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The pionic two-body decay amplitude of the proton in the SU(5) grand unified gauge
theory is computed by using the soft-pion method in the reference frame of the pion at

rest.

The normalization condition of the relativistic three-body Bethe-Salpeter wave

function of the proton is used in the computation. It is shown that the partial decay rate

of the process, proton —~e *r0 , is (0.86%10% yr)~ !

and (1.4x10%! yr) ™! for my =4.0x 10!

GeV and 8.0%X10% GeV, respectively. These values are on the boundary of the present

experimental limit.
PACS numbers:

One of the most remarkable consequences of
grand unified gauge theories is that the proton de-
cays. Several authors have made estimates of
the proton decay rate in the SU(5) and SO(10) mod-
els"? and have found the lifetime to be in the
range of 10%-10% yr ** which is close to the
present experimental lower bound® (~ 10°° yr).
Renewed attempts to observe such decays are un-
der way and are expected to give some results
soon if the proton lifetime is in the above-men-
tioned range.

Among various decay modes, the mode p -¢*
+7° seems to be the most appropriate one for de-
tection in most experiments in progress if its
branching ratio is significantly large. However,
there is some uncertainty in the theoretical esti-
mates for this process since the estimates are
made based on either the SU(6) wave functions or
the Massachusetts Institute of Technology bag
model wave functions, which are either nonrela-
tivistic or noncovariant. The proton, consisting
of three light quarks, is likely to be a relativistic
system and the relativistic corrections may not
be negligible. In this article, I present a rela-
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tivistic calculation of the pionic two-body decay
of protons based on the partially conserved axial-
vector current hypothesis (PCAC) and current
algebra.

In order to use the soft-pion method, I shall
calculate the decay amplitude in the rest frame
of the pion. If the soft-pion limit is taken literal-
ly, the momentum of the incident proton becomes
infinite:

(p oy Mt

=“TW_L' ©,as u,~0, (1)
where M, m, and u, are the masses of the pro-
ton, the positron, and the pion, respectively.
However, it is important to note that we can use
the soft-pion method either in the ordinary refer-
ence frame of the pion at rest or in the infinite-
momentum reference frame of the incident pro-
ton.® The two situations are identical in the limit
W ,=0. In fact, this method has been used in the
analysis of nonleptonic hyperon weak decays and
has led to successful sum rules for the p-wave
amplitudes as well as for the s-wave amplitudes.”
The interaction Lagrangian in the SU(5) gauge
model, which is relevant to the proton decay, is
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given by!
£= (4G7‘/@€Uk[ﬁuc‘}’p U (2e_LT7udiL + e_RT')’udiR +H’LT7’psiL +/~—‘LRTY;AS;'R)
+7’TkLc7’udjL(veR07udiR +vac7/psiR)], 2)

where (,,d,,s,)r(ry and (€, v,, 1", V) (&) are the left- (right-) handed quarks of color index % and the
leptons, respectively. The coupling constant G is given in terms of the grand unified coupling constant
£cur and the heavy gauge field mass m y, by

G =(gour/42my"), ®)

while x is the quantum-chromodynamic enhancement factor®® (A =3.7).
Using the PCAC relation for pions,

Q= (Fnu-ﬂz)-laApa/axp, a=1,2,3, 4)

where V2F_ is the decay constant of 7*~ u*v, W2F,=0.945u ) and where A,“ is the axial-vector cur-
rent, and applying the standard technique of the Lehmann-Symanzik-Zimmermann reduction formalism
in the rest frame of the pion, I obtain the following expression for the decay amplitude for p —e*7°:

(2) e (),7°0Q)l 2| p B

_onl-gl s (elA20) DL p) (el 0)p)
==1 F-,rl-l-wz )(el[Qs ’£]|p>—‘IoZI>[ (I()_Fpoe_p()leZ‘€ - q0+pol _pop_ie :l'};l:'ﬁ}. (5)

The limit g,~ 0 selects the intermediate state / in the summation of Eq. (5) to be equal to either the
initial or the final particle state. Thus, I obtain

£ =@qo)"en’lelp) =5 Hell@s, llpy + T (el&lpXplaltO] p} (6)
T intermediate
spin sum

Here I have used the identity {¢|A,%(0)|e) =0. The first term of Eq. (6) is computed by using

Q53=%f(uity5ui "'diT'Vsdi)dsx, ('7)
giving,?

