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Proton decay modes in SU(15) grand unification
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In the SU(15) grand unification model, proton decay is mediated by Higgs bosons only. They can
be B+ L or B — L conserving, depending on the choice of the Higgs sector. The dominant decay
modes involve different generations of fermions. Thus, kaonic final states are preferred over pionic
ones. If some discrete symmetry is imposed on the model, the proton can even be absolutely stable,
unlike the situation in any other grand unified model.

PACS number(s): 13.30.Eg, 12.10.Dm, 14.20.Dh

The discovery of proton decay would be the most spec-
tacular consequence of grand unification. Thus, when-
ever a new grand unified model is proposed, one rushes
to check its predictions about the proton lifetime and de-
cay modes. This issue assumed a lot of importance in the
recent discussions of a grand unified model based on the
gauge group SU(15). In this model, the fifteen known
left-chiral spin—% fields of the same generation are put in
the fundamental representation of the gauge group:

¥ = (urubuyd,dbdy ﬂrﬂbﬂycircfb(fy Vee_e+)L , (D)
where the caret denotes antiparticles, and the subscripts
r, b, y represent color indices. The representations of the
other generations are exactly the same.

In the early papers, Adler [1] as well as Frampton and
Lee [2] noted that each gauge boson carries a well-defined
baryon number and therefore cannot mediate baryon-
number violating processes. They also considered a re-
stricted Higgs boson sector which does not violate baryon
number. But it was then pointed out by me [3] and others
[4] that the baryon number is part of the gauge symme-
try of this model, and so it must be broken in order to
avoid a massless gauge boson coupling to baryon num-
ber. The Higgs boson sector therefore had to be enlarged.
Subsequently, Frampton and Kephart (FK) [5] discussed
various scenarios for proton decay, and deduced bounds
on the parameters of the Higgs boson sector from the
known bounds on proton lifetime.

In this article we discuss the decay modes of the pro-
ton, and show that they can be very different from the
ones predicted from SU(5) or SO(10) grand unified mod-
els. In fact, with the choice of the Higgs-boson content of
FK [5], the lowest-dimensional operators for proton de-
cay obey the selection rule AB + AL = 0, as opposed to
the AB — AL = 0 modes predicted by the SU(5) grand
unification model. One can, however, choose the Higgs
sector differently so as to obtain (B — L)-conserving pro-
ton decay modes even in SU(15), which we discuss as
well. Even in this case, we show that the final states are
quite different from the SU(5) prediction. We reanalyze
the scenarios advocated by FK [5] and show that some of
their diagrams, though baryon-number violating, do not
contribute to proton decay. Finally, we point out that
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it is also possible to have an absolutely stable proton in
SU(15).

We begin with a summary of the symmetry-breaking
chain and the Higgs multiplets which have some compo-
nent whose vacuum expectation value (VEV) can per-
form the breakings. To break SU(15) down to the
standard-model gauge group, we need the following mul-
tiplets:

olkiml . 455 Tk . 224, H[H][pq] : 10800, (2)

where the square brackets denote antisymmetrization of
the indices. To break the standard-model gauge group
down to SU(3).xU(1)g as well as to give masses to
quarks and charged leptons, one needs the multiplets

St} . 120 or AT . 105. (3)

A possible symmetry-breaking chain has been shown in
Fig. 1. One can consider other possibilities, as we will
discuss later.

Notice that in Fig. 1 there is only one VEV which
violates baryon number, viz., the VEV of 455 having
the quantum numbers of (ﬂcici) Since baryon number is
part of the gauge symmetry, this VEV is the only source
of baryon-number violation in the model. Thus, proton-
decay diagrams must involve this VEV.

It is convenient to discuss the issue of proton decay by
using the method of effective operators. In this method,
we write down effective operators involving scalars and
fermions which are invariant under the full SU(15) group.
When the scalars develop VEV’s, one obtains an effec-
tive operator involving fermions only, which is baryon-
number violating when the scalar VEV’s are.

Since the quarks carry one-third units of baryon num-
ber, we need at least three quark operators to obtain
a AB = 1 effective operator, as is required for proton
decay. Angular momentum conservation would then de-
mand that the lowest-order effective operators for proton
decay involve four fermionic fields. As we indicated be-
fore, it must also involve at least one @ field to accom-
modate B violation.

