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Abstract

We describe a major extension of the SOFTSUSY spectrum calculator to include the calculation of the decays, branching
ratios and lifetimes of sparticles into lighter sparticles, covering the next-to-minimal supersymmetric standard model
(NMSSM) as well as the minimal supersymmetric standard model (MSSM). This document acts as a manual for the
new version of SOFTSUSY, which includes the calculation of sparticle decays. We present a comprehensive collection
of explicit expressions used by the program for the various partial widths of the different decay modes in the appendix.
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1. Program Summary

Program title: SOFTSUSY

Program obtainable from: http://softsusy.hepforge.org/

Distribution format: tar.gz

Programming language: C++, fortran

Computer: Personal computer.

Operating system: Tested on Linux 4.4.0-36-generic, Linux 3.13.0-93-generic

Word size: 64 bits.

External routines: None

Typical running time: 0.1-1 seconds per parameter point.

Nature of problem: Calculating supersymmetric particle partial decay widths in the MSSM or the NMSSM, given the
parameters and spectrum which has already been calculated by SOFTSUSY.

Solution method: Analytic expressions for tree-level 2 body decays and loop-level decays and one-dimensional nu-
merical integration for 3 body decays.

Restrictions: Decays are calculated in the real R—parity conserving MSSM or the real R—parity conserving NMSSM
only. No additional charge-parity violation (CPV) relative to the Standard Model (SM). Sfermion mixing has only
been accounted for in the third generation of sfermions in the decay calculation. Decays in the MSSM are 2-body and
3-body, whereas decays in the NMSSM are 2-body only.

CPC Classification: 11.1 and 11.6.

Does the new version supersede the previous version?: Yes.

Reasons for the new version: Significantly extended functionality. The decay rates and branching ratios of sparticles
are particularly useful for collider searches. Decays calculated in the NMSSM will be a particularly useful check of
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the other programs in the literature, of which there are few.

Summary of revisions: Addition of the calculation of sparticle and Higgs decays. All 2-body and important 3-body
tree-level decays, including phenomenologically important loop-level decays (notably, Higgs decays to gg, yy and
Zy). Next-to-leading order corrections are added to neutral Higgs decays to gg for quarks ¢ of any flavour and to the
neutral Higgs decays to gg.

2. Introduction

The phenomenology of simple supersymmetric extensions of the Standard Model has become something of an
industry in particle physics of late. The potential of such models to explain the technical hierarchy problem (i.e. the
relative smallness of the Higgs mass as compared to the Planck or gauge unification scale) has motivated its study.
The models have potential implications for cosmology as well as for collider physics. Several different computational
tools are necessary for the study of the models’ phenomenology [IL]. The initial step is a calculation of the supersym-
metric spectrum, as well as particle couplings. This is the step that the computer program SOFTSUSY has previously
performed, in the R—parity conserving MSSM [2]], the R—parity conserving NMSSM [3]] and the R—parity violating
MSSM [4]. By adding one-loop corrections to neutrino masses, the program has been extended [5]] to calculate neu-
trino masses and mixings in the presence of lepton number violating R—parity violation. Further non-trivial additions
of higher order corrections result in increased precision for the gauge and Yukawa couplings [6] and the squark and
gluino pole masses [7]. Other publicly available computer programs exist which perform the task of computing the
supersymmetric spectrum: for the MSSM, there is FLEXIBLESUSY [8], ISASUSY [9], SUSEFLAV, SUSPECT [10] and
sPHENO [[11]], whilst FEYNHIGGS can calculate the higgs masses [12]. In the NMSSM, there is only one stand-alone
dedicated tool for spectrum calculation: NMSSMTools [13}[14], whereas the SARAH [15] framework can be combined
with FLEXIBLESUSY or sPHENO in order to calculate the spectrum. Meanwhile, NMSSMCALC [16] can be used for the
computation of the Higgs masses and decays in the NMSSM. The plethora of computer programs is useful: some
of them use different approximations and extend to different models. Even the programs having the same apparent
approximations differ in their numerical output because the higher order corrections not included are implicitly dif-
ferent: both for the sparticle spectrum [[17] and the Higgs masses [18} 19, 20]. Thus, the size of differences between
the programs for observables calculated at the same order or approximation serve as an rough estimate of the size
of higher order corrections. In some cases, different approximations are used and these can help investigate different
régimes of parameter space. For example, one can deal with sparticle threshold effects differently: either at fixed
order at say Mz using the MSSM or NMSSM as an effective field theory above M (this is the approach taken by
SOFTSUSY, sPHENO and SUSPECT for instance), or one could integrate the sparticles out in the renormalisation group
equations at some higher scale (the effective field theory approach taken by ISAJET and NMSSMTools). The former
approach includes finite terms of order M% / (16712M12,), where p is the mass of some sparticle, but takes the sparticle

mass splittings AM,, into account at some level approximation, typically ~ O(log[AM},] / (167r2)), whereas the latter
approach often misses the finite terms but re-sums the mass splitting terms. One generically expects the former ap-
proach to be more accurate when sparticles are not too heavy, and the latter when the sparticles are very heavy and
when the splittings between them are large. Which one is more accurate given current lower bounds upon sparticle
masses is a quantitative question that is observable dependent.

In order to provide predictions for future sparticle and Higgs searches at colliders, or indeed in order to interpret
searches at them in terms of the MSSM and NMSSM, cross-section estimates as well as simulations of collisions are
required, in order to estimate acceptances and efficiencies. For the collision simulations, estimates of the various decay
partial widths for the sparticles and Higgs particles are required. Some Monte-Carlo event generators perform this
task in the MSSM, for example PYTHIA [21] or HERWIGT [22], but there also exist dedicated tools like SUSYHIT [23]] (a
combination of HDECAY [24] and SDECAY [235]]) and FeynHiggs [[12] (the latter specialising in the Higgs boson decays).
sPHENO also contains a decay calculation for the MSSM. In the NMSSM however, the options for calculating sparticle
and Higgs decays are rather slim: NMSSMTools is the only stand-alone option, whereas SARA}ﬂ can be combined with
sPHENQ. For calculating Higgs decays in the NMSSM (including CP violation) though, one can use NMSSMCALC [16],

! After submission of the present paper to the electronic arXiv, a new calculation in the SARAH framework was presented for the generic
calculation of two-body partial decay widths at the full one-loop level [26].
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which calculates Higgs decay widths and branching ratios including some dominant QCD loop corrections. Previous
versions of SOFTSUSY contained an interface to NMSSMTools so that the NMSSM spectrum and couplings could then
be fed into the program in order to predict sparticle and Higgs boson partial decay widths.

The present paper describes a significant extension in functionality in SOFTSUSY: to calculate and output the
various partial widths for the decays of sparticles and Higgs bosons in the MSSM and in the NMSSM. Emphasis has
been placed on speed of execution, preferring to perform as much of the calculation analytically as is practicable. We
hope that this addition of functionality to SOFTSUSY will facilitate collider studies of sparticle and supersymmetric
Higgs searches: both through the study of differences with the other programs as an estimate of the size of theoretical
uncertainty in the prediction, and through a fast and unified computation.

The rest of the paper is organised as follows: in Section [3] we specify the conventions used in this paper and the
assumptions made in the decay calculator and we provide some details about the method of computation. Following
this, in sectiond] we list the decay modes included in the program. Next, in section 5] we provide a few examples of
comparison tests with a couple of other publicly available tools for the MSSM and the NMSSM, before summarising
in Section [f] We show how to run the program and provide explicit flags for controlling its behaviour in

[Al providing some sample output in[Appendix B] We provide explicit formulae for the partial widths in[Appendix D]
to these have not been collected together in one reference before.

3. Conventions, Assumptions and Method

Throughout Z; and Wj are used for neutralinos (i = 1,2,3,4 in the MSSM or i = 1,2, 3,4, 5 in the NMSSM) and
charginos (j = 1,2), respectively. This is different to the commonly used )2? and )27 notation for ease of reading,
particularly when they appear in subscripts. The notation for the mass-ordered CP even and CP odd neutral Higgs
bosons is that h; € {h, H, H3} for i = 1,2, 3 are the CP even neutral Higgs bosons in order of increasing mass, whilst
A; € {A, A2} for i = 1,2 are the CP odd neutral Higgs bosons again in order of increasing mass, remembering that H3
and A2 occur only in the NMSSM.

The partial width formulae for all of the decay modes included in the SOFTSUSY decay calculatiorﬁ are listed
in onwards, many of these were rederived and have been written in one consistent set of conventions.

