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Abstract. The plateau of "Li abundance as a function of the iron abundance by spec-
troscopic observations of metal-poor halo stars (MPHSs) indicates its primordial origin.
The observed abundance levels are about a factor of three smaller than the primordial
"Li abundance predicted in the standard Big Bang Nucleosynthesis (BBN) model. This
discrepancy might originate from exotic particle and nuclear processes operating in BBN
epoch. Some particle models include heavy (m > 1 GeV) long-lived colored particles
which would be confined inside exotic heavy hadrons, i.e., strongly interacting massive
particles (SIMPs). We have found reactions which destroy "Be and ’Li during BBN in
the scenario of BBN catalyzed by a long-lived sub-strongly interacting massive particle
(sub-SIMP, X). The reactions are non radiative X captures of "Be and "Li which can be
operative if the X particle interacts with nuclei strongly enough to drive "Be destruction
but not strongly enough to form a bound state with *He of relative angular momentum
L = 1. We suggest that "Li problem can be solved as a result of a new process beyond
the standard model through which the observable signature was left on the primordial Li
abundance.

1 Introduction

The standard big bang nucleosynthesis (BBN) model predicts primordial light element abundances
considerably consistent with abundances inferred from astronomical observations. However, there is
a discrepancy in ’Li abundances predicted in the standard BBN (SBBN) model and inferred from ob-
servations [1,2]. Primordial lithium abundances are inferred from measurements in metal-poor halo
stars (MPHSs). Observed abundances are roughly constant as a function of metallicity [3,4,1,2,5-7]
at "Li/H= (1 — 2) x 107!°, The theoretical prediction of the SBBN model is, however, a factor of
24 higher, e.g., "Li/H=(5.24*371) x 107'% [8], when its parameter, the baryon-to-photon ratio 7, de-
termined from the observation with Wilkinson Microwave Anisotropy Probe (WMAP) of the cosmic
microwave background (CMB) radiation [9] is used. This discrepancy may be caused by some astro-
physical process to reduce "Li abundances in stellar surfaces. The gravitational settling in the model
including a combination of the atomic and turbulent diffusion [10, 11] provides a possible explanation
of the Li discrepancy. The precise trend of Li abundance as a function of effective temperature of stars
in the metal-poor globular cluster NGC 6397 is, however, not reproduced theoretically [12]. Thus, a
realistic astrophysical solution is not obtained yet.

Some particle models beyond the standard model include heavy (im > 1 GeV) long-lived colored
particles. The scenarios include split supersymmetry [13,14], weak scale supersymmetry with a long-
lived gluino [15-17] or squark [18] as the next-to-lightest supersymmetric particles, and extended
theories with new kinds of colored particles [19,20]. The long-lived heavy colored particles would be
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confined at temperatures below the deconfinement temperature 7¢ ~ 180 MeV inside exotic heavy
hadrons, i.e., strongly interacting massive particles (SIMPs) which we call X particles [21].

If the annihilation cross section is a typical value for strong interaction, i.e., & ~ O(GeV~")? the
final abundance of X particles is estimated assuming that their abundances are fixed when the annihi-
lation rate becomes smaller than the Hubble expansion rate of the universe [21]. The relic abundance
is then given by

1/2 1/2 -3/2 !

np 10.75 TeV 180MeV m;?
where Ny is the number density of the X particle, n, is the number density of baryons, g. is the
total number of effective massless degrees of freedom in terms of number [22], m is the mass (m >
1 GeV) of the heavy long-lived colored particles, T is the temperature of the universe at which the
X-particles are formed, o is the annihilation cross section of the X particle, and m, ~ 140 MeV is
the mass of pion. The thermal relic abundance depends on the annihilation cross section which is not
known. A nonthermal production of long-lived colored particles might have added after the freezeout
of annihilation to the freezeout abundance. We then consider the X abundance as a free parameter in
this paper taking account of such uncertainties.

Observational constraints on hypothetical SIMPs have been studied [23-25]. Effects of exotic neu-
tral stable hadrons on BBN were studied in Ref. [26]. The strong force between a nucleon and a exotic
hadron (X) is assumed to be similar to that between a nucleon N and a A hyperon. Another assump-
tion is that new hadrons are captured in a bound state of “He plus X after BBN. They then suggested
that beryllium has the largest number fraction Ax/A of bound states with the hadrons among the light
elements produced in BBN, where the A and Ay are a nuclide A and a bound state of A with a hadron
X. Mohapatra and Teplitz [27] estimated the cross section of X capture by *He, and suggested that a
large fraction of free X particles would not become bound into light nuclides and remain free contrary
to the previous suggestion [26]. In both of the two studies, it has been assumed that exotic hadrons
interact with normal nuclei by typical strengths of strong interaction and implicitly assumed that its
mass is about that of A hyperon, i.e., my ~ 1.116 GeV [28].