And it is easy to see that in fact one needs two occur-
rences of the ® field in the effective operator. Since ®
has an odd number of indices of the gauge group and all
other Higgs multiplets have an even number of them, it
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FIG. 1. A possible chain of symmetry breaking. See Egs.
(2) and (3) for identifying the representations. The numbers
n denote a factor SU(n) in the gauge group if n > 1, and a
U(1) factor if n = 1. The superscripts ¢ or ! indicate whether
only quarks (and antiquarks) or only leptons (and antileptons)
are nonsinglets under that part of the gauge group. If one
considers the 224 as a traceless matrix, its VEV’s are diagonal
and the notation 1, e.g., stands for six consecutive entries
of unity. In the 455, the symbol <¢iue), e.g., stands for the
VEV of the color-singlet combination of the components with
one index having the quantum numbers of d, another of u and
another of e. One can contemplate chains with fewer steps by
equating two or more energy scales.

is impossible to contract the gauge indices of ® unless it
occurs an even number of times. Moreover, it was noted
[6] that in the full gauge-invariant Lagrangian, there is a
global symmetry

O™ _, exp(if) ®F'™ (4)

with the Higgs content specified in Eqs. (2) and (3). This
implies that, if one uses one ® with upper indices, one
must use the other ® with lower indices in the effective
operator. From these considerations, let us write down
one SU(15)-invariant effective operator,

01 = {\I’k\I’I} {‘I’m‘I’n} lemQquSnpAqr; (5)
and see whether it can induce proton decay. The nota-
tion {¥*W¥'} is shorthand for (¥*)TC¥;, where C is the

conjugation matrix for fermions.

Baryon-number violation can occur if we replace @i
by its VEV, and if the indices are such that this VEV
corresponds to the B-violating VEV in the model. In
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fact, since the indices here are lower, this VEV has the
quantum numbers of (itdd)*, i.e., has AB =1 as is nec-
essary for proton decay. However, proton decay requires
not only baryon-number violation, but lepton-number vi-
olation as well. Lepton number is not part of the gauge
symmetry, but is well defined for all components of .
This can be used to assign lepton number to the gauge
bosons and Higgs bosons. In other words, for any mul-
tiplet ¢, we will count a lepton number +1 for each
occurrence of the indices 13 or 14, and —1 for each occur-
rence for the index 15. Since lower indices are complex
conjugates, they will have just the opposite assignments.
It is then easy to see that lepton-number conservation
is assured in the Lagrangian by gauge invariance, and
therefore must be violated spontaneously.

Let us see how this can occur through ;. We assume
that the only components of the multiplets S and A that
have nonzero VEV’s are the ones which give masses to the
quarks and the charged leptons; i.e., they do not carry
any lepton number. Then, the only source of lepton-
number violation in Fig. 1 are the two VEV’s at scales
Mg and Ms. Note that both VEV’s have AL = 1. Since
AB =1 as stated before, the 4-fermion operator obtained
by replacing the scalar fields with their VEV’sis B — L
conserving.

But this shows that the operator cannot contribute to
proton decay. The reason is that the first three fermionic
fields in O; have to be @, d, and d because these in-
dices contract with the B-violating VEV. Electric charge
conservation then demands that the other fermionic field
must be uncharged, and B—L conservation demands that
it has L = —1. No such field is present in the theory.

However, from Eq. (5) we can obtain another operator
by performing the contractions in a different way:

Oy = {TF¥'} {U™U"} 1, BP9 S, Sy - (6)

This one can indeed induce proton decay. To see what
sort of decay products it leads to, we first note that
this operator vanishes if all the fermion fields belong to
the same generation. To see this, consider the first two
fermion-field operators. They are antisymmetric under
the interchange of the gauge indices k and [ because ®y;,
is. They are also antisymmetric under the exchange of
spinorial indices (not shown) since, as explained after
Eq. (5), they are contracted by the conjugation ma-
trix C which is antisymmetric. Fermi statistics then de-
mands that that they must be antisymmetric under the
exchange of generation indices, which means that ¥* and
¥! must belong to different families. One can see that
the same comment applies for ¥™ and ¥". Thus, at
least two different generations have to be involved in the
operator ;. The quark level operator for proton decay
arising from Eq. (6) would then be

a8 apt (7
since it cannot involve any charm quark. This would give
rise to the proton decay mode

p—putKO, (8)

which is a very different mode than the one favored by
SU(5) grand unification. One can get other processes,



2568 BRIEF REPORTS 45

eg.,p— ptm® or p — etn® through mixing, but these
will obviously be more suppressed.