3.1. MSSM

While the conventions used in the decays code are largely those used in SOFTSUSY [2f], there are differences in
a few places in order to allow easier comparison with partial width (PW) formulae provided elsewhere. The few
differences with respect to Ref. [2] are as listed below[’}

e In our calculations, it is convenient to work in a basis where the third generation sfermions are mass ordered
with mz < mg. In order to ensure this, the mixing angle 6 is transformed accordingly (6 — 6y + 7/2) in the
case where the SOFTSUSY spectrum generator has mz > mg,.

e The mixing angles for the charginos are transformed with respect to the SOFTSUSY spectrum generator in order

to match conventions used elsewhere (e.g. [L0]). Therefore 6, as indicated below is given by H‘Llj;“ys =
6,spectrum 2
=% + /2.

3.2. NMSSM

The conventions used in the decay code are predominantly those described previously in the SOFTSUSY NMSSM
manual [3], but there are differences in a few places. As well as those listed above, there are a few changes specific to
the NMSSM, to allow straightforward comparison with NMSSMTools [13 14,127, 28]:

2The source code for the calculations is in the file stc/decays . cpp, which is in the C++ programming language.
3In the decay code itself, the neutralino mixing matrix used (N in SOFTSUSY notation) is transposed.



The Charge Parity (CP) even neutral Higgs mixing matrix is altered relative to the matrix R provided by
SOFTSUSY [3]. The matrix S used in the decay formulae is obtained via an orthogonal transformation ex-
changing eigenstates:
010 R(1,2) R(1,1) R(1,3)
S=R| 1 0 0 |=| R2,2) R2,1) R(2,3) 1)
0 0 1 R(3,2) R@3,1) R@3,3)

i.e. the first two columns are interchanged

The CP odd neutral Higgs mixing matrix is altered relative to the matrix provided by SOFTSUSY [3l], the matrix
P detailed in the decay formulae (different to the P in Ref. [3] which we write here as P"°") is given below.
The differences are that the first row of PP is dropped (as this refers to the goldstone boson) and the first and
second columns are interchanged. The ratio of the Higgs vacuum expectation values (vevs) 8 and the mixing
angle 84 are as used elsewhere in SOFTSUSY [2, [3]]:

PPvV(2,2)  PP™V(2,1) PP™V(2,3) cosfBcosfy sinfcosfy  sinfy
P=| PP%¥@3,2) PP@3,1) PP°(3,3) |=| cosBsinf, sinBsinfy —cosby 2)
0 0 0 0 0 0

3.3. Mass Choices and Scales Used

The input parameters from the SOFTSUSY spectrum generator [2,13]] can be evaluated at a variety of different scales.
The choice of the renormalisation scale used is an important consideration and can result in differences between
decay calculator predictions. Different scales effectively correspond to including different higher order terms in the
calculation. For example, consider the decay of a gluino into a top and a stop. One must choose a renormalisation
scale for the coupling. The masses of the particles involved could be running masses evaluated at different scales, or
pole masses. Each choice affects the numerical value of the PW, but are all equivalent at tree-level. In SOFTSUSY the
following choices are made:

In general, unless explicitly stated otherwise, the masses of the supersymmetric (SUSY) and Higgs parti-
cles and other parameters, such as mixing angles and gauge couplings, are evaluated at the scale Mgysy =
X \/m;] (Msysy)mz(Msysy), where X can be set by the user but by default is taken to be 1. Here, mz (Msysy) is

the running it stop mass evaluated at a modified dimensional reduction [29] (DR) renormalisation scale My sy.
For Higgs loop decays the gauge coupling strengths «, and « are evaluated at the mass of the decaying Higgs.

For Higgs loop decays to yy or Zy the masses of the important quarks (i.e. m;,, m;, m.) are evaluated at the mass
of the decaying Higgs. Below M, these are run in 3 loop QCD and 1 loop in QED. In the calculation of decays
of H, H3, A and A2 quark masses are run to mpg, mys3, ma, my, in the (N)MSSM as appropriate, whilst for the
lightest CP even Higgs h the m,, m;, and m, are run to my, in 1 loop QED and 3 loop QCD.

Throughout the program, unless otherwise stated here, we generally use two different quark masses; “kinematic
masses” for the kinematics (i.e. for masses of particles in the initial or final states) and “running masses” for the
evaluation of couplings. This hopefully allows a large part of some higher order corrections to be incorporated
into the quark legs via the mass running. The way in which these masses are evaluated is listed in Table[T|below.

In addition to the above quark masses, there are extra masses mcpole and mspole defined in decays.h which
are set to particular values used in the QCD corrections to neutral Higgs boson decays to gg or gg.

If the QCD corrections to these decays are turned off in the program then the running masses for the quarks are
used in order to attempt to hopefully incorporate some of the Next-to-Leading-Order (NLO) corrections to the
quark legs.



kinematic masses running (coupling) masses
mtPole pole mass from propagator runmt DR mass at M,
mbPole pole mass from propagator runmb DR mass at M,
mtauPole | pole mass from propagator | runmtau DR mass at M
mc MS mass at M. 7 runmc Yukawa-extracted mass at M,
ms MS mass at My runms Yukawa-extracted mass at M,
mup MS mass at M5 runmu Yukawa-extracted mass at M
mdo MS mass at M. 7 runmd Yukawa-extracted mass at M,
mel MS mass at M runmel | Yukawa-extracted mass at My
mmu MS mass at My runmmu | Yukawa-extracted mass at M
polemw pole mass from propagator runmw running W mass at Mgysy
polemz | pole mass from propagator | runmz running Z mass at Mgysy

Table 1: The two different types of masses used for the fermions and gauge bosons. The names given are those used in the code (src/decays. cpp).
“kinematic” masses are used for the masses of initial and final state particles in the decay formulae whilst “running (coupling)” masses are used
where masses appear in expressions involving couplings in the partial width formulae. Note that within SOFTSUSY, the MS masses include only
SM corrections whilst the Yukawa-extracted masses (DR masses) include SM and SUSY corrections.

As detailed in Table (1] for the third generation sfermions the “kinematic” masses are pole masses obtained from the
propagators whilst the “running (coupling)” masses are in the DR scheme. For the “kinematic” masses of the first two
generation fermions, the MS mass at My is used, whilst the “running” masses are extracted from the running Yukawa
couplings. For the electron and muon, the running is again small (only QED). The “kinematic” masses for the vector
bosons are pole masses, whilst for the “running(coupling)”” masses they are running DR masses evaluated at Mg ygy.

e MS masses include only SM corrections within SOFTSUSY; 3-loop QCD and 1-loop QED corrections are in-
cluded.

e Yukawa-extracted masses are in the DR scheme and include SM and SUSY corrections.

¢ Quark input masses can be reset by the user within the SMINPUTS block of the SLHA/SLHA?2 input file. The
kinematic and running masses used will then change accordingly.

The different choices of scales for the input parameters is one of the key sources of differences between different

decay calculator programmes. It is worth noting that an experimental value of Fermi’s constant, G, is also used, this

2 . . .. . . .
is inconsistent with the tree-level expression ?—é = £ asitis an empirical quantity and so incorporates higher order
w

8m
terms.
3.4. Assumptions Made
The following assumptions are made in the decay calculator:
e R-parity conservation in the MSSM and in the NMSSM.
¢ No additional CP violation relative to the SM.
¢ No additional flavour violation relative to the SM.

e Sfermion mixing has only been accounted for in the third generation of sfermions as it is proportional to the
Yukawa couplings, which are negligible for the first two generations.



3.5. Method

In our description in this section and the rest of the paper, we classify decay modes according to both the number
of daughter particles (with N body meaning N decay products) and the order of the corrections included; i.e. tree-level,
1-loop or 2-loop.

For 2 body tree-level decay modes, the analytical expressions for the partial widths are explicitly used in order to
provide fast evaluation. Similarly, for the 2 body 1-loop decays the loop integrals were performed analytically and
the resulting formulae used. For 3 body decay modes (all tree-level), the phase space integral has been analytically
reduced to a one-dimensional integral, which is then performed using adaptive Gaussian numerical integration [30Q].
The exception to this is the neutral CP even lightest Higgs decays to a vector boson and an off-shell vector boson,
which then decays into a fermion anti-fermion pair, this calculation was performed explicitly and all integrals were
evaluated analytically.

