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Abstract

Using a phenomenological ansatz for the Lagrangian of baryon- and
lepton-numper violating interactions we calculate the effective baryon-
lepton coupling constant within the framework of a relativistic guark
model. Apart from a calculation of B-number violating crogs-sectipns and
decays this ansatz allows for a definition of the parity of leptons

relative to baryons.
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1. Introduction

The most attractive feature of guark-lepton unification schemes
[1,2] is the prediction of a new baryon-number violating force. Although
the relative strength of about 10-'31 seems to be of no relevance in present
time, it is argued that cosmological implications are important and
probably one can explain the observed baryon excess in our universe,
Several selection rules for the new force have been stated. In particular,
AB = AL transitions seem to be dominant, and processes with inter-family
mixing are suppressed by Cabibbo-like angles. An effective Lagrangian for
transitions between three quarks and anti-leptons has been given by
Weinberg [3] and Wilczek and Zee [4].

In order to compare predictions with experiments still one problem
has Lo be solved, namely the binding of three quarks to baryonic states,
since we do not observe free quarks. In the literature two different
approaches have been used: SU(6) wave functions [5-10] and bag models [11-
13]. It is the purpose of our paper to present a baryon-antilepton
transition amplitude using a relativistic quark model proposed by Bdhm
and Meyer [14] and Kielanowski [15], where the baryons are described as
three-quark bound states in terms of a Bethe-Salpeter amplitude. This
model uses a harmonic oscillator potential in four Euclidian dimensions
to describe the space part of the interaction kernel, whereas the spin
part is determined by consistency requirements.

The definition of a baryon-antilepton transition amplitude
gives rise to a lot of interesting questions like parity of
leptons, provided the interaction conserves P. This is in general not the
case, buth the strength of the P-violating transition is subject to renor-
malization and shown to be zero at the grand unification point in certain
unified models. Even there, this is only true at the tree-graph level,
loop corrections with certain Higgs mesons may change the ratio and may
even violate CP, but their effect can be considered to be a small per-
turbation. As can be seen in Sec. II, we find that the positron behaves
like a proton and the electron like an antiproton; i.e. the former is a

P = +1 state.



This paper is organized as follows: We present in Sec. II an
effective Lagrangian and discuss the familiar ren&rmalization group
techniques for our special case. It is further shown that B-violating
cross—sections can be easily calculated using the effecting baryon-
lepton coupling constant. In Sec. III the Bethe-Salpeter amplitude is
used to calculate this coupling constant. Finally, in Sec¢. IV, we com—
pute nucleon lifetimes and branching ratios of two-body decay channels
for the grand unification groups sU(5) [2], so(10} [16,17], and the
class of unified models where the effective low-energy electroweak inter-
action is described by the gauge group SU(ZJL @}SU(2JR ® u{i), using our

effective coupling constant and the empirical meson-baryon couplings.



II. The Phenomenological Lagrangian

Meglecting all the angles and phases resulting from the diagonaliza-
tion of the fermion mass matrices, the general form of‘the low-energy
effective Lagrangian for baryon- and lepton-number violating nucleon decay

mediated by gauge bosons is given by [3,4,18)
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where the fermion labels u, 4, s, e , u , ve, and Uu stand for the corre-

sponding field operators. The parameters r £ = e or y, denote the ratio

'
of the coefficients of the effective four-zermion operators involving a
left-handed charged lepton to the one involving its right-handed counter-
part. They are identical with those introduced by Wilczek and Zee [4].
The values of these parameters depend on the grand unification group and
the details of symmetry breaking and are furthermore subject to renormaliz-
ation effects due to radiative corrections involving SU(2) & U(1) gauge
bosons. The unrenormalized values of the r, are listed in Table I for
three different unification models already considered in Refs. 4 and 13.

This Lagrangian, Eg. (1}, cheys the selection rule AB = AL as reguired
by the invariance of the effective four-fermion operator of the low-energy
theory under SU(3) @ Su(2) @ U(1)} transformations [3,4].

In analogy to the Lagrangian on the guark level, Bg. (1), we write
down an effective Lagrangian, which describes the transition of any anti-

c +

lepton EC, LT =e , u+, uec or uuc, into the corresponding baryon B linked

to it by the kinship hypothesis of Wilczek and Zee [4]:

_C 1+'Y5 l-Ys
Lygeg = £ ¥, (—5—+x =33 ¥, +h.c. (2)

llere £ denctes the coupling strength of the right-handed antilepton 2; to
the baryon B. The left- to right~handed lepton ratios r are the same as
in Eg. (1) for charged leptons. For massless neutrinos the ratio r is egual

to zero. Again, this ansatz is consistent with the selection rule AB = AL.



