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Abstract

Many extensions of the Standard Model of particle physics predict the existence of

massive unstable or metastable particles. If the Standard Model secondaries induced

by the decays of these particles have not been thermalized by the background cosmic

plasma before the start of Big-Bang nucleosynthesis (BBN), the decay showers may alter

the primordial abundances of the light elements through non-thermal electromagnetic

and hadronic interactions with the background nuclei. The concordance of the BBN

predictions and observations can thus constrain the abundance, lifetime and decay spec-

tra of the decaying particle. On the other hand, the decays of heavy particles may help

drive the concordance in a favorable direction. In particular, depending on the analysis

of the observational data adopted, there is a factor of 2 − 4, or 4 − 5σ discrepancy

between the predicted and observationally inferred primordial 7Li abundance, and this

is known as the ‘7Li problem’.

We study the effects on the light-element abundances of the decays of massive graviti-

nos in neutralino dark matter scenarios within the constrained minimal supersymmetric

extension of the Standard Model (CMSSM). When the 7Li constraint is disregarded,

for discrete choice of the gravitino mass, we present upper limits on the gravitino abun-

dance for CMSSM parameters along the WMAP strips where the lightest neutralino

provides all of the cold dark matter. For some CMSSM benchmark points, we explore

the possibility of the effects of the decays of gravitinos as a solution to the 7Li problem,

and we find a narrow range for the gravitino mass and abundance where the 7Li problem

is alleviated or even marginally solved.

We consider the effects of uncertainties in nuclear reaction rates on the cosmological

constraints on the decays of massive particles during or after BBN. We identify the

nuclear reactions due to non-thermal hadrons that are the most important in perturbing

standard BBN, then quantify the uncertainties in these reactions and in the resulting

light-element abundances. Applying this analysis to models with unstable gravitinos

decaying into neutralinos, we calculate the likelihood function for the light-element

abundances measured currently, taking into account the current experimental errors

in the determinations of the relevant nuclear reaction rates. We find a region of the
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gravitino mass and abundance in which the abundances of deuterium, 4He and 7Li

may be fit with χ2 = 5.5, compared with χ2 = 31.7 if the effects of gravitino decays are

unimportant. The best-fit solution is improved to χ2 ∼ 2.0 when the lithium abundance

is taken from globular cluster data.

We also study the effects of the residual late-time dark matter particle annihilations

during and after BBN on the predicted cosmological abundances of the light elements.

Within the CMSSM and its one or two more parameter extensions, with a neutralino

lightest supersymmetric particle (LSP), we find negligible effects on the abundances of

deuterium, 3He, 4He and 7Li predicted by homogeneous BBN, but potentially a large

enhancement in the predicted abundance of 6Li.
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Chapter 1

Introduction

The Standard Model of particle physics (SM), augmented by neutrino masses, has been

remarkably successful at describing phenomena at or below the weak scale. However,

we know it cannot be the final story of particle physics. In addition to the primary the-

oretical motivations, namely, resolving the hierarchy problem [1] and unifying the gauge

couplings [2], to explain the existence of dark matter, which makes up approximately

one quarter of the energy density of the universe [3] and for which evidence is available

from a wide range of observation data [4, 5, 6] (see [7] for a review), requires that we

go beyond the Standard Model.

One of the best available candidates for physics beyond the Standard Model is

supersymmetry (SUSY) (for reviews, see, e.g., [8] - [15]). It transforms bosons into

fermions and vice versa, and such a ‘boson ↔ fermion’ symmetry provides exactly the

necessary condition to resolve the hierarchy problem. Its minimal version, namely, the

minimal supersymmetric extension of the Standard Model (MSSM), provides the right

numbers and types of particles to achieve the unification of gauge couplings. Moreover,

by imposing a discrete symmetry called R-parity so that the interaction terms which

lead to unacceptable large proton decay rate are excluded, the MSSM predicts that the

lightest supersymmetric particle (LSP) is absolutely stable, and if the LSP is color and

electrically neutral, it can be a promising candidate of dark matter particle. Indeed,

many ground-based and satellite-based experiments are searching for these dark matter

particles, and at the same time, people are also looking for signals of supersymmetry in

particle accelerators [16].
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2

Besides helping to solve the dark matter problem, supersymmetry has other impor-

tant implications in cosmology. One of the prominent achievements of the Big Bang

model is that it offers an explanation of the origin of the light elements. In a process

called Big-Bang nucleosynthesis (BBN) [17] which happened during the first several

minutes after the Big Bang (corresponding to temperature scales between ∼ 1 MeV to

∼ 0.1 MeV), protons combined with neutrons to form mostly helium, deuterium and

lithium. Apart from the input nuclear cross sections, the standard BBN theory contains

only a single parameter, namely the baryon-to-photon ratio, η, and even that has been

fixed by the measurement of fluctuations in the cosmic microwave background radiation

(CMB) [3]. It is quite impressive that the overall agreement on the abundances of the

light elements between the essentially parameter-free BBN theoretical predictions and

the values inferred from astronomical observations is valid for the various light elements

with the abundances of which span nine orders of magnitude – from 4He/H ∼ 0.08

down to 7Li/H ∼ 10−10 (ratios by number), and this concordance makes BBN one of

the cornerstones of the Big Bang model [18, 19].

BBN predictions of the light-element abundances are based on Standard Model

calculation, therefore good concordance between the theories and observations may po-

tentially put strong constraints on any new particle physics theory beyond the Standard

Model.

Many extensions of the Standard Model of particle physics predict the existence of

new stable or unstable (or metastable) particles. If the new particle is massive and stable

(or very long lived), it might be put in the candidate list of cold dark matter particles,

provided that the particle is weakly coupled and it would not result in an unacceptable

large Hubble expansion rate (or, put it in a commonly used but not accurate statement,

namely, it would not overclose the universe) [18]. A good example of this kind of

particles is the lightest neutralino when it is the LSP in the R-parity conserved MSSM.

If the new particle is light and can be treated as a radiation component during

BBN, it would speed up the expansion rate of the universe and hence lead to more

4He [20]. For example, using the baryon-to-photon ratio determined by WMAP [3],

BBN constrains the number of additional effectively massless (m ≪ 1 MeV) left-handed

neutrino flavors cannot be more than 1 [21, 22].

If the new particle is massive and unstable (or metastable), it may decay during or
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after BBN, and its decay products may alter the abundances of light nuclei by photo-

and hadro-dissociation processes due to the non-thermal electromagnetic and hadronic

interactions between the decay products with the background nuclei. These non-thermal

interactions will either destroy or create light element species, so that the concordance

between BBN predictions and measurements will set an upper limit on the possible

abundance of the massive unstable particle as a function of its mass (or equivalently,

lifetime), when the decay spectra of this heavy particle is determined from the theory

under consideration. These limits have been the subject of many previous studies that

have modeled both the electromagnetic and hadronic components of the showers induced

by the decays of such heavy particles [23] - [45]. At the same time, bearing in mind that

the light nuclei could either be destroyed or created by these non-thermal processes,

one may want to try to explore whether some parameter space of the theory could help

to cure the ‘7Li problem’, namely, the observational abundance of 7Li is substantially

lower than the standard BBN prediction by a factor of a few [46].

We revisit these constraints using a new interlocking suite of codes to model the

decay spectra of the heavy particle, the evolution of the induced electromagnetic and

hadronic showers in the early universe and their impact on BBN [47]. These suite of

codes are potentially relevant to any extension of Standard Model that predicts the

existence of massive unstable or metastable particles with a large range of lifetimes.

As an example, we study the effects on the light-element abundances of the decays of

massive gravitinos in neutralino dark matter scenarios within the constrained minimal

supersymmetric extension of the Standard Model (CMSSM) [48].

In previous analyses of the CMSSM with a neutralino LSP, cosmological constraints

on the decays of the metastable gravitino have usually been ignored. Essentially, it

has been assumed implicitly that the gravitino is so heavy, and hence its lifetime is

so short, that its decays take place so early in the history of the universe that they

do not affect light-element abundances. However, from a theoretical point of view, a

large hierarchy between the gravitino and LSP masses may appear unlikely. Indeed, in

minimal supergravity (mSUGRA) and related models [49], it is usually the case that

the gravitino is not much heavier than the LSP, if it is not the LSP itself. Therefore,

it is important to analyze the case when the decays of gravitinos do affect the light-

element abundances, and evaluate the resulting constraint on the primordial gravitino
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abundance as a function of its mass. Indeed, an upper limit on the gravitino abundance

may, in some circumstances, constrain severely the maximum temperature reached in

the universe, e.g., following an early inflationary epoch [50] - [58].

We calculate all the two-body and the dominant three-body gravitino decay modes,

so that we can get the gravitino lifetime and its decay spectra once the gravitino mass

is given and the masses and couplings of the supersymmetric particles (sparticles) are

determined by running down the renormalization group equations for a given set of

CMSSM input parameters. The electromagnetic and hadronic showers induced by the

decays of gravitinos and the secondary unstable particles are simulated using PYTHIA

[59], and the evolution of the showers in the cosmological plasma and their interactions

with the background nuclei are studied. When the 7Li constraint is disregarded, for

discrete choice of the gravitino mass, we present upper limits on the gravitino abun-

dance for CMSSM parameters along the ‘WMAP strips’ where the lightest neutralino

provides all of the cold dark matter. We are able to set firm upper limits on the possible

abundance of the gravitino as a function of its mass and the CMSSM parameters. For

some CMSSM benchmark points, we explore the possibility of the effects of the decays of

gravitinos as a solution to the 7Li problem, and we find a narrow range for the gravitino

mass and abundance where the 7Li problem is alleviated or even marginally solved.

The above work demonstrate the importance of the non-thermal interactions be-

tween the decay induced showers with the background nuclei in constraining new physics

and solving the 7Li problem. An accurate calculation of the constraints imposed by as-

trophysical observations on the abundance of a late-decaying massive particle requires

taking into account not only the uncertainties in the astrophysical observations but also

the uncertainties in the nuclear reaction rates that contribute to the production of light

elements in both standard and modified BBN scenarios. However, due to the paucity

of the measured cross-section data over the energy ranges of interest, the uncertainties

of some non-thermal interaction rates can be large and need to be considered. In a

follow-up work [60], we consider the effects of uncertainties in nuclear reaction rates on

the cosmological constraints on the decays of unstable particles during or after BBN. We

identify the most important non-thermal nuclear reactions for which improved nuclear

experimental data would allow different light-element abundances to be determined

more accurately, thereby making possible more precise probes of BBN and evaluations
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of the cosmological constraints on unstable particles.

In addition to decays, the late-time annihilations of cold dark matter may also

affect the abundances of the light elements [27, 37, 38, 61, 62]. In particular, these

annihilations may have a significant effect on the abundance of 6Li [38]. Indeed, in

addition to the 7Li problem, there are suggestions that the primordial 6Li abundance

might be about 1000 times higher than the standard BBN prediction [63, 64, 65, 66].

The debates on the interpretation of the observational data which leads to this ‘6Li

problem’ have not been settled [67, 68], nevertheless in cold dark matter scenarios it

is possible that the non-thermal particles injected by residual late-time dark matter

annihilations during and after BBN may have a significant effect on the abundance of

6Li, which, therefore, could serve as a constraint at the very least, or even a probe to

new physics if future observations confirm the 6Li problem. In [38] it was argued that

6Li production may occur if the s-wave annihilation cross-section is sufficiently large,

and it was assumed that the relic density of the annihilating dark matter particles is

controlled largely by the s-wave part of the cross-section. However, in supersymmetric

models where the LSP is a neutralino, such as the CMSSM, the relic density is in fact

largely determined by the p-wave part of the cross-section, which by the time of BBN

is essentially ineffective. Therefore, a reanalysis of the suggestion of [38] in the context

of the CMSSM and related models is timely, and we study this effect in the CMSSM

and the non-universal Higgs mass model (NUHM [69, 70, 71], which has one (NUHM1)

or two (NUHM2) more input parameters as compared to the CMSSM). We find that

residual neutralino dark matter annihilations could enhance the abundance of 6Li up

to two orders of magnitude while leaving the abundances of deuterium, 3He, 4He and
7Li almost unaffected [72], in regions of parameter space which survive the available

theoretical, phenomenological, experimental and cosmological constraints.

The layout of this thesis is as follows. In Chapter 2 we discuss the CMSSM, the main

theoretical framework which we use to study gravitino decays and residual late-time

neutralino dark matter annihilations. We also discuss the interactions between gravitino

and the MSSM fields [73], collecting all the single gravitino-MSSM vertices in Appendix

A. In Chapter 3 we summarize the cosmological data used in our analysis, and special

emphasis is given to the lithium problems. In Chapter 4, we explain our treatment of the

evolution of the hadronic and electromagnetic showers initiated by the decays of generic
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metastable particles or residual annihilations of cold dark matter, and their effects on the

primordial light-element abundances. In Chapter 5 we turn to the specific case in which

the gravitino is the metastable particle, putting the detail results of the gravitino decay

amplitudes used in the calculations in Appendix B. We discuss the resulting constraints

on the abundance of a metastable neutral particle, under plausible assumptions on its

dominant decay modes. We also consider constraints as a function of a generic particle

lifetime, as well as constraints on the gravitino abundance in specific CMSSM scenarios

with a neutralino LSP. In Chapter 6 we consider the effects of uncertainties in non-

thermal nuclear reaction rates on the cosmological constraints on the decays of massive

gravitinos during or after BBN. In Chapter 7 we discuss the effects of residual late-

time neutralino dark matter annihilations on the 6Li abundance. We summarize our

conclusions in Chapter 8.



Chapter 2

Theoretical Framework: the

CMSSM and the Gravitino

2.1 The CMSSM

The R-parity conserving MSSM [12, 13, 14] is specified by the superpotential

W = yiju ūiQj ·Hu − yijd d̄iQj ·Hd − yije ēiLj ·Hd + µHu ·Hd , (2.1)

where the y’s are the same Yukawa couplings entering in the SM, i and j (= 1, 2, 3)

are flavor indices, and we have suppressed the color indices. The ‘·’ means the SU(2)-

invariant coupling of two doublets, and the ‘bar’ (in some literatures ‘c’ is used) on the

fields signifying ‘antiparticle’, since in the MSSM the right-handed (chirality) particle

fields are regarded as the charge conjugates of the corresponding left-handed antiparticle

fields. The µ in the last term is the Higgs mixing parameter, which is the only new

parameter introduced in the MSSM if supersymmetry is not broken. The various fields

in eq. (2.1) are the chiral superfields, and their corresponding supermultiplet fields are

listed in Table 2.1 [14], where the ‘tilde’ on the fields signifying sparticles. The other

fields content of the MSSM are the gauge supermultiplet fields, and they are listed in

Table 2.2.

Without imposingR-parity conservation, one could enlarge eq. (2.1) by adding terms

which are also gauge-invariant and renormalizable, but violate lepton or baryon number

7
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Table 2.1: Chiral supermultiplet fields in the MSSM.

Names spin 0 spin 1/2 SU(3)c, SU(2)L, U(1)y

squarks, quarks Q (ũL, d̃L) (uL, dL) 3, 2, 1/3
(× 3 families) ū ˜̄uL(≡ ũ∗R) ūL 3̄, 1, -4/3

d̄ ˜̄dL(≡ d̃∗R) d̄L 3̄, 1, 2/3

sleptons, leptons L (ν̃eL, ẽL) (νeL, eL) 1, 2, -1
(× 3 families) ē ˜̄eL(≡ ẽ∗R) ēL 1, 1, 2

Higgs, Higgsinos Hu (H+
u ,H

0
u) (H̃+

u , H̃
0
u) 1, 2, 1

Hd (H0
d ,H

−
d ) (H̃0

d, H̃
−
d ) 1, 2, -1

Table 2.2: Gauge supermultiplet fields in the MSSM.

Names spin 1/2 spin 1 SU(3)c, SU(2)L, U(1)y

gluinos, gluons g̃ g 8, 1, 0

winos, W bosons W̃±, W̃ 0 W±, W 0 1, 3, 0

bino, B boson B̃ B 1, 1, 0

conservations:

W∆L=1 = λijke Li · Lj ēk + λijkL Li ·Qj d̄k + µiLLi ·Hu (2.2)

and

W∆B=−1 = λijkB ūid̄j d̄k . (2.3)

These terms are phenomenologically dangerous, because, for example, they could make

proton decay with a rate far larger than the experimental upper limit, if the couplings

in the terms are not extremely small. However, by introducing a new quantum number

called R-parity, which is multiplicatively conserved, and is defined by R ≡ (−1)3B+L+2s,

where B, L and s are the baryon number, the lepton number and the spin of the particle,

respectively, the terms in eq. (2.2) and (2.3) are forbidden, while all the terms in eq. (2.1)

are allowed. One can easily check that R is +1 for all the SM particles (also for the

two Higgs boson multiplets in the MSSM), and -1 for all the sparticles (due to the

(−1)2s factor). As a bonus, the R-parity conservation makes the LSP absolutely stable,

because it can not decay into anything else without violating this symmetry.
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The superpotential (eq. (2.1)) only specifies the SUSY-invariant part of the MSSM

Lagrangian. However, we know SUSY must be broken, otherwise the sparticles would

have had the same masses as their superpartners and therefore had already been detected

long ago. In lacking of knowledge and the consensus on how ‘best’ to break SUSY

spontaneously, in practice it is useful to parameterize the SUSY-breaking by introducing

terms which break SUSY explicitly. These so called soft SUSY-breaking terms are as

follows.

(a) Gaugino mass terms for each gauge group:

−1

2
(M3g̃

αg̃α +M2W̃
αW̃α +M1B̃B̃ + h.c.) , (2.4)

where the index α runs from 1 to 8, and 1 to 3 in the gluino and wino terms, respectively.

(b) Squark (mass)2 terms:

−m2
Q̃ij
Q̃†

i · Q̃j −m2
˜̄uij

˜̄u
†
i
˜̄uj −m2

˜̄dij

˜̄d
†
i
˜̄dj . (2.5)

(c) Slepton (mass)2 terms:

−m2
L̃ij
L̃†
i · L̃j −m2

˜̄eij
˜̄e
†
i
˜̄ej . (2.6)

(d) Higgs (mass)2 terms:

−m2
Hu
H†

u ·Hu −m2
Hd
H†

d ·Hd − (BµHu ·Hd + h.c.) . (2.7)

(e) Triple scalar coupling terms:

−aiju ˜̄uiQ̃j ·Hu + aijd
˜̄diQ̃j ·Hd + aije ˜̄eiL̃j ·Hd + h.c. . (2.8)

When all the fields in the MSSM are considered, these soft SUSY-breaking terms

introduce more than a hundred new parameters. Fortunately, extensive regions of the

parameter space are in fact excluded by phenomenological consideration, since most of

the new parameters imply flavor mixing or CP violating processes of the types that

are severely restricted by experiment. Motivated by these constraints and the possible

GUT-scale origin of the soft SUSY-breaking terms, the parameters in eq. (2.4) - (2.8)

may take a particularly simple form at the GUT scale:

M3 =M2 =M1 = m1/2 , (2.9)
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m2
Q̃
= m2

˜̄u = m2
˜̄d
= m2

L̃
= m2

˜̄e = m2
0 1 , (2.10)

where the 1 stands for the unit matrix in flavor space, and

au = A0yu, ad = A0yd, ae = A0ye , (2.11)

where the y matrices are those appearing in eq. (2.1). If we further require

m2
Hu

= m2
Hd

= m2
0 , (2.12)

then these universality conditions, namely, eq. (2.9) - (2.12), form the basis of the

CMSSM [48], which is described by four parameters and a sign: the universal gaugino,

scalar, and trilinear masses, m1/2, m0, and A0, respectively, the ratio of the two Higgs

vacuum expectation values, tan β, and the sign of the Higgs mixing parameter, µ. Note

that the parameter B appearing in eq. (2.7), the absolute value of µ, and the other

combination of the two Higgs vacuum expectation values, are not independent param-

eters after the consideration of electroweak symmetry breaking. For each point in the

CMSSM parameter space (the four parameters and the sign of µ), the sparticle masses

and couplings at low energy scale are determined by running down the renormalization

group equations (RGEs) from the GUT scale. An example of the running of the mass

parameters in the CMSSM is shown in Fig. 2.1 [13].

