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We analyze the difference in experimental signature between vector-mediated and scalar-mediated AS = 0 proton
decay. Relatively model-independent results are I'(we *):I'(p% *): I" (7e *)::1.0:0.42:0.0 for pure vector mediation and
1.22T(p% *) < T(we *) + 1.3T (e *) if scalar mediation contributes as well. Finally, a detailed study is carried out of
proton decay mediated by Higgs scalars belonging to a single 5-plet of SU(5).

I. INTRODUCTION

It is possible to enumerate the operators of low-
est dimension which can induce proton decay.! For
AS =0 modes, these can be written as

o= €ijkE?RuIR(7;:LlL -dvy), (1a)
O(zo) = ei!td—?LuiLﬁ.:RVlR ’ (1)
IS EljkE?LuJL gyl —digvy), (tc)
0= €, ;0 gt ¥R In » (19)

where I; =3 (1 +y,)l, uip=ug (1 -1v;)/2, etc., and
the superscript o is a lepton generation index.
Correspondingly, the Hamiltonian for AS =0 pro-
ton decay has the form

Hoso= Y a90(. (2)
i,0

The {a{”)} are model-dependent constants. For
example, if only vector gauge bosons contribute
significantly to proton decay, then a{’’=a{’=0.
This possibility has been extensively addressed
in the literature.? Even with the restriction to
vector-boson-induced decay, there remains de-
pendence of a{®), a°) on the nature of the symmetry
group at the unification mass. This affects decay
rates for individual modes.® Obviously, by allow-
ing as well for scalar exchange, matters become
even more complicated, and seemingly less amen-
able to analysis.

Yet given the significance of this subject to
physics, it is surely important to confront the
matter of distinguishing between scalar and vector
exchange in a relatively model-independent man-
ner. We carry out such an analysis in Sec. II.
Our method can be viewed as an extension of the
bag-model calculation presented in Ref. 3, with
the emphasis on branching ratios. Some discus-
sion relating the bag-model method to other ap-
proaches is also contained in Sec. II.

One reason for the almost total concentration on
vector-boson-mediated processes in proton-decay
calculations thus far? is the lack of a compellingly

24

attractive model involving scalar exchange.
Choosing among competing scalar models, each
with its own arbitrary parameters, is not an ap-
pealing situation. However, there is a simplest
case, in which the scalars belong to a Higgs 5-plet
in SU(5). Despite the phenomenological shortcom-
ings of such a model,? we feel it a useful exercise
on pedagogic grounds alone to analyze it carefully.
Besides, a more meaningful lower bound on the
scalar mass is achievable if matrix elements can
be reliably estimated. This is done in Sec. IIl.
Throughout this paper, we employ resonances
to characterize multimeson final states. For ex-
ample, an J =1 pion pair becomes a p meson
whereas an I =0 pion three-body state is repre-
sented by an w meson. The problem of describing
an I=J =0 two-pion state is addressed in an Appen-
dix, which follows a summary of our results and
a discussion thereof in Sec. IV.

II. SCALAR VS VECTOR EXCHANGE

In our opinion it is nearly impossible to present
a strictly model-independent analysis of the sca-
lar-vs-vector issue. The present state of hadron
dynamics is too primitive. Thus theorists can
honestly compute with equally reasonable but dis-
tinct models, and yet reach rather different con-
clusions. A case in point is the difference be-
tween bag and harmonic-oscillator estimates of
7] modes in nucleon decay.® As explained in Ref.
6, either by varying the form factors used in the
bag-model approach or by modifying the procedure
by which oscillator parameters are chosen, the
discrepancy between the competing models can be
minimized. Unfortunately, how the parameters in
either model are chosen is evidently a matter of
taste.

With this caveat in mind, we employ the follow-
ing approach. We consider only AS =0 processes,
and make no assumptions regarding the {a{°’} of
Eg. (2). It is in this sense that the analysis of this
section is model independent. Modes with AS #0
are not considered because to do so would intro-
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duce new parameters analogous to the {a{’’}. Our
predictive power would not be improved. We em-
phasize branching ratios rather than antilepton
polarization in our analysis. However, a discus-
sion of the latter appears in the Conclusion. Also,
the reader should consult Ref. 1 for an informative
treatment of polarization.