The tree-level 3 body decay modes were therefore where most complications arose. In general for an N-body
tree-level decay there are N integrals to perform, one over the three-momenta of each of the final state particles. One
of these integrals is always trivial to perform using the momentum-conserving delta function. For the 2 body tree-level
decay widths this leaves one remaining integral with the energy delta function, this can then be performed using the
standard result for the integral of a function of a variable multiplied by a delta function containing another function
of the same variable. For tree-level 3 body decay widths however, one has two remaining integrals to perform and
in general they are non-trivial to determine analytically. In certain cases the symmetry of the integrands, along with
certain assumptions, may allow them to be performed. For example, in the cases of the SM-like neutral CP even
higgs decays to a vector boson and fermion anti-fermion pair via an off-shell vector boson, # — WW* — W’ f and
h — ZZ* — Zff, the mass of the Higgs boson ensures that the outgoing fermions may not be top quarks. Therefore
one can neglect the masses of the outgoing fermions and greatly simplify the calculation. Passarino-Veltman reduction
[31]] can then allow reduction of the integrals to a one-dimensional integral, which in this case may be determined
explicitly analytically; the result given in both and in the “Higgs Hunter’s Guide” [32]. For a general
3 body decay mode the calculations are however considerably more involved. There are two approaches that can
be taken once the first trivial integral using the momentum-conserving delta function is performed; at this stage the
partial width can be written as a double differential decay rate in two (reduced) Mandelstam variables as is the case in
SUSYHIT-1.4, following the work performed in reference [33]], these two dimensional integrals can then be performed
numerically. Alternatively, often one of the two integrals (remaining after the first trivial integral is performed) may
be evaluated analytically, leaving a single one-dimensional integral to be performed numerically. This is the approach
used in the work in reference [34] and is the method adopted in sPHENO [11} 35]], from which the expressions we use
for the 3 body decays originate. The Feynman diagrams involved, effects included and any assumptions made for
each of the 3 body decays are given in detail in with the corresponding partial width formulae.

The situation is of course more complicated for loop decays than at tree-level, each loop provides an additional
loop integral to be performed, in the case of the 1-loop decays included in SOFTSUSY, they were performed explicitly
with the help of Passarino-Veltman reduction [31]].

4. Decay Modes Included

The following section provides a list of all the decay modes included in the decay part of the SOFTSUSY package;
they are split into MSSM SUSY tree-level 2 body decays, MSSM Next-to-Lightest Supersymmetric Particle (NLSP)
decays to the gravitino LSP (Lightest SUSY Particle), MSSM Higgs tree-level 2 body decays, MSSM Higgs 1-loop 2
body decays, MSSM tree-level 3 body decays, NMSSM SUSY and Higgs tree-level 2 body decays, NMSSM 1-loop
2 body decays and decays for which QCD corrections have been included. A comprehensive list of the formulae for
all of the decays included is given explicitly in[Appendix Djto[Appendix J|for ease of reference. To summarise, we
include:

o All MSSM 2 body decays at (at least) tree-level, both sparticle and Higgs boson decays.
o Next-to-Lightest SUSY Particle (NLSP) 2 body decays to gravitinos in the MSSM at tree level.

e The phenomenologically most relevant three-body decays of gluinos, charginos and neutralinos.
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e Higgs decays to yy and Zy at leading order (i.e. one-loop) in the MSSM and NMSSM.
e QCD corrections to neutral Higgs decays to quarks (1-loop) and to gluons (2-loop) in the MSSM and NMSSM.

o All NMSSM 2 body decays at tree-level, including both the extended neutralino and extended Higgs sectors.

Whilst the majority of the decay modes are therefore calculated at tree-level, some effects of higher order cor-
rections are approximated via the use of running masses and couplings, as calculated using the SOFTSUSY spectrum
generator [2]], the details of the mass choices were given in Section In there are a series of ta-
bles indicating all the modes included, along with appendix references for their partial width formulae as used in
SOFTSUSY.

The branching ratios for each mode are grouped into decay tables for each parent SUSY or Higgs particle and are
all printed to standard output in the SLHA/SLHA?2 convention [36, 37] in order to allow it to be passed straightfor-
wardly to other programs (such as PYTHIA [21], HERWIG7 [22], MadGraph [38]], for instance).

4.1. MSSM SUSY Tree-Level Two Body Decays
The detailed formulae for these modes are in[Appendix F| The gluino g decays included are:
8 = qdy ;g G4Lirs 18, s 112, DD 5, BD1 o,
where 1/2 means 1 or 2, and L/R means L or R. The sfermion f decays included are, for the first two generations
where there is no sfermion mixing:
(f indicates a fermion in the same generation as the f fermion but with opposite third component of weak isospin,
i.e. fand f could be u and d or v, and e”):
dr/r — &9
JFL - ij/’
fur = Zif.
For the third generation sfermions:
bijp — gb,Wit, Zib, [, s W™, 1 pH™,
fijp = 8t, Wb, Zit, b1y W*, by pH™,
by — b1Z,bih/HJA,
fz — f]Z, flh/H/A,
F1p > Wive, Zo, 9. W, 7. H",
Ve o> Wi, Zive, f1oW', 71 0H",
‘7'2 i ’7'1Z, ‘T’lh/H/A
For charginos, the two-body decay modes included are:
Wj — ZIL‘;’a Z]]/zq-’, ZLVI, 171Ll_, ‘7'1/21_/7, VTL‘I_', ZiW+, Z,‘H+,
W2 d W]Z, Wlh/H/A
For neutralinos the two-body decay modes are (k > i as the neutralinos are mass ordered):
Z: = furfs finfs W,W*, WH*,
Zk - ZiZ, Zlh/H/A
4.2. MSSM Decays to Gravitinos
The following NLSP — G + S M decays are included, for when the gravitino G is the lightest supersymmetric
particle (LSP):
g — gé’ qi — qé, Z—) lG~, Zi — ’yé, Zi e ZG, Zl‘ - ¢G~,
where ¢ denotes one of the neutral Higgs bosons /#, H or A. The formulae for the partial widths are in|Appendix H
7



4.3. MSSM Higgs Tree-Level Two Body Decays

The tree-level 2 body decay modes included for the Higgs particles in the MSSM are as follows (see later for the
1-loop Higgs decays included), the formulae for the partial widths are explicitly given in[Appendix F.6| Note that for
the decays to sfermions any combination of handedness is allowed, LL, LR, RL, RR. Similarly, for the third generation
where there is squark mixing, and for decays to charginos, all combinations 11, 12, 21, 22 are possible:

h/H/A — fL/Rﬁ/R’ fl/Zfl*/z’ Wi 2Wij2, ZiZy, 11,
H* — ZiW;,qq' . vil. furfi g 1120} )50 v<EL 0 WY,
h/H — AA,AZ
H — H'H ,hh,
A > h/HZ.

The neutral Higgs decays to quarks are not included in this list as QCD corrections have been incorporated for
these, see subsection For H*, decays to CKM suppressed combinations of ¢ and ¢’ are also considered, for
example H* — u3. Note also that the decays H* — H/AW™ are not included as they are kinematically forbidden in
the MSSM (assuming tree-level mass formulae), these modes are included in the NMSSM.

4.4. MSSM Higgs 1-loop Two body decays

The key Higgs 1-loop decays are also included as these are very important channels for LHC Higgs discovery and
measurement. The explicit expressions for their partial widths are in|Appendix F.6

h/H/A — yy, Zy.

The important loop decay to two gluons gg incorporate QCD corrections and so are listed in subsection .8}

4.5. MSSM Tree-Level Three Body Decays

The phenomenologically most important three-body decays in the MSSM are included, for the neutralino decays
to another neutralino and a fermion anti-fermion pair then i > j as the neutralinos are mass-ordered.:

h— Vff.

g — Ziqq. Wiqq' -
Zi>Ziff,Wiff.
W; = ZifF.

As of yet, there are no three-body decays of sfermions included; this may be resolved in future versions. The
explicit formulae used, for which sPHENO [ 1] provided a useful reference, are given in In our decay
calculator the 3 body decay modes are only calculated where no tree level 2 body modes are available for the particular
decaying SUSY or Higgs particle to the specific daughter(s) considered. Often 3 body modes will also not be output,
even if they have been calculated, as in scenarios where other 2 body decay modes are kinematically available to the
decaying parent particle these 2 body modes will dominate the total decay width. In such cases the 3 body modes
often have branching ratios smaller than BRTol, which is the minimum BR output in the decay tables and may be set
by the user in the input file.

