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Long-lived superheavy particles in dynamical supersymmetry-breaking models in supergravity
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Superheavy particles of mass.1013– 1014 GeV with a lifetime.1010– 1022 yr are very interesting, since
their decays may account for the ultrahigh energy~UHE! cosmic rays discovered beyond the Greisen-Zatsepin-
Kuzmin cutoff energyE;531010 GeV. We show that the presence of such long-lived superheavy particles
is a generic prediction of QCD-like SU(Nc) gauge theories withNf flavors of quarks and antiquarks and a
large number of colorsNc . We construct explicit models based on supersymmetric SU(Nc) gauge theories and
show that if the dynamical scaleL.1013– 1014 GeV andNc56 – 10 the lightest composite baryons have the
desired masses and lifetimes to explain the UHE cosmic rays. It is interesting that in these models the gaugino
condensation necessarily occurs and hence these models may play the role of the so-called hidden sector for
supersymmetry breaking in supergravity.@S0556-2821~99!04722-0#

PACS number~s!: 12.60.Jv, 98.70.Sa
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I. INTRODUCTION

In QCD-like SU(Nc) gauge theories withNf flavors of

quarksQ and antiquarksQ̄, any charges~such as baryon
number! associated with conserved vector currents are
spontaneously broken@1#. Thus, the lightest bound states

Q’s or Q̄’s carrying nonvanishing baryon numbers are
most stable and they will decay into ordinary quarks a
leptons through some baryon-number violating nonrenorm
izable operators suppressed by the gravitational scaleM*
.2.431018 GeV. If the dynamical scaleL of the SU(Nc)
gauge interactions is well below the gravitational scale a
Nc is sufficiently large, the lifetimes of the superheavy ba
ons may be longer than the age of the present unive
Therefore, the presence of long-lived superheavy baryon
a generic prediction of QCD-like gauge theories for a cert
parameter region ofNc andL.

However, any~quasi!stable particles much heavier tha
O(1) TeV are cosmologically dangerous, since they wo
easily overclose the universe if they were once in therm
equilibrium @2#. One may usually invoke some inflationa
stage in the universe’s evolution to dilute the number den
of such superheavyX particles. If the reheating temperatu
after the inflation is much lower than the masses ofX par-
ticles one may completely neglect the thermal production
X particles. It has been, however, suggested@3,4# that if the
X-particle massesmX are of order of the Hubble constantH
at the final epoch of inflation, gravitational interactions m
give nonnegligible contributions to theX-particle production
just after the end of the inflation. The numerical calculati
in Ref. @3#, in fact, shows that whenmX.(0.0422)3H a
suitable amount of theX particles is produced to form a pa
of the dark matter in the present universe. It is remarka
that the decays of suchX particles will generate significan
effects on the spectrum of high energy cosmic ray if
lifetimes of theX particles are of order of the age of th
present universe.
0556-2821/99/60~12!/125009~6!/$15.00 60 1250
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Several events of the ultrahigh energy~UHE! cosmic rays
@5–7# have been recently observed beyond the Greis
Zatsepin-Kuzmin~GZK! boundE;531010 GeV @8#. These
are naturally explained@9,10# by the decay products of su
perheavy X particle of mass1 mX.1013– 1014 GeV with
lifetime2 tX.1010– 1022 yr if its energy densityrX lies in
the range

rX /rc.1021221. ~1!

Here,rc.8.1h2310247 GeV4 with h.0.521.0 is the criti-
cal density of the present universe. Since the required w
dow of the energy densityrX is very wide, this scenario
seems very plausible and attractive.

