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In the early Universe, the relative abundance of a massive weakly interacting particle species
“freezes out” when the annihilation rate becomes less than the expansion rate. Although ineffective
in reducing the total number of the species, occasional annihilations still occur after freeze-out. The
residual annihilations of massive particles (10 MeV <my <1 GeV) after primordial nucleosynthesis
can strongly alter the light-element abundances through photodissociation. For particles with typi-
cal weak-interaction cross sections and lifetimes 7y 25X 10° sec, we find that the mass range
my <1 GeV is ruled out, independent of how they subsequently decay.

I. INTRODUCTION

The standard big-bang cosmology provides important
constraints upon the properties of massive particles. In
particular, weakly interacting particles with masses in the
range of about my =100 eV to 2 GeV must be unstable.'
Otherwise, their present energy density would result in
Qyh*>1,? leading to a Universe that is younger than 10
Gyr when the temperature of the microwave background
is 2.7 K. Furthermore, if they decay into photons or
electrons, unstable particles with masses greater than a
few MeV can cause photofission of the primordially pro-
duced light nuclei,’ upsetting the agreement between
big-bang nucleosynthesis and the observed element abun-
dances. For example, for radiatively decaying neutrinos
with mass between 10 MeV and 1 GeV, the lifetime must
be* less than about 10* sec to avoid an overabundance of
3He. However, there are a number of extensions of the
standard electroweak model in which massive, unstable
particles do not decay electromagnetically, but through
other ‘“‘invisible” channels. For example, in Majoron
models,’ a heavy neutrino may decay to a light neutrino
and a Majoron.® (Similarly, in supergravity models, the
gravitino can decay primarily to a sneutrino-neutrino
pair.”) In such cases, the usual photofission bounds upon
the lifetimes do not apply.

In this paper, we consider a different, less model-
dependent constraint on massive long-lived particles, also
arising from big-bang nucleosynthesis. Although the de-
cay products of such particles may be cosmologically
benign, their annihilation products must include e* and
y’s if they are massive enough and couple to the weak
current. According to the standard lore, this source of
destructive high-energy photons may be neglected be-
cause annihilations typically freeze out at a temperature
Tr~my/20. For particle masses in the ‘“‘dangerous”
range, my X a few MeV, freeze-out occurs well before the
light elements first become vulnerable to photodissocia-
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tion, at T4~ a few keV. By this late epoch, any photons
and electrons generated before freeze-out have harmlessly
thermalized. However, after freeze-out, occasional an-
nihilations still take place. Although rare on the expan-
sion time scale, these residual annihilations continue to
produce high-energy photons well after nucleosynthesis
ends, thereby placing the survival of the light nuclei in
jeopardy.

We explore the consequences of these “eternal” annihi-
lations below by calculating the residual annihilation
rate, the resulting high-energy photon spectrum, and the
corresponding photofission yields. As an example, we
derive constraints specifically for Dirac neutrinos, but
our results can be applied to any weakly interacting mas-
sive particle. The effects of the annihilation of more mas-
sive stable cold-dark-matter candidates, my 2 a few GeV,
on the light elements have been considered elsewhere;® in
that case, hadronic annihilation products dominate, but
the net impact on light-element abundances is marginal.
Here we consider lighter particles, where the effects of
photofission are more pronounced.

II. PARTICLE ANNIHILATIONS
AND THE PHOTON SPECTRUM

Consider the annihilations of particle X. Its number
density ny evolves according to the Boltzmann equation’

fiy+3Hny=—(o (] [n}—(n§?], (1

where (o 4|v|) is the thermally averaged annihilation
cross section, H is the Hubble parameter, ny3(T) is the
equilibrium number density at temperature 7, and an
overdot denotes a time derivative. As usual, it is con-
venient to scale the number density to the entropy densi-
ty s by defining a new dependent variable Yy=ny/s.
Well before freeze-out, t <<tp, the annihilation rate
[ ,=ny{o 4|v|]) is faster than the expansion rate,
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I' ,>>H, and the X abundance is kept at its thermal-
equilibrium value, ny=ny'. We are interested in the
epoch long after freeze-out, ¢ >>t; (or T <<my), when
ny>>ny' and Yy=>~Y_, has ceased to decrease
significantly. In this era, we can ignore X pair creation
and consider only annihilation processes. Equation (1)
becomes

Yy=—(o (v])Yis . )

For a wide variety of particles, we can parametrize the
annihilation cross section by

n

T

X

<0A|U|>=00

(3)

