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ABSTRACT: Nowadays, the cosmological moduli problem (CMP) comes in three parts:
1. potential violation of Big-Bang nucleosynthesis (BBN) constraints from late decaying
moduli fields, 2. the moduli-induced gravitino problem wherein gravitinos are overproduced
and their decays violate BBN or dark matter overproduction bounds and 3. the moduli-
induced lightest SUSY particle (LSP) overproduction problem. Also, the CMP may be
regarded as either a problem or else a solution to scenarios with dark matter over- or
under-production. We examine the cosmological moduli problem and its connection to
electroweak naturalness. We calculate the various two-body decay widths of a light mod-
ulus field into MSSM particles and gravitinos within general supersymmetric models. We
include both phase space and mixing effects. We examine cases without and with helicity
suppression of modulus decays to gravitinos (cases 1 & 2) and/or gauginos (cases A & B).
For case B1, we evaluate regions of gravitino mass mg/, vs. modulus mass mg, parame-
ter space constrained by BBN, by overproduction of gravitinos and by overproduction of
neutralino dark matter, along with connections to naturalness. For this case, essentially
all of parameter space is excluded unless mg 2 2.5 X 102 TeV with mg < 2mgp. For a
potentially most propitious case B2 with ¢ decay to Higgs and matter turned off, then
modulus branching fractions to SUSY and to gravitinos become highly suppressed at large
mg. But since the modulus number density increases faster than the branching fractions
decrease, there is still gross overproduction of neutralino dark matter. We also show that
in this scenario the thermally produced gravitino problem is fixed by huge entropy dilution,
but non-thermal gravitino production from moduli decay remains a huge problem unless
it is kinematically suppressed with mgy < 2mg/,. In a pedagogical appendix, we present
detailed calculations of modulus field two-body decay widths.
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1 Introduction

Supersymmetric (SUSY) models of particle physics have long been the dominant paradigm
for Beyond the Standard Model physics [1, 2] due to their clean solution to the gauge
hierarchy problem and their capacity to explain the dark matter in the universe. They are
also supported by a variety of virtual effects, including 1. gauge coupling unification [3],
2. top-Yukawa induced radiative breaking of electroweak symmetry [4], 3. agreement be-
tween theory and experiment on the mass of the newly discovered Higgs boson [5] and
4. precision electroweak measurements [6] which actually favor a (heavy) TeV-scale SUSY
spectrum over the Standard Model (SM). In contrast to these success stories, SUSY mod-
els have been under seige lately due to 1. lack of superpartners at LHC with mass below
early naturalness estimates (the SUSY naturalness or little hierarchy problem) and 2. lack
of a clear WIMP signal at direct or indirect dark matter detection experiments. The
first of these problems has been dispatched by realizing that conventional naturalness mea-
sures overestimate finetuning in supersymmetric' models. Applying the more conservative,
parameter-independent A gy measure [10, 11] allows for gluinos and squarks well beyond
current LHC mass limits while only the several neutral and charged higgsinos need lie
close to the electroweak scale: m(higgsinos) ~ Myeak ~ mw,z,. Thus, in natural SUSY,
we expect the usual dark matter candidate, the lightest neutralino, to be dominantly
higgsino-like.

IThe log derivative measure was typically applied assuming multiple independent soft SUSY break-
ing parameters in the low energy effective field theory (EFT) which leads to overestimates of finetun-
ing [7-9] compared to more complete theories wherein the soft parameters are correlated. The high scale
measure Ags = 5m,2L /m,% abandons some dependent contributions which lead to cancellations when fully
included [7-9].



The second problem, the lack of a clear WIMP signal, was perhaps already presaged
by the difficulty of thermally-produced SUSY WIMPs to make up the measured dark
matter relic density [12]. Binos tend to thermally overproduce dark matter due to their
low annihilation cross sections in the early universe unless special mechanisms such as
co-annihilation [13, 14] or resonance annihilation [15, 16] or tuning/tempering [17, 18]
are invoked. Wino dark matter, as expected in anomaly-mediation models, thermally
underproduce the measured abundance for m(wino) < 3TeV while higgsino-like WIMPs
underproduce DM for m(higgsino) < 1TeV (well beyond expected bounds from natural-
ness which require m(higgsino) < 350 GeV). One way around the underproduction issue
is to invoke the axion solution to the strong CP problem so that both axions and WIMPs
make up the dark matter [19, 20]. The relic density calculation then requires solving eight
coupled Boltzmann equations which include contributions from axions, axinos, saxions,
neutralinos, and gravitinos [21, 22].

An alternative solution to the WIMP underproduction problem has been to invoke
non-thermal DM production via one or more hypothesized moduli fields — gravitation-
ally coupled scalar fields with a classically flat potential. Moduli fields are highly moti-
vated from compactified string theory where they determine the size and shape of the 6-7
compact dimensions of the required 10-11 dimensional spacetime. The properties of the
moduli fields are critical for predictivity in string theory since their vacuum expectation
values (vevs) determine the otherwise free parameters of the low energy EFT such as gauge
and Yukawa couplings and soft SUSY breaking terms. A primary concern of string phe-
nomenologists is to understand moduli stabilization: how perturbative or non-perturbative
effects can stabilize the moduli so that their vevs can be determined. Two popular schemes
for moduli stabilization in II-B string theory include the KKLT [23] approach, where com-
plex structure moduli are stabilized by flux to gain ultra-high (decoupled) masses whilst
the Kéhler moduli are assumed stabilized by non-perturbative effects and may gain much
lower masses. KKLT is characterized by a mass hierarchy mp > mg 9 > mgofy where mr
is the presumed mass of the lightest Ké&hler modulus [24]. The second scheme, the large
volume scenario (LVS) [25, 26], stabilizes Kéhler moduli via a combination of perturbative
and non-perturbative contributions to the scalar potential which arise from compactifica-
tion on a “swiss cheese” type of CY manifold where one modulus sets the overall size of the
cheese (large volume) and a second modulus describes the size of four-cycles (holes in the
cheese). The volume modulus is expected as the lightest of the Kéhler moduli and could
have mass well below the soft SUSY breaking scale leading to the CMP.

Light moduli fields ¢; with TeV-scale masses ought to have a big impact on WIMP pro-
duction rates in the early universe. They are expected to obtain Planckian field strengths
¢o9 ~ mp during the inflationary epoch, but then start oscillating at temperatures 7ys.
when 3H (Tosc) ~ mg(Tosc):

2 1/4
Ty ~ (10/7r g*(Tosc)> mpimeg (Tosc < TR) (1'1)
(109*(TR)/7T29»2<(TOSC))1/8 (T]%memqﬁ) /4 (Tosc > TR),

where mp = Mp;/+/87 is the reduced Planck mass. Since the oscillating moduli fields



have the equation of state of matter, they will after some time come to dominate over the
radiation produced from inflationary reheating. Due to the extremely large masses the
light moduli may possess, these oscillations may actually begin during the reheating phase.
In this case, expansion quickly dilutes their energy density relative to the radiation energy
density, which at this phase is still being sourced by inflaton decay. The moduli will then
decay at a temperature Tp

Tp =~ \/Tymp/(72g./90)"/* (1.2)

into radiation (SM particles), dark matter and possibly dark radiation (neutrinos and ax-
ions). For a large enough modulus branching fraction into SUSY particles, then a vast over-
abundance of LSPs are produced from the modulus field decay so that they re-annihilate
during the modulus decay period. Then the DM abundance is typically elevated beyond
the thermally-produced value, but not as high as two-WIMPs-per modulus quanta. The
yield variable Y = n, /s for re-annihilating LSPs can be simply estimated [27, 28] and is
found to be

Y ~ H(Tp)/{ov)s(Tp) (1.3)

leading to a non-thermally produced (NTP) relic abundance
QYR ~ QTP (Tyo/Th). (1.4)

For Tp > Ty,, the neutralino abundance will take its thermally-produced (TP) value
while for Tp < T, the neutralino abundance is enhanced over the TP expectation by a
factor T't,/Tp. Of course, Tp should also be higher than the temperature Tgpy where Big
Bang Nucleosynthesis (BBN) begins in order to not upset the successful prediction of light
element abundances via the standard BBN calculation. This latter constraint typically
requires rather heavy moduli field masses mg 2 30 TeV since the gravitationally-coupled
moduli decay late and I'y ~ c/47r(m§’5 /m% ) (where c is a model-dependent constant of
order ~ 1 which is evaluated in this paper). Thus, by adjusting m, to high enough values,
one can gain modulus field decay before the onset of BBN. This is the traditional solution
to the BBN portion of the CMP.

From the above discussion, it should be apparent that the presence of late-decaying
moduli fields in the early universe can be seen as both a problem and a solution for dark
matter cosmology. It is problematic in that late decaying moduli can conflict with BBN
(the original cosmological moduli problem) and/or overproduce dark matter (the moduli-
induced dark matter problem). Also, if moduli can decay to gravitinos, then the gravitino
overproduction can violate BBN or overproduce dark matter (this is the moduli-induced
gravitino problem). In the case of thermally underproduced dark matter, then the presence
of moduli can be invoked as a solution in that non-thermal dark matter production can
bring the underproduced relic density into accord with measurements [29].

1.1 Brief review of previous work and plan for this work

We break this subsection up into papers concerned mainly with cosmological moduli as
a problem and then those which regard it as a solution to other problems, mainly dark
matter over- and under-production. Then we preview our perspective.



1.1.1 Cosmological moduli as a problem

The first paper to raise an alarm as to the cosmological moduli problem (CMP) was Cough-
lin et al. [30] who considered already in 1983 a single hidden sector gravitationally coupled
scalar field in the supergravity-breaking Polonyi superpotential and how its decay would
produce excess entropy which could disrupt baryogenesis. Dine et al. proposed multi-field
hidden sectors that could allow the potentially disruptive scalar fields to settle to much
lower field values [31]. Banks, Kaplan, and Nelson [32] noted in 1993 that hidden sector
models required mg ~ mg/; 2 30 TeV to solve the CMP. This may conflict with naturalness
and so make hidden sector (HS) models less palatable than the alternative of dynamical
SUSY breaking (DSB). Also in 1993, de Carlos et al. [33] placed the CMP on a firm string
foundation, emphasizing the generic problem in string theory of light dilaton and mod-
uli fields with mg ~ mg/, in place of the SUGRA-based Polonyi fields. They emphasize
mg 2, 10TeV to avoid the CMP. The tension between the required high modulus mass
and the natural scale of SUSY breaking is noted. In ref. [34], Randall and Thomas pro-
posed a second stage of weak scale inflation due to the same moduli flat directions as
begat the CMP, with only a few e-foldings as a means to dilute the modulus field strength
(see also ref. [35]). Dine, Randall and Thomas [36] (DRT) pointed out the presence of
Hubble-induced SUSY breaking masses for scalar fields during inflation and proposed some
symmetry relating the minima of inflationary and post-inflationary potentials to set the
modulus field strength to tiny values in the early universe. Dvali [37] proposed also that
large contributions to moduli masses help set the modulus condensate to small values as
a possible solution to the CMP. Lyth and Stewart proposed in 1995 [38] that the presence
of flatons ¢; — scalar fields with weak scale masses but (¢7) ~ 101 GeV — could initiate
a period of thermal inflation which would act to dilute the moduli fields and thus alleviate
the CMP. And in 1998, Hashimoto et al. [39] — concerned with the apparent hierarchy
mg > mgy — examined modulus decay to gravitinos ¢ — 1, which would create a
moduli-induced gravitino problem wherein overproduction of gravitinos followed by their
late decays could disrupt BBN. They concluded my 2 100 TeV would be needed, thus fur-
thering the little hierarchy between the lightest modulus mass and the natural scale for soft
SUSY breaking. In 2004, Kohri et al. [40, 41] considered production and dilution of grav-
itinos by moduli decay including ¢ — wud;, decay to gravitino plus modulino, along with
more complete BBN bounds, for modulino mass mg ~ mg /5. Lightest SUSY particle (LSP)
overproduction was also considered. Constraints were plotted in the my vs. mg/y plane.
They concluded that mg 2 10TeV is required. In 2006, Nakamura and Yamaguchi [42]
and also with Asaka [43], and Endo, Hamaguchi, and Takahachi [44] calculated improved
modulus decay rates, especially to gravitinos, and compared with BBN and dark matter
overproduction constraints, concluding that moduli with masses mg 2 10%2—103 TeV would
be required. These sorts of disparities in moduli vs. gravitino mass scales appeared to be
realized in KKLT [23] models of moduli stabilization via fluxes and non-perturbative ef-
fects where mg ~ log(mp /mgo)ms s ~ (log(mp/msg s)*msos seemed to emerge [24]. Thus,
nonthermal dark matter from mirage mediation was examined by Nagai and Nakayama in
2007 [45]. The idea of softening the CMP via a late decaying saxion field was promoted by



Endo and Takahashi [46]. Dine et al. [47] further examined modulus decay to gravitinos to
check if branching fractions could be suppressed due to helicity effects. In 2014, Blinov et
al. [48] re-examined the CMP problem, especially with regard to overproduction of LSPs.
Extensions of the MSSM to include additional hidden sector dark matter were invoked in
an attempt to avoid the CMP.

1.1.2 Cosmological moduli as a solution

Along with the above papers, an alternative thread developed using the cosmological pro-
duction of light moduli as a solution to the dark matter underproduction problem, espe-
cially in SUSY theories with wino-like or higgsino-like LSPs.

This was begun in 1998, where Moroi and Randall [29] (MR) invoked nonthermal
LSP production via moduli decay to bolster the underabundance of wino dark matter as
expected in theories of anomaly-mediated SUSY breaking (AMSB). In AMSB [49], soft
SUSY breaking terms are suppressed from mg/, by a loop factor so my and mg/, can
both be ~ 10—100 TeV: in this case, decay modes of the modulus to v,%, would be kine-
matically closed and the modulus could be heavy enough to evade BBN bounds. But
also its decay can provide non-thermally the missing DM abundance. MR listed a vari-
ety of non-renormalizable operators via which the light modulus could decay to MSSM
particles (used in this work). Somewhat later, Pallis (2004) [50] and Gelmini and Gon-
dolo (2006) [51, 52] provided a rather general analysis by which the measured cold dark
matter (CDM) abundance could be obtained non-thermally via ¢ decay for almost any
thermally-produced over- or under-abundance. The analysis depended on just two param-
eters: b/mg and Tp, the reheat temperature due to ¢ decay. (Here, b is the number of
neutralinos produced on average for each ¢ decay.) If b = 0, then some value of Tp can be
used to diminish the thermal abundance via entropy dilution; for b # 0, then neutralino
production from ¢ decay, usually followed by x re-annihilation, can augment almost any
thermally-produced under-abundance. The analysis assumed ¢ decay to gravitinos was not
available. Acharya et al. [53] found in the case of M-theory compactified on a manifold of
Ga-holonomy (GoMSSM [54]) a SUSY spectrum with m(scalars) ~ mg/s ~ 30 — 100 TeV
whilst gauginos gained masses from anomaly mediation, thus with a wino-like LSP. They
explored non-thermal dark matter production and the CMP in a string-motivated frame-
work [55] including calculations of moduli decay widths. This analysis also motivated their
“non-thermal WIMP miracle [56]” scenario along with arguments providing a rationale
that the lightest modulus, which dominates non-thermal dark matter production, should
have mass comparable to the gravitino mass in supergravity EFTs [57] (see also [58]). Non-
thermal dark matter production in the LVS moduli-stabilization scheme was examined in
ref. [59], Allahverdi et al. . Thermal effects on the production of dark matter in an early
matter dominated universe were considered by Drees and Hajkarim [66] where they also
mapped out viable regions of model parameter space with regards to dark matter produc-
tion rates. [67]. A review of non-thermal dark matter from cosmological moduli decay was
given in ref. [60], Kane, Sinha, and Watson. Meanwhile, it was realized that data from in-
direct dark matter searches (IDD) could rule out wino-only dark matter scenarios [61-63].
Higgsino-only dark matter was found to be ruled out up to 350 GeV (the naturalness limit)



in ref. [64] and below 550 GeV using AMS limits in ref. [65]. Non-thermally produced
light higgsino dark matter was also considered in a stringy context in Aparicio et al. [68].
The seeming exclusion of wino dark matter led some authors to consider the presence of
hidden sector, inert dark matter which can arise from MSSM LSP (late) decays [69, 70]
via portal mixing.