[Q53,£] = (4Gh/m€ijk%[ﬁuc7’uuu(251, T.},“ dip—epg T'}’y diR) +ﬁkLch dijeRc'}/u due]- (8)
Then Eq. (6) becomes

—i 4G) m\"%_ . 1+
=f;—ﬁ€s,-k<(g—;> ue(e’(pKOIukadicujblP)(c Vi —2—7‘“‘>

ab
i), 25) o],

where 8 ,, u®)(p) and E,,, u(p) are the energy and the Dirac spinor for the positron and the proton, re-
spectively, and g, is the axial-vector coupling constant of the neutron 8 decay.

In order to find the expression for the three-quark wave function of the proton, (0|u,,(0)d;.(0) ,(0)p),
we define the three-body Bethe-Salpeter amplitude for the octet baryons,’B,

< OI Twiaa(xl)wjbﬁ(xz)d)kcé(xs)lB> = W/Eb) 1/2€ijk%(Xabc( g)UOLBy(g) +Xz1bc(n) Uctﬁ‘y(n))q) @y’?;P )eipX’ (10)
where

X=§(xl+x2 +X5), P=pithatps, E=X;—X,,

(11)
be= %(1’1“?2); n =%(x1+ X = 2X,), by =%(p1+p2 -2p,),
Xabc(g) =(;E§M—+M 75C> buc(p)y Xabc(n) = (I/M(Xbca(g) - Xcab(g))’ (12)
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and
Uaﬂy(g)zeaByByé! ocB'y (I/J—)(Uﬁyoc _U'yrxﬁ(g))' (13)

The Greek index in Eq. (10) represents the ordinary SU(3) index of the strong interactions (not the col-
or index) and B stands for the 3x 3 matrix of the baryon octet.
The normalization of the above amplitude can be written as

A ed A% ed Dy
—-iM 124 f )1617{ P (Pg'ﬁn) [I(pg ’pny.bg;pn,p)+6(p§ ,pn,pg,pn,l?)]x,(ﬁg,? ) =Pos (14)

where x,(p £ p,,) is the Fourier transform of

X (€51 =26 Xane® Uy + Xare ™ Vay "0 (,7,0). (15)
G is the kernel for the six-point Green’s function and

Ipe,p o sPesbnsp)=Qu%6(pe = p')o(py— pof NSE* (P +pg +30,)S%Gp —p e +23p7)S"Gp —p )17 (16)
with

[Se* ()]t =4Gyk +m ). ' (17)

Equation (14) is a generalization of the normalization condition for the two-body Bethe-Salpeter ampli-
tude.® The explicit computation of Eq. (10) gives

4 4 1 2 2 N
Coedp) e [2120) 20N _pans -2 ]-1, (18)

where @ (p¢,p4;p) is the Fourier transform of o(&,n;p). Then, for the wave function for the relativis-
tic harmonic-oscillator potential,®

@(&,n;p)= Nexp{ 6[ <1;747>+n+2(p5>+£]} (19)
where

E=¢NZ, 7i=@/3)", (20)
the normalization condition gives

N=(a/37)la =21 = 3m,)?]" V2 21)
Assuming that M = 3m ,, I obtain

©(0,0;p)=N=3r)"Y*(a/37)*>. 22)

Using Eqgs. (10), (12), (13), and (19), I can compute the matrix element of Eq. (9), giving
—Z 4G>\ mM L1 —(e) (e) :l 23

fF T 6N(8,,E,> [ (P)T u(p)+u (P)I‘zu(P) gAu (Plyavsu(p) (23)

where
a;tbiy —-iy"p+M .. l+ys 1 a;+byys —iyp +M 1+y," .-
Ti==yp =g On” gy Chumg v g gy veC g v e
a;+b; —iyp +M 1+
+%7’u : ) L.yiTr< }’21;\4 Ys5Yp ~—§Zi>
:_bi+ai7’5+&‘§éi(1—'}’5)%&*—13,-'*(1,)/5, i=1,2. (24)

Using the values

a1=%, b1:%’ a,=3, by=1, (25)
I obtain

Flz—%'*'%?’s, Ty==1+3ys. (26)

The bilinear Dirac spinors in the rest frame of the pion which appear in Eq. (23) can be computed by
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using the formulas

T(plyaven () == LLeTs B, 7 (o (p)=H00m) 201 +m )~

7@ (pysulp)=sMm) LM —m)? = p 2

where £ and £(®) are the two-component spinor of proton and positron, respectively, and'f) is the unit
vector in the direction of P. Alternatively, one can use Table III of Ref. 7 for the infinite-momentum
reference frame of the incident proton. Both methods give the same result upon neglecting the pion

ﬂ2]1/2£(e)T€’
. 21)
265 B,

mass.

