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Proton and neutron decay to meson and antilepton is studied in SU(5) as a function of
the momentum of the antiquark produced; two different Higgs structures are considered.
Branching ratios which @re independent of the motion of the antiquark are displayed, as
well as branching ratios which prob the antiquark s motion. The partial-rate predictions
for Cabibbo-suppressed modes of the two different Higgs structures are compared. Tables
of reduced partial rates are presented and their connection to the absolute partial rates is
displayed. We expect the dominant part of the nucleon's width to result from two-body
decay (including s), p, and co production). We find that it varies by a factor of 3 depend-

ing upon how the motion of the antiquark at production is treated. Momentum suppres-
sion due to "spectator" recoil and muon phase space is also incorporated, and tables of
absolute partial rates and proton and neutron lifetime are included.

I. INTRODUCTION

The simplest, most restrictive, as well as
minimal, grand unified theory (GUT) is the SU(5)
theory proposed by Georgi and Glashow. ' Its
many attractive features have been elaborated upon

by a number of authors. The unification of the
electroweak and strong forces is expected to occur
at energies near 10' GeV, which is certainly inac-
cessible to any forseeable experiment. The most
dramatic ramification of GUT's at the low energies
and masses available to us is the prediction of nu-

cleon decay to mesons and leptons, which violates
baryon-number conservation. Although the life-

time predicted (r-10 yr) is much longer than the
age of the Universe, the decay rate for a sample
containing kilotons of matter will be measurable
and many large-scale experiments are in progress
to find such decays.

Within the framework of an SU(5) GUT there
are features which are not completely determined.
Spontaneous symmetry breakdown is supposed to
be due to the existence of Higgs bosons; however,
the behavior of these particles under group opera-
tions (i.e., the representation to which they belong),
as well as their Yukawa couplings (which give
mass to the fermions in the theory), are not deter-
mined by the group structure. Different choices
can lead to different generation mixing when the
resulting fermion mass matrices are diagonaliied.

In order to confront experimental results, a

theory must make predictions for the matrix ele-
ments of the interaction between physical states.
The states which concern us are the nucleon and
meson states as well as those of leptons. Although
the leptons are elementary particles (as far as we
know), the nucleon and mesons are bound-quark
systems. There are no reliable quantum-
chromodynamics (QCD) calculations of these
bound states, and various simple assumptions ap-
pear in the literature on nucleon decay. The pur-
pose of this paper is to add to the knowledge of the
hadron matrix element for SU(5); similar studies
will be undertaken in the future for other models.

In this paper we explore the SU(5) predictions
for the decay of the proton or neutron into a
meson and an antilepton@. These are expected to be
the predominant decay modes of the nucleon when
pion resonances are included. (Three-body decays
have been treated elsewhere. ) For definiteness, we
employ SU(6) wave functions for the nucleon and
meson, as has been done by many authors. ' '

(Small corrections are expected due to the hyper-
fine interaction in QCD. ) As usual, we assume
that the fundamental process is the fusion of two
quarks to produce an antilepton and an antiquark,
the latter then combining with the third (spectator)
quark to produce a meson. There have been vari-
ous assumptions for the momentum of the anti-
quark produced (zero, relativistic, bag model, etc.)

yielding different partial rates and branching ra-
tios. s In order to test the validity of the SU(5)
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GUT we wish to avoid this ambiguity. In this pa-
per we find the partial rates as a function of the
momentum of the outgoing antiquark, and look at
branching ratios which are independent of that
momentum (ratios of rates with the same function-
al dependence). Furthermore, by comparing rates
which have very diferent functional behavior we
can determine the "effective" momentum of the an-
tiquark.

