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We consider big bang nucleosynthesis (BBN) with long-lived charged massive particles. Before
decaying, the long-lived charged particle recombines with a light element to form a bound state like a
hydrogen atom. This effect modifies the nuclear-reaction rates during the BBN epoch through the
modifications of the Coulomb field and the kinematics of the captured light elements, which can change
the light element abundances. It is possible for heavier nuclei abundances such as 7Li and "Be to decrease
sizably, while the ratios Y, D/H, and 3He/H remain unchanged. This may solve the current discrepancy
between the BBN prediction and the observed abundance of "Li. If future collider experiments find signals
of a long-lived charged particle inside the detector, the information of its lifetime and decay properties
could provide insights into not only the particle physics models but also the phenomena in the early

Universe, in turn.
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I. INTRODUCTION

Recent cosmological observations agree remarkably
with standard ACDM models. The one- and three-year
data of the Wilkinson Microwave Anisotropy Probe
(WMAP) observation determined the cosmological pa-
rameters to high precision [1,2].

In light of such recent progress of cosmological obser-
vations, it has been shown that the Universe should be
close to flat, and most of the matter must be in the form
of nonbaryonic dark matter, which has been originally
considered as one of the best candidates to explain an
anomaly in the rotational curves of galaxies.

In the extension of the standard model explaining elec-
troweak symmetry breaking and stability of the hierarchy,
several candidates of the particle dark matter have been
proposed, such as the neutralino [3], the gravitino [4-8],
the axino [9] in supersymmetric theory, branon dark matter
[10], Kaluza Klein dark matter [11,12], little Higgs dark
matter [13,14], and so on. The searches and the detailed
studies of dark matter have become one of the most excit-
ing aspects of near future collider experiments and cosmo-
logical observations.

Considering such candidates in particle physics models,
we expect that a large amount of the dark-matter particle
will be produced at the near future colliders [15], which
will be powerful tools to understand the properties of dark
matter [16]. On the other hand, cosmological observations
may provide information in new particle physics models,
and even some implications on undetectable theoretical
parameters in the collider experiments. Thus the connec-
tion of cosmology to collider physics may provide wide
possibilities to understand the properties of the dark-matter
particle and check the cosmological models themselves.
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At the present stage, the detailed properties of dark
matter are still unknown. Therefore, even exotic properties
might be allowed. Future observations/experiments may
prove them and single out or constrain dark-matter candi-
dates. Even now, some problems in cosmological observa-
tions may already show some hints to understand the
unknown properties of dark matter, e.g., in the small scale
structure problem [17-19] indicated in the cold dark-
matter halo, the low ’Li problem [20], and so on. There
are several proposals to solve them by new physics [21-
32]. However, considerable astrophysical uncertainties
may still exist.

During the radiation dominated epoch well before the
decoupling of the cosmic microwave background (CMB),
it is not necessary that the dominant component of matter is
neutral, and that relic is the same as the present one. For
stable charged massive particles (CHAMPs) [33,34], their
fate in the Universe had been discussed [35], and the
searches for CHAMPs inside the sea water were performed
[36], which obtained null results and got constraints on
stable CHAMPs [37]. According to their results, the pro-
duction of stable CHAMPs at future collider experiments is
unlikely. However, such null results can be applied only for
the stable CHAMPs, and still the window for long-lived
CHAMPs with a mass below O(TeV) is left open. Such
possibilities for the long-lived CHAMPs were well moti-
vated in a scenario of super weakly interacting massive
particle (superWIMP) dark matter [4], which may inherit
the desired relic density through the long-lived CHAMP
decays. The dominant component of the nonrelativistic
(NR) matter during/after the BBN epoch might be charged
particles. In supersymmetric theories, such a situation is
naturally realized in gravitino lightest supersymmetric par-
ticle (LSP) and axino LSP scenarios. Then the candidate

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.76.063507

KAZUNORI KOHRI AND FUMIHIRO TAKAYAMA

for the long-lived CHAMP would be a charged scalar
lepton [6,7,38].

Trapping such long-lived CHAMPs, the detailed studies
of long-lived charged particles will be possible in future
collider experiments, which may be able to provide some
nontrivial tests of underlying theories, like measurement
on the gravitino spin, on the gravitational coupling in the
gravitino LSP scenario [39]. The trapping method in
CERN LHC and the International Linear Collider (ILC)
has been performed in the context of supersymmetric
theories [40]. Also, the collider phenomenology [41,42]
and other possible phenomena [43,44] have been
discussed.

In cosmological considerations of such long-lived par-
ticles, the effects on BBN by the late-time energy injection
due to their decays have been studied in detail [45—49]. On
the other hand, in the past studies of the effects on the light
element abundances, the analyses were simply applied to
long-lived ‘‘charged” massive particles, assuming all
CHAMPs are ionized and freely propagating in the radia-
tion dominated epoch well before the CMB decoupling.
However, we show that these results are not always valid if
the bound state with a CHAMP and light elements may
have O(MeV) binding energy [34], and the bound state
might be stable against the destruction by the scattering off
the huge amount of the background photons even during
the BBN epoch. Also, we show that heavier elements tend
to be captured at an earlier time. Namely, the heavier light
elements such as ’Li or "Be form their bound states earlier
than the lighter light elements, D, T, *He, and “He. Such a
formation of the bound state with a heavy CHAMP may
provide possible changes of the nuclear-reaction rates and
the threshold energy of the reactions and so on, which
might result in the change of the light element abundances.

What is the crucial difference from the case of electron
captures? In the case of the electron capture, since the Bohr
radius of an electron is much larger than the typical pion-
exchange length O(1/m,), two nuclei feel the Coulomb
barrier significantly before they get close to each other. On
the other hand, in the case of the capture of the CHAMPs,
the Bohr radius could be of the same order as the typical
pion-exchange length. Then, the incident charged nuclei
can penetrate the weakened Coulomb barrier, and the
nuclear reaction occurs relatively rapidly. The importance
of such a bound state in the nuclear reaction had been
identified for cosmic muons [50,51].!

Concerning a discrepancy in 'Li between the standard
big bang nucleosynthesis (SBBN) prediction by using the
CMB baryon-to-photon ratio and the observational data, as
we will show in detail later, it is unlikely to attribute the
discrepancy only to uncertainties in nuclear-reaction rates
in SBBN [52-54]. However, as we mentioned above, if
CHAMPs exist, the nuclear-reaction rates during the BBN

"In muon catalysis fusion, the formation of an atom containing
two nuclei may be important.
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epoch could be changed from the values known by experi-
mental data or observations of the sun, and may potentially
solve the current low 7Li/H problem.

If such long-lived CHAMPs existed and affected the
light element abundances, the lifetime would be long ( >
1 sec). They may be discovered as long-lived heavily
ionizing massive particles inside the detector in the collider
experiments. The measurements of their lifetime and prop-
erties may provide new insights to understand not only the
particle physics models but also the phenomena in the early
Universe, in turn.

In this paper, we discuss the possible change due to the
long-lived CHAMPs during/after the BBN epoch and con-
sider the effects on BBN.?

II. SBBN AND OBSERVED LIGHT ELEMENTS

The theory in SBBN has only one theoretical parameter,
the baryon-to-photon ratio 7, to predict primordial light
element abundances. Comparing the theoretical predic-
tions with observational data, we can infer the value of 7
in SBBN. It is well known that this method had been the
best evaluation to predict i before WMAP reported their
first-year data of the CMB anisotropy [1].

WMAP observations have determined 7 at high preci-
sion. The value of 5 reported by the three-year WMAP
observations [2] is

n=Z—b=(6.lOt0.21)>< 10-10, (1)
Y

where n,, is the number density of the baryon and n,, is the
number density of the cosmic background photon. In Fig. 1
we plot the theoretical prediction of the light element
abundances with their 2o errors. The vertical band means
the value of 7 reported by the three-year WMAP observa-
tions at 20

We briefly discuss the current status of the theory of
SBBN and the observational light element abundances
below, and check the consistency with the CMB anisotropy
observation. Further details of the observational data are
presented in a recent, nice review by G. Steigman [55]. The
errors of the following observational values are at the 1o
level unless otherwise stated. Hereafter ny denotes the
number density of a particle X. (X, C) denotes the bound
state of CHAMPs with an element X.

The primordial abundance of D is inferred in the high
redshift QSO absorption systems. Recently, new data were
obtained at redshift z = 2.525 659 toward Q1243 + 3074
[56]. Combined with these data [S7-60], the primordial

abundance is given as np/nylos = (2.787945) X 1077 It

“In this paper, we use natural units for physical quantities.

3Some of the observed data have larger dispersion than ex-
pected and might have systematic errors which may cause higher
D/H [56,58].
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FIG. 1 (color online). Theoretical predictions of Y,, D/H,
3He/H, "Li/H °Li/H, *He/D, and °Li/’Li as a function of the
baryon-to-photon ratio 7 in standard BBN with their theoretical
errors at 95% C.L. The WMAP value of 7 at 95% C.L. is also
indicated as a vertical band. In the comparison between the BBN
prediction and the central value of the observed abundances, it
has been pointed out that the SBBN prediction with the WMAP
value of 1 shows too high by a factor of a few in ’Li abundance
and too low by several orders of magnitude in °Li abundance if
there is no late-time °Li production other than BBN [20].

agrees excellently with the value of 7 predicted in the
CMB anisotropy observation.

The abundance of *He can increase and decrease
through the chemical evolution history. However, it is
known that the fraction nsp./np is a monotonically in-
creasing function of cosmic time [46,61]. Therefore the
presolar value is an upper bound on the primordial one,
nige/np < 0.59 = 0.54(207) [62]. In SBBN the theoretical
prediction satisfies this constraint.