Here, we have assumed that either s-wave (n =0) or p-
wave (n =1) annihilations dominate; it is straightforward
to generalize to the case where both contribute. Charac-
terizing the freeze-out epoch by xp=my /Ty (typically,
xp==15 to 20), the final X abundance is well approximat-
ed during the radiation-dominated era by’

n+1
SXF

(4)

T [84s(Tr) /g (Tp)Impmyoq
Here, g, (T ) counts the total number of effectively mass-
less degrees of freedom at freeze-out contributing to the
radiation energy density, pg(Tp)=(7?/30)g,(Tp)T},
and g,s(Tr) counts the number of effectively massless
degrees of freedom at freeze-out contributing to the en-
tropy density, s (Tp)=(27%/45)g,s(T)T3. To get a feel
for the importance of annihilations at late times, consider
the number of annihilations that occur per comoving
volume in a Hubble time: From Egs. (2)-(4), we find
A

NA— H ZYoo

1+n

I
Tr

(5)

Thus, a fraction (T/T)'*" of the relic X particles per
comoving volume annihilate each expansion time.

The high-energy e® and y products of these annihila-
tions initiate electromagnetic cascades with a characteris-
tic spectrum. The most energetic photons in the shower
lose energy predominantly by e “e ™ pair production off
thermal background photons (double-y pair production).
The resulting high-energy electrons in turn produce
secondary energetic ¥’s by inverse Compton scattering
off background photons. At lower energies, photons are
degraded mainly by Compton scattering and, to a much
lesser extent, photodissociation. The critical energy,
above which double-y pair production dominates over
Compton scattering, is given by
m?
25T

MeV?
kT ’

E .. (T)=2e =0.02e

(6)

where 0.5=<e¢ =1 is an uncertainty factor which encom-
passes the various estimates which have appeared in the
literature.>1%!! In Eq. (6), we have dropped the slight
logarithmic dependence of E_,, on the baryon density
Qgh2
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Since double-photon pair production is so efficient, the
shower spectrum is essentially cut off at E>E_,,. Con-
sequently, photodissociation cannot commence until
E .. grows larger than the photofission thresholds of the
light elements. As the Universe cools, progressively more
tightly bound nuclei become vulnerable. When the pho-
tons drop below the pair-production threshold, they are
found to have the approximate spectrum!'?

BmyE 3?E_ 12 0<E<E,_, ,
0, E>E (7)

max ?

£,(E)=

where £ (E)dE is the number of shower photons in the
energy range (E,E +dE) produced per annihilation, and
B is the total branching ratio to e and y. (For our pur-
poses, showers initiated by high-energy electrons are
essentially identical to those initiated by photons.?)

The single-annihilation pair-production spectrum of
Eq. (7) subsequently evolves due to Compton scattering.
We define

dn,(E)
dE

1

fAEME=— )

as the number density of cascade photons in the energy
range (E,E +dE), normalized to the entropy density.
Then the spectrum evolves according to

fAE) ==Yy (E)—f (E)Y,s0(E), )

where the first term on the right-hand side (RHS) is the
source due to annihilations and the second term is the
sink due to Compton scattering. Here, the electron frac-
tion is

ne n -
Ye=—20.9TB=3.4><10 (Qyh?) (10)
S
and the Compton cross section is approximately
2 \m
ma e
E)y=—— 1+2In(2E 11)
oc(E) mez °E [ n(2E/m,)] (

for E,>>m,. For the energy and temperature range of
interest, Eq. (9) rapidly (compared to H ~') approaches
its fixed-point solution:!!

EJE)o 4v]) Y2,

Y,0c(E)

fAE)= (12)

This is the approximate photon distribution from residual
annihilations.

Combining Egs. (3), (4), (7), (11), and (12), we find the
photon distribution at the epoch of photodissociation:

8.4X10° 1 &.(Tp) Bxj" 2
Ve Qph? gig(Tg) (0o/1073% cm?)mp™!

fJE D=

Tn+l/2EA1/2

- = (13)
1+21In(2E /m,)

for E <E_,,. This analytic estimate agrees well with nu-
merical solutions of the coupled Boltzmann equations for
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the photon spectrum resulting from a monoenergetic in-
jection source.'°

III. PHOTODESTRUCTION

We consider the photodissociation and photoproduc-
tion of element i, with abundance relative to the entropy
(not mass fraction) Y, =n, /s (i =%He, H+ *He, D, etc.).
The destruction and production rates are given by

Emax

. (T)
Yi=-Ys3 [ fy(E, TNo(i—j)dE

jEE L S
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solve the full network, we can take advantage of the fact
that only a few terms are important. For example, pho-
toproduction of “He by heavier elements is negligible. As
a result, the final “He abundance is given by