Effects on BBN of long-lived exotic hadrons of m > 1 GeV, such as a weak-scale mass, have
been studied [29]. The interaction strength between an X particle and a nucleon is assumed to be
similar to that between nucleons. Rates of many reactions involving the X particle were estimated, and
a network calculation of the nucleosynthesis including effects of the X was performed. The constraint
on the decay lifetime of such X particles, i.e., 7y < 200 s was then derived from a comparison of
calculated abundances with observational abundance constraints.

The model [29] has two interesting predictions, i.e., signatures of the X particles on primordial
abundances to be seen in future astronomical observations: 1) “Be and B can be produced in amounts
more than predicted in the SBBN. 2) The isotopic ratio '°B/''B tends to be very high. This is different
from predictions of other standard models for boron production, i.e., the cosmic ray nucleosynthesis
("°B/"'B~ 0.4 [30-32]) or the supernova neutrino process (\°B/!'B< 1 [33,34]). They did not find a
solution to the ®Li or "Li problems under their assumption.

The strength of interaction between long-lived exotic hadrons X and a nucleon is not known.
Their masses are also unknown. We, therefore, investigate effects of such particles in various cases of
interaction strengths and masses. We found then a new possibility that reactions associated with the X
particle reduce "Be abundance and that the "Li problem is solved.

In this paper we show the destruction mechanism of ’Be in the presence of the X particle. We
perform a network calculation of BBN in the presence of a long-lived SIMP X° of a zero charge
taking the mass and the strength of interaction with a nucleon as characterizing parameters. In Sec. 2
assumptions on the X° particle and estimations for binding energies between nuclei and an X° are
described (see Ref. [35] for our estimation for rates of important reactions). In Sec. 3 the destruction
processes of "Be and "Li are described. With results of the network calculations of BBN, we delineate
the parameter region in which the "Be and "Li destructions possibly operate. In Sec 4 we summarize
conclusions of this work.

In this paper, we use the notation, i.e., 1(2,3)4 for areaction 1 +2 — 3 + 4.
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2 Model

The existence of a strongly interacting massive particle (SIMP) X during the BBN epoch is assumed.
The spin is zero and charge is also zero. The mass is one parameter. Two types of nuclear potentials
between an X° and a nucleon (XN) are considered in Ref. [35]. In this paper we only consider the
Gaussian XN potential given by

o(r) = voS exp [~(r/ro)?] @)

where vy = —72.15 MeV and ry = 1.484 fm, and the interaction strength is varied by changing 9, the
second parameter. When the 6 equals unity then the binding energy of deuteron, i.e., 2.224 MeV is
derived.

The potential between an X° and a nuclide A (XA) is given by

V() = f op(r) dr’, 3)

where r is the radius from an X to the center of mass of A, 7’ is the distance between the center of mass
of A and a nucleon inside the nuclide A, x = r + r’ is the distance between the X and the nucleon, and
p(r’) is the nucleon density of the nucleus which is generally distorted by potential of an X° from the
density of normal nucleus [36]. Under the assumption of spherical symmetry in nucleon density, i.e.,
p(r), the potential is written in the form of

} . )

As a crude assumption, the nucleon density p(r) is approximately given by the undistorted one for
normal nucleus. The folding of XN potentials to derive XA potential [equation (3)] does not exactly
output the real XA potential. In order to derive precise results of nuclear structures or energy levels,
many-body models for an X° particle and nuclear clusters composing the nucleus should be used as
were done in the case of hypernuclei [37].

The nucleon density of nuclei with mass number A > 2 is assumed to be Gaussian, i.e,

(r+7r)?
- 2
o

r2 00 )2
V(r) = 7rv0670 f dr'r' p(r') {exp [— r 2r ) } —ex
0 T

0

p(r) = p(0)exp|~(r/b)’|, ©)

where p(0) = An73/2b73 is the nucleon density at r = 0 and satisfies the normalization f p(rdr = A,
with A the mass number. The parameter for the width of density, i.e., b, is related to the root mean
square (RMS) nuclear matter radius determined from experiments, i.e., b =v2/ 3rr1§MS.

