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Long-lived superheavy particles in dynamical supersymmetry-breaking models in supergravity
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Superheavy particles of mass10™-10* GeV with a lifetime=10'-10°2 yr are very interesting, since
their decays may account for the ultrahigh eneildiiE) cosmic rays discovered beyond the Greisen-Zatsepin-
Kuzmin cutoff energyE~5x 10" GeV. We show that the presence of such long-lived superheavy particles
is a generic prediction of QCD-like SBI) gauge theories witiN; flavors of quarks and antiquarks and a
large number of colorBl. . We construct explicit models based on supersymmetrid\glJgauge theories and
show that if the dynamical scale=10"-10" GeV andN,=6-10 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 supergravift$0556-282(99)04722-Q

PACS numbd(s): 12.60.Jv, 98.70.Sa

[. INTRODUCTION Several events of the ultrahigh ener@yHE) cosmic rays
[5-7] have been recently observed beyond the Greisen-

In QCD-like SUN,) gauge theories witiN; flavors of  Zatsepin-KuzminGZK) boundE~5x 10" GeV[8]. These

quarks Q and antiquarkﬁ, any chargegsuch as baryon &€ naturally explaineﬂg,lO] by the degay pzoducts of Su-
numbej associated with conserved vector currents are nO[Perheava particle of mass my=10"-10"* GeV with

spontaneously brokeli]. Thus, the lightest bound states of L';‘Z“gﬁ gx_ 10°-107 yr if its energy densityox lies in
Q’s or Q’s carrying nonvanishing baryon numbers are al- g pxlpe=10"12—1. 1)

most stable and they will decay into ordinary quarks and

leptons through some baryon-number violating nonrenormalHere,p,=8.1n?x 10" 4" GeV* with h=0.5—1.0 is the criti-

izable operators suppressed by the gravitational skhle cal density of the present universe. Since the required win-

=2.4x 10" GeV. If the dynamical scald of the SUN,) dow of the energy densitpy is very wide, this scenario

gauge interactions is well below the gravitational scale angeems very plausible and attractive.

N, is sufficiently large, the lifetimes of the superheavy bary- In this paper, we construct explicit models based on su-

ons may be longer than the age of the present univers®ersymmetric(SUSY) SU(N;) gauge theories wittN; fla-

Therefore, the presence of long-lived superheavy baryons igors of quarksQ and antiquark€Q, in which the lightest

a generic prediction of QCD-like gauge theories for a certairbaryonsB and antibaryon® have the desired mass and life-

parameter region dfl, and A. time, that is, mg=mg=10"-10" GeV and rz=75
However, any(quas)stable particles much heavier than =10'°-10?? yr. In these models the gaugino condensation

O(1) TeV are cosmologically dangerous, since they wouldnecessarily occurs and hence the models may play a role of

easily overclose the universe if they were once in thermaso-called hidden sector for SUSY breaking in supergravity

equilibrium [2]. One may usually invoke some inflationary [13]. Thus, the long-lived superhea®/andB are regarded

Stage in the universe’s evolution to dilute the number denSitﬁs by-producf)sof the hidden sector gauge theories for dy-

of such superheav)( particles. If the reheating temperature namical SUSY breaking.

after the inflation is much lower than the massesXgbar-

ticles one may completely neglect the thermal production of———

X particles. It has been, however, suggedt&d] that if the

X-particle massemy are of order of the Hubble constaldt

at the final epoch of inflation, gravitational interactions may

give nonnegligible contributions to thé&particle production

just after the end of the inflation. The numerical calculationtheory[m]_

In .Ref. [3], in fact, shows t_hat vyhemX:(O.O4—2)><H a “We may consider non-SUSY SN() gauge theories which

suitable amount of th particles is prgduced to.form apart .o se dynamical breaking of the Peccei-Quinn symmetry at

of the dark matter in the present universe. It is remarkable. 113 Gey [15]. In these models we may have naturally quasi-

that the decays of sucK particles will generate significant gtaple baryons of masses10t*-10“ GeV, which have the re-

effects on the spectrum of high energy cosmic ray if theguired lifetimes rg~10"-1¢? yr for N;~5,6. The main decay

lifetimes of theX particles are of order of the age of the mode of such baryons will b8— 1+ Higgs boson or X Higgs

present universe. bosons.

There is an analysis which suggestg=10 GeV[11].

