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Radiative decay of a long-lived particle and big-bang nucleosynthesis
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The effects of radiatively decaying, long-lived particles on big-bang nucleosynthesis~BBN! are discussed. If
high-energy photons are emitted after BBN, they may change the abundances of the light elements through
photodissociation processes, which may result in a significant discrepancy between the BBN theory and
observation. We calculate the abundances of the light elements, including the effects of photodissociation
induced by a radiatively decaying particle, but neglecting the hadronic branching ratio. Using these calculated
abundances, we derive a constraint on such particles by comparing our theoretical results with observations.
Taking into account the recent controversies regarding the observations of the light-element abundances, we
derive constraints for various combinations of the measurements. We also discuss several models which predict
such radiatively decaying particles, and we derive constraints on such models.@S0556-2821~99!07212-4#

PACS number~s!: 98.80.Ft, 26.35.1c
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I. INTRODUCTION

Big-bang nucleosynthesis~BBN! has been used to impos
constraints on neutrinos and other hypothetical particles
dicted by particle physics, because BBN is very sensitive
the thermal history of the early universe at temperatureT
&1 MeV @1#.

Weakly interacting, massive particles appear often in p
ticle physics. In this paper, we consider particles which h
masses of;O(100 GeV) and which interact with other pa
ticles only very weakly~e.g., through gravitation!. These
particles have lifetimes so long that they decay after
BBN of the light elements (D,3He,4He, etc.!, so they and
their decay products may affect the thermal history of
universe. In particular, if the long-lived particles decay in
photons, then the emitted high-energy photons induce e
tromagnetic cascades and produce many soft photons. I
energy of these photons exceeds the binding energies o
light nuclides, then photodissociation may profoundly al
the light element abundances. Thus, we can impose
straints on the abundance and lifetime of a long-lived part
species, by considering the photodissociation processe
duced by its decay. There are many works on this subj
such as the constraints on massive neutrinos and gravi
obtained by the comparison between the theoretical pre
tions and observations@2–6#.1

A couple of years ago, Hataet al. @8# claimed that light-

*Present address: Research Center for the Early Universe,
University of Tokyo, Tokyo 113-0033, Japan.

†Present address: School of Natural Sciences, Institute for
vanced Study, Olden Lane, Princeton, NJ 08540.

1As pointed out in Ref.@7#, even if the parent particle decays on
into photons, these photons will produce hadrons with a branch
ratio of at least 1%. However, since there is no data on some cru
cross sections involving7Li and 7Be, we cannot include hadrodis
sociation in our statistical analysis. Since we have neglected ha
dissociation, our constraints may be regarded as conserv
bounds.
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element observations seemed to conflict with the theoret
predictions of standard BBN. Their point was that stand
BBN predicts too much4He, if the baryon number density i
determined by the D abundance inferred from observatio
equivalently, standard BBN predicts too much D, if th
baryon number density is determined by the4He observa-
tions. Inspired by this ‘‘crisis in BBN,’’ many people re
examined standard and non-standard BBN by including s
tematic errors in the observations, or by introducing so
non-standard properties of neutrinos@9,10#. In a previous
paper@11#, we investigated the effect upon BBN of radia
tively decaying, massive particles. These particles induce
electromagnetic cascade. We found that in a certain par
eter region, the photons in this cascade destroy only D
that the predicted abundances of D,3He, and 4He fit the
observations.

However, since the ‘‘BBN crisis’’ was claimed, the situ
ation concerning the observations of deuterium has chan
The D abundances in highly red-shifted quasar absorp
systems~QAS! have been observed. The abundance of D
high-z QAS is considered to be the primordial value. Than
to these direct new observations, we no longer need to
poorly understood models of chemical evolution to infer t
primordial abundance from the material in solar neighb
hood.

Moreover, there are also differing determinations of t
primordial 4He abundance. Hataet al. used a relatively low
4He abundance~viz., Y.0.234, whereY is the primordial
mass fraction of4He) @12,13#. However, a higher4He abun-
dance (Y.0.244) has also been reported@14–16#, and it has
been noted that this higher observation alleviates the disc
ancy with standard BBN theory@17#. The typical errors in
4He observations are less than.0.005, so we have discor
dant data for4He.

Since we have discordant4He abundances and new ob
servations for D, the previous constraint on the radiative
cay of long-lived particles must be revised. In addition, t
statistical analyses on radiatively decaying particles are
sufficient in the previous works. Therefore, in our prese
paper, we perform a better statistical analysis of long-liv
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HOLTMANN, KAWASAKI, KOHRI, AND MOROI PHYSICAL REVIEW D 60 023506
radiatively decaying particles, and of the resultant photod
sociations, in order to constrain the abundances and lifeti
of long-lived particles. In deriving the constraint, we u
both high and low values of the4He abundance, because it
premature to decide which data are correct. As a resul
will be shown that for low values of the4He abundance, we
have a poor agreement between the observations and
standard BBN theory. Moreover, we show in this case tha
long-lived particle with appropriate abundance and lifetim
can solve the discrepancy. In the case of high4He, standard
BBN fits the observations, so we derive stringent constra
on the properties of long-lived particles.

In this paper, we also include the photodissociations
7Li and 6Li for the first time. As we will show later, the
destruction of 7Li does not dramatically affect the predicte
D and 4He, in the region where the observed D and4He
values are best fit. However, the6Li produced by the de-
struction of 7Li can be two orders of magnitude more abu
dant than the standard BBN prediction of6Li/H
;O(10212). We discuss the possibility that this process m
be the origin of the6Li which is observed in some low
metallicity halo stars.

In Sec. II, we study how consistent the theoretically p
dicted abundances and observations are, in the case of
dard BBN. The radiative decay of long-lived particles is co
sidered in Sec. III, and the particle physics models wh
predict such long-lived particles are presented in Sec.
Finally, Sec. V is devoted to discussion and the conclusi

II. STANDARD BIG-BANG NUCLEOSYNTHESIS

We begin by reviewing standard big-bang nucleosynthe
~SBBN!. We are interested in the light elements, since th
primordial abundances can be estimated from observati
In particular, we check the consistency between the theo
ical predictions and the observations for the following qua
tities:

y25nD /nH , ~1!

Y5r4He/rB , ~2!

y65n6Li/nH , ~3!

r 5n3He/nD , ~4!

y75n7Li /nH , ~5!

whererB is the total baryon energy density.
In this section, we first review the observations of t

light elements, and the extrapolations back to the primor
abundances. Next, we describe our theoretical calculation
these abundances, by using standard big-bang theory a
example. Finally, we compare the theoretical and obser
light-element abundances to determine how well the SB
theory works.
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A. Review of observation

Let us start with a review of the observations of the ligh
element abundances. Two factors complicate the interpr
tion of the observations of the light-element abundanc
First, there are various observational determinations for4He
which are not consistent with each other, within the quo
errors. This fact suggests that some groups have under
mated their systematic error.2 We believe it is premature to
judge which measurements are reliable; hence, we cons
both of the observations when we test the consistency
tween theory and observation. Second, some guesswo
involved in the extrapolation back from the observed valu
to the primordial values, as we shall discuss below. Keep
these factors in mind, we review the estimations of the p
mordial abundances of D,3He, 4He, 6Li, and 7Li.