The primordial abundance of “He is obtained from the
recombination lines from the low-metallicity extragalactic
HII region. The mass fraction of “He is inferred by taking
the zero metallicity limit as O/H — 0 for the observational
data [63]. A recent analysis by Fields and Olive obtained
the following value by taking into account the effect of the
Hel absorption, Y(FO),e = 0.238 = (0.002) ¢, +
(0.005)y5., where the first and second errors are the statis-
tical and systematic ones. On the other hand, Izotov and
Thuan [64] reported a slightly higher value, Y(IT),s =
0.242 = (0.002) 4 (%(0.005)y5), where we have added the
systematic errors following [65—67]. Olive and Skillman
recently reanalyzed the Izotov-Thaun data [68] and ob-
tained a much milder constraint [69], Y(OS),s = 0.249 =
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0.009. Even if we adopted the more restrictive value in
Ref. [63], SBBN is consistent with CMB.

For 7Li, it is widely believed that the primordial abun-
dance is observed in Pop II old halo stars with temperature
higher than ~6000 K and with low metallicity as a
“Spite’s plateau” value. The measurements by Bonifacio
et al. [70] gave log;olnr;/nullgps = —9.66 = (0.056) 4, +
(0.06)ys. On the other hand, a significant dependence of
7Li on the Fe abundance in the low-metallicity region was
reported in [71]. If we take a serious attitude towards this
trend, and assume that this comes from the cosmic-ray
interaction [72], the primordial value is

l’l7Li

= (1.237933) x 10710

932 (at 68% C.L.). (2)

H | obs

Even if we adopt the higher value in Ref. [70], the theo-
retical prediction is excluded at 20 outside the outskirts of
observational and theoretical errors. Therefore when we
adopt the lower value in (2), the discrepancy worsens. The
central value of the observation is smaller than that of
SBBN by a factor of about 3. This "Li problem has been
pointed out by a lot of authors; e.g., see Ref. [20].

It has been thought optimistically that this discrepancy
would be astrophysically resolved by some unknown sys-
tematic errors in the chemical evolution such as the uni-
form depletion in the convective zone in the stars.* So far
the researchers have added large systematic errors into the
observational constraint by hand [74,75].

However, recently the plateau structure of °Li in nine out
of 24 Pop 1II old halo stars was reported by Asplund et al.
[76]. The observed values of the isotope ratio ne;/n7;
uniformly scatter between = 0.01 and 0.09 at 20, indepen-
dently of the metallicity, and are approximately similar to
the previous observational data (= 0.05 = 0.02 at 2o
[77]). Because the estimated “Li abundance in such stars
is ny . /nylops = (1.1-1.5) X 1071, the upper bound on the
primordial °Li agrees with SBBN. Although so far some
models of the °Li and "Li production through the cosmic-
ray spallation of CNO and a-«a inelastic scattering have
been studied, the predicted value of ney;/noy; or nep;/ny is
obviously an increasing function of metallicity [78—81].

As we have discussed, to be consistent with the SBBN
prediction and WMAP observations, we need a certain
uniform depletion mechanism of ’Li. Because °Li is
more fragile than 'Li, whenever 'Li is destroyed in a
star, °Li suffers from the depletion, too. If we require the
primordial abundance of "Li to be uniformly depleted to a
smaller value by a factor of 3, the ratio °Li/’Li might have
to be reduced by a factor of @(10) [82]. Therefore, we do
not have any successful chemical evolution models at the

“See the recent report about spectroscopic observations of
stars in the metal-poor globular cluster NGC 6397 that revealed
trends of atmospheric abundance with the evolutionary stage of
lithium [73].
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present to consistently explain the observational value of
Li/7Li by starting from the theoretical prediction of the
primordial values of °Li and ’Li in the framework of
SBBN.

Thus, by adopting the 7 predicted in the CMB observa-
tions, we would now have to check SBBN itself or modi-
fied scenarios related with BBN compared with the
observational light element abundances.

In recent studies, it has been pointed out that the un-
certainties on nuclear-reaction rates in SBBN never solve
the discrepancy of "Li between the theory and the obser-
vation. That is because the uncertainties are highly con-
strained by known experimental data and observations of
the standard solar model. In Ref. [54], the possible nuclear
uncertainties were investigated. It was shown that only a
nuclear-reaction rate more than 100 times larger in
"Be(n, a)*He and "Be(d, p)2*He might provide sizable
change in the 7Li abundance. Notice that "Be(n, a)*He
does not have an s-wave resonance due to the symmetry
of the outgoing channel while "Be(n, p)’Li has it. Since in
the important energy region in the SBBN reaction 7 ~
50 keV, which is near threshold of the processes, the
contribution to "Be from ’Be(n, @)*He is negligible in
SBBN relative to 'Be(n, p)’Li because of the p-wave
nature of the process. For "Be(d, p)2*He, the possibility
may not work in the light of the recent experimental data
[83]. Also, Cyburt et al. [84] discussed the uncertainties on
the normalization of the cross section for the process
SHe(a, y)"Be and found that the uncertainties are con-
strained in the light of a good agreement between the
standard solar model and solar neutrino data.

Therefore the remaining possibilities may be uncertain-
ties on the chemical evolution of Li from the BBN epoch to
the present or effects due to new physics. Because now we
do not have any successful chemical evolution models, it
must be important to consider the effect of new physics.

As we mentioned before, the existence of CHAMPs
might provide a possible change of nuclear-reaction rates
during the BBN epoch, which may have some impact on
the prediction of primordial light element abundances. In
the next section, we will discuss the properties of the bound
state and the recombination of CHAMPs and the possible
change of nuclear-reaction rates.

ITI. BOUND STATE WITH A CHAMP AND A LIGHT
ELEMENT

Evaluation of binding energy

We evaluate the binding energy for the bound state of a
negatively charged massive particle and a light element.
We simply consider the case that the charged particle is a
scalar. The extension to a fermion or the other higher spin
cases would be straightforward, although there exist little
differences. Here we follow the way to evaluate the binding
energy assuming uniform charge distribution inside the
light element according to Ref. [34]. Then the
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Hamiltonian is represented by

po P Zaker | ZyZea <i>2, 3)

2mx 2VX 2VX ry

for short distances r < ry, and

2 ZxZea
:L_L, “4)

2my r

for long distances r > ry, where « is the fine structure
constant, ry ~ 1.24'/3/200 MeV~! is the nuclear radius,
Zyx is the electric charge of the light element, and Z is the
electric charge of the negatively charged massive particle.
A is the atomic number, and my is the mass of the light
element X. Here we assumed my << m¢ ~ O(100 GeV),
which means the reduced mass 1/u = 1/mc + 1/my ~
1/my.

For large nuclei, the exotic charged particle may be
inside the nuclear radius. The binding energy may be
estimated under the harmonic oscillator approximation by
3 [ZXZCa 1 (szca>i|

Epin = B

myry

&)

rx rx

For small nuclei, the binding energy may be estimated well
as a Coulomb bound state like a hydrogen atom,

Ebin ~ %Z%chazmx (6)

For intermediate regions in between the above cases, by
using a trial wave function, we can express

1
Epin ~ —(
Iy

F(szcamxrx)>, ™)
myry

where F(x) is variationally determined [34]. For 0 <

ZyZcamyry < 1, the Coulomb model gives a good ap-
proximation. On the other hand, the harmonic oscillator

TABLE I. Table of the binding energies for the various nuclei
in the case of Z- = 1 given in Ref. [34]. For elements heavier
than ®Be, the binding energies are given by the harmonic
oscillator approximation.

Nucleus (X) Binding energy (MeV) Atomic number

p 0.025 Z=1
D 0.050 Z=1
T 0.075 Z=1
3He 0.270 zZ=2
‘He 0.311 zZ=2
SHe 0.431 Z=2
SLi 0.842 Z=3
OLi 0914 Z=3
TLi 0.952 Z=3
"Be 1.490 Z=4
8Be 1.550 Z=4
10 2210 Z=5
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approximation gives a better approximation for 2 <
ZxZcamyry < 0.

The binding energies are shown in Table I. For a
CHAMP with Z- = 1 and lighter elements (p, D, and T),
typically ZyZ-amyry < 1. Thus the Coulomb approxima-
tion works well. However, for heavier elements such as Li
or Be, there may exist deviations which are more than
0(10) percent. For elements lighter than 3B, the binding
energy is still below the threshold energy of any nuclear
reactions. If the atomic number is not large like Li and Be,
we can ignore the effects due to finite size and the internal
structure (excitations to higher levels and so on) as a good
approximation to calculate the capture cross section and
the nuclear-reaction rates.

IV. CAPTURE OF CHAMPS IN THE EARLY
UNIVERSE

A. Recombination cross section

We evaluate the recombination cross section from the
free state to the 1S bound state assuming a hydrogen-type
bound state through a dipole photon emission [85] and a
pointlike particle for the captured light element. Then the
cross section is

oV =

29772(12;( Ebin < Ebin )2
2

3 myv \Epiy + %mxv

674\/(2Ebin/mXU2)tan71(\/(mXU2/2Ebin))
1— e*QW\/(zEbin/mxvz)
- 297T26¥Z§ Ebin
3¢t myv’

X

®)

where v is the relative velocity of a CHAMP and a light
element. Note that we have myv?/2 =~ 3T/2 < E,;, for
NR particles in kinetic equilibrium. Here we use the
Coulomb model (hydrogen type) to evaluate the capture
rate [33], where the binding energy Ey,, = a’>Z2Z3my/2
and the Bohr radius r3' =~ aZ:Zymy.