4.6. NMSSM SUSY and Higgs Tree-Level Two Body decays

In the NMSSM, decays not involving the extended Higgs or neutralino sectors are the same as in the MSSM. For
the extended neutralino and Higgs sectors the allowed decays are largely as before with the exception that now the
neutralino index i runs from 1 to 5, whilst there is an additional CP even neutral Higgs and an additional CP odd
neutral Higgs. These additional states mix with the MSSM states with the same quantum numbers thereby resulting
in 5 neutralinos, 3 CP even neutral Higgs bosons and 2 CP odd neutral Higgs Bosons, all of which we label in order
of increasing mass. Therefore there are now additional mass eigenstates H3, A2 and 7s. We use the notation that
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we label the CP even neutral Higgs states as h; € {h, H, H3} for i = 1,2,3 and the CP odd neutral Higgs states as
A; € {A, A2} for i = 1,2. These states are of course mixtures of the original MSSM states and the new NMSSM states,
therefore the most "NMSSM-type” state need not necessarily be the heaviest. The Z; 534, h and H (which we now use
to label the lightest two CP even neutral Higgs bosons) and A have the same available modes as listed before; therefore
we now list the decay modes of the additional states. As a guide, the same decays which can occur for the heaviest
of the two CP even Higgs bosons of the MSSM, the H, may now also occur for the H3; similarly we can extend the
decays of the A to the A2, and of the 21,2,3,4 of the MSSM to the Zs. Additional decay modes in the NMSSM (other
than simply extending decays into neutralinos to include Zs or decays into H3, A2) are the decays of the Zs, H3 and
A2. Here, n = 1,2, 3, 4 since the Zs decays into lighter neutralinos:

Zs = WW 2, 2Z,, H* W2, Z,h/ H/ H3[A[A2, fiir f> fijo fs

H3 = furfi g Finfin WipWie, ZZ, 11, AA, AA2,

H3 — A2A2,ZA/A2, H*H™,hh,hH,HH, W H*,VV,

A2 = fife, fifss WipWip, ZiZ), 1Y, Zh/H/H3,Ah/H/H3, W™ H",

where VV € {(W*W~, ZZ}. As before, for the decays to two sfermions, any combination of handedness is permitted
LL, LR, RL, RR; similarly for the decays to mixed sfermions or to charginos 11, 12, 21, 22 are all allowed. For the
decays to quarks only c, s, t, b are considered. For the A2 there are fewer decays than the H3 as many decays are
ruled out by CP conservation. Decays of the H3 or A2 to g or gg are listed in subsection [4.8]as QCD corrections are
included in these channels.

The explicit partial width expressions used within the decay calculator SOFTSUSY are given in the
expressions in NMSSMTools [13] 27} 28] were used, with appropriate changes.

4.7. NMSSM I-loop Two Body Decays

Just as in the MSSM, in the NMSSM the phenomenologically important 1-loop decays of Higgs bosons are
included:

h/H/H3/AJA2 = vy, Zy.

Again the decay to two gluons is listed later as it includes QCD corrections, see subsection 4.8 See for
the detailed formulae used within the code for the partial widths of these modes.

4.8. QCD Corrected Decays

NLO QCD corrections have been incorporated for the decays in which such effects are most important in both the
MSSM and NMSSM, these are the neutral Higgs decays to quarks and decays to gluons:

h/H/H3/A/A2 — 44, 88

The expressions used are given in and are based on those provided in the calculations in [39} 40]. Note
that the quarks which are considered for neutral Higgs decays are only c, s, b for the lightest CP even neutral higgs A,
whilst ¢ is also included for the heavier CP even neutral Higgs Boson(s) and for the CP odd neutral Higgs Boson(s) of
the (N)MSSM. Decays to u and d are negligible.

5. Validation and Comparison with other programs

We implemented a number of different approaches to validate the program and the formulae used.

1. Most of the formulae used in the SOFTSUSY program were rederived in order to determine any issues, the
exception being the 3 body decays for which there are very complicated expressions for the integrals to be
performed, for these the formulae are as in sPHENO-3.3.8 [[11]. Meanwhile, NMSSM decay expressions were
generalised from MSSM expressions and checked against NMSSMTools.



# PDG Width

DECAY 1000006 5.72622764e+00 # Stopl decays

# BR NDA  PDG1 PDG2 Comments PW
3.20176449e-01 2 5 1000024 # "t_1 -> b “chi_1+ 1.83340323e+00
2.21769170e-01 2 5 1000037 # "t_1 -> b “chi_2+ 1.26990075e+00
2.27726880e-01 2 6 1000022 # "t_1 -> t “chi_10 1.30401596e+00
1.25396681e-01 2 6 1000023 # "t_1 >t “chi_20 7.18049943e-01
1.04930819e-01 2 6 1000025 # "t_1 -> t “chi_30 6.00857758e-01

Table 2: The decays of a 7] at the parameter point given by the lesHouchesInput file provided with SOFTSUSY. For reference this has my, = 808.7
GeV, my, = 385.0 GeV, my, = 637.5 GeV, my = 204.0 GeV, my, = 385.0 GeV, mz, = -622.7 GeV, mz, = 637.2 GeV. The partial widths are
given in GeV units. '

2. MSSM 2 body partial widths were also checked against both Baer and Tata “Weak Scale Supersymmetry” [41]]
and The Higgs Hunter’s Guide [32]]. Some small differences were found, in particular relative to Baer and Tata,
these differences were largely simple typographical errors although there were several other differences in the 3
body decay formulae, where additional contributions are included. The full formulae for the partial widths used
in SOFTSUSY are given in[Appendix Dj|to|Appendix J|

3. The partial width of every channel was compared against corresponding channels in other programs where
possible; for example the 2 body MSSM decays were compared against results from SUSYHIT, the 3 body
MSSM decays against sPHENO and the 2 body NMSSM decays against NMSSMTools. This ensured that the
formulae were correct and any differences were down to different input parameters resulting from different
schemes of running, different mass choices and other similar effects. These checks were performed at several
parameter space points for each partial width.

4. Once all the decay modes of a given initial state were implemented the branching ratios were compared against
those of a relevant program, i.e. SUSYHIT for the MSSM 2 body decays, sPHENO for MSSM 3 body decays, and
NMSSMTools (as linked with the SOFTSUSY spectrum generator) for NMSSM decays.

5. Many of the modes have been analysed in detail by scanning over the mass of the decaying particle and com-
paring the branching ratio structure with known results and with corresponding results in other decay calculator
programs.

As described above we therefore performed specific and fairly extensive tests for particular benchmark points with
sPHENO and SUSYHIT. Comparisons for some of these benchmark points are provided here for a selection of decaying
SUSY and Higgs particles, in addition scans over the mass of the decaying particle are given for the decays of the
lightest SM-like Higgs and for the decays of a gluino g. This allowed both a qualitative check of the behaviour of the
decays in the program and a quantitative comparison of the level of agreement with other programs. In particular the
level of agreement with the same input parameters and with our set of input parameters is detailed in some specific
cases. This method uses the results the SOFTSUSY program produces to validate it.

5.1. Supersymmetric Decays -

First of all consider the decays of the lightest stop, 7|, the verbatim output of the SOFTSUSY decay calculator is
given in Table[2]and was generated with the 1esHouchesInput file. The comparison of the results for this benchmark
point between the new SOFTSUSY decay calculator and those of SUSYHIT-1.4 is given in Table[3]

In this the input values used for the various masses are: top pole mass mtPole= 174.3 GeV, bottom pole mass
mbPole=4.985 GeV, running top mass runmt=145.555 GeV and running bottom mass runmb=2.576 GeV. These
differ from the default values used for these quantities in SUSYHIT, Tableillustrates the differences observed between
SOFTSUSY and SUSYHIT-1.4, as well as the differences when SOFTSUSY has the SUSYHIT mass inputs inserted by
hand. This demonstrates that the level of agreement between the programs is around 10%, dropping down to 1% when
the same input masses and coupling constants are used in both programs. These differences result from the different
mass and scheme choices, as outlined in Section[3.3]
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SOFTSUSY standard inputs | SOFTSUSY SUSYHIT’s inputs SUSYHIT mode
PW/GeV BR PW/GeV BR PW/GeV BR

1.8334e+00 | 3.2018e-01 | 1.7080e+00 | 3.2111e-01 1.7080e+00 | 3.2181e-01 | 7; — bW,

1.2699e+00 | 2.2177e-01 | 1.1027e+00 | 2.0730e-01 1.1027e+00 | 2.0775e-01 | ;1 — bW,

1.3040e+00 | 2.2773e-01 | 1.2986e+00 | 2.4414e-01 1.2992e+00 | 2.4478e-01 | 7, — tZ,

7.1805e-01 | 1.2540e-01 | 6.8479e-01 1.2874e-01 6.7286e-01 | 1.2677e-01 | 11 — tZ;
6.0086e-01 | 1.0493e-01 | 5.2503e-01 9.8706e-02 | 5.2485e-01 | 9.8887¢-02 | 7} — tZ;

Table 3: The 7; decay partial widths and branching ratios as output by SOFTSUSY with our mass choices (and corresponding Yukawa couplings)
and with the masses and Yukawa couplings in SUSYHIT, compared with the results of SUSYHIT-1.4. This illustrates the differences of order 10%
or more that may arise depending upon mass (“kinematic” and “running”) choices, the differences here reduce to order 1% once the same masses
are taken. The lesHouchesInput file provided with SOFTSUSY gives the parameter point here, it has a common scalar mass mo = 125 GeV, a
common gaugino mass my,> = 500 GeV, ratio of Higgs vacuum expectation values tan 8 = 10, sign of the superpotential u parameter sign(u) = +1
and common soft SUSY breaking trilinear parameter Ag = 0 in the constrained MSSM (CMSSM). Here, as elsewhere in this paper, we present
numerical results in mantissa-exponent notation (i.e. e-Oa=... X 107 and e+0b=. .. X 10 fora,b € {0,1,2,3,...).

