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We reexamine the upper limits on the abundance of unstable massive relic particles provided by the success
of big-bang nucleosynthesis calculations. We use the cosmic microwave background data to constrain the
baryon-to-photon ratio, and incorporate an extensively updated compilation of cross sections into a new
calculation of the network of reactions induced by electromagnetic showers that create and destroy the light
elements deuteriuntHe, “He, ®Li and “Li. We derive analytic approximations that complement and check the
full numerical calculations. Considerations of the abundanceé$efand®Li exclude exceptional regions of
parameter space that would otherwise have been permitted by deuterium alone. We illustrate our results by
applying them to massive gravitinos. If they weigtl00 GeV, their primordial abundance should have been
below about 102 of the total entropy. This would imply an upper limit on the reheating temperature of a few
times 13 GeV, which could be a potential difficulty for some models of inflation. We discuss possible ways
of evading this problem.
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[. INTRODUCTION serve as a check of the numerics, and offer additional insight
into the essential physics.

Some of the most stringent constraints on unstable mas- Considerations of the D abundance alone would have led
sive particles are provided by their effects on the abundancd® the apparent existence of finely tuned “tails” of parameter
of the light nuclei produced primordially in the early Uni- space that extend the region allowed by standard BBN cal-
verse via big-bang nucleosynthesBBN) [1-14]. Astro-  culations to rather larger abundances of unstable relic par-
physical determinations of the abundances of “Ble and ticles. In the past, thesg tails were argued to be e>§cluded on
7Li agree with those found in homogeneous BBN calcula-th€ basis of the comb|neﬂ>+3H¢_a abundance. It is now
tions, for a suitable range of the baryon-to-photon rafio widely considered that the complicated chemical and stellar

H 3
[15,16. The decay products of massive unstable particleg'story of *He renders such an a(gument unsl. How-
such as gravitinos would have produced electromagneti ver, we show here that these tails are excluded robustly by

and/or hadronic showers in the early Universe, which coulc{he astrophysical abundance tifie, and also conflict with

. . . e measuredLi abundance. These other abundances also
have either destroyed or created these nuclei, perturbing this .
exclude a disconnected channel of parameter space that

concordance. Maintaining the concordance provides impor- ould have been allowed by the D abundance alone. Overall,

tant upper limits on the abundances of such massive unsta fle most stringent upper limit on the possible abundance of

particles. The power of this argument has recently been iném unstable massive relic partictewith lifetime 7y=10? s

creased by observations of the power spectrum of fluctugg provided by the’Li abundance. Fory=10° s, we find
tions in the cosmic microwave backgroud@MB) [17]. ’

These now provide an independent determination tiat is nd

X _
in rather good agreement with the value suggested by BBN Mxo < 5.0x10 2 Gev, (1)
calculations[18—22, reducing one of the principal uncer- Y
tainties in the previous BBN limits on massive unstable paryith the upper limit from the*He abundance being about
ticles. two orders of magnitude less stringent.

This development has triggered us to reevaluate these As an illustrative application of this new analysis, we re-

BBN constraints. We do so via a new calculation of the Netwonsider the allowed abundance of unstable gravitiﬁ‘os

work of nuclear reactions inducgd by electromagnetic showyith masses up to about 10 TeV, which are expected to have
ers that create and destroy the light elements deutefn jifetimes =10? s. Using standard calculations of thermal
*He, “_He, °Li and ‘Li. We perform a coupled-channel gravitino production in the early Univers@4—32,§, the
analysis of the light-element abundances, which enables Ugnstraint(1) suggests a stringent upper limit on the reheat-

parameter space that are not minor perturbations of standard

homogeneous BBN calculations. In carrying out this pro- Tr=10° GeV for Mz~100 GeV. 2
gram, we also take the opportunity to improve previous the-

oretical treatments of some reactions in essential ways. W8uch a stringent upper limit can be problematic for standard
also derive analytic approximations to our results, whichinflationary modelq33], some of which predict highefg
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~10' GeV. A low reheating temperature might also bethe network of reactions induced by electromagnetic show-

problematic for some models of baryogenesis in which therers, and comment on very shdand very long lifetimes in

mal production of baryon-number-violating particles is nec-Sec. VII.

essary, though not for others. The simplest leptogenesis sce-

narios[34] require the production of a right-handed neutrino

state whose decays violate lepton number. However, even

scenarios which require the thermal production of right- At the epoch of interest to us herg=10" s, the massive

handed neutrinos can in fact accommodate very low reheﬂl'avi'[in()2 is very non-relativistic, and can be treated as if at

temperatureg 35,36, and non-thermal production of par- rest with respect to the background. We assume that a grav-

ticles with masses less than the inflation mass is possible fdfino of massMy decays into a photory) and a neutralino

very low reheating temperaturf37]. Leptogenesis scenarios (). each with their respective energies,

[38] of this type as well as those involving preheatir] . .

have been proposéd. _Mix—m and E _ M my 3)
Reheat temperatures higher th@ would be allowed if Y 2My X 2My

z=<10* s, as might occur iIMg=3 TeV and/or the grav-

itino has many available decay modes. Alternatively, ongp the |imit My>m,, the energies become almost equal:

may consider the possibility of a very light gravitino that E,~ EXN%MX-

would _be_ stable or metastable. Howeve_r, in this case the "1p¢ primary photon with injection energf, interacts

upper limit(1) would apply to the next-to-lightest supersym- ith the background plasma and creates an electromagnetic

metric particle(NLSP). In conventional minimal supersym-  cascade. The most rapid interactions in this cascade are pair

metric standard _mode(MSSl\/_I) scenarios W|_th a very light productionyybg—>e*e* off of background photons, and in-

gravitino, this might be the lightest neutralino However,  yerse Compton scattering. These processes rapidly redistrib-

the relicy abundance may also be calculated, and is likely tq,ie the injected energy, and the nonthermal photon spectrum

conflict with the upper limit(1). rapidly reaches a quasi-static equilibrium as discussed in

This bri_ef discussion serves to emphas_ize the importancg,gilq_ The “zeroth generation” quasi-equilibrium photon
of evaluating the cosmological upper limit on the pOSS'b|eenergy spectrum is

primordial abundance of unstable relic particles, to which the
bulk of this paper is devoted. In Sec. Il we discuss the most

A. The Initial degraded photon spectrum

1.5
relevant photodi;s_ociation anq photoproduction processes KO(B) if E,<Ex,
and describe their implementation in a code to calculate the E,
network of reactions creating and destroying light elements p.(E,)= Ex) 20 4)
in the early Universe. A brief discussion of the observational rey KO(E—) for Ex<E,<Ec,
Y

constraints used is in Sec. lll. Analytical and numerical re-
sults for light-element abundances are presented in Sec. IV. 0 otherwise,

Our main constraints on unstable particles are described in

Sec. V, where we compare and combine the upper limitgyhere the normalization constal, is determined by de-
obtained by Considering different ||ght nuclei. Fina”y, in Sec. manding that the total energy be equa| to the injected energy:
VI we discuss in more detail the implications of our resultsk | — g /{E2[2+In(Ec/Ey)]}. This spectrum is the same as
for cosmological gravitinos. Section VIl contains some com-ipat used by Protheroe, Stanev, and Berezinksy] and
ments on particles v_vith Ionggéand shorterlifetimes_. In the JedamziK12], and also agrees with the result of a detailed
Appendix, we compile and discuss the cross sections used {iy,merical integration of the full Boltzmann equation by Ka-

this analysis. wasaki and Moroi[9].3 It is a broken power law with a
transition atE,=Ex and a high-energy cutoff & ,=Ec.
Il. PHOTON INJECTION AND ABUNDANCE EVOLUTION We adopt the same energy limits as Kawasaki and Moroi,

namely Ex=m2/80T and Ec=m2/22T. Physically, these
As an example of the constraints imposed on the abunscales arise due to the competition between photon degrada-
dance of a heavy metastable particle by observations of lighion rates. The scales rise as the temperature drops, in which
elements, we consider the radiative decay of a massive pagase there exist more high-energy photons to break up nuclei.
ticle (such as a gravitinowith lifetime =10* s. The ener- The zeroth-generation nonthermal photons then suffer ad-
getic decay photon initiates an electromagnetic showerlitional interactions of Compton scattering, ordinary pair
which in turn initiates a network of nuclear interactions. ThEproduction off of nuclei, andy— y scattering. These slower
decays of some unstable heavy particles also initiate had-
ronic showers, which would provide an additional set of con
straints. These are typically important for shorter lifetimes, 2rr definiteness, we will refer to the decaying particle as a grav-
r=10? s. However, we restrict our attention in this paper tojtino, though our analysis is general and pertains to any massive
particle with electromagnetic decays in the lifetime range consid-