The thermal-averaged cross section is written as

(7= (5

niny

)2 [d3p1d3pze—(El+Ez)/Ta.rv
1

~ ngn, ((277')3> /dnge et
X ]d3p,0,ve_p%/2“T

_ 29 7TaZ§\/ 27 Ebin
3et mi/mxT

, 9

where mg = m| + my and w = mym¢/(my + me) = my
with
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— 8 3 —mg/T ,—p%/2mgT
nc_(z )3fdpae o/Te=rs/2maT,

[d3pre P20,

n, =

(2 @m)?

Here we have assumed that only one CHAMP is captured
by a nucleus. Since the photon emission from a CHAMP is
suppressed, the recombination cross section for the further
capture of an additional CHAMP by the bound state would
be much smaller. Therefore, as a first step, it would be
reasonable to ignore the multiple capture of CHAMPs by a
nucleus.

Here we have estimated only the direct transition from
the free state into the 1S bound state. However, if the
transition from higher levels into the 1S state is sufficiently
rapid against the destruction due to scatterings off the
thermal photons, even the capture into the higher levels
might contribute to the recombination of a CHAMP. The
typical time scale of the transition from the nth level into
the 1S state is 1/(Eyin:is = Epin:n) ~ O(1/Epin;s) Where
Eyin.n 18 the binding energy of the nth level. Up to some
levels, this time scale might be shorter than the destruction
rate after the 1S state becomes stable. However, such
higher-level captures would not significantly enhance the
recombination cross section because the capture rate into
higher levels is relatively suppressed and small.

For highly charged massive nuclei or elements heavier
than boron, the binding energies with CHAMPs can be-
come of the order of magnitude of the excitation energies
of nucleons inside the nuclei, or even of the same order of
magnitude of the nuclear binding energies. In such cases,
the capture process of light elements by CHAMPs may be
nontrivial. In addition, to correctly calculate the capture
rates, we would have to understand the modification by the
effects due to not only the finite size but also the internal
structure of the light element. In this paper, we ignore these
effects because they are unimportant since we consider
lighter nuclei up to Li and Be.

B. Case in kinetic and chemical equilibrium

To evaluate the number density of the captured
CHAMPs, we would be able to use the thermal relation
among chemical potentials if the capture reactions estab-
lish well the chemical equilibrium between the CHAMPs
and the light elements. The number density is determined
by the following Saha equation,

) §(3) — n(;(Z’Z—Tf/zeEb‘"/T (10)

nx.c =
X

where ny and n.,, are number densities of a light element X
and thermal photons, and Ey;, is the binding energy of the
light element.
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C. General cases

However, the question of whether such kinetic and
chemical equilibriums are well established among all light
elements and CHAMPsS is nontrivial. Here we consider the
Boltzmann equations for CHAMPs, a light element X, and
the bound state (X, C). For CHAMPs,

d Jd
—ne+3Hn,=|—n , (1
at ¢ ¢ |:at C:|capture

where H is the Hubble expansion rate. For a light element
X,

d d o)
—ny +3Hny =|—n +|—n . (12)
at X X |: ot X :|fusion |: at X :|capture

For the bound state,

9 9 9

—nex) +3Hnex =|—n TS '

at €0 ©x) |: ot (€.%) i|fusi0n |: at ¥ i|capture
(13)

By using the detailed balance relation between the for-
ward process X + C — y + (X, C) and the reverse process
(X, C) + y — X + C, the capture reaction may be written
by

577 L 7]
—n =|—n
at X capture at ¢ capture

= (o, v)[ncny — nicxyn,(E> Eyp,)],
(14)

where

2 3/2
n(E > Eyy) = n,— <m"> e BT (15)

") \2aT

and

(16)

2{(3)

n, sz T3
For a light element, if (o, v)nc/H > 1 is satisfied and the
kinetic equilibrium is well established, we can get the Saha
equation by requiring an equilibrium condition
[ nx Jeapture = O in this equation. Since we are interested
in the time evolution of not only CHAMPs but also light
elements, we carefully study the case of {o,v)no/H > 1
even in the case of (o, v)ny/H < 1.

D. Critical temperature at which a bound state is
formed

When the temperature is higher than the binding energy
of light elements, the destruction rate of bound states by
scatterings off the thermal photons with E > Ei;, is rapid.
Then only a small fraction of bound states can be formed,
nicx) ~ neny/ny(E> Ey,) < ny. Once the temperature
becomes lower than the binding energy, the capture starts,
and the bound state becomes stable if the other destruction
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processes among the nuclei are inefficient.” The critical
temperature at which the capture becomes efficient is
estimated as follows. In the case of ny > nc, taking nc ~
n(c,x), we get the relation

3/2
(@) e Ein/T x _ (9(10—10)‘ (17)
T n,

On the other hand, in the case of ny < n, taking ny ~
n(cx), we have

my 3/2 —E/T ne —~10 100 GeV QC
x w/T ~"1C _ 0(1 ROV g
(T) ¢ n, (10 )< me )(0.23> (18)

This analysis shows that the critical temperature is approxi-
mately

Eyin
T, = . 19
<=0 19)
In the case of Z, = 1, we find T, ~ E;,/40 ~ 8 keV for
“He.

Here we consider the temperature where some fraction
of X is captured by CHAMPs. For example, taking

I’l(cyx)/}’lx = 1075, we get

(@)3/26551"/7 e X — 01079, (20)
T ny N(cx)

This condition is satisfied at ng) ~ Ei;,/30. Since the
abundance of “He is large below 0.1 MeV, even though
the only small fraction of “He is trapped by CHAMPs,
there might be relevant effects caused by the captures.

For protons, the efficient captures start at a temperature
lower than 1 keV (at cosmic time longer than 10° sec).
Since the bound state is neutral for single-charged
CHAMPs Z- = 1, and might be negatively charged for
multicharged CHAMPs Z- > 1, there is no Coulomb re-
pulsion anymore. Thus, even the bound states can collide
with each other. If the number density of CHAMPs is not
too small, and most CHAMPs are captured by protons, the
change could be sizable for longer-lived CHAMPs
(7>10° sec).®

E. Capture rate

Since the capture process competes with the expansion
of the Universe, we have to check if the following relation
holds during the meaningful time, which ensures that the
capture by CHAMPs is efficient compared to the expansion
rate of the Universe,

>Note that the abundances of heavier elements such as Li and
Be are smaller than those of lighter elements (p, D, T, and He).
As we will see later, considering the relic density of relevant
candidates of CHAMPs, their capture can only affect the abun-
dance of the heavier elements. Our scenarios would not signifi-
cantly change the lighter element abundances.

®Since the CHAMPs with a long lifetime of more than >>
10® sec may induce the other effects on cosmology [24].
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H < (o, v)nc. 21)

That is, the capture rate of a light element is controlled by
the following «,

— <U-rv>nc
= \Irvince
H
_ 5 P2 T (Zx\*(7 GeVY¥2 Q¢ 100 GeV.
g.\24 keV\ 3 my 023  mc

(22)

Kk is approximately 2.6 and 0.43 for ’Li and “He at their
critical temperatures, respectively. Here we assumed that
Q¢ =0.23 and mc = 100 GeV.

In the evaluation of the capture rates for light elements,
we considered relatively large number densities of
CHAMPs, which are approximately similar to that of
“He or even more because here we assumed that a
CHAMP can decay into much lighter dark-matter or al-
most massless SM particles later. Under these circumstan-
ces, we naturally expect a larger value of the capture rates
than the upper limit in the case of the stable CHAMP
scenario. Of course, we have to check that the decay never
disturbs the successful concordance of cold dark matter
(CDM) with large scale structure formation in the Universe
and so on. Later we will discuss this problem.

Next let us estimate the time evolution of X itself and the
capture fraction of X by a CHAMP. Below the critical
temperature T, the destruction term of (X, C) becomes
negligible due to the Boltzmann suppression.” Then the
number densities of the light element X and the bound state
of X with a CHAMP, (X, C), are obtained by solving the
following equations. Here any destruction reactions of X
would be negligible close to the end of the BBN epoch ( =
50 keV),

d( Mx >~<UU>nc Mx

dr \nx(T,) HT nx(T.)

d

_(M> S ULl ST —
dT \nx(T,) HT  nx(T,)

(23)

where 1; = n;/s and nx(T,) is the initial number density
per entropy density when the capture starts, assuming that
the standard processes of the light elements are (almost)
frozen out. We also assumed n. > ny which is correct
except for “He. We find that, if « is larger than unity at the
critical temperature, the capture will be efficient.
Ignoring the fusion part of the standard processes in
Eq. (23), we find the following analytical solution of

nx(T),

"The ignorance of the destruction term at 7, may be valid if
the recombination cross section is not too large. If the cross
section is large enough, the number density of the bound state
may be well described by the Saha equation.
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FIG. 2 (color online). mx)/n% as a function of T/T, for
(o,vine/Hlr—r, =1, 3, 5, 10, and 30 from left to right, re-
spectively. Here we have ignored the standard BBN processes.
Also, we have taken the initial condition as mx(7,.) ~ 0. If
(o,v)nc/Hlr—7. > 1, the Saha equation will be a good ap-
proximation and the capture will immediately occur at T ~ T..
On the other hand, if {(o,v)nc/H|r—y ~ 1 or less than 1, the
approximation by the Saha equation may fail.

nx(T) = nx(T.)e 26i1-VI/T), (24)

where k; = (o, v)nc/H IT:TF.8 For the numerical solution
of Eq. (24), see Fig. 2.

