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Possible new hadrons containing massive stable quarks (e.g., color-sextet quarks) sur-
viving as relics of the early stages of the big bang should be present in Z > 1 nuclei at lev-
els accessible to experiment (~10°19). Grand unified theories that explain the observed
baryon asymmetry of the universe should not contain these new stable quarks unless they
are prevented from evolving asymmetrically, Otherwise, the new hadrons would be as
common as nucleons, which is clearly not the case.

Existing bounds on anomalously heavy stable
isotopes of hydrogen are exceedingly low, ~10718
relative to ordinary hydrogen for masses less
than 16 GeV.! In contrast, bounds on anomalous
stable isotopes of nuclei with Z >1 are much less
severe.? A new heavy quark prevented from de-
caying by a new conserved quantum number would,
along with the usual light quarks, form a stable
heavy hadron. In terrestrial material, such
heavy hadrons may reside preferentially in Z >1
nuclei. There is, moreover, no reason to ex-
pect that a nucleus containing such a new, heavy
object would have an integral atomic mass.

The limit on anomalous nuclei of arbitrary
mass comes simply from comparisons of the
masses of elements determined chemically with
those determined physically by averaging the
known isotopes.? In contrast, techniques to de-
tect specific stable isotopes® can have sensitivi-
ties as great as one nucleus in 10, Experiments
designed specifically to search for anomalous
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heavy nuclei should therefore easily eliminate
the new heavy hadrons—or find them if they exist.
The possibility that there exist new, heavy,
stable quarks (for our purposes the lifetime
should exceed the age of the Universe ~10%° yr)
has been suggested recently by several authors,*””
The negative results of searches at accelerators?®
suggest that it is unlikely that the ~5-GeV b quark
(constituent of the upsilon)® is stable as was orig-
inally suggested by Cahn.® Indeed, these experi-
ments eliminate long-lived (7 = 5x10~8 sec) had-
rons (production cross section >3 0,) with mass
<5-10 GeV. There is, however, no evidence at
present against the existence of a stable hadron
with mass =210 GeV. There is, however, no evi-
dence at present against the existence of a stable
hadron with mass 210 GeV. For example, the
color-sextet quark of charge +3 that arises na-
turally in the theory of supergravity® based on
SO(8) could be sufficiently massive to have es-
caped detection. A color-sextet quark would be
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unable to decay to the familiar (color-triplet)
quarks, by the usual weak interaction, and the
lowest-mass hadronic state A containing such a
quark would be stable.

Quarks of high mass would have been produced
copiously during the very early epochs of the big
bang. Those heavy quarks which survive annihi-
lation would subsequently have been confined in
heavy hadrons which would annihilate further.
The remaining heavy hadrons originating from
the big bang should be present in terrestrial mat-
ter.

At early times when the density and tempera-
ture were sufficiently high, particle-antiparticle
pairs were continuously being produced and an-
nihilated. As the temperature decreases to T
<m, it becomes (exponentially) difficult to create
new pairs; annihilation may still continue. As
long as equilibrium can be maintained the density
of particles will have its equilibrium value!®; for
T Km,

g (kT 3 fmc? 3/2 mc?

e ghnlic) (i) () O
where g is the statistical weight. The annihila-
tion rate I'=n.q{ov), where (ov) is the thermally
averaged annihilation rate coefficient, then de-
creases rapidly as T decreases further. Very
quickly, a critical temperature is reached such
that the annihilation rate I'and the expansion
rate ™! are comparable:

NTJHT,) =1. (2)

Subsequently (7'<7,), production can be neglect-
ed relative to annihilation and the density evolves

T*/n(T) =T, 2/n (T + 2{0v) A(T* - T,) + 2{0v), A(T, - T) ~2(00),AT,, T<T,.

This result is not substantially changed if T

< T,." In contrast, for nucleons, with T, *¥ <7,
the relevant cross section is always (ov), and
the appropriate solution of Eq. (3) is T%/ny5

- 2{ov), AT M.

Since photons are always relativistic, n,x T8,
and it is convenient to compare to »,. Numeri-
cally n,~10%° [7(GeV) F around 7= 7,. Later
as lighter pairs annihilate (e.g., ¢ e™, u¥u”)
extra photons are created,; this increases the
number of photons in every comoving volume by
about a factor of 4. Thus at present we expect
ny/nyz2x107%° and nyy/n,~2%x107", In contrast,
ny§/ny~10"C*Y experimentally. This well-
known, spectacular discrepancy clearly implies
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as

dnv)/dt=-n?(ov)V. (3)

In Eq. (3), V is the (time-dependent) volume of
an arbitrary comoving volume.!! Equation (3) is
then to be solved, subject to the boundary condi-
tion that n(T*) =n (T ).

A rough analytic result'! for 7, which agrees
rather well with Wolfram’s'? numerical integra-
tion of the full rate equation, is

T*zm/ln(los“mg(av)). (4)

In Eq. (4) the mass is in GeV and {ov) is in units
of cm® sec™,

So far the analysis is quite general and is ap-
plicable to the survival of symmetric pairs of
any leptons or hadrons. In particular, for nu-
cleons'® {ov)~10"*% cm®/sec and T,"¥ ~25 MeV.
In contrast, for heavy point quarks of mass m,
(ov)~107"" [m(GeV)]|™ and T, =200 MeV for m
= 8 GeV. At such temperatures, the interpar-
ticle spacing! is about % fermi and quarks are
still unconfined. As the temperature drops fur-
ther, confinement occurs (at 7,= T,) and heavy
quarks also are confined into hadrons H. Since
the cross section of HH annihilation is presum-
ably comparable to (or somewhat smaller than)
that for NN annihilation (related to the bag size
and quark counting), annihilation resumes until
condition (2) is fulfilled with (ov) <107'® cm?®/sec.