D/H has been measured in the absorption lines of hig
red-shifted~and therefore presumably primordial! HI ~neutral
hydrogen! clouds which are backlit by quasars. The late
result suggests@19#

y2
obs5~3.3960.25!31025. ~6!

We use this value rather than the higher abundance w
had been reported@20–23# in some of the old measuremen
of D/H. The older results suggested the abundance way2
;O(1024). However, we believe these results to be mu
more uncertain. For example, the authors of Ref.@22# admit-
ted a large uncertainty in their results. Furthermore, res
given in Ref. @23# are based on the fit of only the Lyma
alpha limit, and the resolution is not good. Therefore, we w
not use the high D values in deriving the constraints, but
will just discuss the implications of taking the high valu
seriously.

For 3He, we use the pre-solar measurements. In this
per, we do not rely upon any models of galactic and ste
chemical evolution, because of the large uncertainty
volved in extrapolating back to the primordial abundan
But it is reasonable to assume that3He/D is an increasing
function of time, because D is the most fragile isotope, an
is certainly destroyed whenever3He is destroyed. Using the
solar-system data reanalyzed by Geiss@25#, the 3He/D ratio
is estimated to be@26#

r (
obs[~y3

obs/y2
obs!(50.59160.536, ~7!

where( denotes the pre-solar abundance. We take this to
an upper bound on the primordial3He to D ratio:

r obs,r (
obs. ~8!

Because the theoretical prediction of3He/D in SBBN agrees
so well with this upper bound, we do not include this co
straint in the SBBN analysis. But when we investigate t
photodissociation scenario, the situation is quite differe

2It is also possible that primordial nucleosynthesis was truly in
mogeneous@18#. However, in this paper we adopt the convention
belief that BBN was homogeneous.
6-2
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RADIATIVE DECAY OF A LONG-LIVED PARTICLE . . . PHYSICAL REVIEW D 60 023506
4He photodissociation produces both D and3He and can
raise the3He to D ratio@26#. Hence, in our analysis of BBN
with photodissociation, we include this upper bound, as
scribed in the Appendix@see Eq.~A5!#. An analysis based
upon the chemical evolution of3He and D will appear in a
separate paper by one of the authors@24#.

The primordial 4He abundance is deduced from observ
tions of extragalactic HII regions~clouds of ionized hydro-
gen!. Currently, there are two classes ofYobs, reported by
several independent groups of observers. Hence, we con
two cases: one low, and one high.

We take our low4He abundance from Olive, Skillman
and Steigman@13#. They used measurements of4He and
O/H in 62 extragalactic HII regions, and linearly extrapolate
back to O/H50 to deduce the primordial value

Low: Yobs50.2346~0.002!stat6~0.005!syst. ~9!

~When they restrict their data set to only the lowest me
licity data, they obtainYobs50.23060.003.! Their system-
atic error comes from numerous sources, but they claim
no source is expected to be much more than 2%. In part
lar, they estimate that stellar absorption is of order 1%
less.

We take our high4He abundance from Thuan and Izoto
@15#. They used measurements of4He and O/H in a new
sample of 45 blue compact dwarf galaxies to obtain

High: Yobs50.2446~0.002!stat6~0.005!syst. ~10!

The last error is an estimate of the systematic error, ta
from Izotov, Thuan, and Lipovetsky@16#. Thuan and Izotov
claim that HeI stellar absorption is an important effect; th
explains some of the difference between their result and
of Olive, Skillman, and Steigman.

Rather than attempting to judge which group has don
better job of choosing their sample and correcting for s
tematic errors, we prefer to remain open-minded. Hence,
shall use both the high and low4He abundances, withou
expressing a preference for one over the other.

The 7Li/H abundance is taken from observations of t
surfaces of Pop II~old generation! halo stars.7Li is a fragile
isotope and is easily destroyed in the warmer interior lay
of a star. Since more massive~or equivalently, hotter! stars
are mixed less, one might hope that the surfaces of old,
stars consist of primordial material. Indeed, Spite and S
@27# discovered a ‘‘plateau’’ in the graph of7Li abundance
vs. temperature of old halo stars, at high temperature. T
plateau is interpreted as evidence that truly primordial7Li
has been detected. Using data from 41 plateau stars, Bo
cio and Molaro @28# determine the primordial value
log10(y7

obs)529.7626(0.012)stat6(0.05)syst. Bonifacio
and Molaro argue that the data provides no evidence
7Li/H depletion in the stellar atmospheres~caused by, e.g.
stellar winds, rotational mixing, or diffusion!. However, for
our analysis, we shall adopt the more cautious estimat
Hogan@29# that 7Li may have been supplemented~by pro-
duction in cosmic-ray interactions! or depleted~in stars! by a
factor of two @30#:
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log10~y7
obs!529.766~0.012!stat6~0.05!syst

6~0.3! factor of 2 . ~11!

Because6Li is so much rarer than7Li, it is much more
difficult to observe. Currently, there is insufficient data
find the ‘‘Spite plateau’’ of 6Li. However, we can set an
upper bound on6Li/ 7Li, since it is generally agreed that th
evolution of 6Li is dominated by production by spallatio
~reactions of cosmic rays with the interstellar medium!. The
upper bounds on 6Li/ 7Li observed in low-metallicity
(@Fe/H#<22.0) halo stars range from@31# y6 /y7&0.045 to
y6 /y7&0.13. ~Note that the primordial6Li and 7Li have
both been destroyed in material which has been processe
stars.!

Rotational mixing models@32# yield a survival factor for
7Li of order 0.05 and a survival factor for6Li of order 0.005.
Therefore, the upper bound for primordial6Li/ 7Li ranges
approximately from

y6
obs/y7

obs&0.5 to 1.3. ~12!

Since we have only a rough range of upper bounds on6Li,
and no lower bound, we will not use6Li in our statistical
analysis to test the concordance between observation
theory. Instead, we will just check the consistency of o
theoretical results with the above constraint.

B. Theoretical calculations

Theoretically, the primordial abundances of the light e
ments in SBBN depend only upon a single parameter:
baryon-to-photon ratioh. In our analysis, we modified
Kawano’s nucleosynthesis code@33# to calculate the primor-
dial light-element abundances and uncertainties.

In our calculation, we included the uncertainty in the ne
tron lifetime @34#, in the rates of the 11 most important nu
cleosynthesis reactions@35#, and in the rates of the photofis
sion reactions~see Table II!. We treated the neutron lifetime
the nucleosynthesis reaction rates, and the photofission r
tion rates as independent random variables with Gaus
probability density functions~PDF’s!. We performed a
Monte Carlo3 simulation over the neutron lifetime, nucleo
synthesis reaction rates, and photofission reaction rates,
we found that the light-element abundances were distribu
approximately according to independent, Gaussian PD
Therefore, the PDFptot

th for the theoretical abundances
given by the product of the Gaussian PDF’s

pGauss~x; x̄,s!5
1

A2ps
expF2

1

2
S x2 x̄

s
D 2G ~13!

for the individual abundances:

3It has recently been demonstrated that the uncertainties in SB
can be quantified by the much quicker method of linear propaga
of errors@36#.
6-3
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HOLTMANN, KAWASAKI, KOHRI, AND MOROI PHYSICAL REVIEW D 60 023506
ptot
th ~y2

th ,Yth, log10y7
th!5p2

Gauss~y2
th!3p4

Gauss~Yth!