For a more precise analysis, especially for the
Boltzmann equation of the CHAMP bound state, we may
have to take into account the nuclear-reaction processes
simultaneously. Therefore we will need to do the numerical
calculations to solve the Boltzmann equations including
both the capture and the BBN processes in the future [86].
However, to qualitatively understand how large changes
would be possible, for simplicity we assume only the
instantaneous captures in the current work.

V. CHANGE OF NUCLEAR-REACTION RATES IN
BBN BY THE CAPTURE OF CHAMPS

The capture of light elements by CHAMPs weakens the
Coulomb barrier in the nuclear reactions during/after the
BBN epoch. The change of nuclear-reaction rates could
become large because the Coulomb factor exponentially
suppresses the reaction rates. In general, the reaction rates
among charged nuclei during the BBN epoch are deter-
mined by the competition between the Coulomb suppres-
sion and the Boltzmann suppression, which play important

8For "Be, Li, and lighter elements, the above approximation
works well if Z_. is close to 1. As we will see later, the change of
nuclear-reaction rates does not modify the fusion part of the
noncaptured light elements so much because most reverse pro-
cesses have already been decoupled even after the other elements
are captured by CHAMPs.
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roles to determine the freeze-out of light element abundan-
ces at the end of the BBN epoch. Considering the correc-
tions on these two exponential suppressions, we will next
consider the possible changes of nuclear-reaction rates.

A. Coulomb potential and scattering problem

If there are Coulomb expulsion forces, the wave function
of an incident particle would be exponentially suppressed
at the target. Since we use a plane wave for the wave
function to evaluate the incident flux at a sufficiently far
place from the target, the real flux which is associated with
the reaction would be evaluated by renormalizing the wave
function. Since the change of the wave-function normal-
ization from the plane wave is associated with the state
before the nuclear reaction, it is independent of the short-
distance nuclear reaction by nuclei. We can expect that the
Coulomb factor is factorized as follows,”

_ 2nZ,Zyaj/v 2wl Z,a
F“b(v) - eZﬂ'Z(LZ;,a/v -1 - v

672772,121”0(/11_ (25)

After a CHAMP is trapped by a light element a, for a
collision between a bound state (CHAMP +
the light element a) and a light element b,

2maZyc)Zy
— e
B

where Z,¢c) = Z, — Z¢. Note that g is the relative velocity
between the bound state (aC) and the b element, not the a
and the b element. Hence B could be slightly different
from v which is the normal relative velocity between the
thermal a and the thermal b. Here we assumed that a light
element can capture only one CHAMP (with the charge
ZC).

For the case of nuclear reactions through a collision
between charged bound states (CHAMP + light element a
and CHAMP + light element »), the  Coulomb-
penetration ability is determined by the relative velocity
between the bound states. That is,

F(uC)b(,B) = 727"”‘2(('02/:/,3’ (26)

27TZ(aC)Z(bC)a ¢
B2

where By = p,./tcype) = O(T/mc) <K B = O(T/my).
Under these circumstances, the collision between charged
bound states may be highly suppressed relative to the

F(uC)(hC)(Bz) = 727TZ(uC)Z<bC)0‘/B2, (27)

“This factorization may be valid only if the Bohr radius of the
bound state is not too large relative to the radius of the bound and
incident nuclei. If the Bohr radius is large, which may be
expected in Zy = 1 nuclei cases, we have to understand how
the bound state is disturbed by the incident nucleus. In such large
Bohr radius cases, for example, to proceed nuclear fusion, the
hydrogen-type bound state of the nucleus and a CHAMP may
have to constitute a molecule before the nuclear fusion. Then we
will have to evaluate the capture reaction rate of the molecule.
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standard BBN reactions because Z,\Zc)/Ba >
Z,Z,/v if Zy > Z,. This bound state—bound state colli-
sion might become important if a huge number of
CHAMPs are captured by “He. However, the typical tem-
perature to start capture is below O(10) keV, and the
Coulomb factors for the normal nuclear reactions in
SBBN are highly suppressed and have already been de-
coupled by that time. Thus this type of collision will not
contribute to any sizable changes of the light element
abundances.

For Zy = 1 (Z- = 1) cases like protons, since there is
no Coulomb suppression because the bound state is neu-
tral, the collision between two bound states may be
important.

B. SBBN and thermal-averaged fusion rates

First, we discuss nuclear-reaction rates in SBBN, and
next we will extend the discussions to the cases with
CHAMPs.

For simplicity, we consider the case of 2 — 2 nonreso-
nant reactions among charged light nuclei. The other cases
may be straightforward through similar discussions. In a
SBBN process a + b — ¢ + d, the forward process and
the reverse process are defined by the difference between
the total masses in the initial and the final state. If Q;, .¢ =
m, + my, —m, —my = Qggpn > 0, the process a + b —
¢ + d has no threshold and is called the forward process.
On the other hand, the process ¢ +d— a + b has a
threshold (Q value Q.;,, = —Ospan < 0) and is called
the reverse process of a + b — ¢ + d. Usually the reverse
process ¢ + d — a + b has a strong Boltzmann suppres-
sion by e~ 2sean/T if the Q value is larger than the Gamow
peak energy of the process.

1. SBBN reaction rates with no threshold

Naively, the nuclear reactions of SBBN occur at almost
the threshold region. Thus the cross section may be well
described by the lower partial wave modes. Taking into
account the discussion of the wave-function normalization
in the previous section, the reaction cross section is written
as follow:

= (og+ opv? +....)F,,(v)

272,72,

— ¢
v

O fusionV

— O'OU(U) —27Z,Zya/v (28)
where oyv(v) = o5 + opv? + .. ..

Here we introduce a new variable, the “‘astrophysical S
factor’” which astrophysicists have used in the calculation
of nucleosynthesis,

S(Er) = a-fusionEre v Eo/Er = O—OU(v)ﬂ-ZaZbaluab (29)

where Eg =2w?Z3Z70*u,, and E, = p?/2u,, =
Wapv?/2. Notice that this S factor is a function of the
center-of-mass (CM) energy and is inferred by the mea-
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surements of o0,V in experiments and observations. The recent fitting functions are given in Refs. [52,53].
By using this S factor, we calculate the thermal-averaged cross section:

8mgT /
<0-fusion > (2 )3 /d PrOtusionV€ i/ 28aT = (Zi Fab /d S(xT)ei(XJr 76/)
- ‘8(7;g€3ﬂ - f dxS(xT)e~ (/4 )x +6/4x)x=x0P +...)
=it [T 1+ Erpe( S50 sty rye o
T r
8 T 4 1/3y,.1/3
- Z;g)gﬂab /ZxoS(XOT)e—(a/M)x(‘! (30)
m)°n,

where x = E, /T, xg = E/T, and x, = (x5/4)'/3. Since
the main contribution of this integral comes from the sta-
tionary point of the exponent, we expanded the exponent
around the stationary point x, = (x5/4)"/.

Finally, we can evaluate the thermal-averaged nuclear-
reaction rate among charged light elements:

32 EY? S(x,T)
4173 3, T3

<a-fusionv>(T) e_(3/4]/3)(EG/T)1/3,

\

(€29)
where 1/, = 1/m, + 1/my,.

2. SBBN reaction rates with threshold

We often evaluate reverse reaction rates from the experi-
mental data of forward reaction rates by using the detailed
balance relation. For example, in a 2 — 2 nonresonant
reactiona + b — ¢ + d,

- ()

where Q is the Q value of the forward reaction and g, is the
number of degrees of freedom of the light element a.
Notice that the factor e~2/7 arises from the Boltzmann
suppression for the high-energy component with E, > Q in
thermal distribution.

<0-fusi0nv>cd mg + my

<0-fusionv>ab

Mab
Med

32 8,8 -
8c8d

Q/T’
m, +my

(32)

C. Extension to BBN with the captured CHAMP

We have shown that the collision among charged
CHAMP bound states will not result in any changes to
SBBN. Here we focus on the nuclear-reaction rate for the
collision between a bound state (CHAMP + light element)
and an unbound light element. '’

!For the case of scatterings among neutral bound states, the
collision can easily occur. In such cases the calculation is
straightforward.

{
1. Forward and backward processes

Here we discuss the modifications of the short-distance
nuclear-reaction rates mainly governed by the strong inter-
action. In CHAMP BBN (CBBN), the corresponding
dominant process for the SBBN forward process a + b —
¢+ dmaybe (a,C) + b—(c,C) +dorc+d+ C, as-
suming (b, C) does not have a sufficiently large binding
energy against scattering of background photons, i.e.,
Epin/T < 40. Here (c, C) has a larger binding energy
than that of (d, C). If the following condition is satisfied,

(33)

OseaN ~ Ebinac > 0,

the final state is given by (a, C) + b —c +d + C.
On the other hand, even if the above condition is not
satisfied, but if the following condition is satisfied,

Oceen = OseeN T Epincc — Evinac >0, (34)

(a, C) + b — (c, C) + d is kinematically allowed, and the
CHAMP in the final state will be trapped again. However,
if the bound state (¢, C) does not have enough binding
energy against the destruction due to thermal photons,
the (c, C) state will be destroyed soon after the process,
and the element ¢ and the CHAMP will become free.