Finally, the effective baryon-~lepton coupling constant £ is defined
by rewriting the Lagrangian of Eq.{(2) in the form

- [
Leff = f wg (1 + ayS) wB + h.c. {3

whera f and a expressed in terms of £ and r are given by

=~ f
f='2'"(1+r)l
{4}
1 - r
=15 =r

The paramcter d measures the relative strength of parity wviolation in the
transition Qc +~+ B, The value a4 = 0, corresponding to r = 1, means parity
conservation, Like r, a4 depends strongly on the employed unification group
and on the scale of external momenta at which matrix elements of Leff are
evaluated. The coupling constant f£f depends on the wnification scheme as

well as on the three-guark wave functicon inside the baryon.

The effective four-fermion cperators which build up the Lagrangian
of Eq.{1) result from the axchange of superheavy vector bosons whereas the
matrix zlements of these operators are calculated on a mass scale e.g. for
nucleon decay of O0{1) GeV. Therefore these coperators have to be renormalized
by exchange of SU({3}, SU(2) and U{1} gauge bosons using standard renorica-—
lization group technigues.

A cleoser inspection shows that the radiative corrections due to SU(3)})
and SU{2) gauge bosons lead to an identical renormalization for all opera-
tors appearing in Eg. (1) whereas the U{l} boson exchange distinguishes
between the operators containing a left-handed lepton field and those
containing a right-handed one. The effects of these radiative corrections
can be expressed in terms of short-distance enhancement factors AL and
AR. The necessary computations have been performed indepsndently by three

groups [4,18,19] who agreed within their results:
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5 al, and a are the coupling constants of SU(3), SU(2), U(1l)},

and the grand unification group. The typical mass of 0(1) GeV at which

Here o a
3l

the operatoxs are rencrmalized is denoted by yu, mw stands for the mass
of the W-boson and n is the number of fermion generations. Assuming n = 3

and using as input [9]

(m ) = L
% .. "W T 128.6 '
.2 _
sin Bwtmw) =0.21 , {6)

a = 0.0244 ,

the renormalization factors AL and AR obtain the following nunerical

values;
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Taking into account the renormalization of the coefficients of the effec-
tive operators showing up in the Lagrangian by the short-distance enhance-
ment factors, the relations (4)between the renormalized quantities £ and a on
the one hand and the bare constants f and r on the other hand are modified

te

- f
f—-E'(AR+rAL) '
(8)
P S
AR + AL

The values of a4 resulting from Egs. (7} and (8) are also given in Table I.
It is obvious that the renormalized value of a4 would agree with the bare

one if AL and AR were equal, i.e., if the renormalization procedure made



no difference for operators with right- and left-handed leptons. This is
the case if the effective electrowsak interaction theory is described by
the gauge group SU(Z)L ® SU(2)R @ U{l}, which is broken to SU(2)L @ u(l)
at an energy scale well below the grand unification mass. Of course, the
breaking of the SU(Z)R—symmetry induces a small amount of parity violation
in Eg.(3). Assuming the gauge bosons of SU{E)R to be 5 times heavier than
those of SU(Z)L, me = 5§ me [35], we obtain @ = 1.3+10 3, a value which
is of the order of common CP-violation but which is clearly negligible
for cross-sections and decay rates of B—- and L-violating processes since
their order of magnitude is determined by the expression E2(1 + |a]?).
The phenomenological Lagrangian of Eg.(3) immediately gives rise to

two interesting observations:

i) Parity of leptons:

The smallness of the parameter @ in certain transitions (listed in
Table I) means, that there exists an (almost) parity-conserving transition
between baryons and leptons. We are far away from the maximal parity
violation of conventional weak interactions. It is therefore meaningful
to assign an intrinsic parity quantum number to the leptons, after one
has chosen the parity of the proton to be + 1. Obviously we find, that
thie leptons e and u_ behave as antiprotons, therefore their parity - 1.

Let us look more to the cases yielding a =~ 0. If we adopt the gauge
group SU(E)L @ SU(Q)R @ U1}, the bare value of aé and a!LI is exactly zero,
and the renormalization factors from q2 = mﬁ N (400 GeV)2 down to low
energies yield aé,u = 10_3; therefore pariﬁy violation is of the orgder
of possible C(P-violation effects.

The situation is more complicated in the gauge group SU(5). Here,
the transition E+ a-u+ has bare value a.}1 equal zero; this value becomes
renormalized to &~ - 0.028. Parity violation is therefore a 3% effect;
treating‘it as a small perturbation, we are allowed to define the parity
of the muon. On the other hand, the transition of proton -+ et starts with
an unrenoxrmalized value a, = - 1/3; therefore we cannot make any con-

clusions. However, there exists a transition between positron and a
ut
cc

C =2, 8 =0 ccd-state (N¥ ), which yields the bare value a4, = O, and we



find similar arguments as for the muon. Assuming the sz to have the same
parity as the proton (via strong interactions), an (approximate)} defini-
tion of the parity of the electron can be given even in SU(5).