1.1.3 From one to many light moduli

In this paper, we mainly analyze the case of a single light modulus field and consider the
remaining light moduli to be integrated out. It is usually assumed that if the moduli
masses are sufficiently spaced out, then mainly the lightest modulus is most important
since its latest decay will dilute the effects of heavier moduli. This may not be realistic
since in string theory there can be potentially tens-to-hundreds of lighter moduli, many
with comparable masses. In ref. [71], the case of multiple light moduli is considered starting
with a toy model containing two light moduli which experience dynamical mass generation
during a cosmological phase transition. The mass generation over a finite time interval
coupled with mixing between the fields leads to new effects which can increase or decrease
the field energy densities by orders of magnitude. A shortened summary is given in ref. [72].
In ref. [73], the cosmological consequences of two light moduli are also investigated in the
context of dark matter and dark radiation production rates.

1.2 Work done here and brief conclusion

From the preceeding discussion, we see that the presence of moduli fields in the early
universe can lead to alarming problems — disruption of successful BBN by late-time en-
tropy production, overproduction of gravitinos and neutralinos, or forays into electroweak
finetuned parameter space via the requirement of heavy moduli and the associated soft
breaking scale — or they can be regarded as an important solution to problems of over-
or under-production of SUSY dark matter. In this work we revisit the cosmological im-
pact of late decaying moduli fields in the context of natural supersymmetric models: those
that naturally give rise to a weak scale Myeak ~ M,z ~ 100 GeV, i.e. without unnatu-
ral or implausible finetunings. These models are also motivated by the string landscape

picture [74] which seems to favor soft breaking terms as large as possible [75-77] subject

PU

to the anthropic condition that the pocket-universe value of the weak scale mg,

K is not
displaced by more than a factor of a few from the value of the weak scale as measured
in our universe [78]. The string landscape picture leads to a mini-split supersymmetric
spectra with rather light higgsinos p ~ 100—350 GeV but with TeV-scale gauginos and top
squarks and even heavier (first/second generation) scalars, and consequently heavier grav-
itinos with mg/5 in the 10-40 TeV range. We might also expect my ~ mg/y if the moduli
receive their dominant mass contributions from soft SUSY breaking. In such a case, then
supersymmetric decay modes (along with SM decay modes) are likely always open for both
moduli and gravitinos, and we expect a severe CMP.

Motivated by these considerations, we evaluate the moduli two-body decay modes
into MSSM particles and gravitinos including both phase space and mixing effects. We

evaluate regions of SUSY model parameter space in the m vs. m3/, plane that are subject



Unsuppressed gravitinos | Suppressed gravitinos

Unsuppressed gauginos Case A1l Case A2

Suppressed gauginos Case B1 Case B2

Table 1. Summary of case scenarios on leading decay modes depending on whether or not they
receive chirality suppression.

to severe constraints. We find almost all parameter space to be excluded, so that our work
may be included in the litany of papers where the light moduli give rise more to problems
than solutions. At the end, we list a variety of ways out of the CMP as presented in the
literature and offer some critical perspective. We conclude that while some solutions have
been proposed, there is room for more work on this important issue. Perhaps most urgent
is a deeper understanding of moduli properties such as stabilization and their mass scales.

2 Two-body decays of modulus into MSSM particles and gravitinos

From the above discussion, it is apparent that the modulus decay temperature Tp =~
VTemp plays a central role in determining the outcome of the CMP. This is because
Tp determines both whether the light modulus field avoids BBN bounds (requiring Tp >
TpN) and also the amount of non-thermally produced LSP dark matter via reannihilation
through the ratio Tt,/Tp. Thus, to determine Tp, the modulus field decay width T'y
must be calculated. In many works, I'y is simply estimated to be I'y, ~ ¢/ 47r(m35 /m3) on
dimensional grounds, with ¢ being a (undetermined) model-dependent numerical constant
of order unity. In appendix A, we list our assumed modulus-MSSM operators and present
a rather pedagogical treatment for the calculation of couplings and mixings and partial
widths for all modulus decays including phase space effects. (These seem to be lacking
in the general literature with the exception of ref. [55]). Depending on the details of the
interaction, some decay modes can receive chirality suppression. We therefore summarize
the different case scenarios of leading contributions in table 1. In this section, we present
some general discussion followed by numerics based upon a natural SUSY benchmark point.

2.1 Modulus decay to gravitinos

The modulus field ¢ is broken into real and imaginary parts ¢ = %@)R + i¢r) where we
are concerned with ¢r as ¢; may take on the role of an ALP (axion-like particle). For
modulus decay to gravitino (v,,) pairs

Or = Yuby (2.1)

we use the formulae computed in ref. [42] (augmented by phase space factors as listed
in appendix A.12). These widths are actually model dependent and depend on the form
of the Kihler function G = K + log|W|? where K is the Kihler potential and W is
the superpotential. For case 1, we have unsuppressed modulus decay to gravitinos so
L(¢ = Yurhy) ~ mi’) /m3, while for case 2 we have helicity-suppressed decay to gravitinos
so that instead I'(¢ — 1,0,) ~ mwni/m%.



2.2 Modulus decay to gauge bosons and gauginos

An operator suggested by MR [29] is
A
£s / 2025 pwew, (2.2)
mp

in two component notation, and where G = 1 — 3 for the various SM gauge groups. The
interaction Lagrangian and resultant decay widths are listed in appendix A.l. For the
SU(3)¢ gauge group, this leads to

Or = 99, 39 (2.3)
while for the mixed SU(2)z and U(1)y groups we have
ébr — WTW~=, 2°2° ~~, and ~2°
= XXy XEXi
where the neutralino indices 7,7 = 1 — 4 and the chargino indices k,l = 1,2. These decay
widths into -ino pairs all proceed as I'(¢ — AX\) ~ m3mg/m3 and so are helicity suppressed
(case B, assuming Fy ~ 0). (Here, A denotes a generic gaugino state.) It is worth noting
that impact of the ¢; fields is highly model-dependent. While their couplings can be
determined as in eq. (2.2), their mass values depend strongly on how the modulus acquire
its mass. In this respect we neglect the impact of ¢; by assuming its initial field value
is tiny.
There are additional possible modulus-gaugino interactions written down in
refs. [42, 43, 47] which are proportional to the vev Fy. In this case, the modulus de-
cay to gauginos loses its helicity-suppression factor so that instead the widths go as

(¢ — A\ ~ m‘?i /m% (case A). Here, we maintain ignorance as to whether the light-
est modulus is also the modulus leading to SUSY breaking, and so here we assume Fy ~ 0.

2.3 Modulus decay to Higgs pairs

The modulus field can also decay to Higgs bosons via the Giudice-Masiero [79] Kéhler
potential operator

A
Lo / d*0($H HY + h.c.) (2.6)
mp
leading to the following decays (as calculated in appendix A.6):
¢r — hh, HH, hH, AA, and HT"H™. (2.7)

(This operator may be suppressed by whatever symmetry is invoked to solve the SUSY p
problem; for a review, see ref. [80].) The SUSY Higgs bosons H, A and H* will further
decay to both SM and SUSY particles, with the exact branching fractions being model-
dependent. These widths all go as I'(¢ — Higgs pairs) ~ mg’s/m%

In addition, there exist modulus-Higgs mixing effects due to the vevs of Higgs
fields. These result in more complex decay modes whose partial widths are normally
L ~m§,/ (mgm%) They are sizable where mg ~ myy, but this region is clearly excluded
by the BBN bound, so we neglect these mixing effects in the following discussion.



2.4 Modulus decay to matter and sfermions

We will also consider the MR, operator

19 2Q (4ot
L3> /d emP (0Q'Q + h.c.) (2.8)

where the superfields @ stand for the various matter chiral superfields of the MSSM. This
operator leads to modulus decays, as calculated in appendix A.7,

bR — witly, didy, il viv; (2.9)

where the decay widths to matter f are all proportional to the matter mass-squared

mfc Here, the index ¢ runs over the ¢+ = 1 — 3 generations. These widths go as

['(¢p—SM fermion pairs) Nm?m(ﬁ /m3% so that they are suppressec} by a factor of mfc
There are also decays of the modulus to the MSSM sfermions f;. In this case, mixing

effects are included. We find for generations ¢ = 1 — 2 that
bR — UL}, Upilly, dridy;, dridig, CLilh;, Crilly, VLV, (2.10)
For third generation squarks and sleptons, we have
dr — tity, tofs, Tils 4 c.c., bib}, boby, bibs+c.c., AT, Tofy, T175 +c.c., Drails (2.11)

These widths all go as I'(¢ — sfermion pairs) ~ m‘}/ mgm?% and so actually die off as my,
gets large.

2.5 A natural SUSY benchmark point

To illustrate the modulus decay widths and branching fraction to SUSY particles, we adopt
a natural SUSY [11] benchmark point from the three-extra-parameter-non-universal Higgs
model (NUHM3) [81]. We generate the sparticle and Higgs mass spectra using Isajet
7.88 [82]. The NUHM3 model parameter space is given by

mo(1,2), mo(3), mye, Ao, tanf, mp,, mu, (2.12)

where the Higgs mass soft terms mpy, # mpg, # mp. Using the EW minimization con-
ditions, it is convenient to trade the high scale soft terms mp,, mpy, for the weak scale
parameters p and m4. We assume the gravitino mass mg/, = mo(1,2). The sparticle and
Higgs masses from the benchmark point are listed in table 2 along with several observables
as calculated by Isajet. The point has naturalness measure Agy = 20 so that it is indeed
a natural SUSY benchmark point.

2.6 Modulus decay widths and branching fractions

Here we present the modulus decay widths and branching fractions into the possible final
states shown in the preceding subsections. We first discuss the suppressed gaugino cases
(case B) assuming Fy = 0. Afterwards, we provide a brief discussion of the unsuppressed
gaugino cases (case A).



parameter NUHMS3
mo(3) 5 TeV
mo(1,2) 10 TeV
miy/2 1.2TeV
Ao -8 TeV
tan 3 10
Y 200 GeV
ma 2TeV
mg 2927.4 GeV
May, 10209.4 GeV
Mag 10288.5 GeV
Meg 9912.9 GeV
mg, 1251.0 GeV
mg, 3655.6 GeV
mg, 3697.1 GeV
mg, 5104.5 GeV
ms 4729.8 GeV
ms, 5061.5 GeV
mp, 5030.0 GeV
M 209.1 GeV
M 1042.8 GeV
mgo 197.7 GeV
mge 208.0 GeV
mgo 547.1 GeV
mgo 1052.6 GeV
mp 125.3 GeV
Qgin? 0.011
BF(b— sv) x 104 3.0
BF(Bs — ptp™) x 10 3.8
a*1(x9,p) (pb) 1.7 % 1079
a*P(x1,p) (pb) 3.6 x 1077
(ov)|y—0 (cm?/sec) 2.0x 1072
Agpw 20

Table 2. Input parameters (TeV) and masses (GeV) for a SUSY benchmark point from the NUHM3
model with m; = 173.2GeV and mq(1,2) = mgz/; = 10 TeV using Isajet 7.88 [82].

2.6.1 Case B1

In figure 1, we show the modulus field ¢ partial widths versus modulus mass mg from 0.1 to
10* TeV assuming the natural SUSY benchmark point in table 2 with unsuppressed decay
to gravitinos but suppressed decay to gauginos (case B1). Here, we assume all \; couplings
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Figure 1. Modulus decay widths into various MSSM particles and gravitinos versus my for the
natural SUSY benchmark point with m,, = 10TeV. We take all A; couplings equal to one. The
plot is for case B1: suppressed decays to gauginos but unsuppressed decays to gravitinos.

equal to unity. For my ~ 0.1 TeV, only decays to fermions (u, dd, etc., blue curve) and
massless gauge bosons (e.g. gg and 77, orange curve) are open and I'y ~ 10731 GeV,
corresponding to Tp ~ 1keV, so that the modulus field would decay well after BBN, which
occurs beginning at Tgpn ~ 3—5MeV. As mg increases, decays to massive vector bosons
(WW, ZZ, green curve) turn on at mg ~ 160 GeV, followed by decays into Higgs pairs,
which turn on at mg ~ 250 GeV (red curve). This is followed by ¢ — t¢ pairs (kink in
blue curve) at mg ~ 350 GeV. As my increases even further, decays to neutralinos (grey
curve) and charginos (magenta curve) turn on around mg ~ 2u ~ 400 GeV. These curves
show several kinks as the various electroweakino (EWino) pair decay thresholds are passed.
The decay to vector boson pairs increases as mg as expected, but decays to gauginos are
helicity suppressed and increase instead as m;ﬁ This asymptotic behavior also holds for
¢ — tt as well. Decays to sfermions (yellow curve) turn on around mg ~ 2.5TeV (4
mode) but then decrease with increasing mg as T'(¢ — ff*) o« 1/mg, and so become hardly
significant for large values of mgy. At my ~ 6TeV, ¢ — §g also turns on (brown curve),
which temporarily makes a large contribution to the total width. Lastly, we see the decay to
gravitinos ¢ — 1,1, turns on at 20 TeV (purple curve) with the partial width increasing
as mg’) This is an important threshold since gravitino production via modulus decay
is negligible for my < 2m3/; and so in this regime there is no modulus-induced gravitino

problem. Asymptotically, for high mg, then the branching fraction BF (¢ — 1,1,) ~ 1073,

The overall modulus branching fraction to SUSY particles is an important quantity,
as emphasized by Gelmini and Gondolo [51]: its value contributes to the modulus-induced
LSP problem. In figure 2, we show the modulus branching fraction into SUSY particles vs.
my for the same BM point in table 2. The branching into MISSM sparticles and gravitinos
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Figure 2. Modulus branching fraction to various SUSY particles including gravitinos versus mg
for the natural SUSY benchmark point with A; =1 and mg3,, = 10 TeV for case B1.

is easy to compute, but the ¢ decay into Higgs pairs can also contribute depending on the
heavy Higgs boson (H, A and H7) branching fractions into MSSM particles. These BFs
are model dependent, so we show an upper and a lower bound on the BF (¢ — SUSY)
assuming no Higgs decay to SUSY (lower orange curve) or the upper bound with 100%
Higgs decay to SUSY (blue curve). The BF can reach as high as ~ 0.2 for my ~ 10 TeV
but asymptotically can range between 0.002—0.02 for my > 102 TeV.