Yy(0)=Y,(tpJexp [— [ XI‘4(t)dt] (15)
4
where
Epa (D)
1"4(t)=sz4 fE,Toy(E)dE (16)

Here, Y,(t,,.) is the “He abundance at the end of big-

bang nucleosynthesis, ¢, is the time at the onset of *He
dissociation, Q,~20 MeV is the photofission threshold,
and o, is the total cross section:

+s3 Y f Fms! AE,T)o(j—idE , (14)

j#Ei Q i

where o(j—i) is the energy-dependent cross section for
photodissociation of element j to element i, with energy
threshold Q; ;. Here we have assumed that nuclear
recombination is negligible at low temperature, T ~1
keV. Equation (14) is a coupled set of differential equa-
tions for the light-element abundances. Rather than

o,=0(*He—’H)+o0(*He—’He)+o(*He—D) . (17)

In fact, for my X 25 MeV, the strongest constraint
arises from overproduction of the lighter elements, par-
ticularly *H+3He. From Egs. (14)-(16), the *He+’H
abundance at time ¢ is given by!!

Y;(t)=exp

fr l[Y3(tnuc)+Y4(tnuc)fttr4_,3 Jexp fdt”[r )
4

where T'5(¢), the total *He+>H destruction rate, is defined analogously to Eq. (16), 5 is the time at the onset of
*He+>H photodissociation, and T',__; is the part of ', that has *He and *H as end products. Since the photofission
cross sections of *He, *He, and *H are comparable, their fractional destruction rates, Y,-/ Y;, are of the same order of
magnitude. However, since Y,(¢,,.)~10*Y;(z,,.), *H+>He destruction is overwhelmed by “He—*He+*H production
for particle lifetimes 7y >t,. Thus, even assuming all the initial (z ~¢,,.)*H+*He is destroyed (since their destruction
begins before that of “He), the final *He abundance will be at least

()] ]dt'} , (18)

Yy(@)2 Yy(e0) [ Ty (e . (19)
4

In Eq. (19), we have implicitly included the contribution from the late 3H—3He beta decay. From Egs. (15) and (19),
there are two regimes in which photofission limits can be obtained. If f :f [,(2)dt 20.25, then “He is unacceptably di-
luted by photofission. On the other hand, for f :f [, (t)dt <<0.25, *He is negligibly destroyed, Y,( o )=~ Y,(¢,,.); in this

case, a strong constraint comes from the requirement that the >He abundance not exceed the observational upper
bound. Note that o4, is substantially smaller than the 4— 3 cross sections in Eq. (19), so no additional constraint

comes from D overproduction. Also, a small additional amount of ’H comes from D+n —>H, using neutrions from
prior D dissociation; including this would only strengthen the bound coming from Eq. (19).
Using Egs. (2), (12), (16), and (19), we find

Yi(o0)
Y,(o0)

as(E)

Y2 T 8es(T)  pEpax(D o
— 7 X, 4 *S max G431 5)
=7.7X10"mp, szXdT(aAlvD————l/z(T)f dE £,(E)= =0 - (20)

Here Ty =T (7y) is the temperature when the particle decays, and T, is the temperature when *“He photodestruction
begins; it is determined by the condition E,,, ~Q,, so that T, ~2em?/25Q,~0.8 e keV, and t,~(2X 10%/e?) sec. We
note that Eq. (20) is quite general and holds for any particle whose annihilations freeze out at T2 1 keV.

The relevant photofission cross sections have been measured and are given in Ref. 13. To get an analytic estimate,
which demonstrates how the results scale with various parameters, we approximate the total 4— 3 cross section by the
empirical fit o(*He—*He+H)~3.2 mb(E, /25 MeV)™ 3/2—04(E /Qes) 3’ (accurate to about 30% over the range
E,=251t070 MeV). Using Egs. (13), (18), and 19), and assuming 7, >>t,, we obtain the approximate result

Yi(0) 2%107° 04 84(Tfg) BxEt? e
Yi() (Qph?) 04 g2(Tp) (n+3)n+3%)

2em?
25Q gmy

where we have taken the slowly varying Compton logarithm out of the integral over E. For computations, we can
rewrite this slightly as

1
1+21n(2Q ¢ /m,) ’

(21)
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n+1

Y3() 63
Yio) (Qgh?)

8+(Tp) B
gle(Tp) (n+3)(n+3)

1073 cm?