We must therefore solve Eq. (3) with (ov)= (ov),
=107 [m(GeV)]™? for T,<T<T, and with (ov)
=(ov), <107'® cm®/sec for T < T,. The solution,!
subject to the boundary condition ny(T,) =n.((T,),
is

(5)

that the evolution of the Universe was far from
symmetric., We return to this point and its im-
plication for heavy, stable hadrons in the con-
clusion,

Continuing with the assumption of H-H symme-
try, but taking the observed value of the nucleon-
to-photon ratio, one has

Ny/ny~2 X107,

(6)

Note that since {(ov), and T, are independent of
my, Eq. (6) is also independent of the mass of
the heavy hadron.

To go further and estimate the abundance of
the heavy, stable (symmetrically produced) had-



VOLUME 42, NUMBER 17

PHYSICAL REVIEW LETTERS

23 ApriL 1979

rons to nucleons in Zerrestrial matter we must
now follow their evolution through primordial nu-
cleosynthesis and condensation into the galaxy,
the solar system, and Earth. At this stage we
consider specifically the color-sextet quark, #,
suggested by supergravity.® It has charge 3 and
would form color-singlet states with two triplet
antiquarks (g) coupled into an antisextet. The
lightest states would presumably involve « and d
quarks., We use the bag model to find the lightest
state,’” which is stable against weak decays.

The color magnetic interaction which deter-
mines the mass splittings of hadrons is

H==33,;0,+0,);*\; My;,
where M;; involve spatial properties of the bag
and wave functions. For a three-quark system
with one heavy quark the coupling between the
light quarks is dominant. For the (antisymme-
tric) color 3* diquark A, *1, <0, whereas x, *1,>0
for a 6% (symmetric).’* Thus, whereas for a
color-triplet diquark coupled to a heavy (e.g.,
strange or charmed) quark the light diquark has
spin 1 for the least-massive configuration, for a
sextet diquark it has spin 0. Overall antisym-
metry of the diquark system (isospin Xspin Xcolor)
then implies that in both cases the least-massive
state has /=0. Thus m <mgs, m, <my , and the
least-massive states with sextet quarks are H°
=h(ud) -, and H° =h(Zd) ,-,.

Both H® and H° are expected to be bound in Z>1
nuclei. Note, however, that H° may annihilate in
a nucleus via the reaction H°+N - M* +m, if en-
ergetically allowed, where M*=huG is the lowest-
lying stable “meson” containing an # quark (G is
a gluon). Simple quark-counting arguments sug-
gest that the coupling constants of H° to ordinary
scalar or vector mesons € and w are  times the
corresponding meson-nucleon couplings.’® This
enables us to estimate the depth V, of the Hartree
potential (as in Ref. 19) for H° in a Z>1 nucleus;
we obtain V;=20-30 MeV. For a very massive
H°, this will also be close to the binding energy
of the 1s state, to which the A° always migrates
(in the absence of Pauli restrictions). The bind-
ing of H° in nuclei should be significantly strong-
er because of the attractive coupling of w to light
antiquarks. M* should also be bound, but pre-
sumably less strongly than H°,

The binding of # hadrons in Z >1 nuclei ensures
that such hadrons would be protected by Coulomb
repulsion from annihilation during Galactic and
solar-system condensation. The pH° system is

not bound because single-pion exchange is absent
and the second-order pion tensor force (impor-
tant for deuterium) vanishes in the static limit,®
Even if the other Z =1 states (e.g., pH® or prnH®)
are bound, it is likely that they would to a large
extent be processed in primordial nucleosynthe-
sis into Z >1 nuclei. Moreover, any charged,
symmetrically produced stable heavy hadrons
not incorporated in Z >1 nuclei would probably
have annihilated since condensation of the Galaxy
and solar system.!® It is therefore possible that
new species of stable heavy hadrons with masses
as low as ~10 GeV could be hidden in Z >1 nu-
clei.

Since ~90% of all nucleons are protons (Z =1),%°
the fractional abundance of heavy hadrons in Z
>1 nuclei is ~2x10-° [compared with Eq. (6)].

If the heavy hadrons were uniformly distributed
among all nuclei with Z >1 then, the abundance
per mass A nucleus would be 2x1071°4,

As we emphasized earlier, this result is for a
universe symmetric in H-H. There is another
important possibility. The observed nucleon ex-
cess may prove to be the consequence of the phys-
ics of baryon-number-nonconserving, CP-non-
conserving, grand unified theories in the context
of the very early (7 210 GeV) nonequilibrium
stages of evolution of the Universe.? If this
should prove to be correct, then it may be ex-
pected that the new heavy quarks would also
evolve asymmetrically. In view of limits such
as that of Ref. 2, it would appear that any new
stable quarks in such theories will have to be
introduced in such a way that the z-% asymmetry
is reduced by at least several orders of magni-
tude relative to the N-N asymmetry.
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