2The required lifetime may be accounted for by imposing discrete
gauge symmetries even if tidéare elementary particld42].

3A similar idea has been considered in connection with string
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It should be noted here that in contrast to the non-SUSY Now we introduce the mass term for qua®$and anti-
case, the SUSY QCD-like gauge theories may yield baryonguarksQ;~ Then, the total effective superpotential is given
number violating vacua due to the presence of scalar quarkgy
In these vacua we have no longer quasi-stable baryons. How-

ever, if quarksQ and antiquarksa have SUSY-invariant
masses, the unwanted baryon-number violating vacua disap-

pear as shown in Ref16]. Thus, we consider the SUSY |t is a straightforward task to see a SUSY invariant vacuum
QCD-like gauge theories with massive quarks throughout

W=B,MB/- detM +m/ AM™ 3

ANC_Z

this paper. (M) = AMNe™ DN detm) Ne(m 1)’ (4)
In Sec. Il, we briefly discuss vacua of SUSY S -
gauge theories witiN; pairs of massive quarks and anti- (B;))=(B')=0. (5)

quarks. We restrict our discussion to the caseNe& N,
+1 and show that there is a Unique SUSY-invariant vacuunn this vacuum the mesormi—, baryonsBi and antibaryons
preserving the baryon-number conservation. Thus, we a}-—Th the followi Jt i

ways have stable baryons and antibaryons in this theory. I§ ave the following mass terms.

Sec. lll, we extend the above model to the supergravity, in A (Ne—1)/N N —Nip T
which we introduce nonrenormalizable operators. We show Winass=A (o™ DMe( detm) He(m ),BiB

that possible baryon-number violating operators induce 1 -
spontaneous breakdown of the baryon-number conservation - —Al’Nc(detm)*l’Nc(m{mk—mfkmi')M;—Mlh.

and the baryon-meson mixings occur. Owing to the baryon- 2

number violating effects even the lightest baryons are no (6)
longer stable. However, we see that the lifetimes of the bary-

ons can be chosen as in the required range to account for tHéus, we obtain the masses for these composite fields as
UHE cosmic rays by takinl,=8, 9, and 10. We also show Noe 1 N

that the gaugino condensation necessarily occurs and the mg=(mATe™5)"e, @)
SUSY may be broken in the dilaton stabilized vacua. In Sec.
IV, we argue that the lifetimes of the baryons become longer

if the baryons carry nonvanishing charges of some extra

symmetries. As for such symmetries we adopt the matteY",he,re we hayg assm_Jmed acommon _ma{ssm&{, for sim-
parity Z, or the discrete baryon parit#s, since they are Plicity. We will identify these composite baryoi and an-

often used to guarantee the stability of usual prdtof. In  tibaryonsB' with the long-lived superheavy particle intro-
these cases we find the desired lifetimes are obtained fétuced to explain the UHE cosmic rays discovered beyond
somewhat smalleX.=6—-9. Section V is devoted to discus- the GZK bound. Therefore, we take

sion and conclusions.
mg=(mMANe™1)WNe~ 1013 1014 GeV. 9)

Il. SUPERSYMMETRIC QCD WITH MASSIVE QUARKS Using the Konishi anomaly relatidi9] we determine the
gaugino condensation as

my = (me”tA) e, ®)

Let us consider SUSY SW{.) gauge theories withN;
flavors of quarks Q, and antiquarks 6‘% where a
=1,... Ngandi,1=1,... N;. We omit the color index,
hereafter. We neglect the mass term @rand Q, for the
time being. Then, we have a global SWU{ X SU(Ny)
X U(1)yx U(1)r symmetry. We restrict our consideration 1 s condensation may give a dominant contribution to the
the caseN;=N.+1, since the dynamics is the clearest in g\;gy breaking in supergravity.
this case.