After electroweak symmetry breaking, mixing will in general occur among fields

which have the same color, charge and spin. So the fields which are the interaction

eigenstates listed in Table 2.1 and 2.2 are needed to be rearranged to be the mass

eigenstates when calculating the various decay rates or annihilation cross sections. For

the four neutralino mass eigenstates χ̃0
1,2,3,4, they are the linear combinations of the

bino B̃, neutral wino W̃ 0 and neutral Higgsinos H̃0
u and H̃0

d. Similarly, the charginos

χ̃±
1,2 are the linear combinations of the charged winos W̃±, and charged Higgsinos H̃+

u

and H̃−
d . In principle, the u-type squarks (ũL, ũR, c̃L, c̃R, t̃L, t̃R) will lead to a 6 ×

6 mixing problem, and similarly for d-type squarks and the charged sleptons, while

the sneutrinos lead to a 3 × 3 mixings. Fortunately, in the CMSSM the universality

conditions eq. (2.10) and (2.11) guarantee the suppression of many unwanted interfamily

mixing terms. Moreover, by considering the fact that the Yukawa couplings appearing

in eq. (2.1) and (2.8) (see also eq. (2.11)) are proportional to the quark and lepton
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Figure 2.1: RG evolution of the mass parameters in the CMSSM. Here,m1/2 = 250 GeV,
m0 = 100 GeV, tan β = 3, A0 = 0, and µ < 0 are chosen. Notice that the negative sign
in the figure refers to the sign of (mass)2, and m2

Hu
goes negative triggering electroweak

symmetry breaking.

masses, of which the ones in the third family are considerably larger than the ones in

the first two families, for a good approximation we can only include the terms of the

third family in these two equations. These arguments ensure that we only need to deal

with the left-right mixing for the third family in our consideration of the mixings in the

squark and slepton sectors. We denote the mass eigenstates of the stop to be t̃1,2, which

are the linear combinations of the t̃L,R, similarly for the sbottom and stau we denote the

mass eigenstates to be b̃1,2 and τ̃1,2, respectively. For the Higgs sector, due to the Higgs

mechanism three degrees of freedom of the four complex scalars H+
u , H0

u, H
0
d and H−

d

become the longitudinal modes of theW± and Z bosons, while the other five degrees of

freedom lead to the mass eigenstates, namely, CP-even Higgs H0
1,2, CP-odd Higgs H0

3

and charged Higgs H±. The gluinos g̃ cannot mix with any other fields, since they are
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the only color octet fermions.

Finally, we briefly comment on the NUHM1 and NUHM2 models [69, 70, 71]. Com-

paring to the other universality conditions, there is less reason to postulate universality

between the Higgs fields and the sfermions (squarks and sleptons). The full universality,

postulated in the CMSSM, would occur in mSUGRA scenarios [49], but not in more

general effective no-scale supergravity theories such as those derived from string models

[74]. If we loose the condition eq. (2.12) to

m2
Hu

= m2
Hd

(2.13)

at the GUT scale, we get the NUHM1 scenario, that is, there is universality for the two

Higgs doublets alone, but not between the Higgs fields and the sfermions. If we further

discard eq. (2.13) so that there is even no universality for the two Higgs doublets, we

get the NUHM2 scenario.

2.2 Interactions between a single gravitino and the MSSM

fields

By promoting global SUSY transformations to local ones, the gauge field of SUSY,

namely, the gravitino field, which is the superpartner of the graviton, is introduced.

The interaction vertices between a single gravitino and the MSSM fields are obtained

from the interaction Lagrangian

Lint = − i√
2MP

ψ̄µ S
µ
MSSM + h. c.

= − i√
2MP

[
D(α)

ν φ∗iψµγ
νγµχi

L −D(α)
ν φiχiLγ

µγνψµ

]

− i

8MP
ψµ[γ

ρ , γσ ]γµλ(α)F (α)
ρσ , (2.14)

where, following the notation of [75], ψµ denotes the gravitino field, φ and χL the scalar

and fermion components of the chiral MSSM superfields, Fρσ is the field strength of

a gauge boson field, and λ is the corresponding gaugino. We denote χL = PLχ and

χL = χPR, where PL and PR are the usual chiral projectors. MP is the reduced Planck

mass defined as MP = 1/
√
8πGN , where GN is the Newton gravitational constant. The

indices i and (α) label the chiral and gauge multiplets, respectively (notice that we
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are implicitly summing over all the MSSM chiral and gauge multiplets). The covariant

derivative of a scalar field is

D(α)
µ φi ≡ ∂µφ

i + i g(α) A
(α)a
µ

(
T (α)a φ

)i
. (2.15)

In the first line of (2.14), Sµ
MSSM denotes the contribution from the MSSM fields to

the supercurrent and contains only terms from the SUSY-invariant part of the MSSM

Lagrangian. Specifically, under a supersymmetry transformation, any MSSM field (of

any spin) Φi transforms as Φi → Φi+ δΦi, while the SUSY-invariant part of the MSSM

Lagrangian transforms as Lsusy → Lsusy + ∂µK
µ. Then, the supercurrent is

ǫ Sµ
MSSM ≡ ∂Lsusy

∂ (∂µΦi)
δΦi −Kµ , (2.16)

where ǫ is the supersymmetry variation parameter. The explicit expression for the

supercurrent can be found for example in [76].

At the energy scales of BBN, electroweak symmetry breaking has already happened.

We want to single out the gravitino interactions that arise due to the breaking of the

electroweak symmetry. Following [77], we denote the two Higgs doublets as

H1 ≡
(
H1

1

H2
1

)
, H2 ≡

(
H1

2

H2
2

)
, (2.17)

and we denote their vacuum expectation values (vevs) as 〈H1
1 〉 ≡ v1 , 〈H2

2 〉 ≡ v2 , 〈H2
1 〉 =

〈H1
2 〉 = 0 (Note that the H1 here is the same as the Hd used in section 2.1, and H2 is

the same as Hu. Correspondingly, v1 is often denoted as vd in the literature, and v2 is

often denoted as vu). We denote the corresponding Higgsino fields as

H̃1
1L ≡ PL H̃1 , H̃2

1L ≡ PL H̃
− , H̃1

2L ≡ PL H̃
+ , H̃2

2L ≡ PL H̃2 , (2.18)

where H̃− =
(
H̃+
)c
, and the superscript ‘c’ means charge conjugation.

Then the interaction term we are interested in is

Lint ⊃ − g

MP
ψ̄µ

[
v1W

µ+ PLH̃
− + v2W

µ− PLH̃
+

+
Zµ

√
2 cos θw

(
v1 PLH̃1 − v2 PLH̃2

)]
+ h.c. (2.19)

(where we have used ψ̄µγ
µ = 0, and where the gauge fields are defined in the standard

way, see for instance [10]). We rewrite these interactions in terms of the chargino
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(χ̃j , j = 1, 2) and neutralino (χ̃0
i , i = 1, . . . , 4) mass eigenstates, using the rotation

formulae [77]

PL H̃
+ = V ∗

j2 PL χ̃j , PL H̃
− = U∗

j2 PL χ̃
c
j ,

PL H̃1 = N∗
i 3 PL χ̃

0
i , PL H̃2 = N∗

i 4 PL χ̃
0
i . (2.20)

We also rewrite the two Higgs vevs in terms of the (tree level) MW and MZ , using the

notation [77]: M2
W = g2

(
v21 + v22

)
/2 and tan β ≡ v2/v1. We end up with

Lint ⊃ − 1

MP
ψ̄µ PL

[√
2MW

(
cosβ U∗

j2W
µ+χ̃c

j + sin β V ∗
j2W

µ−χ̃j

)

+MZ (cos β N∗
i3 − sinβ N∗

i4)Z
µ χ̃0

i

]
+ h.c. . (2.21)

The remaining interactions between the gravitino and MSSM fields coming from

(2.14), can be found in [75] using MSSM gauge eigenstates in the absence of electroweak

symmetry breaking. In Appendix A, we rewrite the gravitino-MSSM interactions in

terms of the MSSM mass eigenstates, including the effects of electroweak symmetry

breaking in the rotation matrices (between gauge and mass eigenstates) [73]. These

results are used to calculate the gravitino decay amplitudes.



Chapter 3

Cosmological Data

The abundances of the light elements D and 4He predicted by BBN theory agree quite

well with the values determined by observation, if the baryon-to-photon ratio η is that

inferred from CMB measurements [3, 78]. This concordance provides the basis for the

constraints on metastable particle decays or residual late-time dark matter annihilations

to be discussed in this thesis. However, there is known to be an issue regarding the

abundance of 7Li, and there might also be a problem for the abundance of 6Li.

3.1 Deuterium, 3He and 4He abundances

Deuterium provides a powerful constraint, as it is very sensitive to the baryon content in

the universe, and thus offers by itself a measure of η. Local deuterium that is measured

in the solar neighborhood in the interstellar medium provides a strong lower limit on

the cosmological abundance, given that astrophysical effects destroy more deuterium

than they produce [79]. Recent observations by FUSE show a wide dispersion in the

deuterium abundance in local gas seen via its absorption, (D/H)local gas = (0.5− 2.2)×
10−5[80]. This surprisingly large spread, taken together with the positive correlation of

D/H with temperature and metallicity along various sightlines, led [80] to suggest that

deuterium may suffer significant and preferential depletion onto dust grains. In this case

the true local interstellar D/H value would lie at the upper limit of the observed values,

giving (D/H)ISM >∼ (2.31 ± 0.24) × 10−5. However, extracting a primordial deuterium

value requires a Galactic chemical evolution model (e.g., [81]), whose model dependences

15
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yield uncertainties in the determination of the primordial deuterium abundance.

A high-redshift, metal-poor system is free of many such model uncertainties. In

particular, observing the absorption features of quasar light due to a dense high-redshift

cloud can be used to determine the primordial deuterium abundance. We use the

deuterium abundance as determined in several high-redshift quasar absorption systems,

which have a weighted mean abundance [82] - [88]

(
D

H

)

p

= (2.82± 0.21) × 10−5 , (3.1)

where the uncertainty includes a scale factor of 1.7 due to the dispersion found in these

observations. Since the D/H ratio shows considerable scatter, it is likely that systematic

errors dominate the uncertainties. In this case it may be more appropriate to derive

the uncertainty using sample variance (see e.g. [89]) which gives a more conservative

range D/H = (2.82± 0.53)× 10−5. We will comment further on this in Chapter 6 when

we discuss the effects of uncertainties in non-thermal nuclear reaction rates. We use

3.2× 10−5 as our fiducial upper limit on the D/H abundance, but we also illustrate the

effect of significant variations in D/H around this value. The standard BBN result for

D/H at the WMAP value for η [3] is (2.52 ± 0.17) × 10−5, showing potentially a slight

discrepancy with the observed value, unless one adopts the larger uncertainty.

Since 3He is also quite sensitive to the baryon density, one might hope that it

too could be used as a baryometer. Observations of HII regions in our own Galaxy

yield values of the 3He/H ratio that are compatible with calculations of the primor-

dial value [90, 91]. However, the extrapolation from the observations to a primordial

abundance is complicated by the unknown chemical evolution of 3He. Indeed, one does

not even know whether 3He/H is increasing or decreasing with cosmic time. Thus, a

primordial extrapolation yields only an order-of-magnitude range of allowable values of

3He/H [92]. However, if we use the results of [79, 93] that the deuterium abundance

is always decreasing with time, and assume that 3He changes relatively slowly, we can

adopt their ratio: (3He

D

)

p

< 1.0 (3.2)

as a conservative constraint on the primordial 3He/D ratio.

The 4He abundance is determined from observations of extragalactic HII regions.
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These abundance determinations are known to suffer from large systematic uncertain-

ties [94, 95]. A recent analysis found [96]

Yp = 0.256 ± 0.011, (3.3)

and a similar central value was found in [97]. The standard BBN result for Yp at the

WMAP value for η [3] is 0.2487 ± 0.0002, which is consistent with observations, given

the error in (3.3). In our subsequent analysis, we adopt the lower limit Yp > 0.240.

3.2 The 7Li problem

The 7Li abundance is derived from observations of low-metallicity halo dwarf stars.

Some >∼ 100 such stars show a plateau [98] in (elemental) lithium versus metallicity,

with a small scatter consistent with observational uncertainties. This insensitivity of

Li/H to (proto)-Galactic metal content and thus stellar nucleosynthesis indicates that

lithium in these stars has a primordial or at least pre-Galactic origin. An analysis [99]

of field halo stars gives a plateau abundance of
(
Li

H

)

halo⋆

= (1.23+0.34
−0.16)× 10−10, (3.4)

where the errors include both statistical and systematic uncertainties. As in the case

of 4He, the errors are dominated by systematic uncertainties. For example, the lithium

abundance in several globular clusters, tends to be somewhat higher [100] - [105], and

we will make some comparisons in Chapter 6 to the result found in [105] of 7Li/H =

(2.34±0.05)×10−10 . However, the standard BBN result for 7Li/H at the WMAP value

for η [3] is (5.12+0.71
−0.62)× 10−10, which differs significantly from both sets of the observed

value. This discrepancy is known as the ‘lithium problem’ or more specifically the ‘7Li

problem’ [46]. Note that the central values for the BBN abundances used here differ

slightly from those in [46], primarily due to the small shift in η as reported in [3]. In

our later analysis, we adopt 7Li/H < 2.75 × 10−10 as our fiducial upper limit on the

cosmological 7Li abundance.

The existence of the 7Li problem, and the nature of its solution, both have a di-

rect impact on our analysis. It is possible that the problem points to new physics, in

particular if the observations and standard theory are both correct with accurate er-

ror estimates. If SUSY were to lead to a solution of the 7Li problem, this would tie
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together a wide array of particle astrophysics experiments and observations. Indeed,

it has been suggested [37, 38, 39] that the 7Li problem could be solved by hadronic

decays of a metastable neutral particle X with lifetime τX ∼ 103 sec. We will directly

address and update this issue below. It is also possible that the 7Li problem might have

a more banal solution, such as the existence of a suitable carbon, boron or beryllium

resonance [106]. On the other hand, it remains possible that the standard BBN light-

element abundance predictions remain correct. Rather, it could be that the 7Li problem

instead reflects astronomical observational systematics in recovering a Li/H abundance

from stellar spectra, though a recent study [107] of the effective temperature of metal

poor stars confirmed the use of relatively low temperatures and a Li abundance in the

range Li/H = (1.3− 1.4± 0.2)× 10−10. The 7Li problem may also reflect astrophysical

systematics due to Li depletion via circulation and nuclear burning over the > 10 Gyr

lifetime of metal-poor stars [108], though the lack of star-to-star scatter in Li/H suggests

the depletion could be negligibly small [99]. If there is depletion, for our problem the

correct procedure would be to use the initial, undepleted Li/H abundances. However,

since these cannot be determined accurately, we do not adopt a quantitative constraint

for this possibility. That is, if the decaying particle scenario does not solve the 7Li

problem, we do not use 7Li as a constraint on the decaying particle parameter space.

Instead, we consider the limits on unstable particles when the 7Li problem is assumed

to be solved and thus the 7Li constraints are ignored.

3.3 The 6Li problem

6Li has been observed in some halo stars [65] with [Fe/H] ∼ -2, and with an isotopic

ratio that is (6Li
7Li

)

halo∗
∼ 0.05. (3.5)

These observations are consistent with the results of Galactic cosmic-ray (GCR) nucle-

osynthesis [64, 109, 110], though see below for results at lower metallicity. This confirms

that most of the lithium is in the form of 7Li, leaving unscathed the cosmological 7Li

problem.

However, a recent paper has reported the presence of a similar isotopic abundance

in halo stars over a broad range of metallicities that extends to significantly lower values
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([Fe/H] ∼ -1 to -3) [65, 66]. The inferred plateau 6Li/H ratio ∼ (6 to 25)×10−12 is about

1000 times higher than the 6Li/H ratio predicted by standard homogeneous BBN [63,

64], namely 6Li/H ∼ 10−14. The isotopic ratio (3.5) cannot be explained by conventional

GCR nucleosynthesis, at the lowest metallicities: this is the cosmological 6Li problem.

The reliability of the 6Li plateau at very low metallicity has been questioned [67, 68],

so the 6Li problem should be taken with a grain of salt. But in any case, these exciting

if controversial results demonstrate that 6Li abundances at levels 6Li/H <∼ few × 10−12

are at or near the reach of present observational techniques.

Thus the current observational situation is evolving, but without question is inter-

esting: at the very least, the present results serve as upper limits to primordial 6Li, and

impose bounds on non-standard BBN. At most, current data may already point to a

primordial 6Li problem which would demand new BBN physics, and probe its details.

It has been proposed that some decaying-particle scenario might produce 6Li at the

plateau level with some destruction of 7Li [37, 43], [111] - [115], offering the possibility

of solving both Lithium problems simultaneously. However, we note that solving the 6Li

problem would use up only a small fraction of the 7Li whose destruction would be needed

to solve the 7Li problem, leading one to consider separate solutions for the two lithium

problems. It is also possible that the 6Li problem might be explained by nucleosynthesis

due to cosmological cosmic rays produced at the epoch of structure formation [116].

In principle, it may be possible to destroy 6Li through depletion. However, if 6Li is

destroyed through dilution along with 7Li, then the ratio is unaffected. If instead,

6Li is preferentially destroyed though nuclear processes, then typically it is so severely

destroyed that it would be unobservable [117]. Therefore, we interpret eq. (3.5) as a

firm upper limit on any primordial 6Li [66, 67] when we consider the BBN constraints

on metastable particle decays.

3.4 Baryon density

The baryon-to-photon ratio η ≡ nB/nγ ≡ 10−10η10 is related to the present baryon

density parameter ΩB = ρB/ρcrit by ΩBh
2 = η10/274. Adopting the value of ΩBh

2

indicated by the WMAP 5-year CMB data [78] gives the following estimate of the
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baryon-to-photon ratio:

η10 = 6.23 ± 0.17. (3.6)

This is the default value we assume later in our BBN analysis for the constraints on

massive particle decays in Chapter 5. The central value and error range here correspond

to WMAP data combined with large-scale structure information, in a framework for

which the primordial power spectrum is a simple power law with fixed index. Similar

but slightly different values would result from, e.g., a running spectral index.

In Chapter 6 and 7, we take the value

η10 = 6.19 ± 0.15 (3.7)

indicated by the 7-year WMAP data [3], which is available at the time of the works

presented in Chapter 6 and 7 were doing.



Chapter 4

Code Description: Incorporating

Non-Thermal Reactions in BBN

Particle decays or annihilations during BBN generally have two main effects [23, 118].

First, they change the cosmic expansion rate due to the injection of additional relativis-

tic species. This effect is model-independent, in that it is insensitive to the details of

the decays or annihilations, beyond the assumption that the particles produced are rela-

tivistic [26]. Secondly, they introduce new, non-thermal decay or annihilation products

– possibly electromagnetic and/or hadronic – which can interact with the background

thermal nuclei and change the final light-element abundances. The branching ratios

and spectra of hadronic and electromagnetic decay or annihilation particles and ener-

gies are model-dependent. While both effects occur in principle, the expansion effects

are negligible for the decay or annihilation parameters of practical interest to us, and

the non-thermal interaction effects are the dominant perturbations to the abundances.

Consequently, we focus on these effects, and henceforth neglect the perturbation to the

expansion rate.

Since the propagation of the non-thermal particles produced by dark matter annihi-

lations is the same as the ones produced by heavy particle decays, we illustrate the code

below by assuming the decay scenario, and we point out the necessary changes needed

for the annihilation scenario at the end.

We consider decays of some generic massive unstable particle X, with total decay

21



22

rate ΓX so that the lifetime τX = Γ−1
X . We quantify the X abundance as the ratio of

its number density to background baryon

YX ≡ nX/nB. (4.1)

Due to decays, we have YX(t) = Y init
X e−t/τX ; our constraints will be on the initial,

pre-decay abundance Y init
X , and this should be understood hereafter whenever we write

YX .

We are interested in both hadronic and electromagnetic decays of the heavy particles

X. We denote the electromagnetic branching ratio of X by BEM = ΓX→EM/ΓX . The

abundance perturbations from electromagnetic decays, and thus the constraints on such

decay modes, scale with the product of BEM and the decay energy release per photon:

ζX ≡ mXnX
nγ

= mXYXη, (4.2)

where the X abundance is evaluated prior to decay. As emphasized particularly by [39],

electromagnetic decays inevitably accompany hadronic decays, and so both sets of decay

products and interactions need to be included. Electromagnetic decays were discussed

in detail in [111]; we include those processes here, incorporating the treatment described

in [111]. However, the analysis there assumed that the electromagnetic decays occurred

entirely after the usual BBN thermonuclear reactions have run to completion, i.e., the

decays were treated as a ‘post-processing’ modification after the usual light-element

abundances had been established. Here, we supplement the previous treatment by

including electromagnetic decay effects consistently throughout BBN.