Rather than give an indepth account of the bag
calculation we sketch its main features and refer
the reader to Ref. 3 for further details. It is
straightforward to compute two-body matrix ele-
ments for all the operators of Eq. (1).” We exhibit
the relevant matrix elements in tabular form:

0,,0, 0,,0,
plt I+%Jg -5 —4J
we* 3I +1J =3I-"TJ
% 3I+77 8- :
net V3(I-3J) -V3(31-J) ®
0T, —VEI+EJ) VE5I+¥J)
™V, =V20@I+17) V2(31+1J)

The wave-function overlap integrals 7, J are given
by

1
I=f urduj S (pu), (5)
(o]
@omR (1o
gy | wdugo(pu)i*(pw), (6)

where j , j, are spherical Bessel function, m is
the nonstrange-quark mass, R is the bag radius,
p is the confined-quark wave number, and w =(p?
+m?R%)V2, In this paper we employ R~ =200 MeV,
m =33 MeV, and compute p=2.1176.

For each mode the matrix elements are equal
for O, , and separately O, ,. This is a consequence
of the S-wave approximation in the bag-model com-
putations of Refs. 3 and 5. To take recoil correc-
tions into account, we multiply the matrix elements
of Eqs. (4) and (5) by the form factor (1 +£2/k2)™"
with k =1 GeV and k? the bag momentum transfer.®
We take n =1, 2 in this paper to display the sensi-
tivity of our findings to the model dependence men-
tioned at the beginning of this section. Finally, we
relate the bag amplitudes to appropriate plane-
wave amplitudes,®'” square, and integrate over
phase space. Using isospin relations, it is trivial
to obtain neutron decay amplitudes from their pro-
ton counterparts.

Table I contains relative branching ratios for
nucleon decay in the case of pure vector-boson
mediation. Obviously there are two results insen-
sitive to recoil corrections: (i) I'(p%e*)/T (we*)
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, TABLE I. Relative branching ratios for vector-boson-
mediated nucleon decay. Numerical entries are given
for both monopole and dipole form factors.

Proton Neutron Dipole Monopole
we* w7, 1.0 1.0
ole* o7, 0.42 0.42
me* 7, T 0.29 0.72
ne* 7, 0.0 0.0
p'7, pe* 1.0 0.59
T, e 0.69 1.0

=0.42 and (ii) I'(ne*)/T (we*)=~ 0. The latter result
arises because of fierce cancellations which occur
in the ne* amplitude. In our opinion, the pion
modes are as unreliable as “model-independent”
tests of vector-mediated nucleon decay. They are
simply too dependent on one’s choice of quark dy-
namics.

If scalar bosons contribute to nucleon decay with
or without vector exchange, we must allow for
al)#0. Just to get insight as to the impact of the
ay’, terms, let us temporarily take a{’)=0. We
then obtain the proton-decay branching ratios p%*:
we*: 7%* ne*:: 1.0:0.64:0.18:0.40 (1.0:0.63:0.46:
0.50) for dipole (monopole) form factors, respect-
ively. Evidently the operators 0,4, 0, tend to pro-
duce the p%*,ne* final states more copiously than
do 0,,0,. We might expect to find a remnant of
this pattern for the general case a{’} ; ,#0. Let
us now return to our model-independent analysis.