For Ny=N;+1, the low energy physics is described by
canonically-normalized gauge invariant composite fields,
mesons M;—zQ‘?tJ/A, barxons_l3i:_eijk._|Qij. Q' We now exten_d the above model to the ;upergrgvity. So
ANe"1 and antibaryons B'= €% 1Q Q- - - Qi /AN far we have considered only renormalizable interactions, but

4 y /Qic - Q1 in the framework of supergravity it is quite natural to intro-
duce nonrenormalizable interactions. Namely, we introduce
in general

1 -
()\)\>: N +1rni]<Q|QJ—>:A(2chl)/NC(detm)l/Nc
c

:(mNc+ lAZNC—l)llNC. (10)

Ill. EXTENSION TO THE SUPERGRAVITY

[18]. The dynamically generated superpotential is given by

Weyn=BiM'B/ - detM. )

ANC_Z

i ) —= SThere exist also baryon-number violating nonrenormalizable op-
The mesonsM, baryonsB; and antibaryonsB' are all  erators in the Kaler potential. However, they are negligible com-
massless to satisfy the 't Hooft anomaly matching conditiongared with the baryon-number violating operators in the superpo-
[18]. tential.
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bi _ Notice that as long ad <M, and N.>3 the mixings be-
Wiee= m’Q qr+ N3 €ilk ,QIQk..@Q tween mesons and baryons are very sthall.

M, Let us now discuss the decay of thd&pandg'_. When
— the masses, for the mesons are all larger than the half of

: 36 'Q—Qk -Qr, (1)  those ofB; andB', these composite baryons should decay
. directly into ordinary light particles including quarks and
leptons through the mixing terms in E(L6) together with
with b', b O(1). Wehave omitted the other nonrenormal- the following nonrenormalizable operator:
izable terms which are irrelevant for our purposes here.

Then, the total effective superpotential is given by

(18)
W= Wdyn+ Wiree -
The lifetimes ofB; andB' are determined as
=y} VL
=BMB/— ——; detM +m/AM- —
A 1M, —3 A N+3)—1N
o= | (M 3ANH3)~ e (19)
A \Ne=3 [ A \Nem3 f A
+ b'( N A®B+ b% M—) A%B'. (12
* * which should be taker=10'-10?? yr to account for the

It is a straightforward task to see a SUSY invariant vacuumHE cosmic rays. —
When 2ny<mg, we have new decay channedg(B')
(M5 = A (Ne=D/Ne( dtm) PNe(m= 1)L, (13) .—>2MJ. Slncg the mesornisl dgcay mtp ordinary Ilght.par—
J J ticles very qwclﬂx through the interactions E48), the life-
times of B; andB' decaying into the ordinary light particles

Ne—3 _
(B))= —E‘( Mi) AN+ DNe( detm) = WNempy/ | gre determined by theI\Z{;fdecay channels which are given
*
ay
M, | 2(Ne=3)
TB:(T) (mZNC77A7NC+7)71/NC. (20)

_ N.—3
(B')= _bi('\;\ ) AMNeFDNe( detm) ~Nem!
: (15 These are somewhat shorter than the previous lifetimes Eq.

. _ . (19). Thus, we conclude
up to the leading order in/M . In this vacuum the mesons

M}*, baryonsB; and antibaryon8' have the following mass 12 A |2MNe=2)
terms: M,

=10"%-10 % GeV (for 2my>mg),

_SANC+3) 1N¢

(m

Winass= A Me™ D/Ne(detm) Ne(m 18,8/

A | 2(Ne—3)
-1 ( ) (m2Ne=7 A ~Ne+7)IN;
M,

=10"%-10"% GeV (for 2my<mg), (21

1 - - -
- EA”NC(detm)‘l’NC(m{mL— rn{<mi')MJ—M|h

A
M.

ch3 — .
—bk( ) A(NCH)/NC(detm)*l/NCmﬂBiM}* to have the required lifetimeg=10'"- 10?2 yr.
Now we are at the point to discuss the gaugino conden-
[ A \Nc—3 _ sation Eq.(10). It is well known that this gaugino condensa-
— ?( ) A(Nc+1)/Nc(detm)—1/Ncm:<|\/|'431_ tion may induce SUSY breaking together with the dilaton
M, J field stabilization in supergravityl3].” Assuming the grav-
itino massm,,=1 TeV we determine the gaugino conden-

(16)
Thus, we obtain mixing masses between the composite me-
son and baryon fields as 5The baryon-number condensation in E¢s4), (15) induce ki-
N.—3 netic mixings between the meson and baryon fields in thielé¢a
M == i ¢ (m~TANe+1)ING (17) potential, which give the same-order effects as those discussed in
BM M., ' the text. We neglect them, for simplicity, since they do not affect