3p7
Gauss~ log10y7

th!. ~14!

In Fig. 1, we have plotted the theoretical predictions
the light-element abundances~solid lines! with their one-
sigma errors~dashed lines!, as functions ofh.

The dependences of the abundances onh can be seen
intuitively @1,37#. The 4He abundance is a gentle, monoton
cally increasing function ofh. As h increases,4He is pro-
duced earlier because the ‘‘deuterium bottleneck’’ is ov
come at a higher temperature due to the higher bar
density. Fewer neutrons have had time to decay, so m
4He is synthesized. Since4He is the most tightly bound o
the light nuclei, D and3He are fused into4He. The surviving
abundances of D and3He are determined by the competitio
between their destruction rates and the expansion rate.
destruction rates are proportional toh, so the largerh is, the
longer the destruction reactions continue. Therefore, D
3He are monotonically decreasing functions ofh. Moreover,
the slope of D is steeper, because the binding energy of
smaller than3He.

The graph of7Li has a ‘‘trough’’ nearh;3310210. For
a low baryon densityh&3310210, 7Li is produced by
4He(T,g)7Li and is destroyed by7Li( p,a)4He. As h in-
creases, the destruction reaction becomes more efficient
the produced7Li tends to decrease. On the other hand fo
high baryon densityh*3310210, 7Li is mainly produced
through the electron capture of7Be, which is produced by
3He(a,g) 7Be. Because7Be production becomes more e
fective ash increases, the synthesized7Li increases. The
‘‘trough’’ results from the overlap of these two componen

FIG. 1. SBBN prediction of the abundances of the light e
ments. The solid lines are the central values of the predictions,
the dotted lines represent the 1-s uncertainties. The boxes deno
the 1-s observational constraints.
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The dominant source of6Li in SBBN is D(a,g) 6Li. Thus,
the h dependence of6Li resembles that of D.

We have also plotted the 1-s observational constraints
The amount of overlap of the boxes is a rough measure
the consistency between theory and observations. We
also see the favored ranges ofh. However, we will discuss
the details of our analysis more carefully in the followin
section.

C. Statistical analysis and results

Next, let us briefly explain how we quantify the consi
tency between theory and observation. For this purpose
define the variablex2 as

x25(
i

~ai
th2ai

obs!2

~s i
th!21~s i

obs!2
~15!

whereai5(y2 ,Y, log10y7), and we add the systematic erro
in quadrature: (s i

obs)25(s i
syst)21(s i

stat)2. ~See the appendix
for a detailed explanation of our use ofx2.! x2 depends upon
the parameters of our theory~viz. h in SBBN! throughai

th

ands i
th .

Notice that we do not include6Li in the calculation ofx2,
since the 6Li abundance has not been measured well.
stead, we check thaty6

th/y7
th satisfies the bound~12!. In the

case of SBBN, we found that the6Li abundance is smal
enough over the entire range ofh from 8.0310211 to 1.0
31029. @Numerically,y6

th/y7
th,531024, which is well be-

low the bound~12!.#
With this x2 variable, we discuss how well the theoretic

prediction agrees with observation. More precisely, we c
culate fromx2 the confidence level~C.L.! with which the
SBBN theory is excluded, at a given point in the parame
space of our theory~for three degrees of freedom!:

C.L.5E
0

x2 1

23/2GS 3

2D y1/2e2y/2dy ~16!

52A2x2

p
expS 2

x2

2 D1erfSAx2

2 D . ~17!

In Fig. 2, we have plotted thex2 and confidence level a
which SBBN theory is excluded by the observations, a
function ofh. We find that high4He is allowed at better than
the 68% C.L. ath;5310210, while for low 4He, no value
of h works at the 91.5% C.L.

The case of low4He suggests a discrepancy with standa
BBN. Some people believe that this casts doubt on the low
or low 4He measurements@38#. However, we do not want to
assume SBBN theory and use it to judge the validity of
observations; rather, we use the observations to test B
theory. Therefore, we give equal consideration to both
high and low observed abundances of4He.

Before closing this section, we apply our analysis to co
strain the number of neutrino species. Here, we varyh and
the numberNn of neutrino species, and we calculate t

-
nd
6-4
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confidence level as a function of these variables. The res
are shown in Figs. 3a,b. We can see that the standard
nario (Nn53) results in a good fit with a high value of4He,
while the case of low4He results in a discrepancy. In fac
low 4He prefersNn;2, as pointed out by@8,10#. In Table I,
we show the 95% C.L. bounds for the number of neutr
speciesNn andh in the two cases of the4He abundances.

FIG. 2. x2 as a function ofh, for SBBN with three degrees o
freedom (h,tX ,mXYX). We show our results for both of the4He
abundances deduced from observation: low4He ~dashed!; high 4He
~solid!.

FIG. 3. C.L. for BBN as a function ofh andNn , with ~a! low
value of Y, and ~b! high value ofY. The filled square denotes th
best-fit point.
02350
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III. BBN 1X

In this section, we discuss the implications of a radiative
decaying particleX for BBN. For this purpose, we first dis
cuss the behavior of the photon spectrum induced byX. Then
we show the abundances of the light elements, including
effects of the photodissociation induced byX. Comparing
these abundances with observations, we constrain the pa
eter space forh andX.

A. Photon spectrum

In order to discuss the effect of high-energy photons
BBN, we need to know the shape of the photon spectr
induced by the primary high-energy photons fromX decay.

In the background thermal bath~which, in our case, is a
mixture of photonsgBG, electronseBG

2 , and nucleonsNBG),
high-energy photons lose their energy by various casc
processes. In the cascade, the photon spectrum is induce
discussed in various literature@39#. The important processe
in our case are

Double-photon pair creation (g1gBG→e11e2)
Photon-photon scattering (g1gBG→g1g)
Pair creation in nuclei (g1NBG→e11e21N)
Compton scattering (g1eBG

2 →g1e2)
Inverse Compton scattering (e61gBG→e61g)

~We may neglect double Compton scatteringg1eBG
2 
g

1g1e2, because Compton scattering is more important
thermalizing high-energy photons.! In our analysis, we nu-
merically solved the Boltzmann equation including the abo
effects, and obtained the distribution function of photo
f g(Eg). ~For details, see Refs.@4,5#.!

In Fig. 4, we show the photon spectrum for several te
peraturesT. Roughly speaking, we can see a large drop-of
Eg;me

2/22T for each temperature. Above this threshold, t

FIG. 4. Photon spectrumf g5dng /dEg for several background
temperaturesTg

BG .

TABLE I. Observational constraints onh andNn in SBBN.

Nn ~95% C.L.! h31010 ~95% C.L.!

Low 4He 2.120.8
11.0 4.720.8

11.0

High 4He 2.821.0
11.0 5.020.8

11.0
6-5
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TABLE II. Photodissociation processes, and the 1-s uncertainty in the cross sections. Since there is
experimental data on photodissociation of7Be, we assume in this paper that the rate for reaction 13 is
same as for reaction 11, and the rate for reaction 14 is the sum of the rates for reactions 10 and 12

Photofission reactions 1s uncertainty Threshold energy Ref.