In this paper, we construct explicit models based on
persymmetric~SUSY! SU(Nc) gauge theories withNf fla-
vors of quarksQ and antiquarksQ̄, in which the lightest
baryonsB and antibaryonsB̄ have the desired mass and life
time, that is, mB5mB̄.1013– 1014 GeV and tB5t B̄
.1010– 1022 yr. In these models the gaugino condensat
necessarily occurs and hence the models may play a ro
so-called hidden sector for SUSY breaking in supergrav
@13#. Thus, the long-lived superheavyB and B̄ are regarded
as by-products3 of the hidden sector gauge theories for d
namical SUSY breaking.4

1There is an analysis which suggestsmX.1012 GeV @11#.
2The required lifetime may be accounted for by imposing discr

gauge symmetries even if theX are elementary particles@12#.
3A similar idea has been considered in connection with str

theory @14#.
4We may consider non-SUSY SU(Nc) gauge theories which

cause dynamical breaking of the Peccei-Quinn symmetry aL
.1013 GeV @15#. In these models we may have naturally qua
stable baryons of masses;1013– 1014 GeV, which have the re-
quired lifetimestB.1010– 1022 yr for Nc.5,6. The main decay
mode of such baryons will beB→ l 1Higgs boson or 23Higgs
bosons.
©1999 The American Physical Society09-1
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It should be noted here that in contrast to the non-SU
case, the SUSY QCD-like gauge theories may yield bary
number violating vacua due to the presence of scalar qua
In these vacua we have no longer quasi-stable baryons. H
ever, if quarksQ and antiquarksQ̄ have SUSY-invariant
masses, the unwanted baryon-number violating vacua di
pear as shown in Ref.@16#. Thus, we consider the SUSY
QCD-like gauge theories with massive quarks through
this paper.

In Sec. II, we briefly discuss vacua of SUSY SU(Nc)
gauge theories withNf pairs of massive quarks and an
quarks. We restrict our discussion to the case ofNf5Nc
11 and show that there is a unique SUSY-invariant vacu
preserving the baryon-number conservation. Thus, we
ways have stable baryons and antibaryons in this theory
Sec. III, we extend the above model to the supergravity
which we introduce nonrenormalizable operators. We sh
that possible baryon-number violating operators indu
spontaneous breakdown of the baryon-number conserva
and the baryon-meson mixings occur. Owing to the bary
number violating effects even the lightest baryons are
longer stable. However, we see that the lifetimes of the ba
ons can be chosen as in the required range to account fo
UHE cosmic rays by takingNc58, 9, and 10. We also show
that the gaugino condensation necessarily occurs and
SUSY may be broken in the dilaton stabilized vacua. In S
IV, we argue that the lifetimes of the baryons become lon
if the baryons carry nonvanishing charges of some e
symmetries. As for such symmetries we adopt the ma
parity Z2 or the discrete baryon parityZ3, since they are
often used to guarantee the stability of usual proton@17#. In
these cases we find the desired lifetimes are obtained
somewhat smallerNc56 – 9. Section V is devoted to discus
sion and conclusions.

II. SUPERSYMMETRIC QCD WITH MASSIVE QUARKS

Let us consider SUSY SU(Nc) gauge theories withNf

flavors of quarks Qa
i and antiquarks Q̄ı̄

a , where a

51, . . . ,Nc and i , ı̄ 51, . . . ,Nf . We omit the color indexa,
hereafter. We neglect the mass term forQi and Q̄ı̄ for the
time being. Then, we have a global SU(Nf)3SU(Nf)
3U(1)V3U(1)R symmetry. We restrict our consideration
the caseNf5Nc11, since the dynamics is the clearest
this case.

For Nf5Nc11, the low energy physics is described b
canonically-normalized gauge invariant composite fiel
mesons M

̄

i .QiQ̄̄ /L, baryons Bi.e i jk ••• lQ
jQk

•••Ql /

LNc21 and antibaryons B̄ı̄.e ı̄ ̄ k̄••• l̄ Q̄̄Q̄k̄•••Q̄l̄ /LNc21

@18#. The dynamically generated superpotential is given

Wdyn5BiM ̄

i
B̄̄2

1

LNc22
detM . ~2!

The mesonsM
̄

i , baryonsBi and antibaryonsB̄ı̄ are all
massless to satisfy the ’t Hooft anomaly matching conditio
@18#.
12500
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Now we introduce the mass term for quarksQi and anti-
quarksQ̄ı̄ . Then, the total effective superpotential is give
by

W5BiM ̄

i
B̄̄2

1

LNc22
detM1mi

̄LM
̄

i . ~3!

It is a straightforward task to see a SUSY invariant vacu

^M
̄

i
&5L (Nc21)/Nc~detm!1/Nc~m21!