ered.
We also recall that Affleck-Dinp40] leptogenesi$36,41] can be 3The spectrum stated ii9] includes further photon degradation,
accomplished at lowWg. which has been factored out to determine our spectrum.
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processes further degrade the photon spectrum. The evolwhereE,T\(Ey) is the energy of the\"" species produced by
tion of the resulting “first-generation” photons is governed the photodissociation reactiont T— A. The sinks are simi-
by larly defined by

dn. Ny o
d—ty(Ey)=T—Xpy(Ey)—Ny(Ey)Fy(Ey). (5) FA(EA):; fo dE,NYHE,) oysn p(E)). (9
where ny=n%(1+z)%exp(—t/m) and 7« are the decaying
particle number density at redshiftand mean lifetime, re-
spectively. Also,V, is the photon energy spectrum, which is
simply the product of the density of stat®s, and the occu-
pation number fractiori,,. Integrating/\V, over all energies dng o
yields the number density’ of the injected photons. Fur- WZE nTJ dE,NP°NE,) 0,7 a(E,)
ther,I", is the rate at which the photons are further degraded T 0
through further interactions with the background plasma. The o
key difference betweep, and.\, is that the rates degrading —np j dE,N°RE,) o,iap(E,).
photons directly after injection are much faster than the rates pJo
that further degrade photon energy determinig We note (10
that the effects due to the expansion of the universe on the
photon spectrum are negligible because, during this epocfihis removes the redshifting term, leaving only the dilution
electromagnetic interactions are much faster than the expaterm in the derivatived/dt. It is useful to use the mole
sion rate. fraction Y,=n;/ng of baryons in a particular nuclide, rather
The dominant photon degradation rates are those fothan the absolute abundance. This allows us to take out the
double photon scattering, Compton scattering and pair proexpansion effects, yielding
duction off nuclei. Because their high rates are fast compared
to the cosmic expansion, the photon distribution reaches qua- dYp o
sistatic equilibrium(QSE). This distribution is given by set- W:Z YTJO dE, NF°NE,) oyi1-a(E,)
ting (5) equal to zero, yielding

Since we are interested in calculating total abundances of
elements, it is necessary to integréfg over the energ¥, .
The equation then becomes

nXpy(Ey)

_YA; J;) dEyN('SSE(Ey) (T'y+A—>P(Ey)1
I'\(Ey)7x’

(11)

NSHE,) = (6)
This QSE solution is the same as that derivefBilh where it
is calledf (e,). The photon spectrurp, can be determined Whereng is the baryon number density adddt is an ordi-
easily from this equation, knowing that double-photon scathary time derivative. It is also convenient to change from
tering dominates the high-energy region, whereas Comptotime differentiation to differentiation with respect to redshift,
scattering and pair production off nuclei dominate at lowerand also to extract the factogEq/y out of NS5, In this
energies. We recall that the redshift dependence of this QS®&ay, we obtain

solution lies entirely imy, p,, andI’, .
dYA I’|\/| Xng/ ’< - 1

B. Photodestruction and photoproduction of nuclei dz =~ H, 7y ex H TX(1+Z)2
r

(12)

The equations governing the production and destruction

of nuclei are very similar to those for photons, being given o Tx

by X 2 YTJ’O dE)/ EOnXN$SE(Ey) 0-7+T~>A(E'y)
dN, (13
W(EA) =JA(EA) =~ NA(EAT A(EA), (7)

o] TX 0s
whereJ, andT 4 are the source and sink rates of primary YA; fo dE’( Eoany E(Ey))U“AHP(Ey)]’
speciesA. The derivatived/dt takes into account the red- (14)
shifting of energies and the dilution of particles due to the
expansion of the universe. The source terms for the primarywhere we have usell,=;My (corresponding to two-body
species are due to the photodissociation of background paglecay into a photon and a particle of negligible maasd

ticles, and are defined by have defined =n%/n% and H,=/327Gp, /3. We should
note that, with these terms pulled out, the integrals become
_ * Qs functions only of redshift, and the dependence on the prop-
In(En) Z ano dE, N E(Ey) Tyi7-a(Ey) erties of the decaying particle has been removed. This for-

T mulation is very useful in making the numerical implemen-
X O[EAE,)—En] (8)  tation fast and efficient.
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C. Secondary element production

In the previous section we discussed the production o

PHYSICAL REVIEW D 67, 103521 (2003

TABLE I. The relevant photodissociation reactions and their
fespective threshold energies are listed in the table below, and their
cross sections are listed in the Appendix.

light elements by the photodissociation of heavier elements.

However, the initial photoproduction and photodestruction of

. . . Reaction ThresholdE,, )
light nuclei is not necessarily the only process that happens ’
before thermalization. The primary interactions produce non-  d(v,n)p 2.2246 MeV
thermal particles, which then interact with the background  t(y,n)d 6.2572 MeV
plasma, degrading their energy. However, they may still have  t(y,np)n 8.4818 MeV
gnough energy to initiate further, secondary nuclear interac-  3He(y,p)d 5.4935 MeV
tions. _ _ _ _ SHe(y,np)p 7.7181 MeV

We now modify the evolution of the primary particles “He(y,p)t 19.8139 MeV

described in the previous section to include energy- “He(y,n) 3He 20.5776 MeV

degrading interactions: “He(y,d)d 23.8465 MeV

AN “He(y,np)d 26.0711 MeV
T(EA):JA(EA)—NA(EA)I‘A(EA) ®Li( y,np) “He 3.6989 MeV

BLi( y,X)3A 15.7947 MeV

J Li( y,t) *He 2.4670 MeV

— 55 [PA(EANAEA], (15 "Li( y,n) OLi 7.2400 MeV

A "Li( y,2np) “He 10.9489 MeV

where we have added the last term to include the energy :Be(%BHf)_‘lHe 1.5866 MeV
degradation of the speciés whereb,= —dE/dt is the rate 739(%9) '—'4 5.6058 MeV
of energy loss. This term appears as an energy gradient, con- 'Be(y,2pn)“He 9.3047 MeV

serving the particle number in the absence of sources and
sinks.

In most situations, the energy degradation rate is much d_“s
dt

faster than any sink, so that the sinks can be ignored. For
unstable particles, if the lifetime of the particle is comparable
to the stopping time of that species, then theterm cannot

sec

=4 nT’fO dEANESE(EA)O'A+T/HS(EA)|UA|-
-

(19

be ignored. In general the interactions are fast enough tédgain, using the mole baryon fraction to remove expansion
reach a quasistatic equilibrium, but the form of the solutioneffects from the differential equation, we obtain

is somewhat more complicated than the photon case:

1=
NREN) = bA(EAJE dEx
A

! " ]‘—‘ E” ) !
xex;{ - J Fad EAL,f‘ JA(Ep).  (16)
En  Da(Ep)

dvq

dt

se

:2, YT'fO dEANESE(EA)G'A+T'HS(EA)|UA|'
c T

(20

After some algebraic manipulation, we obtain the following
evolution equation for secondary production:

- : : . dYs rMx7(n%)? 3 -1
SubstitutingJ 4 into this equation, we get — =——(1+2)°exp ————
dz| . Hey H, 7¢(1+2)?
1 o0
NSHE = —i— n f dE E * oa+1 —s(Ea)|val
A E( A) bA(EA) 2 T 5;1(EA) 'Y'/\/-Y( 7) XZ YTYT, dEA b (E )
T 0 ALE=A
gA(EY) ” FA( E;) 0
X o, 1 a(E )exr{—f dE,———|. J TX_\/QS
y+ Y Ex AbA(EA) X ggl(EA)dEy Eoany E(Ey) oy 1-a(Ey)
l n
( 7) SA(EV) " FA( EA)
) . L . X ex —j dE, —1, (21
With this QSE solution in hand, we can determine the rate of En ba(Ex)

secondary production of an elemeht
where 7 is the baryon-to-photon ratioy=ng/n.