If we treat the {a{°} as complete unknowrs, the
most easily derivable relation involves the we*®,
7%* modes, for which I'(we*)/T (r%*)=1.38 (mono-
pole), 3.48 (dipole). This follows from Eq. (3)
times form-factor and phase-space contributions.
It is unfortunately model dependent. A superior
approach is to employ just the we*, p%*, ne*
modes. Within this limitation, the most useful re-
lation derivable is the inequality

1.22I' (p%*) <T'(we*) +1.19T (ne*) (7a)
for a monopole form factor, or
1.231' (p%*) <T (we*) +1.49T (ne*) ("Tb)

for the dipole form factor. We discuss this result
in Sec. IV. However, we point out here that it ap-
pears to be relatively insensitive to the choice of
form factor. The corresponding neutron result is
not phenomenologically useful because antineu-
trino emission is involved, and one cannot experi-
mentally determine the antineutrino flavor.
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III. AN SU(5) MODEL OF HIGGS-BOSON- MEDIATED
PROTON DECAY

In this section we analyze proton decay arising
from Higgs scalars contained within a single 5-
plet of SU(5). Let us first establish some notation.
Noting that operators for AS =+1 proton decay can
be obtained from those with AS =0 by replacing d
quarks with s quarks, we define®

/o) <C c .
01 =€ uSipup Uy Ly — dgyvy),
04 =€, ;4 dSxt ;g S5V

2 TCijRYR¥FRORL L
010 =¢,. s u. ulpl

3 =€ySiLUiLUrrlr

(8)

o) _ = o _ e <C
oy )"Gijk[s‘i:LujL (W, 1 — a5 vy) = digu, sipve),
a) _ _ c pr p =C
Oé( )~€i,-k[S€Lu,-L(uu ly=digvy) +2di u; sipvel
019 =¢, .. St USR]
6 —€ijrSirUjRUrr'R -

The operators 05%,0/(®), thus defined, do not mix
under renormalization. The AS =1 Hamiltonian has
the general form

HASTL = Z: a0, @)

i,0

It is straightforward in SU(5) to determine the
Higgs-boson—fermion interaction.?:!° For simpli-
city, consider first the case of zervo mixing. We
obtain (see Fig. 1)
|

1
2

ﬁgﬁ;Hk[md(eijku?RdiR +Uppe = dppVer)

—my(€; i dip + Uy €5) — mSEkRvﬁR] +H.c.

(10)

In Eq. (10), the SU(2) gauge coupling constant g,
and the fermion masses m,,m,,m_ are all deter-
mined at the unification mass. Incidentally, at
this scale the electron and down-quark mass par-
ameters are equal, m,=m,. For definiteness, we
adopt the convention of displaying the quark mas-
ses rather than their lepton counterparts.

Particle mixing can be taken into account as fol-
lows. Observe that the Higgs particles interact
with fermions via two distinet vertices, in which
the SU(5) fermionic representations couple as 10
x10 and 5* %10, respectively. The most economi-
cal parametrization is to mix the T, =—3 fermions
(e,u,7 and d, s,b) in the former vertex and in-
verse-mix the T, =+% quarks (u, ¢, t) in the latter.
See Ref. 2 for details. With this procedure it is
clear that v emission in proton decay does not
occur in our model. For, notice in Eq. (10) that
neutrinos appear only in the 5* %10 vertex and
couple there only to T; =—3% quarks. Our conclu-
sion regarding v emission follows immediately.
Moreover, our analysis implies that only mixing
between the first two generations need be consid-
ered. This is indeed fortunate because it renders
our model essentially free of mixing-angle ambig-
uities. In our numerical work, we employ the
valid approximations (see Ref. 11) cosg,~1 and
sinf, cosf, = sing,.

In its short-distance version, the proton-decay
Hamiltonian in our model is given by

i 2 )
A7 ) mm 09+ 0P = m 200 = m 208 s mm,0 £~ km,m 02 ~0.2)
wes

+8in0{m,m, 09 +5 0 +5 0L) = m 20§ +04") = m;m, [0 1V + 0P )] + mm [091) + 00T}

+sin?9 o {m,m (5 0,P0) +5 0{21) + 0{]) = m 20 = m 202D , (11)

where the notation 0{”(!) means to take just the
lepton part of that operator and omit the neutrino
part. This Hamiltonian can induce proton decay
as depicted in Fig. 2.