' our main conclusions.
The diagonal massesg for baryons anany, for mesons are  "The SUSY-breaking effects do not change the order of magni-
the same as in Egé7), (8) up to the leading order in/M, . tude of (\\) in Eq. (10).
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TABLE I. Charges for the MSSM particles under the matter previous section. If these composite baryons have nontrivial
parity Z, and the baryon parityZ;. q,u,d,| and e denote  Z, or Z3 charges, however, there are no mixing mass terms
SU(2).-doublet quark, up-type antiquark, down-type antiquark,between mesons and baryons, since the linear terni; of
SU(2)_-doublet lepton and charged antilepton chiral multipléts.  54dB' in Eq. (12) are forbidderti.e., bi:ET: 0) and hence

andH are chiral multiplets for Higgs doublets. <Bi>:<§l>:0- Thus, the decay channels Bf andB' are
different from those in the previous section. In this section,

d u d I € H H we discuss the lifetimes of the baryons with the disci®te
z, 0 1 1 0 1 1 1 or Z5 [12]. _
Zs 0 2 1 2 2 1 2 First, we consider the case of the matter padty The

charges for thé; andB' must be opposite for quarkd and
antiquarksal— to have invariant masses. Thus, we suppose
sation scalg\\)Y3= 10* GeV. From the constraints Egs. ¢ bothB, andB' are odd under th&,. Then, the lowest

(9), (10), (21) we obtain the following relations: dimensional operators which cause decays of the composite
baryons are

1 -
. Mi(Nc 2)<7\)\>2NC/(NC—2)7_§1

f2 1 1
W= —=5QQ---QIH+ ——QQ---QIH, (26)
2 B N—1 N—1
:m|(32NC Ng+6)/(Ne—2) (for 2my>mg), M* M*
Mi(Nc_3)<)\)\>2/(NC—2)T§1 where Q’s and 6’3, for example, carryle charges (2
+1)/N(rez) and —(2r +1)/Ng, respectively’. Then, the
:mgN?ch*l@/(Nc*Z) (for 2my,<mg). (22) lifetimes of B; andB' are determined as
These relations are consistent with the required values of _ & Z(NC_1)(mANC,1),1,NC @7
mg, 7z and(\\) only when the numbers of colof$, are BT A :
N.=8,9,10 (for 2my>mg), Next, let us turn to the case of the baryon padty We

suppose that thB; carry +1 and theB' carry — 1 of theZ,
charges. Then, the lightest baryons decay into the MSSM
particles through the following operator:

N.=9,10 (for 2my<mg). (23

Here, we have assumed the coupling constant. Then,A
andm are determined as

1
A=1032-10"5 GeV, (24) W= WQQ --Qudd, (28

*

m=10'""-10° GeV. (25) _
where Q’s and Q’s carry Z; charges (8+1)/N. and
Note that these numerical values yield too large a mass term (3r 4 1)/N,, respectively” The lifetimes ofB; andB' are
for the Higgs doublets in Eq18). We postpone the discus- given by
sion on this point to the final section.

M* 2N L
IV. MODELS WITH DISCRETE GAUGE SYMMETRIES TB=(T) (MPAN3) =N, (29)

In the previous section we find that the desired lifetimes
of the baryons are obtained N.=8, 9, and 10 without Note that even if we assign thi; charge—1 for B; and + 1
invoking any extra symmetries. In this section, we imposefor B', the lightest baryons decay through the operator
the matter parityZ, or the baryon parityZ; on our model,
since these discrete gauge symmetries are often used to sup- 1 L
press very rapid decays of the usual prdtdte charges for W=—-0QQ---Qudd, (30
the minimal SUSY standard-modéVISSM) particles under M,°
the matter parityZ, and the baryon parity; are given in
Table I. If the composite baryons do not carry nonvanishingso that the lifetimes are the same as in E&29).
charges of th&, andZ, the analyses are the same as inthe From the constraints Eq$9), (10), (27), (29) we obtain

the following relations:

8In the case that neutrinos acquire Majorana masses through op-
eratorsW= (1/Mg)IIHH, the anomaly-free discrete gauge symme- °The Z, is anomaly free.
tries are only the matter pari®, and the baryon parity; [12]. 0The Z4 is anomaly free.
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M 2N\ ) 2N DINe=2) 71 (1M,)QQHH very small f=10"°-10"". We see that
even if it is the case, the obtained and m are almost the