Table Il lists the secondary reactions considered. Deute-
rium production does not occur within the lifetime range of
interested to us, since the neutron decays before it has a
chance to react with a proton to form deuterium, as pointed
out in[7]. Also, we have verified that the secondary produc-
tion of mass-7 elements is not significant, being small com-

dNy

dt

E9-3 | dENTHENAir o
T

X [ ES(Ea) —Esgl. (18

Integrating ovelEg yields
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TABLE II. Relevant secondary reactions are listed below, in aWe note, however, that the? per degree of freedom is rather

format similar to Table I. poor (~3.4), and that the unweighted dispersion of these
_ data is~0.6x 10~ °. This already points to the dominance of

Reaction Threshold (&) systematic effects. Observation of D in systems with higher
p(n, )d 0.0000 MeV column den_sit)(dam_ped systemdind lower D/I—_| [44], at a
4 6y ; level inconsistent with Eq(22), further suggesting that sys-
He(t,n) °Li 8.3870 MeV B .
P o tematic effects dominate the error bud{y#h]. If we used all
He(®He,p) °Li 7.0477 MeV . . . .
“He(t,y) LI 0.0000 MeV five i\\slalla_lble observations, Wg would find D#A{2.6+0.3)
“He(*He ) 'Be 0.0000 MeV X 107> with an even worsey“ per degree of freedom

(~4.3) and an unweighted dispersion of 0.8. As an upper
limit to D/H, we adopt the 2r upper limit to thehighestD/H

. . ~_ value reliably observed, which is DA4(4.0=0.65)x 10>,
pared with that produced during BBN. The only significant since we cannot definitively exclude the possibility that some
secondary production is that 8Li, as first shown in[12]  p/H destruction has occurred in the other systems.

and later in[13]. We show below thafLi actually provides We also require a lower limit on the primordial D abun-
the Strongest constraint for the lifetime range we are interdance_ Since ga]actic processes 0n|y destroy D, its present
ested in. Note that the relevant threshold energ@leble 1) abundance in the interstellar mediuf@6], D/H=(1.5

are those in which the nuclei are in the cosmic rest frame,- 0.1)X 10~° provides an extreme lower limit on the primor-
and thus are computed in the fixed-target laboratory frameyja| value, which is consistent with E€R2). Therefore, we
Consequently, these are about a factor of two higher than th&dopt the limits

center-of-mass thresholds used 2] and[13].

1.3x 10 °<

D
g <5.3x10°°, (23
IIl. OBSERVATIONAL CONSTRAINTS P

Before we discuss the results of our numerical analysisTh'S lower bound is quite conservative, in light of the fact

we first discuss the current status of the observational detthat the existence of heavy elements confirms that stellar

minations of the light-element abundances. The abundancégoCessmg and thus D destruction has certainly occurred at
) some level.

subsequent to any photodestruction or production must ulti- Unlike D, *He is made in stars, and thus co-produced

mately be related to these observations. Furthermore, our.th h | s H the best sites for determini
results are dependent on the assumed baryon-to-photon ra'%', eavy elements. Hence the best sites for determining

. . 4 . _ .
which may either be determined through the concordance Ef{ P”morg'al H_e aburLdancte arel In Imeta;t poorl retglohzls of
the BBN-produced abundances or through the analysis of th Ot, lonized gas In nearby external ga axie ragaiactic
regions. Helium indeed shows a linear correlation with me-

CMB spectrum of anisotropies. As noted above, there is relat- llicity in th ' dth " lation t
tively good agreement between the two. allicity in these systems, and the extrapolation to zero me-

tallicity gives the primordial abundanc¢baryonic mass frac-

tion) [47]

A. Observed light element abundances Y, = 0.238+0.002+ 0.005. (24)
Through painstaking observations of very different astro-

nomical environmentsy primordia] abundances can be inHere, the first error is statistical and reflects the Iarge Sample

ferred for D, *He, and’Li. In addition, 3He and®Li have  Of systems, whilst the second error is systematic and domi-

also been measured, and can provide important supplemeRates.
tary constraints. Here we summarize the data and our The systematic uncertainties in these observations have
adopted limits: more detailed reviews appeafi6]. For all ot been thoroughly explored to d4#8]. In particular, there
nuclides, accurate abundance measurements are challengi®@y be reason to suspect that the above primordial abun-
to obtain, due to systematic effects which arise from, e.g., afance will be increased due to effects such as underlying
imperfect understanding of the astrophysical settings irftellar absorption in the IH regions. We note that other
which the observations are made, and from the process nalyses give similar result¥;,=0.244+0.002+ 0.005[49]
which an abundance is inferred from an observed linend 0.239-0.002[50]. For concreteness, we use tHele
strength. abundance in Eq24) to obtain the range

Deuterium is measured in high-redshift QSO absorption
line systems via its isotopic shift from hydrogen. In several
absorbers of moderate column densityyman-limit sys-
temg, D has been observed in multiple Lyman transitions
[42,43. Restricting our attention to the three most reliable
regions[42], we find a weighted mean of

0.227<Y,<0.249, (25)

taking the 2e range with errors added in quadrature.
Helium-3 can be measured through its hyperfine emission
in the radio band, and has been observed inregions in
our Galaxy. These observations fifigl] that there are no
D obvious trends in*He with metallicity and location in the
(ﬁ) =(2.9£0.3 x10°°. (22)  Galaxy, but rather &He “plateau.” There is, however, con-
p siderable scatter in the data by a facte2, some of which
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may be real. Unfortunately, the stellar and Galactic evolutiorOther depletion processes such as diffugioeluded in the
of 3He is not yet sufficiently well understood to confirm estimate of systematic uncertainties in E26)], would af-
whether®He is increasing or decreasing from its primordial fect both ®Li and “Li similarly and not their ratio. It is also
value[23]. Consequently, it is unclear whether the observeduseful to consider the upper bound 8hi/H alone
3He plateauif it is such represents an upper or lower limit
to the primordial value. Therefore, we do not ud¢e abun-
dance as a constraint. If future observations®se could
firmly establish the nature of its Galactic evolution, thitte
could be restored as a useful constraint on decaying particles
particularly in concert with 011,13.

The primordial’Li abundance comes from measurements Cosmic microwave backgroun(CMB) anisotropy data
in the atmospheres of primitivéPopulation 1) stars in the —are now reaching the precision where they can provide an
stellar halo of our Galaxy. ThéLi/H abundance is found to accurate measure of the cosmic baryon content. Given a
be constant for stars with low metallicity, indicating a pri- CMB measurement of;, one can use BBN to make definite
mordial component, and a recent determination gives predictions of the light element abundances, which can then
be compared with the observations discussed above. This
comparison constrains the effects of decaying particles more

6.

Li _ 1

e =2x10 (29
p

B. Cosmic microwave background anisotropy measurements

.
(ﬂ) =(1.23+0.06" 359 x1071° (95% C.L), (26)

H powerfully than if only the BBN calculations were available
P to constrainz.
where the small statistical error is overshadowed by system- Recent results from DASI18] and CBI[19)] indicate that

atic uncertaintie$52]. The range(26) may, however, be un- 2sh?=0.022700%;, while BOOMERanG-98[20] gives

derestimated, as a recent determinafi68] uses a different Qgh?=0.021°0:003. These determinations are somewhat
procedure to determine stellar atmosphere parameters, atgver than the central values found by MAXIMA-R1]:
gives "Li/H,=(2.19+0.28)x 10~ 1% At this stage, it is not Qgh®=0.026"g058 and VSA [22]: (gh?=0.029+0.009.
possible to determine which method of analysis is more acTaking a CMB value of

curate, indicating the likelihood that the upper systematic )

uncertainty in Eqg.(26) has been underestimated. Thus, in gh®=0.022£0.003 or 7 cm5=6.0+0.8  (30)
order to obtain a conservative bound frofhi, we take the
lower bound(once again combining the statistical and sys-
tematic errors in quadraturédrom Eq. (26) and the upper

at the 1e level, we would predict the following light ele-
ment abundances:

bound from[53], giving “He: 0.248:-0.001 (68% C.L) (31)
L ) 0.9

0.0x 10-11c W) —r @7 DIHX10°:  2.739 (68% C.L) (32

P SHe/Hx 105 0.9+0.1 (68% C.L) (33)

Finally, ®Li is also measured in halo stars, in which the - 0 15
SLi/"Li ratio is inferred from the(thermally blendegisoto- Li/HX 10"  3.4753 (68% C.L). (34

pic line splitting. The lowest’Li abundances comes from .
stars with primordial Li, which yield®Li/ "Li=0.05+0.01 Note that these numbers are not outputs of BBN calculations

