n - n OSCILLATIONS - THEORY AND EXPERIMENT

Robert E. Shrock
Institute for Theoretical Physics
State University of New York at Stony Brook
Stony Brook, New York 11794

The violation of baryon (and total 1lepton) diagrams. For example, the diagram of Fig. 1(a)
number 1s a natural prediction of grand unified ylelds the effective local operator
theories (GUT's), since in such theories quarks can 2
undergo transitions into (anti)leptons or (anti)- 5 15 Tu _ 8 _ 5
quarks, mediated by gauge or Higgs bosons. of 4—2'[ C‘PR ] [WL 8 WR] [WL s wR] (2)
course, such a violation has always been a phenomen- memy g *Be X Y y z
ological possibility, but with the development of
GUT's, its status has advanced to that of a predic- in terms of SU(5) fields, where a,B, etc. are SU(5)
tion. The manifestations of B and L violation indices; r, s, t, etc. are generation indices; the
include Yroton and bound neutron decay, m ~ m oscil- h's denote (dimensionless) Yukawa couplings, M
‘lationms, and Majorana neutrino masses. In this denotes the 5-5-15 triple Higgs coupling; and ws and
report we shall consider the second of these m)5 represent the masses of the respective
effects. components of Higgs fields. The part of this
operator which contributes to n -0 transitions
In the simplest GUT based on, the gauge group corresponds to graph 1(b) and is
SU(5) with a SR ¥ and 10 vbaB of fermions in 2
each generation, and a 5, 24, and optionally a 45 of hShISM Ta T
Higgs,’ although B and L are individually violated, 5 lag ¢ dg] [ug" € d;] x
the combination B-L 1is exactly conserved, both at mg Wyg
the Lagrangian level and in the presence of nonzero (3)
vacuum expectation values of the 24 and 5, and 45 Tv n
of Higgs.® Hence, processes such as n = 1, and nn » * [uR ¢ dR] [eaku eYvn+ eYAu eavn]
n's, as well as p » e n' n', are strictly forbidden.
However, it 1s easy to add Higgs to the theory which If it happens that all of the masses contributing to
break B-L at the Lagrangian level, even before spon- the cy are ~ Mgy ~ 101% Gev, then it is easy to see
taneous breaking of the SU(5) gauge invariance; for that n - 0 transitlons are negligible: the time L
exaumple, a 10 or 15 of Higgs will eliminate the B-L which characterizes such transitions would be
symmetry. 1,7,%, 8 One might naively view such an
enlargement of the Higgs sector as belng unaesthe- _
tic. But this view may be misguided. If SU((5) is T_ = |<n| }'o(ff 'n>| , (4)
considered as embedded in S0O(10), then the 126 of nn € g
Higgs, which 1is probably necessary, contains not and hence GU
just a 3, 45, and 50 of Higgs, but also the (B-L)- T _ o~ r] Tp > Tp s (5)
violating 10 and 15. nn N
let us then consider the operators responsible where Tt denotes the proton lifetime. Thus, n-n
for n «n transitions and the 1ssues involved in oscillatpions are a very sensitive probe of the so-
experimentally searching for such transitions. The called desert hypothesis; 1f they are observed, one
effective Lagrangian is of the form will have established not only B-violation and (B-L)
violation, but also the existence of a new mass
”(eff(“ -m) =) c10i + h.c. , ) scale much less than 10!% Gev.
where the 01 are six-quark operators, and the cy are In complete generality, without recourse to
c-number coefficients, which thus have dimension specific diagrams or Higgs, one can show that there
(mass)”™ >, Such an effective lagrangian is obtained are six one-generation SU(5) operators which
in a straightforward manner from the actual Feynman contribute to n « il transitions.?>® They are
Rp= Do W{YG] (" ¢ Q1 [i? ¢ w] (e
I8
Ry = [¥, o0 W] (¥ 15 W) [° C vl €))
= 81 13 § Ta Y
Ry = [0 o0 ¥l (9,5 %] (%7 € vl ®)
R4 = eaByG)\ [Q{GB ¢ WIG] [WLu\: "’1;:] [‘%u ¢ Wé] (9
RS  €oaBys “oAuvn H‘LclB ¢ W ] “’{Au ¢ ¢I\jn] [‘{p ¢ wl:] (10
Re = oaBiu “oyévn “’LaB ¢ wé] [ e q; ] [q{p ¢ q;;] an
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These yield the following