For the Z- = 1 case and the relevant nuclei, because
most of the Qggpn values are sufficiently large, the case
that Qgppn = 0 but Qcppny < 0 would be rare. However, in
general, it might be possible. In such cases, even though
the SBBN process does not have any threshold, the CBBN
can have it. But the sign flip in the Q value occurs when the
binding energy of a bound state with a CHAMP exceeds
the nuclear binding energy of the process, which may mean
that the bound CHAMP is not a spectator in the nuclear
reaction any more. In the following analysis, we do not
consider these kinds of special cases.

Next we simply assume that QsppnQOcpry = 0. Let us
consider the reverse processes of a+b—c+d in
CBBN, which has a threshold characterized by Qcggn-
Then, the possible dominant process would be the SBBN
process ¢ +d — a + b if (¢, C) and (d, C) are not stable
against scattering off the background photons. In addition,
(¢,C)+d— (a,C) + b can also be another dominant
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process if (d, C) is not stable in the thermal bath, assuming,
for simplicity, that (a, C) has a larger binding energy than
(b, C)." In these processes, we may expect a Boltzmann
suppression factor in the reaction rate e~ Zcean/T pot
e~ 2s/T in a similar fashion in SBBN.

If the SBBN strong interaction a + b — ¢ + d occurs at
a shorter time scale than the typical time scale of electro-
magnetic (EM) interactions of bound states, we may expect
that such a short-distance reaction rate should not be
deviated from the SBBN rate. For D, T, He, Li, Be, etc.,
this condition can be realized easily.

2. Flux

In general, the velocity Vp,, which controls the flux
might be different from the velocity V,.,. which controls
the short-distance nuclear reaction. The {0 fugionViux)
would be given by

<0-fusi0nvﬂux> = <0-S “jﬂux + O-P(Vﬂuxvreac) .. ) (35)
reac
Here, we assume that, for the short-distance reactions, the
coefficients, oy, op ..., in CBBN are the same as in
SBBN.'? Using this approximation, we evaluate the flux.
First, we consider collisions between a bound state and a
free light element. Then, once we focus on the 2 — 2
collision between the bound and the free light element,
the relative velocity V; may be dominated by the speed of
the bound light element. If we assume that the free light
element is distributed uniformly in the thermal bath, the
flux is controlled by V;. On the other hand, in the case that
the radius of the bound state is smaller than the impact
parameter of nuclear reactions [which is O(1/m,)], the
flux has to be estimated by the relative velocity between the
bound state and the free light element, which is controlled
by the relative velocity. But, even in such cases, Vi, ~
Vieac due to the following consideration. Taking V., =
V1, while the free element goes through the target volume,

the bound light element rotates with the speed V; =

\2Epin/mx. Then the number of rotations would be
~VAt/27rg ~ O(V,/V,), where At~ 2rz/V, is the
time for the free light element to go through the bound
light element, V, is the velocity of the free light element,
and rp is the radius of the bound state.'®> Then, for the
nuclear reaction due to pion exchange, if we take V.. =

(¢, C) +d— a+ b+ Cis also possible if it is kinematically
allowed.

"2If the phase space is modified by the release of a CHAMP
after the reaction, the difference from the SBBN case would also
be small if the Q value is large.

3This discussion relies on an assumption that the factorization
of Coulomb factor and short-distance nuclear fusion is valid.
That is, we assumed that, in the collision, the bound state is not
destroyed before the collision. This would be valid if rp ~
1/m.,. If the bound state is unstable against the incident nucleus,
the effective Viyux/Vieac May become smaller than unity.
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Vi, the flux is the relative velocity V, times O(V,/V,),
which would be ~V/;.

Next, we consider collisions between a neutral bound
state a and a neutral (or charged) bound state b. In this
case, since the target is not a freely propagating particle,
the speed which controls the flux is not the bound light
element’s V; ~ V, + V, but the relative velocity V, be-
tween the bound states. V, is of order of the thermal
velocity of the bound state, which is smaller than V.
Then V,/V, ~ 0(0.1) at around T = 1 keV, where neutral
bound states can be formed. However, while the bound
states collide with each other, the bound element would
rotate around a CHAMP ~(V,/V,) times. Therefore, even
in this case, we could estimate Vy,, ~ V.

These considerations imply that we can simply assume
that the CHAMP in the bound states is a spectator and
Vreac = Vﬂux~14

3. Corrections for BBN nuclear-reaction rates with no
threshold

Here we consider the nuclear reactions containing light
elements captured by CHAMPs. In this case, as we men-
tioned before, the crucial differences from SBBN are in the
Coulomb factor and the Boltzmann suppression. Since the
radius of the bound state is very small O(1/m ), a simple
replacement Zy — Zx ¢y = Zx — Z¢ in the Coulomb fac-
tor would be a good approximation. However, the short-
distance part is also changed because the light element
captured by a CHAMP has the kinetic energy E;, not
O(T). As we mentioned before, we assume that the short-
distance cross section o, takes the same functional
form of the CM energy as those of SBBN, oyon- Thus
the CM energy of the short-distance nuclear reaction may
be O(max(Ey, Ey)). We introduce these two changes in
the estimation of nuclear-reaction rates. That is,

(0§ + oGVE+ ... )F(u0p(B)
B

C =
T fusion 4

=~ gyv(V) e 2mZaZelB - (36)

where S is the relative velocity between the bound state
and the incident thermal light element, and V is the relative
velocity between the bound light element and the incident
thermal light element with £ = E. 8 controls the amount
of penetration in the Coulomb potential. V appears in the
flux and the short-distance cross section.

"Our consideration is based on our approximation that the
short-distance reaction is the same as that of the SBBN 2 — 2
process between light elements. In the case that the De-Broglie
wavelength of an incoming nucleus is longer than the Bohr
radius of the bound state, we may have to solve quantum
mechanical many-body problems including a bound CHAMP
to obtain a more reliable result.
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Since the short-distance cross section would be gov-
erned by the kinetic energy of the bound light element
which does not depend on the condition of the thermal bath
much, the thermal average should be taken only for the
Coulomb part which implies the evaluation of the wave
function for an incident thermal light element at the posi-
tion of a bound state. Then, the thermal average may be
taken for the thermal light elements and the thermal bound
state because the incident thermal light element ap-
proaches inside the Coulomb field of the bound state, not
that of bound light elements. We assume that the short-
distance reaction is faster than the EM interaction of the
bound state. The thermal-averaged cross section is calcu-
lated as follows:

2

c - 8 3 3
ot . =——— |d d’pogv(V
fusion > (277')6nbn(ac),[ p(aC) POy ( )
X Me*ZWZbZ(¢,C)a/ﬁ€*(E(aC)*Eb)/T
B
g 3 277y Z ) @ M (ac)p
= d’p,oqv(V
Gy, | o0 ®) :
X eiZWZIJZ(uC)aIU'(aC)b/preiEr/T
8mgT
:M dys(yT)Newe*(er\/yc/y), (37)
(27)’n,
where  S(yxT)new = CovVVTZyZuo) @ hucrps Yo =

Zszﬁzﬁac)M(ac)baz/T, yo = e/HV3, and piep =
mcymy/(Mee) + my) = my,. Notice that we are assuming
that the short-distance nuclear cross sections have the same
functional forms of the CM energy as those of SBBN.

Here, in the case of Z(,¢) # 0, we relate the new § factor
above to the SBBN S factor which could be measured by
experiments,

Ziac) 1
Sy Dnew = S(yyT)=2eC) ElaClt

o (38)
a ab
Then we find
=1/3
((J'C ) V>(T) _ 2 EG S(yXT)New
fusion 4]/3 3M(aC)b T2/3
X e~ B/ E/D' (39)

where yy = (((&ap/ma)Epin) + Eg)/T ~ (Eyin + E)/T),
EG = 277'22%2(2(,0),“«((1017“2’ and EU = Tyo

For nuclear-reaction rates with neutrons like
"Be(n, p)’Li, since there is no Coulomb suppression or
Boltzmann suppression if there is no threshold in the
process [(aC) + n — (cC) + d], we replace CM energy
by Ecm = (Rap/ acyp)Evin + 3T/2 ~ Eyin +3T/2 in
the cross sections because of the change of the kinematics
of the bound light elements. In addition, if the bound state
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is neutral (Z(,¢) = 0), the Coulomb factor may disappear if
the bound state is not destroyed before the collision. Then
the treatments may be similar to the neutron case above.
Such neutral bound states will be formed in the case of
Zc =1 (proton, D, and T).

In the above discussions, we have taken the approxima-
tions that the light element is pointlike and does not have
an internal structure, and the selection rules in the nuclear
reactions are not changed by the trapped CHAMP.'?

4. Corrections for BBN nuclear-reaction rates with
threshold

Let us consider a case where the SBBN reverse process
¢+ d— a+ b has a threshold and the SBBN cross sec-
tion of a +b— c+d can be measured by collider
experiments.

First, assuming the condition Eyip4c):1s < OsBBN:ab,cd <
Evinacyis T Evin:ig 18 satisfied where Epinac):1s5 Epin:1E are
the binding energies of the 1S state of the (a, C) system and
of the first excited level of the (c, C) system, we can
estimate the cross section of (¢, C) +d — (a, C) + b by
using the information of the SBBN forward process a +
b — ¢ + d. Under the above conditions, we may use the
detailed balance relation on (a, C) + b — (¢, C) + d in a
fashion similar to the previous discussion. The thermal-
averaged cross section of (¢, C) + d — (a, C) + b may be
written as follows. Applying the detailed balance relation
and the modifications for the forward process which was
previously discussed,

8(a0)8b (@)3/2
8(cc)8d \My

X { T fusion, (aC)b Ve Qespnanca/T)  (40)

C ~
<0-fusion,(cC)dV> -

where QcgpNab,cd = Q(ac)b,(cC)a- If QcBBNab,cq 1 SMall, the
Boltzmann suppression might disappear even though
SBBN has a large Boltzmann suppression.

