# Fermi National Accelerator Laboratory

FERMILAB-Pub-86/29-A
February 1986

HADRCNIC DECAYS CF COSMOLCGICAL CRAVITINOS

David Lindley
Theoretical Astrophysics Group
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, IL 60510, USA
and
Theory Division

CERN
CH-1211 Geneva 23, Switzerland

Abstract

We discuss a variety of effects due to the thermalisation and
possible annihilation of relativistic protons and antiprotons from the
decay of cosmological gravitinos. For a rather narrow range of
gravitino mass around 250 GeV, the photons produced by inverse 'Compton'
scattering of nucleons off the thermal radiation are of the right energy
to photodissociate helium 4, creating deuterium and heilium 3. In a
supersymmetric inflationary universe, this leads to a maximum reheating

temperature of about 1.2x107 Gev fer this particular gravitinc mass,
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If a massive gravitino decays into & photon and a stable photino,
the destructive =affect of the energetic photon on the cosmologically
synthesized light elements leads to a streng 1limit on the allowed
density of gravitinos, and thence to an upper limift on the temperature
Lo which the universe reheats at the completion of the inflationary
phase transition [1,2]. The strongest limit comes from reguiring that

uHe does not create excessive amounts of 3He or D [2].

destruction of
In addition, Khlopov and Linde {3] have shown that if the gravitine
decays into gluinos, which then condense inte hadronic particles, the
possible annihilation of antiprotons with uHe nuclei ecan similarly
overproduce the lighter elements,

For plausible gravitino masses, any protens and antiprotons from
decay will be extremely relativistic, and will most likely lose energy
by scattering before annihilating (protons, of course, can simply come
to rest at a typical thermal energy). Inverse 'Compton' scattering
(high energy proton colliding with thermal photon) has a cross-section
only of order microbarns, since a factor (mp/me)z is lost compared to
the standard value for electron-photon scattering; although this is much
smaller than the typical cross-sections, of the order of barns, for
nucleons scattering off thermal aucleons or electrons, inverse Compton
losses are important because thermal photons outnumber nucleons and
electrons by a factor of 109, which more than compensates for the
smaller cross-section, In what follows we discuss the cooling of
energetic protons and antiprotons, and estimate the destructive effect

of the secondary photons. First we need to review the cosmological

benavior of the photons themselves,



The thresheld for photecdissociation of uHe is about 20 MeV, s0 any
photons of interest here must be more energetic than this., However,
there is more [1]; photons, in this cosmological setting, lose energy by
a variety of means, and helium dissociation occurs only occasionally
even when above threshold. If the competition is between
photodissociation and Compton scattering off thermal electrons, then
helium destruction occurs at a small but interesting rate. 1If, however,
the pheton 1is energetic enough that pair production by scattering off
thermal photons is above threshold, then the relative frequency of
photcedissociation is beaten down by a factor of 109 and becomes quite
insignificant., If helium is to be destroyed, the photon energy e must
be not only above 20 MeV, but simultaneously below a
temperature-dependent threshold for photon-photon pair-production,
estimated in [1] as € < 0.02 MeV2/kT. In deriving this inequality, it is

2 there may still be enough

essential to notice that even when gkT < m,c
photons in the exponential tail of the distribution for pair-production
to dominate over Compton scattering: hence the numerical factor. For
KT > 1072 MeV, the two thresholcs overlap, so no photons are capable of
destroying helium. In & standard cosmology, with kT = (t/1.325)_1/2
MeV, this temperature occurs at cosmic age t = 1.32x1065, and only after
this is helium wvulnerable. Helium 3 and deuterium have lower
photodissoeciation thresholds, and therefore become vulnerable earlier;
here we will only be concerned with uHe, but a complete discussion, from
which the foregoing is taken, can be found in ref [1].

If the gravitino mass is Moo (in units of 100 GeV), 1its lifetime

including the gluino decay channel is [2] ¢ =4.4x1OTm100—3 s, and the



cosmological temperature when it decays is then

y 3/2

kTD = 1.,73x10 M 00

MeV. An upper limit on m100 comes from requiring
that kTD < 10—3 MeV; this gives m100 < 3.2. Gravitinos undergoing
hadronic decay will produce pairs of protons and antiprotons, with
average energy Ep = 100fm10O GeV, f being some factor less than one.
Inverse Compton scattering of these nucleons off thermal photons of

typical energy 3kTy will be in the non-relativistic (Thomson) regime

y Or approximately m

provided 3kTDEp < m 2 < 100 if f is not too

100

different from unity. The maximum energy of the inverse Thomson

scattered photons is 12Y2

r _ - X .
kTD 11, where v Ep/mp 100fm100. This gives
a lower limit to Moo if the scattered photons are to be above 20 MeV
and so able to destroy helium 1. Expressing Ep and kTD in terms of
. - -4/7, . .

m100, cne finds a limit M ag > 0.99fF ; this is m100 > 1.5 if £ = 1/2.