2.6.2 Case B2, \g =)Ao =0

As a second example, we show in figure 3 various modulus partial widths for the case B2
with chirality suppressed decays to both gauginos and gravitinos. We also assume Ag = 0
which might occur if the Higgs fields carry PQ charge but the ¢ field doesn’t so that the
modulus-Higgs operator is disallowed via the same symmetry that forbids the u parameter.
The modulus-matter operator may similarly be forbidden so we take A\g = 0. This case
would then have highly suppressed decays to SUSY particles but with allowed decays to
gauge bosons. From the plot, we see that for myg ~ 1-20TeV, then modulus decay to
SUSY particles is comparable to decay widths to SM particles. But as mgy increases, then
the helicity suppressed decays to gauginos and gravitinos sets in and these widths become
increasingly suppressed compared to decays to SM particles (mainly gluon pairs).

The situation is shown more clearly in figure 4 where we show instead the modulus
field branching fraction into gauge bosons (blue and orange curves) along with modulus
branching fractions into gauginos (red, purple, and brown curves) and the branching frac-
tion into gravitinos (green curve). As my increases, the helicity suppression sets in and
the branching into SUSY particles falls off sharply compared to the branching into SM

- 12 —



—— Ttotal
10— 4 ——— Massless gauge bosons
—— Massive gauge bosons
—— Gravitinos
_13 —— Gluinos
10 1 —— Charginos
~——— Neutralinos
10—17 B
E 10-21
=
~
10-5
10—25] N
10-33
10737 T T T T . . T
1071 10° 10! 102 10° 10 107 106 107

mg (TeV)

Figure 3. Modulus decay widths into various MSSM particles and gravitinos versus my for a
natural SUSY benchmark point with m3/, = 10 TeV. We take all A1 23 = 1 but all Ay and Ag = 0.
This is for case B2: suppressed decays to gravitinos and gauginos.
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Figure 4. Modulus branching fraction to various SUSY particles including gravitinos versus mg
for a natural SUSY benchmark point with msz,; = 10 TeV. We take all A; 23 = 1 but all Ay and
Ag = 0. This is for case B2: suppressed decays to gravitinos and gauginos.

~ 13 -



particles. This case is engineered to try to avoid overproduction of neutralino dark matter
and overproduction of gravitinos while possibly diluting any relics produced at temper-
atures T' > Tp. We will see shortly why this approach unfortunately fails to solve the
CMP. Further plots can be shown for cases A1 and A2 with unsuppressed moduli decays
to gauginos. These cases yield always more neutralino dark matter overproduction while
the total width will be roughly the same, so in the interest of simplicity, we refrain from
showing these plots.

3 Constraints on my and mg/; from BBN, dark matter, and gravitino
overproduction: fun with temperatures

3.1 Constraints on m

The evolution of the early universe in the presence of light moduli fields depends on several
important temperature values.

e TR, the reheat temperature induced by inflaton decay at the end of inflation,

o Ty, the temperature at which the lightest modulus field begins to oscillate,

e T,, the temperature at which modulus and radiation energy densities become equal,
o T%,, the temperature at which thermally-produced WIMPs freeze out,

e Tp, the temperature of radiation at the time of modulus decay,

o T3/, the temperature of radiation at the time of gravitino decay and

e ThBN ~ 3—5MeV, the temperature of radiation at the onset of BBN.?

A rough picture of the evolution of the early universe can then be depicted in terms
of these temperatures and related quantities such as entropy-dilution ratio r = Sy/S; (the
ratio of entropy before and after modulus decay) and non-thermal dark matter production
due to modulus decay. Here, we will first assume that the reheat temperature Tg is the
maximal temperature scale after inflation resulting in a radiation dominated universe at
temperatures 1" at or just below Tr. Here, we note that such high Tx values are at the
upper bound from Buchmuller et al. (BHLR) [86, 87] where it is shown that thermal effects
from Tr > Taurr ~ 102 GeV would destabilize the dilaton potential and cause a runaway
dilaton field. We also assume the simplest scenario for reheating in the cases where that
factors into the calculations (see e.g. [88]).

At temperatures T with T > Ty, the modulus field is effectively frozen in its value
due to the preponderance of the friction term in its equation of motion:

¢+ 3H(T)d + Cfi‘; =0. (3.1)

2For additional perspective on BBN bounds, see e.g. Ref’s [83-85].
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The scalar potential can be approximated as a simple harmonic oscillator (SHO) form V ~
miqﬁQ /2 for small ¢ values. As the universe expands, the Hubble constant H = \/pr/3m3
(where pr is the total energy density and mp is the reduced Planck mass) decreases. When
3H(T) ~ m, the modulus field begins to oscillate at the oscillation temperature Tpse given
in eq. (1.1). Specifically, if my < 6000 TeV (for our assumed Tg = 1012 GeV), oscillations
commence during the assumed initial radiation dominance with pr ~ preq = 72g.T%/30
so that

H(T) = =\ [g.(T) /90. (3.2)

If, however my 2 6000 TeV (again, for our assumed Tg), oscillations will begin during
reheating. As p,qq scales roughly as (1/R)3/2 during this era [88] where R is the scale
factor of the universe, we can estimate H(T) by comparing p,qea(T > Tr) to prea(T =
Tr). Noting that the reheating period is effectively matter dominated (i.e. dominated by
coherent oscillations of the inflaton), we have then

g:(T)T*

H(T) ~ H(TR)m.

(3.3)
The values of T,s along with an assumed value of T = 10'? GeV are shown in figure 5
versus m,g (orange curve).

At this point, the oscillating ¢ field behaves with an equation of state of matter and so
the energy density of the ¢ field diminishes as py = %mid)% (Rose/R)? due to the expansion
of the universe, while p,q diminishes as (1/R)* (once the reheating period has ended).
Here, R is the scale factor at T = Tpqc.

The temperature of radiation/modulus energy density equality, determined by requir-
ing pr = pg, is found to be

(15/7’(‘ g* )1/4 M¢¢0 (Tosc < Te < TR)
Te = (S/QmP ¢0\/ (10/7" g )1/4 (Te < Tosc < TR) (3'4)
(3/2mp)¢%TR (Te < TR < Tosc)

At T = T, the ¢ field begins to dominate the energy density of the universe (depicted
by the green curve in figure 5). Before proceeding, a few comments are warranted on
eq. (3.4). If oscillations begin after reheating (Tose < Tr), one would clearly expect to
encounter the first case (Tose < Te < Tg) assuming that ¢g ~ mp. Since T, > Ty,
indeed the modulus has actually begun to dominate the energy density shortly before it
begins to oscillate — i.e. its energy density is so large that it will come to dominate over
radiation while still being frozen by Hubble friction. However, if some mechanism can
lower the expected value of ¢g, then it would be possible to encounter the second case
(Te < Tose < Tgr). In the event that oscillations begin during reheating (Tosc > Tr), note
that it is actually not possible to achieve a radiation dominated universe after reheating

unless ¢g < 1/2/3mp — the modulus energy density is so large that reheating should

~

lead directly to a period of early matter domination! We leave the case of initial matter
domination for future work (which requires a more careful coupled Boltzmann approach to
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Figure 5. Modulus decay temperatures Tp for the natural SUSY benchmark point for A; = 0.1, 1,
and 10 with m,,, = 10TeV. We also show the onset of BBN lines at Tgpn ~ 3 — 5MeV, and the
neutralino freeze-out temperature 7', along with the modulus oscillation temperature Tos. and the
modulus-radiation equality temperature T, assuming ¢y = \/%m P

modeling the reheating period where the presence of the oscillating modulus contributes to
H). However, we do not expect the main results to differ significantly from those we find
here, and where appropriate adopt ¢g ~ /2/3mp for consistency with initial radiation
domination. Assuming again the case where Tys. > Tg and ¢g < \/2/3mp, the modulus
will actually dominate over radiation during the reheating period. The modulus then falls
below radiation due to the relative scalings. This briefly leads to a radiation dominated
universe once reheating concludes, and the modulus quickly becomes dominant once more
as radiation is no longer sourced by inflaton decay.

In any of the above cases, the modulus field then dominates the energy density of the
universe until it decays at the decay temperature Tp given by eq. (1.2) which is approxi-
mately Tp ~ /mpI'y, and which obviously depends on the modulus decay width discussed
in the previous section and calculated in the appendix. We show three values of Tp in
figure 5 corresponding to setting all A; values to 0.1 (brown curve), A; = 1 (purple curve),
and \; = 10 (red curve). If Tp < Tppn, then the modulus field decays after the onset of
BBN, leading to destruction of the light element abundances. For the purple Tp curve with
all \; = 1, then we can read off from figure 5 that mg is required to be my 2 40 TeV (using
the Ty = 5MeV value, dashed grey curve). This is the traditional solution to the old
CMP. We also show in figure 5 the thermally-produced neutralino freeze-out temperature
Tro ~ my /20 as the magenta dashed line. For Tp > T 0, then the relic density of neutralino
dark matter will just be its thermally-produced value Q§P h? which for our natural SUSY
benchmark point is Qgp h? ~ 0.01, about a factor 10 below the measured dark matter
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abundance. It is worth noting however that this approximation is not necessarily valid for
neutralinos produced by the decay of non-thermally produced gravitinos, which may decay
at a lower temperature — we will discuss this case in the next section.

For the case where Tggn < Tp < T},, then a further concern for the CMP is the
direct overproduction of dark matter x from moduli cascade decays. The initial modulus
energy density is pg = mégbg /2 and the modulus number density is roughly ngy ~ pg/me.
Assuming each modulus particle decays with branching fraction B(¢ — x), and accounting
for the expansion of the universe between Tos. and Tp, we find

Gx (TD)TZSD
g*(Tosc)T3 ’

osc

ny ~ B¢ = x)mgdt ( (3.5)
i.e. naively, the neutralinos initially inherit the modulus field number density, subject to
branching ratio and expansion effects.

However, this accounting can be greatly modified if the modulus field decays at tem-
perature Tp < T'y, and the number density n, exceeds the critical density nj, above which
neutralino reannihilation effects may be important [19, 27, 28]. The Boltzmann equation
for the neutralino number density is given by

dn,, 9

W + 3an = —<av>nx (36)
and if (ov)n,(Tp) > H(Tp), then neutralinos will reannihilate after modulus decay. The
Boltzmann equation, rewritten in terms of the yield variable Y, = n, /s, where s is the
entropy density (s = % g+5T? for radiation) is given by

dYy

— = —(ov)Y2s (3.7)

X
which, assuming (ov) is dominated by the constant term, can be easily integrated to find
Yyt o~ H(Tp)/(ov)s(Tp) or

ny, =~ H/{ov)|r=T, (3.8)

so that
e p? ~ Q§Ph2(Tfo /Tp), (3.9)

i.e. the reannihilation abundance is enhanced from its TP value by a factor Tt,/Tp. The
final neutralino number density is then given by

Ny ~ min {ni, n?} (3.10)

with Qxh2 = myn,/p. where p. is the critical closure density and h is the scaled Hubble
constant. An example of the neutralino critical number density nf and the neutralino
number density from moduli decay nf is shown in figure 6 versus mg for the natural
SUSY benchmark point with case B1 with helicity-suppressed decay to gauginos. We
take my ~ mg/y so that gravitinos do not enter the plot. Actually in this case, figure 6
also describes case B2 as well since all other sparticle channels are highly subdominant
compared to the gauginos. The critical density increases with mg until Tp > T, whence
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Figure 6. Neutralino number densities nf, and n? as a function of modulus mass m, for the natural
SUSY benchmark point with case B1 for \; = 1, m3/s = my, and assuming the no Higgs decay

to SUSY. Case B2 is nearly identical, as nf is mostly produced by the gauginos if the gravitino

channel is kinematically closed.

the ng, assumes its thermally produced value. The value of n? is almost always far larger
than nf due to the huge assumed modulus field strength ¢o ~ mp. Thus, we would expect
from this plot that the neutralino relic density would take its non-thermally-produced
reannihilation value over all allowed values of mg. Provided reannihilation effects are
important, the reannihilation enhancement factor T%,/Tp can be read off from figure 5.
Since ¢ is so large, almost always nf, < n? so that the neutralino relic abundance takes
the reannihilation value for Tp < TY,.

In figure 7, we show the resulting neutralino relic abundance from both thermal and
non-thermal production versus mg for the natural SUSY BM point and case B1, and
for the three different values of A\; = 0.1, 1, and 10. The orange dot-dashed line shows
the measured DM abundance at Qcpyh® = 0.12. We see that for the orange curve with
Ai = 1 and mg ~ 0.1-2.5 x 103 TeV, then neutralinos are greatly overproduced: the
moduli-induced LSP overproduction problem. Depending on the A; values, the measured
DM abundance can be achieved, but only for mg ~ 500—10% TeV. If the light moduli receive
masses from gravity-mediated SUSY breaking, then one expects mg ~ mg3/5 ~ msoft and so
to avoid neutralino overproduction, one runs into a naturalness problem in that sparticles
are expected in the 500—10% TeV range. Such high sparticle masses would lead to a severe
Little Hierarchy Problem (LHP), wherein one would be hard-pressed to understand why
the weak scale is just myeax ~ mw,zn ~ 100 GeV whilst sparticles that contribute to the
weak scale lie in the 500—10* TeV range.
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Figure 7. Neutralino relic density as a function of modulus mass mg for the natural SUSY
benchmark point with case B1 for A\; = 0.1, 1, and 10 with m3,, = mg TeV. As with figure 6, this
plot also describes the case B2 well if the gravitino channel is kinematically closed.

3.2 Moduli-induced gravitino problem
3.2.1 Thermally-produced gravitinos: not a problem

The usual gravitino problem in supersymmetric theories has to do with overproduction
of thermally produced gravitinos along with their subsequent late decays which can lead
to 1. violation of BBN limits [89-91] and 2. overproduction of neutralino dark matter.
These two constraints depend on the temperature T3/ at which the gravitinos decay, and
on their putative thermally-produced relic abundance, had they not decayed: Qg/ghg The
gravitino decay temperature is

T30 ~ \/T3amp/(7*g./90)"* (3.11)

and so we need the gravitino decay widths. These have been calculated in Kohri et al. [92]
and programmed into the coupled Boltzmann computer code [21, 22] which we use. We
also use the thermally-produced gravitino production rates as calculated by Pradler and
Steffen [93] (see also Ref’s [94, 95]), which depends linearly on Txr. Typically, Tp < 2 x
10” GeV is required to avoid gravitino overproduction followed by decay to the stable LSP
thus leading to dark matter overproduction and possible conflict with BBN bounds [90, 91].
For the case with a decaying light modulus, then entropy is injected during modulus decay
with a dilution factor

T:Sf/S()ﬁﬁlmd,Y(z,/ZTD:Te/TD. (3.12)

For moduli fields with ¢y ~ mp, then the entropy dilution is enormous since T, ~ /mg@o,
and all thermally-produced gravitinos will be diluted to below bounds from BBN and DM
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Figure 8. Putative thermally-produced gravitino abundance vs. mg,, for Tp = 10'2 GeV. We also
show the relic would-be gravitino abundance after modulus decay, which is multiplied by the light
modulus field entropy dilution factor » = T, /Tp. The enormous entropy release from light modulus
decay dilutes the putative thermally-produced gravitino abundance to tiny levels. We show cases
for mg = 10, 100, and 1000 TeV.

overproduction. If ¢ < /2/3mp, entropy dilution can still be enormous for larger values
of ¢g since T, ~ (¢0/mp)2\/W if Tose < Th and T, ~ (¢0/mp)2TR if Tose > Tr. If,
however, ¢q is lowered far below the Planck scale, the entropy dilution falls rapidly.