Let us now see whether these decay modes can be con-
sistent with known bounds on proton stability despite
the possibility [1-3] of low unification scale of order 107
to 1011 GeV. A typical diagram generating @, has been
shown in Fig. 2. An order-of-magnitude estimate of this
diagram yields the coefficient of the 4-fermion operator
to be

. (mf >2 AssAsoMsMpM3,
2T\ M M '
w G

(9)

Here, the quantity m; is the mass of a typical fermion,
and comes from the Yukawa couplings. The quartic
scalar couplings are denoted by Ags and Asg in an ob-
vious notation, and we have assumed that all the virtual
colored scalars in this diagram have masses of order Mg,
the largest scale in the model. The quantities Ms, Mp,
etc. are explained in Fig. 1. The mass scales in the nu-
merator correspond to different VEV’s, neglecting factors
of gauge coupling constants for a rough estimate. Known
bounds on proton lifetime imply

K <107 Gev~? (10)

for the 4-fermion operators [7]. In O, since the sec-
ond generation fermions are involved, let us use my ~
100 MeV for a rough estimate. One then obtains from
Eq. (9) the following bound on the scales and couplings
of the model:
’\—SSL“’GM—‘?- < 10728 Gev Y. (11)
Mg
Even if, e.g., Mg ~ Mp ~ Mg, the above inequality can
be satisfied by any Mg 2 107 GeV for Ass, s ~ 1.
In general Mp and Mg are smaller than Mg so that
the bounds on Mg are less stringent. In any case,
this bound allows roughly all values of Mg allowed by
renormalization-group (RG) analysis performed on the
symmetry-breaking scales [2, 3], assuming Ms, = Mgr =
MB = M31 in Flg 1.

Frampton and Kephart [5] considered an alternative
scenario where the U(1)p part of the gauge group is bro-
ken by the VEV of a 3003 dimensional multiplet which
transforms like a completely antisymmetric 5-rank ten-
sor of the gauge group. In the notation of Eq. (1), the
VEV required to break U(1l)p lies in the components

FIG. 2. Tree diagram generating O2. The labels on the
Higgs-boson lines represent, via Eq. (1), the transformation
properties under SU(15). The indices should all be considered
as upper indices.

10,11,12,13,14; i.e., it has the gauge transformation
properties of dddv.e~ . Therefore, this VEV has B = —1,
L = 2. If this is the only B-violating VEV, the selection
rules for proton decay are very different, as we will now
see.

The gauge-invariant effective operator must involve the
multiplet A now. Since it has an odd number of indices,
we need another multiplet with an odd number of indices
so that all indices can be contracted. For this, we cannot
use h again if we want to obtain a AB = 1 operator after
putting the VEV’s. Thus, the 3-index multiplet & must
be used. We write down the operator

O3 = {TFU'} {U™U"} hyimpg Any BP9 (12)

FK [5] showed that there is a tree diagram which can
give rise to this operator, which we show in Fig. 3. From
this, one notices that ®?9" obtains the VEV which has
L = 1. Combining with the VEV of h having B = 1
and L = —2, the operator O3 has B=1, L = —1;ie.,it
conserves B+ L. This is very different from the prediction
of popular grand unified models.

The decay modes are also quite novel. Because of
Fermi statistics, two different generations are involved
here, just as for the operator O, discussed before. This
means that at the 4-fermion level, the operators that can
contribute to proton decay are

dsdu~, uddy,. (13)
The leading proton-decay modes corresponding to these
operators will be, respectively,

p—7ntKtu=, p—Kty,. (14)

Asin the case with 5, other processes will arise but they
will be suppressed by intergenerational mixing angles.

