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Nucleosynthesis Constraints on Massive, Stable, Strongly Interacting Particles
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We find constraints on heavy, stable, strongly interacting massive particles (X) from searches for
anomalous nuclei containing them, formed during primordial nucleosynthesis. Using existing data,
obtain a limit on the abundance ratioCX ; nXynB in the range of3 3 1028 to 3 3 10213 for masses
up to 10 TeV if theX-N interaction is sufficiently strong to bind in lowZ nuclei. We also find
a rough lower limit on theX-N interaction that implies binding in nuclei withA $ 200 over much
of the MX range of interest, and address the relative abundance of such anomalous nuclei on Ea
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Recently, a number of authors have entertained the po
sibility that strongly interacting massive particles (SIMPs
with masses a few GeV and above, may play a role in pa
ticle physics and cosmology [1–7]. For example, thes
particles have been proposed as the source of ultrah
energy cosmic rays (UHECR) by Chunget al. and oth-
ers [2,3]. There are interesting models of supersymm
try breaking where such particles appear as part of t
messenger sector or as the gluino lightest supersymme
particle [6].

Because of their strong interactions and high mass, the
particles have distinct consequences in cosmology a
astrophysics. In order to study their implications, it i
essential to know their annihilation cross sectionsXX̄ ,
which in turn determines their relic density. It has recentl
been noted [5] that, if we assumesXX̄ , M22

X , they can
appear in sufficient abundance to saturate either the cosm
density or the galactic halo. Simple estimates of their rel
density give

hX ;
nX

ng

. 5 3 103 MX

MPl
. (1)

For a 1 TeVX particle, this gives the relative abundanc
CX ; nXynB . 5 3 1023 or nX . 5 3 10210 cm23.
For it to saturate the cosmic density, its mass must satis
MX $ 103.5 GeV.

If in the process of cosmological evolution, theX
particles formed the gravitational potential well and thu
became the halo dark matter, their halo number dens
would be considerably enhanced and becomenX . 3 3

1024 cm23 or so and known estimates of their densit
could be used to constrain their masses as functions
cross sections [1,5].

In [5], using the above form for theX annihilation cross
section as well as a simple QCD inspired ansatz for th
X-A cross it was shown that if theX ’s constituted the halo
dark matter and their masses were above 100 GeV, th
would be in conflict with the results from underground
detectors looking for dark matter. The basic reason for th
conclusion is that heavy nonrelativistic particles lose on
0031-9007y98y81(15)y3079(4)$15.00
s-
),
r-
e

igh

e-
he
tric

se
nd
s

y

ic
ic

e

fy

s
ity

y
of

e

ey

is
ly

a small fraction of their energy in elastic scattering a
will therefore have to undergo a large number of collisio
before they can slow down and get captured. Thus th
should easily penetrate to reach the underground detec
but their signals have not been seen. There are a
constraints [5] from the cosmological grand unified phot
spectrum [8] arising from particle-antiparticle annihilatio
if one assumes either both appear in equal abundance o
X particles are their own antiparticles. Again this wou
rule outmX $ 100 GeV if one assumes the abundance
be halo density. Similar conclusions were also deriv
using the limits on anomalous heavy isotope abundanc

There have been several experimental searches [9
to see whether these particles exist as dark matter,
stringent limits have been placed on their masses and t
interaction cross sections with matter. Other informati
on the possible existence of SIMPs used in both Refs. [1
comes from terrestrial searches for anomalous heavy nu
such as those in Ref. [11]. Specifically, the experime
of Hemmick et al. [11] set stringent upper limits on the
abundance of nuclei containing such heavy stable partic
These limits were used in Refs. [1,5] to exclude SIMP
above a mass of 1–10 TeV. In order to study this questi
one needs to know the strength ofX-N binding potential
VXN , which is a priori unknown. One may either leave
it as a free parameter as we do in the first part or u
a “factorization” ansatz, i.e.,s2

XN ­ bsXX̄sNN which,
using the fact that cross sections scale as the squar
the potential can give a rough idea about the magnitude
VXN (as we do in the second part).