The usual Higgs-boson couplirig scheme em-

ployed in SU(5) GUT's (called E mass) produces a
nondiagonal mass matrix (between the first two
generations) for the up-type quarks which leads to
a simple Cabibbo rotation. Another coupling
scheme (J mass) has been suggested in the context
of SO(10) which involves Higgs bosons belonging
to a complex 10 and a 126 representation. This
leads to nondiagonal mass matrices (between the
first two generations) for three of the fermion types
appearing (up, down, and charged lepton). The
transformations which diagonalize these are more
complicated and involve many parameters (which

may be determined from observed masses and the
Cabibbo angle). In this paper we display the two
sets of partial widths which arise from these two
coupling schemes. We note the many Cabibbo-
suppressed modes whose branching ratios are con-
siderably different in the two schemes. The E'e+
mode is especially enhanced in the J-mass scheme,
as has been noted before. [If we have SO(10) sym-

metry, with the J-mass scheme, which breaks to
SU(5) above 10' GeV we would have remnants of
that structure in the subsequent generation mix-
ing. ] We discuss, as well, the one undetermined
parameter in the J-mass scheme. Finally, we indi-
cate the factors necessary to obtain absolute partial
rates from our tables, or conversely, the factors
which should be removed from the observed rates
in order to obtain reduced partial rates; relation-
ships among the latter are predicted from (the two
coupling schemes of) SU(5) in this paper. We ex-

pect two-body decays, including the resonances g,
p, and co, to dominate the decay of the proton.
Therefore, we calculate an upper limit to the life-
time of the proton by summing the partial decay
rates for all the two-body modes, with the expecta-
tion that ~„,~~-~2~„. This paper verifies the
results previously obtained in Refs. 2, 5, and 6 ex-
tended as explained above. Our absolute rates and
lifetimes, for the no-recoil case, diftqr from those of
Ref. 5 due to our use of a different value for the
probability of the two quarks in the nucleon being
close enough to fuse, and momentum suppression
factors.

II. ANTIQUARK DYNAMICS

The amplitudes 'for nucleon decay into an an-
tilepton and a meson are calculated from an SU(5)
grand unified theory. The fundamental process is
the fusion of two quarks to form a heavy gauge bo-
son (diquark), which subsequently decays (as a lep-
toquark) to form an antiquark and an antilepton.
We assume SU(6) wave functions for the initial nu-

cleon (taken at rest) and the final meson. We
neglect any quark motion within the nucleon, but
consider that the final antiquark may recoil in a
direction opposite to the momentum of the antilep-
ton (+z direction); the mass of the antilepton is
neglected in the spinors. We also assume that one
of the three quarks in the nucleon behaves as a
"spectator" during the fundamental decay, and
only subsequently interacts to form a meson. A
correction (momentum suppression) factor will be
discussed later. We define

9R i
———R2+2R3+ 8R5,

R4 ——R2+ 3R3 —3R5,

9R7 ——2R2 —R3+8R5,

9Rg ——5R2 —R3+5R5,

. (3)

8R6 ——R2+R3 —2R5 .

e=p, (E+m)

= —p(E+m) ' for the antiquark,

where p is the momentum and E is the energy of
the antiquark, and we neglect any motion in the
x-y plane. The amplitudes for the allowed nucleon
decay channels are found to be proportional to one
of the following functions:

Ai =[(1+@)—4(1 e)]D/3, A2—=—(I+a)D,
A 3 =[(1+e)—2(1 e)]D, —

A4 =—[2(1+a)—3(1 e)]D, A, —:(—1 e)D, (2)—
As:IED A7:[2(1 e)+(—1 +E)]D/3

As = =[2(1+@)+(1 e)]D/3, —

where D—:[2(1+a )] ' . [Note that A;(0)=2
for i+6.] Experiments can measure only the
squares of these: R;—:A;; we shall call R; the "re-
duced rates". Since the R; are of the form

[a +be+ca ]D, only three are independent. We
select as independent amplitudes R2, R3, and R5,
and find
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TABLE II. Reduced partial rates for decay to Ev'.