We quantify generic decays X → h of a particle X into a hadronic species h as

follows. We write the h production rate per unit volume, and daughter kinetic energy

ǫ as qh(ǫ). The total X decay rate per baryon is ΓXYX and the total X decay rate per

volume is qX,tot = ΓXYXnB. It will be convenient to isolate the h production per X

decay as Qh(ǫ) = qh(ǫ)/qX,tot, so that we have

qh(ǫ) ≡ ΓXYXnBQh(ǫ). (4.3)

We refer to Qh(ǫ) as the spectrum of X decays, which gives the number of h particles

produced per X decay per energy interval. The integral Bh ≡
∫
Qh(ǫ) dǫ gives the
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total number of h per X decay, and thus represents a multiplicity-weighted hadronic

branching ratio.

We denote the abundance of the light element ℓ as Yℓ ≡ nℓ/nB , which changes with

time according to

∂tYℓ = (∂tYℓ)SBBN + (∂tYℓ)EM + (∂tYℓ)had , (4.4)

where (∂tYℓ)SBBN denotes the usual rate of change of ℓ in standard BBN due to ther-

monuclear reactions. The second term on the right-hand side of (4.4) accounts for

non-thermal electromagnetic interactions due to X decays, either directly from the de-

cays of X to photons or leptons, or through electromagnetic secondaries in the hadronic

showers. These are treated as in [36], but are not dominant when hadronic branchings

are significant. The final term on the right-hand side of (4.4) represents the non-thermal

hadronic interactions.

The inclusion of hadronic decays in BBN requires a detailed evaluation of the rates

for such interactions. For each background light nuclide species ℓ, we can write the

hadronic contributions to ∂tYℓ as

(∂tYℓ)had = −Γℓ→inelYℓ +
∑

hb

Γhb→ℓYb. (4.5)

The first term accounts for ℓ destruction by hadro-dissociation, where Γℓ→inel is the total

rate (per unit of the species ℓ) of all inelastic interactions of shower particles with ℓ. The

second term accounts for production due to hadro-dissociation of heavier background

species (e.g., deuteron production via helium erosion pshowerαbg → d + · · · ). The sum

of inelastic rates Γhb→ℓ producing ℓ runs over shower species h and background targets

b. In the particular case of lithium isotopes, production occurs via the interaction of

energetic (i.e., non-thermal) mass-3 dissociation products with background 4He, e.g.,

3He + α→ 6,7Li + · · · .
Non-thermal particle propagation in the cosmic plasma is determined by competition

among the various interactions that lead to particle losses – continuous energy losses as

well as elastic and inelastic collisions. These loss processes are always rapid compared

to the cosmic expansion rate. Thus, to a good approximation the non-thermal particle

spectra are set by an equilibrium between injection and losses. These propagated,

equilibrium spectra then determine the rates of non-thermal interactions with light

nuclei via convolution with the relevant cross sections. That is, for the process hb → ℓ
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of a non-thermal hadron interacting with a thermal background species b to produce

light element ℓ, the interaction rate per target b is

Γhb→ℓ =

∫
Nh(ǫ) v σhb→ℓ(ǫ) dǫ , (4.6)

where Nh(ǫ) is the spectrum of non-thermal h having kinetic energy ǫ, v is the relative

velocity between the projectile and the background target, and σhb→ℓ is the cross sec-

tion for the process at hand. The non-thermal processes considered here are listed in

Table 4.1.

In evaluating the second and third term on the right-hand side of (4.4), we need

to consider the interactions of multiple generations of non-thermal electromagnetic and

hadronic showers with the background nuclei, that is, photo- and hadro-dissociation,

and also to take into account the energy losses of the showers due to their interactions

with the photon and electron-positron background. The method to study the evolution

of these non-thermal showers is similar to the well-studied treatment of the cosmic-ray

induced showers in the atmosphere, and the details are given in Appendix of A of [47].

So now the last piece of information needed to complete the calculation of eq. (4.4),

so that to know the impact on BBN due to massive unstable particle decays, is the

trigger of the non-thermal showers. This comes from the decay spectra of the massive

unstable particle, determined by new theory, and will be illustrated in Chapter 5 for the

case of gravitino decays in the context of the CMSSM. The decay spectra are interfaced

with an event generator, in our case PYTHIA [59], to model the evolution of the decay

products, namely, daughter particle decays and hadronization of quarks and gluons into

mesons and baryons, before they interact with the background.

The description above is also applicable to the dark matter annihilation scenario,

once one makes the appropriate substitution of abundances nX → nDM and of annihi-

lation rate for decay rate: ΓX = τ−1
X −→ Γann.
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Table 4.1: Nuclear reactions of non-thermal particles, including the most important of
the estimated uncertainties in the cross sections.

Code Reaction Uncertainty ǫ Reference

1 p4He → d3He Meyer [119]
2 p4He → np3He 20% Meyer [119]
3 p4He → ddp 40% Meyer [119]
4 p4He → dnpp 40% Meyer [119]
5 d4He → 6Liγ Mohr [120]
6 t4He → 6Lin 20% Cyburt et al. [36]
7 3He4He → 6Lip 20% Cyburt et al. [36]
8 t4He → 7Liγ Cyburt [121]
9 3He4He → 7Beγ Cyburt and Davids [122]
10 p6Li → 3He4He Cyburt et al. [36]
11 n6Li → t4He Cyburt et al. [36]
12 pn→ dγ Ando, Cyburt, Hong, and Hyun [123]
13 pd→ 3Heγ Cyburt et al. [36]
14 pt→ n3He Cyburt [121]
15 p6Li → 7Beγ Cyburt et al. [36]
16 p7Li → 8Beγ Cyburt et al. [36]
17 p7Be → 8Bγ Cyburt et al. [47]
18 np→ dγ Ando, Cyburt, Hong, and Hyun [123]
19 nd→ tγ Cyburt et al. [36]
20 n4He → dt Meyer [119]
21 n4He → npt 20% Meyer [119]
22 n4He → ddn 40% Meyer [119]
23 n4He → dnnp 40% Meyer [119]
24 n6Li → 7Liγ Cyburt et al. [36]
25 n (thermal) —
26 n7Be → p7Li Cyburt et al. [36]
27 n7Be → 4He4He Cyburt et al. [47]
28 p7Li → 4He4He Cyburt et al. [36]
29 nπ+ → pπ0 Meyer [119]
30 pπ− → nπ0 Meyer [119]
31 p4He → ppt 20% Meyer [119]
32 n4He → nn3He 20% Meyer [119]
33 n4He → nnnpp Meyer [119]
34 p4He → nnppp Meyer [119]
35 p4He → N4Heπ Meyer [119]
36 n4He → N4Heπ Meyer [119]



Chapter 5

Nucleosynthesis Constraints on a

Massive Gravitino in Neutralino

Dark Matter Scenarios

5.1 Gravitino decays

As an application to the code described in Chapter 4, we study the massive unstable

gravitino decays. We work in the context of the CMSSM. As we discussed in Section

2.1, the CMSSM is described by four parameters: universal gaugino, scalar, and trilin-

ear masses, m1/2,m0, A0, and the ratio of the two Higgs vacuum expectation values,

tan β, along with the sign of the Higgs mixing parameter, µ. Motivated by gµ − 2 and

b→ sγ, we restrict our attention to µ > 0 and, for simplicity, we consider only A0 = 0.

We consider scenarios in which the lightest neutralino is the LSP, but the gravitino is

not assumed necessarily to be the next-to-lightest supersymmetric particle (NLSP). For

fixed values of tan β, the regions of parameter space for which the relic density of neu-

tralinos is computed to lie within the range 0.0975 < ΩCDMh
2 < 0.1223 determined by

WMAP [78] and other observations for cold dark matter form narrow strips that foliate

the (m1/2,m0) plane [124, 125]. These strips correspond to regions where there are en-

hanced annihilation cross sections that reduce the neutralino relic density to acceptable
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values. These strips occur when the neutralino is nearly degenerate with some other su-

persymmetric particle such as the partner of the tau lepton (coannihilation strip), when

the neutrino is close to half the mass of the heavy Higgs scalar and pseudoscalar boson

so that rapid s-channel annihilation occurs (the funnel region), or at large values of m0

when the renormalization-group evolution drives the value of µ to low values so that

the neutralino acquires a significant Higgsino component and new final-state channels

become important (the focus-point strip). Our analysis is based on the WMAP strips

for two representative values of tan β = 10, 50. For tan β = 10 one strip follows the

coannihilation corridor, and for tan β = 50 this strip also includes the funnel at larger

values of m1/2. We also consider the focus-point strips for both values of tan β.

In the scenario under study the gravitino decays into lighter sparticles, including the

neutralino LSP but also others in general. We take into account all the dominant decay

channels of the gravitino into (s)particles, including the complete set of two-body decays

of the gravitino into Standard Model particles and their spartners. These fall into the

following main categories: G̃ → f̃ f , G̃ → χ̃+W−(H−), G̃ → χ̃0
i γ(Z), G̃ → χ̃0

i H
0
i and

G̃ → g̃ g. Analytical expressions for these amplitudes can be found in Appendix B.

In addition, we include the dominant three-body decays G̃ → χ̃0
i γ

∗ → χ̃0
i qq, G̃ →

χ̃0
i W

+W−, which are also discussed in Appendix B. In principle, one should also include

qq pair production through the virtual Z-boson channel G̃→ χ̃0
i Z

∗ → χ̃0
i qq [41] and the

corresponding interference term. However, this process is suppressed by a factor of M4
Z

with respect to G̃→ χ̃0
i γ

∗ → χ̃0
i qq, and the interference term is also suppressed byM2

Z .

These contributions are therefore not very important, and we drop these amplitudes

in our calculation. We also drop the corresponding amplitudes for Higgs and squark

exchange. We calculate the lifetime of the gravitino by first calculating the partial widths

of its dominant relevant decay channels, and then summing them. Typical results are

shown in Fig. 5.1, where we see that the lifetimes for tan β = 50 (right panels) are

typically longer than those for tan β = 10 (left panels), particularly for larger m1/2. On

the other hand, the lifetimes in the coannihilation/funnel regions (top panels) are quite

similar to those in the focus-point regions (bottom panels).

In order to calculate the resulting electromagnetic (EM) and hadronic (HD) spectra,

we first calculate the EM and HD decay spectra of the different gravitino decay modes,

and then weight them by the corresponding branching ratios. The decay products
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that yield EM energy obviously include directly-produced photons, but also indirectly-

produced photons, charged leptons (electrons and muons) and neutral pions (π0), which

are produced via the secondary decays of unstable heavy particles such as gauge and

Higgs bosons. Hadrons (nucleons and mesons such as the K0
L, K

± and π±) are also

usually produced through the secondary decays of heavy particles, as well as (for the

mesons) via the decays of the heavy τ lepton. It is important to note that strange mesons

and neutral pions decay before interacting with the hadronic background [35, 126, 127].

Hence they are relevant to BBN processes and to our analysis only via their decays

into photons and charged leptons, which contribute to the EM component of the decay

showers. Therefore, the HD injections that concern us are those that produce nucleons,

via the decays of heavy particles such as gauge and Higgs bosons and quark-antiquark

pairs and to a lesser extent charged pions.

After calculating the partial decay widths and branching ratios, we then employ the

PYTHIA event generator [59] to model both the EM and the HD decays of the direct

products of the gravitino decays. We first generate a sufficient number of spectra for the

secondary decays of the gauge and Higgs bosons and the quark pairs. Then, we perform

fits to obtain the relation between the injected energy of the decaying particle, that we

call Einj , and the quantity that characterizes the hadronic spectrum, namely Qh, the

number of produced nucleons as a function of the nucleon energy, for various values of

the Einj . We have performed fits that cover the range 200GeV < Einj < 20TeV. In

Table 5.1 we present a representative set of fitting parameters for Einj = 1000GeV.

Then, using the equation

Qh(ǫh) =
ǫh
E2

inj

1

x
Q̃h(x) , (5.1)

the spectrum distributionQh(ǫh) is computed using the function Q̃h(x) = Qh(ǫh)dǫh/dx,

with x =
√
ǫ2h −m2

h/Einj . Some typical spectra for gravitino decays into protons are

shown in Fig. 5.2. These spectra and the fraction of the energy of the decaying particle

that is injected as EM energy are then used to calculate the light-element abundances.

We stress that this procedure is repeated separately for each point sampled in the su-

persymmetric parameter space. That is, given a set of parameters m0,m1/2, A0, tan β,

sgn(µ), and m3/2, after determining the sparticle spectrum, all of the relevant branching
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fractions are computed, and the hadronic spectra and the injected EM energy deter-

mined case by case. Thus, in our analysis, Qp (Qn) and hence the total number of

protons (neutrons) per gravitino decay, Bp (Bn), varies between different points in the

parameter space, and Fig. 5.3 illustrates this variation in Bp (and Bn) across the super-

symmetric parameter space we sample.

Table 5.1: The values of the parameters A, B, C, D and E used in fitting PYTHIA

hadronic decay spectra. We use the function Y ≡ log10(Q̃(x)) parametrized via Y =
AX4 + BX3 + C X2 +DX + E, where X ≡ log10(x), and the scaling parameter x is

defined as x =
√
ǫ2h −m2

h/Einj . The values of this table correspond to Einj = 1TeV.

decaying particles inj. species A B C D E

Z p 0.000 0.000 -1.230 -4.823 -3.401
n 0.000 0.000 -1.281 -4.917 -3.418

h p 0.000 0.000 -1.011 -4.302 -3.071
n 0.000 0.000 -0.850 -3.628 -2.499

H p 0.000 0.000 -0.647 -3.398 -2.154
n 0.000 0.000 -0.644 -3.414 -2.230

A p 0.000 0.000 -0.633 -3.356 -2.133
n 0.000 0.000 -0.637 -3.377 -2.179

qq̄ p -0.065 -0.551 -2.007 -4.326 -2.602
n -0.033 -0.195 -0.603 -2.039 -1.327

W+W− p 0.000 0.000 -1.146 -5.180 -4.036
n 0.000 0.000 -1.107 -4.936 -3.742

The relative sizes of the gravitino partial widths and the locations of the various

particle thresholds help us to understand the lifetime and the hadronic spectra curves.

In general, the two-body channels G̃ → χ̃0
i γ; f̃ f ; g̃ g; χ̃

+W− dominate the G̃ decays.

In particular, the decay to χ̃0
i γ yields the bulk of the injected EM energy. However, the

decays to sfermions, gluinos and charginos become of the same order of magnitude as the

G̃→ χ̃0
i γ channel whenever they are kinematically possible. Also, when the G̃ is heavy

enough to decay into a real Z boson, the channel G̃→ χ̃0
i Z is the dominant channel for

producing HD injections. When kinematically allowed, G̃ → χ̃+W− and G̃ → g̃ g are

also important in producing HD injections. The Higgs boson channels are smaller by
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a few orders of magnitude (due to couplings and kinematics) and, in particular, in the

large-m1/2 region, decays to heavy Higgs bosons (H,A) become kinematically accessible

only for heavy G̃ and are unimportant otherwise.

Turning to the three-body channels, the decay through the virtual photon to a qq

pair can become comparable to the channel G̃ → χ̃0
i Z, injecting nucleons even in the

kinematical region m3/2 < mχ +MZ , where direct on-shell Z-boson production is not

possible. Finally, we note that the partial width of the three-body decay G̃→ χ̃0
i W

+W−

is usually smaller by at least an order of magnitude relative to the dominant two-body

decays, except when this three-body decay exhibits resonant behavior. For example,

the subprocess G̃ → χ̃+∗W− → χ̃0
i W

+W− can lift the contribution of the χ̃0
i W

+W−

channel to the level of the dominant two-body decays in the threshold region where the

chargino can be produced on-shell.

With these observations in mind, one can understand the gravitino lifetime curves

along the WMAP strips for tan β = 10 and 50 in Fig. 5.1. We recall that the funnel

region is only present in the CMSSM for large tan β. Since the relation mχ ≈ mA/2 is

realized at large m1/2, the WMAP strip extends to significantly higher values ofm1/2 for

tan β = 50 than for tan β = 10. In the latter case (upper left panel), the WMAP strip

shown consists only of a coannihilation region, which terminates around m1/2 = 900

GeV. We notice that the gravitino lifetime is longer for tan β = 50 than for tan β = 10,

for the same values of m3/2 and m1/2. Especially for the two upper panels, this is

because for tan β = 50 the WMAP strip, in the coannihilation region and (particularly)

in the Higgs rapid-annihilation funnel region, occurs at larger m0 and hence heavier

squark and slepton masses, than in the tan β = 10 case. This implies that the dominant

two-body channels G̃ → f̃ f are very suppressed or even closed for tan β = 50. Thus,

the total gravitino decay width is smaller (and hence the lifetime longer) for tan β = 50

than for tan β = 10.

The lower panels in Fig. 5.1 correspond to the focus-point region. It is worth noticing

that, unlike the coannihilation or the rapid-annihilation region, the focus-point strip

extends to remarkably high values of m0 and m1/2. For example, for tan β = 50 (lower

right panel) m0 ∼ 3TeV (5TeV) at m1/2 = 1000GeV (2000GeV). As a result, the

sfermion masses in this region are much larger than in the funnel or the coannihilation

strip. Hence, for gravitino masses up to 1TeV all the fermion-sfermion decay channels
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G̃→ f̃ f are closed, and the lifetime is larger than the upper panels. On the other hand,

whenm3/2 = 5TeV the dominant decay channels g̃ g, f̃ f and χ̃+W− are open along the

WMAP strips also in the focus-point region, resulting in relatively flat lifetime curves

as functions of m1/2.

We note that for m3/2 = 5 TeV, the largest value shown, the gravitino lifetime ∼
few ×102 s in all the cases shown in Fig. 5.1, which is comparable with the duration of

BBN. Lighter gravitinos would decay after BBN is completed.

As m1/2 increases for fixed m3/2, the gaugino masses increase. Therefore, one by

one the various gravitino decay channels are closed. The last to be closed are the two-

body decay to χ̃0
1 γ and the three-body decay to light quark pairs χ̃0

1 qq. Eventually

all the channels are closed when m3/2 < mχ. For m3/2 = 250GeV this occurs for

m1/2 ∼ 580GeV, as can be seen in Fig. 5.1. When the dominant channel for hadron

production, χ̃0
1 Z, closes we observe a significant decline in the nucleon spectra. This

is the reason that in Fig. 5.3 in all the panels, for m3/2 = 250GeV the value of Bp

becomes smaller than 10−2 at m1/2 = 400GeV, and the same at m1/2 = 940GeV when

tan β = 50 and m3/2 = 500GeV (right panels). Above these values of m1/2, the only

channel that produces some hadrons is G̃→ χ̃0
1 qq.

The importance of the channel G̃ → χ̃0
i Z for producing nucleons can be seen in

Fig. 5.2. There we plot the quantity ǫ Np(ǫ) for the case of protons for tan β = 10

and m3/2 = 250GeV (500GeV) in the left (right) panel. The curves in these figures

correspond to the various m1/2 we sample along the WMAP coannihilation strip. The

reason for the peaks in the GeV region is that the protons that are produced by on-shell

hadronic decays of the Z boson have typical energies of a few GeV. As discussed earlier,

for tan β = 10 and m3/2 = 250GeV the χ̃0
i Z channel closes above m1/2 = 400GeV.

Therefore, we observe two kinds of curves in Fig. 5.2 (left). These that peak in the GeV

region are fed by the χ̃0
1 Z channel, whereas these without the peak originate from the

three-body channel χ̃0
1 qq. For tan β = 10 and m3/2 = 500GeV, the decay G̃ → χ̃0

1 Z is

not closed anywhere along the WMAP strip, so all the curves in Fig. 5.2 (right) exhibit

the Z-boson peak.