5.2. Higgs Decays - h

Now, in Table 5] we can perform similar comparisons between SOFTSUSY and HDECAY-3. 4 of SUSYHIT-1. 4 for
Higgs decays. Here we have taken a SM-like Higgs, in the decoupling limit so all the SUSY decays are kinematically
forbidden, given by a point in the pMSSM parameter space which has Higgs mass 125 GeV, this point we call pmssm1
and the SLHA [36] form of the input file is given verbatim in Table 4] The results of our decay calculator without
QCD corrections included, with QCD corrections included, and with the same input quark and gauge boson masses
and same input gauge couplings as SUSYHIT, again with QCD corrections, are compared with HDECAY-3.4. Note
that the comparisons are done against the non-current version HDECAY-3.4 as this is the version included in the
SUSYHIT-1.4 package. This allowed straightforward comparisons to be done between the new decay calculator and
SUSYHIT’S version of HDECAY as one can input the spectrum as calculated by SOFTSUSY straight into SUSYHIT. This
allowed the effects of the spectrum generator to be isolated as much as possible from the decay calculator which is
being tested.

In Table[5]the comparison of the partial widths with QCD corrections switched on and switched off clearly demon-
strates the significant difference these corrections make to neutral Higgs decays to quarks and to gluons, as is widely
known in the literature [40, |42} |43} 44]. Furthermore, it is clear that the main source of differences in partial widths
between the decay calculator of SOFTSUSY-4.0 and HDECAY is in the choice of masses used. Remaining differences
tend to be small and are due largely to differences in other inputs, the exception being the decays to two vector
bosons, where order 10% differences are observed. This is due to HDECAY incorporating additional effects such as the
width of the resonance and NLO corrections which are not included in SOFTSUSY. It should also be noted here that
HDECAY performs a numerical integration whilst SOFTSUSY has an explicit expression with no integration required so
the calculation methods are different. A comparison of the branching ratios output for this SM-like Higgs are given in
Figure

In order to provide a qualitative demonstration that the decay calculator is functioning correctly one may also scan
the mass of the decaying particle and investigate how the partial widths and branching ratios change. Figure [2]shows
how the branching ratios of a SM-like Higgs change as its mass is scanned from the Z° boson mass up to 200 GeV as
calculated in (a) SOFTSUSY and in (b) a well-known plot produced by the LHC Higgs Cross Section Working Group
[45] in 2011. This shows good level of agreement, with small differences due to effects detailed previously in the
quantitative comparison at m; = 125 GeV.

So far we have demonstrated the validation of SUSY 2 body and Higgs MSSM decays, including the loop-decays,
QCD corrections and Higgs 3 body decays. Similar validation and comparison was also performed for the MSSM 3
body decays and the NMSSM decays.

5.3. Three-Body Decays - g
First, consider the MSSM 3 body decays: an explicit comparison can be performed for the gluino 3 body decays
with the spectrum given in Figure [3] the gluino three-body decays to neutralinos and quark anti-quark pairs are indi-
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# pMSSM1 input

Block MODSEL # Select model
1 0 # non universal
1 1 # sugra input
Block SMINPUTS # Standard Model inputs
1 1.279340000e+02 # alpha”(-1) SM MSbar(MZ)
2 1.166370000e-05 # G_Fermi
3 1.172000000e-01 # alpha_s(MZ) SM MSbar
4 9.118760000e+01 # MZ(pole)
5  4.250000000e+00 # mb(mb) SM MSbar
6 1.733000000e+02 # mtop(pole)
7  1.777000000e+00 # mtau(pole)
Block MINPAR # Input parameters
1 1.000000000e+03 # m0
2 3.000000000e+02 # mi2
3 3.000000000e+01 # tanb
Block SOFTSUSY # Optional SOFTSUSY-specific parameters
0 1.000000000e+00 # Calculate decays in output (only for RPC (N)MSSM)
1 1.000000000e-03 # Numerical precision: suggested range 107(-3...-6)
2 0.000000000e+00 # Quark mixing parameter: see manual
5 1.000000000e+00 # Include 2-loop scalar mass squared/trilinear RGEs
24  1.000000000e-09 # If decay BR is below this number, don’t output
25 1.000000000e+00 # If set to 0, don’t calculate 3-body decays (1=default)
26  1.000000000e+00 # Output PWs
Block EXTPAR # non-universal SUSY breaking parameters
0 -1.000000000000000e+00 # Set MX=MSUSY
3 1.000000000000000e+03 # M_3(MX)
11 -7.700000000000000e+03 # At (MX)
12 1.000000000000000e+03 # Ab(MX)
13 -3.000000000000000e+03 # Atau(MX)
23 3.000000000000000e+02 # mu (MX)
26 3.000000000000000e+03 # mA(pole)
33 3.000000000000000e+03 # mtauL (MX)
36 3.000000000000000e+03 # mtauR (MX)
43 3.500000000000000e+03 # mqL3(MX)
46 3.800000000000000e+03 # mtR(MX)

Table 4: The pMSSM parameter space point used for the / decay comparisons in Tab]eand FigureE} given in SLHA form [36].
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SOFTSUSY with HDECAY-3.4 with

SUSYHIT’s masses same QCD mode
and QCD corrections corrections
PW/GeV BR PW/GeV BR PW/GeV BR PW/GeV BR
1.04e-04 | 3.30e-02 | 2.25¢-04 | 4.03¢-02 | 2.25¢-04 | 4.31e-02 | 2.25e-04 | 4.24e-02 h — cc
8.00e-07 | 2.55e-04 | 1.62e-06 | 2.91e-04 | 1.62e-06 | 3.11e-04 | 1.63e-06 | 3.06e-04 h— ss
1.75e-03 | 5.56e-01 | 3.96e-03 | 7.10e-01 | 3.60e-03 | 6.90e-01 | 3.61e-03 | 6.80e-01 h — bb
8.52e-07 | 2.71e-04 | 8.52e-07 | 1.53e-04 | 9.17e-07 | 1.76e-04 | 9.19e-07 | 1.73e-04 h — uu
2.61e-04 | 8.30e-02 | 2.61e-04 | 4.67e-02 | 2.59¢-04 | 4.97e-02 | 2.60e-04 | 4.90e-02 h— 1t
1.06e-05 | 3.36e-03 | 1.06e-05 | 1.89e-03 | 9.24e-06 | 1.77e-03 | 9.24e-06 | 1.74e-03 h—vyy
1.65e-04 | 5.27e-02 | 2.71e-04 | 4.86e-02 | 2.72¢-04 | 5.22e-02 | 2.72e-04 | 5.13e-02 h— gg
6.74e-06 | 2.15e-03 | 6.74e-06 | 1.21e-03 | 5.88e-06 | 1.13e-03 | 6.11e-06 | 1.15e-03 h—Zy
7.61e-04 | 2.42e-01 | 7.61e-04 | 1.36e-01 | 7.61e-04 | 1.46e-01 | 8.22e-04 | 1.55¢-01 | h » WW*
8.44e-05 | 2.69e-02 | 8.44e-05 | 1.51e-02 | 8.44e-05 | 1.62e-02 | 1.02e-04 | 1.92¢-02 | h— ZZ*