This means that gravitinos in only a very small range of mass, from
150 GeV to 320 GeV, precduce protons and antiprotons and thence scattered

photons capable of destroying A

He, If the gravitine is too 1light, the
photons are below 20 MeV, and if too heavy, it decays early, while
helium is protected from dissociation by photon-photon scattering. On
the other hand, this range of masses includes values of interest in
supersymmetric models, and so the argument is worth pursuing.

As an example, let us take a gravitino of 250 GeV mass, and assume
that it decays into a proton and antiproton, each of energy 125 GeV.
Its lifetime is 2.8x106s, and the cosmological temperature when it
decays 1is 6.8x10_u MeV; the energy below which photon-photon scattering

is negligible is O.O2MeV2/kTD = 29 MeV, meaning that any photons between

20 MeV and 29 MeV may destroy helium. Because the scattered photeons are



much lower in energy than the proton or antiproteon, the inverse Thomson
spectrum can easily be estimated in a discretized approximation. The
average energy of scattered photons is one-third the maximum, namely

£ = “YBKTD. If a proton Y loses this energy, it is 1left with

Tf

Y(1-“YKTD/mp), and the next scattered photon has  energy

i

gl = “E'akTD. The energy interval between these twe photons is

e ! = BYkTD/mp = ue3/2(kTD)1/2/m , and since there 1is one photon in

P
this interval, the spectrum must be roughly

3/2( 1/2)

n(e)de = mpdg/(ug kTD) (1)

The total number of photona between twe energies £, and £ is then

Ny = mp(1//ey = 1//eg) /20Kty ®) (2)

In our example, this number turns out to be NY = 725 photons between
20 MeV and 29 MeV. To find the number of helium nuclei destroyed, we
follow again ref [1]. For a single photon of energy €, the probtability
of its photodissociating helium, rather than simply scattering off an
electron, 18 just the ratio of mean free paths pleg) = ”u“u/“eUef To be
accurate, one should take the photon spectrum (1) and integrate its
product with p(e) from 20 MeV to 29 MeV; instead, we shall simply
multiply the number of photons by an estimated average value of p(e).

The number of helium nuclei destroyed is then



(3)

ANM = NY(nu/ne) (Uu/”e)av

For a helium abundance of 229 by weight, nu/ne is .06, and an optical
estimate of the ratio of cross-sections gave a value of 0.03. This
means that a proten cor antiproton of initial energy 125 GeV may be
expected to destroy ANM = 1.3 nuclei of uHe. For photon energies, as
here, just above threshold, almost all the photodissociations produce
3He or 3H, which instantly decays to 3He: very little deuterium is
created.

So far, we have assumed that energetic protons and antiprotons
thermalise only by Inverse Thomson scattering: nuclear reactions with
background particles have been ignored. This turns cut to be only a
marginally acceptable assumption. Experiments measuring the
cress-section for proton or antiproton on  proton, at around 100 GeV
(fast particle onto target) yield results around 100mb [4]: the
measurements are falrly uncertain, and the difference between pp and pp
gcattering 1is, for our purposes, insignificant. For a proton Y, the
mean energy 1css per inverse Thomson collision is dy = "HY2kTD/mp in a

mean free path (n where the proton Thomscn cross-section is

)-1
YoTh' ¢
Oy = 0.67(me/mp)2h = 0.16pub. The energy loss rate with distance

travelled is then

- - 2
dy/dx = unYOThY kTD/mp ()

Let p{x} be the probability that a proton travels a distance x without



suffering a nuclear <collision. The probability that it travels a

further distance dx without collision is 1-np°ppdx’ s0

p{x+dx) = p(x)(1—npgppdx). (5)

npcppmp/”nYUThkTD'