There are a few other features in Fig. 5.3 to be discussed. For m1/2 >∼ 240GeV

in the upper panels the lightest chargino can decay on-shell to χ̃0
i W

+. The same

happens in the lower left (right) panel for m1/2 = 520GeV (m1/2 = 360GeV). This
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causes a sudden increase in the number of the produced protons, that is more noticeable

for tan β = 10 (upper left panel), since there the relative importance of the decay

channel G̃→ χ̃+∗
1 W− → χ̃0

i W
+W− is greater. This channel is closed for larger values

of m1/2 as the chargino becomes heavier, resulting in the shoulders we observe for

tan β = 10 (upper left panel) in the Bp curves at m1/2 = 520GeV (m3/2 = 500GeV)

and m1/2 = 800GeV (m3/2 = 750GeV). The corresponding features appear also at the

same points for tan β = 50 in Fig. 5.3 (upper right panel). In the same figure, form3/2 ≥
500 GeV, the additional wiggle seen at m1/2 ∼ 280 GeV is due to the closing of the

G̃→ χ̃+
2 W

− channel. In the focus-point figures (lower panels), at m1/2 = 400GeV and

m3/2 = 250GeV the χ̃0
1 Z channel closes. The same occurs at m1/2 = 960GeV (m1/2 =

1460GeV) for m3/2 = 500GeV (m3/2 = 750GeV). After this point, Bp diminishes.

Along the focus-point strip, we also can see in the Bp curves the effect of the closing

of the χ̃+
1,2W

− channels. In particular, the χ̃+
1 W

− channel closes at m1/2 = 780GeV

for m3/2 = 500GeV, tan β = 10, at m1/2 = 1200GeV for m3/2 = 750GeV, tan β = 50,

and at m1/2 = 1640GeV for m3/2 = 1000GeV, tan β = 50. For tan β = 50, the χ̃+
2 W

−

channel closes at m1/2 = 440GeV for m3/2 = 500GeV, at m1/2 = 760GeV for m3/2 =

750GeV, and at m1/2 = 1040GeV for m3/2 = 1000GeV. These thresholds produce

distinctive features in the corresponding curves. For very heavy gravitino masses, such

as the case m3/2 = 5TeV considered here, the dominant two-body decay channels g̃ g,

t̃ t, χ̃0
i Z and χ̃+W− are kinematically available, even in the focus-point region, so no

specific features are observed, and the nucleon fractions are similar in all the scenarios

studied.

Finally, we note that various other channels close as m1/2 increases, without pro-

ducing any significant features in the Bp curves. For instance, for tan β = 10 (upper left

panel in Fig. 5.3), for m3/2 = 250GeV, the χ̃0
1h channel closes at m1/2 = 340GeV. The

same occurs for the channels g̃g and χ̃+
1 H

− when m3/2 = 500GeV at m1/2 = 220GeV,

and at m1/2 = 300GeV for the channel χ̃+
2 W

−. Similarly, for m3/2 = 750GeV at

m1/2 = 260GeV, the channel χ̃+
2 H

− closes, and at m1/2 = 340GeV the channels g̃g and

χ̃1
+H− close. Just to complete the list for this gravitino mass, at m1/2 = 400GeV the

Higgs boson channels χ̃0
1A,H close and at m1/2 = 520GeV the chargino channel χ̃+

2W
−

closes.
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5.2 Constraints on metastable particles

5.2.1 Generic constraints on abundances of metastable particles

Before discussing constraints on specific supersymmetric models with a metastable grav-

itino, we first discuss constraints on the possible abundance ζX of a generic metastable

particle X, as a function of its possible lifetime τX . We discuss exclusively the con-

straints due to the effects of the electromagnetic and hadronic showers produced in

X decays. Thus, the constraints presented in this Section apply exclusively to neutral

metastable particles including, but not limited to, the gravitino. Not wishing to commit

to any specific model, we give results for two typical values of Bh, which are applicable

also outside the context of specific supersymmetric models. Recall, however, that, as

noted above, in specific supersymmetric models one may calculate Bh and it is not, in

general, constant.

The hadronic decays of metastable particles X affect BBN in different ways, de-

pending on the stage of BBN in which the non-thermal decay particles interact with

the background thermal nuclei. This effectively divides the decay effects according to

the decaying particle’s lifetime τX .

• Decays much before weak freeze-out (τX ≪ 1 sec) produce showers that are ther-

malized before BBN commences. These decays thus have no impact on light-element

abundances, and BBN offers no strong constraints on such short-lived decays.

• Decays during weak freeze-out (1 sec < τX < 100 sec) introduce new interactions

that may interconvert the neutrons and protons, e.g., via nπ+ → pπ0. These interactions

prolong the n↔ p equilibrium, and hence delay the freeze-out of the n/p ratio. In this

regime the effect on the light elements is somewhat similar to the addition of relativistic

species, with the dominant effect being that on 4He. However, because the upper limit

on 4He is weak [95], this effect does not induce a constraint on our particle properties.

• Finally, decays following weak freeze-out (τX ≫ 100 sec) generate electromagnetic

and hadronic showers that induce new (photo)nuclear interactions, which in turn may

modify the light-element abundances established previously by BBN.

These processes lead to the constraints seen in Figs. 5.4 - 5.7. These plot abundance

contours as a function of pre-decayX abundance ζX as in eq. (4.2) and lifetime τX , all for

decay spectra corresponding to (m1/2,m3/2, tan β) = (300GeV, 500GeV, 10). In these
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and subsequent figures, the white regions in each panel are those allowed at face value

by the light-element abundances reviewed in Chapter 3. Specifically, these are: D/H

< 3.2×10−5, 3He/D < 1.0 (also shown are dashed lines for 3He/D < 0.3), Y4He > 0.240,

6Li/7Li < 0.05, and 7Li/H < 2.75 × 10−10. The latter constraint comes from 7Li in

globular clusters, and we also demarcate by a dashed line the region within the white

area where 7Li/H < 1.91 × 10−10 (the errors represent a 95% CL) as inferred from

field stars. The yellow, red, and magenta regions correspond to progressively larger

deviations from the central values of the abundances as noted on the figures. Fig. 5.4

shows the constraints when the effects of both hadronic and electromagnetic decays are

included. To give a sense of how the various decay modes contribute, Fig. 5.5 shows

constraints when hadronic effects are omitted, and only electromagnetic decays are

included. Figs. 5.6 (Fig. 5.7) both omit effects of electromagnetic decays, and include

only hadronic decays to neutrons (protons).

The basic features of these plots are similar to those found in previous work, but for

completeness we summarize them here. In all plots, we see that at low ζX , all constraints

are satisfied except for 7Li. This is reasonable, as in the limit of ζX → 0 we recover

the standard BBN abundances, which agree well with observations except for the 7Li

problem which persists. Also, we see a similar behavior in all plots for small τX <∼ 102

sec. Here, the decays occur after weak freezeout but before light element formation

occurs, and so for the most part the abundances are unaffected; the main exception is

perturbations in 4He due to pion interactions delaying n↔ p freezeout.

For several elements the basic trends at τX >∼ 102 sec are relatively simple. We begin

with 4He, which is the only species for which decays always lead to reduced abundances.

This is physically reasonable, since 4He is the most abundant complex species, and

the non-thermal reactions represent sinks but not sources. That is, photoerosion and

spallation destroy 4He, butX decays cannot produce it; hence 4He drops as ζX increases.

On the other hand, we see that decays increase the D/H abundance, which is readily

understood physically. Destruction of 4He produces deuteron fragments, some of which

are thermalized before interacting and thus survive. Because 4He is so abundant, even

if only a small fraction of 4He is destroyed, the resulting deuteron production can be

significant. For 6Li/7Li, the basic trend is also towards increasing production with

increasing ζX . Here, not-yet-thermalized mass-3 fragments can interact with ambient



35

4He to produce 6Li via 3He(α, p)6Li and t(α, n)6Li. Again, even if only a small fraction of

A = 3 nuclei interact this way, this can represent a substantial 6Li abundance compared

to observational limits. Moreover, while other secondary processes also contribute to

7Li, the much larger effect is for 6Li, so that the 6Li/7Li ratio increases with ζX .

By comparing the full constraints (Fig. 5.4) with those in the electromagnetic-only

case of Fig. 5.5, we see illustrated the well-known result that the electromagnetic decays

dominate at τX >∼ 106 sec, but are ineffective at smaller times [111]. Again for D/H,

7Li/H, and 3He/D, we see that the hadronic effects from neutrons and protons (Figs. 5.6

and 5.7, respectively) are broadly similar, though the neutron constraints are generally

more restrictive out to about τX ∼ 106 sec. This is the timescale for neutron decay to

outpace other neutron interactions.

The cases of 7Li and 3He/D are more complicated. Turning to 7Li in Fig. 5.4, we

see that at intermediate lifetimes (∼ 104 sec), decays lead to higher 7Li/H; this is due

to secondary production from unthermalized mass-3 spallation products, 3He(α, γ)7Be

and t(α, γ)7Li. However, at lifetimes around τX ∼ 102 − 103 sec, there a narrow ‘valley’

emerges in which 7Li/H is reduced, indeed enough to come into agreement with obser-

vational limits. By comparing Figs. 5.6 and 5.7, we see that this effect is entirely due to

injected neutrons, and is absent when only proton decays are included. This suggests

that neutrons are destroying 7Be, and that is indeed the case. As noted already by

Jedamizk and in subsequent work [37, 38, 39], thermalized neutrons can destroy 7Be

via 7Be(n, p)7Li and followed by 7Li(p, α)4He. We include this effect, but also we al-

low for further 7Be destruction in which the same reactions are initiated by injected

neutrons not yet thermalized. This addition slightly enhances the low-7Li/H ‘valley’.

Notice that the left side of the ‘valley’ coincides almost exactly with the constraint from

D/H, so that we find D/H > 3.2 × 10−5 in essentially the entire region where 7Li/H

< 2.75 × 10−10. However, along the left side of the ‘valley’ in Fig. 5.4, there may be

a marginal solution to the 7Li problem, to which we return later in the context of the

CMSSM.

Finally, turning to 3He/D at low lifetimes, we also see a reduction in the ratio

for large ζX , with a particularly large effect in the neutron-only case. As with 7Li

destruction, here the free neutrons preferentially capture on t and 3He. This leads to a

small 3He/D ratio as ζX increases. Specifically, we see that 3He/D < 0.3 in the narrow
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strip in Figs. 5.4 and 5.6 where the 7Li may (almost) be solved.

5.2.2 Constraints on the abundance of a massive gravitino

We now apply the above analysis to the specific class of supersymmetric scenarios with

a metastable massive gravitino and a neutralino LSP χ.

We recall that neutralino LSP scenarios are characterized by narrow strips along

which the relic χ density lies within the range 0.0975 < ΩCDMh
2 < 0.1223 that is

favored by WMAP and other observations [78]. Since this range is relatively narrow

(namely only a few %), within any specific supersymmetric scenario it determines some

combination of the model parameters also to within O(few) %. A more detailed discus-

sion is given in [125], where some explicit parameterizations of such WMAP strips are

given. In the examples given there, the value of m0 is tightly determined in CMSSM

scenarios as a function of m1/2 for fixed values of tan β and A0. Many properties of

these supersymmetric models change little as one variesm0 across such a narrowWMAP

strip. Specifically, the branching ratios for massive gravitino decay and hence Bh vary

little across a strip, and one may usefully represent the cosmological constraints on such

CMSSM scenarios as functions of m1/2 alone, using a representative value of Bh that is

calculated as a function of m1/2.

One representative example is shown in Fig. 5.8: the first five panels, with shadings,

display the effects of the decays of a gravitino with a mass m3/2 = 250 GeV on the

different light-element abundances (D/H, 3He/D, 4He, 6Li/7Li and 7Li/H) as functions

of m1/2 along the WMAP strip in the coannihilation region for a CMSSM scenario

with tan β = 10, A0 = 0. As in Fig. 5.4 - 5.7, the white regions in each panel are

those allowed at face value by the ranges of the light-element abundances reviewed in

Chapter 3, and the yellow, red, and magenta regions correspond to progressively larger

deviations from the central values of the abundances. The final panel (bottom right),

shows the strongest constraints from each abundance, as labeled, and from these one

infers the strongest overall constraint, shown by the thick black curve.

We first note that all constraints weaken abruptly as m1/2 → 600 GeV. This corre-

sponds to the limiting case when mχ ∼ 0.42m1/2 → m3/2 = 250 GeV. In this limit, the

energies in the EM and HD showers vanish, and the effects of gravitino decay disappear.

Note that m1/2 = 250 GeV is the smallest value we consider; for larger values this effect
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is less important.

Consider now the D/H constraints in the region m1/2 <∼ 600 GeV in the top left

panel of Fig. 5.8. We see that the lowest contour, at D/H = 3.2 × 10−5, lies at about

ζ3/2 ≃ 10−11 GeV between m1/2 = 180 GeV and just under 600 GeV 1 . To understand

this behavior, we recall from Fig. 5.1 that for m1/2 = 180 − 580 GeV, the gravitino

lifetime grows from about 107 sec to 1010 sec, and in Fig. 5.3 we see that the nucleon

branching ratios Bp ≈ Bn ∼ 6 × 10−2 for m1/2 <∼ 400 GeV. Combining these with the

generic lifetime dependence in Fig. 5.4, we see that for Bp ≈ Bn ∼ 2× 10−1, the lowest

D/H contour for τ >∼ 107 sec is roughly constant at ζ3/2 ∼ 3× 10−12 GeV. In our case,

these constraints weaken due to the lower branching ratios by a factor ∼ 3, yielding the

value ζ3/2 ∼ 10−11 GeV seen in Fig. 5.8. The higher D/H contours in Fig. 5.8 can be

understood in a similar manner.

As another example, consider the 7Li/H panel in the bottom middle panel of Fig. 5.8.

There we see, for m1/2 <∼ 600 GeV, an ‘island’ of the lowest constraint where ζ3/2 ∼
10−10 − 10−8 GeV. As ζ3/2 drops, 7Li/H then grows, peaking to highest level where

ζ3/2 ∼ 3×10−9 GeV. Then as ζ3/2 continues to decrease, 7Li/H continues drops down to

its standard BBN level. From the generic plot Fig. 5.4, we see that for τ >∼ 107 sec and

with Bp ∼ 0.2, the 7Li/H constraint forms an island around ζ3/2 ∼ 10−9 GeV, with a

width that grows with τ . Scaling down to the lower branching, we again can understand

the behavior in Fig. 5.8.

The fact that this qualitative analysis works so well indicates that the generic results

are a good approximation to the full ones, modulo changes in branching ratios. However,

the generic results are for a particular decay spectrum whereas, as we have seen, there

are significant variations in the decay spectrum. Thus we infer that our results are not

strongly dependent on the detailed shapes of the decay spectra beyond the sensitivity

to the branching ratios. This also makes sense in terms of our analytic approximations

developed in Section 3.3, 3.4 and 5.2 of [47], which suggest that the decay spectra enter

principally via their integral properties and particularly their branching ratios.

This understanding of the non-thermal particle effects leading to our constraints

gives confidence in our results, and thus to their implications for supersymmetry. Namely,

1 We recall that the gravitino becomes the LSP for m1/2 >
∼

600 GeV, in which case a different
analysis is necessary.
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again in the case of Fig. 5.8 where tan β = 10 and m3/2 = 250 GeV, the fact that the

observed abundances generally agree with the standard BBN calculations implies that

the allowed (white) regions are generally at low gravitino abundance. The exception is

the bottom middle panel, where the observational discrepancy with the standard BBN

calculation of the 7Li abundance is reflected in the fact that the yellow region extends

from a vanishing gravitino abundance up to quite large values, and the ‘preferred’ white

region appears only when ζ3/2 > 10−9 GeV and m1/2 is not too large 2 . It is clear

that this ‘preferred’ region for 7Li/H is incompatible with the allowed regions for the

other light-element abundances shown in the other panels. Thus, there is no value of

m1/2 in this particular CMSSM scenario that solves the 7Li/H problem. We disregard

the 7Li/H problem in the compilation of constraints shown in the bottom right panel of

Fig. 5.8, and in the following discussion.

The weakening of the constraints as m1/2 → 600 GeV implies that a large abun-

dance is allowed for m3/2 = 250 GeV if m1/2 ∼ 600 GeV, apart from the issue of the
7Li abundance. We recall that if m1/2 > 600 GeV with fixed m3/2 = 250 GeV, the

gravitino becomes the LSP and the lightest neutralino becomes the NLSP. In this case,

the constraint due to the cosmological relic density should be applied to the gravitino,

the WMAP strip is no longer relevant, and a different analysis would be required.

In the final, summary panel of Fig. 5.8 (bottom right), we see explicitly that the 7Li

constraint (light blue) is incompatible with the other constraints due to 4He (green),

D/H (magenta), 3He/D (red) and 6Li/7Li (dark blue). The weakest of these constraints

is that due to 4He, the two strongest constraints at smaller and larger m1/2, respectively,

are those due to 6Li/7Li and 3He/D, and the combined constraint is shown in black.

We see that it hovers in the range ζ3/2 = m3/2n3/2/nγ ∼ 3 × 10−12 to 10−12 GeV,

corresponding to n3/2/nγ ∼ 10−14, except in the limit as m1/2 → 600 GeV.

Figs. 5.9, 5.10, 5.11, and 5.12 show the correspondingly coloured regions of varying

discomfort for the different light-element abundances for the larger values of m3/2 =

500 GeV, 750 GeV, 1000 GeV and 5000 GeV, respectively. The constraints are shown

for the full length of the WMAP strip up to m1/2 ∼ 900 GeV, along which mχ < m3/2

for all the displayed values of m3/2. For m3/2 ≤ 1000 GeV, we see that the D/H

2 We also note the existence of a more disfavored (red) region in the bottom middle panel showing
the 7Li/H ratio, appearing when ζ3/2 > 10−9 GeV and m1/2 ∼ 500 GeV.
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constraint (top left panel in each plot) and the 4He constraint (top right in each plot)

are relatively stable, reflecting the rough constancy of the D/H results for long lifetimes

(see Fig. 5.4), and the rough constancies of the branching ratios (see Fig. 5.3). For

m3/2 = 5000 GeV, the short lifetimes (see Fig. 5.1) severely weaken the constraints for

all elements (cf. Fig. 5.4), with D/H surviving as the strongest for all m1/2. We discuss

later the case of large m3/2.

In the case of 7Li/H (bottom middle panels), the ‘preferred’ white region changes

position asm3/2 increases, moving to larger m1/2 form3/2 = 500, 750 GeV, but reverting

to low m1/2 at high m3/2. The m1/2 mass ranges are those which have lifetimes near

∼ 3 × 106 sec (see Fig. 5.4), whereas the 7Li constraint is strongest for long lifetimes.

However, there is no overlap between the white regions in this and the other panels,

implying that the 7Li problem cannot be solved for any value of m3/2 for the particular

values of tan β and A0 chosen here. As stated previously, we do not include the 7Li

constraint in our compilation. As 7Li is problematic in standard BBN, the inclusion

of this constraint would give the false impression that nearly every supersymmetric

model with a decaying gravitino is excluded. We are therefore implicitly assuming that

there is another solution for the 7Li problem, e.g., due to observational or astrophysical

uncertainties as discussed in Section 3.2. In contrast, the constraints from the other light

elements perturb the previous concordance of BBN with respect to those elements.

Finally, we note that for m3/2 = 500 to 1000 GeV, the 6Li/7Li constraint is sig-

nificantly stronger than for m3/2 = 250 GeV, becoming progressively stricter. This

reflects the stronger limits arising when the gravitino lifetime is shorter (see Fig. 5.4).

In all cases the 6Li/7Li ratio provides the most restrictive limit on ζ3/2, and strength-

ens by a factor ∼ 10 as m1/2 increases from 250 to 1000 GeV. Specifically, we find

ζ3/2 <∼ 10−12 − 10−11 GeV for m3/2 = 500 GeV, ζ3/2 <∼ 3 × 10−13 − 3 × 10−12 GeV for

m3/2 = 750 GeV, and ζ3/2 <∼ 10−13 − 10−12 GeV for m3/2 = 1000 GeV.

In the case of Fig. 5.12, we see that the most significant upper limit on the gravitino

abundance is that from D/H. Comparing this with the lower limit on the gravitino abun-

dance coming from 7Li/H, we see that they are marginally compatible over essentially

the full range of m1/2 displayed. However, this conclusion is crucially dependent on the

precise implementations of the D/H and 7Li/H constraints: for example, if the upper

limit on the 7Li/H abundance is strengthened to 1.91×10−10, as suggested by field stars
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and indicated by the dashed line in the middle lower panel of Fig. 5.12, compatibility

becomes more difficult.

Figs. 5.13 - 5.17 are the same as Figs. 5.8 - 5.12, but for tan β = 50. Similar trends

emerge as for the tan β = 10 results, with some differences of detail due to the more

rapid rise in lifetimes with m1/2 (Fig. 5.1). The range in m1/2 is extended to almost

1.9 TeV and includes the rapid annihilation funnel in addition to the coannihilation

region. We again see that no regions allow for a solution to the 7Li problem while

simultaneously satisfying the other light-element constraints. The constraints on ζ3/2

are again dominated by the 6Li/7Li ratio, and are weak for m3/2 = 5000 GeV. As in

the tan β = 10 case, the 7Li/H constraint is incompatible with the others for m3/2 ≤
1000 GeV, but may be marginally compatible for m3/2 = 5000 GeV.