six SU(3) x SU(2) x U(1) operators:4’9

_ r.Ta B Ty § Tp o 1
B, = [uR c uR] [dR C dg] [dR ¢ dgl (1) aBy8o0 (12)
_ .Ta 87 r.Ty 81 1,Tp o 13
B, = [uR caR] [uR € dgl [ag° ¢ dR] [Ts]asﬁpd (13)
_ (.Ta B Ty § Tp g 14
By = [uR c dR] [uR ¢ dpl (457 ¢ af] ('J:a]mmpu (14)
_ Tia jB Ty é Tp [
B, = [ap % Cay’] [og? ¢ dp] [dp°c dg] (Ta)agyspo
(15)
_ Ta 8 Ty § Tp g
=2 [uc dL] [ug' € dR] [dR c dR] (Ta)aBYGpa
_ 1.Tia jB Tky 148 Tp ']
s = la"%cai”] [arfY € a”] [45° ¢ gl e56,(T,) (o600 .
_ Ta By 1. Ty 8 Tp o
= a[uL c dL] [uL c dL] [dR ¢ dp] (TaJasycpo
and Tia Tky 28 Te a
Pe = g ¢ qff] [ap™ ¢ 0] [a3° C o] (egesyn * e1a%) (To)agyspo
T § T
=z‘{[L uf] [a YCdL] [a3° ¢ 4] (1n
T T
where [ L % ds] [ Tca ] [d Pc dc]} (T ]aBYtSpo
= 1
(Ta)quSpc EpaB SO'Y(S + eouB Epy6 (18)
and
(Ts)asyspc = eptIY 6086 + scaY epBY * E:pﬂY eca& euBY spa& (19)
and here the indices a,B, etc. represent SU(3) Thus, if one starts with a pure beam of neutrons at

indices while i, j, k, etc. represent SU(2) indices.
The precise correspondence 1is?: R, > P, @ 1-5
and R6 > -P + P_.. One may also enumerate the
total number of 8116(3) x U(l)-invariant operators
which contribute to n-n oscillations: there are
eighteen of these.? Although the additional twelve
non SU(2)-invariant operators may be suppressed
somewhat relative to the fully SU(3) x SU(2) x U(l)-
invariant operators, they do not necessarily give
negligible contributions. The matrix elements < n
f01 n> of these operators can be reasonably
reliably calculated in the framework of the standard
MIT bag model of hadron sl:rut_:t:ure.9

The analysis of n « n transitions proceeds by
considering the 2 x 2 mass matrix

<n'H|n> <n‘H|r_1>

- - (20)
<a|H|n> <n|H|n>

This analysis will be independent of any particular
grand unified theory. 1In field-free vacuum the mass
matrix takes the form

Sm

Y (21)

o pa

= the

where &m = (nl - fo& fkl n> and A /1, is
al The

rate for the regular we decay of the neutron.
resulting mass eigenstates are

(n_t> =7 (> £ |E>] (22)

with masses

(23)
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proper time 1 = 0, after propagation for a time T,
there is a nonzero probability to find a component
of antineutrons in the beam given by

= sinz {(sm) 7} e-h

= sin (-r/r ) e”

= n)

P(a() |<@a]nce)>|?

(24)
This_is evidently a situation of maximum mixing of n
and n to form mass eigenstates.