If the unification group is S0(10), we have to make specific assump-
tions on the breaking mechanisms to find how many gauge bosons are re-
levant for baryon decay. Following the line given in Wilczek and Zee [4],
we find a pure left-handed trangition with @ = 1, therefore no conclusion
about parity can be done.

It should be noted that in all our values of &, we have neglected the
Cahibbo angle. However, sin @ enters quadratically in the expressions
for a and will shift the values of the parity violating amplitude by
v 5%, still a small perturbation. Finally, this conjecture can be extended
to T-leptons by locking to transitions bhetween 1 and (hypothetical)

baryons containing a b-guark.

ii) Diffractive production of haryons by antileptons

We now look for the cross-section of a positron (momentum qi) to
scatter on some target (e.g. a proton) yielding only hadrons; i.e. the

process e+p + XH. The corresponding amplitude is given by
c
ee.}y =0 een 9
AZ(qE'Pi ) (q,ﬂ,'Pi ) UE(QE) {9)
where we have suppressed spinor indices on the guantity O and used a

shorthand P for the other momenta involved. If we make an off-mass-shell

axtrapolation in the variable g2, we find a pole in the amplitude for

g? = m;, the mass of the proton:
l;m ) D(qg,pi ...)(q2 - mp) = D(ql'Pi -0 £(L + a75) . {10)

Here we have defined the strong interaction amplitude for a proton to

scatter on the same target, yielding hadrons; i.e. pp + XH

KB(qp.pi cel) = 5(qp,pi L) gl (11)



We therefore find that antileptons produce haryons diffractively by an
off mass-shell lepton-baryon transition. Neglecting lepton mass effects

we have

F2 2
g (s) = f_(_lilg;l_)_ o {(s) . (12)

. = -3
Since the value f/mp turns out to be ahout 10 3, the cross-sections have
the order of magnitﬁde of 10—65 mk and therefore seem to be of no impor-

tance for creation of baryons in our present universe.



III. Calculation of f

In order to calculate the effective coupling f we make use of the
Bethe-Salpeter (BS) formalism developed by Bethe, Salpeter, Gell-Mann, Low,
Wick and Mandelstam [20-23]. Within this formalism a baryon B with mass M,
monentum P and spin projection s is described as a bound state of three

quarks by a three~field BS-amplitude, which is defined by

$ (X Xy %9) agy ;abesABC = <°|T(“’ac.su=s(’"1’lpﬂbxa(":a)‘bw,««:c"%))IB(F’S)> SRR

Here |B{P,s)> denotes the baryon state; a,8,y are the spin indices, a,b,c
the c¢olour indices, and A,B,C the flavour indices of the rencrmalized
quark fields W (x). Separation of the center-of-mass moticn leads to
~iPX 1 1 1 1 2
¢{x1,x2,x31 =@ ¢'(3b+2r,3s—2r,-35) ' (14)
where the center-of-mass coordinate X and the relative coordinates r and

s are'given by

1
X = 3 (x1 + x2 + x3) .
r=x =% , {15)

0
H

1
> (xl + x2 - 2x3} .

Note that X belongs to the symmetrin representation S, whereas s and r

belong to the mixed representations M+ and H-, respectively, of the

permuitation group of three elements 83. The Fourier transform of ¢(x1,x2,x3)
is defined hy
) (4 e _
x(kl,kykyP,S) 5 (P—k1 1-:2 k3) =
= —F— [ al a4x,d%x exp [1 § k.x 3 0(x ,x,,%x;) . (16)
1 2 3 . il 1772773

(21)5 i=1
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With the help of Eg.(14) the BS~amplitude in momentum space ¥ may be

rewritten to

X(R+QiPeS) o ahe;nBC (17)

- 4oh. oL (PrEgs) 11 11 o _
) (2m)2 f dirdis e <0[T(waal-'\(35+2r”’3ba(35 2r)‘chc{ 35))|B(P,s)>.

. The center-of-mass momentum P and the relative momenta p and q are defined

in terms of the quark momenta ki {1 =1,2,3) in the following way:

P=k +k, +ky |,

1

p=3 k -~k (18)
—l(k + k. - 2k.)

4 =3 ¥y 2 30

The graphical representation of the BS-amplitude ¥ is given in Flg. I.