To compute transition amplitudes with Eq. (11),
we must be able to both determine the mass par-
ameters therein and also to compute the operator
matrix elements at some energy scale u. There
are several ways to accomplish this. The method
we employ here is to fix the mass parameters by
extrapolating their low energy values up to the un-
ification scale of Eq. (11) with renormalization-
group equations.'? Thereafter in the calculation,

T
they are simply fixed numbers. The enhancement
factors associated with finite renormalizations of
the operators in Eqs. (11) have been comprehen-
sively tabulated in Ref. 13. An approach alterna-
tive to ours is to interpret the mass parameters

of Eq. (11) as parts of propagators and renorma-
lize the large collection of operators in Eq. (11)
all at once.

One reason we have chosen to estimate the ferm-
ion masses at the unification scale is to explicitly
acknowledge a phenomenological shortcoming of
this model—the light-fermion mass ratios are not
correctly reproduced. This implies a genuine am-
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FIG. 1. Examples of trilinear Higgs-boson—fermion
vertices in SU(5). The subscripts L,R pertain to the
chirality of the corresponding fermions.

biguity as to which mass values to employ, m, or
m,, m, orm,. We have considered each possibil-
ity—first quark masses, then lepton masses. The
values (at unification scale) employed are (in units
of GeV) m, =0.04, m, =0.0022, m,=0.0010, m
=0.074, andm,=3.6X107%. Our qualitative results
are fortunately independent of the fermion-mass
ambiguity. Finally the operator enhancement fac-
tors used here are 0,(3.4), 0, (3.6), 0, (6.8),
0, (3.0), 0:(3.4), 0} (3.6), 0} (3.6), 0} (6.8), O
(2.9), and O/ (3.0).

Substantial simplification obtains upon inserting
numerical fermion-mass values into Eq. (11). We
find (including the enhancement factors)

T
o —_
- M
(a)

o M

rd

(b)

FIG. 2. Scalar-mediated decay of a proton (p) into a
meson (M) and a antilepton (7). The internal dashed
line represents a color-bearing scalar particle.

-0.210/®+0.210®(1) +0.2009(1) +- - -]

(12a)
forms,md, or
2\ 3
H:(MWMS)(O.98><10 )
X [_O;(z)(l) +0'17O‘,1(2)+0'120§32)(l)
‘0'07O§(2)+0‘050§(1)+' . ] (12b)

for m, ,m,.  The leading terms, 0/®(7) and 04®, in
Eqgs. (12a) and (12b) give rise to u* emission in
proton decay.

The lack of agreement between the Hamiltonian
operators of (12a) and (12b) arises from the inad-.
equacy of this simple model to correctly reproduce
the mass ratios of light fermions. Nonetheless, it
is instructive to consider proton decay in some-
what more detail. For definiteness we employ Eq.
(12b) to compute assorted decay widths, which are
presented in Table II. The importance of the p
—K°%* mode for this case is evident. We can use
the information in Table II to obtain a bound on
Mg as follows. Taking the present proton life-
time to be 7,>10%° yr, we see that 2.1X10"% GeV
>Ty (P)>T(p~K%*). We take '(p—~K%*) =(g,/
M, M.)*n*x107° where n ~1 represents the theoret-
ical uncertainties embodied by the scatter of K°u*
decay rates in Table II. Since g, is evaluated at

TABLE II. Selected decay rates. Cases (a) and (b)
refer to dipole and monopole form factors, respectively.
All entries are computed using Eq. (12b). Each rate is
to be multiplied by (g,/My,Mg)*, where My and Mg are
to be expressed in GeV.

Mode Rate (10713 GeV)
@)

wpt 1.6

K %" 2.4%x1072

K*7, 4.5

K% 2.0x10!
(b)

wu* 1.7

K%* 3.4x107

K*'v, 6.4

K% 2.9% 10!
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the unification mass (GUM), we have g, = (47 ag )2
=0.55. Upon inserting the value M, =81.6 GeV into
the decay rate inequality we obtain the bound

Mg >2.17Y45x10'° GeV, , (13)

where 6 is a number greater than but near unity
which takes account of the variation of vector-
and scalar-boson mass with energy scale.