For QceN:.ab,cd = Ebin(cC):2E where Ebin(cc):zE is the
binding energy of the second excited level of the bound
state, we would not be able to simply apply the detailed
balance relation for the forward process. But, in any case,
since the crucial point for the processes with a threshold is
the Boltzmann suppression which comes from the require-
ment that the kinetic energy of the incident particles over-
comes the threshold, if the Q value is smaller than that of

""We have also assumed the hierarchy between the SBBN
strong reactions and the EM interactions of the bound states.
The Bohr radius of the CHAMP-light element system and the
typical pion-exchange radius would be the same order of mag-
nitude in our case, but we can still expect a hierarchy in the
coupling strengths between the EM and the strong interaction,
which may still allow us to factorize the short-distance nuclear
reaction from the effects caused by binding a CHAMP. But if the
incoming nucleus is very slow, this factorization may break
down due to the long range nature of the EM force.

063507-11



KAZUNORI KOHRI AND FUMIHIRO TAKAYAMA

SBBN, we may expect the milder Boltzmann suppression
in the process, compared to that of SBBN.'®

In the Z- =1 case, at a relevant time when capture
becomes efficient, the Boltzmann suppression is huge if
the Q value is O(MeV), and then most of the BBN pro-
cesses are completely decoupled. Hence we ignore the
change of nuclear-reaction rates for the SBBN reverse
processes if Qcppn i ~O(1) MeV, which is a reasonable
assumption.

Next, we consider the reverse process in CBBN, which
corresponds to SBBN a + b — ¢ + v, ie, (¢, C) + vy —
(a, C) + b assuming that the binding energy of (a, C) is
smaller than that of (b, C). It is well known that the reaction
rate of this forward process is small. Notice that the inci-
dent photon with the threshold energy of the process does
not have Coulomb suppression. Thus the main origin of
suppression is the low abundance of the higher energy
components of thermal photons.

8mg,
<Uglsion,cyv> = W
,
. [ dE 0B} (o To.cyv (Ve Erton!T
8mg, o0
= dp,p3og . v(V)e P/T
(277)3ny /QCBBN rErERey
1 (B T\ )
= *<7( : ) OO fusion, (acypv))e~ Qen/T,
n, 27

(41)

where E, (.c), = p,. Although the Q value for the process
3He(a, v)"Be might be smaller than 1 MeV, the process is
negligible at the capture time of ’Be, and this reverse
process does not seem to provide a significant change
from SBBN. The change in the threshold energy of these
photodissociation processes might be important when we
consider the late-decay effects that the injected high-
energy EM energy is thermalized and produces a huge
number of soft photons, which may destroy primordial
light elements.

VI. BBN WITH LONG-LIVED CHAMPS

Recently, WMAP has reported the updated values of
cosmological parameters under the standard ACDM mod-
els. We can now check the internal consistency of SBBN in
the light of WMAP3. It has been pointed out that the
predicted ’Li abundance seems too high to agree with
observed abundances. Also, for °Li, we have to expect an
additional production after the BBN epoch, like cosmic-
ray nucleosynthesis. These tensions or discrepancies may
be tantalizing clues to find new physics. Under these

'®Here we naively assumed QcppN:.ap.ca > Eo Where E; is the
Gamow peak energy of the reverse processes. If this condition is
not satisfied, we may need more careful treatments.
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circumstances, it is interesting to study the effects of new
physics.

In previous sections, we considered the possible changes
of nuclear-reaction rates due to long-lived CHAMPs. Here
we consider the application for the BBN in the case of
Zc=1.

A. Charged massive-particle BBN

We consider the thermal freeze-out of light element
abundances in CBBN, and here we simply ignore the
effects of possible high-energy injections due to the late
decay of CHAMPs, which may provide the initial condi-
tion to consider such late-decay phenomenon if the decay
occurs long enough after the decoupling of the BBN pro-
cesses. We will later discuss the case where the decays
occur before the freeze-out. In our estimation, we also
assume the instantaneous captures for each light element
at TC = Ebin/40-17

In SBBN, abundances of all light elements are com-
pletely frozen until 7 ~ 30 keV. Since 7. is 24 keV for "Li
and 38 keV for $Be, which is almost the end of SBBN, the
formations of bound states may change their abundances.
For elements lighter than 6Li, since the efficient captures
occur only at below 10 keV, we found that the change of
nuclear reactions cannot recover the processes at such a
low temperature. This conclusion will hold if the differ-
ence from our estimation of (T s0n V) i8 not large. Also, in
most of the reverse processes, the Boltzmann suppressions
are huge at that time, even though we use the new Q value
QOceen- They do not provide any significant change from
SBBN.

Under these circumstances, if the CHAMPs decay be-
fore the captures of Zy = 1 nuclei, we may expect that the
sizable change due to the captures occurs in elements
heavier than "Li. On the other hand, once the capture of
the proton, D, and T starts, since the bound states are
neutral and have no Coulomb suppressions in the nuclear
reactions, the BBN processes may not freeze out. In the
next subsection, first of all, we consider the case that
CHAMPs decay before the captures of Zy = 1 elements
such as protons, D, or T, which start at below T < 1-2 keV
(t = 10° sec). Later we consider the possible effects due
to their captures.

Since the abundances of the light elements differ by
orders of magnitude, often we can identify the relevant
processes and neglect the others. For example, when we are
considering a process a(b, c)d, if n, is much smaller than

17 As we mentioned before, if the number density of CHAMPs
is low, ncyamp/n, << 107!, the recombination rate might not
be sufficiently large compared with the expansion rate of the
Universe, and we may expect poor captures of CHAMPs. Then
most of the CHAMPs and light elements will be left as freely
propagating ionized particles. Because CHAMPs are supposed
to decay soon, in this case we can apply the known results in
decaying particle scenarios in the literature.
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FIG. 3 (color online). Theoretical predictions of Y,, D/H,
3He/H, "Li/H °Li/H, 3He/D, and °Li/’Li as a function of 7
in standard BBN (green) and CHAMP BBN in case A (red).
Here we have assumed the instantaneous capture of CHAMPs
and nc/n, = 3.0 X 107",

the others (n, n., and n,), this process is negligible for the
evolutions of ny, n,., and ny, but important only for n,.
Therefore elements heavier than "Be do not significantly
affect lighter element abundances.

1. CBBN with Zy > 1

Here we consider the CBBN with captures of Zy > 1
nuclei (with Z- = 1). This case will be realized if the
CHAMP lifetime is shorter than ~10° sec. In Fig. 3, we
show a plot of the light element abundances as a function
of m, including the corrections only in processes among
charged light elements (case A). We can find that the 7Li
abundance could decrease much from the SBBN value for
7. The decrease is induced by the enhancement of the
"Li(p, a)*He reaction rate due to the capture of 'Li by
CHAMPs. As we can see in Fig. 4, the CBBN reaction
rate of "Li(p, )*He slowly decreases as a function of the
energy, compared to that of SBBN at the temperature
where the Coulomb suppression becomes important, which
results in later-time decoupling of the process than in
SBBN.

We also added processes "Be(n, p)’Li and "Be(n, a)*He,
which are associated with neutron capture (case B). In
these types of processes, the important change from
SBBN is the kinetic energy to be used in the nuclear
reaction. In SBBN, the typical energy is ~3T/2.
However, in CBBN, the energy could be O(E;,). If the
s-wave partial wave mode dominates the process, then the
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FIG. 4 (color online). Ratio of nuclear-reaction rates of SBBN
and CBBN in cases B-I and B-II as a function of the cosmic
temperature for the relevant processes. Here we assumed the
instantaneous capture of CHAMPs by the nuclei. Case B-I means
that Ecy = (ap/ t(ac)p)Evin + Eo in a process (a,C) + b —
(¢, C) + d, where we take E, to be the Gamow peak energy for
collisions between two charged elements, and to be 37/2 for
collisions between a nucleus and a neutron. Case B-II means that
we take Ecyy = Epi, + Ep as the CM energy of processes and a
10 times larger value of the p-wave part of the cross section of
"Be(n, )*He than that in the standard BBN code [52,87].

difference might be small. However, if higher partial
modes such as p waves dominate, we expect significant
enhancements of the processes.

In fact, we found that the change in "Be + "Li by the
modification of the process "Be(n, p)’Li is negligible. On
the other hand, since "Be(n, «)*He is a p-wave dominant
process [87], the modification of this process should be
important to predict the primordial abundance of "Be +
"Li in CBBN. Unfortunately, we currently only have poor
experimental data sets for "Be(n, «)*He. However, since
there is experimental data for the reverse process
“He(a, n)"Be [88], we might be able to theoretically infer
the cross section of the forward process of "Be(n, a)*He
approximately by using detailed balance relations. For the
moment, however, the experimental data do not have suf-
ficient resolutions in the relevant energy region, because of
the significant Coulomb suppression and the threshold
suppression, to correctly calculate the forward rate.
Therefore, according to Serpico et al. [52], as a conserva-
tive error we also take a factor of 10 on the process in this
paper, which does not change the SBBN predictions at all
and is still consistent with available experimental data of
the reverse rate [88].
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FIG. 5 (color online). Theoretical prediction of Li/H (upper
panel) and ®Li/"Li (lower panel) as a function of the baryon-to-
photon ratio. The SBBN predictions are marked by the green
bands. The red (blue) band is for case B-I (case B-II) in CBBN.
Here we assumed nc/n, = 3.0 X 107! and the instantaneous
capture of CHAMPs. The definitions of case B-I and case B-II
are the same as those in Fig. 4.

