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p-w 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 theneson component in the meson and vice versa are
estimated in a nuclear medium by using the data of the branchingBé#e-2#) and proton-protong-p)
and neutron-neutromgn) scattering lengths. It is shown that the mixing probability depends on the nuclear
density and is very small at normal density. In a nuclear medjm,mixing is larger in thep-p interaction
than in then-n interaction because of Coulomb repulsip80556-28187)04511-1

PACS numbsgs): 12.90+b, 21.30.Cb, 11.30.Hv, 13.75.Cs

[. INTRODUCTION state oscillation and then estimate the two-pion decay
branching ratio ofw by this model with decay width. Next
Charge symmetry breaking in nuclear interactions is onave consider the discrepancy betwgemp andn-n scattering
of the interesting problems of meson physdit$ Significant  lengths. From these two analyses the mixing artgefined
differences in experimental values of scattering lengths bein the next section is determined. With thiswe calculate
tween proton_proton F(_p) [2] and neutron_neutronn(n) the p-w miXing probablllty in the nuclear med|um and dis-
[3] interactions have been reported and suggest the breakiriy'ss the effects of charge symmetry breaking.
of charge symmetry in nucleon-nucleon interactions. Many
effects that contribute to this discrepancy have been investi- Il. p-o OSCILLATION AND 2 7 DECAY
gated, e.g., the mass difference between a proton and a neu-pg griginal Lagrangian density we assume is given by
tron, -7 mixing, andp-w mixing. The effect ofp-w mixing
seems to make its largest contribution to the discrepancy of — 1
scattering lengthf4—6). L=y{y"(10,—9,0,—09,T3p,) —M}ih— ZFL“L)F(“’)“”
Another example of charge symmetry breaking is the con-
tradiction between experimental values and theoretical calcu- 1, " 1 Do)y 1, " u
lations of mass differences of mirror nuc[&i,8]. Some cal- oMot = 2L PR S mip .t ew o,
culations, including the effects of symmetry breaking in a
nuclear medium, have been carried out by considepig @

mixing [9,10] and theu-d quark mass differencgll], and where ¢ is the nucleon field with mashl, o is the omega

these ca_tlcul_atlons imply an improvement of the d|screpar.1c¥neson with massn, and isospin O is the neutral rho
by considering charge symmetry breaking. The mechanism : . : (o) _
o . meson with masm, and isospin 1F}*'=9 ,w,— d,w,, and

of p-» mixing and the momentum dependence in a nuclear ;" PT imi ﬁ” ke e
medium also have been discussed recelrtB}. Mv_f#pv__an#' o eliminate the ISOSpIn miXing term

Here we propose a different mechanism fe& mixing. €w,p*, we introduce new vector meson fields defined by
The basic idea is that a vector meson is produced as an A
isospin eigenstate and travels as a mass eigenstate. The ex- ®
istent probability of isospin eigenstatgsandw) in the mass B — ;

. N ; =—w,Sing+ p ,CoH. 3
eigenstate vector meson changes with time due to their mass ® Du Pu ©
difference. A similar model is applied to the solar neutrinoThe |agrangian densitfl) is rewritten as
problem[13] and CP violation of K® meson decay14].

We first explain the-w mixing through the isospin eigen-

=w,Cc089+p,sing, 2

- 1
L= 0710, G, 0o, M~ FEUF A
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2€

tan29= EQ_—mZ (5)
© P

The new coupling constants and masses are given by
ga=9,Co9+g,73SIng, (6)
gs= —9,SiNd+g,75C080, (7)

2 2
mzzmwcosze mesir’ 6
A cos ¥

, 8

and

2 2
o m_sir? 6+ m>cos’ 6
B cos¥

9

The vector fieldsA and B are mass eigenstates without
nucleons, but not isospin eigenstates. In most previous wor
it is assumed that a vector meson is created as a mass eigen-
stateA or B and decays or is absorbed as a mass eigenstat%.

The mass eigenstatk or B includes isospin eigenstataes

andp at a fixed rate. With this assumption, the mixing angleB(w—27) =
0 is determined to reproduce the two-pion decay branching

ratio of w [6] or to explain the discrepancy betwepfp and
n-n scattering length§4].

Here we try to consider that an initially created vector
meson is an isospin eigenstate, i.e.,or p. The isospin
eigenstate is represented by the linear combination of mass
eigenstates\ and B. These mass eigenstates are diagonal-
ized without nucleons and their time dependences are given

by

A(t)=e 'EA'A(0) (10
and

B(t)=e 'Es'B(0), (12)

whereE, andEg are the eigenenergies AfandB. Hereaf-
ter we neglect four-vector indices for simplicity.