1. D1g→p1n 6% 2.2 MeV @40#

2. T1g→n1D 14% 6.3 MeV @41,42#
3. T1g→p12n 7% 8.5 MeV @42#

4. 3He1g→p1D 10% 5.5 MeV @43#

5. 3He1g→n12p 15% 7.7 MeV @43#

6. 4He1g→p1T 4% 19.8 MeV @43#

7. 4He1g→n1 3He 5% 20.6 MeV @44,45#
8. 4He1g→p1n1D 14% 26.1 MeV @46#

9. 6Li1g→anything 4% 5.7 MeV @47#

10. 7Li1g→2n1anything 9% 10.9 MeV @47#

11. 7Li1g→n1 6Li 4% 7.2 MeV @47#

12. 7Li1g→ 4He1anything 9% 2.5 MeV @47#

13. 7Be1g→p1 6Li
14. 7Be1g→ anything except6Li
b
gh
th
p

i
a
e

to

ra
-

ho
o
nn

-
ro-

tion
ble

he

end

lei

un-
ity

den-
cts

ter
n
rgy
so-

In

he
tem-
-

-

photon spectrum is extremely suppressed.
The qualitative behavior of the photon spectrum can

understood in the following way. If the photon energy is hi
enough, then double-photon pair creation is so efficient
this process dominates the cascade. However, once the
ton energy becomes much smaller thanO(me

2/T), this pro-
cess is kinematically blocked. Numerically, this threshold
aboutme

2/22T, as we mentioned. Then, photon-photon sc
tering dominates. However, since the scattering rate du
this process is proportional toEg

3 , photon-photon scattering
becomes unimportant in the limitEg→0. Therefore, forEg
!O(me

2/T), the remaining processes~pair creation in nuclei
and inverse Compton scattering! are the most important.

The crucial point is that the scattering rate forEg
*me

2/22T is much larger than that forEg!me
2/22T, since the

number of targets in the former case is several orders
magnitude larger than in the latter. This is why the pho
spectrum is extremely suppressed forEg*me

2/22T. As a re-
sult, if theX particle decays in a thermal bath with tempe
ture T*me

2/22Q ~where Q is the binding energy of a nu
clide! then photodissociation is not effective.

B. Abundance of light elements withX

Once the photon spectrum is formed, it induces the p
todissociation of the light nuclei, which modifies the result
SBBN. This process is governed by the following Boltzma
equation:

dnN

dt
13HnN5FdnN

dt G
SBBN

2nN(
N8

E dEgsNg→N8~Eg! f g~Eg!

1(
N9

nN9E dEgsN9g→N~Eg! f g~Eg!,

~18!
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where nN is the number density of the nucleiN, and
@dnN /dt#SBBN denotes the SBBN contribution to the Boltz
mann equation. To take account of the photodissociation p
cesses, we modified the Kawano code@33#, and calculated
the abundances of the light elements. The photodissocia
processes we included in our calculation are listed in Ta
II.

The abundances of light nuclides will be functions of t
lifetime of X(tX), the mass ofX(mX), the abundance ofX
before electron-positron annihilation

YX5nX /ng , ~19!

and the baryon-to-photon ratio (h). In our numerical BBN
simulations, we found that the nuclide abundances dep
only on the mass abundancemXYX , not onmX andYX sepa-
rately. In Figs. 5–9, we show the abundances of light nuc
in the mXYX vs. tX plane, at fixedh.

We can understand the qualitative behaviors of the ab
dances in the following way. First of all, if the mass dens
of X is small enough, then the effects ofX are negligible, and
hence we reproduce the result of SBBN. Once the mass
sity gets larger, the SBBN results are modified. The effe
of X strongly depend ontX , the lifetime ofX. As we men-
tioned in the previous section, photons with energy grea
than ;me

2/22T participate in pair creation before they ca
induce photofission. Therefore, if the above threshold ene
is smaller than the nuclear binding energy, then photodis
ciation is not effective.

If tX&104 sec, thenme
2/22T&2 MeV at the decay time

of X, and photodissociation is negligible for all elements.
this case, the main effect ofX is on the 4He abundances: if
the abundance ofX is large, its energy density speeds up t
expansion rate of the universe, so the neutron freeze-out
perature becomes higher. As a result,4He abundance is en
hanced relative to SBBN.

If 104 sec &tX&106 sec, then 2 MeV&me
2/22T

&20 MeV. In this case,4He remains intact, but D is effec
6-6
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tively photodissociated through the process D1g→p1n.
WhentX*105 sec,me

2/22T*7.7 MeV ~the binding energy
of 3He), so 3He is dissociated fortX;105 sec and large
enough abundancesmXYX*1028 GeV. However, D is even
more fragile than3He, so the ratio3He/D actuallyincreases
relative to SBBN in this region, since it is dominated by
destruction. If the lifetime is long enough (tX*106 sec),
4He can also be destroyed effectively. In this case, the
struction of even a small fraction of the4He can result in
significant production of D and3He, since the4He abun-
dance is originally much larger than that of D. This can
seen in Figs. 5 and 6: fortX*106 sec and 10210 GeV

FIG. 5. The abundance of D/H in themXYX vs tX plane with~a!
h52310210, ~b! h54310210, ~c! h55310210, and ~d! h56
310210.

FIG. 6. The mass fraction of4He, for the same theory param
eters as in Fig. 5.
02350
e-

e

&mXYX&1029 GeV, the abundance of D changes dras
cally due to the photodissociation of4He. Moreover, two-
body decays of4He into 3He or T ~which decays into3He)
are preferred over the three-body decay4He1g→p1n
1D, so the 3He/D ratio increases, relative to SBBN.
mXYX is large enough, all the light elements are destroy
efficiently, resulting in very small abundances.

So far, we have discussed the theoretical calculation
the light-element abundances in a model withX decay. In the
next section, we compare the theoretical calculations w
observations, and derive constraints on the properties ofX.

C. Comparison with observation

Now, we compare the theoretical calculations with t
observed abundances and show how we can constrain

FIG. 7. The abundance of6Li/H, for the same theory parameter
as in Fig. 5.

FIG. 8. The abundance of7Li/H, for the same theory parameter
as in Fig. 5.
6-7
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model parameters. As we mentioned in Sec. II A, we ha
two 4He values which are inferred from various observ
data to be the primordial components. We will consider b
cases and derive a constraint.~The statistical analysis we us
to calculate the confidence level is explained in the App
dix.!

Let us start our discussion with the low4He case@Yobs

50.2346(0.002)stat6(0.005)syst#. Recalling that the low
observed4He value did not result in a good fit in the case
SBBN, we search the parameter space for regions of bett
than we can obtain with SBBN.

In Fig. 10, we show the contours of the confidence le
computed using four abundances (D/H,4He,3He/D, and
7Li/H), for some representativeh values (h1052,4,5,6),
where

h10[h31010. ~20!

The region of parameter space which is allowed at
68% C.L. extends down to lowh ~see Fig. 10a!. Nearh10
52, deuterium is destroyed by an order of magnitude~with-
out net destruction of4He), so that the remaining deuteriu
agrees with the calculated low4He. For h10;5, SBBN
(mXYX50) is allowed, and we have an approximate upp
bound onmXYX ~although fortX,106 sec, slightly higher
values ofmXYX are allowed at lowh). For h10*6, no re-
gion is allowed at the 95% C.L., becauseh becomes too high
to match even the observed D. We also plotted the reg
excluded by the observational upper bounds on6Li/ 7Li. The
shaded regions arey6 /y7*0.5, and the darker shaded r
gions arey6 /y7*1.3. Even if we adopt the stronger boun
y6 /y7&0.5, our theoretical results are consistent with
observed6Li value.