Our estimation for rates of nonradiative and radiative nuclear reactions and S-decay as well as our
nuclear reaction network are explained in detail in Ref. [35].

2.1 Nuclear Binding Energies

The BBN catalyzed by the X particle is significantly sensitive to binding energies of nuclei to an X°
particle (X-nuclei). The binding to X particles changes the relative energies of initial and final states,
and may even change the sign of the Q-value. [29]. We calculate binding energies and eigenstate wave
functions of X-nuclei. We solve the two-body Shrodinger equation by a variational calculation using
the Gaussian expansion method [38], and obtain binding energies. We assumed the spherical symmetry
in the nuclear potential.

If the mass of the X° particle, i.e., my, is much heavier than light nuclides, the reduced mass u
approaches asymptotically to the mass of the nuclide. The binding energies, therefore, also approach
to asymptotic values in the limit of large my.

The adopted RMS nuclear matter radii are listed in Table 1 of Ref. [35]. The interaction strength §
and the mass my of the X particle are taken as parameters. Binding energies of ground state X-nuclei
are calculated. Using the obtained binding energies, O-values of various reactions are calculated. We
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Fig. 1. Contours of binding energies between nuclei and an X° corresponding to 0.1 MeV for the case of the
Gaussian XN potential. Numbers attached to the contours indicate mass numbers of nuclei. This figure is reprinted
from Ref. [35]

also calculate binding energies of nuclear excited states of 4He} and SBe;‘( with relative angular mo-
mentum of L = 1.

Figure 1 shows the contours of binding energies of ground state X-nuclei of mass numbers A = 1
to 9 in the case of the Gaussian type XN potential. The contours correspond to binding energy (BE) of
BE = 0.1 MeV. Since weakly bound X-nuclei of BE < O(0.1 MeV) tend to be photodisintegrated by
background radiations, they do not work as effective paths for heavy element synthesis. In a parameter
region located at right upper side from a contour, the X-nucleus can form during BBN epoch, and thus
possibly affects BBN.

3 Results

Figure 2 shows results of the abundances of normal and X-nuclei as a function of temperature, i.e.,
To = T/(10° K), for § = 0.1. The mass of the X° was set to be my = 100 GeV. The initial abundance
of the X is Nx/n, = 1.7 x 107* (Yx = Nx/s = 1.5 x 107'%), where Ny and n, are the number densities
of the X° particles and baryons, respectively (s is the entropy density). The decay lifetime is assumed
to be much longer than BBN time scale, i.e., 7x > 200 s. We note that the X0 particle is assumed to
have been long extinct by now.

At high temperatures Ty > 1, the X° particles are in the free state since efficient photodisintegra-
tions of X-nuclei destroy the bound state. At T9 ~ 1 the “He synthesis occurs as in SBBN, and about
one third of X° particles are captured by “He nuclei. “Hey nuclei produced in this epoch react with
normal nuclei, and affect abundances of "Li [by “Hex(z,”Li)X], °Lix [by “Hex(d,y)°Lix], and $Bey
[by “Hex(r,y)®Bex]. Note that ®Liy nuclei produced at Ty ~ 1 experience a strong destruction pro-
cess, i.e., °Li(p,’Hea)X. °Bey is produced by ®Bex(d, p)°Bey. At last, the most important processes
operate. Free X? particles which survived the capture by “He react with "Be [by X("Be,’He)*Hey] and
Li [by X("Li, £)*Hex]. The abundances of "Be and "Li thus decrease.

Figure 3 shows abundances (solid curves) of “He (mass fraction), D, 3He, "Li and ®Li (by num-
ber relative to H) as a function of the baryon-to-photon ratio 7 or the baryon energy density Qzh®
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Fig. 2. Calculated abundances of normal and X-nuclei (solid lines) as a function of 7. The mass of X° particle was
assumed to be my = 100 GeV, and the interaction strength of XN force is 0.1 times that of NN force (6 = 0.1). For
this figure, we took the X° abundance to be Nx/n, = 1.7 x 107 (Yy = Nx/s = 1.5 x 107'#), and its lifetime to be
much longer than BBN time scale, i.e., 7x > 200 s. The XY reaction rates are given as described in Ref. [35]. The
dashed lines correspond to the abundances of normal nuclei in the standard BBN model. This figure is reprinted
from Ref. [35]

of the universe. The solid curves are the calculated result in this X catalyzed BBN for (my, d, Yx,
Tx)=(100 GeV, 0.1, 1.5 x 10~'*, o). The dashed curves are those in the SBBN. The boxes corre-
spond to the adopted constraints on primordial abundances [35]. The vertical stripe is the 20" limits on

Qgh? = 0.02258*0:999%" provided by WMAP [9] for the ACDM+SZ+lens model.