In figure 8, we show the would-be thermally-produced gravitino abundance (had the
gravitino not decayed) QST/];h2 vs. gravitino mass mg/, for a T = 10'2 GeV value, right at
the BHLR bound. At such high T values, there is an enormous production of gravitinos
in the early universe (blue curve). However, there is also enormous entropy production
from light modulus decay. We show the diluted gravitino abundance by the three dashed
curves for three values of mgy = 10, 100, and 1000 TeV. We see that after entropy dilution,
the thermally-produced gravitino abundance has dropped to tiny levels. Thus, the late-
decaying modulus field has eliminated (just) the thermally produced gravitino problem.
However, the moduli-induced non-thermally produced gravitino problem is yet unresolved.

3.2.2 Non-thermally produced gravitinos

Like the modulus field, there are intricate constraints from BBN on late-decaying non-
thermally-produced gravitinos in the early universe. To examine these, we plot in figure 9
the gravitino decay temperature T35 vs. m3/, assuming an MSSM spectrum from our nat-
ural SUSY benchmark point. From the plot, we see that the gravitino decays at temper-
atures below TppN for mg/y < 50 TeV. For higher T/, values, then the gravitino typically
is safe from BBN bounds, but not from neutralino overproduction. For T3 /2 2 TppN, then
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Figure 9. Gravitino decay temperature T3/, vs. mg/o assuming our MSSM benchmark point
spectrum. We also show Tgpn =3 and 5 MeV along with the neutralino freeze-out temperature T',.
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Figure 10. Neutralino relic density as a function of non-thermally produced gravitino mass ms,;
for the natural SUSY benchmark point with case B1. In this case, the produced neutralino number
density nf is always well above the critical number density n{, if the channel is kinematically open
and hence the relic density receives an enhancement factor over its freeze-out value.

LSPs will be produced at a huge rate from gravitino decay. The neutralino reannihila-
tion relic abundance after gravitino decay is expected to be Qgp h? x (T}o/Ts/2) (using
a similar treatment as for moduli decays to LSPs). As can be seen in figure 10, the
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Figure 11. Overview of constraints in the ms/5 vs. mg plane for the Natural SUSY benchmark
point in case B1: helcity-suppressed decay to gauginos with all A; = 1.

non-thermally-produced neutralino abundance from gravitino decay is enhanced by several
orders of magnitude (depending on m3/5) beyond its thermally-produced value. This is the
moduli-induced, gravitino-induced LSP overproduction problem.

3.3 Overview of m3/y vs. m, parameter space: case Bl

In figure 11, we display the mg/5 vs. mg plane assuming the natural SUSY spectra (in this
case, uncorrelated with ms /2 Or mg). The region below or to the left of the Tppn lines
would be excluded by T or T3 /2 < TN, for two choices of Tggny = 3 and 5 MeV. The
region to the lower-left of the purple line could be regarded as natural if mgof ~ Mg/ ~ mey
as expected in models where the modulus ¢ receives a dominant mass contribution from
soft SUSY breaking. Then models with increasing values of my and m3/, would become
increasingly unnatural. The diagonal my = m3/, line would also be favored by dominant
lightest modulus mass from gravity-mediated soft SUSY breaking [57]. The region to the
left of the my = 2my/5 curve we would expect to have a severe moduli-induced gravitino
problem. We also show curves of Q?TP h? = 10 and 0.1 (grey dot-dashed lines at constant
mg and constant mg /2). Thus, all of the plane shown has a moduli-induced LSP problem
except the upper-right region where very large values of mg and mg/y are required. The
fact that almost all of the mg/ vs. my plane as shown is excluded shows the severity of
the CMP in the light of naturalness.

3.4 Case B2: why the CMP is still not solved

In case B2, taking Ay = Ag = 0 ensures a highly suppressed branching fraction to SUSY
final states, as seen in figure 12. While one might initially expect this case to allow much
more parameter space due to this extreme suppression, we find that this is generally not the
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Figure 12. Modulus branching fraction into SUSY particles versus mg for a natural SUSY bench-
mark point NS1 with m,,, = 10TeV for case B2. We take A\g =1 but Ay = Ao = 0.
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Figure 13. Neutralino number density produced from gravitino decay in case B2 versus mg for a
natural SUSY benchmark point NS1 with my,, = 10 TeV. We take A\g = 1 but Ay = Ag = 0. Note
that one needs mg > 10° TeV before chirality suppression reduces the produced number density
below the critical value (evaluated at Tj/;).

case. As seen in figure 13, the produced number density of the neutralinos from the decay
of the NTP gravitinos begins roughly nine orders of magnitude above the critical value for
mg/o = 10TeV. In fact, figure 14 shows that the helicity suppression does not reduce the
neutralino relic density to the measured Qh? ~ 0.1 until Mg ~ 108 TeV. This corresponds to
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NS1 with my, = 10TeV. We take A\g = 1 but Ay = A\g = 0.

a suppression of BF(¢ — SUSY) ~ 10741 Although the helicity suppression can techni-
cally allow for a natural gravitino mass without overproduction of non-thermal neutralinos,
one then has to understand why my is roughly seven orders of magnitude above mgz/5. In
addition, entropy dilution due to modulus decay becomes significantly less effective with
such a large mg, and hence thermal relics can again become problematic without some
other mechanism to deal with them. We would finally like to point out that inclusion of
Higgs or matter superfield decays will make the issue of non-thermal overproduction worse
due to the increase in BF (¢ — SUSY') while leaving the diminishing entropy dilution r
relatively unchanged. Indeed, it is challenging to reconcile naturalness with the CMP even
in this best case scenario.

3.5 Moduli-induced baryogenesis problem

A further cosmological problem arising from weak scale moduli in the early universe per-
tains to baryogenesis (for some recent reviews, see e.g. refs. [96-98]). We have seen that
a late-decaying modulus field can inject an enormous amount of entropy into the early
universe at temperatures Tp ~ 5—5000MeV. Such entropy dilution of any relics present
at the time of decay is problematic for many baryogenesis scenarios which occur at higher
temperatures. For instance, EW baryogenesis [99] (perhaps no longer viable in a SUSY con-
text [100]) is expected to occur at or around T ~ Tyeak = 102—10* GeV and so any baryon
asymmetry produced via this mechanism would be wiped out. Similarly, thermal leptogen-
esis [101] via heavy neutrino production [102] requires T = 109 GeV, with conversion to a
baryon asymmetry via sphaleron effects at temperatures around Tiphateron 2, 10 TeV [103];
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thus, this sort of asymmetry would also likely be wiped out by radiation production from
late-time modulus decay. A third mechanism — Affleck-Dine (AD) baryogenesis [104, 105]
via coherent production of a baryon or lepton number carrying scalar field along a clas-
sical flat direction — can be highly efficient at producing the baryon asymmetry so that
entropy dilution from late-time modulus decay can actually bring the baryon asymmetry
into accord with its measured value [96]. In addition, a range of new mechanisms have
been proposed which make use of the properties of the modulus decay to generate both a
baryon asymmetry and the dark matter abundance. These models purport then to explain
why the seemingly unrelated abundances of baryons and dark matter are comparable in the
present epoch: Qparyons/Q2pMm ~ 1/5. Starting with Thomas in 1995 [106], some relevant
works include [107-112].

4 Some paths towards solving the CMP

In this section, we discuss some of the proposed solutions to the CMP as illustrated in
figure 11.

e The first solution is to conjecture that the dominant contribution to moduli masses is
not from soft SUSY breaking, but rather from other possibly non-perturbative effects.
Then the lightest modulus may have masses far beyond the weak scale whilst MSSM
sparticles that contribute to the weak scale and are associated with naturalness have
far smaller values. This issue is entangled with the issue of moduli stabilization [113],
and so far can be rather speculative due to lack of experimental guidance and lack of
knowledge of the details of the 6—7 dimensional compactified spaces whose properties
are determined by the various moduli.

o In ref. [34] a period of low (weak) scale inflation is invoked in order to dilute all relics
after the period of dark matter and gravitino production. Similarly, a second period
of late thermal inflation is invoked in ref. [38] which could dilute all relics.

o In DRT (ref. [36]), Hubble-induced soft masses are invoked in the early universe but
some symmetry could cause the modulus field to settle to the same minimum as in
the low energy theory. Then ¢y could be small and the energy release from modulus

decay could be miniscule.

o In ref. [46], a late-decaying saxion field is invoked to dilute all relics. In this case,
the saxion would be but one element of an axion superfield, so one would expect
additional axion dark matter and additional LSPs produced from axino decay in the
early universe. Plus, one would have to arrange for the saxion to not decay into
SUSY particles or dark radiation [114] so that its role is solely as a source of entropy
dilution of all relics at the saxion decay temperature.

o In ref. [48], several specific hidden sectors are suggested to solve the moduli-induced
LSP overproduction. In a hidden U(1), extension which is spontaneously broken by
a pair of hidden chiral multiplets, then a hidden sector gaugino x{ is the LSP and the
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MSSM LSP decays to it via portal interactions. Typical values of mys ~ 1-5GeV.
The x7x7 annihilation cross section must be large enough to generate 2y« h? ~ 0.12
but then the x{ can annihilate strongly enough into «s that IDD bounds come into
play. To obey IDD bounds, the x7 typically then forms only a small fraction of the
total DM abundance. Perhaps axions can make up the remainder [19]. Blinov et
al. also consider a hidden U(1)x with asymmetric dark matter and a non-Abelian
hidden gauge group SU(N)x with similar conclusions: the addition of extra light
hidden sector states might help evade the CMP but perhaps at the cost of implausible
parameter and/or model choices.

o In refs. [53, 115], Acharya et al. explain how moduli are stabilized and how expo-
nentially suppressed scales emerge in 11-d M-theory compactified on a manifold of
Go-holonomy (which leads to the MSSM plus moduli plus axions as the 4-d EFT).
They present arguments that the lightest modulus field should have mass nearby
to the gravitino mass ms /9 (which sets the mass scale for scalar fields in the the-
ory) [57] (see also ref. [58]). Since mg ~ mg/y, then the lightest modulus decay
mode to gravitinos is closed and there is no moduli-induced gravitino problem. To

> 30TeV. Since gaug-

~

avoid BBN constraints, then my 2 30 TeV and so also mg/,
ino masses could be suppressed either dynamically or via symmetries compared to
scalar masses, they can be much lighter: m(gauginos) ~ 1TeV. The authors initially
expected AMSB-like masses for gauginos with a wino as LSP which is thermally un-
derproduced by typically two orders of magnitude from the measured value. Then
the wino abundance can be non-thermally enhanced via modulus decay to near its
measured value for mg ~ 50—100TeV. This basic scenario of wino DM produced
from moduli decay was first introduced by Moroi and Randall [29]. Since then, the
wino as a DM candidate seems ruled out due to constraints from indirect DM detec-
tion [61-63]. Acharya et al. [69] have since then explored the possibility of an inert
hidden sector DM candidate which would still be allowed.

o Recently a landscape solution to the CMP has been proposed [116]. In that paper
(which overlaps considerably with this one), the huge non-thermally produced dark
matter abundance from modulus decay is noted as yielding a huge dark-matter-to-
baryon ratio for which there may be anthropic limits in the multiverse: e.g. structure
might appear as virialized dark matter clouds with little baryonic content [117-121].
Then if the values of ¢y are spread uniformly in different pocket universes (PU)
within the multiverse, only those PUs with ¢g < 10~"mp would lead to livable
universes. The huge suppression of ¢g would lead to n? < ny, so that the neutralinos
would inherit the suppressed modulus field number density which could bring the
dark matter abundance into accord with measured values. The case is illustrated in
figure 15 which we reproduce here for the convenience of the reader.

The anthropic solution to the CMP also presents a solution to the moduli-induced
baryogenesis problem. Namely, with ¢g ~ 10~"mp, then 7, is highly reduced and entropy
dilution of all relics r = T, /Tp can be reduced to ~ 1, i.e. no entropy dilution: see figure 16.
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our natural SUSY BM point.

Then the several baryogenesis mechanisms that require Tr 2 Myeak become once again
viable. On the other hand, there may now be no moduli-dilution of thermally-produced
gravitinos. In this case, Tp < 10? GeV may be required to avoid the thermally-produced

gravitino problem [98].
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5 Summary and conclusions

In this paper we have investigated the CMP with regard to 1. limits imposed by late
decaying moduli which disrupt the successful predictions of BBN, 2. overproduction of
gravitinos from moduli which lead to BBN violations or DM overproduction (the moduli-
induced gravitino problem) and 3. non-thermal overproduction of neutralino dark matter
via moduli decays (the moduli-induced LSP problem). We also confronted the CMP with
expectations from SUSY naturalness, as exhibited by SUSY models with low Agw < 30.
While the first of these can be solved by taking mg 2 30 TeV, the second is more serious
but can be solved in cases where my < 2mg/, so that moduli decay to gravitino pairs is
kinematically not open. The more serious is the third of these: dark matter overproduction
from moduli decays. All these issues require computing the putative moduli decay widths
into MSSM particles and gravitino pairs. We perform this task including all phase space
and mixing effects in the appendix to this paper. One can then solve the moduli-induce
dark matter problem by taking mg 2 2.5 X 103 TeV for the case of our natural SUSY
benchmark model. However, if the lightest modulus mass m, gains mass dominantly from
SUSY breaking so that mg ~ mg/s, then we would also expect sparticles up around the
103 TeV range. This would require huge finetuning to understand why then the weak scale
exists at scale Mmyeak ~ Mmw,zn ~ 100 GeV. We review other potential solutions to the CMP
including the recent anthropic solution that could arise from the string landscape in the
context of an eternally inflating multiverse [116]. We expect to address issues associated
with dark radiation from moduli decay to axion-like-particles (ALPs) in a future work, as
well as implementing our calculations into a coupled Boltzmann equation calculation which
could include the effects of axions, saxions and axinos in addition to MSSM particles and
gravitinos.
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A Modulus decay widths

In this appendix, we shall use the notation Wz and Zj to denote the i = 1 — 2 chargino and
j = 1 — 4 neutralino mass eigenstates of the MSSM. This alternative notation is intended
to remind the reader that all mixing notation in this appendix is given in accord with the
text Weak Scale Supersymmetry: From Superfields to Scattering Events [1].
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A.1 Decay into gauge fields
Here, we adopt the Moroi-Randall (MR) operator [29]

A
Lo = / 420 ﬁiW/aWa the

(which leads to helicity-suppressed modulus decay to gauginos (case B)). For the case

of helicity-unsuppressed decay to gauginos, which occurs when fields in the gauge kinetic

function obtain a SUSY breaking vev [42] (case A), then we will replace factors of mgm3 —

mi in all decay width formulae for modulus to gauginos pairs (where A stands for generic

gaugino fields).