In Fig. 11, we show the contours of the confidence lev
for various lifetimes,tX5104,105,106 sec. As the lifetime
decreases, the background temperature at the time of d

FIG. 9. The abundance of3He/D, for the same theory param
eters as in Fig. 5.
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increases, so the threshold energy of double-photon pair
ation decreases. Then for a fixedmXYX , the number of pho-
tons contributing to D destruction decreases. Thus,
shorter lifetimes, we need largermXYX in order to destroy
sufficient amounts of D. The observed abundances pr
non-vanishingmXYX .

In Fig. 12, we show contours ofx2 which have been
projected along theh axis into thetX - mXYX plane. By
projection, we mean taking the lowest C.L. value along theh
axis for a fixed point (tX ,mXYX). The region above the solid
like is excluded at the 95% C.L., while only the regio
within the dotted line is allowed at the 68% C.L. The 95
C.L. constraint fortX&106 sec comes primarily from de
struction of too much D; fortX*106 sec, it comes primarily
from overproduction of3He in 4He photofission.

The lowermXYX region, i.e.,mXYX;10214 GeV, corre-

FIG. 10. C.L. in themXYX vs tX plane, for low value ofY. We
take ~a! h52310210, ~b! h54310210, ~c! h55310210, and~d!
h56310210. The shaded regions arey6 /y7*0.5, and the darker
shaded regions arey6 /y7*1.3.

FIG. 11. C.L. in theh vs mXYX plane for various values oftX ,
for low value ofY.
6-8
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sponds to SBBN, since there are not enough photons to
fect the light-element abundances. It is notable that th
regions are outside of the 68% C.L. This fact may sugg
the existence of a long-lived massive particleX and may be
regarded as a hint of physics beyond the standard mode
standard big bang cosmology.

For example, in Fig. 13 we show the predicted abu
dances of4He, D, 7Li and 6Li adopting the model param
eters tX5106 sec andmXYX55310210 GeV. The pre-
dicted abundances of4He and7Li are nearly the same as i

FIG. 12. Contours of C.L. projected onh axis for low value of
Y.
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SBBN. Only D is destroyed; its abundance decreases
about 80%. At lowh;(1.722.3)310210 in this model, the
predicted abundances of these three elements agree wit
observed values. It is interesting that the produced6Li abun-
dance can be two orders of magnitude larger than the SB
prediction in this parameter region. The origin of the o
served 6Li abundance, 6Li/H;O(10212) is usually ex-
plained by cosmic ray spallation; however, our model de
onstrates the possibility that6Li may have been produced b
the photodissociation of7Li at an early epoch. Our6Li pre-
diction is consistent with the upper bound Eq.~12!.

Although mXYX*10210 GeV is favored, it is worth not-
ing that SBBN lies within the 95% C.L. agreement betwe
theory and observation. In Fig. 12, the 95% bound fortX
&106 sec comes from the constraint that not much m
than 90% of the deuterium should be destroyed; fortX
*106 sec the constraint is that deuterium should not be p
duced from4He photofission. In Table III, we show the rep
resentative values ofmXYX which correspond to 68% an
95% confidence levels respectively, fortX51042109 sec.

Next, we would like to discuss the high4He case@Yobs

50.2446(0.002)stat6(0.005)syst#. Since the D abundanc
~6! and high value of4He ~10! both prefer a relatively high
value ofh, the SBBN prediction can be consistent with o
servation in this case. Therefore, we expect to be able
constrain the model parameters.

For four representativeh values (h1052,4,5,6), we plot
the contours of the confidence level in Fig. 14. In Fig. 2,
egion

FIG. 13. Predicted light-element abundances4He, D, 7Li and 6Li at tX5106 sec andmXYX55310210 GeV. The contours which are

favored by observation are plotted, adopting the low4He and low D values. The dotted line denotes the 95% C.L. and the shaded r
denotes the 68% C.L. The predicted6Li abundance is two orders of magnitude larger than the case of SBBN.
6-9
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TABLE III. Upper or ~upper-lower! bound onmXYX in units of GeV for the case of low4He. Note that
the C.L. is for four degrees of freedom, andh is varied to give the extreme values formXYX .

tX5104 sec 105 sec 106 sec 107 sec 108 sec 109 sec

95% C.L. 631026 931029 131029 3310212 4310213 3310213

68% C.L. (6260)31027 (8280)310210 (129)310210
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see that the SBBN calculations agree with the obser
abundances for mid-range values of the baryon-to-photon
tio (h;5310210). Thus, the approximate upper bound f
mXYX is plotted in Fig. 14c.~Again, for tX,106 sec,
slightly higher values ofmXYX are allowed at lowh.! In Fig.
15, we show the C.L. plots for three typical lifetimes,tX
5104,105,106 sec. This plot shows that SBBN works at be
ter than the 68% C.L. for a range of lifetimes, but the no
standard scenarios with largemXYX and smallh do not work
as well as they did in the lowYobs case. Finally, we show the
C.L. contours projected along theh axis into thetX - mXYX
plane ~Fig. 16!. Table IV gives the upper bounds o
mXYX (GeV) which correspond to 68% and 95% C.L., f
some typical values of the lifetime.

Before we discuss additional constraints, let us comm
on the case of high values of D/H, suggested by old obs
vations@20–23#. Even though the high values seem less
liable, we believe their possibility has not been complete
ruled out. Therefore, it may be useful to comment on t
case. The high value of D abundance@y2;O(1024)# prefers
a low value ofh, and hence it is completely consistent wi
the low value ofYobs in SBBN. Furthermore, if we adopt the
relatively large error bar fory2 suggested by the observation
SBBN may also be consistent with highYobs. Then, in this
case also, we can obtain upper bounds on the mass de
mXYX as a function of its lifetime. The upper bound behav

FIG. 14. Same as Fig. 10, except for high value ofY.
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like the case of low D and low4He shown in Fig. 16, and
the upper bounds are within a factor of ten for most of t
lifetimes.

D. Additional constraints

We now mention additional constraints on our mod
Since the cosmic microwave background radiation~CMBR!
has been observed by the Cosmic Background Explo
~COBE! @48# to very closely follow a blackbody spectrum
one may be concerned about the constraint this gives
particles with lifetime longer than;106 sec @49#, which is
when the double Compton process (g1e2
g1g1e2)
freezes out@50#.4 After this time, photon number is con
served, so photon injection from a radiatively decaying p
ticle would cause the spectrum of the CMBR to become
Bose-Einstein distribution with a finite chemical potentialm.
COBE @48# observations give us the constraintumu&9.0
31025. For smallm, the ratio of the injected to total photo
energy density is given bydrg /rg;0.71m. Thus, we have
the constraint

mXYX&6310210 GeVS tX

106 sec
D 21/2

for 106 sec&tX&431010 sec. ~21!

Note that the CMBR constraint is not as strong as the bou
we have obtained from BBN. In particular,3He/D gives us
our strongest constraint for lifetimes longer than 106 sec,
because4He photofission overproduces3He @26#.