The BS-amplitude x{p,q;P,s) is the solution of the homogeneous
BS-equation for bound states [20]

-1
| SF (ki) x{p.,q;P,s) =

I = w

i

]
I o~

-1 4 ', ' .
Sp (k) [a i K (p; oIk} X(p{sq :P/8) + {19}

i=1

+ [ a%'a%" Kip,q;p*',q'iP) x(p'.q'iP,s) .

The physical significance of this equation becomes probably more trans-
parent in its graphical representation, Fig. 2. SF(k) denotes the quark
Feynman-propagator which for heavy guarks is assumed to be of the form

of the free Feynman propagator [24]

Spk) = 7 . (20)

but with m being interpreted as an effective gquark mass the numerical
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value of which has to be deterxrmined by compariscn of the theoretical
predictions resulting within the framework of the BS formaliam with
experimental data, e.g. for the pion decay constant f_ [25-27]. The
relative momenta By and q; are obtained from Eq.(1B) by cyclic permutation

of the guarks:

-1 3 L >
B P3 2 4| [P 2 al P2 :
= - = . (21)
1 1
4 %3 oom2hy B VA
The momentaKi are defined as sums of the guark momenta ki:
K, =k, + k. K, =%k, + k,_ ., K, =k, + k,_ . (22)

The dynamics of the theory is contained in the interaction kernels Ki and
¥, where the Ki {i = 1,2,3) denote the two-particle kernels and K the
three-particle kernel. These kernels may he considered as phenomenological,
relativistically generalized potentials describing the two-quark and
threc—quark interactions which lead to the three-gquark bound state B.

At this peint one has to decide how one wants to approximate the
forces between quarks. That means one has to choose a reascnable form
of the interaction kernels. We adopt the model of Kielanowski [15], because
its predictions are in good agreeﬁént with experiment. It reproduces
correctly the baryon spectrum [15] and it gives reasonable results for the
strong decay widths of the %t-— baryon resonances and for the electromagnetic
and weak form factors of the %;n-baryons [28]. Furthermore, one even can
obtain a not too bad value for the ratio of axial vector coupling constant
to vectar caoupling constant GA/Gv for nucleons [15].

The model of Kielanowski is characterized by the following features:
It assumes strong binding, i.e. the quark mass is large compared with the

mass of the bound state:

— << 1 . (23)
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The two-particle kernels Ki and the three-particle kernel K are assumed

to be of the "convolution tYPe"’

Ki(pi.pi;Ki) = Ki(pi =)
(24)
K(p,a;p',q5P) = Ki{p ~ p'.q -~ q')

and to factorize into a spin part U and a space part V each of which has

to be a Lorentz scalar:

(25)
Kip -p'vg-q') =vip -p'.g-qg') U.

A consequence of the factorization of the interaction kernels is a similar
factorized structure of the BS-amplitudes. The space parts of the kernels

are approximated by kernels of the harmeonic oscillator type:

T - (4} — t
Vi(pi - py) = (o - ﬁupi) ) (pi P;)
’ (26)
. oy e 3 (4) — (4) o
Vip -p'yq~-q') = m[ao B, (3 a, + ZDq)] §'(p-p'y 6 T{g-qg")

Here the parameters B and Bo are related to the level spacing of the baryons.
The potential depth parameters o and a are expected to be of the order of

2
m=,

a = 0(m?) , ¢ = o(m?) , (27)

]

so that they may compensate the large quark mass m in order to achieve the
desired small bound state mass M. The structure of the spin parts Ui of
the two-particle kernels is taken from the meson case, where it has been

used with great success [24,26,27]:

Ul =1 x Yg * YS R U2 = YS X ] X% YS R U3 = YS E YS ®* 1, (28)

The spin part U of the three-particle kernel is a straightforward generaliz-

ation of the corresponding two-particle kernels Ui:
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U= %(UIUZ + UZUI + UIU3 + U3L11 + U2U3 + U3U2) = Ul + U2 + U3 ' (29)
It is clear that this generalization is not unique. The only justification
of all of this phenomenological ansatz  can be done by successfully
predicting experimentally available quantities, such as hadronic coplings,
etc.