Expanding to the relevant terms (ignoring for now the modulino and setting Fig = 0

as we expect SUSY breaking to primarily come from other sources), we have from [122]
eq. 6.13 (converting from mostly-plus to mostly-minus Minkowski metric):

Ac

LoD Vi

*

- 1
10} <2i/\om8m)\ + ivmnvm - D%+ 1 m”lkvmnvlk)

— 1
+ qﬁT (—2i8m/\am)\ + ivmnvmn - D?>— ‘ m”lkvmnvlk> ]

=L

lqﬁR (22)\0m8 A — 200 AN + V™" — 2D2)

+igr <2i/\am8m/\ + 200 A\ + ;emnl%mnvlk) ]

\[M [¢R <2z ()\o—m@ X+ \e™, A) T U™ — 2D2)

—|—i¢1< ()\ama A= X" 0, )\) 2 m”lkvmnvlk>]

Since we are in the Weyl basis, we can combine the spinors and the Pauli matrices into the
Weyl representation of the Clifford algebra:

AG - BY )‘ mn
LoD NCITA [gbR (22 (A A) @ <A> T Oy 0™ — 2D2>
+igr <2i <>\ X) V5@ (i) + ;Emnlkvmnvlk> ]

The term coupled to ¢; is then a surface term and will only arise in instanton corrections.
We are only left with ¢r directly contributing to interactions (as expected). Changing to

the Majorana representation and switching to the notation of [1], we have

g

La D M

1 1
¢R ( D ache — 4FWAFZV + 2D§;>
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where we have also made explicit the generalization to non-Abelian gauge groups. We now
need to rid ourselves of the auxiliary field D 4, for which we must first include the other
relevant terms in the Lagrangian:

g
NI

and so the equation of motion for D4 becomes

1
LaD <Z>R< D acre — = FuaFhY + DA>+ “D? — ¢S] (taDA)Si — £4Da

4

Dy (1 + \;1;]\1 ¢R> ~ Dy = 95375,451‘ +&a
where we neglect the contribution between D4 and ¢g as it is Planck suppressed in com-
parison to the leading order term of the equation of motion. Note that the D-term induces
an interaction between ¢ and the matter scalars. We ignore for now these interactions, as
they will be 4-body decays and hence highly suppressed. There is the possible exception of
a 2-body decay in the presence of a Fayet-Iliopoulos term, but we ignore that contribution
as well.
Therefore, for the gauge and gaugino fields, we have the relevant Lagrangian terms

I\
f 2M,

A.2 Modulus decay into electroweakinos

1 y
La <Z5R( D acre — 4FWAF,’X) (A1)

Looking at the first term of eq. (A.1), we can insert the SU(2)z, and U(1)y components:

4)\SU(2 4)\ )
Lo A Ao + RAOPA A2
JaM. 2¢>R Aal) ache NGIT 2 AodNo (A.2)
_ sy 4Auq) i
A DA + Ao@ Ao + A3d A\ AodA
J2M, 2¢R< 19N+ Xadra + A3d 3) VM. 2 ¢R 0@Xo
~ Asuq) ig

fM 5 —®R ( =MW 3da + AaWadi + M Wads — AaWids — AsWak +X3W1)\2)

(A.3)

where we used the shorthand Ag, with G = SU(2) for A and A3 interactions, and U(1) for
Ao interactions.

This then gives us a 3-point interaction between a gaugino pair and the modulus, and
a 4-point interaction between the SU(2); gauge fields, a gaugino pair, and the modulus.
We want to move to the mass eigenstate basis with the help of the following identities:

X =Y o (i) Zi, X =Y vy Ziins)™,

Ao = Z vy) (iv5)% Z;, o = ZUY)Z@%)Qi
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and
A =0, cosyL (%)9% PLW; + sinvg, (’75)9V~V1 PLWy
+ 0, cos VR(%)HVNV? PpW; + sin 7R(’YB)0V~V1 PrW,
A =0, cos WLWJ—%)@VNV? PR +sin ’YLWK—%)GV“ Ppg
+ 6, cos WRWQ(—%)GVT’? Py, +sin yRﬁl (—75)9VT’1 Py,
A.2.1 Relevant matrix elements and phase space formulae

Once we are in the mass eigenstate basis, there are a few general forms for the interaction.
It is convenient to work out the Feynman rules, matrix elements, and phase space factors
to derive general decay widths and insert the specific couplings and particles later. All of
these formulae are worked out in the rest frame of the modulus.

We start with the 3-point interaction formulae. The first general interaction is of
the form:

Lr=gor (X7 (9v — 9475)0u) (A4)

which corresponds to the diagram:

=

If we take the incoming momenta of the modulus to be ¢, and the outgoing momenta
of ¢ and Y to be k and k', respectively, we have a vertex factor of igy*(gv — ga7ys)k,. The
matrix element is then

/

iM =7 (k) (igh(gv — gavs)) v* (K) (A.5)
Summing over outgoing spins, the squared matrix element is then
M = g Tr [(# +my) (gv + ga75)k (k +my) Klgv — g475)]
= m gl Tr (¥ +my) (v + g.a75) (F +my) (9v — 9a%5))]
= mlgPTr [(gv — 9475 ¥ (K +my) (gv — g.a75)| +4mimy |l (g8 — 9%)
= am3|gl* (g% + g%) Kk + amim,|gl* (6% — o)

With our momenta convention, we see that k, + l-cL = Qu, SO Qk:ﬂﬁ“ = 'mé - m?p — mi The
final squared matrix element is then

2 2
-~ -
IMP? = 2m2m3|g|? [g% (1 - <M> ) + 9% (1 - <m¢¢m’<> )] (A.6)
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As this is a 2-body decay with no angular dependence, we have the decay width
immediately:

’9’27”12/,7”(;5 9 My, — My ? My + My 2 m2, m2
o, — 277 1— [ B % 2 [ (v T A2 ¢ X
234 87 W Mg iz mey "mg

—5
g
(

A7)

where we used the general formula

16mmy m2’ m2

A8
m2’ m2 (A.8)
with S being the combinatorial factor for identical particles (S = 1 in this case). The decay
of  — xt (summing over both vx and Y% final states) is then

2 2
r :‘9‘2(m1211+m3<)m¢ g |1— [P +1- my + My
XY 87 |4 me A me
2 2
y A1/2< m;ﬂg)
Mg Mg

A.2.2 3-point interactions

SIM|? m2 m2
Tysipz = |IM| \1/2 (1 1 2

(A.9)

We first look at the 3-point interactions between the modulus and a gaugino pair. The last
pair of 3-point interaction terms of eq. (A.3) give us our neutralino interactions
4)‘SU(2) 7 —
=. = — A3 MA@
£¢Zizj JIM. 2¢>R( 30 3) fM 2¢R( Y, o)
4 i e (), (), 0:-+0
D NGITA 5(—1) 0K (ASU(Q)U3 + Auyvs vg ) (¢RZ’Y (75)"7% 0 Z)

(A.10)
The corresponding matrix element is then

N T RN ) (i), ) (i),,(7) Y
onziz, 0 ) (Z V2M, 2 (=)™ () JQSU( 2)U3 5" +Au(1)vy v )k (9v —gars) )v* (K)

where gy = 0(1) and ga = 1(0) if 6; + 0 is odd (even). The squared matrix elements for

¢ — ZZ] (summing over both Zi + Zj and Z; + Z; final states) is then

2 m2 mi ()2 (2 2
‘MCf)Rﬁ‘Z 7| =4 M2 (ASU( 2) (U:s ) + Auq) (U4 ) ) (A.11)
2 2 2
‘quR—JZZZ =4 Ve - ()‘SU(2)'U3 v + Aoy v4]> 1— ]miqs

(A.12)
where we note that the gy and ga convention defined above simply flips the sign of the

mass cross-term if one (not both) of the masses is negative, and hence we assume that all
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masses above are taken with their implicit absolute values. The decay widths for these
processes then are:

()2 2\’
(ASU@ (87)"+ Mo (vh )> AT (1 " m%)

i . i )
B (>\SU(2)U§ o + Ayl )UA(LJ)>
br—ZiZ; 47
2 2 N2 2 2
(mZi + ij) me ij my 12 mz— ij
X 1—-(— A L, —5— (A.14)
M?2 me mg = my

The first 3-point interaction term of eq. (A.3) then gives us our chargino interactions:

v .~
SWW;  /2M, R (Aa)‘)

To evaluate this in the mass eigenstate basis, we see that:

My = dyt [Ha; cos (1) W2 PL Wy + sin vz, (v5) ™1 PLWI}
+ Myt [9,1; cos VR(VE))O% PrW; + sin ’YR(’YB)QVNVl PR‘//‘VG}
= {Gx cos WLWA—%)GVNV? P R} v {993 Cos 7L(75)0V~V2 PpWs + sin 7L(75)9V~V1 PLW1]
+ _sin yLﬁl(—%)e"T’l PR] ~H [91 cos 'yL('y5)0VT’2 PLWy + sin 'yL(%)HVT’l PLW@
+ -Hy Cos ’YRW2(—’Y5)9V~V2 PL} yH [Hy cos ’YR(’Y5)9V~V2 PrWs + sin ’YR(’Y5)6"~V1 PRWH}
+ _sin 73?1 (—75)9‘7"1 PL] ~H [Hy cos 73(75)0% PRWQ + sin~yg (75)9‘7’1 ijﬁfl}

- {qu (xc B yc'}/5) Wl} + {nyu (xs - ys’Y5) W2}

+ Wik (z — yy5) Wa + Wy (z — ys) W1‘|
where we made the definitions

Te= = (sin2 v1, + sin? ”YR) (A.15)

/N

sin? y7, — sin? 'yR) (A.16)

<
e}
Il

8
»
Il

/N

cos® v, + cos? WR) (A.17)

cos? v, — cos? 73) (A.18)

8
Il

0~ +6~
(—1) w1 0 sin vy, cos v, + 0, sin g cos W’R) (A.19)
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»
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e e N N IS T
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<
Il

7N N

0~ +0~
(—1) it W20, sinyr, cosyr — 8, sinyg cos*yR) (A.20)
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We therefore have the interaction terms for the charginos:

S PN .
o M, (¢RW1’Y (Te — Yer5) %Wl) (A.21)
v, = N
Egﬁﬁzﬁ/z o \/EM* ! (¢RW2’Y (l’s - ys’Y5) aMWQ) (A22)
sy |

— — T n _ = ol m _ —~
£¢ﬁ/1ﬁ/2 NIV Z(¢RW1’Y (x —yv5) 0uWa + orW ! (z — y75) 8MW1) (A.23)
These have then the corresponding matrix elements

AASU@) g s o

M¢R_>ﬁ/1ﬁ/1 = V2, a’ (k) (if(zc — yeys)) v* (K) (A.24)
AASU@) g s .y

M Tl = NI (k) (ik(xs — ys75)) v* (k') (A.25)
_ Psue) .

Mot = s, ) (R =) v () (A.26)

where the matrix element for ¢p — W@WI is identical to ¢r — Wlﬁvfg. Assuming no
additional contributions to these decay channels, the squared matrix elements are then

2 , m%/lmé . mg, N\ 7
‘M¢R~>ﬁ/1ﬁ71 :16/\sU(2)T*2 Te +Ye (1 -4 < e > ) (A.27)
2 , m%@mé [ . mg, N\ ]
‘M¢R%ﬁ/2V~Vz =16A3y(9) mz | + s (1 —4 < e > ) (A.28)
2 2 2

2 2
M, — M ms + mes
oo () o (- (28]
me me
where we summed over both ¢ — Wﬂf@ and ¢ — ﬁng final states for the last entry.
These then have the corresponding decay widths

¥ m2 Mg [ me \ 2 1 m2  mZ
P =SS0 22 g ) ) a2 M W) (AU30)
pr— W1 ™ M2 me m m

o] ]

2 2 my [ _\2\] 2 m2
r — _Nsue) M, 242 (1-4 M, A2 (1 M M, (A.31)

dr—WalWs T ]\4'*2 S s me 5 mi ; m?b .
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A.3 Modulus decay into electroweak vector bosons

We now look at the decay of the modulus into the electroweak vector bosons. Starting
with the second term of eq. (A.1), we can insert the SU(2);, and U(1)y gauge fields:

4Asu(2) < 1 4Au() 1
LoD——pp(=F, F‘“’)— (B VB“”)
¢ oz, Or \ g fwaka NI RLAVEL

4Asu(2) 1 , } )
— \/5]\;-*) §¢R (@LWW‘@“WZ- - 8HWz/i8 VVZ‘LL — 2961]k(6“Wy1)W]“Wk

1
+ Qg%ijkeimnwmwykwwﬁ

_ P!
V2M, 2

We see that there are 3-point, 4-point, and 5-point interactions between the modulus and

ér (0,B,0"B” — 9,B,0"B")

gauge fields.

A.3.1 Relevant matrix element formulae for electroweak vector bosons

In this section, we work out the general interactions that will be relevant for the electroweak
vector bosons. All of these formulae are worked out in the rest frame of the modulus.
We start with the 3-point interaction formulae. The first general interaction is of

the form:

L1 = —gon (0,A50" B — 0,A50" B*") (A.33)
= —g0n (0,A50,BLg"g" — 9,450,B9"" ") (A.34)

o e

which corresponds to the diagram:

Taking the incoming momenta of the modulus to be ¢, and the outgoing momenta of
A% and B? to be k and k', respectively, we have a vertex factor from the first term

of —ig(iky,)(iky)g"*g"® = +igk,k*g"?. Since the second interaction term is of the
same form but with the exchange ¢"’¢"° — —g"g"“?, we have its vertex factor of
+ig(ik),)(ik,)g" g"P = —igk/”k". If both vector bosons are identical, each vertex factor

should be multiplied by an extra factor of 2. The associated matrix element is then

IM e (k)e () = ig (Kk'g" — koK) & (B)es ()
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With our momenta conventions, assuming no additional contributions to this decay channel,
the squared matrix element is then

(MU7es (R)es ()[F = g (kg™ — KR ) 5 (k)es (k') (Kak g™ — K7k e (k)ea (k')

and summing over polarizations (assuming both A and B are massive, so we use y_ e;ey =
Hp¥ .
—guw + B2, this becomes

K,k
Vo _x ¥ N2 2( 1 L, vo  ploy /o, By LB _kak'y Mg
M (k)ey (k)] =g? (R dg" — KR (kok®g™ — Kk )(gw iy > (M m%)

kLK.
=g (kk*g"™ = Kk") (kok®0f — ki k?) (gyﬁ - ;f)
B

=g (20K} k") + KKk k)

In the rest frame of the modulus, we can evaluate 2]{:;]{:“ = mi — mi — mQB, giving us our
squared matrix element:

Vo % %12 927”35 m124+m23 2 mimQB
(MG (R (K)|" = =55 [ (1- =52 | +2 i (A.35)

We also evaluate the squared matrix element if one of either A or B is massless. We’'ll take
B to be massless (and from an Abelian group) and A to be massive, where we now use
Yo e;'ley = —guu for the massless boson:

ko
M (k)ey (k)] =g* (K g" = KR (koko g™ — K17) <g(W - mi:) (9v5)

2
- <2 (k)" + k@k’%ﬁ)
The squared matrix element then is given by
2 ng4 m2 2
M )e k) = T2 (1 - mg) (A.36)
If we now take both A and B to be massless, the squared matrix element is

M (R)es () =g? (kg™ = K7R) (Kukg® = K7K7) (901 (90)
=g? (2K}, K"K + KKk k)
and hence the squared matrix element is

2,4
M7es (ke () = 7 (A.37)
For egs. (A.35), (A.36), and (A.37), again if A and B are identical, the entire squared

matrix element must be multiplied by an additional factor of 4.
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A.3.2 3-point interactions

We first look at the 3-point interactions between the modulus and a gauge boson pair. The

relevant terms are then

r _ _4)‘SU( ) 4)‘U( )
ARG VA V2M, 2

Isolating the charged vector bosons, we have the interaction between the modulus and the
W bosons:

~ R (DWW —8,W,,:0" W) — ¢ (8,B,0"B"—d,B,0"B")

4)‘SU( 2) 1 vy v Ay TeL
Lowriy= = =2 B2 0n OuWnd WY = 3, Wnd WY +0,Win0" Wy — 0, Wi W)
N
= — R - —_— - -38
\/;\]; Lor (0, W 0WY— — 9,W, 0" W A

We can then evaluate the squared matrix element from eq. (A.35), assuming no additional
contributions to this decay channel:

> ANy om?, " _mb
vo et (k)er (k! _ Psu™ms 1 - 20w ) oW A.39
M )] = G e B (4.39)
We then have the decay width to WTW ™ pairs:
Mo M3 mé mZ, m?
F¢R—>W+W* = 47.: ) M¢2) (1 4 mW +6 m‘i’) )‘1/2 < 7m7V2V7 WLVQV) (A4O)
* ¢ ¢ ¢ ¢
We now turn to the neutral vector bosons:
4)\5 1
£¢VV D — \/»IJJ\ZQ) §¢R (8“W1,38“Wé/ — 8#WV38”W§‘)
4AU<1> 1
0,B,0"B" — 0,B,0"B"
2/\
—_7sue )¢R 9, (sin Oy A, — cos Oy Z9) O (sin Oy AY — cos Oy ZV°
\/§M 12 v
— 0, (sin Oy Ay, — cos Oy Z2)d” (sin Oy A" — cos HWZMO))
B 2Au()

NGIT; qﬁR(au(cos Ow A, + sin GWZB)G“(COS Oy AY + sin GWZ”O)

— Oy(cos b A, + sin HWZg)a“(cos Oy A” + sin QWZ”O))

From this, we can extract the $Z°Z° interaction:

;C 070 — — 2)\SU

EYAYA VoM.
2 u()

fM

= fM ()\SU (2) cos? Ow + /\U(l) sin? Hw) Or (8“286“2”0 — aMZB(?/Z“O)

Lo cos? O (0,200 27° — 0,200" 2+°)

) b sin? ew(a Z09m 770 — ayzgauz'fo)

(A.41)
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The squared matrix element, assuming no other contributions to the decay, is taken from
eq. (A.35):

M7 20 g0ei(R)es ()

2
2_4 (Asute) cos? b + Ay sin? Oy ) m ((1_ 2m22>2 m%)
M?