̄

i , ~4!

^Bi&5^B̄ı̄&50. ~5!

In this vacuum the mesonsM
̄

i , baryonsBi and antibaryons

B̄ı̄ have the following mass terms:

Wmass5L (Nc21)/Nc~detm!1/Nc~m21!
̄

i
Bi B̄

̄

2
1

2
L1/Nc~detm!21/Nc~mi

̄mk
l̄ 2mk

̄mi
l̄ !M

̄

i
M l̄

k .

~6!

Thus, we obtain the masses for these composite fields a

mB.~mLNc21!1/Nc, ~7!

mM.~mNc21L!1/Nc, ~8!

where we have assumed a common massmi
̄5md i

̄ , for sim-
plicity. We will identify these composite baryonsBi and an-
tibaryonsB̄ı̄ with the long-lived superheavyX particle intro-
duced to explain the UHE cosmic rays discovered beyo
the GZK bound. Therefore, we take

mB.~mLNc21!1/Nc.101321014 GeV. ~9!

Using the Konishi anomaly relation@19# we determine the
gaugino condensation as

^ll&5
1

Nc11
mi

̄^QiQ̄̄&5L (2Nc21)/Nc~detm!1/Nc

.~mNc11L2Nc21!1/Nc. ~10!

This condensation may give a dominant contribution to
SUSY breaking in supergravity.

III. EXTENSION TO THE SUPERGRAVITY

We now extend the above model to the supergravity.
far we have considered only renormalizable interactions,
in the framework of supergravity it is quite natural to intr
duce nonrenormalizable interactions. Namely, we introd
in general5

5There exist also baryon-number violating nonrenormalizable
erators in the Ka¨hler potential. However, they are negligible com
pared with the baryon-number violating operators in the super
tential.
9-2
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LONG-LIVED SUPERHEAVY PARTICLES IN . . . PHYSICAL REVIEW D60 125009
Wtree5mi
̄QiQ̄̄1

bi

M
*
Nc23 e i jk ••• lQ

jQk
•••Ql

1
b̄ ı̄

M
*
Nc23 e ı̄ ̄ k̄••• l̄ Q̄̄Q̄k̄•••Q̄l̄ , ~11!

with bi ,b̄ ı̄5O(1). Wehave omitted the other nonrenorma
izable terms which are irrelevant for our purposes he
Then, the total effective superpotential is given by

W5Wdyn1Wtree

5BiM ̄

i
B̄̄2

1

LNc22
detM1mi

̄LM
̄

i

1bi S L

M*
D Nc23

L2Bi1b̄ ı̄ S L

M*
D Nc23

L2B̄ı̄ . ~12!

It is a straightforward task to see a SUSY invariant vacu

^M
̄

i
&5L (Nc21)/Nc~detm!1/Nc~m21!

̄

i , ~13!

^Bi&52b̄̄S L

M*
D Nc23

L (Nc11)/Nc~detm!21/Ncmi
̄ ,

~14!

^B̄ı̄&52bj S L

M*
D Nc23

L (Nc11)/Nc~detm!21/Ncmj
ı̄ ,

~15!

up to the leading order inL/M* . In this vacuum the meson
M

̄

i , baryonsBi and antibaryonsB̄ı̄ have the following mass
terms:

Wmass5L (Nc21)/Nc~detm!1/Nc~m21!
̄

i
Bi B̄

̄

2
1

2
L1/Nc~detm!21/Nc~mi

̄mk
l̄ 2mk

̄mi
l̄ !M

̄

i
M l̄

k

2bkS L

M*
D Nc23

L (Nc11)/Nc~detm!21/Ncmk
̄BiM ̄

i

2b̄k̄S L

M*
D Nc23

L (Nc11)/Nc~detm!21/Ncmi
k̄M

̄

i
B̄̄.

~16!

Thus, we obtain mixing masses between the composite
son and baryon fields as

mBM.S L

M*
D Nc23

~m21LNc11!1/Nc. ~17!