[54]. The SLi in these stars is not primordial, as it is pro- corresponding t0210:6.0, but rather are the peak values of
duced by cosmic-ray interactions with the interstellar me-2 likelinood function found by convolving the resuits of the
dium [55], predominantlya@— SLi+ - - -. These same pro- BBN Monte Carlo with an assumed Gaus§|an for the distri-
cesses lead to the production of Be and B, which aré)u.t'On .Of CMB 7 v_alues. For further details, s¢6,17.
observed in halo stars at levels consistent With cosmic- With Microwave Anisotropy Prob(al\/IAP) d_ata_, the accuracy
ray production. Since the observ&ti abundances are con- of nc_mb_should be 10% or better, which will give even tighter
sistent with being entirely Galactic in origin, we can usepredlctlons on the light elements.

these to set an extreme upper limit on the primordiai

abundance. One complication enters, due to the smaller bind- IV. MODEL RESULTS

ing energy of®Li relative to ’Li. This means thafLi could We have implemented numerically the decaying-particle
in. principle .su.ffer deplet.ion in stars due to nuclear burning,.ascades discussed in Sec. Il Using BBN light-element
without a similar depletion of Li. However, once nuclear apndance predictiorid6] as initial conditions, we calculate

burning becomes effectivéli depletion factors become ex- the final abundances for particular sets of baryon and dark

tremely large making such observations extremely unlikelyyatter parameters. The three free parameters are
[56]. It is therefore safe to use the 2 upper bound on the

®Li/Li ratio n%
(xE—OMX=er=2I’EO, (35)
6L ny
—1]=0.07. (289
“Li Ty and .
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A. Analytic discussion is the relative strength of the cross section for photodestruc-

Some simple analytic approximations allow us to gaintion_of T in.to P, compared with the thermalization cross
insight into the essential physics in our problem. As we will Section, which we take as the Thompson cross section for

see, the following analytic treatment reproduces well the bethis discussion. Consequently, the change in the number den-

havior of the light element abundance mountains and deser® Of A S the net produ.ctlonilrate per volumd'«(_, o
in our parameter space. —Ta_p)n? times the loss timé& e, O

The dependence ory can be understodd.l] in terms of
the characteristic energy scales in the photon spectdm
Both the breakEy and the cutoffe scale a€;«<1/T. Thus,
in the “uniform decay” approximation where all particles
decay at t=7y, the decay occurs at T  We see that the fractional change in an abundance is given
~10"% MeV (74/10° s)"Y2 Consequently, we havéEy by
~28 MeV (y/10° s)*?, and Ec~103 MeV (r,/1C® s)*2,
and cutoffs thus increase with. In other words, higher- 8Y I (Yr
energy photoerosion processes can occur for longer lifetime v, T@(Y—HAA— fA—»P)- (41)
values. Comparison with Table | shows that,/asncreases, A A
first Ec and thenEy pass the threshold enerdgsy, for any
given process, at which point the process becomes importa
A reaction can turn on wheB-=E,,, which in the uniform
decay approximation occurs when

inj(FTHA_ 1—‘A~>P)
Y

5nA=n35YA~n (40)

Iﬂtherm

If we look at the two extremes when either production or
estruction dominates, we can derive the behaviokof
given that the fractional change in the abundance i32:

—4
Eth 2 prod 11 5000\ (5.0x10 ) 7710)
_t ~3.2X10 * GeV, —
=10 s (10 Mev) : (36) X Y fra |6
Y
while for shorter 7y the channel is closed. The reaction A
grows stronger wheiy=E,,, which occurs when ( Ei )1’2 Tx v 42
Eq, 20 MeV, 18s
~107 I L
x~10" s (10 Mev) . (37 y
dest_g 3% 10°8 G 5.0x10 ﬂ)
We can also understand tljg dependence of photodestruc- X : € fa_p 6
tion (and secondary productipmnalytically, as follows. In V4
the limit of small{y, the decaying particle has no influence « En V2l oy 43
on the light-element abundances as predicted by primordial 2224 MeV |18 s/ (43

nucleosynthesis, predicting a universe made of mostly hy-
drogen and*He, with small but significant amounts of D,

3He, and’Li. Lithium-6 is not produced in significant quan- Wh_le_;]eistr;ear?]tejrr:rbeezirt"smaerst t?:ﬁebipgi?gr:?;z ft(())r Eécon darv oro-
tities. Going beyond this trivial case we use a similar treat- yp

ment as above, and employ the uniform decay approximaqucnon of light eleiments.. $|ncéL| is the only S|gn|f|cant.
econdary production, this is the only example we consider

gﬁg\./vztr) p?ﬁgtlgﬁ ?]Zslogﬁe?; a reaction can proceed, a tyIOICEﬂere. In this case, only a fraction of the primary products
y have enough energy for this reaction to proceed, because of

E w2 .o\ interactions with the background plasma. We estimate as fol-
(E)=56 Me\/( th ) X ) , (38)  lows the fraction that can react to forfhi. Each prospective
10 MeV 10 s reactant is produced with initial energis((E)), and the

) total amount of energy that can be lost between collisions is
so_that the number of such photons per decayNis ¢ —p,((E))/ngor|val. The fraction of reactants left is
~Eq/(E). Had the lower-energy piece of the power law (e ratio of these two energieNp~ E((E))/E s~ 0.001.

been much steepéie., with a power index=>2) we would  Thys the number density of these remaining non-thermal par-
have(E)~Ey,, and if it was much shallowei.e.,p<1) we ijcles is

would have(E)~Ey . However, we lie in an interesting re-

gime where(E)~ (E;,/Ex)" Ex, where kp<2. Thus B Y
the nonthermal photon density is n'Fr,”szénAvap%pr. (44
n
ny=N,ny=¢xnS/2(E). (39)

The rate per particle can be described in a similar way as
These photons are thermalized at a rate per photon dfefore, wherd 5 ,s=fa_sY1'TinermB- Since these particles
I'them~Neor~ngor. The rate per photon for the photode- are non-relativistic, there is a fact@e=uv/c in the interaction
struction of specied to yield specie®® is['t_p~nror_p rate. We can thus determine the change in abundance of the
=fr_pYttherm» WhereYr=nt/ng, andf;_p=o1_p/or  secondary species:
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ijAﬂs magnitude smaller tharfHe, no significant production of

dNs~NgdYs~N (45 4Hg can take place. Thus electromagnetic showers from de-
caying particles can only destrd{He. These photodestruc-

The fractional change in the abundance is then given by tion processes have an energy thresholBgf 20 MeV and

so, from Eq.(36), we expect this process to become ineffi-

cient for ry<4x10° s, and to shut down completely when

Tv=4X10° s. Indeed, this is what is seen in Figa)l, where

we plot contours ol in the ({x,7x) plane forn,,=6, the

value preferred by CMB analys&80). For 74y=4x1(° s,

the “He destruction factor goes from a small perturbation to

a large one agy grows from 10°to 10°° GeV, until the

P .
l_‘therm

oYs IxYrYr
Yo meT—»AfA—»SB- (46)

Using parameters appropriate féti and 8~0.01, we de-
rive the value of{yx when secondary production becomes
important:

e b 2 5% 101\ /5.0x10°4\/ 0.05 region £x=10"8 GeV becomes #He “desert.” Over the
{x —2.6x10° GeV| ——— - - region 7¢~4x10° s—4x 1 s, “He destruction becomes
TIT T—A A—S : H i i i
Y important only at increasingly higtix. This general behav-
S ior has an impact on all of the other light elements*He is
7 E w2l L\ the only important source for them.
X(i’)( th ) X ) (47) In Fig. 1(b) we again plot contours of Y, but now in the
6 /120 MeV] 110° s ({x,7m) plane for 7y=10° s. We see the generic features