The n « 0 transition amplitude gives rise to

matter instability. Indeed, an important lower
bound on Ty can be derived from the existing lower

bound 2, 3 x 1030 yr, To
ter (inst lit
obtain thistmfimft (c%ns gound neutrons in mat-
ter. The crucial point is that an n and an T are
subject to different nuclear potentials, V, and V_.
The mass matrix for this case is n
(mn)eff Sm
m = (25)
Su (m_)
where 1 eff
(m _ J Sm +V,_ .
(n) eff n (n)
Numerically,lo v, = Re (Vn) = ~ 50 MeV. There 1is,

however, considerable wuncertainty in the value of
v-. One of the main determinations of this quan-
tity comes from p~atom de-excitation spectra; a
recent analysis!l gives Vi o= - (130 + 2001) Mev.
Another source of information on 1m<vﬁ) is low-
energy p~p scatteringl!?; this yields the larger
values Im(Vz) = -850 Mev for I (isospin) 1 and
-659 MeV for I = 0. Moreover, a recent theoretical



estimate!3 is V= = = (1 + 0.71) x 103 MeV, much
higher in magnitude than the values inferred from
p-atom data. We shall comment on the implications

of this uncertainty further below.

The diagonalization of the matrix m in Eq. (25)
yields results quite different from those of
Eqs. (22) and (23); the eigenstates are

tan 8 =
1
Z [[mn)eff -

with eigenvalues

(m;]eff + {[(mn)eff

In+> = cos 9,n> + sin 9|;>
and

[n > = - sin 8|n> + cos o(n> (26)
where
Sm 27

/
- o) 12+ Ao )

my = %[{(mn)eff tln)aged # {llm ) pp = (m) e 12 + “(om)2}1/2] (28a)
i.e.,
(sm)2[(V, = Re(V-)) + 1Im(V2)]
m, = + Vn + . (28b)
[{v - Re(v2)}2 + {Im(v-]}?]
and

m_=m_+ Re(V=) + iIm(V-) +0[{§%F) (28c)

n

As will be shown, (8m),. = 10728 Mev << |V, =|, so
|9| << 1. That is, the n « 0 mixing is extremely
strongly suppressed in matter. The imaginary term
in m, represents the decay of the |n+> state via
annihilation of the n with other nucleons. The mean
rate for this decay is

2(6n)’)1m (v )|

n

r = .
ey - ke (v_)} 4 {1t (v))}Y]
n n n (29)
Then
I‘matter - I‘nucleon + r|n+ > decay ‘ (30)
decay decay

To obtain an upper limit on the 'n+> decay rate,
assume that it saturates the right hand side of Eq.
(30); then

[{Vn - Re [V;]}z + {Im (VH)}Z]TEH

RiaaRl o)

Tnatter

As is evident from Eq. (31), if one can experimen-
tally increase the lower bound on L by a certain
amount, one thereby 1increases the lower bound on
Tuatter instability by the square of this amount.
The great sensitivity of n — N mixing to B-violation
arises from the fact that it is an interference
effect and depends on an amplitude rather than the
square of an amplitude. Numerically, the lower
limit 1% Tpatter 3 x 1030 yr and the valuell v-

= = (130 ¥5081)” imply that T,z % 2 x 107 sec. "It
is striking that such a large value of Ty, i0p
allows such a small value of T,7. In Table 1, we
list some corresponding values of lower limits of
Thatter 20d Taie We estimate that there is a the-
oretical uncertainty of order ~ 3-5 in the determi-
nation of (t.7) 4y from (Tutier)mins  This table
will serve later as the basis for our comparison of
the relative sensitivities and advantages of reactor
and nucleon decay experiments as probes of n - n

transitions. If one wused values of VE which have

larger magnitudes, such as those given in Refs. 12
and 13, one would obtain commensurately lower values
of (Tnﬁ)min for a given (T . itapdpin 5 this, in turn
would increase the inferred sensitivity of n - n
propagation experiments relative to nucleon decay
experiments.

We next consider the techniques and status of
current searches for n «n transitions, and
proposals for future experiments.15 There are two
classes of experiments to search for such transi-
tions: (1) those which try to detect antineutrons
in a beam which 1is initially comprised purely of
neutrons, after it has been propagated for a certain
distance, and (2) those which try to detect the
decay of the |n+> state of the mixed n-n system in
matter. We shall deal with these in turn.