In Fig. 5, we plot the theoretical prediction of ’Li/H
(upper panel) and SLi/’Li (lower panel) as a function of 7.
The SBBN predictions are marked by the green bands. The
red (blue) band is for case B-I (case B-II) in CBBN. Here
we assumed nc/n, = 3.0 X 107" and the instantaneous
capture of CHAMPs. Case B-I means that Eqy =
(Mab/ Mac)p)Evin + Eo in a process (a, C) + b — (¢, C) +
d where we take E; to be the Gamow peak energy for
collisions between two charged elements, and to be 37/2
for collisions between a nucleus and a neutron. Case B-II
means that we take Ecy = Ey;, + Ej as the CM energy of
processes and a 10 times larger value of the p-wave part of
the cross section of "Be(n, «)*He than that in the standard
BBN code [52,87]. In Fig. 5, it is shown that the modifi-
cation by a factor of 10 on the p-wave partial cross section
of "Be(n, @)*He does not change the SBBN prediction
(case B-I) but must be important in CBBN (case B-II).

We have also checked the reverse process of
19B(p, @)’Be. The threshold in this process can become
smaller, which may induce milder Boltzmann suppression
than that of SBBN. However, we found that this rate is
simultaneously suppressed strongly by the Coulomb factor,
and therefore this effect is irrelevant.

Finally we warn the readers again that our results rely on
the assumption that the short-distance nuclear-reaction
rates have the same functional form of the CM energy as
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TABLE II. Table of typical values for nuclear-reaction rates
with a captured proton, D, and T. Here, we ignored nuclear-
reaction rates related to the neutron because they are negligibly
smaller for 7 <T,.. Here, we also ignored processes which
include heavier elements than ’Be in the initial state.

Process (p, C) Reaction rate (cm?/ sec /mol)

"Be((p, C), v)(®B, C) (4-24) X 10?
"Li((p, C), @)(*He + C) 3 X 10°
5Li((p, C), @)(*He + C) 1 X 108
5Li((p, C), v)('Be + C) 3% 10°
T((p, C), y)(*He + C) 2 X 10?

D((p, C), y)(*He + C) 40

Process (D, C) Reaction rate (cm?/ sec /mol)

(D, C)(p, y)(He + C) 40

(D, C)(a, y)(°Li + C) 0.6

(D, C)(d, n)(*He + C) 7 X 10°
(D, C)(d, p)(T + C) 4 %X 100
T((d, C), n)(*He + C) 1 %X 10°
3He((d, C), p)(*He + C) 4 x 108
7Li((d, C), na)(*He + C) 1 x 108
"Be((d, C), pa)(*He + C) 3% 108

Process (T, C) Reaction rate (cm?/ sec /mol)

(T, C)(p, y)(*He + C) 2 X 102
(T, C)(d, n)(4He +C) 1x10°
(T, C)(e, y)("Li + C) 2 %X 103

those of SBBN. In addition, we assume that, by relevant
elements, the energy to excite nucleons into higher levels
and the binding energy by a CHAMP are of the same order
of magnitude. To obtain a quantitative conclusion, further
efforts to estimate the errors in the short-distance nuclear-
reaction rates must be important. For example, in
"Be(n, p)7Li, the change of the nuclear-reaction rate can
directly affect the final abundance of “Li(= "Li + "Be).
However, notice that well before the elements lighter than
Li are captured by CHAMPs, the SBBN processes are
completely decoupled. Even though the errors induce a
larger reaction rate, if it were within an order of magnitude
level, nuclear reaction would not overcome the expansion
rate again and our conclusion would not be changed,
because the Coulomb suppression is significant and the
neutron abundance is very small.

2. CBBN with Zy = 1

Next we discuss the possible effects due to captures of
Zx =1 nuclei. Since the bound states are neutral, the
nuclear reactions in Table II may not have Coulomb sup-
pression and might be significantly changed from those of
SBBN.'®

"¥Notice that here we simply assumed that the bound state is
not significantly disturbed before the nuclear fusion reactions.
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We consider the case that Z- = 1 nuclei are captured
instantaneously ~ at  temperatures  below  each
T¢(~0O(1) keV). The captures of T only provide a signifi-
cant change in T itself and "Li even if we assume instan-
taneous captures because of their poor abundances. The
captures of D result in large enhancements for the pro-
cesses listed in Table II. In particular, since T(d, n)*He,
SHe(d, p)*He, 'Li(d, na)*He, and "Be(d, pa)*He have
large cross sections, the reaction rates may be able to
become larger than the expansion rate again at a later
time. Their decoupling does not occur soon because of
the absence of the Coulomb suppressions. If the captured D
abundance is larger than *He, D and *He mainly burn into
“He through *He(d, p)*He. Then the abundance of *He can
decrease, and the abundance of D becomes close to np —
3. On the other hand, however, D(d,p)T and D(d, n)*He
do not change the abundance of D so much. In addition,
T(d, n)*He, "Li(d, na)*He, and "Be(d, pa)*He do not a
change the abundance of D either, but might decrease the
abundances of T, “Li, and "Be because of the small abun-
dances compared with that of D.

Although the process D(a, y)°Li has a very small reac-
tion rate in SBBN since the abundances of the incident
particles (D and *He) are sufficiently large, this process can
produce a large amount of °Li."” The capture of protons
can reduce the °Li and ’Li abundances through
"Li(p, a)*He and °Li(p, @)*He. On the other hand, there
are no significant changes in D, T, and "Be abundances
because the associated processes are radiative ones, which
are relatively suppressed.

In the relevant epoch for the captures of p, D, and T
[T = O(1) keV], the condition to overcome the expansion
rate is that the reaction rates are larger than that of
10* cm?/ sec multiplied by the captured number density
of n,. Then, in processes T(d, n)*He, "Li(d, na)*He, and
"Be(d, pa)*He, even if the decrease of reaction rates were
within a factor of O(10) due to some ambiguities such as
the capture rate of D, we could still expect the decrease in
"Li and "Be abundances. As we showed before, since the
changes in light element abundances by the captures of
Zyx > 1 nuclei might be small, the initial condition of light
element abundances for such a later-time CBBN by cap-
tured Zy = 1 nuclei might be the same as those of SBBN.
However, notice that the above conclusions rely on the
number density of the captured Zy = 1 nuclei very much.
If the number density of CHAMPs is not large, the captures
weaken, and the changes become milder. For example,
taking possible capture fractions, O(107°), 0(0.1), and

“Recently, Pospelov pointed out that the cross section of
D(a, y)°Li might be significantly enhanced by considering the
virtual photon absorption due to a bound CHAMP [89], which
might significantly overproduce °Li. Since his paper appeared
after the completion of this work, we have not included this
effect in this paper.
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FIG. 6 (color online). Theoretical predictions of ’Li/H and
°Li/’Li as a function of 7 in SBBN and CBBN with their
theoretical errors at 95% C.L. Here we took the fractions of
the captured proton, D, and T to be 107>, 10!, and 1072,
respectively. The WMAP value of n at 95% C.L. is also
indicated as a vertical band. We can find that the primordial
values of °Li and 7Li in the CBBN may be in the range of the
observed abundances, which may simultaneously solve current
Li and "Li problems pointed out in SBBN.

0(107?) for the proton, D, and T, respectively, we show
the results in Fig. 6. In such cases, the nuclear-reaction
rates for ’Li, °Li, and "Be become more rapid than the
expansion of the Universe, and we expect that 'Li and "Be
decrease without changing D, 3He, and “He abundances.
The "Li abundance is determined by the competition be-
tween two processes, 7Li(p, a)“He for proton capture and
T(a, y)'Li for T capture. The °Li is controlled by the
production reaction D(a, v)°Li and the destruction reac-
tion °Li(p, a)*He. In the case of Fig. 6, a sizable amount of
°Li is produced, and the predicted primordial value of
Li/7Li approximately agrees with the observational data
without assuming any chemical evolution scenarios.

On the other hand, notice that some ambiguities might
still exist in the nuclear-reaction rates. For Zy = 1 nuclei,
because the bound state with the Zo- = 1 CHAMP has a
larger Bohr radius than those of Zy > 2 nuclei, the elec-
tromagnetic disturbance on the bound state before the
nuclear fusion reactions occur would have to be more
carefully considered. If the bound state is electromagneti-
cally destroyed by an incident heavier nucleus, the facto-
rization of the Coulomb part and the short-distance
nuclear-reaction part does not work well, and the
nuclear-reaction rate may be changed from the value of
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our calculations.?® Also, if a large amount of CHAMPs
survive until such late times ( > 10° sec), we would have
to simultaneously consider both effects due to the captures
by the Zy = 1 nuclei, and subsequently the EM energy
injections by the decaying CHAMPs at a later time.

B. Late decays of long-lived CHAMPs

We have discussed the change of light element abun-
dances before the decay of CHAMPs. On the other hand,
the decaying CHAMPs might induce additional changes of
primordial light element abundances, which have been
studied by several groups. The effects highly depend on
the decay products, i.e., electromagnetic or hadronic cas-
cades [45,46,48,49].

At an earlier epoch before + = 10* sec, only the had-
ronic energy injection is important, and there is almost no
constraint from EM energy injections. Therefore, at such
an epoch, even though the injected energy is not small, if
the branching ratio into a hadronic cascade is sufficiently
suppressed, there are no significant effects on the primor-
dial light element abundances. Such a case is well known if
CHAMPs decay into leptons with a branching ratio into
hadrons of the order of @(1073)-O(10%). For late decays
after 10* sec, the amount of energy released may be
highly constrained by the EM energy injections.