The diagonal massesmB for baryons andmM for mesons are
the same as in Eqs.~7!, ~8! up to the leading order inL/M* .
12500
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Notice that as long asL!M* and Nc@3 the mixings be-
tween mesons and baryons are very small.6

Let us now discuss the decay of theseBi and B̄ı̄ . When
the massesmM for the mesons are all larger than the half
those ofBi and B̄ı̄ , these composite baryons should dec
directly into ordinary light particles including quarks an
leptons through the mixing terms in Eq.~16! together with
the following nonrenormalizable operator:

W5
f

M*
QQ̄HH̄. ~18!

The lifetimes ofBi and B̄ı̄ are determined as

tB.
1

f 2 S M*
L D 2(Nc22)

~m23LNc13!21/Nc, ~19!

which should be taken.1010– 1022 yr to account for the
UHE cosmic rays.

When 2mM,mB , we have new decay channelsBi(B̄
ı̄)

→2M
̄

i . Since the mesonsM
̄

i decay into ordinary light par-
ticles very quickly through the interactions Eq.~18!, the life-
times ofBi andB̄ı̄ decaying into the ordinary light particle
are determined by the 2M

̄

i decay channels which are give
by

tB.S M*
L D 2(Nc23)

~m2Nc27L2Nc17!21/Nc. ~20!

These are somewhat shorter than the previous lifetimes
~19!. Thus, we conclude

tB
21. f 2S L

M*
D 2(Nc22)

~m23LNc13!1/Nc

.10254– 10242 GeV ~ for 2mM.mB!,

tB
21.S L

M*
D 2(Nc23)

~m2Nc27L2Nc17!1/Nc

.10254– 10242 GeV ~ for 2mM,mB!, ~21!

to have the required lifetimetB.1010– 1022 yr.
Now we are at the point to discuss the gaugino cond

sation Eq.~10!. It is well known that this gaugino condensa
tion may induce SUSY breaking together with the dilat
field stabilization in supergravity@13#.7 Assuming the grav-
itino massm3/2.1 TeV we determine the gaugino conde

6The baryon-number condensation in Eqs.~14!, ~15! induce ki-
netic mixings between the meson and baryon fields in the Ka¨hler
potential, which give the same-order effects as those discusse
the text. We neglect them, for simplicity, since they do not affe
our main conclusions.

7The SUSY-breaking effects do not change the order of mag
tude of ~ll! in Eq. ~10!.
9-3
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HAMAGUCHI, IZAWA, NOMURA, AND YANAGIDA PHYSICAL REVIEW D 60 125009
sation scalê ll&1/3.1013 GeV. From the constraints Eqs
~9!, ~10!, ~21! we obtain the following relations:

1

f 2
M

*
2(Nc22)

^ll&2Nc /(Nc22)tB
21

5m
B

(2Nc
2
2Nc16)/(Nc22)

~ for 2mM.mB!,

M
*
2(Nc23)

^ll&2/(Nc22)tB
21

5m
B

(2Nc
2
29Nc116)/~Nc22!

~ for 2mM,mB!. ~22!

These relations are consistent with the required values
mB , tB and ^ll& only when the numbers of colorsNc are

Nc58,9,10 ~ for 2mM.mB!,

Nc59,10 ~ for 2mM,mB!. ~23!

Here, we have assumed the coupling constantf .1. Then,L
andm are determined as

L.1013.0– 1014.5 GeV, ~24!

m.1010.5– 1013.0 GeV. ~25!

Note that these numerical values yield too large a mass t
for the Higgs doublets in Eq.~18!. We postpone the discus
sion on this point to the final section.

IV. MODELS WITH DISCRETE GAUGE SYMMETRIES

In the previous section we find that the desired lifetim
of the baryons are obtained ifNc58, 9, and 10 without
invoking any extra symmetries. In this section, we impo
the matter parityZ2 or the baryon parityZ3 on our model,
since these discrete gauge symmetries are often used to
press very rapid decays of the usual proton.8 The charges for
the minimal SUSY standard-model~MSSM! particles under
the matter parityZ2 and the baryon parityZ3 are given in
Table I. If the composite baryons do not carry nonvanish
charges of theZ2 andZ3, the analyses are the same as in

8In the case that neutrinos acquire Majorana masses through
eratorsW5(1/MR) l lHH , the anomaly-free discrete gauge symm
tries are only the matter parityZ2 and the baryon parityZ3 @12#.