The propagation of a neutron or antineutron in
a terrestrial experiment is determined mainly by its
interaction with the earth's magnetic field, B. For
this case, the n-n mass matrix is

>
m ' 1 Sm
m = (32)
+ >
&m m_+ p_°B
n n
The resulting mass eigenstates are given by Eq.
(26), with

Sm
tan 6 = (33)
[Zu 8 + {(38)% + (&)?}172
and n n
m, = oy # (5, 8)7 + ()72 (34)

In practical experiments, it is possible to shield
the earth's magnetic field down to the level
|B| ~ 2 x 107% G whence u_|B| ~ 10721 Mev > (6m)pax
~ 10728 MeV., Therefore, "|8] << 1, as was the case
with bound neutrons in matter. The oscillation
probability is
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sin229 sin

P(n(t) = 7) = 2 ({muye-dt o (3s)

where Mm zm, - m_. At first sight, such an experi-

ment seems hopeless, since IB' << 1 and Am is very

insensitive to &m. However, 1If one arranges that

1/21m|r ~u|8[1<< 1, then there is a cancel-
nl>

lation of the un-g term

T

2

)
nn
In a propagation experiment, one thus wuses slow
neutrons from a reactor (to maximize the flux) and
lets them propagate for a certain length L, care-
fully shielding this region from the earth's
magnetic fileld. Since wunder the assumptions of
Eq. (36), the T yield 1s proportional to T2, one
designs the experiment so as to maximize 1, subject

P(a(t) = 7) = ((am)1)? = (36)

to the crucial condition that u 'ﬁlT << 1. The
beam then impinges on a target, and one searches for
the nn annihilation products, which are pions

(primarily) with mean multiplicity 4-5, total energy
~ Zmn, total charge zero, and total momentum ~ zero,
up to a correction due to the Fermi momentum of the
bound nucleon. There are several checks in such an
experiment, including running with the reactor on
and off and with the magnetic field shielded and
unshielded.

Neutron—-antineutron propagation experiments
which are running or proposed include, first, an
experiment by a CERN-ILL-Padova-REHL-Sussex collab-
oration at the Grenoble reactor. The first phase
of this experiment 1s now complete and the group has
reported the lower bound .- > 1 x 105 sec (90%
cL). 16 The experiment wuses ultracold neutrons
transported via completely reflecting guides which
are magnetically shielded down to the level of a few
x 107% G, It employs a plastic calorimeter with
lead layers in order to detect the photons from ™°'s
produced by the nn annihilation. The group reports
that the photons from the reactor constitute a neg-
ligible background. Cosmic rays are vetoed with

99.95%7 efficiency but still represent the main
source of background. The general sensitivity is
determined by the parameters of the experiment:

neutron current I 10° n/sec, total running time T
= 107 sec, and neutron travel time t = T 107! -
1072 gec. A second generation experiment by the
same collaboration at Grenoble 1is in progress at the
present time. It improves on the first search by
having a better calorimeter made up of a layered

streamer chamber for good track reconstruction.
Further, this chamber covers a greater solid
angle: 90% of 4w sr. In the most advanced stage

planned for the experiment, the neutron flux will be
increased to ~ 10'“ n/sec.

A second propagation experiment 1is Dbeing
conducted by a Pavia-Rome collaboration at the Pavia
reactor, ! The group uses thermal neutrons with a
flux of 2 x 10!l n/sec at the target. The detector
is a lead flash chamber calorimeter and scintillator
hodoscope with 65% solid angle coverage. This
experiment claims an estimated sensitivity of
(1), =108 sec (902 CL).