Under these assumptions the BS-equation, Eq. {19}, can be solved [15]
after Wick-rotation of its space part [22]. The validity of Eg.{23) allows

cne to expand the solution y into a power series in 1/m!
1
Xx= ) (= x . {30)
m
The parameters o, uo, B and B0 are then specified to take the values

_1 3 - B _ .
a=3Tm, @, = 0 BO = 1. (31)

The mass spectrum cone obtains from the eiyenvalues of the radial equaticn
of the orbital part of the BS-eguation is giwven by

2 _ 2 =
M Mo + 36VR [n1 + . + 2(r1+r2)]

2
{32)

=}
I

=0,1,2,...
fori=1,2 .
r =O,1,2;.--

Mo denotes the mass of the ground state solution, the ny and r, correspond
to the quantum numbers of the angular momentum and radial excitations,
respectively. Note that the resulting spectrum is linéaf in mass sgquared.
Therefore the baryen resonances described by this model lie on lincar
Regge trajectorles. The comparison of Eg.{32) with the experimental mass

spectrum yields feor the so far undetermined parameter f
/8 = 0,029 GeV? . (33)

The BS-amplitude y may be written in the form
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3
- L 1 L .
x(esa:iPys) = N[1+5= | K o+ 2(K1K2-PK1K34-K2K3)+~0( 3 1% PraiPes)
i=1 4m m

(34)
where N denotes a normalization constant and Hl, Kz, Ka are short for
Ml
Xq is given by

x 1 =1, 1 x K2 x 1, 1 x1x K3, respectively. For the octet baryons

1,1 1 {M ) 1 (M)
;P = —({=0; i .
Xo (P1diPsS) /2—('2 iy Si “" 7 Xgyezy T |2 Oy si+h > Xsu(3))
(35)
2 2
Pp 9
Cxe e (- - - B

6V 878

The notation for the spin wave functions ]%—O;l-s;+M:> and %—O;%—s;+ﬁ£>

is the following [29]: the first two nunbers denote the type of the irre-~
ducible representation of the group 0(4) according to which the states
are classified; the next two numbers denote the spin of the bound state
and its projection; the sign gives the parity of the spin state and the
last character the symmetry under permutation of the quarks: HZ and M;
dencte states of mixed symmetry with left-and right-handed spinors un-
mixed, symmetric and antisymmetric with respect to permutation of the
first two guarks. The spin wave functions may be expressed in terms of

gquark-diquark amplitudes [14,29]:

A
LoLgumt> =1B W "
|2 0i3 s.+mu>aﬂT 2JG__M[(cJMJC)mﬁ(YSY u(S))Y *+ {o, Ws ) B(Y u(S))T]
(36}
Il.o.l.5.+m_> = [(C) (yuls))_ + (v © . (uis))_ ]
2 277 SN apy 2/— ap TSy T s ag v

Here C stands for the charge conjugation matrix. The mixed-symmetric
(M) (M)

SU({3)~-flavour wave functions denoted by XSU(3) and XSU{3)

are represented

e.g. for the proton by

+
(M)
xSU(3)(proton}AEc - ——(d L Upu, +ou dBuC - ZuAquc)

(M) R
XSU(B)(proton)ABC - ;;jdAuBuC - uAdBuC) .

(37)
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X symholizes the colour wave function of the bound state, which for

barvyons is totally antisymmetric:

Xc abe ~ J/g- fabc (38)
Xe guarantees the whole BS-amplitude to be totally antisymmetric as it
mast be in order to describe a baryon correctly, whereas the spin-flavour-
space part alone is obviously symmetric under exchange of any pair of
quarks. The subscript E in the exponential *erm stands for Euclidean;:
Pp and 9, are the relative guark momenta after Wick rotation: pé = —pz,
a2 = 2. '

For the applications of Eg. {34} the value of the normalization con-
stant N is of great interest. The normalization condition for BS-amplitudes
is provided by the inhomogeneous BS-equation [23]. If the barvon states

are normalized according to

<B{P',s') |[B(P,s)> = 6(3)(3 - 3'} 655, (39)
insertion of Eg.(34) into the normalization relation yields for N
N = s : (40)
(2m > /e p/m
for the ground state solutions (nl =n, = r1 = r2 =0 in Eq.(32)).

The first and simultaneously main step in the calculation of f is to
write down the matrix element for the virtual (off-shell) transition
B 2c expressed in terms of a BS-amplitude describing the hadronic part
of the process. This BS-amplitude serves to decompose the baryon inte
quarks; the baryon- and lepton-number violating interactions of which are
already given within the framework of grand unified theories. The usage
of the BS-formalism is therefore nothing else but a convenient way to treat
the so far unsolved procblem of the confinement of colour nonsinglets for
our special case. Neglecting Cabibbo-suppressed interactions there are

seven types of off-shell transitions of this kind:
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p «r e 2 e
R
++ e+ Z+ oy
P L 53
(41}
c o c
-
n -+ ve R z vp R
c .
4
A vu R

Considering, for example, the strangeness—conserving nucleon decay into

an anti-neutrino

N =+ wv X £42)

(N denotes the nucleon, xns a nonstrange hadronic state) we have to deal

with the effective Lagrangian

’

G c C u
L (x} = —e . [¥ (x)y (1=vy )y, ()10 (v " (l+y )9, (3] . {43)
eff J5 13k=Tv B 5 di u 5 dj