I get the final form for the decay amplitude

f___=i_ 1 __12G\N/ mM \"* -,
G F, @) 2 \B,E, ) TP Erp), 28)
where
A:‘%{1+[W—W’Z)/W +m)]g,q}g—%(1+g,;)=-3~39, 29)
=3 {1+[(01 +m)/ M =m)]gat= 3(1+g,)=1.13,
(Here, use is made of the empirical value, g, =1.260+ 0.007.)
The decay rate of p—e*7°, then, can be computed from Eq. (28), giving
+0_M(1267\N> 2 e <ggm7\N2§ 2
T(p ) e ) (A*+1BI%) ) 2T Ea) (30)
For typical values of the parameters® > !
gour/4m=0.024, x=3.7, a=0.4 GeV? (31)
I obtain the partial decay time
s 0.86x 10°° yr for m=4.0x 10* GeV
T(p=e*r)=[T(p~e*n®)] = (32)
' 1.4x 10** yr for m,=8.0x 10* GeV.
These values are on the boundary of the experi- | comments and for reading the manuscript. The

mental limit,’ and are reasonably close to those
obtained by Gavela et al.” {[T'(p ~e*7%)] = 0.53
X 10°° y for m 4 =4x 10" GeV}. The results ob-
tained by other groups may be compared with Eq.
(32) by assuming a typical branching ratio* -4
T'(p—~e*n°)/T(p —two bodies)=35; Goldman and
Ross (Ref. 3), Din, Girardi, and Sorba (Ref. 13),
Buras etal. (Ref. 1), and Donoghue (Ref. 4) give,
respectively 107%[T'(p ~e*7°)] 1= 1.8, 2.7, 3.7,
and 30 yr for my =4x 10'* GeV. For a compre-
hensive review and many references on this sub-
ject, see Ref. 14, Note also that if we take the
value of the parameter « of the proton wave func-
tion to/be 0.5 GeV?, which is an alternative choice
suggested in Ref. 9, we would have obtained
[T(p—=e*1°)] 1=0.44% 10% yr for m = 4.0X 10*
GeV. This is very close indeed to the value ob-
tained by Gavela et al.*

From Eqgs. (28) and (29), we can deduce that
the decay amplitude of p — ¢ *7° is predominantly
s wave and the asymmetry parameter is given by

a=2Re(A*B)/(A|? +|B|?) =-0.60. (33)
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Data from four reactor experiments is analyzed without using any calculated v, spec-
trum. N, and N,,, for e* observed with 2.2<E,{<6.7 MeV and 4.4<£,,<6.7 MeV, are
extracted and N, /N, , is found to be 2.7+ 0.5, 5.6+ 0.6, and 8.20% 0.35 for the 6.5-, 8.7-,
and 11.2-m experiments, respectively. In pairs, these numbers differ by 3—8 standard
deviations. No distance-independent ¥, spectrum accounts for all the data with a confi-
dence level (C.L.) >0.0028. Oscillations with three (two) V’s yield fits to all data with
C.L.=0.061 (0.033) and to the high-statistics experiments with C.L.<0.31 (0.18).

PACS numbers: 14.60.Gh, 13.15.+g

Since the phenomena of neutrino oscillations
was first discussed' there have been several ex-
perimental suggestions in support of that possi-
bility.?*®* The recent round of discussions on this
subject was intensified by the experimental find-
ings of Reines, Sobel, and Pasierb (RSP), who
measured the rates for neutral current deuteron
(ncd) and charge current deuteron (ccd) reactions
initiated by reactor V,.* Over the years, the en- |

dR
=0. X (9,24 x 10" 44 2\~ 1
Ee 0.203 (9 4x10 cm )

ergy spectrum of reactor v, has been experimen-
tally measured by the inverse beta (IB) reaction
V,+p-n+e* at 6.5, 8.7 and 11.2 m (Ref. 6)
from reactor sources. We shall study the e en-
ergy spectra measured in those three experiments
in conjunction with the deuteron experiment of
RSP to examine the hypothesis of oscillations.

In the IB reaction the differential rate for e*
with observed kinetic energy E, at a distance L
from a reactor source is given by

) <T§‘w> (ﬁl)"> <1_Lni>nf 0B R (Ee,E) NE M (E y, LIE, (MeV d)?, o

where n, is the number of protons in the target, P is the reactor power, E,’=E, - 1.8 MeV, o(E,)

=9.24x10"%E, - 1.29)[(E, - 1.29)% - 0.26]'/2 cm?, R,(E,,E,’) is the experimental energy resolution func-
tion, n(E,’) is the energy-dependent detection efficiency, 7, is the energy-independent systematic effi-
ciency, and n(E,,L) is the spectrum (number of v,’s per fission per megaelectronvolt) of v, with
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