TABLE I. Charges for the MSSM particles under the mat

parity Z2 and the baryon parityZ3 . q,ū,d̄,l and ē denote
SU(2)L-doublet quark, up-type antiquark, down-type antiqua
SU(2)L-doublet lepton and charged antilepton chiral multiplets.H

andH̄ are chiral multiplets for Higgs doublets.

q ū d̄ l ē H H̄

Z2 0 1 1 0 1 1 1
Z3 0 2 1 2 2 1 2
12500
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previous section. If these composite baryons have nontri
Z2 or Z3 charges, however, there are no mixing mass te
between mesons and baryons, since the linear terms oBi

andB̄ı̄ in Eq. ~12! are forbidden~i.e., bi5b̄ ı̄50) and hence

^Bi&5^B̄ı̄&50. Thus, the decay channels ofBi and B̄ı̄ are
different from those in the previous section. In this sectio
we discuss the lifetimes of the baryons with the discreteZ2
or Z3 @12#.

First, we consider the case of the matter parityZ2. The
charges for theBi andB̄ı̄ must be opposite for quarksQi and
antiquarksQ̄ı̄ to have invariant masses. Thus, we suppo
that bothBi and B̄ı̄ are odd under theZ2. Then, the lowest
dimensional operators which cause decays of the compo
baryons are

W5
1

M
*
Nc21 QQ•••QlH1

1

M
*
Nc21Q̄Q̄•••Q̄lH , ~26!

where Q’s and Q̄’s, for example, carryZ2 charges (2r
11)/Nc(r PZ) and2(2r 11)/Nc , respectively.9 Then, the
lifetimes of Bi and B̄ı̄ are determined as

tB.S M*
L D 2(Nc21)

~mLNc21!21/Nc. ~27!

Next, let us turn to the case of the baryon parityZ3. We
suppose that theBi carry11 and theB̄ı̄ carry21 of theZ3
charges. Then, the lightest baryons decay into the MS
particles through the following operator:

W5
1

M
*
Nc

Q̄Q̄•••Q̄ūd̄d̄, ~28!

where Q’s and Q̄’s carry Z3 charges (3r 11)/Nc and
2(3r 11)/Nc , respectively.10 The lifetimes ofBi andB̄ı̄ are
given by

tB.S M*
L D 2Nc

~m3LNc23!21/Nc. ~29!

Note that even if we assign theZ3 charge21 for Bi and11
for B̄ı̄ , the lightest baryons decay through the operator

W5
1

M
*
Nc

QQ•••Qūd̄d̄, ~30!

so that the lifetimes are the same as in Eq.~29!.
From the constraints Eqs.~9!, ~10!, ~27!, ~29! we obtain

the following relations:

p-
- 9The Z2 is anomaly free.

10The Z3 is anomaly free.

,

9-4
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LONG-LIVED SUPERHEAVY PARTICLES IN . . . PHYSICAL REVIEW D60 125009
M
*
2(Nc21)

^ll&2(Nc21)/~Nc22!tB
21

5m
B

(2Nc
2
1Nc24)/~Nc22!

~ for Z2!,

M
*
2Nc^ll&2(Nc21)/(Nc22)tB

21

5m
B

(2Nc
2
13Nc28)/~Nc22!

~ for Z3!, ~31!

which are consistent with the required values ofmB , tB, and
^ll& only when the numbers of colorsNc are

Nc57,8,9 ~ for Z2!,

Nc56,7,8 ~ for Z3!. ~32!

Therefore, when theBi andB̄ı̄ carry nonvanishing charges o
the matter parityZ2 or the baryon parityZ3, the required
numbers of colorsNc to obtain the desired lifetimes ar
smaller than those in the case withoutZ2 or Z3. Notice that
L andm are almost the same as in Eqs.~24!, ~25! in spite of
the change ofNc .