Defining for convenience a pure quark operator 0q by

_ ~ T T ou
Oq(XJ = eijk[Tu(l Y5)¢d.(xJ][$uk(X)c Y (1+75)¢d.IX)] (44)
1 J
we find for the desired S-matrix element
< (k;G)]S|N(P,s)> =
(45}

= (2m)Y 6(4)(p-k)13-<3 (x,0) |p c(o}]o> <0|o_(o) [N{P,s)>

V2 h 4
where <0]Oq(O}IN(P,s)> has necessarily to involve the BS-amplitude for
the nucleon N. Then, by inspection of Eq.(17), it is easy to convince

oneself that this matrix element is given by tha expression

- .
©logtorinm,s)> = ) Looe . fawd )y (I-y . [C'y (1+y) ], »
9 «.B,y a,b,c A,B,C abc ' A BYC u 5’7 8y 51gq

i

(2m)®

[ a“p a%g x(p.9:P.s) (46}

afy;abc;ABC
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The integration over the relative quork momenta p and g 15 the remnant

of the integration over the internal guark momenta k,, k

1 9t and k3 when

taking into account energy-momentum conservation:

k_;pt,s) &t

e a4k
fdk1 2'73

. -k, -k - =
247Ky x(k .k (P-k ~k -k ,)

(47)
{4)

= { a%p'apa'q x(p,a:P',s) §' (P-P') = [ d'pdiq x(p,q;E,s)

It can be seen from Fig. 3, which shows Egq.{45) in a symbolical manner,
that the matrix element of Eq. (46) has to be a two-loop integral as stated
by Eqg.{47).

Inserting the BS-amplitude found by Kielanowski, Eqg. (34), into Eq. (46}
and comparing the matrix element obtained in this way with the phenomeno-
logical matrix element resulting from Eq.(2), one can extract the effective
coupling f. Our result is identical for all seven cases of Eq.{41):

- 2
f = 2% (fs'f"—»/z_f)[s-ﬁ-+-"1—+72—'/§_—]+o(-1—-) (48)

] B

3/2_ sz Ymd mz m2 m3

where f+ and £ denote the scalar products of the flavour part of the
quark operatox Oy with the flavour wave functions of the BS~ampli tude

(M+) My L
Xgy(3) and Xsu(3) which take e.g. for the proton the values

f+( roton) = Z u u d (M+] {proton) = 2.
P - A% Xsu(3) apc'Protent = ‘
a,B,C : 3 (49)
£ (proton) = wued, xéﬁ(g) ABC(proton) =0 .
B

A,B,C

The relative minus sign between the terms involving £¥ ana £ is due to
the definition of Oq, Eq.(44), in terms of left- and right-handed quarks.
A definition of Oq in terms of only one kind of guarks, either left- or
right-handed, which can be given by application of the transformation

‘c =g
AN R A S M L (50)

+ —
would manifest itself in a relative plts sign between £ and f . It is
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remarkable that in f the lowest order of the power series in 1/m vanishes.
This is due to the fact that the effectlve Lagrangians we are dealing with,
like BEg.{43), are formed by the exchange of vector bosons. As a con-
sequence of that £ depends decisively on the quark mass m.

When one tries to find an acceptable numerjcal value for f one has to
be aware of the fact that there are a number of uncertainties entering in
this attempt. The most uncertain aspect is the size of the effective quark
mass m. Although there exist different estimates of m [24~-26] we follow

the choite of Ref. 27 and Ref. 28 and choose m = 1 Gev+)

- Of less impor-
tance, however, is the arbitrariness in the choice of the model for the
BS-kernel caused by our lack of knowlwdge about the interactions taking
place between quarks. Tt has been shown [14] that one is able to obtain
in other reasonable models quite similar results for the BS~amplitude,
differing only slightly in the value of the internal momentum cut-—off
Blfq»

Another already well-known problem is the magnitude of the eiffective
four-fermion coupling G [9,30). Taking the values of Goldman and Ross [9]
fcr the grand unification group SU(5), a = 0.0244 and mx.= 4.2-104 Gev,

one finds

Son 217000730 gev? (51)

/2
With this walue for the coupling strength G we obtain in the cassz of the
transition p <+ e (i.e. M <= 0.938 GeV)

f{proton) = 1.61:10"°2 Gev . (52)

Simllar results are obtained for the other transitions of Egq.(41}. In

Table IX we listed the values of the effective coupling strength, Eeff =

= F f1+la|% for different processes and unification groups.