_ . . mentioned above, that for lod “He is at its BBN predicted
Qne should note t_hat, at thE.“ high photon energies reqw_red Palue and for very larg€y it is destroyed. At largey, the
induce these tertiary reactions, double-photon scattering ISon-thermal photons are more quickly thermalized, thus hav-

comparable to the Compton scattering and nuclear palr|’ng less energy on average and making it more difficult to

production mechanisms for photqn energy loss. This weal destroy nuclei. This linear rise is as predicted in E).
ens the dependence of the reaction rates on the t_>ary0n den- Figure 2 plots the corresponding contours of D/H. Several
sity. We now turn to the fuII_nume_rlcaI resul;s, using thesedistinct regions are apparent. For alf, in the regiongy
analytical estimates as a guide to interpretation. =10 1 GeV, the decaying particles make only a small per-
) turbation to the primordial value of D/H. For values of
B. Numerical results =10 GeV, the decaying particles can lead to significant
Our numerical results come from the integration of Egs.perturbations to D/H, the sign and magnitude of which de-
(12) and(21), using the input spectra of E¢¢). We present  pend strongly orry . In the case of D, the important produc-
our results by showing abundance contourg,jr- 7y space tion processes are due e+ y: the other light elements
at fixed 5,0=6, and inZyx— 7 space at fixedry=10° s. A have negligible abundances compared*tte, and thus are
key innovation of the present work is a detailed fitting of theunimportant as D sources. The D production channels have
energy dependence of the relevant cross sections. These dhgesholdsEy,~25 MeV, so we expect these process to be-
discussed in the Appendix, which also contains fitting formu-come inefficient forr,<5x10° s. Furthermore, production
las. is only efficient when*He destruction is not large, i.e., when
We begin our discussion with the most abundant com<yx=<10 ° GeV. Of course, D production can only occur
pound nucleus, namel§He. Since the other light elements when there is sufficienfHe destruction, so we expect sig-
are predicted by BBN to have abundances that are orders aificant production to occur only up to some maximyip.
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For higher{y, photodestruction becomes so dominant that/y, D is at its BBN value. At intermediate values, we are
any production yields are immediately broken up via furtherclimbing the photoproduction mountain. At even higher val-
photodestruction reactions, leaving a universe filled withues of{x, we enter the photoerosion desert. Again the de-
only protons. Thus, aéy increases, the D/H abundance rap- pendences om are entirely due to the photon energy-loss
idly declines, dropping to and then below its primordial mechanism being more efficient at higher baryon density.
abundance, to approach zeroa D “desert.” Thus, we ex- Results for ‘Li/H are shown in Fig. 3. We see that the
pect D production only in a region bounded from above andesults are qualitatively similar to those f6He, reflecting
below in ¢y, and to the left byry<4x10° s. These expec- the fact that secondaryLi production is negligible. Since
tations are met by the D/H “mountain” in Fig. 2, which ’Li is only destroyed, its weak binding compared tble
stretches betweefy, =10 1° GeV to /=10 GeV. leads to the wider expanse of tHei desert. As mentioned

For 7x=5x1CP s, D production from*He does not oc- earlier, we considered the secondary production ’bf,
cur. Since the photodestruction processy,n)p has a through the reactions'He(t,y) ‘Li and “He(®He,y) 'Be.
threshold ofEy,=2.224 MeV (the D binding energy D de-  These reactions have no energy threshold, only a strong Cou-
struction drops out aty<4Xx10° s, as seen in Fig. 2. Fi- lomb barrier, sca priori they would seem important. How-
nally, note that the competing processes of D production andver, the net production ofLi through these reactions is
destruction balance for some regions of parameter spacemall compared to its primordial value set by BBN. This is
where D retains its primordial values. These are the “chandue to the small cross sections for mass-7 production.
nels” which separate the regions we have already discussed. Unlike “Li, standard BBN does not producd.i in any

In Fig. 2(b) the contours of D/H are shown in thé(, 7) observable quantity, so any other production mechanism is
plane for ry=1CF s. Just like*He, these D contours show important. The behavior ofLi, seen in Fig. 4a), can be
the features sketched out in our analytic discussion. For lowinderstood in terms of théHe and ’Li dynamics, because

'mﬂl=6x10-10 Ty = 10° sec
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these are the twSLi sources. As with D, we see a roughly gime, double-photon scattering is comparable to the other
horizontal mountain ofLi production, which is bounded on photon energy-loss mechanisms. This reduces the depen-
the left by threshold effects. The dominant production chandence on the baryon density, effectively flattening out the
nel is from secondary reactions, and thus is tied to4He  contours in the {x,7) plane where secondary production is

destruction threshold. The secondary reactiéHg(t,n)°Li important. At higherZy, photodestruction ofLi takes over,
and *He(®*He,p)®Li also have low energy resonances, furthertaking us to the®Li desert.
increasing their yields. ThéLi production from “Li and As noted in[11], the ®Li/’Li ratio offers additional con-

"Be, however, has lower thresholds, and thus becomes donstraints besides those provided by each nuclide separately.
nant for small lifetimes; <10’ s. These channels are im- We plot 5Li/’Li contours in Fig. 5, where we see that these
portant where’Li destruction is moderate but still sufficient are smoother than the contours féiri alone. BecauséLi

to make significant amounts 8L, leading to a break in the dissociation has a higher threshold th4ri—see Table I—
slope of thebLi curve at {y~10"'L. The “nose” at {y  °Li/’Liis large in the desert region of higfy, though each
~10"7 GeV andry~ 10" s marks the location at whictHe  individual abundance is quite small. For smaligr, SLi
photodissociation becomes important. With this increase ifncreases with’y, while ’Li either remains constant or de-

reactants, the amount SLi increases sharply. creases. The upshot is thiti/’Li grows with y , as seen in
In Fig. 4(b) we see that the secondary production domi-Fig. 5.
nates the evolution ofLi for quite low {y. Since the®Li Having described the physics that leads to the abundance

secondary-production cross sections have thresholds, the gpatterns we have computed, we can now discuss how this
erage initiating photon energy must be higher than in thehysics allows the observed abundances to place constraints
standard photodestruction process. In this higher-energy ren decaying particles. To obtain these constraints, we com-
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bine this analysis with the observational data discussed pre- We quote limits for»,,=6, and emphasize results for

viously. 7«=1C s, which is roughly the lifetime for which the con-
straints are the strongest, and is also within the range of
V. LIMITS ON UNSTABLE RELIC PARTICLES current interest for gravitino decays. These limits do vary

We now impose the observed light-element abundancWith choice of baryon-to-photon ratio, scal_ing a&? Over
constraints of Sec. Il A with the results of the previous sec- 1€ range allowed by the CMB, our Constralqts do ngt change
tion. We do this for each element individually, then combines'gn'f'c"’_mtly' Rgsults at lowery weakerl1/4rap|d'ly, while the
the results to obtain the strongest constraints. constraints at highery scale roughly asy *, as in Eqs(42),

We remind the reader that light element constraints orf43 and(47). The dependences atx and 7 shown analyti-
decaying particles depend apn but of course one cannot use cally in Sec. IV A are clearly seen in Figs. 6, 7, and 8, thus
the standard BBN limits ory as part of ones limits. In the ©one can determine how the constraints change for different
past, this difficulty has only been overcome by adopting lim-parameters.
its on 7 derived from non-nucleosynthetic arguments. These Also, the current observational status of standard BBN
limits have, until recently, been rather weak, which hascomes into play. Namely, the present observational data on
weakened the power of the light element constraints. Thi¢He and ‘Li are in tension with those for D, the former
situation has now changed drastically. We recall that severgireferring 1o~ 3 and the lattem,,~6. On the one hand, if
CMB experiments now imposeo=6 with a 15% uncer- standard BBN is correct and the tension is due to systematic
tainty. Thus, if we adopt the CMB results, we no longer musterrors, the result is that these errors weaken the constraints
treat 7 as weakly constrained by non-BBN arguments,that one can place on decaying particles. On the other hand,

strengthening the results we derive. if the observations were to improve to the point that the
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light-element agreement can no longer be accommodatedh addition to a higher region that is discordant witHe and
this could herald new physics. In this case, decaying particledLi. The SLi/"Li ratio (28) gives
offer a way[11] of reconciling the abundances of the light
elements, in which case one also derives estimates of the gx(ﬁLi/ Li)<7.0x10 2 GeV. (52
requiredly and 7y .
We tgrn first Eo_the elements which are only destroyed Figure 6 summarizes our results for the constraints based on
ngmely He and’Li. The observed constraints diHe (25) D/H in both the ¢y, 7y) plane(for 5;,=6) and the {y, 7)
give plane forry=10% s. The dark(blue) shaded regions corre-
spond to an overabundance of D/H, i.e. regions where there
{x(*He)<2.5x10 0 GeV, (48 is net production of deuterium. The lightéblue) shaded
regions represent an underabundance of D/H or regions
which is driven by the lower limitY,>0.227 that we where there is net destruction of deuterium. Notice that the
adopted. The sharp drop 8He with increasingy (i.e., the  thin strips which are unshaded for which the D/H abundance
descent into the desert of Fig) &nsures that the constraint is acceptable. These will be excluded when the constraints
on {x is insensitive to the precisg, limit chosen. The situ- from the other light elements are included.

