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The neutron-antineutron transition which chsn~es baryon number by two units is con-
sidered under some general assumptions. The resultant neutron oscillation time scale
is found to vary as M4, with M the unification mass scale, if there exists a neutral,
massive, Majorette lepton. In this case, the oscillation time scale is comparable to the
proton lifetime. However, in the presence of matter or external magnetic fields, the
detection of such oscillations, at the present time, seems improbable.
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Baryon number (B) nonconservation is a natural
consequence of grand unified theories' of strong,
weak, and electromagnetic interactions. The
most spectacular process of this kind is the de-
cay of the proton, which has been amply discussed
in the literature 2 Recently, Weinberg' and Wil-
czek and Zee4 discussed a general method of deal-
ing with B nonconserving processes. They point-
ed out that such processes are governed by a lo-
cal effective Lagrangian containing only ordinary
particles. The Lagrangian is invariant under
SU(3),8 SU(2) 8 U(l), and has an effective coupling
proportional to M' ", where M is the unification
mass and d is the dimension of the operator La-
grangian. Thus they showed that the dominant
B-nonconserving process varies as (M ')' and
satisfies the selection rules AB =1, b, (B —L,) =0,
where I- is the lepton number.

It is straightforward to generalize their method
and construct the next most important B-noncon-
serving effective Lagrangian involving only fer-
mions, which necessarily takes the form'

&crt- &ns, & t„.4a'walby'eg1lV, 'e.~,

so that d =9. Thus, Z,ff describes a 4B =2 proc-
ess and has an effective coupling of M '. A par-

~„-„=/(2n ) [. (2)

Here 6m is the matrix element governing the NN
mixing in the neutron mass matrix,

~m=&N I- fd'~Z. «( )IN&. (3)

Unlike the proton decay, whose rate is second
order in Z,ft(EB =1), the NN transition rate is
linear in Z,tt(AB =2). It is thus conceivable that
v» could be comparable to v~, the proton life-
time. However, when Z,tt is given by an SU(3),
8 SU(2) 8 U(1)-invariant six-tluark local operator,
dimensional arguments suggest that 5m-m„'/M',
where m~ is the nucleon mass. This translates
into T» 7~ (M/m„) -Such time. scales are still

ticular example of such a process is the transi-
tion of a neutron (N) into an antineutron (N). The
mixing of N and N arising from Z,ff(LB =2) can
be treated in complete analogy to the K -K' sys-
tern, where the weak interaction produces a 48
=2 effective Lagrangian which mixes K' and K'.
Thus, just as the K'-K' transition generates
"kaon (strangeness) oscillations", the N Ntran--
sition generates "neutron (baryon) oscillations".
This oscillation is characterized by the period
2~T», where
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completely inaccessible to experimental observa-
tion.

The above argument is predicated on the as-
sumption that there is only one mass scale, the
unification mass M. It is possible to change the
above result provided another mass scale be-
comes relevant. This can happen in processes
which do not conserve weak isospin. For in-
stance, a neutral lepton, /&', might acquire a
Majorana mass, m, o, via the M'„„z =1 transition
lL'- (lz')'. Such a coupling can be instrumental
in allowing for 48 =2 processes. A prototype of
such a process is given by the diagram of Fig. 1.
Note that, because of B-I conservation for 4B
=1 processes, it is necessary to have the transi-
tion lL'- (lL')' in order to mediate the hB =2 tran-
sition.

If all such neutral leptons acquire their masses
through the superheavy Higgs sector, then nz, o is
necessarily of order' nGUGF 'M ', where +GU is
the fine structure constant of the grand unifica-
tion group and GF = 10 'I„' is the Fermi con-
stant. In this case, the effective couplings for

ff(~ = 2) are again of order M ', and we are
back where we started. On the other hand, if
massive leptons exist with a mass m, o such that
o.GUGF 'M '«m, o«M, then kgf f(&B =2) has an

C
0

dc

U

FIG. 1. Feynman diagram contributing to the neutron-
antineutron transition. The transition is mediated by
the exchange of two superheavy vector bosons and in-
volves the mixing of a massive neutral lepton with its
charge conjugate. This mixing is represented by the
blob.

effective coupling of order M 4. This leads to a
7„„comparable to v~.

To make things more definite, we now give a
crude estimate of Sn by approximately evaluating
the contribution from the superheavy vector ex-
change diagram of Fig. 1 with use of SU(5) as the
underlying grand-unification group. This is done
by collapsing the vector lines and using the effec-
tive four-Fermi interaction

(fLGU/M )es2« ~8 ~ [u ~s 'y„dqL] [lL y"d.,]+H.c. . (4)

Here E~ is a Cabibbolike mixing factor for the lep-
ton sector. Note that, under our hypothesis of a
massive neutral lepton, ~~ cannot be "rotated
away. " We also emphasize that' && need not be
related to the Cabibbo mixing factors appearing
in the couplings of the usual lV boson to the lep-
tons. Since the effective couplings of Efl. (4) are
implicitly defined at the unification scale M and
we eventually want to take matrix elements be-
bveen neutron and antineutron states, we must
include an enhancement factor due to quantum-
chromodynamics (QCD) renormalizations occur-
ring behveen the unification scale and the neutron
mass scale p (=1 GeV). This enhancement factor

is given by'

