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THE DECAY PROTON - ¢*vy IN GRAND UNIFIED GAUGE THEORIES *
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Received 17 November 1980

The rate for proton decay to the ¢’y mode is calculated. Although its branching ratio is of order e, its ratio to observable
e*n0 correlated decays is 1/8 to 1/40. Observable numbers of p— ¢* +y decays can occur and would provide constraints on
the proton wave function at the origin and grand unified parameters independent of hadron final state uncertainties.

The fact that gauge theoretic unification of electro-
weak and strong interactions almost invariably leads
to nonconservation of baryon and lepton numbers is
currently receiving widespread attention [1]. Several
experiments are now in design to search for nucleon
decay *!. In the next few years these experiments will
yield invaluable information on the possible interac-
tions of gauge fields with masses >1014 GeV which are
currently considered to be responsible for proton de-
cay. Theoretical calculations on the expected nucleon
lifetime, branching ratios into various decay modes,
etc. have already been reported by various authors
[2,3].

Theoretical estimates of the expected lifetime in the
SU(5) theory are in the range 1030—1031 yr 2, The
UC Irvine—Michigan—Brookhaven (IMB) proton decay
experiment with 10000 tons of water active detection
mass (6 X 1033 nucleons) would then have 6 000—600

* U.C.L Technical Report No. 80-38. This.work is supported
in part by the National Science Foundation under grants
Nos. PHY 78-21502 and PHY 79-10262.

*1 The following experiments are in various stages of construc-
tion: Irvine—Michigan~Brookhaven; Harvard—Purdue—
Wisconsin; Minnesota; Frascati—Milano.

*2 Reines has recently suggested that the deep mine experi-
ment analyzed in ref. [§] may indeed have seen nucleon de-
cay implying a lifetime close to the existing lower limit of
~1030 yr,

decays per year in the above lifetime range. A detailed

study of the underlying gauge interactions through an

analysis of various dominant and “Cabibbo” suppressed

as well as electromagnetic decay modes is then feasible.
We are thus motivated to consider the reaction:

p>et+y. ()]

Although one immediately recognizes that the overall
rate for this reaction will be suppressed relative to
modes involving mesons it is also relatively free of nu-
clear absorption and free from complications from
strong interactions. These properties could make (1) a
cleaner channel for an experimental analysis of proton
decay. In addition, since the existing incidental limits
on baryon nonconservation imply that the limiting
background for detection of baryon decay are those in-
duced by cosmic ray neutrinos an important figure of
merit that need be kept in mind in comparing different
nucleon decay modes is the ratio: (signal from nucleon
decays/background from cosmic ray neutrinos) for
that particular decay mode. We find a significant gain
of this ratio for p > ™ + v versus the widely discussed
p—et + 70 mode.

We shall take the effective interaction lagrangian
responsible for p > e* + 1 via exchanges of vector gauge
fields to have the general form [4] :

L= 2_1/26xei]-kﬁ,€7“(c + d'ys)ujéc'y”(a +by5)d; , (2)
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where G, is the effective four-fermion point coupling:
GNZ=g3/8M3 3)

g, being the dimensionless coupling characterizing the
interactions of the leptons and quarks with the lepto-
quark gauge fields and C is the charge conjugation
operator such that i€ =uTC. In the SU(5) theory of
Georgi and Glashow [1], with the usual assumption
that charge £4/3 (X) fields have the same mass as
charge £1/3 (Y) fields, we havea=1,b=-3,c =1,
and d = —1.

We shall adopt a simple nonrelativistic bound state
model for the nucleon.Let pq, p,, p5 be the three
momenta of the three quarks with

P=p;+py*tp3, pP=py—DP3,

¢5=%(2P3 —-Pp1—DPy).

Then after integrating out the center of mass motion of
the three quarks the amplitude for the process can be
expressed in the form:

1= [ 03p 30 2o (f1py pop3) 80, 0) . @

where X stands for appropriate sums over spin, isospin
and color indices and ¢(p, p) is defined by:

(P1P2p3|i>=53(P—P1 —py —p3)0(p, p)- (%)

Now, ¢(p, p) is expected to be varying much more
rapidly with momenta compared to the amplitude
{flp1p,p3). Thus we may set:

£y = (Fpy ;9 [ d3p 30 6(p, 0)
= (2)’ (flp, pop3)¥(0,0) 6)

where (0, 0) is the Fourier transform of ¢(p, p) evalu-
ated at the origin of the relative coordinates

s=r; —-lz-(rl +ry).
Fig. 1 shows the four Feynman diagrams responsible
for reaction (1). The gauge invariant amplitude for the

process, for the general case of an off shell photon, may
be written as:

r=ry—ry,
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Fig. 1. Diagrams for the processu+u+d—e* + 1.