Jo

MeV

8.4X 10 %ex}
my

(22)

The determinations of the *He abundance in carbonaceous chondrites, gas-rich meteorites, and lunar soil are con-
sistent with a presolar value for the sum of D and *He of'* [(D +3He)/H] ~(3.6+0.6)X 10>, *He is difficult to destroy
in stars without also producing large amounts of “He or heavy elements. If we conservatively assume that He can have
astrated (been reduced by stellar processing) by no more than a factor of 4, then we find

3 3
He He+D _
——= < ——=<1L7X107*.
H H (23)
Since the observed abundance of “He is approximately “He/H=0.07, this yields the upper limit
Yi(0)  3He
=—=<2.4X1073. (24)
Y4( ) 4He
Combining Egs. (22) and (24), we find a constraint on the particle mass:
m 4 —38 2 1/(n+1)
X >8.4X10 ex? 2'6?10 B 10~ cm (25)
MeV 8. (Tp)Qgh“(n+3)n+3) Oy

[Here, we have assumed that freeze-out occurs before electron-positron annihilation, Ty Z0.5 MeV, so that
8.(Tr)=g,s(Tr).] This expression can be simplified for two important cases: For n =0, i.e., if the annihilation cross
section is independent of temperature, we have

my Xp 10.75 0.03 10738 cm?
>1.8X10*Be | — , 26
MeV |,_o 110 | |gu(Tp) | | Qph? o 2
while for n =1 we obtain
my > 508 /% | ZE. | [ 1075 0.03 107% em? 12 o
MeV n=1— 10 g.(TF) QBhZ (o)

The actual numerical mass limit will depend on T and the cross section o (which in turn is usually a function of my ).
We discuss a few examples in the next section.

Now, “He photodestruction begins and peaks rapidly at ¢,=2X 10% ¢ ~2 sec, so the mass limits above apply to parti-
cles with lifetimes 75 > ¢, and masses my > Q, =20 MeV. We should make one remark about this mass range. At the
low-mass end my ~Q, the double-photon cutoff E_, (T) becomes comparable to the primary photon energy my soon
after t ~t,. At later times, double-photon scattering is irrelevant, and the shower spectrum evolution must be treated
differently.>'> Although this may be expected to change the low-mass results somewhat, this is mitigated by the fact
that the *He photofission rate peaks very near “turn-on” at 7,. Consequently, the photofission yields at the low-mass
end decrease by less than a factor of 2 at the relevant temperatures,® and our bound applies.

For particle masses less than 20 MeV, other photofission processes play an important role. In this case, the dominant
reactions are 'Li(y, T)*He (Q;=2.5 MeV), *He destruction (Q;=5.5 MeV), and D(y,n)p (@, =2.2 MeV). These de-
struction processes compete with, e.g., D production from *He(y,p)D and *H(y,n)D, and neutron capture on D to
form *H (using neutrons from D destruction). The most straightforward bound comes from "Li destruction through
(v,T), (v,p), and (y,n), with the constraint (assuming the "Be photofission cross section is roughly equal to that of L)

Y;(0)=Y,(t,,.)exp [— f 'TXI‘7(t)dt] > min( Y§osered) | (28)
7

The general expression for f I',dt is found from Eq. (20) by making the replacements T4,Q,,04 ,3;—717,04,05. Al-
though experimental results show some scatter,'® the "Li(y, T)*He photofission cross section is characterized by a
threshold at Ey =2.5 MeV, a peak with 0;~0.5 mb at Ey ~7 to 10 MeV, and 0,;=0.2 mb for Er ~11 to 15 MeV, fol-
lowed by a gradual falloff at higher energies.'® Considering only the range E , =1 to 10 MeV, we find, analogously to
Eq. (21)7

2 n+1
2em,

25Q,my

2%107° 07 8+(TF) Bxi"
Qph? 04 gig(TE) 1+21In(2Q,/m,)

J Tinde =
y

1-2(Q,/E, )" '[n +1—(n +1)(Q,/E, )]
X , (29)
(n+1)(n+3)
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where Q,=7 MeV, E,, =10 MeV, and ,=0.5 mb.
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In standard big-bang nucleosynthesis, the maximum "Li/H fraction produced is less than or equal to 10~? (assuming
107'°<5 <107°), while the "Li/H abundance in low metallicity halo and old disk dwarfs is greater than!’ 5X 10~ 1,
Thus, even being very conservative, we can only tolerate a "Li depletion factor of 20. From Eq. (28) this implies the

constraint [ I';dt < 3; using Eq. (29), this gives, for n =0,

2
my >2 1Be | 2F g.+(T¢) | 0.03 107 % cm? (30)
MeV |, 10 | g2 (Ty) | Qph?
and, for n =1,
2 172
my >0.78172 | XE g€+(Tp) 0.03 1073 cm? 31)
MeV |, -, 10 gis(Tp) Qph?