J mass F mass

@=0 {nonrelativistic) e= ——, (recoil)

J mass F mass J mass F mass

e= —1 (relativistic)

R (p—+vqE+)
R (p —+v,'E+ )

R(n~vqE )

R(n~v,'K )

0.025
0.621

13.1
0.057

0
0.64

11.4
0.64

0.629
1.28

9.88
0.235

0.507
1.02
8.11
1.02

4.21
2.01
3.71
0.670

2.53
1.27
2.53
1.27

The dynamics of the antiquark in the meson are
not understood and various models have been pro-
posed, ' e.g., antiquark produced at rest (@=0),
having correct motion to conserve rnornenturn
(e= ——, ), produced relativistically (e= —l), or
more complicated distributions in e as in the bag
model. ' We shall find branching ratios which
are independent of this question, by considering
those channels which have the same e dependence.

In Tables I, II, and III we display the partial
ampiitude and reduced partial decay rate for each

mode of proton decay. (We display reduced rates
for E*, even though phase space is very small. )

Amplitudes and rates for neutron decay modes
may be obtained from those of proton decay as fol-
lows:

A(n, ~1+, M) )= —~2A(p, —+I+M, .),
A (n, ~l+, M ) ) =~2A (p, ~1+, M ) ),
A ( n, ~l+M ), ) =~2A (p „~l+„M), ),
A (n,~l+M ), ) =~2A (p, ~1+, M )g ),

TABLE III. Reduced partial rates for decays to E*./. There is no phase space to E*p+.
The constants RI, C~~, C„I are the same mixing coefficients which appear in Table I for decay
to E and the corresponding lepton; For the J-mass scheme, the detailed mixing to vc has
been omitted.

Amplitude Rate

4+ C

pt ~E~ v~

4+ C

p, E v,
g0 +p, —+E et

p, —+E e)40 +

40 cn, ~E v~

n, —+E v,8t0 c

40 +p, +E, e,

40 +
pg —+E$ ef

4+ C

pq ~Eq v~)

4+ Cp, ~E, v,

40 Cn, ~E, v„

40 cn j~E$ vc

v3
( —}(amp1 to K+v,')

( ——)(amp1 to E e+)

2v'2
RI ~ A8

3

2v 2A
v ~3 8

( —3 )(amp1 to K v,')
4

R) A2v'3

Rl ~A23
8C„~A2

3
12

C~ ~A83
4C„„~A2

3
—12

A5v'3

32 D2
v 3

—{rate to E vc)

—(rate to E e+)
9

8I —R3

9 (rate to E v,' )

RI 3 R22 16

RI —R2

2 64
Cpq

—Rg

C~248R5

2 16C„„—,R,

C„,248R5
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which yield

R(nx~l~+M~~ )=2R(px —+lgM~g ),
and

A (n, ~m. v') = — A (p, ~~+v'),
2

—,A (n, ~co v') =A (n, +p—v')

= 1
A (p, ~p+ v'),

v2

A (n, ~p p') = A (p, ~p+, v'),p 1

2

which yield

R (ng~v'M )g ) = —,R (pg~v'M )g ),
and

(5)

R(n, ~co v')=9R(n, ~p v') .

The relationship between neutron-to-neutrino de-
cays and proton-to-positive-lepton decays found
previously by several authors" are not precisely
maintained because the terms with neutrinos mix
difFerently than those which produce I+'s. There-
fore, the neutron decay modes (to neutrinos) for
which there are no corresponding proton modes (to
neutrinos) are explicitly displayed in Table I.

Before proceeding with this analysis, we note
that the tables have entries for two different
Higgs-boson coupling schemes (F mass and J

mass). We shall investigate these two possible
choices of Higgs-boson coupling (which lead to dif-

ferent mixing of the first two generations of fer-
mions) in the next section. Here, we shall consider
those amplitudes whose behavior with e is indepen-
dent of the coupling choice. (As can be seen from
Table I, we must omit R6 from consideration. It
arises in decays to Ev', which are very different in
the two coupling schemes. ) The nucleon decay ex-