The B + L conservation obeyed in these processes is
expected on general grounds from Weinberg’s arguments
[8] using F parity. His essential results can be rephrased
as follows. Suppose one writes down all SU(3).xU(1)g-
invariant baryon-number-violating operators using only
the known fermions, restricting oneself to four fermionic
fields only. The operators conserve B — L if they violate
weak isospin by integral amounts including zero. On the
other hand, if they violate weak isospin by half-integral
amounts, the operators are B + L conserving. In Os,
the VEV of the A field violates weak isospin by 1/2 and,
hence, the (B + L)-conserving operator.

From Fig. 3, we now estimate the 4-fermion operator
generated from Og, getting

® ®
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Tree diagram generating Os.

FIG. 3.
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(mf )2 AaoMasnMcMp My (15)

6 )
MG

where M 444 is the trilinear Higgs-boson coupling having
the dimension of mass. Equation (10) then implies

———-’\A“’M*‘:”‘M" <1072 GeV3, (16)

Mg
taking m; ~ 100 MeV as before. If both Mp and the tri-
linear coupling are close to Mg, one needs Mg 2 10° GeV
if Ay = 1. This is an important constraint, since it can
rule out a good part of the range of values allowed for
Mg from RG analysis [2, 3]. Of course, if A g3 or M aap
is much smaller, constraints on Mg can be easier.

We now go back to the other proton-decay diagrams
discussed by FK [5]. They considered a situation where
the multiplet A, though present in the theory, has no
VEV. In this case, they draw a 1-loop diagram for pro-
ton decay. In the language of effective operators, their
diagram is equivalent to the operator

04 = {T*U} {U™ U, } himp @77 . (17)

Notice that one of the ¥ field operators appears with
a lower index here. This means that it represents a 15*
multiplet, i.e., the mirror fermions which must be present
in this model in order to cancel gauge anomalies. How-
ever, all mirror fermions must be heavier than the proton
or else they would had been detected long ago. Thus, 04
cannot give rise to proton decay, contrary to the state-
ment by FK [5]. It can, however, give rise to other
baryon-number-violating processes involving the mirror
fermions.

The final scenario considered by FK [5] assumes the
multiplet A to be altogether absent in the model, and
only the symmetric multiplet S couples to fermions.
They claim that in this case, proton decay is induced by
a 2-loop operator. However, one should note that the di-
agram they give has AB = 3 from three VEV’s of h, and
therefore cannot contribute to proton decay. Instead, one
can try to construct effective AB = 1 operators involving
the 5-index Higgs boson multiplet k. The simplest such
operators are

Os = {T*U'} { U™ U™} hytmpg Snr BPIT,
(18)
O = { T} {U™ U™} Ritypg S OPI T, .
Once again, both of these can accommodate only % unit

of weak isospin violation and therefore give rise to (B +
L)-conserving decay processes such as those in Eq. (14).
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FIG. 4. Tree diagram generating Q. The line without
any arrow represents the adjoint Higgs field.

The operator O can be generated by the tree-level
graph shown in Fig. 4. An order-of-magnitude estimate
here gives for the coefficient of the 4-fermion operator

Ko~ (T ? Ase Nsanr Ma MpMw Mi2
6 Mg 3

where we take the largest possible VEV of the adjoint
224, which appears at the scale M;,. If the quartic cou-
plings are all of order unity, the bounds from this diagram
will be similar to those from Eq. (16).

If, in Fig. 4, the adjoint Higgs line does not go to the
vacuum but to any other line, we obtain a 1-loop diagram
for O5. This will be slightly more suppressed than Og
because of loop integration factors of order 1/(872).

The bounds derived above make it clear that for some
choice of parameters in the model, the proton-decay rate
might be close to the present experimental limit. If, for
example, (B+ L)-conserving decay modes are discovered,
it will be a strong evidence in favor of the SU(15) uni-
fication model. However, as we discussed, depending on
the way baryon number is violated, one can also obtain
(B — L)-conserving decays.

It should also be pointed out that the proton can even
be absolutely stable in SU(15) model. This happens if
B violation occurs only through the VEV of h and the
Lagrangian has a discrete symmetry

h— —h. (20)

In this case, all gauge-invariant operators will be even in
h and therefore will not be able to accommodate baryon-
number violation by any odd number. This is a dramatic
characteristic, not shared by any known grand unification
model.

(19)
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