V. DISCUSSION AND CONCLUSIONS

In this paper we have constructed explicit models ba
on SUSY SU(Nc) gauge theories withNf flavors of quarks
and antiquarks which naturally accommodate the superhe
composite baryonsB and B̄ introduced to account for the
UHE cosmic rays beyond the GZK bound. The models c
tain three crucial parameters, the quark massm, the dynami-
cal scaleL and the number of colorsNc . The number of
flavors Nf is fixed asNf5Nc11, for simplicity. In these
models the gaugino condensation^ll& always occurs, which
may cause the SUSY breaking in supergravity. Assum
^ll&1/3.1013 GeV ~for m3/2.1 TeV) and the desired
properties for the composite baryons (mB5mB̄
.1013– 1014 GeV and tB5t B̄.1010– 1022 yr), we have
obtained m.1010.5– 1013.0GeV, L.1013.0– 1014.5GeV and
Nc56 – 10. Namely, we have found that the required lo
lifetimes of superheavyB and B̄ are naturally explained in
SUSY-QCD-like gauge theories with large numberNc of
color degrees of freedom. Although we have restricted
analysis only to the case ofNf5Nc11, it is possible to
consider other cases.

Several comments are in order. We should mention fi
the so-calledm term problem. Owing to theQQ̄ condensa-
tion, the Higgs doublets seem to have an invariant mass t
mHH̄, wherem. f ^QQ̄&/M* .(108– 1010)3 f GeV. Thus,
in order to induce a correct vacuum-expectation values
the Higgs doublets, a negative invariant mass of or
108– 1010 GeV must be introduced to cancel the unwan
large massf ^QQ̄&/M* . Alternatively, one can solve thi
problem by putting the coupling constantf of the operator
12500
d
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(1/M* )QQ̄HH̄ very small f .1025– 1027. We see that
even if it is the case, the obtainedL and m are almost the
same as in Eqs.~24!, ~25!, and our conclusion does no
change much.11 The small value off will be understood by
some axial symmetries, which may also explain the sm

massm for Qi andQ̄ı̄ .12

Our model is also applicable to the gauge-mediated SU
breaking scenario@20#. If the gaugino condensation caus
SUSY breaking partially, the induced gravitino mass ‘‘m3/2’’
must be smaller than 1 GeV in order to suppress dange
flavor-changing neutral currents sufficiently. We fin
that the desired composite baryons are obtained ifm
.102.0– 109.7 GeV, L.1013.321016.0 GeV andNc56 – 11
for ‘‘ m3/2’’ .100 keV– 1 GeV.

Finally, we should comment on the gauge coupling co
stantac of the SUSY SU(Nc) gauge theories considered
this paper. WithNc56 – 10 andNf5Nc11 the solution to
the one-loop renormalization group equation for the gau
coupling constantac is given by

ac
21~L!5ac

21~M* !1
2Nc21

2p
lnS L

M*
D . ~34!

Using ac(L).` we getac(M* ).0.0320.05 at the gravi-
tational scaleM* . It is interesting that the value ofac(M* )
is roughly consistent with the hypothesis of unification w
the standard-model gauge coupling constants. That is,
larger dynamical scaleL.1013– 1014 GeV compared with
the usual QCD scaleLQCD.0.1 GeV is a natural conse
quence of the large number of colorsNc56 – 10.
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11For the case of 2mM.mB , if we take f .1025– 1027 the domi-
nant operators contributing to the baryon decays are not those in
~18! but direct decay operators given by

W5
1

M
*
Nc21 QQ•••QHH̄1

1

M
*
Nc21Q̄Q̄•••Q̄HH̄, ~33!

which give the desired number of colorsNc57,8,9 instead ofNc

58,9,10 obtained in the text. On the other hand, the lifetimes
independent of the value off for the case of 2mM,mB .

12R symmetry may be an example in whichHH̄ has R-charge

zero. We naturally obtain the termsmQQ̄(11 f 8HH̄/M
*
2 ) in the

superpotential with a couplingf 8 of order one, which may yield an
appropriatem term. The small massm is regarded as a breakin
term of theR symmetry. To have unsuppressed baryon-number v
lating operators in Eq.~33!, for example, we assume that both ofQi

andQ̄ı̄ carry R-charge 2/Nc .
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