periments in progress at this time involve unpolar-
ized nucleons. The helicity of the positrons will be
unobservable as well. For the production of first-
generation mesons, although the branching ratios
for Cabibbo-suppressed (to allowed) transitions are
difFerent in the two Higgs-boson coupling schemes,
the partial rates for unpolarized nucleon decay are
approximately the same for the two schemes. %e
find that for each Cabibbo-allowed mode the unpo-
larized rates (obtained in the two schemes) agree
with each other to about 10%, and for the sum of
each suppressed mode to its corresponding allowed
mode to about 6%. (They vary from their average
by less than +5% and +3%, respectively. ) For
production of second-generation mesons, the dom-
inant modes contain JM+ whose helicities are
measurable. The two coupling schemes yield
slightly different results. From Table I, we obtain
a number of relations which are independent of an
tiquark dynamics,

R (p~l+n )R (p~~+v')R (n~l+g )R (n —+~ov'):(0.95}R
&
/3=104202:1,

R (p~l ri ):R(n~v'ri'):I 94R, =5:.I:I,
R (p~l+p ):R(p~l+co ):R (p~p+ v ):R(n~l+p ):R(n~v'p ): R (neo v'): '

R3. ——5:45:2:10:1:9:1,
3

R (p~l+p ):R(p~l+p, ):R (n~l+p& ):R (n~l+p, ):R (p~p+&v'): R (n~p, v ): R4 ——4:I:8:2:2:I:I,

R (p—+I co+, ):R (p—+l +r)o:R (n —+co, v):12(0.97)R 5=4:1:1:1,

R(p~& p,+, )=R(p~K p+, )=21.6R7 (J mass),

R (p~E p+, ):R(p~E p ):2+4(0.99}R 71:1:1 (F mass},

(6)

where I+ means sum over e+ and p+ production,
v' means sum over v,' and v&, and we have as-

sumed unpolarized initial nucleons. (The tables
contain rates for each nucleon polarization
separately, which will be useful when polarized nu-

cleons are observed in future experiments. ) The
R's are reduced partial rates; see Sec. IV. (The
proportionalities and relationships among the R s
are also valid if one divides the observed partial
rates solely by the phase-space and momentum
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suppression factors. ) The relationships among the
reduced partial rates in Eqs. (3) and (4) are tests of
the SU(5) theory with SU(6) wave functions. Pre-
dictions concerning enhancement in the spin singlet
due to hyperfine color interactions which modify
SU(6) wave functions have been made and these

may somewhat change the results above.
In order to get some information concerning the

motion of the antiquark at production we may look
at branching ratios of processes in different lines of
Eq. (4). (When we examine the behavior of the

R; s with e it is clear that R4 increases very rapid-
ly„JR 3 increases rapidly, R 2 decreases very rapidly,
R5 and R6 change slowly, and R7 only changes by
10%, when e goes from 0 to —1.) Ratios of rapid-
ly changing to slowly changing rates would give
some indication of the effective e of the produced
antiquark. For example, 9(R&/R7) ranges from 1

to 20.2 as e goes from 0 to —1, thus
(4.28)R (n =e+p, )/R (p +E p+) —has this range,
where I have used the largest R4-type channel and
unpolarized muons. Rates R3, R4, and R5 involve
measurement of the polarization of the vector
meson, and if one wishes to find ratios which do
not involve such measurements one can utilize Rz
(which changes rapidly) with Rs or R7. Further-
more, utilizing Eq. (4) we find the unpolarized par-
tial rates

R (p~l+p ) = —,(0.95Rl+1.98Rq)

= —,R (n~l+p ) =5R (n +v'p ), —

R (p~l+ai ) =30(0.95Rl+1.98R5)

=5R(n~v co ) .

(Note that r +1=5 here, in the notation of
Wilczek and Zee. ") The behavior of
Rp ——0.9583+1.9884 and 8 =—0.9583+1.98Rg

with e is as follows: R& ranges from 1.5 to 22 and

ranges from 1.5 to 6, as e goes from 0 —1.
Thus, Rz/E. &

would give a very sensitive deter-
mination of the eff'ective e (or momentum) of the
antiquark.