2383

w(t)=(e "EalcoLg+ e 'Eslsirt§) w(0)

+ (e 'Ea'— e~ Esl)singcosdp(0). (14)
Here w(0) and p(0) are pure isospin eigenstates, l(t) is
an isospin mixed state. The mixing probability of theom-
ponent(isospin 1 in w (mixed stat¢ att is defined by

P(w|p)=|(e 'Eal— e 'Ee")singcosy| (15)
and that of thas componentisospin ( in  (mixed stat¢ at
t is given by

P(w|w)=|e 'Balcogd— e 'Eelsir?g)|2. (16)
The o meson with isospin 0 decays into three pions, but
cannot decay into two pions because®iparity conserva-
tion. The physicale meson, though, has a branching ratio
B(w— 2) of two-pion decay because it contains the isospin

k]s (p) component.

The branching ratio of two-pion decay of thkemeson is
stimated by

INw—2m)
I'(w—total)

J’ P(w|p)det
0

focP(w|w)Fwdt+ fo(w|p)I‘pdt,
0 0
17

whererl, is the full width of thep meson and’,, is the width

of the w meson except for the two-pion-decay width. Science
P(w|p) means the probability that the initiab meson
changes inte at timet, (1/T) ng(w|p)det represents the
time average of the width that the initial changes intgp
and p decays into two pions, where we set-o. The first
term of the denominator of Eq17) is the width that the
initial » decays as a pure isospin eigenstateAssuming
Ea=ma— (i/2)T' o andEg=mg— (i/2)['g, we obtain

Their time-dependent phases vary with time. The phase

variation mixes another isospin eigenstate with the initial “p )T, dt=T",| =+ —
isospin eigenstate vector meson. The mixing rate changes |, (0lp)T,dt=1, 'y TI'g

1

with time. Thus the vector meson initially created as a pure

isospin eigenstate decays or is absorbed as a vector meson

with mixed isospin.

The mechanism of isospin mixing is demonstrated as an

example of thew meson decay into pions. We assumes
created at timé=0 as a pure isospin eigenstate. Thstate
with isospin O is represented as the mixing staté\afnd B
att=0:

w(0)=A(0)cost—B(0)sind. (12
Similarly, at timet the w state is given by
w(t)=A(t)coss—B(t)sing
=e EAlA(0)cos— e 'EB!B(0)sind, (13

where we use Eq$10) and(11). Using the transformations

(2) and(3), this state is rewritten as

r,+r
- > Al B 2]sinzacoéa
(Am)“+ 3 (I'a+Tp)

(18)
and
f‘P(w|a))Fwdt
0
_r codte sinte
o T
I'r+T
+ A_B sifAcog 6},
(Am)?+ 3 (T'a+Tp)?
(19
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whereAm=|m,—mg|. The mass differencAm can be cal- 0.0012 [
culated by Egs(8) and(9) as a function ofd. Unfortunately,
I'y andI'z, which are widths ofA and B, are as yet un- 0. 001

known. Though we do not know how to reldfg andI' to

I', andT',, here we assume a similar transformation as in 2"

the fields: :
S 0. 0006
p=T,cos0+T ,sind (20 z
EO 0004
and
0.0002
Ig=—-T,sing+1I,cosh. (21
S S St
H — 0. 0.2 0.3
From the particle datd15] we setm,=768.5 MeV, m, o ! bensity (/D)

=781.94 MeV, I' ,=150.7 MeV, andI' ,=8.43 MeV. A
comparison of the calculation and the experiments of the FIG. 1. Thep-w mixing probability is shown as a function of
branching ratioB(w—27)=0.0221-0.003 gives the mix- nuclear density.
ing anglef=2.2°-2.5°.
change nuclear interaction, the meson propagating tifse

IIl. MIXING RATIO IN THE TWO-NUCLEON replaced by the internucleon distancen a nuclear medium
INTERACTION AND SCATTERING LENGTH the p mixing probability in the exchange omega is given by
Low-energy scattering experiments show the discrepancy P(w|p)=2(1—cosAmr)sir?fcos 6. (26)

between the proton-proton scattering lenf2h and that for

neutron-neutron scatterif@]. Some works suggest that the  For nuclear matter with densityp= 1/(37r3), the

discrepancy can be explained if tpemeson component in-  hearest-neighbor internucleon distamcis given by
cluded in thew meson amplitude in the nuclear interaction is
6 >1/3

about 7%[5,6,10. The off-shell mixing probability of the L
isospin eigenstatgsand w in mixed w at timet propagating r=2r= P,
between two nucleons is given by P

(27)

At the normal densityp=0.17 fri 3 the internucleon dis-

— —impt —imgt\ o 2
P(o]p)=|(e7—e"Mesindcoss) 22 tancer is 2.24 fm and thep mixing probability is 0.000 041
and with #=2.4°. The density dependence of the mixing prob-
ability in nuclear matter is shown in Fig. 1. At extremely low
P(w|w)=|e MAlcog §— e Mslsir? g|2. (23)  density the mixing probability oscillates intensively and has

a maximum value of 0.007 at 2.46.0"°® fm~3. From that
The total mixing probability of thep meson in thew meson  density to 0.02 fm?® it decreases rapidly, and at higher den-
in two-nucleon scattering is given by sities, including the normal density, it is very small and de-

. creases gradually with density.
f P(w|p)dt
(p)=— ° =2 sirffcos . (24)
J {P(w|w)+P(w|p)}dt We have shown that the mixing anglés 2.2°-2.5° in an