:m(2N§+NC—4)/(NC—2) (for Z,) same as in Eqs(24), (25, and our conclusion does not
B 20 change much! The small value of will be understood by
some axial symmetries, which may also explain the small
MENe(AN)2(MNe DINe=2) 7 1 massm for Q' and Q.12
Our model is also applicable to the gauge-mediated SUSY
) - - . i . :
:m(BzNC+3NC 8)/(Ne—2) (for Zy), (31) breaking scenari¢20]. If the gaugino condensation c“a}}Jses

SUSY breaking partially, the induced gravitino masggj,
. . _ _ must be smaller than 1 GeV in order to suppress dangerous
which are consistent with the required valuesrgf, 75, and  flavor-changing neutral currents sufficiently. We find

(A\) only when the numbers of colofs, are that the desired composite baryons are obtainedmif
=107%-10"" GeV, A=10"*10'®° GeV andN,=6-11
N.=7,8,9 (for Z,), for “mg," =100 keV-1 GeV.

Finally, we should comment on the gauge coupling con-
stanta, of the SUSY SUN.) gauge theories considered in
N.=6,7,8 (for Zj). (32 this paper. WithN,=6—10 andN;=N.+1 the solution to

- the one-loop renormalization group equation for the gauge
Therefore, when thB; andB' carry nonvanishing charges of COUpling constant is given by
the matter parityZ, or the baryon parityZ,, the required
numbers of colorsN; to obtain the desired lifetimes are
smaller than those in the case withalyt or Z;. Notice that a=Y(A) = XM, )+ ZNC_lln( A ) (34)
A andm are almost the same as in E¢&4), (25) in spite of ¢ ¢ * 2w M,/
the change oN,.

Using a(A)== we geta.(M,)=0.03—0.05 at the gravi-
V. DISCUSSION AND CONCLUSIONS tational scaleM , . It is interesting that the value a@f.(M,)
is roughly consistent with the hypothesis of unification with

In this paper we have constructed explicit models baseghe standard-model gauge coupling constants. That is, the
on SUSY SUN.) gauge theories witiN flavors of quarks  |arger dynamical scalé =10"*-10 GeV compared with
and antiquarks which natu_rally accommodate the superheayye ysual QCD scalé\ ocp=0.1 GeV is a natural conse-
composite baryon® and B introduced to account for the quence of the large number of coldds=6—10.

UHE cosmic rays beyond the GZK bound. The models con-
tain three crucial parameters, the quark masshe dynami-

cal scaleA and the number of colorbl.. The number of ACKNOWLEDGMENTS
flavors N¢ is fixed asN¢{=N.+1, for simplicity. In these _ _ _
models the gaugino condensation\ ) always occurs, which Y.N. thanks the Japan Society for the Promotion of Sci-
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=10"2-10" GeV and rg=75=10""-10"? yr), we have

obtained m=10'""-10"%eV, A=10"%10"%GeV and

N.=6-10. Namely, we have found that the required long iror the case of @y, >mg, if we takef=10"5-10"7 the domi-
lifetimes of superheav and B are naturally explained in nant operators contributing to the baryon decays are not those in Eq.
SUSY-QCD-like gauge theories with large numbég of  (18) but direct decay operators given by

color degrees of freedom. Although we have restricted our 1 1
analysis only to the case df;=N.+1, it is possible to W= 1 QQ: - QHH = QQ- - QHH, 33
* *

consider other cases. hich dive the desired ber of coloks—7 : d oN
Several comments are in order. We should mention first/Nich give the desired number of coloig=7,8,9 instead oN.
=8,9,10 obtained in the text. On the other hand, the lifetimes are

the so-calledu term problem. Owing to thQQ condensa-  jgependent of the value dffor the case of By <mg.
tion, the Higgs doublets seem to have an invariant mass termiog symmetry may be an example in whithH has R-charge

pHH, wherep=(QQ)/M, =(10°~10) xf GeV. Thus, ,¢ro we naturally obtain the ternmsQQ(1+f'HH/M?2) in the

in order to induce a correct vacuum-expectation values fOEuperpotential with a coupliny of order one, which may yield an

the Higgjs doublets, a _negative invariant mass of ordepppropriatex term. The small masm is regarded as a breaking
10°-10'° GeV must be introduced to cancel the unwantederm of theR symmetry. To have unsuppressed baryon-number vio-

large massf(Q@)/M* . Alternatively, one can solve this Iating_operators in E(33), for example, we assume that both@f
problem by putting the coupling constahbf the operator andQ; carry R-charge 24, .
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