ation is similar for ’Li, for which Eq. (27) give the weaker In Fig. 7 we include the constraints froftHe and ’Li.
constraint Here we superimpose thtHe constraint, shown as the me-
dium shadedpink) region. and thée'Li constraint, shown as
Ix(Li)<2x10°° GeV. (490  the medium-light(green shaded region, on the D/H con-

straints. We see that D'He, and’Li alone, i.e., primordial

For deuterium, net production and net destruction are botgPecies, impose a limit of
possible. In terms of Fig. 2, this means that limits on D
exclude the ridge in the D mountain, while allowing regions {x={max=3.5X10"" GeV, (53
at higher and lowet . In particular, the observed D abun-
dances (22) allow the range X108 GeV={y=3  which is dominated by the limits from D. We can do better if
X 1078 GeV, but the*He and’Li constraints are each able we include ®Li. Our limit SLi/H=<2x10 2 pushes the
to exclude this regime. Consequently, the only remaining reabove constraint down to
gion is the low¢ side of the mountain,
Ix=Ema=5X 10712 GeV (54)
[x(D)<3x10 ! Gev. (50)
for 7v=10% s as seen in Fig. 8 by the medium-d&ried
Since °Li is not produced significantly in standard BBN, shaded region. The constraint from tfig/”Li ratio is shown
only production is important for lowx , while for higher{x  as the very light(yellow) shaded region. Notice that it be-
destruction dominates. Thus, the situation is similar to that otomes the stronger constraint st 5.0.
D: there is a®Li mountain, with the observations allowing a  These constraints are subject to uncertainties in®tie

narrow high¢y region and a large low region. The®Li/H  |imit, due both to the possible stellar depletion®f and the

abundance of Eq29) gives known galactic production ofLi by cosmic rays. Our limit
is intended conservatively to allow for both effects. Even so,

Ix(BLi)<5%x 10 1? GeVv (51) we see the power ofLi. We thus urge further
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observations of the Li isotopic ratio, as a firmer understanddominate the cosmic-ray component&fi over most of the
ing of this nuclide could further strengthen the constraint wePopulation Il metallicity range.
have derived.

Our results agree quite well with previous studjég— VI. APPLICATION TO COSMOLOGICAL GRAVITINOS
13]. When comparing t§11,13,, one has to take into account
that they have taken the relic abundance as the abundance We now illustrate the impact of our calculations by dis-
before electron/positron annihilation, therefore a factor ofcussing their implications for cosmological gravitinos. In
11/4 should be applied to our results to compensate. Ongonventional supergravity scenarios, the gravitino is ex-
should note thaf11] did not include secondary production Pected to have a mass comparable to that of supersymmetric
reactions. The remaining differences are most likely due tdartners of standard model particles, which should weigh
assumed cross section fits. Since the previous studies do s than about 1 TeV if they are to stabilize the gauge hier-

present their photodissociation cross sections we cann@fchy [57]. Therefore, the gravitino is usually thought to
compare directly. weigh between about 100 GeV to 10 TeV, though both larger

There is a significant difference in the predicfdd abun- ~ and smaller masses have sometimes been considered. The

dance, however. Besides cross section differences, tHightest supersymmetric particieSP) is generally thought
center-of-mass thresholds were used[bg,13 rather than o be the lightest neutraling, a model-dependent mixture of
the laboratory frame thresholds we use. In this scenario, thihe photinoy, the z-inoZ and the neutral HiggsinoBl, ,
laboratory frame is the appropriate frame. This mistake along58]. The LSP would be stable in models in whiRlparity is
cause<Li to be overproduced by almost an order of magni-conserved, as we assume here. On the other hand, the grav-
tude. Had the secondary cross sections we adopted not begiho would be unstable, with a parti@&— y + y decay rate
significantly larger than those used [#§2,13, our constraint  calculated to be

would be noticeably weaker.

One might be concerned that uncertainties from nuclear B 1 M%
reactions propagate into our results. BBN uncertainties have I'G—yxy)= ARYE: 0)2(7, (55
been taken into account. The photodistruction cross sections, Mp

however, are weighted by steep functions of energy, which _

puts all of the cross section dependence very close to thehereO,, is the fraction ofy in the wave function of the
threshold energy. The remaining uncertainties from the phokSP x, andMp is the Planck mass. In many models, the LSP
todissociation and secondary cross sections are of the ordgy essentially a pur& (1) gaugino B-ino) B, in which case

of 10%, thus weakening our constraints only slightly. Theowz cog6, and the neutralino mixing does not suppress
dominant uncertainties arise from the BBN predictions of thethe gravitino decay rat¢55). We assume for now thag

light element abundances. _ =B and that no other gravitino decay modes are significant,
As already noted, if the observed light-element abun-

, . in which case the gravitino lifetime is

dances retain their current central values, but the error budget

shrinks, then the light-element data will be in discord with 100 GeW\°®

standard BBN. Decaying particles might provide one pos- T5=2.9X 108(—\)) S. (56)
sible means of reconciling such light-element observations G

and theory. As an illustrative example, consider the case in . o . )
which the CMB fixesy,o=6, and the observed light element We discuss later the modifications to our analysis needed if

abundances remain as above, but with the total error budg&t® LSP is essentially a pure Higgsino, another possibility
equal to that of the current statistical errors. THénand D~ Sometimes considered, or if other decay modes are open to

would be in significant disagreement. One could, howevertn€ gravitino. o _
The production of gravitinos in the early Universe has

bring these nuclides antHe into agreement by appealing to ) ) . .
the decaying-particle scenario we have laid out here, the aleen the subject of heated discussion. An unavoidable con-

lowed region of parameter space still open being one iffibution is thermal productiori59,8,60,61 Here, we will
which a non-zera’y is preferred. The newfLi upper limit apply our results in combination with the recent calculation

would eliminate low values ofy, allowing only a narrow in [61], which gives
band with{~10"°. The observations would force us to live

2
in the narrow channel where D production and destruction __Ng 11 my Tr
) ) ; e Yzg=—=1.2x10 1+ > | X
are nearly balanced, with a decaying particle lifetime n, 12m2 10° Gev
~3x 1P sec. In this regime?He is at its BBN value, be- ¢ (57)

cause of its high photoerosion threshold, shown in Table I.

However, the more weakly bounfLi is destroyed, at just whereTg is the maximum temperature reached in the early
the right level to bring the observations in accord with the DUniverse? In conventional inflationary cosmolog¥x is the
observations. This rather fine-tuned scenario is testable with

SLi observations. In this region of parameter space, we pre=——

dict a °Li abundance of°Li/H~10""" and °Li/ 'Li=0.03.  “we note that this calculation is based on the dominant strong
This SLi abundance would appear as a pre-galactic plateau iBontributions to gravitino production. Electroweak corrections
halo stars. Indeed, théLi level would be large enough to would enhance the production rate by about 5—20 %.
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reheating temperature achieved at the end of the inflationampass atMg~460 GeV, with a relic abundance &fg~2
epoch. In some inflationary scenarios, there may be addix 10712 corresponding in turn to a reheating temperature
tional gravitino production, either during the inflationary ep- T~ (0.8-3.1)x 10° GeV.

och or later, before thermalization is achieved. Either of 5\ might the potentially embarrassing conclusion (60)

these effects would only accentuate the potential problem Wga av0ided or evaded?

g|scuss below, and we do not consider such possibilities tpe first option one might consider is diluting the density
ere. of gravitinos by several orders of magnitude some time be-

In Eq._(57), Mg 1S t_he Iow-e_nergy glumo_ mass. In super- tween their production at a temperature closé toand the
symmetric models with gaugino mass unification, there is a

definite relation between the gluino mass andBkao mass, period when they decay. This large entropy release should

which, at the one-loop order sufficient for our purposes, iscertamly occur before BBN, i.e., when the agel s, in

mg /Mg = a5(m;)/ 1. Typically, this ratio is between 5 and qrder to avoid destroying its predictions completely. Very
6. If the B-ino is the LSP, as we are presently considering,l'kely’ such a large entropy .release would also have had to
then mg=mg. The middle term in Eq(57) is therefore OCCUr before baryogenesis, in order to avoid an unacceptable

never larger than 4, and tends to unity for large gravitinod”Ution of the primordially generated baryon asymmetry.
masses. Thus we estimate The latest epoch at which baryogenesis is seems likely to

have occurred is the electroweak phase transition, which oc-
curred when the age~101°s. Affleck-Dine baryogenesis
(58  [40] offers one such possibility. In these models the Universe
becomes dominated by the oscillation of a scalar field along
a supersymmetric flat direction. In general, the net baryon
in this case. asymmetry produced in these models can be quite large, ac-
The upper limit(1) can be expressed as a limit o : tually necessitating late entropy product{@2]. The dilution
of the gravitino abundance would be an immediate conse-
100 Ge\)) guence. The issue of gravitino production and dilution in

Tr

Yz=(0.7-2.7)X10 x| ————
&= D (1010 GeV

Yg<5x10 *x (59 connection with baryogenesis was recently consid¢6s

in the context of the pre-big-bang scendial].