In this paper, we have considered only radiative deca
i.e., decays to photons and invisible particles. IfX decayed to
charged leptons, the effects would be similar to those of
decay to photons, because charged leptons also gen
electromagnetic cascades, resulting in many soft photons
the other hand, ifX decayed only to neutrinos, the constrain
would become much weaker. In the minimal supersymme
standard model~MSSM!, theX particle would decay to neu
trinos and sneutrinos. The emitted neutrinos would sca
off of background neutrinos, producing electron-positr
pairs, which would trigger an electromagnetic cascade.
cause the interaction between the emitted and backgro
neutrinos is weak, the destruction of the light elements d

4This constraint applies only to particles with lifetime shorter th
;431010 sec, which corresponds to the decoupling time
Compton/inverse Compton scattering. After this time, injected p
tons do not thermalize with the CMBR.
6-10
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not occur very efficiently@51#. In contrast, ifX decayed to
hadrons, we expect that our bounds would tighten, beca
hadronic showers could be a significant source of D,3He,
6Li, 7Li, and 7Be @6#. In fact, even though we have assum
that X decays only to photons, these photons may conve
hadrons. Thus, the branching ratio to hadrons is at leas
order 1%, if kinematically allowed@7#. Since we have ne
glected this effect, our photodissociation bounds are con
vative.

IV. MODELS

So far, we have discussed general constraints from B
on radiatively decaying particles. In the minimal standa
model, there is no such particle. However, some extens
of the standard model naturally result in such exotic p
ticles, and the light-element abundances may be significa
affected in these cases. In this section, we present se
examples of such radiatively decaying particles, and disc
the constraints.

Our first example is the gravitinoc, which appears in all
the supergravity models. The gravitino is the superpartne
the graviton, and its interactions are suppressed by inv
powers of the reduced Planck scaleM* .2.431018 GeV.
Because of this suppression, the lifetime of the gravitino
very long. Assuming that the gravitino’s dominant dec
mode is to a photon and its superpartner~the photino!, the
gravitino’s lifetime is given by

t3/2.43105 sec3~m3/2/1 TeV!23, ~22!

wherem3/2 is the gravitino mass. Notice that the gravitin
mass is O(100 GeV–1 TeV) in a model with gravity
mediated supersymmetry~SUSY! breaking, resulting in a
lifetime which may affect BBN.

FIG. 15. Same as Fig. 11, except for high value ofY.
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If the gravitino is thermally produced in the early un
verse, and decays without being diluted, it completely sp
the success of SBBN. Usually, we solve this problem
introducing inflation, which dilutes away the primordia
gravitinos. However, even with inflation, gravitinos are pr
duced through scattering processes of thermal particles
reheating. The abundanceY3/25n3/2/ng of the gravitino de-
pends on the reheating temperatureTR , and is given by@4#

Y3/2.33102113~TR/1010 GeV!. ~23!

Therefore, if the reheating temperature is too high, then gr
itinos are overproduced, and too many light nuclei are p
todissociated.

We can transform our constraints on (tX ,mXYX) into
constraints on (m3/2,TR). In particular, we use the projecte
95% C.L. boundaries from Figs. 12 and 16. For several v
ues of the gravitino mass, we read off the most conserva
upper bound on the reheating temperature from Fig. 17,
the results are given by

m3/25100 GeV ~t3/2.43108 sec! : TR&23106 GeV,

m3/251 TeV ~t3/2.43105 sec! : TR&63108 GeV,

m3/253 TeV ~t3/2.13104 sec! : TR&231011 GeV.

If the gravitino is heavy enough (m3/2*5 TeV), then its
lifetime is too short to destroy even D. In this case, our o
constraint is from the overproduction of4He. If the gravitino
mass is lighter, then the lifetime is long enough to destroy
3He, or even4He. In this case, our constraint on the rehe
ing temperature is more severe.

FIG. 16. Same as Fig. 12, except for high value ofY. The region
above the solid line is excluded at the 95% C.L., while the reg
above the dotted line is excluded at the 95% C.L.
TABLE IV. Same as Table III, except for high4He.

tX5104 sec 105 sec 106 sec 107 sec 108 sec 109 sec

95% C.L. 731026 731029 8310210 6310212 7310213 5310213

68% C.L. 531026 531029 6310210 3310212 5310213 3310213
6-11
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Another example of our decaying particle is the lighte
superparticle in the MSSM sector, if it is heavier than t
gravitino. In particular, if the lightest neutralino is the ligh
est superparticle in the MSSM sector, then it can be a so
of high-energy photons, since it will decay into a photon a
a gravitino. In this case, we may use BBN to constrain
MSSM.

The abundance of the lightest neutralino is determin
when it freezes out of the thermal bath. The abundance
function of the masses of the superparticles, and it beco
larger as the superparticles get heavier. Thus, the u
bound onmXYX can be translated into an upper bound on
mass scale of the superparticles.

In order to investigate this scenario, we consider the s
plest case where the lightest neutralino is~almost! purely

B-ino B̃. In this case, the lightest neutralino pair-annihila
through squark and slepton exchange. In particular, if
right-handed sleptons are the lightest sfermions, then

dominant annihilation isB̃1B̃→ l 11 l 2. The annihilation
cross section though this process is given by@52#

^sv rel&58pa1
2^v2&H m

B̃

2

~m
B̃

2
1m

l̃ R

2
!2

2
2m

B̃

4

~m
B̃

2
1m

l̃ R

2
!3

1
2m

B̃

6

~m
B̃

2
1m

l̃ R

2
!4J , ~24!

where^v2& is the average velocity squared of B-ino, and w
added the contributions from all three generations by ass
ing the right-handed sleptons are degenerate.5 With this an-
nihilation cross section, the Boltzmann equation for the nu
ber density of B-inos is given by

ṅB̃13HnB̃522^sv rel&@n
B̃

2
2~n

B̃

EQ
!2#, ~25!

5If the B-ino is heavier than the top quark, then thes-wave con-
tribution annihilating into top quarks becomes important. In t
paper, we do not consider this case.

FIG. 17. Contours of 95% C.L., yielding an upper bound on
reheating temperature, as a function of the gravitino mass.
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wheren
B̃

EQ
is the equilibrium number density of B-inos. Th

factor 2 is present because two B-inos annihilate into lept
in one collision. We solved this equation and obtained
mass density of the B-ino as a function of the B-ino ma
and the right-handed slepton mass.~For details, see, e.g.
Ref. @53#.! Numerically, for mB̃5100 GeV, mXYX ranges
from ;1029 GeV to;1025 GeV as we varyml̃ R

from 100

GeV to 1 TeV. IfmXYX is in this range, BBN is significantly
affected unless the lifetime of the B-ino is shorter th
104–105 sec ~see Tables III and IV!. The lifetime of the
B-ino is given by

t B̃5F 1

48p

m
B̃

5
cos2uW

m3/2
2 M

*
2 G21

.73104 sec3S mB̃

100 GeVD
25S m3/2

1 GeVD
2

. ~26!