+) This value is, of course, a lower limit to the initial
assumption of heavy quarks, Eq,(23). An inérease of m would lead to
a better agreement with this assumption but on the cther hand it

would reduce f proportional to m3/2.
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IV. application: The Proton Decay

hdpart from the applications of the effective Lagrangian of Eq. (3)
already mentioned in Sec. II one may use the baryon-lepton coupling
constant £ in order to calculate the decay rates for the baryon- and
lepton-numbker violating decay of the nucleons. There are already scme
calculaticns of that sort present in the literature. They can be classi-
fied into two types according to the way they treai the problem of bind-
ing gquarks to hadrons. One method uses the static SU{A) spin-flavour wave-
functions of quarks inside of hadrons for weighting the possible tree-
graph processes described by Eg.{l) [5-10]. The other method uses a bag
model for estimating the initial diquark overlap in the nucleon bag and
the quark-antiquark overlap in the various exclusive final state meson
bags [11-13]. All of these works contain a direct treatment of the three-
quark system called baryon. We propose here a new kind of handling the
puzzle of cenfinement for the special case of proton decay: A use of the
effective baryon-lepten coupling constant is egquivalent of taking the
baryon pole in the three-quark system.

¥Ye calculate the exclusive two-body decay rates of proton and neutron
according to Fig. 4: The nucleon N decays with a probability determined
by the phenomenclogical meson-baryon-baryon coupling constant g [31] into
a pseudescalar meson P or vector meson V and an off-shell baryon B which
converts into the antilepton 2€ with a strength given by the bharyon-~lepton
coupling constant f. We take into account only pole contributions of the

* +

relevant baryons with lowest mass, i.e. of the JP = %; baryons p, n, L ;

% and f, because higher baryon states are represented by angular excita-
tions in the harmonic oscillator potential and it turns out that the con-~

tributions to the amplitude of the correctly normalized corresponding

solutions of the BS-equation are suppressed at least by a factor

1/4 M
B B .52 ,

RO

B
vhere MB/ME denotes the mass ratio of ground state to excited state solution

of the BS~eguation. We therefore think that confining ourselves to the
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+

JP = %E-baryons of the 56 representation of static SU(6} and ignoring the
in principle possible poles of the JP = i—-baryons N{1535), N{1700) .,

2
4(1650) and so on should give the major cortribuwtions to the decay widths.

, £ )
Denocting by MN' MB’ mP, and mV the masses of the nucleon, the off-shell
baryon, the pseudoscalar, and the vector meson and by I gv, gT the
pseudoscalar, vector, and tensor baryon-baryon-meson coupling constants
and neglecting the lepton mass the nucleon decay rates are given for

production of a pseudoscalar meson by

2 2 242
9 (M- - mS)
1 9% - "p
TN + p2%) = =~ — £2(1 + |a]?) s T ' (53}
161 M2 W
B N
and for production of a vectormeson by
2 2 2,2
as (M - mf)
rov o+ ve®) = = Y Fagy 4 faf? S

16T 2
"

Mg (54)
% 2 0f - u)
..__-..) r—_— ———,
2 Fi|
M

where k means the ratio tensor to vector coupling constant

-{3(1+—§-)2+c1— Yy,

me
A

g =— . {55)

Using the valuezs of @ given in Table I and the empirical data for the
phenomenological meson-baryecn-baryon coupling constants reported by Nagels
et al. {31] we obtain for the various mesons M the two-body branching
ratios

T -+ M%)
T(N + two-body)

listed in Table III separately for proten and neutron, If the Einal state
contains a muon, its mass has been taken into account.

Comparing our results for the two-body branching fractions with those
of Rafs. 7, 8, 10 to 13 we find a good gualitative agreewent with Machacek
[7], cavela et al. [8], case {(a) of Din et al. [11] and the recoil model
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of Kane and Karl [10] except for a larger enhancement of the decay modes
involving a pion which is due to the different orders of magnitude of the
phenomenological coupling constants [31]. For the discrepancy of our
results with those of Donoghue [12] and Golowich [13] see footnote 1 of
Ref. [8]. In addition we found the kaon modes somewhat more suppressed
than cited in Ref. [8].

For the estimation of the lifetimes of proton and bound neutron we
include the three-body decays of the nucleons. As already pointed out by
Wise et al. [32] the three-body non-resonant hackground yields a non-
negligible contribution to the total decay rate. Using simple Born terms
for the meson-baryon amplitude we found the semi-inclusive branching
ratios

T'{N + 2C 1 hadrons)
T'(N = allj}

of Takle IV. Qur computations show a particular large contribution of the
decay modes p —+ e+ﬂ+n— and n - Uecﬂ+ﬂ_ due to the absence of the inter-
ferance term between s- and u-chamnel., Our results are not very different
from those found by Jarlskog and ¥ndurain [6], Machacek t?] and Goldman
and Ross [9].