III. GENERATION MIXING

Calculations of the decay of the nucleon have
usually ignored Cabibbo-suppressed modes due to
the smallness of the Cabibbo angle. However, the
generation mixing of the fermions is determined by
the detailed structure of the Higgs-boson sector.
The latter accounts for the masses of the observed
fermions, and the diagonalization of the resulting
mass matrices for the up quarks, down quarks, and
leptons, respectively, determine the mixings. (Ca-
bibbo universality implies only mixing of the first
two generations. ) De Rujula, Georgi, and
Glashow have pointed out that the mixing impli-
citly assumed by those using a simple Cabibbo an-

gle (which they have called F mass) fails on the
phenomenological level, whereas a more complicat-
ed scheme of Higgs-boson couplings (called J mass)
is more successful. They show that the latter, due
to the off-diagonal mass matrices (mixing the first
two generations) of all three fundamental fermions,
leads to four parameters. Using the measured lep-
ton masses, the Cabibbo angle and other empirical
information, the authors in Ref. 8 have determined
the values of these parameters (except for the sign
of the imaginary part of a phase rj). They have
shown how branching ratios for certain Cabibbo-
suppressed modes of nucleon decay (in conjunction
with neutrino branching ratios) may be used to
determine which coupling scheme occurs.

Let us first consider the E-mass coupling scheme
which is that of the ordinary Cabibbo rotation. It
has been shown' that

-r = (2v 26)ey, I [u/'I ypuJI ] ((1+cos ec)eL +sinec cosecp, L )y "dfI +((1+sin Hc)pr++ sine/ coseceI )yes;I

+eRy"d R+P R y"s R l

+ [ukLyIJ(djL cos( C +sjI. sin~a )][veR y de ++yR y siR 1 I +H c. (8)

Notice that for decays to first-generation mesons

(Mi ), as well as decays to mesons with one
second-generation quark (M2) plus I+, the
Cabibbo-suppressed modes have the same structure
(with diff'erent coefficients) as the corresponding
favored modes. This is not true for decays to

I

M2+v', as can be seen from the last terms in W
We find that the rate for decay to M2+ v,' is 'pro-

portional to (uL y sL )(7,'Ry&dR ), whereas that for
decay to M2+ v„' is proportional to
(ur. y"dI. )(&„Ry„&R) Thus the e dependence will
be different and we list these separately in Table II.
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with a real for down quarks (D) and leptons (L)
and equal to rl

~

a
~

for up quarks ( U). Diagonali-
zation by transformations of the form U'AU are
accomplished with'

Ce —Se e Ce Se e+

Se Ce
I +~

JM Se Ce ~p

cd sd
D—+ —sd cd s

Cu 'QSu

7l

Dc
cd sd

(9)
sd cd

u
U'~

—'g Cu Su u

Su Cu C

The relevant field operators for proton decay [aris-
ing in SO(10)] are

(U'PU }(Lp+PDp), (U'd'D )(Lp&Up),

(U' PD )(vpgDp), (D' d'D }(vpd'Up),

(D~d'U~)(vpd'Dp), (D' d'U~)(L p d'Up),

where the repeated Greek subscript means sum
over generations and d' represents the appropriate
Dirac y matrices in each case.

These authors have looked at nucleon decays to
e+E p+E vm+, vm, and l+E, as a function of
the ratio of the masses of the two sets of exchanged
gauge bosons involved. %'e shall investigate the
implications for SU(5), where the onl}. residual ef-
fect of the SO(10) is the Higgs-boson c,oupling
scheme, which is equivalent to assuming that the
extra set of exchanged gauge particles have masses
which are much larger than those of the set in
SU(5). (In the language of Ref. 8, we assume
M„/Mp -0.) The parameters s„s~, and Reg are
determined from the known lepton masses and Ca-
bibbo angle; a simple empirical assumption deter-
mines su.