A= 124,[G,/(N2mp)] ¥ (0, 0) [m,m,/(24" E, E,

X (2m®N 22n)* 64(P - p, — q)e*(@)v] () C
X [41@*y, —ga,) + A5@%y, —49,)7s

+A30,,9"/my +A40,,q0"ys/myluy(P).  (7)

Using the interaction given in (2) we find, in the limit,
me = 0:

A; = ~3(e, +eg)bc/(m? —24%), A, =-ad,/b (8)

A3 =imyle, —eg)be/(my—247), A4=—ady/b,(9)

where e, =2e/3, eq4 = —e/3 are the charges of the u and
d quarks in units of the charge e of e*. In (7) A is the
enhancement due to exchanges of (e.g. SU(3) X SU(2)
X U(1)) gauge fields at the proton mass. Its numerical
value has been estimated to be ~3.5 [4].

The width for the decay p ~e* + 1 is found to be:

T, =18aG2|¥(0,0)1? 2@ +b2)A%Im,.  (10)

For purposes of numerical evaluation we shall take
a simple harmonic oscillator potential responsible for
the binding of the three quarks inside the proton. Then
Y(r, 5) = Wo(r)do(s) and ¢(s = 0) = (16/9)%/8 o (r
=0). We find

l"7 = (44a)h (1030 yr)—lgiAgc2 (a2 +b2) u2/m?4
(11)
= (4400)n (1030yr) 1 g2 a2u?/m?,  [for SU(S) ,
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where *3

u=|Yo(r=0)12/10"2 Gev3 12)
and

myy =my /1014 GeV . (13)

To estimate the branching ratio for p >e* + vy we
need to calculate the total decay width of the proton.
We assume that that can be approximated by diquark
annihilation reactions of the type **

utu->et+d, u+td-> e+, u+d-> i +d.

(14)
As a specific example we confine ourselves to SU(5).
The expressions that we derive for these reactions can
of course be used for modes with muons as well. How-
ever, they will be “Cabibbo suppressed” in SU(5) and
we shall ignore them in our estimate of the total decay
width. The widths for reactions (14) are then found to
be [m is the mass of the final antiquark in (14)] :

[B, e = Do(d + 9m?/2my),
TRy o = T(19 +45m* [4m2 — 27m/m,,) ,
Ty ,, = ¥l (1 +45m?/76m) — 27Tm/19m), (15)

where
Ty = (20/27m)G2421¥/(0)1m} (1 — 9m?[4m2)?(16)

= 177100 yry 1t a2 u/mi, . 17)

The sum of the expressions above yields the “total”
decay width of the proton:

TR, ~ 228 To(1 — 81m/6Tm,, +45m?[6Tm3) . (18)
Form = mp/3, I‘%t = 18T, that is,

*3 Yalues of | ¥ (0)12 in the non-relativistic quark model which
are potential independent are obtained through rates and
models for non-leptonic hyperon decays and electromag-
netic hyperfine splittings. These range from 0.0115 GeV3
[7] to 0.004 GeV3 [8] to 0.001 GeV3 [9] although the lat-
ter calculation is strongly dependent on weak form factors.
For our estimates we use 0.004 GeV3 which is also consis-
tent with a harmonic oscillator Regge trajectory slopes and
potential model relations to (p?).

This assumption has also been made by Buras et al. and by
Jarlskog and Yndurain [2]. However, unlike these authors
we are not letting the final quark mass in reaction (14) be

zero.
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2, ~3108(10% yr)~1g 42u/mi, . (19)

Using g2/4m ~ 0.02, A, ~ 3.7 and ** u o 0.4 this gives
for SU(5)

TR, = 3207 (1030 yry~ L myf . (20)

From (20) the current experimental limit on the life-
time of the proton [S](T, 2 1030 yr) implies

m, 23.4 X 1014 GeV . (21)

Combining (11) and (19) the branching ratio for
p—>e* +v [in SU(5)] is found to be:

B, ~|yy(r=0)1> Gev3=0.01u~0004. (22)

For a lifetime range of 1030 yr to 103! yr this gives 15
to 2 events/yr in the IMB experiment. Although, as
expected, this branching ratio is quite small, for experi-
mental purposes it needs to be compared with the
branching ratio B, for the reaction p > et +70. Esti-
mates of the latter vary from about 8% to 40%. In addi-
tion only 1/3 of the 70°s produced in a nucleus survive
without nuclear interaction to be correlated with the
e’ [6]. For the rates in water of correlated final states,

RyIR,=R(@~e" +NRE~>e" +m=F 10 (23)

The background to the e*7% mode arises from cos-
mic ray ,’s producing b, tN—>e+(A—> pno). With a
proton lifetime of 10 0 yr this provides less than one
background event/year for the IMB experiment within
the energy and angle constraints for an e* 7 from
proton decay. The back-to-back e’y background is
analogously dominated by 7, + N—>e + (A - py). The
ratio of these backgrounds is that of the branching ratios
raA->p+y)/TA->p+ 170) o 1% and therefore there
is no background to e*y in the present experiments.

Since there are many uncertain parameters in cal-
culations of the overall proton decay rate it is impor-
tant to note that an experimental determination of
the p - ¢™y branching ratio via eq. (22) determines
(¥ (0))? by itself and can be used to directly eliminate
its uncertainty in the calculation. Even without the
total decay rate the e”y rate [eq. (10) or (11)] con-
strains the proton wave function or the grand unified
couplings independent of the hadronic parameters that
enter in the formation of exclusive hadronic final state
modes.
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