In this brief note, we present two new results: (A) th
first uses an earlier investigation of primordial nucleosy
thesis of (lowZ) anomalous nuclei containingX [12] for
the case of sufficiently strongX-N interaction to place
limits on theX abundance for the case when the anni
lation cross section is assumed as in Ref. [5] andVXN is
left arbitrary and (B) the second uses the above mentio
factorization ansatz for the annihilation cross section
determine the likelihood of relicXs binding in highZ nu-
clei for weakerX-N interaction. (Binding is more likely
© 1998 The American Physical Society 3079
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for high Z nuclei since their larger radii imply lower ki-
netic energies.)

Binding in low Z nuclei.—In Ref. [12], Dicus and
Teplitz calculated the abundance of anomalousZ . 1 nu-
clei that would be produced by primordial nucleosynthes
if there existed a new neutral, stable, massive baryonX0

(the name used in [12] wasH). This was motivated by
earlier work of Dover, Gaisser, and Steigman [13] on co
mological consequences of such particles. These pap
assumed that the lightest color singlet bound state invo
ing the massive colored particle andyor quarks and gluons
interacts with nucleons in a similar way to that of theL

hyperon.
The result of Ref. [12] was an estimate of the abun

dances of anomalous nuclei relative to the total prese
abundance of all isotopes of He, Li, Be, and B for the ca
of low Z binding. It showed a significant enhancement i
the abundance of9Bep. Although8Be is not stable, theL
hyperfragment9Bep

L (8Be to which aL has been added)
is stable. Reference [12] showed that replacingL by
another strongly interacting particle, such asX0, present
with a cosmic abundanceCX ; nXynB ­ hXyhB at cos-
mic nucleosynthesis, would lead to a value for the rat
of the abundance9Bep (anomalous9Be) to the sum of
all nonanomalous Be isotopes observed today greater th
the ratio of the abundances of5Hep to 4He by a factor of
about104.

We make the natural assumption that any primordial
synthesized anomalous heavy isotope should be presen
random samples on Earth in the same abundance as at
time of nucleosynthesis. However, to be conservative, w
will assume that 90% of any primordial9Bep will have
been destroyed in stars. This is a conservative estim
because less than 90% of the Universe’s hydrogen h
been cycled through stars; indeed interstellar deuteriu
(deuterium is also astrated) is of the order of one third
the value of primordial calculations.

We consider (i) the question of whatX-nucleus (also
denoted byX-A) cross section we expect on the basis o
our knowledge of theL hyperfragment and (ii) whether
for such cross sections,X0’s will be captured during
cosmic nucleosynthesis. We then apply the constraint
Ref. [12] to limit either theX-A cross section or theX
abundance in the light of the data of Refs. [11,14,15].

Following the line of reasoning given forL hyperfrag-
ments by Povh [16], we use for the binding energy ofX
particles in nuclei:

BX ­ VX 2
p2

2mR2 , (2)

where VX is the depth (A independent) of the potential
well for the X-A system,R ­ R0sA 2 1d1y3, and m is
the reduced mass for theX-A system. We note here that
X-N binding has been studied in a very helpful paper b
Plaga [17] for the case ofMX , 1 GeV. In theL case,
R0 is about1.5 fm andVL . 27 MeV. Bs5HeLd is about
3080
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3.1 MeV. Note that because of the absence of the o
pion exchange force from theL-N potential, there is no
L analog to the deuteron (2HL) although3HL is bound.
Based on Eq. (2), we would expect5Hep which is crucial
to the formation of Bep and other light anomalous nuclei, to
exist at the time of nucleosynthesis for some other strong
interacting particleX provided theX-N interaction is
strong enough to produce an effective square well of dep
of 10.5 MeV. Here we have required that the bindin
energy BX be greater than2.2 MeV because primordial
nucleosynthesis proceeds rapidly after the temperat
becomes low enough that the high energy tail of theg

distribution can no longer dissociate deuterium. The lo
energy (triplet)N-N cross section is about 4 b, wherea
the low energyL-N cross section is about0.5 b. Since the
cross section goes as the square of the scattering amplit
which is proportional to the effective potential in som
approximation, this implies ifssXNd is bigger than 0.1 b,
we expect to have a bound state. Although we cannot
certain about the modifications to Eq. (2) due to largeMX ,
it works well for hyperfragments and our intuition is tha
as the kinetic energy decreases relative to the potential
to largerMX the approximation should improve.