The decay width to Z° pairs is then given by:

2

2 .2

()\SU(Q)COS Ow + Ay sin 9W) mz’) 4l m% +6 R m2Z m%
8 M?2 m¢ m¢

F¢Rﬁzozo ==

where we divide by an additional factor of 2 since the final state particles are indistinguish-
able.

The ¢y~ interaction follows similarly, with the interaction term:

2)‘SU

Lon=="Fm10 Lo sin® O (0, 4,0" AY — 0, 4,0” A"
20 (1) ) )
\[M ) g cos? Oy (a A OMAY — 8,A,0" A )
— TM (Asug) sin? O + Auqr) cos® O ) 6 (9, 4,0 A — 9, 4,0 ") (A.44)

which has an associated squared matrix element from eq. (A.37):

2 4m§s . 9 9 2
= ()\SU(Q) sin” Oy + Ay(1) cos 0W> (A.45)

M es (R)es (k)

The decay width to photon pairs is then given by:

2
()\SU(Q) sin? Ow + )\U(l) cos® ew) mz
Fd)Rﬁ,Y,Y = (A.46)
87 M2

where we again divide by an additional factor of 2 as the final state particles are indistin-
guishable.
Finally, we also need to include the ¢Z%y interaction:

4)Xg . 5 5
Lyz0, = ﬂ‘;f sin Oy cos Ow 6 (9, 200" A” — 0,4,0” 21)
79\
— \@[j\(/z sin By cos 9W¢R( D, Z00H AV — 8,,Z26“A")
— 2 : 0qu Av v 7110
_m&nQGW ()\SU(2) )qu( Z00MAY — 0,A,0" Z ) (A.47)
The corresponding matrix element from eq. (A.36) is
* (1. 2 mé i 2 2 mzZ ’
MW )] = 3 (Asue — M) (1- o (A.48)

— 38 —



Note that, as expected, if the couplings between SU(2);, and U(1)y are equal, the ¢Z%
interaction disappears, and the ¢y and ¢Z°Z° interactions are independent of fy,. The
decay width to the Z%y state is then:

. z2 . 3
sin“ 20y, ()\SU(Q) - )‘U(1)> my, m2Z
F¢R‘>ZO'Y == 167‘(‘ M*2 1 - mii (A49)
where we used A!/2 <1,07 :ZZZ) = ( - T::%)
¢ ¢
A.4 Modulus decay into gluinos
The modulus decay into gluinos is given by the first term in eq. (A.1):
4Asu(3)
Ly = NI Lo AAJDACAC
2/\SU = ~ Ys= ~
gy 0,9 — — g7 A G A.50
= oM. ) <197 wg = 5 97" A4 Au9> (A.50)

A.4.1 3-point interactions

We look first at the 3-point interactions between the modulus and a gluino pair. The
interaction term relevant for this process is

2Asu(3)
Lyg=1 f]\é ORIV Tuga

Since there is no symmetry breaking in the SU(3) sector, we can immediately write down
the matrix element to gluinos using eq. (A.5):

I e I
= () (T ) (A51)

and so we get the squared matrix element from eq. (A.6):

PR—GAgA

2
M
The additional factor of 8 comes from summing over the color indices, as while the gluinos
are a color octet, specific color charges are of no interest for this work. The computation
of the decay width, including a factor 1/2 for identical final state particles, gives

2 2,2
T —— )\SU( )Wm A\L/2 E E (A.53)
ér—99 g M?2 mi ’ m% :

‘Mdmﬁgg‘

A.5 Modulus decay into gluons

We can get the modulus decay into gluons from the second term in eq. (A.1):

As
£¢99 \/>U]\(43' ¢RG,U,VAG'LL
2Ag . y )
. \@IJE 261 (0uC a0 Gls = 0G0 Gl + g fanc (G — 0uGa) TG
2
+ %fABCfADEGBMGCVG%G%> (A54)
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A.5.1 Relevant matrix element formulae for gluons

In this section, we work out the general interactions that will be relevant for the gluons.
All of these formulae are worked out in the rest frame of the modulus.

We start with the 3-point interaction formulae. The first general interaction is of
the form:

Lr = —gon (0,G1"G"* — 9,G o GH ) (A.55)
= g0 (0.G10,G29" 9" — 0,G10,G2 9" 5" (A.56)

which corresponds to the diagram:

Taking the incoming momenta of the modulus to be ¢, and the outgoing momenta
of G4 and G2 to be k and K/, respectively, we have a vertex factor from the first
term of —ig(ik,,)(ik,)g"?g"? = +igk,k'g"?. Since the second interaction term is of
the same form but with the exchange ¢g"?¢"? — —gH?g”?, we have its vertex factor of
+ig(ik;,)(ikp)g"7g"" = —igk'°k”. Because the gluons have identical color charge, each
vertex factor should be multiplied by an extra factor of 2. The associated matrix element
is then

iM7e; (k) (K) = 2ig (K kg™ — K7R") 5 (R)es (k')

Since we're dealing with bosons associated with a non-Abelian symmetry, we have to be

careful about the polarization sums here. We first note that only the transverse polariza-

tions are physical, and since the gluons are back-to-back in the rest frame of the modulus,

we must have k¢’ (k) = k¥e5 (k') = 0. On summing over the polarizations, we have also
Ko vx

Je et = —gu + % where we defined k = (k, 0,0, —k) assuming k is propagating

in the +z direction.

This simplifies the physical matrix element to

iM e (k)e, (k') = 2igk) ktg"? e (k)ey, (k')
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and the squared matrix element becomes

1
MBS = 1* (Sm2) 9770 3 9eati)e (K)esth)
pol.
ot gop  KTho+ koK KR + KR,
= g o\ 9890 — -k kK

N (k:%, kR ) (k’ﬁﬁg + k"’%) )

_ 2 4 3 (2kK")
=g my <ggga —-2-2+ 27(21{72) oK)
_ 9.2, 4

which matches our expectation based on the ¢ — v matrix element.

A.5.2 3-point interactions

We look first at the 3-point interactions between the modulus and gluons. The interaction
term relevant for this process is

Lo 2Asu(3)
fbyg—_ﬁM

dr (0,G 4, 0" Gy — 8,G 4,0"GY)

This corresponds to a squared matrix element

4

_ 3902, (A.57)
SU(3) M*Q .

M e (e (k)]

where, again, the extra factor of 8 comes from summing over all possible final gluons. This
gives us a total decay width of

2
r_ NSue m
drR—399 — T M2

*

(A.58)

where we divide by an extra factor of 2 as the final state particles are indistinguishable.

A.6 Decay into Higgs fields

We have the interaction term for the modulus-Higgs sector [29]

AH

Ly = 0 GHH? + h.c.

We focus first on the subset of terms (%2*32* + h.c. and obtain the remaining results by
the substitutions h%* — h;* and h9* — iz;* Expanding as per ref. [1] egs. 5.34 and 5.37,
we need to first evaluate the superspace integral (noting that we disregard the modulino
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and the Fy terms):

AH { 9759) (Y0010 + WY ,0mny ) —i(é%weé%%e) 8“h2*(‘)”h2*]
1,007 ]
AHl / 4'0 (9737,00757,6) 9 [a”<h0*>h0* B0 ()]
- i)\H 9) O [@themz?hg 93}

/\ 1

H / a0 (0:0) " 9,0"0 [hg 1] + e,

Using the Grassmann variable identities, integrating some terms by parts, leveraging the
Majorana nature of § (taking e.g. 16 = 01)), and rearranging, we can rewrite this as

1Ay
Lo =3

— 2
0 (6750) [0 0,0" — 20,0 0" + 0,0" ()] RG Yy

A _ _ o _ _ _
2 [0 [iyg0r01500001, 1 + 075089y g Or — 00T 0OR T},

—i?\Z / d*o (émue) o [zzhngeéPR@zjhg} T he.

- i?\f [0 0,0" — 20,6 0" + 0,0 ()] hy" By + hc.
A
+ QﬁHd’ Who Lm0, r + Ung L%(WW R]
7 A - n
+ §MH¢> |0 40ng e 150ns, 1, + "V, w5 1|

This Lagrangian contains some redundancies in the scalar interactions, so we need to exploit
surface term identities to simplify this expression. We can take the total derivatives:

00" (ShF 1) = 0y (O (S)NT 1y + 90 (R hiy))
= 0O (@R RYT + 0(6) 0 (YIRS +0M(9)h 0,k + 0, (90" (RG DY) )
= 000" (hG'RY) + 00,0 (hYhST) + 0y (9" (@)hy k)
and, on ignoring the surface terms, we arrive at the following identities:
0L DY = ~0°(0)0, (W) = 69,00 (rh)

We also realize that the entire second line of the Lagrangian vanishes, due to the separate
chirality of the spinors in each interaction. Hence, the modulus should only interact with
the scalar components of each of the Higgs superfields. This then allows us to rewrite the
Lagrangian as
A
Lyo = — ]\f By B 0,0" 6 + hGh0,0" 6" |

*
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Finally, we separate the fields into their real and imaginary components:

Lpo = [(h RhuR hg,Ih?LJ) 00" bR + (thh RrRT h ) aud,l} (A.59)

M, f
We can write down the result for the charged Higgs sectors by the aforementioned replace-
ments hY, — h} and h§ — hy:

AH
M,/2

A.6.1 Relevant matrix element formulae for Higgs bosons

Lys =— (ha b g = Pa bl ) 0u0"6r + (ha i g+ haphis ) 9u0"61]  (A60)

In this section, we work out the general interactions that will be relevant for the Higgs
bosons. All of these formulae are worked out in the rest frame of the modulus.
We start with the 3-point interaction formulae. The first general interaction is of

the form:
ﬁ] = —g@,ﬁ“qﬁR hihj (A.Gl)

which corresponds to the diagram:

h;

¢------<
q .
KXo
h;

Taking the incoming momenta of the modulus to be ¢, and the outgoing momenta of h;
and h; to be k and k', respectively, we have a vertex factor of —igmi. The corresponding

matrix element is then
. . 2
iM = —igmy

which must be also multiplied by an additional factor of 2 if h; = h;. Assuming no
additional contributions to this decay channel, the squared matrix element is

IM[* = g*m}, (A.62)
which, again, must be multiplied by an additional factor of 4 if h; = h;.

A.6.2 Neutral Higgs interactions

We first start with the neutral Higgs sector interactions. We write down the term for the
real component of the modulus interacting with the neutral Higgs from (A.59):

Al 0 30 0 10 m
Lophn D — STAVG) (hd,Rhu,R - hd,lhu,l) 0,0"or
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We then move to the mass eigenstate basis with the following transformations:
h% R\ _ (cosa —sina) [h
h?l, R sina  cosa H
h27 I\ _ sinf  cosB\ [(G°
h& I —cosf sinf A
This gives us a Lagrangian of the form

/\H . 2 2 . 92 . 2 m
£¢th3—m(smacosah +(cos « — sin a) hH — sinacosa H )Qﬁ OR

+ M/\Ij/i (—cos fsin 5 (G%)° + (sin® § — cos® ) AG® +sin cos 3 4%) 0,06
= ]\/zlj/i <; sin(2a) h? + cos(2a)hH — %sin@a) HQ) Ou0" O
+ L (=5 sin(28) (67 = cos(28) AG” + 5 sin(28) 4°) 0,00

We can extract from this the interaction between the modulus and the light Higgs pair:

A .
Lpphh = —ﬁ sin(2a) h?0,0"  pr (A.63)

The corresponding squared matrix element from eq. (A.62) is then

)\%Imé

NE sin?(2a) (A.64)

(Mo pnnl® =

This gives us the decay width to light Higgs pairs:

M mg 12 (1 ™M mp
Lgp—shh = %Mf sin”(2a) A / 7@7 mfgﬁ (A.65)

where we divide by an additional factor of 2 due to the final state particles being indistin-
guishable.

Likewise, the interaction between the modulus, the light Higgs, and the heavy Higgs
is given by

cos(2a)hHO,0" pr (A.66)

AH
Loph = — NGIY;

which has a squared matrix element of

2 4
cos®(2a) (A.67)

2 _
[Mgponu|” = N2

The decay width for this process is then given by

22, md m? m?
Tgpshil = ?,lerﬁq; cos?(2a)\1/? (1, m—g), m—g (A.68)
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Finally, the interaction between the modulus and the heavy Higgs pair is:

H .
Lopnn = AT sin(2a) H20,0"pR (A.69)

which has corresponding squared matrix element

)\%Im4
(Mopsrin* = 5 M; sin?(2a) (A.70)
The decay width to heavy Higgs pairs is then given by:
Mg 2 (4 Mk mE
Lgpobm = %ME sin”(2ar) A / 7m72¢a mii (A.71)
where we again divide by an additional factor of 2 since the final state particles are indis-
tinguishable.
In the CP-odd sector, we have the decay to the pseudoscalar Higgs given by
AH
L = ———sin(28) A%9,0" A2
oA = T (26) A%0,0"¢r (A.72)
The corresponding squared matrix element is
A2 md
2 H™¢ . 2
(Mo p—anl” == gz Sm (28) (A.73)

The decay width to pseudoscalar Higgs pairs is then:

A2, m3 . m2 m?2
F¢R—>AA = éﬁﬁ Sln2(2ﬁ)>‘1/2 < 7m7§7 mig (A74)

where we once again divide by an additional factor of 2 for indistinguishable final state
particles.