Tables I, II, and III show the partial rates to
Cabibbo-suppressed and Cabibbo-allowed channels
predicted by the two schemes of Higgs-boson cou-
plings. The amplitudes in the J-mass scheme have

(It should be noted that one must be careful to per-
form the mass matrix rotations before any Fierz
transformations are applied. }

The J-mass coupling scheme employs a complex
10 and a 126 of Higgs bosons in SO(10) to obtain
more reasonable relations between quark and lep-
ton mass ratios. The resulting fermion mass ma-
trices are displayed in Ref. 8 and are of the form

0 1

1 a

the sign of their imaginary parts undetermined be-
cause the sign of the imaginary part of g is not
known. The partial rates calculated here are in-
dependent of that sign. This is easily understood
as follows: Since the amplitudes are real functions
of rl, the rates are of the form R =A (i})[A(r})]*
=A (r})A (rl~) which is unchangmi by the replace-
ment rl~r)~ (equivalent to changing the sign of the
imaginary part of il). In order to obtain informa-
tion about the sign, we would need to include
higher-order Feynman diagrams in our calculation
(the reason being similar to the one that implies
that a first Born calculation never produces a
phase for the scattering amplitude).

Noteworthy observations from the table are the
following.

(a) In the J-mass scheme the branching ratio
R(p: +If )/R(p~p+E ) is 26.9% for left-
handed leptons, 7.5% for right-handed leptons,
17% for unpolarized leptons, and 35% if we use
the rate to left-handed (or right-handed) muons
with that of unpolarized electrons. The corre-
sponding numbers for the F-mass scheme are 4%,
0, 2%, and 4%.

(b) R (p~l+E ) and R (p ~l+aP} are very large.
R (p~p+Eo) has a 10% enhancement due to the
Cabibbo rotation (F-mass scheme).

(c) R (p +v&E+ )+0—as long as @+0.
(d) R(p —+I+rl)=0 if e= —1.
(e) Decays to a first-generation nonstrange meson

(Mi }+v„' have nonzero partial rates ( -4% of the
corresponding decay to v,') in the J-mass scheme,
but zero in the F-mass (usual Cabibbo angle)
scheme.

(f) Decays to p+, +Mi have nonzero partial rates
( -7.5% Xcorresponding decay to e+, ) in the J-
mass scheme, but zero in the F-mass scheme.
Georgi, Glashow, and Machacek' have shown that
muon-polarization predictions are independent of
phase space and insensitive to low-energy assump-
tions. Evaluating at @=0we obtain

1 for F mass

+g 0 16 for J for decay to M ~ +p

and

0.05 for F mass

01 f J for decay to M2 +p~

in agreement with their result. As they point out,
these are indeed sensitive tests of the coupling
scheme.
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(g) The decays to e++Mz have similar proper-
ties as those to p++Mjl but unless we can measure
the polarization of the e+ they will not be useful.
(The. decays to e+, are zero in the F-mass scheme. )

Summing the polarizations, both schemes yield a
branching ratio —5 —6%.

(h) Decays to v'+M2 are very different in the
two schemes and these results are summarized in

Table II. Large reduced rates (8—10) imply
E& ——,, (11—13) imply e=0. A large branching
ratio

R(n~v,'K )
0.2&, &0.5

R (n &v~K—o}

would imply I' coupling and e= —1. With other
values of e, determined from rates or as indicated
in Sec. II, the J-mass scheme predicts that this
branching ratio will be many times that of the I'-
mass scheme.

(i) If e is zero, the F-mass scheme predicts no

decay into v„'K+, the J-mass scheme has its partial
rate suppressed by a factor of 30 compared with
that of the Cabibbo-suppressed mode.