We turn next to the question of whether theX particle
will be captured by4He nuclei to form5Hep nuclei. The
probability of capture is roughly

P ­ ng0hB0.1sTyT0d3yt 3 10224sb , (3)

whereng0 is today’s CBR density;hB is the baryon to
photon ratio; the factor 0.1 takes into account account t
helium fraction relative to the nucleons;T and t are the
temperature and time at the time of nucleosynthesis;T0 is
the CBR temperature today; and the relative velocityy .
yHe . s6Tm21

Hed1y2 . 0.1c (c is the velocity of light).
Finally, sb is the cross section in barns forX to be
captured by4He. We computesb following Blatt and
Weiskopf [18] on the electric dipole moment contributio
to n 1 p ! d 1 g as discussed in Plaga [17]. ForX
capture by a nucleus of atomic weightA and atomic
numberZ, we have

scapsA, Z, kd .
8paZ2

3
g22

µ
kg

k2 1 g2

∂3µ k

k

∂2

, (4)

where g ­
p

s2mBd, k2y2MX . 0.1 MeV, and k . B.
Assuming B . 2.2 MeV, we estimate thatsb . 3 3

1028 b giving P , 1023 for large MX (even forMX .
MN , P . 0.1). Note that this result corrects the assum
tion of Ref. [13] copied by Ref. [12] thatP $ 1. It shows
that cosmic nucleosynthesis will not “hide” stable SIMP
in light nuclei so that signals fromXX̄ annihilation dis-
cussed in Ref. [5] and elswhere must be expected if th
is no largeX-X̄ asymmetry.

Let us now consider the limits on the abundance of t
X if the X-N interaction is strong enough for formation o
5Hep and9Bep. To derive the abundance of9Bep, we need
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to know the abundance of5Hep relative to normal4He at
the time of nucleosynthesis since the reaction responsi
for the synthesis of9Bep is 4Hes5Hep, gd9Bep. One can
then write

n9Bep

nBe

Ç
now

­

µ
n9Bep

n5Hep

∂ µ
n5Hep

nB

∂ µ
nB

nBe

∂
. (5)

From Ref. [12], we get the9Bep to 5Hep ratio to be1026;
Equation (3) tells us that the second factor in the abo
equation is1023CX , and finally the present Be abun
dance is taken from Reeves [19] who givesnBeynB .
2 3 10211. Combining gives the ratio9BepyBe . 50CX .
Other anomalous isotopes would have abundances be
CX according to Ref. [12]. In order to reach these co
clusions, Ref. [12] uses known rates for analog producti
and depletion reactions.

The data on Be are summarized by Hemmicket al. [11]
as follows: Kleinet al. [15] have ruled out isotopes of Be
up to 93 amu at concentrations above10212 per nucleon
using accelerator mass spectrometry, whereas Hemm
et al. limit the abundance to10211 or less per nucleon for
100 to 1000 amu and to1029 or less up to 10 000 amu.
(Professor Elmore and Professor Hemmick have assu
us that the results of Ref. [11] obtain down to 93 amu
It should also be noted that Vandegriffet al. [20] have
placed limits on anomalous5Hep for 42 # MX # 82.