It is possible that the mass and decay modes of the grav-
itino are such that the bounds discussed here, which cover
lifetimes from 10-10'?s, become inapplicable. We see

from Eq. (55) that the rate forG— y+ y decay would in-
Te<(1.9-7.5x10 GeV. (60)  crease by three orders of magnitudé/ig were one order of
magnitude larger. In fact, a heavier gravitino might have ad-

This upper limit is far smaller than the reheating temperaturdlitional decay modes open kinematically, possibly decreas-
Tr~10"2 GeV expected in conventional inflationary sce- ing its I|fet|rr_1e by ar)other two orders of magnitude if all the
narios. As noted in the Introduction, this bound places imMSSM particle weighed less thaklg . If 75~10"s, as
portant constraints on models of baryo/leptogenesis. might occur if Mg~1 TeV and it could decay intXgyy

We recall that the upper limif60) comes from a combi- +Xgw as well asy+ vy, whereXgy is any standard model
nation of data and calculations of different light-elementparticle with only electroweak interactions, our limits are
abundances. It could not be obtained by considering the dewignificantly weakened. However, we remind the reader that
terium abundance alone, as this would allow a “tail” of the outside the range $810' s other bounds come into play. At
parameter space extending to large gravitino abundancesnaller lifetimes, hadronic decay products will upset the pre-
Yg, as well as an isolated “channel” at largés . The tail  diction of BBN[5,6,14. From the recent results pi4], one
cannot be excluded just by considering also the abundance &fids that for lifetimes in the range 1-418, the upper limit
“He, though the channel probably can. However, as disto Yg is of order 103 and this bound weakens at lower
cussed earlier, the tail can be excluded by also considerinifetimes. For r<fewx 1072 s, the BBN limit disappears.
the ®Li abundance. We have already discussed why we thiniSimilarly, at longer lifetimes>10'?s, there are non-
that measurements of the relevant photoreaction cross segegligible constraints from the observed gamma-ray back-
tions and the astrophysical data are now sufficiently reliablground[65,7,66. These are strongest for decay lifetimes of
for the SLi data to be regarded as a serious constraint. order the age of the Universe10*® s, where the bound on

As we commented at the end of the previous section, ifngYg is of order 10 6. At still longer lifetimes, the bound
the observed light-element abundances were to retain theiveakens quickly and becomes ineffective at lifetimes longer
current central values while the error budget shrank, théhan about 1% s.
light-element data would become inconsistent with standard Could the cosmological embarrassment be avoided if
BBN, and decaying particles might be able to reconcile suciMz<<100 GeV? In such a case, the gravitino would presum-
light-element observations with theory. This scenario wouldably be the LSP, and absolutely stableRfparity is con-
predict a lifetime 7g~3%x10° s and an abundancégz  served, as we have been assuming. In fact, as arguédjin
~10 ° GeV. These constraints would place the gravitinoa reheating temperature of ordert4GeV would result in an

mg

Comparing the calculated abundan@&s) with the upper
limit (59), we infer the following upper limit on the reheating
temperaturel'g, for Mg~100 GeV:
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acceptably large relic density of gravitinos. Converting the

3H(a,n)8Li
L L B A

0.25
gravitino abundance in E@58) to its contribution to closure -
density, one finds
- - 02k ]
zh2=(0. D)X © R _ _
Qzhc=(0.026-0.1) 100 GeV | 101 Gav -
(61 015 .
2
In this case, the lightest MSSM sparticipresumably the o
lightest neutralinoy) would be the next-to-lightest super- 2 o1l
symmetric particldNLSP), and would itself be unstable: the § -
decay NLSP— y+G would have a lifetime similar to Eq. I
(56), and the bound57) could be applied to the NLSP abun- 0.05
danceYysp, Which in terms ofQ) h? is -
Q,h?<2x10 % (62) golac o tlescstmusstone st amas
0 5 10 15 20 25
However, suppressing Xhz to such a low value seems very Center—of-Mass Energy (MeV)

difficult. Characteristic values oﬂxh2 in the MSSM are

0(0.01-10.0) [67], corresponding tO(X~1O_1O, which is FIG. 9. (Color online Cross-section data for the reaction

: “He(t,n) ®Li are plotted versus the center of mass energy. The solid
far above the bounds?). Indeed, in much of the phenom- curve is the parametrization we use, whilst the dashed curve is that

enologically allowed supersymmetric parameter space, thgdopted in previous studié$2,13.
relic density is too large. Relic neutralino densities as low as ’

Eq. (62) would require special parameter choices for Whi(_:hOus R-conserving gravitino analysis applies, and we again

the neutralino is either primarily a massive Higgsino, in lude thatr== 10" | velv. the dominar® d
which case important coannihilation effects might suppres§onclude thatg=10"s. Alternatively, the dominan® de-

the abundance, or the neutralino mass happens to be vefyS might violateR parity. In this case, the bound,
close to half the mass of the heavy Higgs scalar and pseudd 10* s again applies, and, as discussed above, the same
scalar, so that rapig-channel annihilation reduces the neu- Pound applies to the decays of the lightest MSSM sparticle.
tralino density. In the former case, it is in fact unlikely that
coannihilations are sufficiently strong to satisfy the bound VII. DISCUSSION AND CONCLUSIONS
(62), despite reducing the relic density to a level well below
critical. In the latter case, however, very low relic densities
are possible.

Could the cosmological embarrassment be avoided by a
tering the composition of the LSP into which the gravitino is

P = ;
supposed to decay? The gravitino decay amplitude could b ently the baryon-to-photon ratio, which was not possible in

suppressed, and the lifetime estim&%®) correspondingl . : . .
incprgased, if the LSP did not have ph())tino cofnpone%t),/ foPrevious studies of this problem. We have also incorporated

example i L e essentilly a pure Higgsino. However, inf 27 21311 a1 Updsten Sule of photenuclear and e
view of the discussion above, in realistic models it seem¢ ! Yy y

e ~ ) : cally the network of reactions induced by electromagnetic
difficult to suppress thé&s— y—y coupling enough to in-

A e showers that create and destroy the light elements deuterium,
crease the gravitino lifetime sufficiently to relax the bound sy 46 6| and 7Li.

(57) adequately, bearing in mind the bounds applicable for
longer lifetimes.