SOFTSUSY no QCD SOFTSUSY with
corrections QCD corrections

Table 5: The h decay partial widths and branching ratios as output by SOFTSUSY without QCD corrections, with QCD corrections, with SUSYHIT’s
quark and gauge boson masses and gauge couplings and with QCD corrections, and the results of HDECAY-3. 4 from SUSYHIT-1.4. This illustrates
the necessity of including QCD corrections for decays to quarks and decays to gluons, as well as the fact that differences in mass choices are the
primary source of differences between SOFTSUSY and HDECAY-3.4. This is for a pMSSM point given by pmssm1 listed in SLHA [36] format in
TableEt it has mj, = 125GeV. Note that the masses and gauge couplings are taken from SUSYHIT and inserted into the SOFTSUSY decay calculator
in columns 5 and 6 are @y = 0.11 and m, = 1.40GeV, m; = 0.19GeV, m, = 4.77GeV, m; = 173.30GeV for the h — gq and h — gg decays;
my = 0.11GeV, m; = 1.78GeV for h — I*I~ decays; a(Mz) = 7.29 x 1073 and my = 80.35GeV, m, = 188.72GeV, mj, = 3.47GeV, m,. = 0.74GeV
and m,; = 1.78GeV for h — yy; mz = 91.19GeV, m; = 173.30GeV, m, = 4.77GeV, a = 7.29 X 103 and my = 80.36GeV for h — Zy and for
h—VV™

Softsusy-4.0
SusyHit-1.4

0.1

0.01

BR

0.001

0.0001 -
8 4 8 = 8 2 N & X B8
=
decay mode

Figure 1: Branching ratios for a SM-like Higgs predicted by SOFTSUSY and by HDECAY-3.4 in SUSYHIT-1.4 for m;, = 125 GeV. This is for a
pMSSM point given by pmssm1, see TableEl
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Figure 2: Branching ratios for a SM(-like) Higgs as calculated in (a) by SOFTSUSY and in (b) by the LHC Higgs Cross-Section Working Group in
[43]). This demonstrates a verification of the partial widths output by SOli“}"'-SUSY.
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Figure 3: Spectrum used for quantitative comparison of gluino g three body decays. Here the arrows indicate only the 3 body decay modes of the
gluino: these are those investigated. This CMSSM spectrum has mg = 1500 GeV, my,, = 400 GeV, tang = 10.37, sign(u) = +1, Ag = —80 GeV
and was generated in sPHENO. The figure was produced using a modified version slhaplot-3.0.4 from PySLHA [46].

cated. A comparison of the partial widths and branching ratios given by SOFTSUSY, sPHENO-3.3.8 and SUSYHIT-1.4
for this spectrum is presented in Table [f] This was performed taking the mass, coupling and other input decay pa-
rameters from sPHENO and inputting these directly by hand into the SOFTSUSY decay calculator in order to evaluate
only differences due to the decay calculation, not any differences which might arise as a result of differing parame-
ters from the spectrum generators. The agreement between the three programs is generally very good, in particular
the agreement between SOFTSUSY and sPHENO-3. 3.8, upon which the calculations of the 3 body decays is based,
is usually between 1 and 5% with the larger differences often occurring where there are larger differences between
SUSYHIT-1.4 and sPHENO-3.3.8. The exceptions to this are the decays to third generation quark-anti-quark pairs
and the third and fourth heaviest neutralinos; i.e. § — 1773, § — tfZ4, 8 — bbZ3 and § — bbZ,. Here the differences
observed are 10 — 20% and they arise because of differences in the Yukawa couplings taken, for example for the b
quark here the Yukawa coupling used in SOFTSUSY is determined by a running bottom mass of runmb=2.63 GeV,
whereas sPHENO has a Yukawa coupling corresponding to a mass of runmb=2.37 GeV. In order to show this results in
the differences observed, the running b mass in SOFTSUSY was temporanly set to that of sPHENO and the comparison
for g — bbZ; is provided in Tablel 7| This demonstrates that the decays to Z; and Z, are not significantly altered by the
new Yukawa coupling whereas the decays to Z3 and Z, (i.e. those which showed differences with respect to sPHENQ)
now have significantly altered partial widths which are in much closer agreement with sPHENO, back down to the few
percent level agreement seen in the other 3 body decays.

A scan over the mass of the gluino to demonstrate the expected suppression of 3 body decays relative to 2 body
decays was also performed, see Figure ] The result of this is that phenomenologically, 3 body modes are only
important when 2 body tree level modes are unavailable. For this reason, SOFTSUSY only calculates 3 body modes
when there are no two-body modes kinematically available and does not output the 3 body modes if the total 3 body
decay width (sum of all the 3 body decay widths available) is less than the BR tolerance. More details on the other
3 body modes, the contributions included, approximations made and the level of agreement seen between SOFTSUSY
and other decay calculators for each mode are given in There, the relevant expressions used by our
decay calculator to determine their partial widths are also provided.
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SOFTSUSY sPHENO-3.38 SUSYHIT-1.4 mode
PW/GeV BR PW/GeV BR PW/GeV BR
2.90e-04 | 2.26e-02 | 2.89e-04 | 2.32e-02 | 2.89e-04 | 2.32e-02 | & — Zjuii
3.21e-04 | 2.51e-02 | 3.19e-04 | 2.56e-02 | 3.19e-04 | 2.56e-02 | § — Zuii
1.35e-07 | 1.06e-05 | 1.35e-07 | 1.08e-05 | 1.35e-07 | 1.08e-05 | & — Zzuii
5.52e-06 | 4.31e-04 | 5.49e-06 | 4.40e-04 | 5.49e-06 | 4.40e-04 | g — Zyuiu
9.06e-05 | 7.07e-03 | 9.02e-05 | 7.22e-03 | 9.02e-05 | 7.24e-03 | g — Z,dd
3.07e-04 | 2.40e-02 | 3.06e-04 | 2.45¢-02 | 3.06e-04 | 2.45¢-02 | g — Z»dd
1.75e-07 | 1.36e-05 | 1.74e-07 | 1.39e-05 | 1.74e-07 | 1.40e-05 | g — Zzdd
6.67e-06 | 5.21e-04 | 6.64e-06 | 5.31e-04 | 6.64e-06 | 5.33e-04 | § — Zydd
2.90e-04 | 2.26e-02 | 2.89e-04 | 2.32e-02 | 2.89e-04 | 2.32¢-02 | § — ZcC
3.21e-04 | 2.51e-02 | 3.19e-04 | 2.56e-02 | 3.19e-04 | 2.56e-02 | g — Zcc
1.35e-07 | 1.05e-05 | 1.41e-07 | 1.13e-05 | 1.35e-07 | 1.08e-05 | g — Zzcc
5.52e-06 | 4.31e-04 | 5.50e-06 | 4.40e-04 | 5.49e-06 | 4.40e-04 | § — Zcc
9.06e-05 | 7.07e-03 | 9.02e-05 | 7.22e-03 | 9.02e-05 | 7.24e-03 | g — Z;s5
3.07e-04 | 2.40e-02 | 3.06e-04 | 2.45e-02 | 3.06e-04 | 2.45e-02 | g — Z,s§
1.75e-07 | 1.36e-05 | 1.77e-07 | 1.42e-05 | 1.74e-07 | 1.40e-05 | § — Z3s5
6.67e-06 | 5.21e-04 | 6.64e-06 | 5.32e-04 | 6.64e-06 | 5.33e-04 | § — Zyss
1.47e-03 | 1.15e-01 | 1.47e-03 | 1.17e-01 | 1.44e-03 | 1.15e-01 A
2.56e-04 | 1.99e-02 | 2.46e-04 | 1.97e-02 | 2.67e-04 | 2.15e-02 | g — Zptt
3.48e-04 | 2.71e-02 | 3.10e-04 | 2.48e-02 | 3.34e-04 | 2.68e-02 | g — Zstf
6.13e-04 | 4.79e-02 | 5.66e-04 | 4.53e-02 | 5.21e-04 | 4.18e-02 | g — Zytt
1.27e-04 | 9.93e-03 | 1.25e-04 | 1.00e-02 | 1.25e-04 | 1.00e-02 | g — Z,bb
7.80e-04 | 6.09e-02 | 7.74e-04 | 6.20e-02 | 7.74e-04 | 6.21e-02 | & — Zbb
2.20e-05 | 1.72e-03 | 1.77e-05 | 1.42e-03 | 1.78e-05 | 1.43e-03 | g — Z3bb
3.48¢-05 | 2.72e-03 | 3.24e-05 | 2.60e-03 | 3.23e-05 | 2.60e-03 | § — Zybb
6.28¢-04 | 4.90e-02 | 6.24e-04 | 5.00e-02 | 6.24e-04 | 5.01e-02 | g —» W ud
6.28e-04 | 4.90e-02 | 6.24e-04 | 5.00e-02 | 6.24e-04 | 5.01e-02 | g — Widi
6.28¢-04 | 4.90e-02 | 6.24e-04 | 5.00e-02 | 6.24e-04 | 5.01e-02 | g —> W cs
6.28¢-04 | 4.90e-02 | 6.24e-04 | 5.00e-02 | 6.24e-04 | 5.01e-02 | g — W/sC
1.20e-05 | 9.36e-04 | 1.19¢-05 | 9.56e-04 | 1.19¢-05 | 9.58¢-04 | g —» Wjud
1.20e-05 | 9.36e-04 | 1.19e-05 | 9.56e-04 | 1.19e-05 | 9.58e-04 | g — W, diu
1.20e-05 | 9.36e-04 | 1.19¢-05 | 9.56e-04 | 1.19e-05 | 9.58¢-04 | g — W,c§
1.20e-05 | 9.36e-04 | 1.19e-05 | 9.56e-04 | 1.19e-05 | 9.58e-04 | g — WJsC
9.29e-04 | 7.25e-02 | 9.21e-04 | 7.38e-02 | 9.21e-04 | 7.39e-02 | § — WI‘IE
9.29e-04 | 7.25e-02 | 9.21e-04 | 7.38e-02 | 9.21e-04 | 7.39e-02 | g — Wbt
1.35e-03 | 1.05e-01 | 1.27e-03 | 1.01e-01 | 1.27e-03 | 1.02e-01 | § — Wz’z‘l;
1.35e-03 | 1.05e-01 | 1.27e-03 | 1.01e-01 | 1.27e-03 | 1.02e-01 | g — Wy bt