Figs. 5.18 - 5.22 present a similar analysis to that in Figs. 5.8 - 5.12, but for the

focus-point region of the CMSSM with tan β = 10. The results are also largely similar to

those for the previous cases. The same is true for the focus-point region of the CMSSM

with tan β = 50, shown in Fig. 5.23 - 5.27. As in the previous cases, the 7Li/H constraint

is incompatible with all the other constraints, except possibly for m3/2 = 5000 GeV.
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Figure 5.1: The gravitino lifetime for representative values ofm3/2 as a function ofm1/2

for tan β = 10 (left) and tan β = 50 (right) along WMAP strips, in the coannihilation
and funnel region (top) and the focus-point region (below).
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Figure 5.2: Sample spectra for gravitino decays into protons. We plot values of the
combination ǫ Np(ǫ), which gives the particle number per logarithmic energy range, for
different representative values of the gaugino mass parameter m1/2 along the coannihi-
lation strip for tan β = 10, assuming the indicated values of the gravitino mass m3/2.



43

m3/2 = 250 GeV

 = 500 GeV
 = 750 GeV

 = 1000 GeV

 = 5000 GeV

m3/2 = 250 GeV

 = 500 GeV

 = 750 GeV

 = 1000 GeV

 = 5000 GeV

m3/2 = 250 GeV

 = 500 GeV

 = 750 GeV

 = 1000 GeV

 = 5000 GeV

Focus Point

m3/2 = 250 GeV

 = 500 GeV
 = 750 GeV

 = 1000 GeV

 = 5000 GeV
Focus Point

Figure 5.3: The number of nucleons per gravitino decay, as a function of m1/2 for
tan β = 10 (left) and tan β = 50 (right). The upper panels are for WMAP strips in
the coannihilation and rapid-annihilation regions, and the lower panels are for WMAP
strips in the focus-point regions. Solid curves: number Bp of protons per decay. Broken
curves: number Bn of neutrons per decay. We see that generally Bp ≈ Bn to a good
approximation.
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Figure 5.4: Plots of abundance versus lifetime for metastable particles X with
lifetimes τX between 1 and 1010 sec, assuming the decay spectra calculated for
(m1/2,m3/2, tan β) = (300 GeV, 500 GeV, 10), in which case Bp ≈ 0.2 and the elec-
tromagnetic branching is BEMm3/2 = 115 GeV. The X abundance before decay is given
by ζX = mXnX/nγ (eq. 4.2). The white regions in each panel are those allowed at face
value by the ranges of the light-element abundances reviewed in Chapter 3, whilst the
yellow, red and magenta regions correspond to progressively larger deviations from the
central values of the abundances.
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Figure 5.5: As in Fig. 5.4, but with electromagnetic decay products only. All hadronic
showers and resulting interactions with light elements are ignored.
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Figure 5.6: As in Fig. 5.4, but only with decay neutrons. Decay protons and electro-
magnetic particles are ignored.
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Figure 5.7: As in Fig. 5.4, but only with decay protons. Decay neutrons and electro-
magnetic particles are ignored.
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Figure 5.8: The effects of the decays of a gravitino with a mass m3/2 = 250 GeV
on the different light-element abundances (D/H, 3He/D, 4He, 7Li/H and 6Li/7Li) as
a function of m1/2 along the WMAP coannihilation strip for a CMSSM scenario with
tan β = 10, A0 = 0. As in Figs. 5.4, the white regions in each panel are those allowed
at face value by the light-element abundances reviewed in Chapter 3, and the yellow,
red, and magenta regions correspond to progressively larger deviations from the central
values of the abundances.
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Figure 5.9: As for Fig. 5.8, withm3/2 = 500 GeV but unchanged values for the CMSSM
parameters.
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Figure 5.10: As for Fig. 5.8, with m3/2 = 750 GeV but unchanged values for the
CMSSM parameters.
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Figure 5.11: As for Fig. 5.8, with m3/2 = 1000 GeV but unchanged values for the
CMSSM parameters.
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Figure 5.12: As for Fig. 5.8, with m3/2 = 5000 GeV but unchanged values for the
CMSSM parameters.
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Figure 5.13: As for Fig. 5.8, with m3/2 = 250 GeV, but tan β = 50 and unchanged
values for the CMSSM parameters.
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Figure 5.14: As for Fig. 5.8, with m3/2 = 500 GeV, but tan β = 50 and unchanged
values for the CMSSM parameters.
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Figure 5.15: As for Fig. 5.8, with m3/2 = 750 GeV, but tan β = 50 and unchanged
values for the CMSSM parameters.
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Figure 5.16: As for Fig. 5.8, with m3/2 = 1000 GeV, but tan β = 50 and unchanged
values for the CMSSM parameters.
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Figure 5.17: As for Fig. 5.8, with m3/2 = 5000 GeV, but tan β = 50 and unchanged
values for the CMSSM parameters.
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Figure 5.18: As for Fig. 5.8, with m3/2 = 250 GeV, but tan β = 10 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.

5.2.3 Varying m3/2 and the 7Li problem

The previous plots displayed the gravitino constraints alongWMAP strips in the (m1/2,m0)

planes for a few discrete choices of m3/2. We now display some results as continuous

functions of m3/2 for a few WMAP-compatible points with certain discrete values of

m1/2. Fig. 5.28 shows our first choice, m1/2 = 400 GeV and tan β = 10, in which

case the WMAP point is essentially benchmark point C defined in [125]. As expected

from the previous figures, we see that the other light-element constraints are incom-

patible with the 7Li/H constraint for low m3/2. Disregarding the 7Li problem, we find,

e.g., an upper limit on ζ3/2 ∼ 10−13 when m3/2 ∼ 1.4 TeV. However, marginal com-

patibility with the cosmological 7Li abundance is approached for m3/2 >∼ 3 TeV with

ζ3/2 > 10−11 GeV, as was to be expected from Fig. 5.12. This is a realization within the

CMSSM of the marginal compatibility between the 7Li abundance and the D/H ratio

that was noted earlier in the context of Fig. 5.4.

Figs. 5.29, 5.30 and 5.31 display similar features for other choices of WMAP-compatible

benchmark points [125]. In the case of Fig. 5.29, we choose benchmark point L with
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Figure 5.19: As for Fig. 5.8, with m3/2 = 500 GeV, but tan β = 10 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.

m1/2 = 460 GeV and tan β = 50, which is also in a coannihilation strip. We see

very similar features to Fig. 5.28, e.g., an upper limit on ζ3/2 ∼ 2 × 10−13 GeV when

m3/2 ∼ 1.6 TeV if the 7Li constraint is disregarded, and a marginal solution of the 7Li

problem for m3/2 >∼ 3 TeV with ζ3/2 > 10−11 GeV. Fig. 5.30 is based on benchmark

point M with m1/2 = 1840 GeV and tan β = 50, which is in a rapid-annihilation funnel.

The features seen in the previous figures shift to higher m3/2, e.g., we see an upper limit

on ζ3/2 ∼ 10−12 GeV when m3/2 ∼ 2.4 TeV if the 7Li constraint is disregarded, and

a marginal solution of the 7Li problem for m3/2 >∼ 4 TeV with ζ3/2 > 5 × 10−11 GeV.

Finally, Fig. 5.31 is based on benchmark point E with m1/2 = 300 GeV and tan β = 10,

which is in a focus-point region. We see in general results that are very similar to those

for benchmark point C shown in Fig. 5.28.

The stability of the marginal ‘solution’ of the 7Li problem reflects the fact that the

gravitino lifetime ∼ 102 − 103 s and the number of nucleons per decay are relatively

stable for heavy gravitino masses as m1/2 and tan β are varied: see Figs 5.1 and 5.3.

The underlying physics of this marginal ‘solution’, as discussed in [37, 38, 39], is that for

this range of gravitino lifetimes, thermalized neutrons can destroy 7Be via 7Be(n, p)7Li,
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Figure 5.20: As for Fig. 5.8, with m3/2 = 750 GeV, but tan β = 10 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.

following which 7Li is destroyed by the 7Li(p, α)4He reaction. Here, as discussed in

Appendix A of [47], we also allow for supplementary 7Be destruction by non-thermalized

neutrons.
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Figure 5.21: As for Fig. 5.8, with m3/2 = 1000 GeV, but tan β = 10 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.22: As for Fig. 5.8, with m3/2 = 5000 GeV, but tan β = 10 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.23: As for Fig. 5.8, with m3/2 = 250 GeV, but tan β = 50 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.24: As for Fig. 5.8, with m3/2 = 500 GeV, but tan β = 50 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.25: As for Fig. 5.8, with m3/2 = 750 GeV, but tan β = 50 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.26: As for Fig. 5.8, with m3/2 = 1000 GeV, but tan β = 50 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.27: As for Fig. 5.8, with m3/2 = 5000 GeV, but tan β = 50 and CMSSM
parameters appropriate for the WMAP strip in the focus-point region.
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Figure 5.28: The effects of the decays of a gravitino with variable mass m3/2 on the dif-
ferent light-element abundances for a specific point (benchmark C) withm1/2 = 400 GeV
on the WMAP coannihilation strip for a CMSSM scenario with tan β = 10, A0 = 0. As
in previous figures, the white regions in each panel are those allowed at face value by
the light-element abundances reviewed in Chapter 3, and the yellow, red, and magenta
regions correspond to progressively larger deviations from the central values of the abun-
dances. We see marginal compatibility between the 7Li constraint (light blue) and the
other constraints for m3/2 >∼ 3 TeV.
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Figure 5.29: As for Fig. 5.28, for CMSSM benchmark point L with m1/2 = 460 GeV
and tan β = 50, on the WMAP strip in the coannihilation region.
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Figure 5.30: As for Fig. 5.28, for CMSSM benchmark point M with m1/2 = 1840 GeV
and tan β = 50, on the WMAP strip in the rapid-annihilation funnel region.



63

3.2 x 10-5

3 x 10-4

10-5
0.3

1.0

3.0

0.240

0.230

0.05

0.1

2.75 x 10-10

1.0 x 10-9

3.0 x 10-9

Point E

Figure 5.31: As for Fig. 5.28, for CMSSM benchmark point E with m1/2 = 300 GeV
and tan β = 10, on the WMAP strip in the focus-point region.



Chapter 6

Nuclear Reaction Uncertainties,

Massive Gravitino Decays and

the 7
Li Problem

Having shown the importance of the non-thermal nuclear reactions in constraining new

physics in Chapter 5, we now turn to discuss the effects of the uncertainties in the non-

thermal nuclear reaction rates, so that we could evaluate more precisely the constraints

on the decays of unstable particles during or after BBN, and the potential to solve the

7Li problem in this scenario.

6.1 Principal nuclear reaction rates

As explained in Chapter 4, the impacts of the non-thermal nuclear reactions on the

light-element abundances are introduced through eqs. (4.5) and (4.6). The non-thermal

processes we considered are listed in Table 4.1.

The rates Γhb→ℓ in eq. (4.6) depend on both the non-thermal hadron spectra Nh,

as well as the cross section σhb→ℓ, and so both terms will contribute to the uncertainty

budget. However, it turns out that the spectra have significantly smaller errors. As

emphasized in Section 3 and Appendix A of [47], the spectra Nh are determined by an

equilibrium between the non-thermal hadron sources and their losses. The sources are

64
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the heavy particle decays, whose spectra are well-determined by supersymmetry and

Standard Model physics, and have negligibly small uncertainties (<∼ 5%). Also, the

physics for the losses are well understood [47], and errors in the various losses are all

< 10% [60].

We conclude that the errors in Nh should be relatively small, <∼ 10%, and hence

that the uncertainties in the reaction rates should be dominated by the larger errors in

the light-element cross sections that we have highlighted in Table 4.1.

The uncertainty in the reaction rate Γhb→ℓ, due to cross-section errors δσhb→ℓ, is

δΓhb→ℓ =

∫
Nh(ǫ) v δσhb→ℓ(ǫ) dǫ (6.1)

≡ ǫhb→ℓ Γhb→ℓ (6.2)

where ǫhb→ℓ = δΓhb→ℓ/Γhb→ℓ characterizes the fractional error in the rate. The propa-

gated non-thermal spectra Nh(ǫ) generally increase to a peak at ǫ ∼ few GeV, i.e., at

energies far above thermal energies, the Gamow peak, and any reaction threshold. Non-

thermal rates, unlike thermal rates, are sensitive to cross section behaviors over much

larger ranges of energies. The cross sections typically grow rapidly above threshold,

and then in some cases (fusion processes) drop strongly above ǫ ∼ few × 10 MeV, or

in other cases (spallation processes) remain nearly constant or drop slowly at high en-

ergies. We should expect the uncertainties in non-thermal rates often to be larger than

the typical uncertainties in the thermal rates, which are sensitive to a much narrower

range of energies around the Gamow peak, typically ∼ 0.1 − 0.3 MeV.

We have estimated uncertainties for the non-thermal reactions by comparing nominal

cross-section fits with experimental measurements. The fitting functions σ(ǫ) typically

provide good or excellent fits to the data. However, the data themselves are often

sparse over the large energy ranges of interest. Unfortunately, this paucity of data is

particularly acute for the spallation reactions h4He → (h, 2A, 3A)+· · · , which are among

the most important, as we shall see. In each case, we estimate conservatively the typical

fractional size ǫ = δσ/σ of the experimental error bars over the energies where the cross

section is substantial (i.e., near maxima for strongly-peaked cross sections, and out to

∼ few GeV for flat cross sections). In the following section, we determine which of

these reactions have the most important impacts on the light-element abundances, and

we report the uncertainties for those in Table 4.1.
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For a sufficiently large abundance of gravitinos, the standard BBN predictions are

modified, and the resulting light-element abundances need to be compared with obser-

vational determinations. In Chapter 5, we used the abundances (or abundance ratios)

of D, 4He, 7Li, 3He/D, and 6Li/7Li to determine the allowed regions of parameter space

defined by the gravitino mass, m3/2, the gaugino mass, m1/2, the ratio of Higgs vacuum

expectation values, tan β, and the gravitino abundance, ζ3/2. We re-calculate the global

likelihood function χ2 in the same representative (m3/2, ζ3/2) planes, now including the

uncertainties in the measured abundances as well as the nuclear reaction rates. For our

present χ2 analysis, we restrict our attention to the elements that have definite observa-

tional abundances with which we can make a comparison, namely, D/H, 4He and 7Li/H,

as we summarized in Chapter 3.

To obtain our χ2 distribution, we combine the standard BBN uncertainties with

the observational errors in quadrature. In the case of 7Li, where the reported errors

are uneven, we use the upper error bar on the observation, and the lower error bar

on the theory, as we are interested in the region between these two central values.

Correspondingly, the likelihood function that we calculate is

χ2 ≡
(
Yp − 0.256

0.011

)2

+

(
D
H − 2.82 × 10−5

0.27 × 10−5

)2

+




7Li
H − 1.23 × 10−10

0.71 × 10−10




2

+
∑

i

s2i , (6.3)

where the si are the contributions to the total χ2 due to the nuisance parameters

associated with varying one or more of the rates listed in Table 4.1. Standard BBN has

a large total χ2 = 31.7, primarily due to the discrepancy in 7Li. There is a contribution

of ∆χ2 ∼ 30 from the 7Li abundance, ∆χ2 ∼ 1.2 from the D/H abundance, and a

smaller contribution from 4He, corresponding to a ∼ 5− σ discrepancy overall 1 .

Our treatments of the hadronic and electromagnetic components of the showers

induced by heavy-particle decays follow those in [47]. Also, we follow the calculations of

decay branching ratios and particle spectra described in Chapter 5. The only differences

here are in the nuclear reaction rates and their uncertainties that were discussed above.

We display in Fig. 6.1 the effects on the abundances of the light elements deuterium,
3He, 4He, 6Li and 7Li of the decays of a generic metastable particle X with lifetime

1 We find that χ2 = 21.8 even when the globular cluster value of 7Li/H is used, corresponding to a
4− σ effect.
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τX ∈ (1, 1010) sec. For illustration, we assume the decay spectra calculated in [47]

for the choice (m1/2,m3/2, tan β) = (300 GeV, 500 GeV, 10), in which case the proton

branching ratio Bp ≈ 0.2 and the electromagnetic branching rate is BEMm3/2 = 115

GeV. In this figure we assume the nominal central values of the nuclear reaction rates

discussed in the text, and this figure may be compared directly with Fig. 5.4. The main

differences are in the upper left panel, where the region where the deuterium abundance

lies within the favored range is now pushed to values of ζX that are lower by a factor of

about 2 when τX < 106 sec as compared to Fig. 5.4, and in the lower middle panel, where

the region of acceptable 7Li abundance extends to lower ζX when τX ∼ 103 sec. Both

these effects are due to the inclusion of the reactions n4He → nn3He and p4He → ppt,

and have the effect of pushing the location of a possible ‘solution’ of the 7Li problem

also to lower ζX .
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Figure 6.1: The same plot as Fig. 5.4, but with the inclusion of the reactions n4He →
nn3He and p4He → ppt.

We show in Fig. 6.2, one generic (m3/2, ζ3/2) plane, also without the inclusion of

uncertainties in the non-thermal rates in Table 4.1. This plot is based on a specific

CMSSM point (benchmark C of [125]) with m1/2 = 400 GeV, A0 = 0, and tan β = 10.
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The universal scalar mass is set to m0 = 90 GeV to get the correct WMAP density

for dark matter. The lightest neutralino mass is about 165 GeV for this point, and

for gravitino masses larger than this we have neutralino dark matter with an unstable

massive gravitino. This figure may be compared directly with Fig. 5.28. As in Fig. 6.1,

the region where the deuterium abundance lies within the favored range is now also

pushed to lower ζ3/2 when m3/2 <∼ 2 TeV as compared to Fig. 5.28, and the region of

acceptable 7Li abundance extends to lower ζ3/2 when m3/2 is between 2 - 3 TeV. In

the lower right panel, we see marginal compatibility between the 7Li constraint (light

blue) and the other constraints for m3/2 >∼ 3 TeV. This region will be the focus of our

discussion in the following χ2 analysis.
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Figure 6.2: The same plot as Fig. 5.28, but with the inclusion of the reactions n4He →
nn3He and p4He → ppt.

6.2 Incorporation of uncertainties

Of the 36 interactions we study, there are just 10 whose uncertainties induce non-

negligible uncertainties in the light-element abundances, namely the reactions 2, 3, 4,
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6, 7, 21, 22, 23, 31, and 32 in Table 4.1. Their uncertainties are not important for the

4He abundance Yp, but are potentially important for the deuterium, 3He, 6Li and 7Li

abundances.

To explore the effect of reaction uncertainties, we quantify the reaction sensitivity

as follows. Using the set of unperturbed non-thermal reaction rates {Γ0
i }, we find

the unperturbed abundances of light elements: examples of these results appear in

Figures 6.1 and 6.2. For a given light element ℓ, we call the unperturbed abundance

y0ℓ . Then, for any single reaction j, we consider changes in the rate by a factor 1 + ǫ:

Γ′
j = (1 + ǫ)Γ0

j , leaving all other non-thermal (and thermal) rates unchanged. We

evaluate the new resulting light-element abundances for a wide range of values for ǫ

including both positive and negative values and write the new, perturbed ℓ abundance

as y′ℓ|rxnj ≡ y0ℓ + δyℓ|rxnj . In this way, we were able to identify the 10 reactions listed

above as potentially playing an important role in altering the light-element abundances.

Our final results are based on a Gaussian distribution of rates with widths give by the

values of ǫ chosen according to the uncertainty estimates in Table 4.1.

We display in Figs. 6.3, 6.4, 6.5, and 6.7 the effects of the uncertainties in these

reaction rates on the abundances of each of the key elements among deuterium, 3He,

6Li and 7Li, each in a (m3/2, ζ3/2) plane. We concentrate here on benchmark point C, as

the effect of perturbing the interactions is qualitatively similar for the other benchmark

points we consider below.