Finally, we consider briefly the situation R parity is
violated. First we consideR-violating decays of the lightest

MSSM particle, assumed to be the lightest neutralnds : : 6 i
discussgd earlier, its abundance is I?kel to lbgllo per, considerations of the abundances e and oL
' y toYog= ' exclude these particular regions.

which conflicts with our bounds unles§(5 104 5.5 Consid- We have illustrated our results by app|y|ng them to mas-
ering now the decays of the gravitino, assuming it to besjve gravitinos. If they weigh~100 GeV, their primordial
heavier thany, there are two options to consider. The sim-gbundance Yg should have been =5x10 %4
plest possibility is that it decays in the same way as in thex (100 GeVimg), corresponding to a reheating temperature
R-conserving caseG— y + y, etc., in which case the previ- Tr<(1.9—7.5)x10’ GeV. This could present a potential
difficulty for some models of inflation and leptogenesis. We
have discussed various scenarios for evading this potential
*Note that the case,<10” s requires further consideration, going émbarrassment, for example by varying the gravitino mass,
beyond the scope of this paper. or by postulating an alternative scenario for baryogenesis,

We have re-examined in this paper the upper limits on the
possible abundance of any unstable massive relic particle
F_hat are provided by the success of big-bang nucleosynthesis
calculations. A new aspect of this work has been the use of
osmic microwave background data to constrain indepen-

It was pointed out in previous work that considerations of

the deuterium abundance alone would allow certain excep-
tional regions of parameter space with relatively large abun-
dances of unstable particles. However, as shown in this pa-
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3He(a,p)°Li tions of detailed balance for the reactiops T—A+B and
T P+T—A+B are

0.15 -

__ 9a08
O-’y+T—>A+B (1+ 5AB)gT

#Ecm(A,B)
2
EV

OA+B—-T+y

(A1)

_ (14 3p1)9ag8MAMsEm(A,B)
Op+T—A+B (1+ 8ap)9pgtmpmrEc (P, T)

XOA+B-P+T > (A2)

Cross section (b)

0.05 -

where theg; are the statistical weights of each specjess

the reduced mass of the systéxt B, andE(X,y) is the
center-of-mass energy of the systemty. See Blatt and
Weisskopf[ 72] and Fowler, Caughlan, and Zimmermiat3]

for discussions on these relations.

FIG. 10. (Color onling Cross-section data for the reaction [N the numerical fits, all energies are in MeV. In a few

0 5 10 15 20
Center—of—Mass Energy (MeV)

*He(*He,p) °Li are plotted versus the center-of-mass energy. Thecases, which we have noted, the fits are those previously
solid curve is the parametrization we use, whilst the dashed curve igublished. Otherwise, we have adopted a specific empirical
that adopted in previous studigs2,13. form for the nonresonant parts of the cross sections. This

form is the product of a power law in photon enefgy, and
such as non-thermal leptogenesis or the Affleck-Dine mecha2 POWer law in photon energy above threshéd;- Q. We

nism. have found that expressions of this type provide a simple but

This example of the gravitino illustrates the power andaccurate representation of the data.

importance of the cosmological upper limits on the abun- (1) d(y,n)p, E,.n=|Q|=2.224573 MeV[74]
dances of unstable massive particles. Extensions of this ’

analysis are clearly desirable. For example, it would be valu-

[ 3
able to combine our analysis of electromagnetic decay cas(—r(E )=18.75 m IQI(E,~[QD
cades with a similar analysis of hadronic showers, a topic’ " 7 ' E
that lies beyond the scope of this paper.
o 00794€ VIQI(E,~1QD)? (VIQ[- V0.039°
’ E E,—(|Q|-0.037 |
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(3 t(y,np)n, E, n=]Q|=8.481821 MeV[76]
APPENDIX: CROSS SECTIONS

Kawasaki, Kohri and Morof13] have provided a useful 1Q|>%E,—|Q[)?2
table of reactions and references to nuclear data. We have o(E,)=26.0 mb 74_9
supplemented the data by using tabulations made by the Na- Y

tional Nuclear Data CentefNNDC) [68] and the NACRE

Collaboration69]. The relevant cross sections are listed here (4 3pg(y,p)d, E, ,,=|Q|=5.493485 MeV[77,78. We
for convenience, and we refer the interested reader to thgse reverse reaction data from N ACRED,79

NNDC and NACRE websites for further references on the

data.

We have computed thresholds aj@| values using the |QI*"E,—|QN)*®
mass data of Audi and Wapstf&0], available on the US o(E,)=8.88 mb E34
Nuclear Data Program websif@1]. Reverse reaction data Y

were sometimes available, in which cases we used detailed
balance to transform the data into forward data. The equa- (5) *He(y,np)p, E, n=]Q|=7.718058 MeV[78,80
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|QI*YE,—[QD?**

4.25
E)’

o(E,)=16.7 mb

(6) “He(y,p)t, E,in=|Q|=19.813852 Me\[81-83

b|Q|3'5(Ey— |Q|)1'°_

4.5
Y

o(E,)=19.5 m

(7) *He(y,n)*He, E, 1,=|Q|=20.577615 Me\[82,84—
87]

b|Q|3'5(Ey— |QN*°
E45 .
Y

o(E,)=17.1 m

(8) “He(y,d)d, E,w=|Q|=23.846527 MeV [88,89.
We use reverse reaction data from NACRE®,90Q

bIQllo'z(Ey—lQl)s"4

13.6
E)’

o(E,)=10.7 m

(9) *He(y,np)d, E,n=|Q|=26.0711 MeV[84]

[QI*E, ~|Q)°
E70 .
Y

o(E,)=21.7 m

(10) °Li( y,np) *He, E, 1»=|Q| =3.698892 MeV[91,92)

b|Q|2'3(Ey_ |Qh*”
E70 :
¥

o(E,)=104 m

(12) °Li( v, X)3A, E, »n=Q|=15.794685 Me\[93]

3.0, _ 2.0
L QPYE,~[Q) [3_7%{_1

5.0
E> 2

o(E,)=38.1

E,—19.0,2 078 1/E,—30.0,2
“| 735 SEPT31730
oo 1[E,—43.02

“ORT 21750 | ]

(12 "Li(y.t)*He, E,n=|Q|=2.467032 MeV, E,

=E,—|Q| [92]. We use reverse reaction data from NACRE
[69], with modifications from Cyburt, Fields, and Olive

[16,94]

PHYSICAL REVIEW b7, 103521 (2003

p( —2.595zj
exp ———
vEcm

X exp(— 2.056 ) (1.+2.287F2,— 1.179&2

2371 Me\?
2
E7

o(E,)=0.105 mt€

+2.527FL).

(13) Li( y,n) °Li, E, n=|Q|=7.249962 MeV[95-97

b|Q|1'51(Ey—|Q|)°'49

o(E,)=0.176 m

2.0
E7
5.5 E — 5.0
+1205 mb|Q| ( Ios|Q|)
E .
Y
0.06 mb
+ 5.
Ec— 7.46
0.188

(14) "Li( y,2np) “*He, E,, 1n=|Q|=10.948850 Me\[92]

[QI*YE,~Q)**
o(E,)=122 mb Eym :

Y

(15 "Be(y,%He)*He, E, ,=|Q|=1.586627 MeV,E.,
=E,—|Q|. We use reverse reaction data from NACRE],
with modifications from Cyburt, Fields, and Oliy&6,98

p( —5.190£j
exp ————
vEcm

X exp(— 0.54& ) (1— 0.42&2 +0.53€2

2371 Me\?
E2

o(E,)=0.504 mt€
Y

-0.11FL ).

(16) 'Be(y,p) °Li, E, n=|Q|=5.605794 MeV. We use
reverse reaction data from NACRE9,99

|QI**YE,—[Q])*?

12.0
E7

|Q|8.8335(Ey_ |Q|)13.0

21.8335
EY

+2.27

o(E,)=32.6 mb

x10° mb

(17 "Be(y,2pn)“He, E,»=|Q|=9.30468 MeV. No

data exist. We assume isospin symmetry and use the data for

the reaction’Li( y,2np) “He [92]

[QI“%E, Q)
E?.O ’
Y

o(E,)=133 m
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(18) “He(t,n) SLi, Ep.th=28.386972 MeV, |Q|
=4.78293 MeV,E;,=[m,/(m,+m) ]E,. We use reverse
reaction datd100]

[(Ecm_ |Q|)/|Q|]75

. Ecm—5.030432
.045

[(Ecm—1QD/IQ[1#
+(Ecm—7.132

2
s

[(Ecm— |Q|)/|Q|]05
+(Ecm—7-523¥jz'

12.5
The data and fit appear in Fig. 9.

o(E,)=1940 mb

+96.1 mb

+32.8 mb

PHYSICAL REVIEW D 67, 103521 (2003

(19 “He(®He,p)°Li, E,,=7.047667 MeV, |Q|
=4.019167 MeV, E;,=[m,/(my+mg)]JE,. We use re-
verse reaction datig 01]

[(Ecm—1QND/IQI1"
+(Ecm—5.819

=)

[(Ecm—|QD/Q[1#°
(Ecm—7.519
14— T

2
s

[(Ecm— |Q|)/|Q|]5
N ( E.n—12.01

2 .
5.75 j
The data and fit appear in Fig. 10.

o(E,)=170 mb

+75.0 mb

+32.1 mb
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