Notice that the lifetime becomes shorter as the gravit
mass decreases; hence, too much D and7Li are destroyed if
the gravitino mass is too large. Therefore, we can convert
constraints given in Figs. 12 and 16 into upper bounds on
gravitino mass. Since the abundance of the B-ino is an
creasing function of the slepton massml̃ R

, the upper bound
on the gravitino mass is more severe for larger slep
masses. For example, formB̃5100 GeV, the upper bound
on the gravitino mass is shown in Fig. 18. At some repres
tative values of the slepton mass, the constraint is given

ml̃ R
5100 GeV : m3/2&1 GeV,

ml̃ R
5300 GeV : m3/2&700 MeV,

ml̃ R
51 TeV : m3/2&400 MeV.

As expected, for a larger value of the slepton mass, the
mordial abundance of the B-ino gets larger, and the up
bound on the gravitino mass becomes smaller.

Another interesting source of high-energy photons is
modulus fieldf. Such fields are predicted in string-inspire

FIG. 18. Contours of 95% C.L., yielding an upper bound on t
gravitino mass, as a function of the right-handed slepton mass
6-12
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supergravity theories. A modulus field acquires mass fr
SUSY breaking, so we estimate its massmf to be of the
same order as the gravitino mass~see for example@54#!.

In the early universe, the mass of the modulus field
negligible compared to the expansion rate of the universe
the modulus field may sit far from the minimum of its p
tential. Since the only scale parameter in supergravity is
Planck scaleM* , the initial amplitudef0 is naively ex-
pected to be ofO(M* ). However, this initial amplitude is
too large; it leads to well-known problems such as ma
domination and distortion of the CMBR. Here, we regardf0
as a free parameter and derive an upper bound on it.

Once the expansion rate becomes smaller than the ma
the modulus field, the modulus field starts oscillating. Dur
this period, the energy density off is proportional toR23

~whereR is the scale factor!; hence, its energy density be
haves like that of non-relativistic matter. The modulus ev
tually decays, when the expansion rate becomes compa
to its decay rate. Without entropy production from anoth
source, the modulus density at the decay time is appr
mately

mfYf5
rf

ng
;531010 GeV3~mf/1 TeV!1/2~f0 /M* !2,

~27!

whererf is the energy density of the modulus field. As
our other models, we can convert our constraints
(tX ,mXYX) ~Figs. 12 and 16! into constraints on (mf ,f0).
Using the most conservative of these constraints, we
obtain very stringent bounds on the initial amplitude of t
modulus fieldf0:

mf5100 GeV ~tf;43108 sec! : f0&13107 GeV,

mf51 TeV ~tf;43105 sec! : f0&53108 GeV,

mf53 TeV ~tf;13104 sec! : f0&93109 GeV.

Clearly, our upper bound from BBN rules out our naive e
pectation thatf0;M* . It is important to notice that~con-
ventional! inflation cannot solve this difficulty by diluting
the coherent mode of the modulus field. This is because
expansion rate of the universe is usually much larger than
mass of the modulus field, and hence the modulus field d
not start oscillation. One attractive solution is a thermal
flation model proposed by Lyth and Stewart@55#. In the ther-
mal inflation model, a mini-inflation of about;10 e-folds
reduces the modulus density. Even if thermal inflation
curs, there may remain a significant modulus energy den
which decays to high-energy photons. Thus, BBN give
stringent constraint on the thermal inflation model.

V. DISCUSSION AND CONCLUSIONS

We have discussed the photodissociation of light eleme
due to the radiative decay of a massive particle, and we h
shown how we can constrain our model parameters from
observed light-element abundances. We adopted both
and high 4He values in this paper, and we obtained co
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straints on the properties of the radiatively decaying part
in each case.

When we adopt the low4He value, we find that a non
vanishing amount of such a long-lived, massive particle
preferred:mXYX*10210 GeV and 104 sec&tX&106 sec.
On the other hand, consistency with the observations
poses upper bounds onmXYX in each cases.

We have also studied the photodissociation of7Li and
6Li in this paper. These processes do not affect the D,3He,
and 4He abundances, because7Li and 6Li are many orders
of magnitude less abundant than D,3He, and4He. When we
examine the region of parameter space where the predi
abundances agree well with the observed7Li and the low
4He observations, we find that the produced6Li/H may be
of order 10212, which is two orders of magnitude larger tha
the prediction of SBBN~see Figs. 7 and 13!. The predicted
6Li is consistent with the observed upper bound Eq.~12!
throughout the region of parameter space we are intere
in. Although presently it is believed that the observed6Li
abundance is produced by spallation, our model suggests
other origin: the observed6Li may be produced by the pho
todissociation of7Li.

We have also discussed candidates for our radiatively
caying particle. Our first example is the gravitino. In th
case, we can constrain the reheating temperature after i
tion, because it determines the abundance of the gravit
We obtained the stringent boundsTR&108 GeV
2109 GeV for 100 GeV&m3/2&1 TeV. Our second ex-
ample is the lightest neutralino which is heavier than
gravitino. When the neutralino is the lightest superparticle
the MSSM sector, it can decay into a photon and a graviti
If we assume the lightest neutralino is pure B-ino, and
mass is about 100 GeV, then the relic number density
B-inos is related to the right-handed slepton mass, beca
they annihilate mainly through right-handed slepton e
change. For this case, we obtained an upper bound on
gravitino mass: m3/2&400 MeV21 GeV for 100 GeV
&ml̃ R

&1 TeV. Our third example is a modulus field. W

obtained a severe constraint on its initial amplitude,f0
&108 GeV2109 GeV for 100 GeV&m3/2&1 TeV. This
bound is well below the Planck scale, so it suggests the n
for a dilution mechanism, such as thermal inflation.
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APPENDIX

In this appendix, we explain how we answer the quest
‘‘How well does our simulation of BBN agree with the ob
served light-element abundances?’’ To be more precise,
rephrase the question as ‘‘At what confidence level is
simulation of BBN excluded by the observed light-eleme
abundances?’’

From our Monte Carlo BBN simulation, we obtain th
6-13
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theoretical probability density function ~PDF!
p247

th (y2
th ,Yth, log10y7

th) of our simulated light-element abun
dances y2

th , Yth, and log10y7
th . We find that

p247
th (y2

th ,Yth, log10y7
th) is well-approximated by a multivari

ate Gaussian distribution function:

p247
th ~y2

th ,Yth, log10y7
th!

5p2
Gauss~y2

th!3p4
Gauss~Yth!3p7

Gauss~ log10y7
th!, ~A1!

where

pGauss~x; x̄,s!5
1

A2ps
expF2

1

2
S x2 x̄

s
D 2G . ~A2!

Note thatp247
th (y2

th ,Yth, log10y7
th) depends upon the param

etersp 5(h,•••) of our theory.~The ellipses refer to param
eters in non-standard BBN,e.g., mXYX ,tX .) In particular,
the means and standard deviations ofp247

th (y2
th ,Yth, log10y7

th)
are functions ofp.

For BBN with a radiatively decaying particle, we als
consider the ratior th5y3

th/y2
th . Our Monte Carlo BBN simu-

lation allows us to find the PDFp23
th(r th). We approximate

p23
th by a Gaussian, and neglect the correlation betweenr and

y2
th ,Yth, log10y7

th . This assumption~which is justified in work
to be published by one of the authors@24#!, allows us to
write

p2347
th ~y2

th ,Yth,r th, log10y7
th ;p!

5p23
th~r th;p!3p247

th ~y2
th ,Yth, log10y7

th ;p!. ~A3!