A =[&~(P)/cfGU]

where the exponent E is 4/(11 ——',f), and where
n, (1L) is the QCD coupling at the scale p and f is
the number of quark flavors. W'e now make the
drastic approximation of collapsing the lepton
lines and inserting a factor of m, o/m„'. While
this may be a very crude procedure, we do not
expect it to change the order of magnitude of our
estimate. After making a Fierz transformation
and including all the factors, the contribution of
Fig. 1 may be written as

2

pff 4 '2 e~8ff A(e&&peg&z +Kg&Le~&&)[d~L'd~L][d&~'ug~l[d„z'u~z] (6)

The matrix element (N I
—Id'x Z.«(x) I iV) can now

I obtainbe evaluated using nonrelativistic SU(6) wave func-
tions for N and N and by applying nonrelativistic
limits to the field operators in Efl. (6). We thus
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3 R' W4
7 p 10 mNA O. GU

The ratio of these two expressions gives

1 R mN 3 mN
288 m )oE~ 20 m got~

(10)

where in obtaining the second estimate we have
used R =

~4 fm. Finally, choosing the Cabibbo fac-
tor &~=5x10 ' andmio=300 MeV, we find

Here!P(0)!' is the probability of finding two quarks
at the same point in the neutron. By use of'

Iy(0) I'= I/«', (8)

where R is the neutron radius, the neutron oscil-
lation period is then given by

2g R6m 2 ~4
TNN

N

960 m, oe~A a GU

It is useful to compare this with the estimate for
the proton lif ctime, '

which is rather uncertain. The numerical value
of r» is secured from Eq. (9) by use of o.,(p = 1
GeV)=~, aGU= „f =6, and'M=SX10" GeV in
addition to the above chosen values for R, m, o,
and e~. This yields

7 „-„=10"(oem, o)
' = 10" yr

and corresponds to 6m=10 "ep.
Although the neutron oscillation time scale in

vacuum is comparable to the estimated proton
lifetime, the presently proposed experimental
disigns to measure the proton lifetime are incapa-
ble of detecting these oscillations. The origin of
the difficulty is a suppression of the N-N transi-
tion amplitude due to the difference in the effec-
tive mass of the N and N in their interactions
with ordinary matter and external magnetic fields.

To ascertain the impact of the different effec-
tive masses on N-N transitions, we consider the
N-N mass matrix

T„„=10'~.
'(m z),ff 5m

5m (m~), ffJ ' (14)

Thus we see that vNN is comparable to the proton
lifetime v~, especially in light of the sensitivity

!
of the above result to the value of !$(0)!'(or R)

where (m„),ff & (m~), ff and &m is given by Eqs. (3)
and (7). Diagonalizing this mass matrix yields
the eigenvalue s

m, , =$2[(m~),qq+(m„), qf ]+ [((m„),f f (m-„),ff)'+45m']'"j

and the corresponding eigenvectors

!N, ) =cos!N)+sin8! N),

! N, ) = —sin8! N) + cos8! N ),
where

26m

(m„),ff (m~) ff+{[(m„) ff (m„) ff J'+45m'].

A neutron state !N) at t =0 evolves into a linear combination of ! N) and ! N ) given by

(cos'8+sin'8e ' ') exp(im, t)!N)+cos8 sin8(1-e ' ') exp(im, t)!N),
where

tm=m, -m, =([( „)„,-( -„)„,]'+45m']'".

(17)

In an external magnetic field, !(m„),ff (m~)pf f!
=2p, N&=10 "eV, for &=1 G. An even larger
effective mass difference arises from the addi-
tional annihilation channels open to the N when
present in nuclear matter. This difference' is
given by

(mN)off (m~)pff (2«/mN)(f&-f&),

where n is the particle density in nuclear matter

! and f„(f-„) is the forward scattering amplitude of
N(N). We estimate!(m„)off (m~)off!=1 MeV.
Thus, the N-N oscillation amplitude has a rela-
tive suppression factor

tan6 = 5m/[(m„), «- (m-„),«]
which renders the oscillations unlikely to be seen.

In conclusion, we find that, theoretically, the
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most promising bI3 =2 process seems to be neu-
tron oscillations. Experimentally, however, they
cannot be seen until the tremendous difficulties
presented by the existence of external magnetic
fields and nuclear matter can be surmounted.
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Note added. —After this work was submitted for
publication, we received a preprint by Marshak
and Mohapatra, ' which also discusses neutron os-
cillations, albeit in a somewhat different frame-
work. It has also come to our attention that neu-
tron oscillations have been considered by Gla-
show. "

(iv)

(v)

(vi)

where

(1) =
~nay pea

= ~nyg~a&a+ ~By g~n Po+ ~e. &g~eya

+ &8 L g&C(y a

Lagr~~gian, containing u and d quarks only, which
changes baryon number by two units can be written
in terms of the six local operators

f [. d I,'u s~] [ d yt,
'u t~] [d„s'd,„]

[d~~ dsL] [uy~ u ts] [dqs dos]) 1'~sytqo, (i)

td ~'&8~]tdyJ. 'I Lgl [d„„'d li sy~„

+8~] tdy~ + ]~ l td~~ d~~] Io(ay)~~

use] tdy& dail td & d&&] I'+By]~&

t d(xB ~SR] ~d R I gR ] t dye daB ] ~()(8y gga

Na~] I dye'u~a] f. d ~'d~z] I'
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