IV. CONCLUSION

Suppose the proton is found to decay and that
sufficient data can be accumulated to allow deter-
mination of individual branching modes. Then
within the dynamical framework of the bag model
we can state with reasonable confidence that ex-
perimental signals for pure vector-boson media-
tion of the decay amplitude are I'(p%*) =0.42I" (we*),
T (ne*)=~ 0, and probably I" (we*)>T" (1% *).** Specific
examples of these relations appear in Ref. 3 where
branching rates for the unification groups SU(5),
S0(10), and SU(2), XSU(2), X U(1) are computed.
The bag model is a model of relativistic quarks.
Its results generally differ from those of nonrela-
tivistic SU(6). In particular this is the case for
the ne* mode, the smallness of whose branching
ratio follows from dynamiec, not group-theoretic,
considerations. Analogous relations for neutron
decay [e.g., T'(p°y,) =0.42T'(wV,)] are not as use-
ful because they involve antineutrino emission.

It is not practical to expect the antineutrino flavor
to be measured.

If vector-mediated decay amplitudes are con-
taminated or even dominated by scalar-exchange
processes, the above relations must be replaced
by the weaker statement 1.2I'(p%*) <T" (we*)
+€I'(ne*) where 1.2 <e <1.5 is a mildly model-de-
pendent number. The weakening of predictive
power is a simple consequence of vector-media-
tion operators being a subset of scalar-mediation
operators. As pointed out in Sec. II, the opera-
tors 0{"),09), which are introduced by dropping
the assumption of vector mediation, tend to be
effective at p°® and n production. Hence, on a non-
rigorous level one might look for deviations of
the vector-mediation relations via enhancement
of the p%*, ne* modes.

The author is quite aware of the usefulness that
model-independent statements regarding 7l would
have to experimentalists engaged in proton-decay
experiments. It is anticipated that claims of mod-
el independence involving pion modes will appear
in the literature. We can only reemphasize our
comments of Sec. II that every calculation of nuc-
leon decay is based on some set of dynamical as-
sumptions and that pion-emission amplitudes have
shown themselves to be sensitive to such assump-

tions. However, matters are not entirely bleak,
for if and when pion modes are observed in proton
decay, the measured branching ratios will clarify
the nature of structure corrections, and hence
allow a resolution of the vector vs scalar question
via predictions like those contained in Table I.
Measurement of the 7 polarization is also useful
in probing the nature of the agent which induces
proton decay. Weinberg has pointed out that for
pure vector exchange the 7 polarization is inde-
pendent of final states separately for AS =0 and
AS =1 transitions.’ Scalar contributions can be
expected to disturb this universality property,
e.g., the e” polarization in the p%*, we* modes
are no longer expected to be equal. However, pro
vided that the static-bag relation {(e*r°|0,|p)
=(e*r°|04|p) holds as well for moving bag states,
the equality of e* polarizations in p—7%", we* is
maintained even with scalar exchange present.
Also, in view of the bag-model result {¢*p|0,|p)
=0, measurement of the e* polarization in-p ~ne*
would yield information on the relative magnitudes
of af) and a’, viz.,

P=(la* =1aP1?)/ (|aP]? +|a]?).

The model of Sec. III amusingly serves to re-
mind us that relations between w, p, n, and 7
modes might be useless if each rate is too small
to be measured. Of course, the spectacular na-
ture of the decay pattern T, , (p)=~T (p-KX) would
be strong evidence of the type of mass dependence
present in Higgs-boson couplings. Moreover in the
specific model Eq. (12b), the u* in the dominant-
two-body K °u* mode is strongly left-handed polar-
ized. It would be hard to misinterpret such sing-
ular data. Finally, we note in passing that our
bound on the Higgs-boson mass is comparable to
earlier estimates based on Higgs-boson-mediated
proton decay.?