0 effort to explain the branching ratio of the two-pion decay of

If the ch trv breaking in low- tteri he w meson. The mixing anglé is determined on the sup-
€ charge Symmetry bréaking in low-energy scattering ISposmon that a vector meson initially created is a pure isospin

mostly caused by-w mixing, the mixing probability is eigenstate. On the contrary, if it is assumed that a vector

about 0.0049. Considering other possible origins of Charg?neson produced is a mass eigenstate, the mixing probability

symmetry breaking, this valu_e is probaply the maX".W'”of p and w does not depend on time and the mixing angle is
Here we look for # assuming the mixing probability larger[4,6,10

[(p)=0.0025-0.0049. We obtaifi=2.0°-2.8°. The range
of these values covers that obtained for the explanation %
the two-pion-decay branching ratio of Hereafter we use
2.4° as the typical value of the mixing angle

V. CONCLUSION AND DISCUSSION

Our calculation is ambiguous in terms of how to choose
e values of ", andI'g, but small changes ihi, andl'g do

not affect the value ofé very much. The equation
B(w—2m)=0.0221 has another set solution, i.e=s —2.0°

to —2.2°. A negative value fol gives a large branching

IV. MIXING PROBABILITY IN THE NUCLEAR MEDIUM ratio to the three-pion decay op. In fact, if we set

The off-shell mixing probability(22) 0=—2.0°, the branching rati@(p—3) is 0.003: On thg
other hand, #=2.4° gives a small branching ratio

P(w|p)=2(1—cosAmt)sir?d cos (25) B(p— 37)=0.0007. Since the three-pion decay of theme-

son is rare, we should adopt a positive value dor
is given as a function of timé in which a vector meson The off-shell mixing probability is also calculated by re-
propagates between nucleons. If we discuss the meson emoving the decay widths. If we want to explain the discrep-



56 p-o OSCILLATION AND CHARGE SYMMETRY BREAKING 2385

ancy of the nucleon-nucleon scattering lengths using only
p-w mixing, the mixing angled must have the large value of
2.8°, which gives a value of 0.0049 to the mixing probability
of p in w and vice versa. Other factors in addition to fhe
mixing must make some contribution to this discrepancy
[5,6].

To calculate thep-w mixing probability in a nuclear me-
dium we wuse #=2.4°. Near the normal density
p=0.17 fm 3 the mixing probability is small and decreases
with density. In finite nuclei the proton density is somewhat
smaller than the neutron density because of Coulomb repul-
sive interaction. This means that thay mixing probability
in the p-p interaction is larger than that in then interac- 0 .
tion. Therefore, if we try to calculate the masses of mirror Density (1/fn)
nuclei, the effect of charge symmetry breaking duepte
mixing is stronger in proton-rich nuclei.

Mixing Probability

FIG. 2. Thew-7 mixing probability is shown as a function of

Another candidate for charge symmetry breakingris nuclear densityp. The_u_nlt of the \_/c_artlca_l axis is arbitrary. ——
represents the total mixing probability gfin wand--------- rep-

mixing, to which we apply the same oscillation model. In the )

. resents that ofr in .
case ofw and p mesons, their masses are so large that they
propagate only to the nearest-neighbor nucleons. Piongbility of 7 in 7 is also shown in Fig. 2. Since the masspf
though are light enough to arrive at far nucleons. If nucleonsgs large enough, the summation owveis not required, i.e.,
are distributed uniformly with the most neighboring inter-

nucleon distance, the nucleon existent probability on the | (| m)~P (| ). (30
spherical shell of the radiusr is proportional to 4r(nr)?. Near normal density, both the mixing probabilities in-

Meson intensity with mass is proportional toe” ™"'/mnr  crease with density. Thus, contrary to the case-af mix-

at the distancenr from the nucleon source. Thus the total ing, the mixing probability ofm-# is larger for the neutron
mixing probability of % in the pion interaction is given as  interaction than for the proton interaction in finite nuclei.
The -7 mixing makes a larger contribution to charge sym-
metry breaking of neutron-rich nuclei than that of proton-

[

n§=:1 nre”"=""P(m|7) rich nuclei, while p-» mixing contributes more to that of
| (| n)= = , (28 proton-rich nuclei. The vector mesopsand w work repul-
> nre Mt sively while the nuclear interaction and the pseudoscalar me-
n=1 sons and n work attractively. Thus the effects of charge

symmetry breaking are additive. We should also mention

where that there is some difference in the total mixing ratios be-
_ — tween the pion interaction and thg interaction and as a

P(m|7)=2(1~cosAmnnsir*gcos’s. (29 consequence in the charge symmetry breaking between

The mixing probability of-7 is shown in Fig. 2. Because them-:

the mixing angle ofr-# is not known, the absolute value of
the probability is arbitrary and the mass differentm is
indefinite. We usemp=m_,=135.0 MeV and mg=m, H.T. would like to thank Professor S. Midorikaw#o-
=547.45 MeV for the calculation. The total mixing prob- mori University for his useful discussion.
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