In the U.S., a Harvard-Oak Ridge-University of
Tennessee collaboration 1s planning to perform a
propagation experiment at the Oak Ridge Research
(ORR) reactor using thermal neutrons with a 20 m
flight path and a flux on target of 22 x 1013
n/sec. 18 The central detector consists of a lead-
glass Cherenkov counter and position-sensitive
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detectors covering >80% of the full solld angle.
The estimateg' sensitivity of this experiment
is (Tni) 2 x 108 sec (90Z CL) for a run of
120 days. This sensitivity could be increased in the
future with the addition of a cold source at the

=

reactor port and a longer neutron flight path.
There are, finallyi two proposals for similar
experiments at LASL. 2,16,17  The first!9 would use

LAMPF as a source of thermal neutrons with neutrons
with a flux of 2-4 x 10!2 n/sec and a detector
consisting of time-—of-flight and tracking chambers,
but no calorimeter. The second?? would use the
Ome%a West reactor for a thermal neutron flux of 3 x
10! n/sec and a detector comprised of a liquid
scintillator which covers 957 of 4m sr and ylelds
time of flight and calorimetry information. The
estimated sensitivities of these two LASL proposals
are (1hﬁ)min =4 x 107 sec and 2 x 107 sec (90% CL),

respectively. Thus, existing and proposed
propagation experiments to test for n ~n
transitions hope to achieve a 1lower 1limit of
about (gna) = 108 sec (90% CL) or detect such

transitions 1if they occur at or below this level.

We next consider the second class of n-n search
experiments, namely those which wuse nucleon decay
detectors.?l The signature for the decay of the

ny> state is the same as in the propagation experi-
ments, since in the latter case the momentum of the
incident neutron beam 1s negligibly small. The
great suppression of n-n mixing for bound neutrons
is compensated for by the huge mass of the detector
and the 1long time of observation. Since such
nucleon decay detectors are positioned in deep mines
(or auto tunnels, in Europe), they are well shielded
from coswmic rays. Water Cherenkov experiments such
as that of the Irvine-Michigan-Brookhaven collab-
oration are not optimized to search for un
annihilation, since, although they can detect the
photons from the 1°'s, they are relatively
insensitive to the charged =n's, and hence cannot
test the constraints of 2 total energy, zero
charge, or zero momentum to within Fermi motion
corrections. In contrast, multikiloton fine-grained
detectors such as those proposed for the next
generation of proton decay experiments21 would be
able to detect charged as well as neutral pions with

high efficiency and apply the above-mentioned
constraints. Indeed, in view of this fact, we feel
that such "nucleon decay” experiments might more

aptly be called “matter instability” experiments,
since they can search for both nucleon decay and nn
annihilation due to n - n transitions with very good
sensitivity.

The values of Ton and = tter calculated in
Table 1 provide a comparison o?atﬁe relative sensi-
tivities of n-n propagation experiments and matter
instability experiments. Since existing or proposed
propagation searches can reach the level of L
= 108 which corresponds approximately to =t

= 1032 they are a valuable complement to “%&gfébn
decay experiments 1in this region of matter insta-
bility lifetimes. It should, of course, be kept in
mind that the nucleon decay detectors can observe
both (B-L)-conserving nucleon decays and (B-L)-
violating decays such as ex*r* and n ~A
transitions (via (n+> decay), while the propagation
experiments can only test for the third of these
processes. If matter instability lifetimes turn out
to be 2 1032 yr, then baryon number as well as (B-L)
violation would be best searched for with massive
fine-grained nucleon decay detectors.
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Table 1
(tpatcer ) (yr) [r_]mi (sec)
instability min nn
3 x 1039 2 x 10;
1 x 1031 3 %10
1 x 1032 1 = 108
>
1 x 1033 3 x 108
1 x 034 1 x 109

Corresponding values of ( n
and [Tp . The au:rowtmf‘tdtf2 rat:iensSt be léggim.}n

pated \ﬁtnf'mate lower bound on t3 which can be
achieved from n-n propagation experiments. See
text for further details.

d s T - dR
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The contributes to

The number

part of graph (a) which

in terms of quarks.

on the Higgs lines refer to SU(3) representation.
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