Table 6: The § decay partial widths and branching ratios as output by SOFTSUSY, sPHENO-3.3.8 [11] and SUSYHIT-1.4 [23] for the spectrum
given in Figure [3} for which the gluino only has 3 body decay modes kinematically available. This CMSSM spectrum has mg = 1500 GeV,
myp =400 GeV, tan = 10.37, sign(u) = +1, Ag = =80 GeV and was generated in sPHENO.
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SOFTSUSY with SPHENO-3.38 mode
altered runmb
PW/GeV | BR | PW/GeV | BR
1.27e-04 | 9.93e-03 | 1.25¢-04 | 1.00e-02 | g — Z; bb
778¢-04 | 6.10e-02 | 7.74e-04 | 6.20e-02 | & — Z-bb
1.81e-05 | 1.42e-03 | 1.77e-05 | 1.42e-03 | g — Z:bb
3.18e-05 | 2.50e-03 | 3.24e-05 | 2.60e-03 | & — Zibb

Table 7: The g decay partial widths and branching ratios to Z;bb as output by SOFTSUSY with runmb taken so that the b Yukawa coupling in
SOFTSUSY matches that in sPHENO. These decays showed significant differences between the two programs, particularly for Z3 and Zy, see Table@
The agreement is now much improved, demonstrating that the differences result from a choice of the running » mass runmb and hence in the
Yukawa coupling. This again used the parameters from sPHENQ’s spectrum file directly in the SOFTSUSY decay calculator, with the addition

relative to Table|§|0f sPHENO’s running b mass.
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g->2Z3qq g->st2t — —
g->Z+4qq g->sh2b - - - -

g->W; qq g->sqq = =

g->W, qq — —

Figure 4: Branching ratios for the gluino g as its mass is increased from 1 to 2 TeV. The suppression of 3 body modes relative to 2 body tree level
modes is clearly evident in the sudden drop in the 3 body branching ratios once the first 2 body mode g — 7, is kinematically available. Note
the “g” indicated ip the plot are g (i.e. gluinos), whilst “Z;” are Z; (i.e. neutralinos) and “W;” are Wj (i.e. charginos). “st” indicates stops 7;, “sb”
indicate sbottoms b;, “sq” are g squarks of the first two generations and “q” here are quarks of the first two generations.
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5.4. NMSSM Decays - H

Similar detailed checks to those above were performed in the NMSSM fields’ sector and we provide some details
here. In Table [8| we present a quantitative comparison of the decays of the second heaviest neutral CP even Higgs
of the NMSSM, the H. The spectrum is given in Figure [5 with decay modes of branching ratios (BRs) greater than
0.1 indicated by arrows, with thicker, bolder arrows representing larger BRs. For this parameter point, H is the CP
even Higgs which has the largest singlet component. Although validation was carried out for all the particle decays
of the extended Higgs and neutralinos, for brevity we just provide that of the H here. The comparison in Table [§]
demonstrates that the level of agreement is usually better than 10% with the exception of a few of the decay modes.
The decay modes which show larger differences are the decays to “down-type” fermions, i.e. fermions with third
component of weak isospin T3 = —% and the 1-loop decay to two photons H — yy. Note that the decays to quarks
and to two gluons here show good agreement with NMSSMTools: the scale of the decaying Higgs my = 519.3 GeV is
relatively close to Mgysy = ~fmzm;, = 675.5 GeV so any differences in the running between the two programs have
little effect. SOFTSUSY and NMSSMTools both run the gauge couplings to my: however there are potential differences
in the running order and scheme. SOFTSUSY matches at mz and then runs «, in the full NMSSM at 2-loops with 1-loop
threshold corrections at m; . For the case of the decays H — s3, bb, u*u~ and v+, differences are seen between the
default SOFTSUSY partial widths and those of NMSSMTools. Some of these differences can be explained by the use of
different values for the masses from which Higgs couplings are extracted, particularly in the case of the decays to b, u
and 7 pairs. SOFTSUSY uses my(pole) = 4.97 GeV, m,(Msysy) = 0.103 GeV and m (Msysy) = 1.80 GeV; meanwhile
NMSSMTools uses my, = 4.54 GeV, m, = 0.106 GeV and m, = 1.78 GeV. However, most of the differences are due
to the definition of the CP even mixing matrix S: the coupling of the singlet-like H to “down-type” fermions is given
by [S(2,2)/ cos(B)]>. SOFTSUSY obtains S(2,2) = 2.71 x 1072, whilst NMSSMTools has S(2,2) = 2.87 x 1072. Given
that the partial widths are proportional to the square of the mixing matrix element, this results in an approximate
12% difterence. The SOFTSUSY decay calculation uses the tree-level value S (Msysy), whereas NMSSMTools uses
S as extracted from the loop-corrected pole mass matrix. The two choices are equivalent to leading order, and so
the numerical difference between the programs is simply a higher order effect. For this reason in columns 5 and
6 of Table [§] the CP even mixing matrix elements have also been set to those of NMSSMTools to demonstrate that
this makes up much of the remaining differences. The other significant difference observed in the partial widths
between the default SOFTSUSY results and those of NMSSMTools is in the yy channel. By default SOFTSUSY runs
a and quark masses, whereas NMSSMTools runs a but not the quark masses to calculate the Higgs couplings. The
quark masses used by SOFTSUSY for this point are m,(my) = 144.5 GeV, mp(my) = 2.40 GeV, m.(my) = 0.57
GeV whereas NMSSMTools uses m;, = 170.9 GeV, m;, = 4.54 GeV, m. = 1.40 GeV; meanwhile SOFTSUSY uses
a(my) = 7.88 x 1073 whereas NMSSMTools obtains a(my) = 7.30 x 1073, The difference in the values of a(my)
is presumably due to a difference in the schemeﬂ With the quark masses and @ used by NMSSMTools inserted into
the SOFTSUSY decay code the difference between the two programs is dramatically reduced, with them now showing
excellent agreement. This clearly demonstrates that the difference observed is due to different quark masses and
coupling constants taken, in particular it is the quark masses which have the largest effect here. The reason for such
sensitivity to the masses taken is that for this parameter point there is a large cancellation between the ¢, W and other
loop contributions. The degree of the cancellation is consequently heavily dependent upon the top mass used. With
SOFTSUSY’s choices then the real part of the top loop contribution is R[/,] = 8.99 x 1072 and the real part of the
W loop contribution R[Iy] = —0.114 whilst the other significant contribution is that of the heaviest chargino W:
Rlly,] = 5.53 x 1072, resulting in significant cancellation such that the total of all the particle loop contributions is
(2.65 — 6.62i) x 1072. With the quark mass choices of NMSSMTools instead one obtains R[/;] = 0.135 and so the total
cancellation is much smaller and the total of all the loop contributions is (7.16 — 7.30i) x 1072, which has a modulus
much larger than that obtained using the usual SOFTSUSY choices. Once these are squared this explains the significant
discrepancy. Differences seen between the two programs for this channel should be interpreted as an indication of
a large theoretical error in the calculation at this order for this parameter point. Note that the comparison is carried
out against an old version of NMSSMTools (NMSSMTools-4.2.1) since there only exists an interface between the
SOFTSUSY spectrum generator and this old version of NMSSMTools. Therefore comparing with NMSSMTools-4.2.1
allowed the effects of the spectrum generator to be isolated as much as possible from other differences in the decay
calculations for validation.