In the following sections, we consider possible new
changes by taking into account the capture of CHAMPs.

1. Are there corrections on the evaluation for the primary
energy injection by CHAMP decays?

Since the binding energy of CHAMP bound states is
below the nuclear binding energy of the light elements, the
recoil of nucleons inside the captured light element due to
CHAMP decays would not destroy the light element. On
the other hand, the decay products of the bound CHAMP
might directly hit the bound light element and destroy it.
Let us consider the case that the primary decay product is a
charged lepton as an example. Of course, if the lepton is a
tau, the tau lepton soon decays into hadronic particles.
However, the lifetime of a tau lepton is long enough to
go through the Bohr radius of the bound state. Thus we will
deal with all kinds of leptons in a similar fashion.

Naively, we may speculate that the light elements are
distributed inside the radius ry'=A""3m_, and the
CHAMP stays somewhere inside the radius. Then the
number density of quarks (or nucleons/nuclei) inside a
bound nucleus is roughly

1\3
Npound X ~~ A<r_> = m?r (42)
X

The mean free path is roughly estimated by

For the collision of a neutral bound state with the Zxy =1
nucleus, the formation of a molecule may be important to
evaluate the nuclear-reaction rate.
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1

— (43)
o X NMpound X

/‘mfp =

where we have chosen o =~27a?/t where t is the
Mandelstam variable ¢ for the momentum transfer from a
primary decay product (a charged lepton) to a bound light
element. Then the naive probability of the primary decay
product (a charged lepton) scattering off a quark (or nu-
cleon/nucleus) inside the bound nucleus is

2 10 GeV)2rAl/3
Prob =~ "X 0(109)[( ev) }[ } (44)
Amfp t 2

Among light elements, “He destruction would be most
dangerous. If we assume that all “He’s are completely
captured by CHAMPs, if such a probability is below
1074, the change in D/H, 3He/H abundances due to the
direct collision will be below the O(1073) level, which may
not disagree with observed abundances. Elements heavier
than the destroyed parent nuclei should not be directly
produced significantly.?'

We can find that, if the momentum transfer from the
primary decay product is hard [r> (100 MeV)?],** the
light element bound by a CHAMP is sufficiently transpar-
ent and may not disturb the SBBN prediction for elements
lighter than 4He. In this case, for the evaluation of the
primary energy injection, past studies in the literature will
be a good approximation, which considered that CHAMPs
are freely propagating in a thermal bath. For the secondary
products through the hadronization of a recoiled quark or
direct production of nucleons/nuclei, the above probability
will be identified as the hadronic branching ratio for a
CHAMP decay, which may provide only negligible effects
on elements lighter than “He. On the other hand, we can
consider another extreme case where the momentum trans-
fer is sufficiently soft. For example, if the energy is smaller
than the nuclear binding energy, the charged lepton of
decay products could not inelastically scatter off the bound
light element. In the middle range between them, we may
have to simultaneously consider the direct collision and
EM/hadronic cascade induced by the late decay which was
considered before.

In the case of hadronic decays, we may replace a by the
strong coupling «; in the above estimation. Then, we find
that, for a sufficiently hard momentum transfer ¢ >
(1 GeV)?, the bound light element is still transparent.

2'However, in a recent work [90], they have pointed out the
possibility that energetic T and *He, which are produced from
the destruction of the bound “He, can nonthermally produce
sizable amount of °Li.

*The ener§y transfer due to the momentum transfer
<(100 MeV)* may be below the typical threshold
~0O(10) MeV to destroy a bound light element by NR nu-
cleon/nuclei scattering inside the light element.
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2. Other new possible corrections to BBN with late-time
energy injection

There are three types of other possible effects on light
element abundances by the late-time decaying CHAMPs
when some fraction of such light elements are captured by
CHAMPs.

The first type originates from the change in the Coulomb
barrier and the kinematics of background light elements as
targets for nonthermal processes by their own bound states.
This change could be important for the hadronic-decay
scenario. The injected high-energy hadrons eventually
lose their energy due to the thermal interactions and be-
come nonrelativistic and collide with the background light
elements. If the target nuclei are captured by CHAMPs, the
reaction rates for various hadronic processes might be
different from experimental values.

The second type is related to the change of the Q value.
This might be important for both high-energy hadronic and
EM energy injections, especially in high-energy photon
injections. The injected high-energy photons produce
many soft photons through the EM cascade before the
scattering off background light elements. Then the spec-
trum of the soft photons has a cutoff at the energy above the
threshold of electron-positron pair creation, which depends
on the cosmic time or the cosmic temperature. Only when
the cutoff energy is higher than the threshold energy of the
photodissociation are the target nuclei destroyed. The
change in the Q value may modify the epoch when the
light element is destroyed by the photodissociation
processes.”

The third type is related to neutron injection from late
decays. If the decay occurs while some of the SBBN
processes are still active, the high-energy hadronic injec-
tions might produce many neutrons. At late time (¢ >
100 sec), since neutrons have an extremely low abun-
dance due to the S decay, the produced neutrons can
significantly affect the light element abundances because
the related nuclear reactions do not have a Coulomb sup-
pression. The neutron injection at around 10 sec was
discussed as a solution to obtain low ’Be abundance by
the destruction of SBBN "Be through "Be(n, p)’Li and
subsequently "Li(p, a)*He [28,46,91]. In our scenario,
there may exist some differences from the previous studies.
As we mentioned before, in CBBN, "Be(n, «)*He could be
more important for the Be abundance than "Be(n, p)’Li
because the center-of-mass energy in the process can be
completely different from that of SBBN. Thus the neutron
injections from the late decaying CHAMPs may enhance
the destruction ability of "Be, and the effects could be
different from the noncaptured case. Notice also that there
may still exist unknown errors even on the reaction rate of
"Be(n, p)’Li with captured "Be, as was discussed before.

230n the other hand, we may also have to take care of the
destruction of the bound state due to huge soft photons from
high-energy photon injection.
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The modification of the reaction rate of *He(d, p)*He
might be interesting with the decaying CHAMP scenario
below 1 keV. If a sizable fraction of D is captured and the
reaction rate of the process is enhanced due to the capture
of a CHAMP, the destruction rate of *He might become
more rapid than the production due to late decays of
CHAMPs, which may weaken the bound on *He produc-
tion due to the decay. This new possibility may relax the
3He/D bound, which is generally the most severe con-
straint on radiatively or hadronically decaying massive-
particle scenarios at 7 > 107 sec.

Considering the above possibilities, it is important to
reanalyze the effect of the late-time decaying CHAMPs in
their bound states with the light elements [86].

VII. DISCUSSIONS

If the CBBN prediction is not significantly disturbed by
late decays, the superWIMP dark-matter scenario would be
interesting. Here we discuss how much relic of CHAMPs
might be allowed in this scenario. Since the number density
of CHAMPs is important to evaluate the capture rate of the
light element, we consider the possible constraints on the
number density of CHAMPs, assuming that the whole dark
matter originates from the two body decay of CHAMPs
into a dark-matter particle and a SM particle. We consider
the free streaming by the whole dark matter produced from
CHAMP decays. The relic density of CHAMP is

Qc =" (45)

mpm

As we found before, the capture rate is governed by the
number density of the CHAMP.

100 GeV QDM

—=——=3X10"" :
0.23

n’y ny Mpm

(46)

Hence the lighter mass of the dark matter allows larger
CHAMP abundance. Since keV warm dark matter is still
allowed from Ly« data [92], we naively require that the
dark matter is nonrelativistic at 7 = keV. Then we find the
following condition:

1 6
u< 1.0, tsec, 47)

where u = \/|p'p;|/m and p; is the three-momentum of
dark matter. Assuming the two body decay, the four-
velocity at the decay time is u = (miyap —
miy\)/2mpymepamp- Then we find that, for a lifetime
~10* sec, u ~ 20 may be allowed. Then it is possible to
take ncyamp/n, ~ O(107?), which will lead to a consid-
erable capture rate.

For the case that the decaying CHAMPs contribute only
to part of the dark matter, or their contribution is negligible,
the above constraint may not be applicable.
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VIII. CONCLUSION

In this paper, we have discussed the role of long-lived
charged particles during/after the BBN epoch. We found
that the existence of CHAMPs during the BBN epoch can
change the light element abundances if the capture rate of
CHAMPs by light elements is sufficiently large. Since the
bound state for heavier elements tends to be more stable
against the destruction by the background photon, the
abundances are modified only for heavier elements such
as Li and Be, thanks to the capture at an earlier time before
the nuclear reactions decouple. On the other hand, the
abundances of lighter elements such as D, T, 3He, and
“He are unchanged. In fact, even though more work needs
to be done to find quantitative results, we have shown that
the capture of CHAMPs may possibly have some impact
on the BBN prediction of the primordial "Li abundance.
Our approach to consider the cosmological effects of the
formation of the CHAMP bound states should also be
attractive in some particle physics models [93,94].
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To understand CBBN more correctly, we need to under-
stand the nuclear fusion rates and the capture rates more
precisely. However, unfortunately there are still some un-
certainties in the experimental data of the reaction rates at
present. We expect that the future nuclear experiments will
clarify these points. If future collider experiments find a
signal of long-lived charged particles inside the detector,
the measurement of the lifetime and decay properties of the
charged particles will provide new insights to understand
the phenomena in the early Universe, in turn.
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