The decrease in the "Li abundance is found, while other nuclear abundances are not changed. A
solution to the "Li problem is thus found in this model.

If the strength of XN interaction is relatively weak, most strong reactions for the X° particle to
get bound to nuclei are non-radiative X-capture reactions which are found important in the present
model. X(°Li, d)*Hey, X("Li, t)*Hey, and X("Be,>He)*Hey are important reactions in this X catalyzed
BBN scenario.

Figure 4 shows contours in the parameter space (my, 0) for critical binding energies of X-nuclei
(thin and thick smooth curves). Above the contours, Q-values for reactions [35] are positive. Zigzag
curves show boundaries above which an excited state of “He* with L = 1 (upper line) and ®Be* with
L = 1 (lower) exist, respectively. When there is the excited state 4He* (L = 1), the reaction rate of
X(*He,y)*Hey increases. The "Be and "Li destruction reactions are then not operative [35].

We delineate the parameter region which can be responsible for a reduction of the primordial 7Li
abundance. In Figure 4, it is found that the contours of the boundaries for existences of 4He; are above

the contours of the reaction X("Be,’He)*Hey (the second lowest thin dashed lines). In the parameter
region in right upper side from the curve of “Hej}, free X° particles are captured onto *He at Ty ~ 1
before they can react with "Be to reduce its abundance.

In the shaded region below that curve and above the curve of X ("Be,’He)*Hey, some amount of
free X%s possibly remain, and they can reduce the "Be abundance. This shaded region is, therefore, a
possible parameter region where the "Li problem is solved.
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Fig. 3. Abundances of *He (mass fraction), D, *He, "Li and SLi (by number relative to H) as a function of the
baryon-to-photon ratio 7 or the baryon energy density Qzh? of the universe. The solid curves are the calculated
results in the X catalyzed BBN for the case of (my, 0, Yx, Tx)=(100 GeV, 0.1, 1.5 x 107, c0), while the dashed
curves are those in the standard BBN. The boxes represent the adopted abundance constraints from Refs. [39,40]
for “He, [41] for D, [42] for *He, [4] for "Li, and [2] for °Li, respectively. The vertical stripe corresponds to the
2 o Qgh? limits provided by WMAP [9]. This figure is reprinted from Ref. [35]

4 Conclusions and discussion

We have investigated effects of a long-lived strongly interacting massive particle (SIMP) X° on BBN
for different masses my and strengths of XN interaction, i.e., §. Binding energies of X-nuclei (bound
states of nuclei and an X° particle) are calculated for two types of XN potentials, i.e., Gaussian and
well types [35] although we showed the result of only the Gaussian case in this paper.

We compute the time evolution of light element abundances. We found that ‘Be and ’Li can
be destroyed by the nuclear capture reactions of free X° particles. The destruction reactions are
X("Be,*He)*Hey and X("Li, 1)*Hey. The lack of an excited state of “Hey with a relative angular mo-
mentum L = 1 makes it possible that some fraction of the X° particles escape capture by “*He. We
suggest that the "Li problem could be solved based upon a net work calculation of catalyzed BBN, and
found the parameter region in the (my, §) plane where the 7Li problem can be solved.

We note that the results have been derived under the assumption that the X° particles do not affect
nuclear structure apart from sticking unaltered nuclei to the particles. This rough approximation is
unlikely to be true especially in the case of relatively large interaction strength since the XN potential
is not much weaker than the NN potential and can not be neglected. More realistic estimations of wave
functions and binding energies of X-nuclei including such changes in nuclear structures with the use
of three or more-body models are necessary. Although we expect errors in the calculated abundances
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Fig. 4. Contours of binding energies between nuclei and an X° particle corresponding to Q = 0 of reactions [35]
(thin and thick smooth curves). Numbers attached to the contours indicate mass numbers of nuclei. Above the
contours, reaction Q-values are positive. Zigzag curves correspond to boundaries above which an excited state of
“He* (upper line) and 3Be* (lower) exist, respectively. In the shaded region, the "Li problem can be resolved. This
figure is reprinted from Ref. [35]

in the X-catalyzed BBN, which stem from rough approximations we took, of one order of magnitude
or so, we suggest that there is a possibility of "Li reduction in the BBN model including a long-lived
sub-SIMP.
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