Taking into account the above result that BepyBe .
50CX and assuming 90% destruction of9Bep in stars means
that the limits onCX are 3 3 10213 to MX # 93 GeV,
3 3 10212 for 100 # MXyGeV # 1000 and 3 3 1029

for 1000 # MXyGeV # 5000 and3 3 1028 between5 #

MXyTeV # 10. These limits are several orders of mag
nitude lower than the expectation from Eq. (1) and wou
thus rule out heavy stable strongly interacting particle f
MX between 1 GeV to 10 TeV. These limits will apply
to models in which a strongly interacting particleX has an
attractive interaction with nucleons with sufficient streng
that the anomalous Bep forms with binding energy greater
than 2.2 MeV. Roughly such models should include cas
in which X-N scattering is attractive andsXN $ 0.1 b.
(Note that if we used the “factorization” formula for cros
sections andVXN , 10 MeV, we would obtain a much
higher annihilation rate in the early universe and cons
quently a lower relic densityCX ; nevertheless, it would
still be in conflict with the bounds of Ref. [11], thus main
taining our conclusion.)

Binding in high Z nuclei.—We now consider the case
in which VXN is too small for binding with He or Be.
Even though we do not know the nature of theX-N force
from fundamental principles, we can put a lower boun
on VXN using the aforementioned factorization hypothes
i.e., s

2
XN ­ bsXX̄sNN which gives

VXN , VNN ssXN ysNN d1y2

. VNN fssmin
XX̄ sNN d1y2ysNN g1y2b1y4 (6)
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XX̄ , we use the fact thatXX̄ annihilation cross section

must be sufficiently large to ensure that todayMXnX # rc.
Using standard methods [8], we findsX-X̄ $ 3 3 10213 b
(independent ofMX) which implies VXN . 20 KeV if
VNN , 50 MeV. Equation (2) then gives a condition fo
the existence of the bound state (in the approximati
BX ø VX):

0.425A2y3b21y4 VXN

VNN
$ A21 1 M21

X (7)

where byMX we meanMX in GeV’s. For A ø sMXy
GeVd, this yieldsA5y3 $ 2.3 VNN

VXN
b1y4. This yieldsA .

183b3y20 for R0 ­ 1.3 fm and .154b3y20 for R0 ­
1.5 fm. For the case whereA ¿ sMXyGeVd, we have
instead the condition for bound state formationA2y3 $

p2

2MX R2
0
, which yieldsA $ 427 for MX ­ 10 GeV. Bound

states may exist for smallerA and/orMX if VXN exceeds
its minimum. It is important to note that the lower boun
on A is very insensitive to the valueb which characterizes
any deviation from the formulas2

XN ­ sNN sXX̄ . If
we setA ­ 238 in Eq. (7), we should be able to detec
bound states ofX ’s with minimal interaction down to
MX ­ 83 GeV.

We can again use Eq. (5) to compute the rate forX
capture. Assuming thatX particles have the galactic
virial veloclty (y , 1023 c) and halo dark matter density
(rH ­ 5 3 10225 g cm23), we find for uraniums ,
1028 barn. The probability ofU capturing anX in the
lifetime of the solar system is thenP ­

rH

MX
syvirtsolar .

1.6 3 10211yfMX sTeVdg.
One can extend the above line of reasoning to disc

what happens when theX particles have nuclear cros
sections necessary for them to play the role of UHECR
Consider for example the case discussed in Ref. [3] wh
they need to have asXN of the order of a millibarn. Using
our simple scaling laws, we conclude that this implie
VXN . 1022VNN . Inserting in Eq. (2) gives for large
MX that bound states should exist forA $ 30 [for A ø
sMXyGeVd] assuming, of course, that the potential
attractive. SettingA ­ 238 gives bound states forMX .

6.3 GeV. In this case, the capture cross section rang
from 1024 b for MX ­ 6.3 GeV to 1027 b for largeMX

so that abundances are larger than minimal interact
case (assuming similar galactic halo dark matter).

To date searches for anomalous isotopes seem to h
reached onlyZ ­ 9 (fluorine). Based on the above con
siderations, we urge experimentalists to search for anom
lous isotopes with highestZ so that different interaction
strengths for SIMPs may be explored. In particula
anomalous uranium may provide a higher discovery pote
tial if the halo dark matter is in fact dominated by “mini
mally” strongly interacting massive particles. Howeve
searches in much lighter elementsA $ 30 should stable
SIMPs capable of explaining UHECRs.
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