We can similarly write down the term for the imaginary component of the modulus
interacting with the neutral Higgs from eq. (A.59):

A
Lynh = — ﬁ (thhgﬂ + hg,Rth) 0,01

and move to the mass eigenstate basis:

Lonn = — ]\jlf/i (sin asin B — cos B cos &) G°hd, 0" ¢
- ]\2;:[/5 (sin 8 cos a + sin acos 3) h A0, 0" ¢r
— ]\2;:[@ (sin avcos 8 + cos asin f3) HGoauauqﬁ]
- J\;:f/ﬁ (cosacos B —sinasin 3) HAO,0" ¢r
:]\21\{/5 cos(a + B) G°h 0, 0"pr — ]\4);}\15 sin(a + ) hA 9, 0" ¢r
Y sin(a + 8) HG® 8,0"¢; — ki cos(ov + B) HAD,0" ¢y
M, g M,V2 :
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We extract the interaction between the modulus, the light Higgs, and the pseu-
doscalar Higgs:

AH
Lpha = YY)

The corresponding squared matrix element for this decay channel is

sin(a + ) hA 0,0" ¢r (A.75)

4
2 /\%imqﬁ )
’M(b]—)hA’ - 2M2 sin (Oé + ﬁ) (A76)
which then has a decay width of
\2 mz’, m2 m?
Ly, na = - —2 sin?(a + B)N/2 (1, =2, =4 (A.77)
o1 32m M2 m3’ m2

Likewise, the interaction between the modulus, the heavy Higgs, and the pseudoscalar
Higgs is given by:

AH

E(;S]HA = —m COS(O[+B) HA 8“au¢[ (A78)

which has a corresponding matrix element

A2 mi
2 7H"% 2
Mg, mal” = CIVE cos”(a + ) (A.79)
The decay width is given by:
M mg 12 (1 mE M

N 327 M2 cos?(a + B)AY 7m7§>7 mi; (A.80)

A.6.3 Charged Higgs interactions

We find the charged Higgs interactions similarly to the neutral Higgs interactions. Taking
the interactions with the real component of the modulus, we have from eq. (A.60) the term

AH _ _
£¢>Rh+h* = M2 (hd,Rh:f,R - hd,fh;r,l) 3ua“¢R
_ Al —xp 4k -7+ i
- (ha* ki + hahiy) 0u0"6r

We move to the mass eigenstate basis with the following transformations:
hy*\  [cosB —sinf\ (GT
ht )] \sinfg cosp o+

which gives us the following Lagrangian:

Lophthn-= —Afj/? (5in28G* G~ +c0s28 G~ H* +cos 28 GHH™ —sin26HT H™) 9,0 ¢
(A.81)
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We can now extract the interaction between the modulus and the charged Higgs pair:

A . _
Lyt = Milj/i (sm 2BHH )(%0”(}53 (A.82)

which has, from eq. (A.62), the squared matrix element

4
2
’Mq&R%H‘FH—‘ == 2M2 sin2(2ﬁ) (A.83)

The decay width to charged Higgs pairs is given by

)‘2 2 2 1 my. m7
/2 H*E H*

We follow similarly for the interactions with the imaginary component of the modulus.
From eq. (A.60), we have the term

AH _ _
Lo p+n- = T MR ( dIh;r,R + hd,Rhttl> 00" o1
- AH () —xp 4 -7+ I
b T (ha* i = hyhif) 0,061
We again move to the mass basis with the same transformations as above:
_ AH (b -+ w
Lon =~ 315" (GHH™ = G=HY) 0,0"6: (A.85)

A.7 Decay into matter fields

We have the operator relevant for fermion interactions (ref. [29])
_ /d49 2Q 3510 + hee
A .C.
Ignoring the modulino, we have then the following interaction Lagrangian:
_ 2@ [ g (7. 0\
Lo= 7*/d 0 (6750)

< [0{5@0.0m + 50,0%(@Q - 10.019"Q - S TTadua - 37 7o)

)\Q Q /d4 9%7“9975%/ ) [3“¢ Q19" Q — 8#¢8V(QT)Q}

)\Q Q/d4 [ 9759 QTQauaﬂgzﬁ} +h.c.

- AJC\QJiQi |- 0Q19,0"Q - 60,0"(QNQ + 26 0,QT"Q

20,6 Q19"Q +20,69"(QNQ - Q1Q 9,99

Ao+ -
+ ;ZQ B¢¢Q‘W’Q +¢}"ng} + h.c.
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This expression has some redundancies in the scalar components, and we can exploit surface
terms to simplify this Lagrangian. Taking the total derivative and distributing differentials
in various permutations (so as to end up with surface terms that can be neglected), we have:

00" (6Q1Q) = 9, (9"6Q1Q + 60" Q'Q + 6Q"0"Q)
= 9,0"(#)Q'Q + 9"(#)9,(QNQ + 0"(6)Q19,Q + 9, (60" QTQ + ¢QT0"Q)
= 9,(0)0"(QNQ + 69,0"(QNQ + 69"(Q")9.Q + 9, (9"6Q"Q + ¢Q9"Q)
= 0u(0)Q1"Q + $0,(QNIQ + $QT0,0"Q + 0, (96QTQ + 60" Q1Q)

Putting these together, we arrive at the following identity which allows us to replace the
terms with mixed differentials:

Q'Q 0,0"¢ —30,0"Q" $Q +¢Q10,0"Q = 20,(¢)0"(Q")Q+2¢0"(Q")0,Q—20"(¢)Q9,.Q

This then allows us to rewrite the Lagrangian as:

Ao P ;o
ﬁf¢@ﬁ%@”@+4%§ S0V + 6 FhFo| +ic. (A.86)

We neglect the couplings to the Fg fields for now, as they will be 4-body decay terms.

Lo=—

A.7.1 Relevant matrix element formulae for sfermions

In this section, we work out the general interactions that will be relevant for the sfermions.
All of these formulae are worked out in the rest frame of the modulus.

We start with the 3-point interaction formulae. The first general interaction is of
the form:

L1 = —gor (©:10,0'0}) (A.87)

which corresponds to the diagram:

Dy
/(/
¢------ <
AN
@)

Since we have a real scalar decaying to complex scalars, the tree-level matrix element is
simply the vertex factor. The vertex factor here is then —ig(ik™)? = —H’gm%% and hence
the matrix element is

. . 2

1M¢—><I>1<I>£ = igmg, (A.88)

Note that if the interaction Lagrangian has a second derivative on the ® term instead of
®T, the mass in the matrix element will simply be relabeled to correspond to the field with
the second derivative coupling.
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A.7.2 Relevant matrix element formulae for fermions

In this section, we work out the general interactions that will be relevant for the fermions.
All of these formulae are worked out in the rest frame of the modulus.

We start with the 3-point interaction formulae. The first general interaction is of
the form:

L1 = giér (GPrIPLY) (A.89)
= giqﬁR (%” (1—1s5) 6%1#) (A.90)

which corresponds to the diagram:

Taking the incoming momenta of the modulus to be g, and the outgoing momenta of 1
and v to be k and k', respectively, we have a vertex factor of i%’y“(l — 75)kyu. The matrix
element is then

/

M=) (5970 =25 b ) o ()

The second general interaction is rather similar:
L1 = gior (0u0Pry" Pr) (A.91)
= Zion (0,07 (1 = ) 0) (A.92)

which corresponds to the same diagram as above, albeit with a different vertex factor.
Taking again the incoming momenta of the modulus to be ¢, and the outgoing momenta
of ¢ and ¥ to be k and k', respectively, we have a vertex factor of —igk;v*(1 — ;). The
matrix element is then

M=) (5K (1= 29) ) o ()

There are similar interactions as well, which interchange Pj <> Pr. These interactions
have identical matrix elements as above, but with the replacement (1 —v5) — (1 + 75).
It is worthwhile to also work out the combination:

Ly = giér ($PrIPLY — 0,0 Pry" Prov) (A.93)

The matrix element for this combination reduces to

M =08 (20— 30) (k4 ) o

/

(kK" (A.94)
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If there are no other contributions to this ¢z — ¥ decay process, we can evaluate
the squared matrix element for the combination above:

2
M2 = 250 ) (1 g (ks — 8wt ) (91— 3s) (ks — ) o (8

Summing over outgoing spins, we have then:

M = [(F ) (1450 (E=) (= m) (E=) (1=30)]

d 2y (K1) —#E) (F—#) (1-7)]

e (=) (=) (k)] = () (2 #8) (k) 5]
I [ —my) 2o (3 - 8) (k=)

—'Z'ZTr[(%’ my) 35 (i —HE) (k=) 2

!g! 21 [ (|- )]—‘QJTY[%’%(W'—W%)} ‘94‘ m3 Te [(# k) (k-¥)]

:4\9\2m¢ ky k™ — 4]g]2mfp
Noting that (with our assigned momenta), we have k' = ¢* — k* | in the rest frame we have

then 2k, k" = m¢ 2mw Therefore, the final squared matrix element in the rest frame of
the modulus is

2
2 o222 My
IM|* = 2|g|*mymj (1 — 4m—é (A.95)

Finally, we should work out the combination:

Lr = gi1igr (@PRJPL%D - 3M$PR7“PL1/)> + 92i0R (@PL@’PRIZJ - %EPL’V”PRT/J) (A.96)

The matrix element for this decay channel is then (keeping the same momenta conventions)

iM = (k) ( D1 = 5) (k= ) +2(1 4 5) (b - ku)) o ()
= (k) (z‘gl;g%# AR igw% (k- kL)) v (k) (A.97)

Again assuming no other contributions to this channel, we can evaluate the squared matrix
element for this combination (making the definitions a = %(gl +g9) and b = %(gl —g2)):

M =" () (@* = b7"5) (ku — k) w* () (k) (@r** = by¥ys) (= K, ) o ()
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Summing over spins, we get

M2 =Tx [(a+bs) (K=K') (k+my) (k=K') (a—brs) (¥ —my)]

=Tc [(WF +my (F—K)—m3) (a=b3s) (m3 +my (k=) —FH') (a—brs)]

=Tr [(Kk—m},) (a=brs) (3 —#H') (a=b3s)]
+m3Tr [(h{'—%) (a—bvs) (%—h{') (a—b%)}

—amTr (K (a—bys)| —4a®mif, —bm3 Tr [ ks (a—brs) | + BT [ sk (a—bys)]
—my Tr [(a=bys) (a=bys)] + mTr [(a—bys) K (a—bys)]
+m3Te [ (K -+ fH —2m3) (a + bs) (a—bys) |

=2 (a® + ) m3 Tr [F] -8 (> + 02) mf + 2 (=) m3Tw [WH] + 8 (a2 —0%) m})

=16a’mj k) k" — 16b>my,

Again, we can substitute 214:;16“ = mi — Qmi and plug back in a and b to get the final
squared matrix element in the rest frame of the modulus:

2

m
M =2 (5 ) i 147 ) + g (499

A.8 Modulus decay into squarks

We take the term from eq. (A.86)

AQ+Q
£~ —
M,

; (60,0010 + o G10,0°G]

= fff% ok (9,0"(@QNQ +Q19,0"Q) +ior (9,0"(QNQ ~ Q19,0"Q)]

Starting with the right-handed quark singlets (note the abuse of notation, where the
subscript R refers to either right-handed or real part based on the context), we have

o
Un M2

|6 (040" (il Viims + Ty 00t ) + ior (Um s 0u0" il — ity ;040" ins )|

and similarly for the down-type quark singlets. This is then approximately the mass
eigenstate Lagrangian for the right-handed u, d, s, ¢ squarks as we neglect mixing effects.

Using the mixing matrix for f € {b,¢}
fL _ [ cosfOy sinfy ﬁ
fr) —sinfy costr ) \ fo
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we then have the following Lagrangian in the mass eigenstate basis for the 3rd squark
generations where mixing is relevant:

)\U*Ut . ~ ~ ~ ~
L= s sin? 0,6 (10,0 +80,0"%1) + cos? Oin (£:20,0"E + 10,0 ) |

)\U*Ut - - . -
+ s Sinbecost (o (110,01 + 10,01 + or (120,01 + 10,0, ) |

Avru, T ~ ~ . ~ ~
L \f [isin? 0,6 (010,0"T] — 110,011 ) + i cos 0y61 (120,0"Th — 150,0"D )|

AU=U,
]WU\U[ {z sin 0; cos 6101 (t Oy Mty — 1,0 8“t2 +t28 oMt — 120 8“AT)]

We now evaluate the left-handed quark doublets. This gives us

>/

L5 =- Mjf (6n (300" ; + 1), 0,0"T13) + ior (00" ; — ), 00" ) |

>/

M \f o (dru0mdl ; +d}, 0,0"dL) + iy (dpi0,0"d], — d} ,0,0"d1;)]

where the coupling is the same between the up and down type left-handed squarks (within
the same generation). This is approximately the mass eigenstate Lagrangian for the left-
handed u, d, s, ¢ squarks.

Using the left-handed mixing similar to before for f € {b,t}, we then have the following
Lagrangian in the mass eigenstate basis for 3rd generation squarks:

Aos
L =- AZS\C;?: [cos 0,68 <t18 oMt + 1o 8“t1) +sin? 0,05 (tga OMLh + 140, 8%2)}

T \/i sin 0y cos 0; | on (£20,0"F] +110,0'%) + 6r (110,0'8] + 89,011 ) |

- M \/E [l COS2 etgf)[ (518M8“ﬂ - F{auf)“t]) + iSiIl2 etgf)[ <€28M8“% - igauc‘)“t})}

s [isin 0y cos 0rr (80,0 — 110,00} + 89,01 — 1:0,0'1] )|

The left and right handed 3rd generation squarks then combine to give the following inter-
actions with ¢g:

)\Ut* U, Sin2 915 + )\QEQiﬁ COS2 0t

= T o auit e gud
£¢>Rt1t1 - M*\/§ ¢R (tla,u,autl + tlauaut1> (A99)
Au#u, €0s? 0 + A\g=gs, sin? 0
Logita =~ TR o (120,01 + 140,0") (A.100)
AQ;Qs — AUyUL 7 T e oy S Ry
£¢>R?1?2 = _W sin 20; R (t28ﬂaﬂt1 + 10,09 + 100"t} + tzauautl)
(A.101)
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with corresponding matrix elements

AUrU; sin? f; + AQ:Qs cos? 0

) = 2

ZM¢RH?1’{1 =1 M*\/Q (Qm’t“l) (A.102)

, Avzu, 08?0 + MA@z, sin® 0,

Myt = M2 ( ms ) (A.103)
)\Q;«Q — )\U*U

; e — g w33 TPt s 2 2

ZM¢R—>t1t2 =1 M*Q\/it S 2'915 (2% + Qm’tvz) (A104)

Assuming there are no additional contributions to the ¢ — thJ decay channels, we can
write down the squared matrix elements:

4
onoiis| = (PXEo s 0+ 205, cos" b + Auzu Mgy sin® 261 ) 1 (A.105)
4
2 2 4 2 .4 o mt}
M| = (X0, cos™ 01+ 2050, 5™ 00 + duguidgso sin® 2601) 17 (A106)
4 4 2, 2
M 2 A2 \2 2\ 3 .229%%—%—#2%% o107
dr—t1to _( Q1Qs T AUFU, — 2AQ5Q3 Ut*Ut> sin” 26, Ve (A.107)
*
These processes then have the associated decay widths:
2 in4 2 4 . 9 4 ) )
o (2/\U;Ut SIN"0;+2A0+ g, €08 01+ AUy 1, AQ; @5 SIN 29t) me ke me md
dr—t1t 167 g M?2 ) m?b’ m?;
(A.108)
2 4 2 -4 . 9 4 ) )
o (ZAU;Ut cos 9t+2)‘Q§Q3 Sin®0;+Auy v, Az s SIn 2«9t) me w2y me md
dr—tats 167 m¢>M3 ) m(%, m;
(A.109)
2 2 — * * 4 4 2 n2 2 2
Lot = (AQ§Q3+/\U;U7S 2Agin v Ut) sin? 26, %+%+2%% A2 [ T,
e 52m mgM? g mg
(A.110)

Note that we do not divide by an additional factor of 2 here, as these final states are
complex scalars and hence are distinguishable due to their associated charge.
The interactions with ¢; are given by:

A0x0, €08% 0; + A\yxy, sin? 6 - -

£¢1t~1t~1 — Q3Q3 ]\; \/§Ut U ti¢] (tlaual‘ﬂ _ ﬁ@ﬁ“h) (Alll)
Ao* 0. sin? 0; + Auu cos2 0: - ~

Ed’[;fvg;fvg — _ Q3Q3 i \/i + Ut Z(bl (t2a'u8/lf£ _ gaﬂaﬂlh) (A112)
Avzu — AQ305

£¢I;5v1;5v2 - W sin 20y iy (ﬂauaut} - ;18;18“%; + fgﬁua“i - t}aua“ﬂ)
(A.113)
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Note that the extra factor of ¢ in the interactions with ¢; takes care of the field interactions
which are of the form a — a' (and hence are purely imaginary). Furthermore, note that all
tree-level matrix elements are 0 for the decay of ¢; to the squarks.