ACKNOWLEDGMENTS

The author wishes to thank his ITP colleagues
for useful discussions, particularly Dr. Paul Lang-
acker, whose comments were crucial in molding
the present work into its final form. Also the
author is indebted to Dr. Steven Weinberg for re-
marks which led to an improvement in the clarity
of the manusecript. This research was supported in
part by the National Science Foundation, Grant No.
PHY77-27084.

APPENDIX

The problem of trying to estimate the decay rate
of a proton into a positron plus an S-wave pion
pair is a nettlesome one. It would be simplest to
characterize the pion pair in terms of some I =J
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FIG. 3. The decayp—<ce*. The meson € is taken to be
a ¢®g° composite.

=0 resonant state (called € here). In this appendix
we take seriously the suggestion of Ref. 15 that €

is a scalar, isoscalar ¢°g? configuration of mass
around 690 MeV, and show that such a state can-

I

not contribute to proton decay.

The dynamics that produces the low mass of
€(¢°g?) dictates its symmetry structure. Each of
the diquarks in e(¢®32) is color and spin symmetric
and flavor antisymmetric (see Ref. 16 for the ex-
plicit wave function). However, as shown in Fig.

3 the ud diquark is propagated undisturbed from
the initial proton state. Such a diquark is neces-
sarily color antisymmetric, and thus the amplitude
for p—~e*e(q®g ®) vanishes. .

In Ref. 3, a P-wave gq pair of total energy 700
MeV is used to characterize an I =J =0 resonance.
The associated branching ratio in proton decay is
found to be insignificant. This is consistent with
the results of a totally different approach employ-
ing S-matrix techniques.!” Evidently, protons pre-
fer not to decay into S-wave pion pairs.

*Permanent address: Department of Physics and As-
tronomy, University of Massachusetts, Amherst,
Massachusetts 01003.

is. Weinberg, Phys. Rev. Lett. 43, 1566 (1979); F. Wil-
czek and A. Zee, ibid. 43, 1571 (1979).

2These are compiled in P. Langacker, Phys. Rep. (to
be published). In addition, two papers which arrived
as this manuscript was being typed are H. Arisue,
Kyoto report, 1981 (unpublished) and W. B. Rolnick,
Phys. Rev. D 24, 2464 (1981).

3For a study of this dependence, see E. Golowich, Phys.
Rev. D 22, 1148 (1980).

‘However, see M. Machacek, Nucl. Phys. B159, 37
(1979).

5For a harmonic-oscillator calculation see, e.g., G. Kane
and G. Karl, Phys. Rev. D 22, 2808 (1980). For bag-
model calculations see Ref. 3 or J. Donoghue, Phys.
Lett. 92B, 99 (1980).

83, Donoghue and G. Karl, Phys. Rev. D 24, 230 (1981).

Since we are interested only in 7elative branching
ratios, we suppress common numerical factors such

as bag normalization. For 1~ meson emission, the
zevo-helicity amplitude is given. -

8See Table II of Ref. 3. Also a discussion of alternative
procedures within the bag-model framework is given
in Sec. III of Ref. 3.

L. Abbott and M. Wise, Phys. Rev. D 22, 2208 (1980).

1%H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438
(1974).

e employ the convention given in Particle Data Group,
Rev. Mod. Phys. 52, 541 (1980).

2. g., see A. Buras, J. Ellis, M. Gaillard, and D. Nan-
opoulos, Nucl. Phys. B135, 66 (1978); D. Nanopoulos
and D. Ross, ibid. B157, 273 (1979).

131,, Abbott and M. Wise, Phys. Rev. D 22, 2208 (1980).

ye feel that wu*, p%u™ modes would be difficult to de-
tect (e. g., phase-space suppression) and hence do not
consider them here.

5R. L. Jaffe, Phys. Rev. D 15, 267 (1977).

8E. Golowich, Phys. Rev. D 23, 2610 (1981).

M. B. Wise, R. Blankenbecler, and L. F. Abbott, Phys.
Rev. D 23, 1591 (1981).