IV. ABSOLUTE RATES

A. Renormalization-group analysis

the u "s appearing in Ref. 15 before examining
their behavior. ) In the notation of Abbott and
Wise, ' the SU(5) operators (found in Ref. 5 to be)
responsible for nucleon decay are 0 (1) and 0 (2)
for /z and IL+ production, respectively. It is also
shown there that for decay to nonstrange as well as
strange channels the sole effect on these two opera-
tors is to produce a factor of about (3.4} with no
operator mixing.

B. Phase space and nucleori properties

When the partial decay rate (w) is calculated at
the grand unified mass (GUM) we obtain's

6
w =

( P(0)
~

Rm~z
p

m4

mp

Q2
i/(0) i Rmz p(m), (10)

where G is the coupling constant, P(0) is the pro-
bability that the two initial quarks overlap, R is
the reduced rate defined in Sec. II and displayed in
Tables I, II, and III, mp is the proton mass, m is
the mass of the outgoing meson, and p(m) is the
phase-space factor [p(k )] used in Ref. 5 and
displayed here in Table IV. In the limit (e—+0) our
unrotated results agree with those of Gavela et al.

It has been shown" that, using Fierz transfor-
mations, all (lowest-order) operators responsible for
nucleon decay can be put into five distinct forms.
The forms arising in SU(5) have been analyzed by
Gavela et al. (They used the definition

uz Cy Ptt u*,——where C =iy y, which is
equivalent to the spinor in Abbott and Wise' de-
fined by uL

——PL Cy u~. Thus we must translate

C. Net result

The result is

(3.4) ~aovMN= m4 SR p(m),

where S=—
~
P(0)

~ mz is dimensionless. If we
express M~ in 10' GeV, we obtain

TABLE IV. Phase-space and suppression factors.

Meson M (MeV) p(m)
p suppression

for p+
f=suppression due to

spectator recoil

135
140
549
773
783
494
498
892

0.122
0.122
0.073
0.022
0.019
0.083
0.083
0.0022

0.99
0.99
0.96
0.78
0.77
0.98
0.98
0

0.775
0.762
0.892
0.973
0.976
0.871
0.872
0.998
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TABLE V. Branching ratios in percent. Ratios do not add to 100% because of rounding
errors.

1

3

Ps~

I', ~o
0l,p

tg CO~

It pi

~p+
I+EO

Pt~
I+~0

t
I', &o

0

tg Cil

~iPi
I cog COt

v'm+

Qp+
v~E+
v,'E+
r,'rco
PE» m~~

25
6
0.7
5
0.3
3
0.7

11.5

6.5
1.5
0.2
1.3
1.3

10
12
0.3
0
0.6

10
5

29
1

1

9
1

2
2

8
0.3
0.3
2.5
4
8

14
0.6
0.2
0.5
6
2

29
0
1.7

13
2
1.7
3.6
3

7.6
0
0.4
3
7.4
6.4

14.5
0.8
0.7
0.3
3
1

p~
I+m0

I+g0
I+p'
I co

Qp+
I+E'
v'm+
v'E+
v,'E+
l'E' (|.otal g =+ l)

n, —+

F, n

t,"p
Cpi
~ 0

cE»0
p

v'E
Plt ~
I+, p
Ii pt

~ 0

V'm0

v„'E0

Unpolarized results

32
8
2.5

19
1

21.5
12
0
0.6
5

55
1.4
0.7
0.3
2.5
0.1

1.3

14.4
04
2.8
6.8
1.5
0.2
1.5

10.4

37
1

6
21.5
2.5

13
15
0.2
0.5
2

55
2.3
2.1

1

1.9
0
0.9

14.3
0.6
8.1
6.8
0.3
0.3
2.5
3.4

37
0

11
24
3.5
6

15
0.7
3
1

51.6
2.9
3.3
1.6
1.3
0
0.6

13.5
0.7

13.2
6.4
0
0.4
3.2
0.6
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El 1~
v'E
F40

Mode

TABLE V. (Continued. )

0.6
0

1

3

0.4
0

e= —1

0.3
0

n~
I+m
I+p—
~ 0

V CO

I'K» (total Q =p)