The interactions with the E squarks are identical, with the replacements t; — gi, 0; —
O, Auru, = A D} Dy however the Ag:, coupling is unchanged (as left-handed components
belong to the same multiplet). For completeness, we also recap the interactions for the
first two generations. The left-handed squarks are given by

A

Lonan =~ 1 \f¢R (QL3 0"}, + 1,0, 8”qL) (A.114)
Aa; Iz

Lorgran = A fldﬁ (QL3 0"q}, — 10,0 qL) (A.115)

with corresponding matrix elements

) AQ:Qi 2
Mooz =55 (2m2 ) (A.116)
iMd)I_)ngL =0 (A.117)
and squared matrix element
m4~
’M¢R—>5LQL 2)\Q TQq M2 (A-118)

where )\QzQi = )‘Q’{Ql if q1, € {ﬁL,JL} and )‘Q;‘Qi = )‘QSQ2 if g, € {¢1,51}. The decay
width to the left-handed squarks is then given by

-~ = i qr y1/2 qr qL
%Wmf'%7wWA Omﬂmﬂ (A.119)

The right-handed squarks are given by (again, calling attention to the abuse of notation
by using the subscript R to refer to either real part or right-handed based on context):

)\U*U~

Ed) ~ o~ =
RIRIR M f
AU~

£¢1;JVR3R == M*q\/%i¢l (quauaua}L{ - 5.728“8“6]1%) (A.121)

with corresponding matrix elements

~on (TrOL0" T + T}0u0"Tr) (A.120)

/\UiUZ ,
, . 2
Morsinin = 315 (2m2,) (A.122)
i./\/l(bj_ﬁRgR =0 (A.123)
and squared matrix element
2 2 m%R
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for up-type squarks, with the replacement )\U*U~ — A D* D~ for down-type squarks. The

decay width to the right-handed (up-type) squarks is then given by

A~ mi m2 m2
T e = q 4 qr )\1/2 1 4R 4R
PR—4RIR 87 mqu*Z "2 m2

2
¢ @
noting the replacement for also the down-type right-handed squarks.

A.9 Modulus decay into sleptons

(A.125)

The modulus decays into sleptons follow from the same term from eq. (A.86) as the squarks.

We simply write down the interaction terms by direct analogy.

Since the neutrino masses have been neglected, the sneutrinos have no mixing and

hence the interaction terms are given by

Lopinm = "L \[¢R (uza PANSAY 3"%)

AL; Al
£¢117il7i = M \[ZQSI (Vza 8“% —7;'0 8“m>

which have corresponding matrix elements

and squared matrix element

4

2AL* [/1 M2

2
‘M¢R_>;i;i

where i € {e, u, 7}. The decay width to sneutrino pairs is then given by

2 4 2 2
r —— — )\L:Li mi A1/2 1 m% m;z
PRViVi 81 myM? ’ mi’ mé

The first two generations of selectron-type sleptons follow:

AL L; _ N N N
£¢Re~iLe~iL Y Z\/§¢R (ezLﬁlﬁ“eiTL + eiTL@,ﬁ“eiL)
AL* L, _ N N ~
Lonen = 7L \[Zfbf (GLou0"ei], — @} 00mer)
AE*
= (elRa 8 eZR—I_e’LRa 6 61R>

PREIREIR

M*\f
AE*E
¢IéviR,giR - M*Z\[Z(bf (ezR8 o+ ClR—GZRa o+ 62R>
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(A.127)

(A.128)

(A.129)

(A.130)

(A.131)

(A.132)
(A.133)
(A.134)

(A.135)



which have corresponding matrix elements

: AL L 5
Mozt =315 (2m2 ) (A.136)
iM¢I_>giLaL =0 (A.137)
: ABIE; 5
ZM(;SR—%REm - ZM*\/§ (ngm) (A.138)
i/\/lqu_)giRaR =0 (A.139)

and squared matrix elements

4

2 9 Tn/@viL
‘MdmﬁaL&L =2\ 1L g2 (A.140)
*
2 ) m‘é_R
‘M¢R—>21RER =2\ T E; M2 (A141)
*

where here i € {e, u}. The decay widths for these processes are then given by

A%*L mi m2  m2
_ _ 4 1# 1/2 e; e;
F¢R—>eiL6¢L - 81 m¢]\§*2 A 1, —5F, —F (A.142)

Mg Mg
2 4 2 2
T - . = AE:EI' mgiR )\1/2 1 %iR mgiR (A 143)
PRICIRCIR 8r  myM?2 T my T my '

For the staus, we assume mixing of the same form as for the stops, so the resulting
interaction terms with ¢gr are

AE:E, sin® 0, + AL:L, cos? 0,

Ly =7 =— T or (F100"F + 70,07 (A.144)
[ Ap: B, cos® Z-F\/%L;LT sin? 0, . (?26#8“?5 n ?;8#6“?2) (A.145)
Ly ~7=— W sin 20, g (F20u0"F] + 70,01 + FO.0"F] + 70,07 )
) (A.146)
with corresponding matrix elements
ia2 2
IM,, xn =i B 9}\}:/’\;“ cos” b (2m2) (A.147)
Moy iz, = -2 o i\}:/;LiLT el (22, (A.148)
iMy 57 = ZW sin 20, (2m2 + 2m2)) (A.149)
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The squared matrix elements are then

4
2 m=
My, 77| = (2)‘2E:ET sin? 0, + QA%:LT cos 0, + AE:E AL L, sin? 207) ]\Jg (A.150)
*
My, | = (2Ahep, cos*0- + 200, sin® 0, + Apep, Aps 1, sin? 260, ) 7 o (s
M, ~~|"= ()\%*L A — 22 ApeE ) e, e, 2me 2 5in220, (A.152)
PR—TIT2 7Lr TEr T 2ME
The associated decay widths for these processes are then given by
. 2 4
| A— (\ez, sin® 0 + Ap.p, cos®0-)" Mo AL/2 m% m2, (A.153)
PRTTITI 8 My M2 m2 " m2 ’
¢ @ @
2 ;2 4 2 2
| (Agzp, cos® 0 + AL:p, sin 97) e \L/2 ,m§2,m§2 (A.154)
8 My M2 m2’ m
¢ ¢ '
2 2 2 2
T o ()‘LiLT — )‘EiET) m~ +m +2m?1m?2 sin2920- 2172 (1 mz, Mz,
PRTTIT2 327 77”L(,5M*2 T ’ mi’ mi
(A.155)
The interactions with ¢ are given by
AL+, cos? 0 4+ Apxp. sin? 0,
Lymm =— 2 j&¢;£, Tigr (R0.0'F — 70,07 ) (A.156)
A, sin? 0, + Agsp, cos? 0, . _ L _
Lq&ﬁg% == ](4 NG - Tior (7’28#(9“7';[ — T;@MG‘MTQ> (A.157)

AE*E. — AL
= DR TR sin 20, iy (70,0"F) — 710,01 + F0,0"F1 — 720,07

L ~~
GITIT2 M*Qﬂ

(A.158)

Again, all tree-level matrix elements vanish for the decay of ¢y to the sleptons.

A.10 Modulus decay into quarks

We take the term from eq. (A.86)

Ly=

“Q[memewmwm]

Mg+
M 2f¢f G 0ubq + BB e

g
= 5 50n[Par dube — 0. (Pa)"va] -

A _
=2oe Ld’RwQan

M, /2

where in the last line, we use the Majorana spinor identity E’yux = —X7Yu%, which makes

the interaction with ¢; vanish.
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We can then write the full interaction piece for a single generation of both up and
down type quarks:

AQrqi i

Ly = M, fch%ﬁ%Z M \/>¢R¢d P,
)\ . .
+ LUQ \Zf(bRqu(?qu lijq \}GﬁRl/JanT/JDq
)\ .
520900 T B Vi T,

M f M, /2
To progress further in terms of the Dirac quark fields, we will need to use a few tricks,
namely:

Prqg= Pqu
Prq = Prige

and insert factors of I = Py, + Pr. Upon evaluating this out and leveraging some Majorana
bilinear identities, we can rewrite an interaction piece as

AQ:Qi i
M. 2
_AQra i

=L f¢R [@; PR Pru; — 0,10; Pry" Pru;]

Hence, for the up-type quarks, we have the full interaction piece involving the Dirac fields

Ly D ®R [@uz PrOPLpu, + by, PLAPLYw, + by, PROPR, + EuiPLéjPR@/}ui}

AQrQi i
E(bRuiui = M, \/»Q[)R [UZPRaPLuz 8,uﬂiPR’7“PLUi}
AUz, i
+ " _on [w; PL@Pru; — 0,u; PLy" Pru;] (A.159)

M, 2
The down-type quarks can be gotten directly with the replacements )\U;Uq — A Dz D, and
u; — d;. Note that, unless )\U;Uq = /\DZ D, = /\Qwi the different chiral components of
the quark fields interact slightly differently. The associated matrix element is then (from

eq. (A.97), and using the subscript ¢, to distinguish the spinor components of the up-
quark field)

AQ:q: T A\upu, Qi — AUz, ,
: s it T Waba (g g\ C%i%E TP Yo (K
iMonn =T, (F) <z o0aM, | (Fu=H5.) = ov2M, | 75 (R k) | v (K)

(A.160)

(where the associated matrix element for the down-type quarks can be retrieved from the
replacements above). Assuming no additional contributions to the ¢ — u;u; decay channel,
we can write down the squared matrix element from eq. (A.98):

)\2 * + )\2 * 2 2)\ . )\ .
QR Qi U m. QAU U,
Mol = (quq M, M (1 —4 ) + (;f‘) m2,m?

* ¢
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The decay width to up-type quark pairs is then given by

2 2 N mi,
- (()‘Q;Qi + A ;Uq> (1 ) + 2XQ:, Auy Uq) mulm%\l/2 (1 m2, mﬁ)

Lon—smu; = 167 M2 mi ’ mi
(A.162)

For the sake of completeness, we write the associated squared matrix element for the
down-type quarks:

M., + 2. 2 2200 A
9 Qi Qi D¢ Dq 2 9 mg, QrQi\D}; Dy 2 9
’M¢R—>Eidi‘ = (2 i Mg, Mg (1 — 4m§5> + <M2 z ) mg,mg
IM* *

The decay width to down-type quark pairs is then given by

2

2 2 _

o ((AQIQi+)‘D2Dq> (1 )“AQ [iAD; Dq> mEmo 1o (| M3, mi
¢r—did; 167 M2 '

r

A.11 Modulus decay into leptons

We proceed to calculate the widths to leptons similarly to the quarks. We can immediately
write down the interactions:

AE*E; @

—50R [Pu v | + = 50m [P

ALsL; i j

M, /2 M\f

We can again write down the Dirac fields as

L= [, B0, | +

Pre; = Prie,
Pre; = Prippe

and, inserting factors of I = P;, + Pg, we have

AL, i _ _ _ _
£05 = 50k (Do, PLOPLYe, + Ve, PROPLYe, + D, PLOPRY e, + D, PrPri,
*
A i _
= L 50R [e PROPLbe, = b, Pr Pribe|
Hence, the charged leptons have the full interaction piece involving the Dirac fields
Lo = MBI T e PPy e — Oy Pay Pre]
dRreie; — M*\/iR iR LE€q wCi LR ILE;
AE*E; i
+ M* ﬁqu [€; PLdPre; — 0,€; PLy" Pre;] (A.165)
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The associated matrix element can then be written down from eq. (A.97):

ALiL; + AErE, AL L; — AE*E; ,
. - . i L i A i i o S /
ZM¢RHZ+Z— - ue(k) (7“ 2\/§M* Y (kﬂ k#) s 2\/§M* ’Y 75 (k k, )) Ve (k)

(A.166)

Assuming no other contributions to the ¢ — (I~ decay channel, we can write down the
squared matrix element from eq. (A.98):

Aber, + b, m? 2AL L, AE* B,
* ¢ *
The decay width to charged lepton pairs is then given by

F - =
Pr—1T 167 M2

2 2 _ 4™ ot A
)
m2’ m2
Mg Mg
(A1
The neutrinos will have the interaction:

r ALsp; i
PRVIV: — 7
M, /2

¢R [viPRaPLVi — @mPRfy“PLuJ (A169)

which has the associated matrix element from eq. (A.94)

A ,
iMpp i, = ;) (k) ( 2;& (1 = 7s) (k:# — z@) vS (k) (A.170)

Again, assuming no additional contributions to ¢ — 7;v;, the squared matrix element can
be retrieved from eq. (A.95):

Mer, m,
Mopomm|* = (]\/[2> m;.mg <1 - 4mg> (A.171)

Note that, assuming the neutrinos are massless, this matrix element vanishes.

A.12 Modulus decay to gravitino pairs

Nakamura and Yamaguchi (NY) ref. [42] consider the case of particular models which lead

to helicity-unsuppressed modulus decay to gravitinos (case 1):

3
T(br = butby) = ——d2 o (1 — 4m2 /m2) " (A.172)
R wTH 2887 3/2m%3 v/ ’

2
where d3 /5 is defined in terms of the Kéhler function as (Gopr) " V2(eC2Gy) = ds /2 ";3;2.
The dimensionless constant dgz/; is then model-dependent depending on the form of the
Kahler function but is expected to be of order unity. We have appended a phase space

factor to the formula of NY. While the NY formula is technically valid in the high energy
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limit where gravitino decay is dominantly to goldstino components, we adopt this form
even in the lower energy limit. This form for modulus decay to gravitino pairs was also
obtained by Endo et al. ref. [44].

Another possibility is that for other forms of the Kahler function [47], the modulus
decay to gravitinos is helicity suppressed (case 2). In that case, we use the above formula
but with the replacement m‘;’) — m% /2
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