Integrating this, we find p(Y), the probability that a proton of initial

This gives dp/p = fnpgppdx = pdy/yz, where T =

energy Y, survives at least down to an energy Y without nuclear
collision, to be p{Y} = exp(-T(1/Yv-1/Y,)}). (We are assuming here that
Upp is constant over the energy range of interest)f The probability
P{Y)dy that a proton survives exactly down to energy Y, and then suffers

a nuclear collision, 1is the product of p(Y) and n ¢ X = pdy/ya, the

P de
latter being the probability that the proten, of energy Y, encounters a
background proton. 0One could therefore calculate the typical energy to

which a proton survives as

Y = J rexp(~-T(1/Y=-1/7,))dy/Y {(6)
0

but the accuracy of our estimate hardly warrants the trouble of doing
this integral numerically. Instead, we take Y to be the solution of
r{1/¥-1/Y,) = 1, when p(y) falls to et

In our example, with m100'= 2.5 and with Opp = 100mb, we find
' = 110, and then ¥ = 60. By the time the proton energy has fallen this

far, the typical inverse Thomson photon has energy uszTD = 10 MeV,



below the helium threshold. Although, for individual events, inverse
Thomson scéttering is three or four orders of magnitude more important
than nuclear collisions, the photons produced are soft, and the two
energy 1lcss rates are comparable. In this simple picture of
thermalisation, protecns and antiprotons lose somewhat more than half of
their initial energy in photons which may destroy helium, but then
collide with background protons. In such collisions, a large number of
fragments, mostly pions, is produced, and we will assume that the
remnants are of insufficient energy to have any further effect on
element abundances,

There are two other effects we should worry about. The high energy
nucleon may collide not with a proton but with a nucleus of uHe, and the
antiproton must eventually annihilate, which likewise it will do
Sometimes not on a proton but on a helium nucleus. In either case, 3He
or D may result. However, for a uHe abundance of 22%, the relative
numerical density of helium nuclei, nu’(“u+”p)' is 0.07 and, according
to [3], only about a tenth of such collisions will yield either of the
lighter elements (complete disruption being the usual ocutcome). We
expect therefcore that nuclear collisicns will create only about 0.007
3He or D nuclei per proton or antiproton, compared to the 1.3 that we
estimated to result from the inverse Thomson photons.

Finally, it is not reasonable to imagine that gravitino decay leads
only to hadronic particles; there will be scome propertion of decays to a
photon and a photino., The photon will typically have half the availahble

energy, 125 GeV In our case, and its destructive effect on helium can be

estimated from the calculations of ref [1]. There, the cascade of



photons anq electrons resulting from the thermalisation of a single high
energy photoh was approximately calculated, and the number of helium
nueclei destroyed was found by integrating the cascade over the
appropriate ratic of cross-sections. This yielded a quantity Zu(g)' €
being photon energy, with the number of nuclei destroyed given by
ﬁwu =~Eu(s)n4/ne. For high energies, I, becomes proportiocnal to e; its

value at 100 MeV (and for a cosmological temperature of

4

kT = 6.85x10 ' MeV) is about 0.01. For a single photon of energy

125 GeV, we therefore expect the number of helium nuclei destroyed to be

125GeV

n, _ {7

This is in contrast to our estimate of ANu = 2,6 per proton-antiproton
pair of the same energy. If each of these decay modes occurs with equal
rate, the average ANM per decay is just 1.7.

All of the *He photodissociations will produce 3He or D, and if we

3

demand that the combined abundance of the two must be less then 107 of

the baryon density, we have ANH“3/2 < 10"4nB, or

3

- -14
Nasp/my < 100 Ng/aNynyg = 5x107 /ANy, (8)

where a standard baryon to photon ratio of 5x10-10 has been assumed [5].

From (2], we discover

=13 -
n3/_2/nT = 2.35x10 . Tﬁglnfl 0.018TR9) (9)
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where TRQ is the reneating temperature in a supersymmetric inflationary
cosmology.t Using AN!1l = 1.7, we find

TR < T.2x1O7GeV (10)

for a gravitino of 250 GeV decaying equally into proton-antiproton pairs
or into a photon and a photino., This compares with the limit derived in
(2] which gives, for this gravitino mass, TR < 1OBGeV.

On the basis of this rough calculation, we conclude that the most
important effect of the hadronic decay mode may be the 'soft' inverse
Thomscn photons produced by the thermalisation of energetic protons and
antiprotons. Furthermore, this may cause more helium destruction than
direct decay photons. However, in our example, the gravitino mass was
artfully chosen to put the soft photons in the peak of the helium
photodissociation ecross-section; ocutside a very small {though
interesting) gravitino mass range the effect will disappear, In
addition, the calculation is uncertain because we are close to a number
of thresholds, and because the importance of proton energy loss by
nuclear scattering is hard to gauge. Despite these doubts, it seems
that another small area in the parameter space of gravitino mass and

reheating temperature may be crossed out,
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