V r]0

&SC0

Unpolarized results

69
5.3
0.5
4
1.4
6.8
1.6

11

69
13

1

4.5
1

6.8
0.3
3.4

65
20

2
4.5
0.6
6.4
0
0.9

express M~ in 10' GeV, we obtain

(3.4) m 2 10' GeV
&GUM SRp m

2 Mg

y3.47g10—"
(12)

In Table V we display actual branching ratios to

It is believed that
1

GUM 42

and it has been shown that

S=2.42)& 10

Previous authors ' have made an estimate of the
effect of the recoil of the "spectator" quark (using
harmonic-oscillator wave functions) and we incor-
porate that factor (f) using the parameters in Ref.
5. Combining the above we obtain

1014 6 V
Rp(m)f )& 8.67)& 10 yr

M~

two-body modes including phase and suppression
factors. We include E*modes which would occur
at rates &5% of the total and -9% to 18% of
the strangeness-changing decays. (Even though its
phase space is about 3% that for E production, it
is a vector particle with three components, whereas
the K is a pseudoscalar. ) We notice that among
the dominant- modes, l+g, l+p, I+K, l+p, and
v'E are very sensitive to the value of e. We also
verify that the branching ratio to l+E is indeed
large (-22%), as previously pointed out by Gavela
et al. , at @=0.

From Eq. (13) we can find the reduced partial
rates

4
M~

10' GeV p (m)f X1.15X10"yr

(14)

whose properties have been investigated in the pre-
vious sections.

D. Nucleon lifetime

The total rate of decay into two-body modes ac-
counts for most of the decay of the nucleon in

M~ (Ge

TABLE VI. Lifetime from two-body decays.

(yr)
1

z„(yr)
1

10'4

3X 10'4

3.8X 10
4.6X10"
6X 10'4
1p15

1Q28

2 1X10
5.4X 10

2 X 1p31

3.4X 1031

2.6X 10

1.4X10'"
1.1X10
2.9X1030
6.3X10'
1.8 X 1031

1.4X 1032

8 7X10
7 QX 1029

1.8x1030
3.9X 10
1.1X10 '

8.7X 1031

2.9X10"
2.4X 10
6.1X10
1.3 X 1031

3.8X1031
2.9X1032

1 3X1Q
1.1X 10
2.8X1030
6.0X 10
1.7x1031
1.3X 10

7.7X10"
6 2X 1p29

1.6x 10
3.4X 10
1.0X 1031

7.7X1031
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SU(5) GUT when ri, p, and co are included. The
rate we obtain is less than, but of the order of, the
total rate.

The inverse of that rate gives us an upper bound
on the lifetime of the proton. We list in Table VI
the lifetime so obtained, as a function of Mx and e.
This is approximately the same as previous authors
have obtained. Note that as e ranges from 0 to
——, the lifetime drops by a factor of 2, and as e
goes to —1 the lifetime drops to —, of the value at
@=0. The lifetime is very sensitive to the value of
Mz, varying as Mx, so we would have to deter-
mine M~ to about 20% before we could make any
estimate of e. If we used branching ratios, as sug-
gested in Sec. II, to find e, lifetime measurements
would provide an excellent determination of Mx.

The lifetime results for e =0 agree well with
Gavela et al. (after readjustment of ~A3

~

S to
0.0117) but are slightly modified due to our in-
clusion of suppression factors and E~ modes.
Bag-model calculations, ' employing large
suppression factors (which are -2~3 for pion

modes) and a renormalization group factor of 3.7
(instead of 3.4) yield rz ——1.8X 10 ' yr for
Mx ——4.6&(10' GeV, and ~&

——8)&10 yr for
M~ ——3.8)& 10' GeV. The suppression and
renormalization-group factors employed are the
correct size to account for the discrepancy (by a
factor of 4) of those results with the corresponding
lifetimes calculated here assuming SU(6) wave
functions, smaller suppression, a smaller
renormalization-group factor, and @=1.
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