Adding up all calculated decay widths we obtain the ratios Tp/Tn of
the proton lifetime versus that of the bound neutron given in Table V.
In contrast to most of the already published values for this ratio ’
[33]: in our work for the case of SU(5) the proton lifetime appears to
be larger than that of the neutron. This fact is brought about by the

dominance of the pion decay modes in connection with the isospin relation

[34]

I(n -+ E+ﬂ-) = 2l (p + e+ﬂ°) . (56)

The nuclecn lifetimes resulting within the SU{(5) model are mainly deter-

mined by the value of the baryon-lepton coupling strength £, Eq.({52),

= 2.6+1031 yr ,

-
|

(5?)
2.3+10831 Yr .

-
it
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These estimates are of course affected with all the uncertainties con-~-
sidered in Refs. 5 and 230.

We have shown that the description of the new baryon-number wviolating
force in terms of an effective Lagrangian yields a convenient way of
treating phenomenclogically the corresponding processes, like decay rates,
branching ratios and cross-sections. All one has to know are the coupling
constant f and the ratio @ of parity violation, as well as the usual
strong interaction meson-baryon coupling constants. In addition, the
smallness of the parameter @ in certain transitions allows for a definition

of parity of leptons with respect to nucleons.
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SU{5) sSo{10) SU(2) 8SU(2) _BU(1)
x 2 o] 1
e
r 1 0 1
U
a - 0.359 1 0
e
a - 0.029 1 o)
U
Table I. Unrenormalized values of r and renormalized values of
a for three different unification groups.
feff
transition SU{5) S0 (10) SU(2) @ SU(2), ® U(1)
+
p++ e 14.87 65.35 8.98
n <> uec 6.35 6.35 6.35
gh eyt 9.25 £.35 8.98
P - “uc 4.50 4.50 4.50
A uuc 2.59 2.59 2.59
- TS -3 Sgum
Table II. Values of £ . =7 /1 + |a|2 in units of 10 m? a
eff /3 P R
) 2
(= 6.3-10734

GeV for SU(5)). Here mp denotes the proton mass.
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Branching ratioc [%]

Decay mode SU(5) . 8s0{10} SU(Z)L & SU(Z)R ® u{1)

et 44.4 20.6 29.4

pren 1.2 0.6 0.8
+

p+e po 8.1 3.8 5.4
+

p+ew 16.4 7.6 10.9

P+ ve°w+ 16.1 41.0 29.2

p+v e’ 2.9 7.5 5.4

p + uK°® 7.5 10.4 12.8

P~ uucK+ 3.3 8.5 6.1

p + uucx=<+ 0.1 0.2 0.1
+ -

n—+en 73.3 45.8 59.5
+ -

n-—+ep 13.4 8.4 10.9

n -+ uecn° 6.7 23.0 14.9
c

n - ve h c.2 0.6 C.4

n-»uec° 1.2 4,2 2.7
[

n -+ \Je w 2.5 8.5 5.5

n—+v K° 2.7 9.5 6.0

n + vy Ckx° 0.0 0.2 0.1

T{N + RCM)

T IrI. - a i i .
able Two-body decay branching ratios T(N = 2-body)
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Branching ratio [%]

Decay node su(s) S0(10) SU(2JL & SU(2)R @ U1}
+e'x 73 35.7 50.0
P e - 3.0 . .
c
P+ v, xns 17.1 46.0 32.2
p + u"'xs 6.8 9.9 12.0
P+ vV “x 3.1 8.4 5.8
u's
+
n-+e X 85.1 51.0 67.6
ns
n+v °x 12.0 39.6 26,1
e ns
n+uiX 0.2 0.2 Q.3
c
n-=+v X 2.8 9.1 6.0
L S
Table IV. Inclusive nucleon decay branching ratios LQ;;:JQEQ
. Y ? tot(N) ]
xns and xs denote non-strange and strange hadronic states.
Unification group TD/T
su(5) 1.11
SC(10) 0.90
SU(2)L @ SU(2)R @ ufl) 0.96

Table V. Comparison of the ratio rp/rn for the different grand

unification groups.
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Figure Captions

Fig. 1 Barvon BS-amplitude ¥ for a bound state B of three guarks 9
(i =1,2,3) with momenta ki, spin indices o, B, v, colour

indices a, b, ¢, and flavour indices A, B, C,.

Fig. 2 The homogeneous three-particle BS-equation for bound states,
3 -
multiplied by T S_(k.).
. F i
i=l
Fig. 3 The transition B ++ zc decomposed into B- and L-violating

effective four-fermion interaction with strength G and BES-ampli-

tude .

Flg. 4 The decay of a nucleon N into an antilepton 2% and a pseudoscalar

meson P or a vector meson V.
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