For example, in Fig. 6.3 we show the effect of the p4He → np3He (reaction 2) in

Table 4.1 on the abundances of D/H (left) and 3He/H (right). In this case the effect on

6Li and 7Li is negligible. We plot contours showing

δyℓ
yℓ

∣∣∣∣
rxnj

≡ y′ℓ|rxnj − y0ℓ
y0ℓ

, (6.4)

the relative change in the light-element abundance when rate j is perturbed by a factor

(1+ǫ). For reaction 2, we estimate a 20% uncertainty in the rate and, as one can see, the

effect on D/H is always less than 4% and occurs at very high gravitino abundances. The

effect on 3He is also relatively small, but extends over a larger portion of the parameter

space. The effect of reaction 31( p4He → ppt) is qualitatively similar to the one shown

in Fig. 6.3.

For reactions 3 and 4, corresponding to p4He → ddp and p4He → dnpp respectively,
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Figure 6.3: The effects in the (m3/2, ζ3/2) plane of the 20% uncertainty in the rate for
the reaction 2 (p4He → np3He) on the abundances of deuterium (left) and 3He (right).
Contours show the relative changes in the light-element abundances.

we estimate an uncertainty of 40%. However, even with the larger uncertainty, the

relative change in D/H for both rates is still less than 4%, extends down to lower

ζ3/2 ∼ 10−10 GeV, and the 3He abundance variation is even smaller. Accordingly, we

do not show these examples.

In Fig. 6.4, the effects of reaction 6 corresponding to t4He → 6Lin are displayed (the

effects of reaction 7 corresponding to 3He4He → 6Lip are similar but weaker by a factor

of 2): we estimate 20% uncertainties for these reactions. We see that in this case, while

there is some effect on the abundance of 7Li, the dominant effect of varying this rate

is on 6Li, where changes can be as large as 12% for almost all the values of ζ3/2 shown

when m3/2 ∼ 1 TeV. We find similar results for points E and L, whilst for point M (see

below) similarly large changes in 6Li are centered around m3/2 ∼ 2 TeV. The effects on

deuterium and 3He are negligible for reactions 6 and 7.

The effects of reaction 21 (n4He → npt), for which we also estimate an uncertainty

of 20%, on all four light elements are shown in Fig. 6.5. The possible effect on 7Li

is largest, amounting possibly to a reduction in the 7Li abundance by up to 6% in a
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Figure 6.4: Similar to Fig. 6.3, for the reaction 6 (t4He → 6Lin), in this case showing
the effect on 7Li/H (left) and 6Li/H (right).

diagonal region extending from m3/2 >∼ 3 TeV. (For benchmark point M, the reduction

in the 7Li abundance occurs at m3/2 >∼ 4 TeV.) Reaction 32 (n4He → nn3He) shows

effects somewhat similar (though in general a bit weaker) to those seen in Fig. 6.5, and

is not shown separately.

We note that, although the relative shift in the abundance is small for a 20% variation

in the rate, the 7Li abundance in this region (the diagonal strip where the abundance is

decreased by 4-6% in Fig. 6.5) is already significantly reduced when using the (unper-

turbed) non-thermal rates. In this region, several rates (principally reactions 21, 23, and

32) combine to lower the 7Li abundance when the gravitino abundance is sufficiently

large. However, subsequent variations in the rates do not make any further significant

changes in the abundances. To help better understand this point quantitatively, we

show in Fig. 6.6, the 7Li abundance as a function of ǫ for rate 21 (other rates have

ǫi 6=21 = 0) in the upper panel and as a function of ǫ21 = ǫ23 = ǫ32 in the lower panel.

As one can see, particularly in the latter case, when ǫ21,23,32 = −1 and these rates are

shut off entirely, the abundance of 7Li is 4.2 ×10−10 (the 20% decrease in 7Li is due to

the remaining non-thermal reactions). Furthermore, coherent variations in these rates
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of 20-40% make relatively small changes in the abundances as reflected in Fig. 6.5, and

the effects of random variations in the rates would clearly be smaller still.

Whilst reaction 23 (n4He → dnnp) shows smaller variations in 7Li, the uncertainty

(which we estimate at 40%) is larger. The effect on D/H is also pronounced, as seen in

Fig. 6.7. The effect of reaction 22 (n4He → ddn) is qualitatively similar but weaker.

We conclude this section by summarizing the main results of our propagation of

non-thermal reaction rate errors into uncertainties in light-element abundances. We

find that the 4He abundance is essentially unaffected by reaction rate errors. For 7Li,

we find that no one reaction dominates the non-thermal perturbations, which in turn

means that errors in any given rate only have a rather small (typically <∼ 10%) effect on

the 7Li/H abundance. Non-thermal deuterium production is also not entirely controlled

by a single reaction, though the n4He → dnnp reaction clearly stands out as the most

important, and the resulting errors in D/H can go as high as >∼ 20%.

These results have important implications for our χ2 analysis, which, as we will

see, is dominated by 7Li/H and D/H. Since the 7Li/H nuclear uncertainties are small

compared to the observational errors in the 7Li/H abundance, the latter dominates the

lithium contribution to χ2. Conversely, the D/H non-thermal rate errors are significant

in comparison to the observational errors, and thus will have an important effect on the

χ2 and ultimately on the lithium problem. From this we infer that the reactions which

most critically need improved nuclear data are those which are important for deuterium

production.

6.3 χ2 analyses of benchmark CMSSM scenarios

To proceed with the χ2 analysis, we use Eq. (6.3) to calculate χ2 for each point sam-

pled in the (m3/2, ζ3/2) plane. The reaction rates are treated as nuisance parameters

and therefore, for each evaluation of χ2, each non-thermal rate is chosen from a Gaus-

sian distribution about the mean rate with the uncertainty specified in the previous

section. At each point and for each reaction considered, the difference between the rate

chosen and its mean value, relative to the quoted uncertainty in the rate, determines

the corresponding si in Eq. (6.3).

From the results of the analysis in the previous section, it is clear that it will be
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Figure 6.5: Similar to Fig. 6.3, for the reaction 21 (n4He → npt), showing the effects
on all four light elements deuterium (upper left), 3He (upper right), 7Li (lower left) and
6Li (lower right).
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Figure 6.6: The 7Li abundance as a function of ǫ: ǫ = −1 is equivalent to turning off
the rate, and ǫ = 0 leaves the rate unperturbed. In the upper panel we show the effect
of reaction 21 alone, and in the lower panel we show the combined effect of reactions
21, 23, and 32.
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Figure 6.7: Similar to Fig. 6.5, for the reaction 23 (n4He → dnnp).
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sufficient to focus on the effects of reactions 21, 23, and 32. In principle, one could

include all reactions in the χ2 analysis as nuisance parameters. However, the inclusion

of many more reactions would have only a marginal effect on lowering the χ2 contribution

from the abundances, while at the same time increasing χ2 through s2i . Since each rate

typically increases χ2 by roughly one unit, one would need to gain at least one unit

from the effect of the uncertainty in the rate on the element abundances. Including the

uncertainties of reactions beyond 21, 23, and 32 with finite sample sizes will typically

lead to a larger value of χ2.

In Section 5.2.3, we discussed the application of the BBN constraints to four bench-

mark CMSSM scenarios with specific values of the soft supersymmetry-breaking param-

eters m1/2,m0 and A0, tan β, and the Higgs mixing parameter µ, labelled C, E, L and

M [125]. In each case, A0 = 0 and µ > 0 was chosen. The parameters corresponding

to point C were given earlier. For points E, L, and M they are (m1/2,m0, tan β) =

(300 GeV, 1615 GeV, 10), (460 GeV, 310 GeV, 50), and (1840 GeV, 1400 GeV, 50)

respectively. Variants of these CMSSM scenarios with a massive gravitino are charac-

terized by the gravitino mass m3/2 and its abundance ζ3/2. The (m3/2, ζ3/2) planes for

benchmark scenarios C, E, L and M are shown in Fig. 6.8, displaying χ2 contours for

the light-element abundances calculated incorporating the nuclear reaction rate uncer-

tainties discussed above.

In the limit of large m3/2 and/or small ζ3/2, the value of the χ
2 function approaches

∼ 31.7, the same value as in standard BBN. This large value of χ2 is due primarily to

the 7Li problem. We see that in each of the CMSSM scenarios in Fig. 6.8 there is a

‘trough’ of much lower χ2 with a minimum at ∼ 5.5, shown in each panel by a cross. We

display contours of χ2 = 6 and 9.2, corresponding to the 95 and 99% CLs for fitting to

two parameters. Also shown are the higher χ2 contours of 32 (corresponding to the BBN

value) and 50. We see that the (m3/2, ζ3/2) planes are very similar for benchmarks C, E

and L. The plane for benchmark M is somewhat different, and the minimum value of χ2

is slightly higher. In Table 6.1, we show the various abundances and χ2 contributions

for each of the three light elements for the standard BBN result and our best-fit point

for each of the four benchmark points.

It is interesting to note the tension between D and 7Li. At each of the best fit

points, there is a considerable reduction in 7Li, approaching the observational value.
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Figure 6.8: Contours of the χ2 function in the (m3/2, ζ3/2) planes for the benchmark
CMSSM scenarios C (upper left), E (upper right), L (lower left) and M (lower right),
incorporating the uncertainties in the nuclear rates discussed in the text.
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Table 6.1: Results for the best-fit points for CMSSM benchmarks C, E, L and M.
The second set of results for C and M correspond to the globular cluster value for
primordial 7Li/H. The third and fourth entries for point C correspond to the higher
adopted uncertainty for D/H in field stars and to the globular cluster 7Li abundances,
respectively.

m3/2[GeV] Log10(ζ3/2/[GeV]) Yp D/H (×10−5) 7Li/H (×10−10)
∑
s2i χ2

BBN —— —— 0.2487 2.52 5.12 —— 31.7
C 4380 −9.69 0.2487 3.15 2.53 0.26 5.5
E 4850 −9.27 0.2487 3.20 2.42 0.29 5.5
L 4380 −9.69 0.2487 3.21 2.37 0.26 5.4
M 4860 −10.29 0.2487 3.23 2.51 1.06 7.0
C 4680 −9.39 0.2487 3.06 2.85 0.08 2.0
M 4850 −10.47 0.2487 3.11 2.97 0.09 2.7
C 3900 −10.05 0.2487 3.56 1.81 0.02 2.8
C 4660 −9.27 0.2487 3.20 2.45 0.16 1.1

The minimum value χ2 ∼ 5.5 certainly amounts to a ‘mitigation’ of the 7Li problem,

but not a ‘solution’, in the sense that since we are fitting two parameters (m3/2 and

ζ3/2) and using 3 measurements, we have effectively only one degree of freedom and

χ2/d.o.f. ∼ 5.5. However, this improvement in 7Li comes at the expense of D/H, which

at this point begins to make a more significant contribution to the total χ2. On the other

hand, the 4He abundance Yp does not contribute significantly to the likelihood at any

point in the parameter space. At the minimum, the deuterium abundance contributes

∆χ2 ∼ 1.5, whereas the 7Li abundance contributes ∆χ2 ∼ 3.4. Thus the previous 4-

or 5-σ 7Li problem is reduced to a <∼ 2-σ problem. If this mitigation is to lead to a

complete solution, one or more of the nuclear reaction rates and/or measured light-

element abundances should lie outside its quoted uncertainty.

As an example, in Fig. 6.9 we show the analogous results for the χ2 likelihood,

assuming the globular cluster value for 7Li/H (see Section 3.2). Results for this case

for benchmark points C and M are also summarized in Table 6.1. We now see the

appearance of contours for χ2 = 4.6 and 2.3 corresponding to 90 and 68 % CLs respec-

tively. The best-fit χ2 values drop considerably in this case, with values of 2.0 and 2.7

for points C and M respectively. Thus a massive (>∼ 4 TeV) gravitino can provide a

potential solution of the lithium problem if globular cluster data is assumed to represent
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the primordial 7Li abundance.
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Figure 6.9: As in Fig. 6.8, contours of the χ2 function in the (m3/2, ζ3/2) planes for
the benchmark CMSSM scenario C (left) and M (right), assuming the globular cluster
value of 7Li/H.

As discussed in Section 3.1, one may also consider the effect of increasing the size of

the uncertainty in the mean D/H abundance. Using an observed abundance of (2.82 ±
0.53)×10−5, we obtain the χ2 contours seen in the left panel of Fig. 6.10, corresponding

to point C. In this case, we can obtain solutions with χ2 = 2.8 and a best-fit point with

a 7Li/H abundance of 1.81 ×10−10 coming at the expense of a higher D/H abundance of

3.56× 10−5. When the globular cluster value of 7Li/H is used together with the higher

D/H uncertainty, we can even find a best-fit solution with χ2 = 1.1: D/H = 3.20×10−5

and 7Li/H = 2.45 × 10−10, as seen in the right panel of Fig. 6.10.

The fact that this prospective solution to the 7Li problem exists for several choices of

supersymmetric scenarios, with parameters that are relatively stable, suggests that it is

a general feature of supersymmetric models. For this potential solution to be confirmed,

one or more of the following should happen.

1. There might be some refinement in measurements of the cosmological 7Li abun-

dance leading to a shift in the central value and/or a change in the assigned

uncertainty. As we have shown in Fig. 6.9, for example, if the globular-cluster
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Figure 6.10: As in Fig. 6.8, contours of the χ2 function in the (m3/2, ζ3/2) planes for the
benchmark CMSSM scenario C assuming (left) a greater uncertainty in the observed
D/H abundance and (right) also assuming the globular cluster value of 7Li/H.

estimate of the 7Li abundance is adopted (which would correspond to χ2 ∼ 21.8

in standard BBN), the decays of massive gravitinos could reduce χ2 to ∼ 2.0.

2. Alternatively, it is possible that the rates for one or more nuclear reactions might

lie outside the ranges favored by the current measurements and their assigned

uncertainties. As we have pointed out, the measurements of some of these non-

thermal rates are sparse over the energy ranges of interest, and improved coverage

is certainly possible and desirable. The highest-priority reactions for new cross-

section measurements are n4He → npt, n4He → dnnp and n4He → nn3He, which

we have shown to be the most relevant for this analysis.

3. Finally, we should mention the possibility of some unidentified error in our anal-

ysis: we have given reasons why we think the errors in the light-element cross

sections dominate in the uncertainties of the non-thermal nuclear reaction rates,

but we could be wrong.



Chapter 7

Enhanced Cosmological 6
Li

Abundance as a Potential

Signature of Residual Dark

Matter Annihilations

The previous two chapters demonstrated that late-decaying massive gravitinos might

resolve the 7Li problem within the CMSSM framework. In this chapter we show that the

6Li problem might, independently and in parallel, have at least a partial supersymmetric

solution, via the late annihilations of neutralino LSPs.

We find negligible effects on the abundances of deuterium, 3He, 4He and 7Li pre-

dicted by homogeneous BBN, but potentially a large enhancement in the predicted

abundance of 6Li, as suggested in [38]. The physics of this effect is the following. It is

well understood that the famous A = 5 gap in the spectrum of stable nuclei impedes

the production of heavier nuclei in BBN. The dominant mechanism for making 6Li in

annihilating-particle scenarios is initiated by p and n spallation of 4He. This yields

many A = 3 nuclei with only a tiny reduction in 4He abundance. The tritium and 3He

nuclei are produced with large, non-thermal energies, and subsequently slow down due

to ionization losses, but have some probability of inducing t(α, n)6Li or 3He(α, p)6Li

reactions first. In this way, an amount of 6Li may be produced that is large relative

81
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to the standard homogeneous BBN abundance, without making large amounts of extra

deuterium and A = 3 or reducing the 4He abundance, and leaving the 7Li abundance

unaffected.

7.1 Residual late-time neutralino annihilations

Assuming that the lightest neutralino χ is the LSP, and that R-parity is conserved, the

relic neutralino density is essentially fixed at a freeze-out temperature Tf ∼ mχ/20.

At lower temperatures, the local density of neutralinos, nχ, decreases as the universe

expands (presumably) adiabatically, and subsequent annihilations have very little ef-

fect on the dark matter density, but may have important effects on the light-element

abundances [27, 37, 38, 61].

The rate per volume of annihilation events is

qann =
1

2
n2χ〈σv〉ann, (7.1)

and so the annihilation event rate per χ is

Γann =
qann
nχ

=
1

2
〈σv〉annnχ =

1

2
〈σv〉annYχnb, (7.2)

and thus the annihilation event rate per baryon is

qann
nb

= ΓannYχ =
1

2
〈σv〉annY 2

χnb, (7.3)

where the χ abundance is

Yχ =
nχ
nb

=
mb

mχ

Ωχ

Ωb
. (7.4)

At the temperatures of interest here, TBBN <∼ 1 MeV ≪ mχ, the annihilation rate

coefficient 〈σv〉ann is very well approximated as a constant, the value of which depends

on the specific underlying supersymmetry model. In eq. (7.1), we are interested in only

the s-wave part of the cross-section whereas a combination of s- and (mainly) p-wave

cross-sections is constrained by the requirement of reproducing the present dark matter

density within errors.

The annihilations inject non-thermal Standard Model particles, including both elec-

tromagnetic as well as hadronic species. For electromagnetic products we need only
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track the total energy injected per annihilation. For non-thermal hadrons (nucleons)

h = n, p, we calculate the spectrum Qann
h (ǫ) of annihilation products, normalized such

that
∫
Qann

h (ǫ) dǫ = Bh, the expected number of h created per annihilation. Then the

injection/source rate of h due to annihilations, per unit volume, per unit time, and per

unit kinetic energy ǫ, is
dN ann

h,inj

dV dt dǫ
= qannQ

ann
h (ǫ) . (7.5)

These particles then lose energy as they propagate in the cosmic plasma. The

propagated spectrum of non-thermal particles must be calculated, and this produces

the non-thermal reactions on ambient thermal light nuclides that perturb BBN.

The effect of non-thermal particle injection in BBN has been well-studied in the case

of decays of some unstable particle X. Much of the physics carries over here, once one

makes the appropriate substitution of abundances nX → nχ and of annihilation rate for

decay rate: ΓX = τ−1
X −→ Γann, as we explained in Chapter 4.

7.2 Order-of-magnitude calculation

Before turning to our numerical results, we first present an order-of-magnitude calcula-

tion that illustrates the basic physics in play, and also serves as a check on our numerical

results. The total number of annihilation events per baryon occurring after a given time

ti is the time integral of eq. (7.3)

Nann =

∫

ti

Γann Yχ dt ∼ Y 2
χ 〈σv〉annnb(ti) ti (7.6)

= 5× 10−9 events/baryon

( 〈σv〉ann
10−26 cm3 s−1

) (
300GeV

mχ

)2

. (7.7)

Our fiducial values correspond to ti ∼ 100 sec and Ti ∼ 100 keV, since this marks the

epoch when the 4He abundance becomes large.

Given this number of annihilations per baryon, we now need the branching for 6Li

production per annihilation. As discussed earlier, non-thermal particles from annihila-

tions or decays produce 6Li as a secondary by-product of 4He spallation:

pnonthermal
4He → 3Hnonthermal + · · ·

3Hnonthermal +
4He → 6Li + n , (7.8)
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and similarly with nonthermal 3He; nonthermal D also contributes but is subdominant.

As discussed for the late-decay case in [47], each late annihilation produces a mass-3

abundance increment ∆Y (3A) which is given in the thin target limit by

∆Y (3A) ∼ NannBN
σ(Nα → 3A+ · · · )
σ(Nα → inelastic)

, (7.9)

where BN ∼ 0.4 is the number of nucleons per annihilation. Typically this increases

the mass-3 abundance by an amount ∆Y (3A) ∼ 10−9 ≪ YBBN(
3A) ∼ 10−5, i.e., much

smaller than the standard primordial abundance, and thus we do not expect substantial

perturbations to mass-3 nuclides, or to D, which has similar cross sections, or to 4He.

The energetic A = 3 particles are slowed in the cosmic plasma by ionization and

related losses, with a range R3 =
∫
(dE/dX)−1dE, where dE/dX is the loss rate per

thickness dX = ρbdx in [g/cm2]. Hence the stopping length is R3/ρb. The fraction of

mass-3 nuclides which produce 6Li before stopping is this stopping length divided by

the mean free path for 6Li production, namely:

f(3A→ 6Li) ∼ nασ(
3Aα→ 6Li)

R3

ρb
∼ Yα

σ(3Aα→ 6Li)R3

mb
∼ 7× 10−4 . (7.10)

Collecting these results, the residual late-time annihilation contribution to the 6Li abun-

dance per baryon is

∆Y (6Li) = ∆Y (3A) f(3A→ 6Li)

∼ BNY
2
χ 〈σv〉annYα

σ(Nα→ 3A+ · · · )
σ(Nα→ inelastic)

σ(3Aα→ 6Li)R3

mb
nb(ti) ti

= 7× 10−13

( 〈σv〉ann
10−26 cm3 s−1

) (
300 GeV

mχ

)2

. (7.11)

The numerical results given above are evaluated for ti = 100 sec, and we also

take R3 = 1g/cm2 and σ(3Aα → 6Li) = 30 mb. This formula gives the scaling

∆Y (6Li) ∝ BN 〈σv〉ann(Ωχ/mχ)
2 which we verify with our full numerical results, and

the normalization agrees to within a factor ∼ 2. This agreement lends confidence in our

code and our understanding of the physics.