We want to compare these theoretical calculations to
observed light-element abundancesy2

obs, Yobs, and
log10y7

obs. Since the observations of the light-element abu
dances are independent, we can factor the P
p247

obs(y2
obs,Yobs, log10y7

obs) as

p247
obs~y2

obs,Yobs, log10y7
obs!

5p2
obs~y2

obs!3p4
obs~Yobs!3p7

obs~ log10y7
obs!. ~A4!

We assume Gaussian PDF’s fory2
obs, Yobs, and log10y7

obs.
We use the mean abundances and standard deviations
in Eqs.~6!, ~9!, ~10!, and~11!. Since we have two discordan
values of 4He, we considered two cases, i.e., high and l
values of 4He abundances.

3He is more complicated. Aside from the trivial positivit
requirement, we only have an upper bound onr obs ~the pri-
mordial 3He/D, as deduced from solar-system observation!;
namely,r obs,r ( . Because of this, we choose, for the PD

p23
obs~r obs!55

0 ,r obs,0,

N ,0,r obs,r (,

NexpF2 1
2 S r obs2r (

s r (
D 2G ,r (,r obs,

~A5!

where the normalization factor isN51/(r (1s r (Ap/2), and
r (,s r ( are given in Eq.~7!.
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Since the observations of the light-element abundan
are independent, we can write the total observational P
for BBN1X as

p2347
obs ~y2

obs,Yobs,r obs, log10y7
obs!

5p23
obs~r obs!3p247

obs~y2
obs,Yobs, log10y7

obs!.

~A6!

To simplify the notation, we write

ath5~y2
th ,Yth,r th, log10y7

th! ~A7!

aobs5~y2
obs,Yobs,r obs, log10y7

obs! ~A8!

bth5~y2
th ,Yth, log10y7

th! ~A9!

bobs5~y2
obs,Yobs, log10y7

obs!. ~A10!

Then the quantitiesDa5ath2aobs have a PDF given by:

p247
D ~Db!5E dbobs p247

obs~bobs! E dbth p247
th ~bth!

3d„Db2~bth2bobs!…

5E db p247
th ~b!p247

obs~b2Db!, @SBBN#

~A11!

p2347
D ~Da!5E daobs p2347

obs ~aobs! E dath p2347
th ~ath!

3d„Da2~ath2aobs!…

5E da p2347
th ~a!p2347

obs ~a2Da!, @BBN1X#

~A12!

where we have suppressed the dependence
p247

D (Db), p247
th (bth), p2347

D (Da), and p2347
th (ath) on the

theory parametersp. The integral in Eq.~A11! is simply a
Gaussian:

p247
D ~Db!5 )

i 52,4,7

1

A2ps i

expF2
1

2 S Dbi2Dbi

s i
2 D 2G ,

~A13!

where Dbi5bi
th2bi

obs, s i
25(s i

th)21(s i
obs)2, and i runs

overy2 , Y and log10y7. To evaluate Eq.~A12!, we note that

p2347
obs ~aobs!5p23~r obs!3p247

obs~bobs! ~A14!

p2347
th ~ath!5p23~r th!3p247

th ~bth!, ~A15!

wherep247
obs and p247

th are Gaussian. The integral then facto
as

p2347
D ~Da!5E drp23

th~r !p23
obs~r 2Dr !

3E db p247
th ~b!p247

obs~b2Db! ~A16!

5p23
D ~Dr !3p247

D ~Db!. ~A17!
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The first integral can be evaluated as

p23
D ~Dr !5E

2`

`

drp23
th~r 1Dr !p23

obs~r ! ~A18!

5E
0

r (
dr

N

A2ps r
th

expF2
1

2 S r 1Dr 2r th

s r
th D 2G1E

r (

`

dr
N

A2ps r
th

expX2
1

2 F S r 1Dr 2r th

s r
th D 2

1S r 2r (

s r (
D 2GC

~A19!

5
N

2 FerfS r (1Dr 2r th

A2s r
th D 2erfS Dr 2r th

A2s r
th D G1

N

2

s r (

s r
F12erfS r (2 r̄

A2s r̃
D GexpF2

1

2 S Dr 2r th1r (

s r
D 2G , ~A20!
fi
to
o

si

ral.

of

e
r to

r-

t
t

-
out
where s̃ r
225(s r

th)221(s r ()22, r̄ /s̃ r
25r (/(s r ()22(Dr

2r th)/(s r
th)2, ands r

25(s r
th)21(s r ()2.

Our question can now be rephrased as ‘‘At what con
dence level isDa50 excluded?’’ To answer this, we need
consider the regionS in abundance space where the value
the PDF is higher than

p̃5H p247
D ~Db50;p! @SBBN#

p2347
D ~Da50;p! @BBN1X#

~A21!

Mathematically phrased,

C.L.~p!5E
S
d~Db!p247

D ~Db;p!, @SBBN# ~A22!

C.L.~p!5E
S
d~Da!p2347

D ~Da;p!, @BBN1X# ~A23!

where

S5$Db:p247
D ~Db;p!. p̃%, @SBBN#, ~A24!

S5$Da:p2347
D ~Da;p!. p̃%, @BBN1X#. ~A25!

We use the C.L. to constrain various scenarios of BBN.
In the SBBN case, the integral is Gaussian and is ea

expressed in terms ofx2522 log@(2p)3/2s2s4s7p̃# @see
Eqs.~15! and ~17!#:

C.L.~p!52A2x2

p
expS 2

x2

2 D1erfSAx2

2 D , @SBBN#.

~A26!

To evaluate the BBN1X integral Eq.~A23!, we separate the
Gaussian variablesDb from the non-Gaussian variableDr ,
using the decomposition in Eq.~A16!:
nd

02350
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C.L.~p!5E
S23

d~Dr !p23
D ~Dr !E

S247(Dr )
d~Db!p247

D ~Db!,

~A27!

whereS23 5 the set ofDr such thatp23
D (Dr )> p̃/max(p247);

and S247(Dr ) 5 the set of Db such that p247
D (Db)

> p̃/p23
D (Dr ). We can easily evaluate the Gaussian integ

Again, the result is conveniently expressed in terms ofx2

C.L.~p!5E
S23

d~Dr !p23
D ~Dr !

3F2A2

p
x~Dr !e2x2(Dr )/21erfS x~Dr !

A2
D G ,

~A28!

where x(Dr )5A22log@(2p)3/2s2s4s7p̃/p23(Dr )#. We
then evaluate Eq.~A28! numerically.

Our confidence level is calculated for four degrees
freedomDai ~three, in the case of SBBN!. It denotes our
certainty that a given pointp in the parameter space of th
theory is excluded by the observed abundances. In orde
compare our theory with a late-decaying particle~three pa-
rametersp: tX , mXYX , andh) to a theory with a different
number of parameters~e.g., only one in SBBN!, one would
want to use ax2 variable in these parameters. This transfo
mation would be possible if the abundancesai were linear in
the theory parametersp. In this case, we could integrate ou
a theory parameter such ash and set a C.L. exclusion limi
~with a reduced number of degrees of freedom! on the re-
maining parameters. However, theai turn out to be highly
nonlinear functions ofp, so integrating out a theory param
eter turns out to have little meaning. Instead, we project
various theory parameters~as explained in Sec. III C! to
present our results as graphs.
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