixing probabilities i
crease with density. Thus, contrary to the case ofr-v mix-
ing, the mixing probability ofp-h is larger for the neutron
interaction than for the proton interaction in finite nucle
The p-h mixing makes a larger contribution to charge sym
metry breaking of neutron-rich nuclei than that of proto
rich nuclei, while r-v mixing contributes more to that o
proton-rich nuclei. The vector mesonsr and v work repul-
sively while the nuclear interaction and the pseudoscalar
sonsp and h work attractively. Thus the effects of charg
symmetry breaking are additive. We should also ment
that there is some difference in the total mixing ratios b
tween the pion interaction and theh interaction and as a
consequence in the charge symmetry breaking betw
them.
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FIG. 2. Thep-h mixing probability is shown as a function o
nuclear densityr. The unit of the vertical axis is arbitrary. ——
represents the total mixing probability ofh in p and••••••••• rep-
resents that ofp in h.
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