7.3 Numerical results

We turn now to our full numerical results. In order to establish the context for our subse-

quent analysis of the possible annihilation effects along the strips in CMSSM parameter
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space that are compatible with WMAP and other constraints on the present-day dark

matter density, we first discuss the full CMSSM (m1/2,m0) planes shown in Fig. 7.1.

The light blue lines are contours of the 6Li abundance, and the relic density is WMAP-

compatible [3] along the dark blue strips, assuming that the lightest neutralino χ is the

LSP and is stable, as in R-conserving models. There would be no consistent electroweak

vacuum in the pink shaded region at small m1/2 and large m0, the lighter τ̃ would be

the LSP in the brown shaded region, and the green shaded region is excluded by b→ sγ

decay 1 [129]. Regions to the left of the red dash-dotted (black dashed) (purple) line

are excluded by searches for the Higgs boson at LEP (charginos) (LHC searches for

sparticles) [130]. In the paler pink region the supersymmetric contribution remedies the

discrepancy between the experimental measurement of gµ−2 and theoretical calculation

within the Standard Model [131, 132] using low-energy e+e− data, with 1- (2-)σ [132]

consistency being indicated by the dashed (solid) black lines.

We see in the left panel of Fig. 7.1 showing the (m1/2,m0) plane for tan β = 10 that

most of the lower (coannihilation) WMAP strip has 6Li/H < 10−13, whereas the upper

(focus-point) strip may have 6Li/H as large as 10−12. There is a region where 6Li/H

seems able to exceed 10−11, but this is well inside the region between the WMAP strips,

where the relic χ is overdense according to conventional Big-Bang cosmology. In the

right panel of Fig. 7.1 for tan β = 55, we see that 6Li/H ∼ 10−13 along the coannihilation

strip and in the funnel region at large m1/2 and m0 where the relic density is brought

into the WMAP range by rapid annihilations through direct-channel H/A resonances,

though somewhat larger values of 6Li/H are possible at small m1/2. Along the focus-

point strip, we see that values of 6Li/H ∼ 10−12 are also possible at small m1/2, falling

to ∼ 10−13 at large m1/2. The range 6Li/H ∼ 10−11 is never attained for tan β = 55,

even in the overdense region of the (m1/2,m0) plane.

We now focus on the WMAP strips in Fig. 7.1. The left panel of Fig. 7.2 displays the

figure-of-merit combination 〈σv〉ann(Ωχh
2/mχ)

2 as a function of m1/2 along the WMAP

strips in the CMSSM for tan β = 10 and 55. We see that 〈σv〉ann(Ωχh
2/mχ)

2 along the

coannihilation strip for tan β = 10 is much smaller than along the other strips. This

can be understood from the fact that along this strip several coannihilation processes

1 According to conventional Big-Bang cosmology and in the absence of R violation, the LSP χ would
be overdense in the regions between the WMAP strips. It would be underdense in the regions between
these strips and the pink and brown shaded regions.
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involving sleptons contribute to reducing the relic χ density into the WMAP range, and

that their relative contributions become more important as m1/2 increases. In addition,

along this strip the s-wave cross-section relevant during BBN is significantly smaller

than the p-wave cross-section that dominates during freeze-out. These coannihilation

processes are less important along the corresponding strip for tan β = 55, and unimpor-

tant in the funnel region and along the focus-point strips, where the s-wave cross-section

becomes comparable to the total cross section. Hence, along these strips 〈σv〉ann must

be larger, in order to bring the relic density down into the WMAP range unaided. Note

that the precipitous drop in the cross section at low m1/2 for the tan β = 10 focus point

strip occurs as we pass below the W+W− threshold.

The χχ annihilations feed many different particle species into the cosmological back-

ground, initially with non-thermal spectra that we model using PYTHIA [59]. The only

species that survive long enough to interact significantly with background nuclei are

protons and neutrons (and their antiparticles) and photons. The former are far more

important for the nuclear reactions of interest here, so we focus on their numbers and

spectra. The right panel of Fig. 7.2 displays the numbers of protons (solid or dotted

lines) and neutrons (dashed or dash-dotted lines) produced per annihilation event, again

along the WMAP strips for tan β = 10, 55 discussed previously. We see that in general

the numbers of protons and neutrons increase significantly as m1/2 increases, with some

bumps as new annihilation thresholds are crossed.

Fig. 3 of [133] displays the most important branching fractions for final states in

χχ annihilations as functions of m1/2 along the WMAP strips for tan β = 10 and 55,

which include the final states τ+τ−, bb̄, W+W−, tt̄, hZ and ZZ. Of these, the τ+τ−

final state clearly yields no baryons, while the numbers of baryons yielded by the final

statesW+W−, hZ and ZZ are all independent of the annihilation centre-of-mass energy

2mχ. Only the bb̄ and tt̄ final states yield numbers of baryons that increase with the

annihilation centre-of-mass energy.

Fig. 7.3 displays the spectra of protons (upper panel) and neutrons (lower panel)

for the W+W−, hZ and ZZ final states for mχ = 250 GeV, and for the bb̄ final state

for mχ = 100, 250 GeV, all calculated using PYTHIA. We display the number of protons

or neutrons per unit of the parameter x ≡
√
E2

i −m2
i /mχ, where i = p, n. The proton

and neutron spectra are almost identical. They differ in the small x region primarily
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because of the difference of mp and mn. We also see that the W+W−, hZ and ZZ final

states yield rather similar spectra, with the spectrum from the hZ final state rising

slightly higher. The spectra of baryons from bb̄ final states rise from being lower at

mχ = 100 GeV to being higher at mχ = 250 GeV.

Together with Fig. 3 of [133], Fig. 7.3 enables us to understand the salient features

of the baryon production rates shown in the right panel of Fig. 7.2. The large branching

fraction for τ+τ− suppresses baryon injection along the coannihilation strip for tan β =

10, particularly for small m1/2 but less so for large m1/2 where the W+W− branching

fraction grows.

Following their injection into the primordial plasma, some of the nucleons cause spal-

lation of 4He, yielding A = 3 nuclei as discussed above. These are produced with large,

non-thermal energies and subsequently thermalize, but may previously induce t(α, n)6Li

or 3He(α, p)6Li reactions. Fig. 7.4 displays the enhancement of the cosmological 6Li

abundance that we find along the WMAP strips discussed above. The homogeneous

BBN value ∼ 10−14 is attained at large m1/2 along the WMAP coannihilation strip for

tan β = 10, but much larger values are possible along the other WMAP strips 2 , where

we find 6Li/H ∼ 10−13 at large m1/2 to 10−12 at small m1/2. We have found that the

enhancement of 6Li scales very closely with the combination BN 〈σv〉ann/m2
χ, as was to

be expected.

We recall that the enhancement of 6Li/H that would be required for consistency

with eq. (3.5) is by a factor ∼ 1000, rather than the factor of up to ∼ 100 that we

find here. However, as we have noted there remains a question as to whether or not

the plateau ratio of 0.05 should be attributed to 6Li. The abundance of 6Li we find

here is potentially observable and would in fact be seen as a plateau extending to

low metallicities. Optimistically, we could envision 6Li observations playing a role in

discerning between supersymmetric models. In any case, we regard the enhancement

we find as already an interesting contribution to the analysis of the 6Li problem.

2 The region of enhanced 6Li along the WMAP coannihilation strip for tanβ = 10 with m1/2 <

400 GeV is now excluded by the unsuccessful LHC searches for supersymmetry [130, 134].
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7.4 Exploration of non-universal Higgs models

It is quite possible that some modifications of the CMSSM might yield even greater

enhancements of the 6Li abundance. To be successful in this respect, it is apparent

from eq. (7.11) that such a model would require a relatively large annihilation cross

section 〈σv〉ann combined with a small value of mχ, as in the focus-point region of the

CMSSM. There, the relatively large value of 〈σv〉ann is made possible by the admixture

of a Higgsino component in the χ, and along this strip the low value of mχ is consistent

with the LHC and other constraints [134].

In an initial probe of other possibilities for a large enhancement of the 6Li abun-

dance, we have explored the NUHM1 model, in which the soft supersymmetry-breaking

contributions to the Higgs masses have a common value that differs from m0. It is

known that in this model the Higgsino component in the LSP χ may be enhanced at

values of m1/2 and m0 away from the focus-point region, thanks to a level-crossing tran-

sition at particular values of µ/m1/2 [70]. In the CMSSM, the value of µ is generally

fixed by applying the conditions for a consistent electroweak vacuum. However, in the

NUHM1 the value of µ/m1/2 can be adjusted by varying the degree of non-universality

in the soft supersymmetry-breaking Higgs masses, enabling a WMAP-compatible relic

density to be found in models with values of (m1/2,m0) different from those allowed in

the CMSSM.

We have explored the conditions under which such transition regions in the NUHM1

may yield an enhancement of 6Li/H similar to, or (possibly) greater than the value

∼ 10−12 attainable in the CMSSM in the focus-point region. To this end, we have

studied over a dozen NUHM1 parameter planes. In no case did we find enhancements

of 6Li/H significantly larger than in the CMSSM (and this is also the case in some planes

we explored in the NUHM2, in which both Higgs soft supersymmetry-breaking masses

are treated as free, non-universal parameters).

Fig. 7.5 shows results in a couple of selected NUHM1 parameter planes. The left

panel shows an (m1/2,m0) plane for tan β = 10, A0 = 0 and fixed µ = 250 GeV. In

this case, there is a near-vertical WMAP-compatible strip in a transition region at

m1/2 ∼ 400 GeV. This transition strip is compatible with the LEP Higgs constraint,

and the upper part of the strip above m0 ∼ 700 GeV is compatible with the constraints
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imposed by LHC searches for sparticles. We see that the 6Li/H ratio is remarkably

constant at ∼ 5 × 10−13 along this strip. It would be possible to increase 6Li/H to

∼ 10−12 by choosing µ somewhat smaller, in which case the WMAP-compatible strip

would be at smaller m1/2. In that case, the LHC would enforce a stronger lower limit

on m0, closer to the CMSSM focus-point strip. On the other hand, larger values of µ

yield small values of the 6Li abundance, and we find no increase in the 6Li abundance

for larger tan β.

The right panel of Fig. 7.5 displays a (µ,m0) plane in the NUHM1 for tan β =

20, A0 = 0 and fixed m1/2 = 500 GeV, at the lower end of the range allowed by the

LHC and other data for m0 < 1000 GeV. In this case, there are near-vertical WMAP-

compatible strips in transition region at |µ| ∼ 300 GeV, where 6Li/H approaches 10−12.

There is also a WMAP-compatible strip near µ ∼ 1000 GeV that parallels the region

without a consistent electroweak vacuum (here caused by m2
A < 0), where 6Li/H is

again somewhat below 10−12. Connecting these two regions is a coannihilation segment

at m0 ∼ 100− 200 GeV where the 6Li abundance is relatively small. We have explored

several other NUHM1 (µ,m0) planes, finding that increasing m1/2 decreases the attain-

able value of 6Li/H. We have also explored several other projections of the NUHM1

and NUHM2, including (mA,m1/2), (mA,m0), (µ,mA) and (m1,m2) planes, without

finding values of 6Li/H above 10−12.
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Figure 7.1: Left: The CMSSM (m1/2,m0) plane for A0 = 0 and tan β = 10, and
Right: the corresponding plane for tan β = 55, both with µ > 0, displaying contours
of the 6Li abundance including the effects of late-time χχ annihilations. Contours of
the 6Li abundance are coloured light blue, and the WMAP-compatible [3] strips of
parameter space are shaded dark blue. The brown shaded region at large m1/2 and
small m0 is excluded because the LSP would be charged, and in the pink shaded region
at small m1/2 and large m0 there would be no consistent electroweak vacuum. Also
shown are the exclusion by LEP searches for the Higgs boson (red dash-dotted line)
and charginos (black dashed line), and by LHC searches for sparticles (purple solid and
dotted line) [130]. The green shaded region is excluded by b → sγ [129], and the paler
pink region is favoured by gµ − 2 at the 1- (2-)σ level [132], as indicated by the dashed
(solid) black lines.
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Figure 7.2: Left: The figure of merit for the late-time annihilation rate, namely the
velocity-averaged χχ annihilation cross section divided by the square of the neutralino
mass, 〈σv〉ann(Ωχh

2/mχ)
2, along the WMAP strips in the coannihilation, focus-point

and funnel regions for tan β = 10, 55, A0 = 0 and µ > 0, as functions of m1/2. We
see that the figure of merit along the tan β = 10 coannihilation strip is much smaller
than along the other strips, and that all decrease rapidly as m1/2 increases. Right:
The numbers Bp,n of protons (solid or dotted lines) and neutrons (dashed or dash-
dotted lines) produced per χχ annihilation event, as calculated using PYTHIA, along the
WMAP strips in the coannihilation, focus-point and funnel regions for tan β = 10, 55,
A0 = 0 and µ > 0, as functions of m1/2. We see that in general the numbers increase
significantly as m1/2 increases.
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by χχ annihilations into the Zh, W+W−, ZZ and bb̄ (for mχ=100 and 250 GeV) final
states, as calculated using PYTHIA.
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Chapter 8

Summary and Conclusions

We have studied the cosmological constraints on unstable gravitinos in R-conserving

CMSSM scenarios with a neutralino LSP arising from their effects on the light-element

abundances. The first step in this study was the calculation of two-body gravitino decay

modes and some important three-body decay modes. The next step was the simulation

of the electromagnetic and hadronic products of these decays using PYTHIA. We have

then used our new suite of codes to simulate the interactions of these decay products

with the cosmological plasma, including both energy losses and interactions with the

nuclei of light elements that affect their abundances. Generally, we find that details of

the decay spectra are less important than the overall fractions of baryons produced in

the gravitino decays. These fractions are model-dependent, and vary considerably with

the gravitino mass and the CMSSM parameters. In addition to the baryon fractions,

the constraints on the gravitino abundance inferred from the observed light-element

abundances depend sensitively on the gravitino lifetime, and are generally weaker in

scenarios with a shorter-lived gravitino.

For m3/2 < 3 TeV, none of the CMSSM scenarios we study solves the cosmological

7Li problem. Accordingly, one must either reject these CMSSM scenarios, or re-evaluate

the observational data on 7Li, or postulate some other mechanism for bringing the 7Li

abundance into line with standard BBN predictions, or find some way to modify these

predictions. Setting the 7Li problem aside, we find that the strongest constraints are

usually those imposed by the 6Li/7Li ratio, with weaker limits coming from the D/H,

3He/D and 4He constraints. We have evaluated these constraints along WMAP strips in

95
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the (m1/2,m0) plane where the relic neutralino density falls within the expected range

for cold dark matter, for m3/2 = 250, 500, 750, 1000 and 5000 GeV, A0 = 0 and two

representative choices tan β = 10, 50. There are two strips for each choice of tan β: one

in the coannihilation and funnel region, and one in the focus-point region.

We find that the upper limits on ζ3/2 = m3/2n3/2/nγ are quite similar along these

WMAP strips, that they weaken as m1/2 increases for fixed m3/2 (particularly for

tan β = 50), that they strengthen by about an order of magnitude as m3/2 increases

from 250 GeV towards 1000 GeV, and that the constraints are significantly weaker for

m3/2 = 5000 GeV. The constraints also weaken considerably as the neutralino mass

approaches m3/2 from below, as the phase space for gravitino decay disappears. For

larger values of m1/2, the neutralino is no longer the LSP, and the WMAP strips are

inapplicable.

Extending these studies to larger m3/2, we find that the D/H and 7Li/H constraints

may become marginally compatible for m3/2 >∼ 3 TeV and a very narrow range of grav-

itino abundance that increases with m3/2. In this region, both thermal and non-thermal

neutrons destroy 7Be via the 7Be(n, p)7Li reaction, which is followed by 7Li destroyed

via the 7Li(p, α)4He reaction for a finely-tuned range of lifetimes around τX ∼ 103

sec. We find that the competing upward perturbations to D/H and 3He/D drive these

species away from their observed levels in the regimes where the 7Li problem is solved.

This highlights the continued importance of the nuclear reaction data, particularly at

energies beyond the <∼ 1 MeV range important for standard, thermal BBN reactions.

We have analyzed the possible effects of the uncertainties of the 36 different non-

thermal nuclear reactions included in our code, and identified three as the most impor-

tant, namely n4He → npt, n4He → dnnp and n4He → nn3He.

As an example of the possible applications of our uncertainty analysis, we have

considered the late decays of massive gravitinos in various benchmark supersymmetric

scenarios, and we have made a likelihood analysis of the possibility that the 7Li prob-

lem might be mitigated or even marginally solved in some ranges of m3/2 and ζ3/2,

incorporating uncertainties in the nuclear reaction rates.

We confirm that there are indeed regions of the (m3/2, ζ3/2) parameter planes in these

scenarios where the global χ2 function is reduced from its value ∼ 31.7 in conventional

BBN (∼ 21.8 if the globular-cluster value for the 7Li abundance is adopted) to χ2 ∼ 5.5.
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This provides a very significant alleviation of the 7Li problem, reducing it from a 4- or

5-σ problem to a <∼ 2-σ issue. The fact that our best-fit points lie within the χ2 = 6

contours in Fig. 6.8 implies that they have a goodness-of-fit slightly exceeding 5%, which

is marginal for considering massive gravitino decay as a ‘solution’ to the cosmological
7Li problem.

Turning to the possible 6Li problem, we have demonstrated that in both the CMSSM

and the NUHM1 it is possible that late neutralino LSP annihilations may enhance

significantly the cosmological 6Li abundance, without affecting significantly the BBN

abundances of the other light element deuterium, 3He, 4He and 7Li. This enhancement

may be up to two orders of magnitude, yielding 6Li/H ∼ 10−12 compared to the BBN

value ∼ 10−14.

As we have shown, this enhancement occurs typically when the neutralino LSP

is relatively light and has a large annihilation cross section, as occurs when the LSP

contains a strong Higgsino admixture. This phenomenon appears, in particular, in the

focus-point region of the CMSSM and in transition regions of the NUHM1.

While interesting for the debates on the astrophysical lithium abundances, this en-

hancement falls short of resolving by itself the cosmological 6Li problem. Further work

could include a more exhaustive study of other supersymmetric models, to see whether

they could reconcile a larger enhancement with the available theoretical, phenomenolog-

ical, experimental and cosmological constraints. It is clearly desirable to pin down more

definitively the magnitude of the 6Li problem by establishing more solidly the existence

and height of the inferred 6Li plateau in halo stars. However, it already seems that a

substantial enhancement of the standard homogeneous BBN prediction for 6Li/H might

be an interesting signature of supersymmetric models.