The results discussed so far are quite general and can be applied to a wide class of particle-physics models. As an appli-

cation, we consider a specific model below.

IV. APPLICATIONS

We can use the photofission results above to derive
constraints on the mass and lifetime of long-lived parti-
cles. Such candidate particles include, for example, the
tau neutrino and the lightest supersymmetric particle
(LSP). (In the latter case, for LSP masses in the range we
consider, my <1 GeV, R parity must be broken so that
the LSP can decay.) In this section, as a worked example
we consider a massive Dirac neutrino.

For a Dirac-neutrino species, the annihilation cross
section is approximately oo~5m2G} /2, with the s wave
dominating (n =0). The electromagnetic branching ratio
for neutrino annihilations is B=~1, and the freeze-out

epoch is xp~17.7+3In(m,/GeV). For a mass of the or-

der of 1 GeV, we have Tp=~56 MeV, so that

8+(Tp)=g,.s(TE)=10.75. In this case, Eq. (21) yields
o) 1 exio-t |22 e | (32)
Yo(w) 0.03 Gev | ¢

from which we obtain the bound m_,>1.0 ¢!/ GeV. We
have thus found that Dirac neutrinos with mass 20
MeV <m,<1.0 e!”* GeV must have lifetimes 7, <2 X 10°
e 2 sec in order not to overproduce 3He. Here, the lower
mass limit comes from the requirement m,> Q,. We em-
phasize that this bound holds even if the neutrino does
not decay radiatively. (Note that for m <1 GeV, we
need not consider baryonic annihilation products.) These
results are shown as the excluded region C in Fig. 1, in a
plot of lifetime 7, vs neutrino mass m,,.

For neutrinos lighter than 20 MeV, we consider the
bound from Li destruction. Using Eq. (30), for a Dirac
neutrino the "Li depletion is given by

—1 —3

Y7(tnuc)
Y7( 0 )

0.03

In

~6X107°
} GeV

(33)

for 7,>t;~10% "% sec. The
Y,(t,,.)/Y5(0) <20 implies the bound

constraint  that

ﬂth —1/3

>27 MeVe!/?
My €¥e  170.03

(34)

to avoid overdepletion of 'Li. Thus Dirac neutrinos in
the mass range 7 MeV <m, $25 MeV must have a life-
time 7,5(1 to 4)X10° sec. The disallowed range is
shown as region D in Fig. 1.

There are two additional bounds which, although in-
dependent of the photofission constraint above, overlap
them in the mass versus lifetime plane. The first addi-
tional constraints comes from the fact that the X particle
energy density during big-bang nucleosynthesis can alter
the light element abundances, in particular increasing D
and “He.'"® As a result, particles with mass in the range
my=0.5 to 10 MeV must have a lifetime 74 S1 sec or
s0.'® This bound is shown in Fig. 1 as region B. Second,
there is the requirement that the present energy density
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FIG. 1. Forbidden regions of the mass-lifetime plane for a
Dirac-neutrino species. The region interior to the solid curve
(A) is forbidden by requiring that 0,425 1. Region B is ruled
out due to the effects of the neutrino energy density during nu-
cleosynthesis. Regions C and D are forbidden based upon the
photodissociation of the light elements triggered by eternal an-
nihilations, in particular *He (C) and "Li (D).
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of particle decay products is not too large, Qyh2<1.
The resulting forbidden region of mass and lifetime!? is
marked 4 in Fig. 1. (Requiring the Universe to become
matter dominated ‘“‘on schedule,” so that structure for-
mation can proceed in the usual way, yields a stronger
bound.) We note that, as with the photofission bounds
above, these constraints are independent of decay chan-
nel.

V. CONCLUSION

While the annihilations of a massive, weakly interact-
ing relic species cease to significantly decrease the num-
ber of relics per comoving volume after “freeze-out,” i.e.,
for T <Tp where I' ,(T)=H (Tg), annihilations do con-
tinue eternally. Annihilations that take place around 10°
to 10° sec after the big bang can significantly alter the pri-
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mordial abundances of D, *He, and especially *He and
"Li. Using this fact, we have derived stringent new con-
straints that apply to a massive particle species with
roughly weak interactions and lifetime greater than about
10* sec. Unlike many previous bounds, these apply ir-
respective of the decay mode of the species. As an exam-
ple, we have applied our constraints to a Dirac-neutrino
species, and have ruled out lifetimes greater than about
10° to 10° sec for masses between 10 and 1000 MeV.
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