The supersymmetric possibility of ‘solving’ the 7Li problem and/or the possible 6Li

problem is currently at a very intriguing stage. Clearly, this approach to ‘solving’ the

lithium problems would be given an enormous boost if experimental evidence were to

emerge for supersymmetry, either at the LHC or in (in)direct searches for astrophysical

dark matter. If supersymmetry were to be discovered, the search for evidence of a

possible metastable supersymmetric particle and the LSP would assume high priority,

and it would be an exciting challenge to correlate their possible roles in cosmology and

in the laboratory.
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Appendix A

Single Gravitino-MSSM Vertices

with Broken Electroweak

Symmetry

We write here all the interactions of a single on-shell gravitino with MSSM fields (we

also include the term (2.19) worked out in the main text). Besides the relations already

written in Section 2.2, we also use the Higgs decomposition [77]

H1
2 = H+ cos β, H2

1 = H− sinβ,

H1
1 = v1 +

1√
2

(
H0

1 cosα−H0
2 sinα+ iH0

3 sin β
)
,

H2
2 = v2 +

1√
2

(
H0

1 sinα+H0
2 cosα+ iH0

3 cos β
)
, (A.1)

the sfermion rotation between the mass eigenstates f̃1, f̃2 and the interaction eigenstates

f̃L, f̃R
1

(
f̃1

f̃2

)
=

(
cf −s∗f
sf c∗f

)(
f̃L

f̃R

)
, |cf |2 + |sf |2 = 1 (A.2)

1 We denote the chiral multiplets associated to SM l.h. fermions by (PLν, ν̃L), (PLe, ẽL), (PLu, ũL),
(

PLd, d̃L

)

, and the multiplets associated to SM r.h. fermions by (PLe
c, ẽ∗R), (PLu

c, ũ∗
R),

(

PLd
c, d̃∗R

)

;

family indices are understood.
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and the relations between the gaugino, and neutralino/chargino mass eigenstates [77]

B̃ = (N∗
i1 PL +Ni1 PR) χ̃

0
i ,

W̃ 3 = (N∗
i2 PL +Ni2 PR) χ̃

0
i ,

Ã1 − iÃ2

√
2

≡ W̃ =
(
V ∗
j1 PL + Uj1 PR

)
χ̃j ,

⇒ Ã1 + iÃ2

√
2

≡ W̃ c =
(
U∗
j1 PL + Vj1 PR

)
χ̃c
j . (A.3)

We find

Lint = LWχ̃ + Lγχ̃0 + LZχ̃0 + LHχ̃ + LH0χ̃0 + Lff̃ + LGG̃ (A.4)

+LWH0χ̃ + LWHχ̃0 + LWWχ̃0 + LWff̃ + LγHχ̃ + Lγff̃ + LZHχ̃

+LZH0χ̃0 + LZff̃ + LWγχ̃ + LWZχ̃ + LGGG̃ + LGff̃

where

LWχ̃ = − ψ̄µ

MP

[(√
2MW cos β U∗

j2 η
µσ +

i

4
[γρ, γσ] γµU∗

j1∂
(W )
ρ

)
PL

+

(√
2MW sin β Vj2 η

µσ +
i

4
[γρ, γσ] γµ Vj1∂

(W )
ρ

)
PR

]
W+

σ χ̃c
j

− ψ̄µ

MP

[(√
2MW cos β Uj2 η

µσ +
i

4
[γρ, γσ] γµUj1∂

(W )
ρ

)
PR

+

(√
2MW sin β V ∗

j2 η
µσ +

i

4
[γρ, γσ] γµ V ∗

j1∂
(W )
ρ

)
PL

]
W−

σ χ̃j

(A.5)

Lγχ̃0 = − i

4MP
ψ̄µ [γρ, γσ] γµ ∂ρAσ

[
(cos θwN

∗
i1 + sin θwN

∗
i2)PL

+(cos θwNi1 + sin θwNi2)PR

]
χ̃0
i (A.6)

LZχ̃0 = − 1

MP
ψ̄µ

{[
MZ (cos β N∗

i3 − sin β N∗
i4) η

µσ

+
i

4
[γρ, γσ] γµ (cos θwN

∗
i2 − sin θwN

∗
i1) ∂

(Z)
ρ

]
PL

+
[
MZ (cos β Ni3 − sin β Ni4) η

µσ

+
i

4
[γρ, γσ] γµ (cos θwNi2 − sin θwNi1) ∂

(Z)
ρ

]
PR

}
Zσ χ̃

(0)
i

(A.7)



113

LHχ̃ = − 1

MP
ψ̄µ

√
2 i ∂µH+

(
sin β U∗

j2 PL − cos β Vj2 PR

)
χ̃c
j + h. c. (A.8)

LH0χ̃0 = − 1

MP
ψ̄µ

{
i [(cosαN∗

i3 + sinαN∗
i4)PL − (cosαNi3 + sinαNi4)PR] ∂

µH0
1 χ̃

0
i

+i [(− sinαN∗
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2 χ̃
0
i

+ [(sin β N∗
i3 + cos β N∗
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3 χ̃
0
i
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(A.9)

Lff̃ = − 1

MP
ψ̄µ

√
2 i
[ ∑

f=ν,e,u,d

(
cf ∂

µf̃∗1 + sf ∂
µf̃∗2
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PL f +
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f=e,u,d

(
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)
PL f

c
]
+ h. c. (A.10)

LGG̃ = − i

4MP
ψ̄µ [γρ, γσ] γµ ∂ρG

a
σ G̃

a (A.11)

LWH0χ̃ = − 1

MP
ψ̄µ

g√
2
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cosαU∗

j2 PL + sinαVj2 PR
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ρ W−
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i (A.14)
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MP
ψ̄µ g
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∗
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2)PL e+ (cu ũ

∗
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∗
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∗
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(
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∗
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∗
2
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LγHχ̃ = − 1

MP
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√
2 e
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− sinβ U∗
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MP
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2 eAµ
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∗
2

)
PLf −

(
−sf f̃1 + cf f̃2

)
PLf

c
]
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LZHχ̃ = − 1

MP
ψ̄µ

g
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)
ZµH+ χ̃c

j + h. c.

(A.18)

LZH0χ̃0 = − 1

MP
ψ̄µ

g

2 cos θw

{[
(cosαN∗

i3 − sinαN∗
i4)PL

+(cosαNi3 − sinαNi4)PR

]
ZµH0

1 χ̃
0
i

− [(sinαN∗
i3 + cosαN∗

i4)PL + (sinαNi3 + cosαNi4)PR]Z
µH0

2 χ̃
0
i

−i [(sin β N∗
i3 − cosβ N∗

i4)PL − (sin β Ni3 − cosβ Ni4)PR]Z
µH0

3 χ̃
0
i

}

(A.19)

LZff̃ = − 1

MP
ψ̄µ

√
2 g Zµ

cos θw

[
∑

f=ν,e,u,d

Zf
L

(
cf f̃

∗
1 + sf f̃

∗
2

)
PL f

−
∑

f=e,u,d

Zf
R

(
−sf f̃1 + cf f̃2

)
PL f

c

]
+ h. c. (A.20)

LWγχ̃ = − g

4MP
ψ̄µ [γρ, γσ] γµW+

ρ sin θwAσ

(
U∗
j1 PL + Vj1 PR

)
χ̃c
j + h.c. (A.21)

LWZχ̃ = − g

4MP
ψ̄µ [γρ, γσ] γµW+

ρ cos θwZσ

(
U∗
j1 PL + Vj1 PR

)
χ̃c
j + h.c. (A.22)

LGGG̃ =
i gs
8MP

ψ̄µ [γρ, γσ] γµ fabc G̃aGb
ρG

c
σ (A.23)

LGff̃ = − 1

MP
ψ̄µ

gs√
2
Gaµ

∑

f=u,d

[(
cf λ

a∗ f̃∗1 + sf λ
a∗ f̃∗2

)
i
PL fi

−
(
−sf λa f̃1 + cf λ

a f̃2

)
i
PL f

c
i

]
+ h.c. (A.24)

In the above expressions, ∂(W ), and ∂(Z) denote a derivative acting only on the W ,

and Z fields, respectively; qf denotes the electric charge of the fermion f ; Zf
L = 1

2 , −1
2 +

sin2 θw,
1
2 − 2

3 sin
2 θw, −1

2 +
1
3 sin

2 θw for ν, e, u, d, respectively; Zf
R = sin2 θw, −2

3 sin
2 θw,

1
3 sin

2 θw for e, u, d, respectively; λa are the Gell-Mann matrices. Moreover, in some of

the above expressions we have also used the identities

(
ψ̄µ PL χ̃j

)†
= ¯̃χj PR ψµ = ψ̄µ PR χ̃

c
j ,

(
ψ̄µ [γρ, γσ] γµ PL χ̃

c
j

)†
= −ψ̄µ [γρ, γσ] γµ PR χ̃j

(A.25)



Appendix B

Gravitino Decay Amplitudes

Following the discussion on the CMSSM in Section 2.1, we take into account the left-

right mixing for the third generation of squarks and sleptons, while we do not consider

mixing among generations. We treat the neutrinos as in the Standard Model, i.e.,

as massless, purely left-handed neutrinos (and right-handed anti-neutrinos) only. To

facilitate the description below, we rewrite eq. (A.2) in a more abstract form:

(
t̃L

t̃R

)
=

(
Ut̃ 1L Ut̃ 2L

Ut̃ 1R Ut̃ 2R

)(
t̃1

t̃2

)
, (B.1)

where the transformation matrix is unitary. There are similar interaction/mass-eigenstate

transformations for b̃ and τ̃ . The other transformations of the fields between interaction-

and mass-eigenstate are given in Section 2.2 and Appendix A.

First we list the amplitudes for all the two-body gravitino decay channels. We

denote by mb and mf the masses of the final-state bosons and fermions, respectively.

For G̃→ χ̃0
i γ and G̃→ g̃ g, we have:

|M|2 = 1

6m2
3/2M

2
P

|B|2
(
3m2

3/2 +m2
f

)(
m2

3/2 −m2
f

)2
, (B.2)

where B = N ′
i1 for the χ̃

0
i final states, with N

′
i1 = Ni1 cos θW +Ni2 sin θW , and θW is the

weak mixing angle, and B = 1 for the g̃ final state. For G̃ → χ̃±
j W

∓ and G̃ → χ̃0
i Z,

115
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we have:

|M|2 =
1

12m2
3/2M

2
P

{
12 (C D + C∗D∗)m3

3/2m
2
bmf +

(
|C|2 + |D|2

)

×
[
3m6

3/2 −m4
3/2

(
5m2

f +m2
b

)
+m2

3/2

(
m4

f −m4
b

)
+
(
m2

f −m2
b

)3]
}

+
G2

24m2
3/2m

2
bM

2
P

{[
m4

3/2 − 2m2
3/2

(
m2

f − 5m2
b

)
+
(
m2

f −m2
b

)2]

×
[
2 (E F + E∗F ∗)m3/2mf +

(
|E|2 + |F |2

)(
m2

3/2 +m2
f −m2

b

) ]}

+
G

6m3/2M
2
P

{
(DE∗ + ED∗ + CF ∗ + FC∗)

×
[
−2m4

3/2 +m2
3/2

(
m2

f +m2
b

)
+
(
m2

f −m2
b

)2]

− 3 (C E +DF + C∗E∗ +D∗F ∗)m3/2mf

(
m2

3/2 −m2
f +m2

b

)}
, (B.3)

where C = Vj1, D = Uj1, E = −v1Uj2, F = −v2Vj2 and G = g for the χ̃±
j final states;

and C = D = N ′
i2, with N

′
i2 = −Ni1 sin θW +Ni2 cos θW , E = F = 1√

2
(−v1Ni3 + v2Ni4)

and G = g/ cos θW for the χ̃0
i final states. In the above expression, the first and second

lines come from the gauge part of eq. (2.14) (the third line), the third and fourth lines

come from the matter part of eq. (2.14) (the second line), with the gauge bosons coming

from the covariant derivative and the Higgs field φ taking its vacuum expectation value

(see eq. (A.1)), and the rest of the lines come from the interference of these two parts.

For G̃→ f̃ f , G̃→ χ̃j
±H∓ and G̃→ χ̃0

i H
0
1,2,3, we have:

|M|2 =
1

12m2
3/2M

2
P

[ (
|H|2 + |K|2

)(
m2

3/2 +m2
f −m2

b

)
− 2 (HK +H∗K∗)m3/2mf

]

×
[
m4

3/2 − 2m2
3/2

(
m2

f +m2
b

)
+
(
m2

f −m2
b

)2]
, (B.4)

whereH =K = 1√
2
(Ni4 sinα+Ni3 cosα) for theH

0
1 final state; H = K = 1√

2
(Ni4 cosα−

Ni3 sinα) for the H
0
2 final state; H = −K = 1√

2
(Ni4 cos β +Ni3 sinβ) for the H

0
3 final

state; H = Uj2 sin β and K = Vj2 cosβ for the H± final state; H = U∗
t̃ kR

and K = Ut̃ kL

for the t̃k final state (and similarly for b̃k and τ̃k with their corresponding mixing ma-

trices U
b̃
and Uτ̃ , respectively); H = 0 and K = 1 for all the f̃L and ν̃ final states; and

H = 1 and K = 0 for all the f̃R final states. To get the partial widths, one need to



117

multiply (B.4) by the phase-space factor:

Nc

16πm3
3/2

√[
m2

3/2 − (mf −mb)
2
] [
m2

3/2 − (mf +mb)
2
]
, (B.5)

where Nc is the color factor (3 for q q̃ channels, 8 for the g g̃ channel, and 1 otherwise).

The amplitude for the three-body decay G̃→ χ̃0
i γ

∗ → χ̃0
i qq is

|M|2 =
g2 sin2 θWQ

2
q

3 s2m2
3/2M

2
P

{
4 smχ̃0

i
m3

3/2

(
N ′ 2

i1 +N ′∗ 2
i1

) (
s+ 2m2

q

)

+
∣∣N ′

i1

∣∣2
[
3m6

3/2

(
s+ 2m2

q

)
+m4

3/2

(
− 3 s (s+ 2 t) +m2

χ̃0
i

(
s− 10m2

q

))

+ m2
3/2

(
6 sm4

q + 2m2
q

(
− 3 s (s+ 2 t) + 2 sm2

χ̃0
i
+m4

χ̃0
i

)

+ s
(
s2 + 8 st+ 6 t2 − 4m2

χ̃0
i
(s+ 2 t) + 3m4

χ̃0
i

))
−
(
s−m2

χ̃0
i

)(
2 sm4

q − 2m2
q

×
(
2 st+ sm2

χ̃0
i
−m4

χ̃0
i

)
+ s

(
s2 + 2 st+ 2 t2 − 2m2

χ̃0
i
(s+ t) +m4

χ̃0
i

))]
}
,(B.6)

where s and t are the invariant masses of the qq and qχ̃0
i systems, respectively, mχ̃0

i
is

the mass of the neutralino χ̃0
i , where the LSP corresponds to i = 1, and Qq = 2/3 or

−1/3 for the corresponding quarks. The differential decay rate is

dΓ

ds dt
=

Nc

256π3m3
3/2

|M|2. (B.7)

These three-body and two-body analytic expressions were also given in [41] and [127].

For G̃→ χ̃0
i W

+W−, there are contributions from four generically different diagrams:

contact, γ/Z exchange, χ̃±
j exchange and H0

1/H
0
2 exchange diagrams. The amplitude

is too long to be listed here, so we just write the matrix elements for each of these

diagrams (suppressing the polarization indices):

iMcontact =
i

4MP
g u(q′) (PRNi2 + PLN

∗
i2) γ

µ [γρ , γσ ]ψµ(p) ǫ
ρ ∗(k) ǫσ ∗(k′) ,

iMG̃→χ̃0
i γ

∗→χ̃0
i W

+W− =
i

4MP

1

(k + k′)2
gαβg sin θW u(q′)

(
PRN

′
i1 + PLN

′∗
i1

)
γµ

· [/k + /k′ , γα]ψµ(p)×
[ (

2 k + k′
)
σ
gβρ +

(
k′ − k

)
β
gρσ

−
(
k + 2 k′

)
ρ
gσβ

]
ǫρ ∗(k) ǫσ ∗(k′) ,
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iM
G̃→χ̃0

iZ
∗→χ̃0

i W
+W− =

i

4MP

1

(k + k′)2 −m2
Z + imZ ΓZ

×
(
gαβ − (k + k′)α(k + k′)β

m2
Z

)
g cos θW

×u(q′)

{(
PRN

′
i2 + PLN

′∗
i2

)
γµ [/k + /k′ , γα]

+

√
2 g

cos θW

[
PR (−v1Ni3 + v2Ni4)

+PL (−v1N∗
i3 + v2N

∗
i4)
]
γµγα

}
ψµ(p)

×
[ (

2 k + k′
)
σ
gβρ +

(
k′ − k

)
β
gσρ

−
(
k + 2 k′

)
ρ
gβσ

]
ǫρ ∗(k) ǫσ ∗(k′) ,

iMG̃→W+χ̃−∗

j →χ̃0
i W

+W− =
i

4MP

1

(p− k)2 −m2
χ̃±

j

+ imχ̃±

j
Γχ̃±

j

g u(q′) γσ

·
[
PRO

R
ij + PLO

L
ij

]
·
(
/p− /k +mχ̃±

j

)

·
{(

PRVj1 + PLU
∗
j1

)
γµ[γρ , /k]

+ 2g
(
PRv2Vj2 + PLv1U

∗
j2

)
γµγρ

}
ψµ(p) ǫ

ρ ∗(k) ǫσ ∗(k′) ,

iM
G̃→W−χ̃+ ∗

j →χ̃0
i W

+W− = − i

4MP

1

(p− k′)2 −m2
χ̃±

j

+ imχ̃±

j
Γχ̃±

j

g u(q′) γρ

·
[
PLO

R ∗
ij + PRO

L ∗
ij

]
·
(
/p− /k′ +mχ̃±

j

)

·
{(

PLV
∗
j1 + PRUj1

)
γµ[γσ , /k

′]

+ 2g
(
PLv2V

∗
j2 + PRv1Uj2

)
γµγσ

}
ψµ(p) ǫ

ρ ∗(k) ǫσ ∗(k′) ,



119

iMG̃→χ̃0
iH

0 ∗
1

→χ̃0
i W

+W− =
i

2MP

1

(k + k′)2 −m2
H0

1

+ imH0
1
ΓH0

1

g mW cos (β − α) gρσ

×u(q′)
[
PR (sinαNi4 + cosαNi3)

−PL (sinαN∗
i4 + cosαN∗

i3)
]
γµ
(
/k + /k′

)
ψµ(p)ǫ

ρ∗(k)ǫσ∗(k′) ,

iM
G̃→χ̃0

iH
0 ∗
2

→χ̃0
i W

+W− =
i

2MP

1

(k + k′)2 −m2
H0

2

+ imH0
2
ΓH0

2

gmW sin (β − α) gρσ

×u(q′)
[
PR (cosαNi4 − sinαNi3)

−PL (cosαN∗
i4 − sinαN∗

i3)
]
γµ
(
/k + /k′

)
ψµ(p)ǫ

ρ∗(k)ǫσ∗(k′) ,

(B.8)

where ψµ(p) represents the decaying gravitino with momentum p , u(q′) represents the

produced neutralino with momentum q′, ǫρ ∗(k) and ǫσ ∗(k′) are the polarization four-

vectors for the two W bosons with momenta k and k′, respectively, gαβ is the flat-space

Lorentz metric tensor, the Γ factors in the propagators are the total widths of the

exchanged particles and OL
ij = Ni2V

∗
j1 − 1√

2
Ni4V

∗
j2 and OR

ij = N∗
i2Uj1 +

1√
2
N∗

i3Uj2. The

Feynman rules for the vertices W+W−H0
1,2 and χ̃±

j χ̃
0
i W

∓ are given in [10, 77]. The

sum of the polarization states for gravitino is

∑

s=± 3

2
,± 1

2

ψs
µ(p)ψ̄

s
ν(p) = −

(
/p+m3/2

)(
gµν −

pµpν
m3/2

)

−1

3

(
γµ +

pµ
m3/2

)(
/p−m3/2

)(
γν +

pν
m3/2

)
, (B.9)

and the phase space is the same as given in eq. (B.7).

A remark is in order for the process G̃ → χ̃0
i W

+W−. Because of the 1/mW fac-

tors in the longitudinal polarization states of the W boson, one might worry that this

process might have bad high-energy behavior. Correspondingly, if one restored the elec-

troweak symmetry to make mW vanish, then this process would diverge if there were

still some terms proportional to negative powers of mW in the final result. However,

upon expanding the parameters in terms of mW , that is, expanding the elements of

chargino and neutralino mixing matrices N , U , V , the masses mχ̃0
i
, mχ̃±

j
, and the angle
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α etc. (for the mW dependence of these parameters, see, for example [128]), in the total

amplitude, we have verified that all terms with negative powers of mW cancel. As a

result, this process has good high energy behavior. This is a highly non-trivial check on

our calculation of the process G̃→ χ̃0
i W

+W−, verifying the relative magnitudes, signs

and phases of all the individual contributions to the decay amplitudes.

We conclude by commenting on the differences between the amplitudes obtained and

used here and those given [41] and [127], which are based on the gravitino interaction

Lagrangian given in eq. (4.58) of [55]. This Lagrangian is different from that given in

eq. (2.82) of [75], which we follow here. The latter reference uses the transformation

from the two-component gravitino Lagrangian given in Wess and Bagger [8] to the

four-component Lagrangian which, as pointed out at the footnote on page 205 of [10],

requires a factor of i when one defines the Majorana spinors. This factor results in a

sign difference when one writes down the Feynman rules using the matter part of the

Lagrangian. We also note that our result for gravitino → Z + χ differs from [127], in

that it includes the Higgsino contribution.
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