4SOFTSUSY matches at mz and then runs  in the full NMSSM at 2-loops.
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Figure 5: Mass spectrum and branching ratios for the constrained NMSSM parameter point in Table |8 with mg = 400 GeV, m2 = 350 GeV,
tanB = 10, sign(u) = +1, Ag = —300 GeV, 2 = 0.1, k = 0.1, A(S) = 200 GeV and & = 100 GeV used for the comparison with NMSSMTools.
The arrows represent decay modes of branching ratios (BRs) greater than 0.1, with thicker, bolder arrows representing larger BRs. The figure was
produced with the aid of slhaplot-3.0.4 of PySLHA [46].

6. Summary

The fast automated computation of the spectrum and decays of particles in the MSSM and the NMSSM is now
possible all within SOFTSUSY, and they are necessary steps in the simulation of collider signatures, required for
both the prediction and interpretation of the collider signatures. The inclusion of sparticle and Higgs decay partial
widths and branching ratios should aid in estimating theoretical uncertainties, particularly in regard to decays in the
NMSSM, where there are few other publicly available tools. SOFTSUSY has been routinely used by the ATLAS and
CMS experiments to interpret their searches for supersymmetric particles, and so having the decays calculated within
the same package as the spectrum should make their calculation easier. The usual SLHA and SLHA?2 conventions for
input and output have been followed in order to facilitate ‘joining up’ SOFTSUSY with other observable calculating
programs in a bug-free manner, for example with programs that perform Monte-Carlo event simulation.
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Appendix A. Running SOFTSUSY to Calculate Sparticle Decays

SOFTSUSY produces an executable called softpoint.x. It can be run by the command
./softpoint.x leshouches < inOutFiles/lesHouchesInput

where the file inOutFiles/lesHouchesInput contains an ASCII file for input prepared in SUSY Les Houches
Accord (SLHA) [36] or SLHA?2 [37] format. A SOFTSUSY-specific Block of the SLHA input file is provided in the
case that decays are required:
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SOFTSUSY with SOFTSUSY with
SOFTSUSY default | voeMToo1s-4.2.1 | NMSSMTools-4.2.1 | NMSSMTools-4.2.1
with its quark .
. quark masses and quark masses, with same QCD mode
masses and coupling . . . . .
running coupling running coupling corrections
constants run to my
constants constants and §
PW/GeV BR PW/GeV BR PW/GeV BR PW/GeV BR
2.98e-06 | 9.22e-06 | 2.99e-06 | 9.24e-06 | 3.04e-06 | 9.22e-06 | 3.04e-06 | 9.21e-06 H — cc
3.65e-07 | 1.13e-06 | 3.67e-07 | 1.14e-06 | 4.10e-07 | 1.24e-06 | 4.33e-07 | 1.31e-06 H — s§
9.44e-04 | 2.92e-03 | 7.73e-04 | 2.39e-03 | 8.64e-04 | 2.62e-03 | 8.93e-04 | 2.71e-03 H — bb
5.58e-02 | 1.73e-01 | 5.58e-02 | 1.73e-01 | 5.68e-02 | 1.72e-01 | 5.68e-02 | 1.72e-01 H— 1t
2.52e-07 | 7.79e-07 | 2.68e-07 | 8.27e-07 | 2.99e-07 | 9.06e-07 | 3.16e-07 | 9.56e-07 H— uu*
7.75¢-05 | 2.40e-04 | 7.57e-05 | 2.34e-04 | 8.45e-05 | 2.56e-04 | 8.92e-05 | 2.70e-04 H—- 11t
1.21e-05 | 3.73e-05 | 1.21e-05 | 3.74e-05 | 1.33e-05 | 4.04e-05 | 1.22e-05 | 3.70e-05 H— 7,7,
3.25e-05 | 1.00e-04 | 3.25e-05 | 1.01e-04 | 3.60e-05 | 1.09e-04 | 3.44e-05 | 1.04e-04 H— 727,
2.00e-02 | 6.18e-02 | 2.00e-02 | 6.18¢-02 | 2.00e-02 | 6.06e-02 | 2.07e-02 | 6.27e-02 H — hh
9.03e-08 | 2.97e-07 | 1.61e-07 | 4.97e-07 | 1.62e-07 | 4.91e-07 | 1.68e-07 | 5.09e-07 H—yy
1.47e-04 | 4.54e-04 | 1.47e-04 | 4.54e-04 | 1.49e-04 | 4.53e-04 | 1.53e-04 | 4.63e-04 H— gg
2.07e-06 | 6.39e-06 | 1.93e-06 | 5.98e-06 | 2.14e-06 | 6.47e-06 | 2.21e-06 | 6.69¢-06 H— Zy
1.67e-01 | 5.15e-01 | 1.67e-01 | 5.15e-01 | 1.70e-01 | 5.16e-01 | 1.70e-01 | 5.15¢-01 | H - W*W~
8.00e-02 | 2.47e-01 | 8.00e-02 | 2.47e-01 | 8.17e-02 | 2.48e-01 | 8.16e-02 | 2.47e-01 H— 77
3.24e-01 | 1.00e+00 | 3.23e-01 | 1.00e+00 | 3.30e-01 | 1.00e+00 | 3.30e-01 | 1.00e+00 | Column totals

Table 8: H decay partial widths and branching ratios as output by SOFTSUSY with the quark masses and coupling constants run to mg as is the
default (except in cases where QCD corrections are applied - here pole masses must be used), SOFTSUSY with the quark masses and coupling
constants set temporarily to those of NMSSMTools for comparison of results, SOFTSUSY with the quark masses and coupling constants and CP
even Higgs mixing matrix (S) set temporarily to that of NMSSMTools for comparison of results and NMSSMTools-4.2.1 [13| 27| 28]. For
columns 3 and 4 this meant setting as(my) = 9.41 X 1072, my, = 4.54 GeV for H — bb, my, = 0.106 GeV for H — uu, m; = 1.78 GeV for
H — 77, and the same values were used appropriately for H — gg. These should be compared with the values SOFTSUSY obtains from running to
the H mass of as(my) = 9.42 x 1072, my = 0.103 GeV, m; = 1.80 GeV and its my(pole) = 4.97 GeV. Meanwhile for H — yy, SOFTSUSY uses
my(mp) = 144.5 GeV, mp(my) = 2.40 GeV, m.(mg) = 0.57 GeV whereas NMSSMTools has m; = 170.9 GeV, my, = 4.54 GeV, m. = 1.40 GeV. These
were therefore input into SOFTSUSY for columns 3 and 4. In SOFTSUSY a(mpy) = 7.88 X 1073 whereas NMSSMToo1s obtains a(mg) = 7.30 x 1073.
This is therefore also set in the decay calculator code for columns 3 and 4. Meanwhile it was noticed there were small differences in the smaller
elements of the CP even mixing matrix (S) between the two codes, therefore S was additionally set to that of NMSSMTools, on top of the changes
described for columns 3 and 4, in columns 5 and 6. The parameter point considered is the constrained NMSSM parameter point with my = 400
GeV, myjp = 350 GeV, tan = 10, sign(u) = +1, Ag = =300 GeV, 1 = 0.1, k = 0.1, A(S) = 200 GeV and &r = 100 GeV used for the comparison
with NMSSMTools. There is good agreement between the two programs with differences around 10%. Differences can be larger for the decays to
quarks and 1-loop decays to yy and gg due to differences in the quark masses and coupling constants taken, or indeed due to small differences in
elements of the CP even mixing matrix S. Using the same values for these as in NMSSMTools significantly reduces these differences to around 5%
or less. This is illustrated in the improved agreement of the 3rd and 4th columns, and 5th and 6th columns, with the 7th and 8th columns. A more
detailed description of the level of agreement and source of differences is given in the text.
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Block SOFTSUSY # Optional SOFTSUSY-specific parameters
0 1.000000000e+00 # Calculate decays in output (only for RPC (N)MSSM)

If this block is absent, or if the numerical value is instead 0.000000000e+00, then decays will not be calculated.
Other input options are available for changing the behaviour of the program as regards sparticle decays:

Block SOFTSUSY # Optional SOFTSUSY-specific parameters
24  1.000000000e-06 # If decay BR is below this number, don’t output
25 1.000000000e+00 # If set to O, don’t calculate 3-body decays (1=default)
26  0.000000000e+00 # If set to 1, output partial widths (O=default)

Thus, parameter 24 under this block sets the smallest decay branching ratio that will be output (the default is, as
listed, 107°) whereas parameter 25 can be used to instruct SOFTSUSY not to calculate the 3-body modes, which
are more computationally intensive, requiring numerical integration. It should be noted that 3-body modes are not
currently included in decays of the NMSSM so for such calculations, regardless of the value of 25, there will be no
3-body modes calculated. Parameter 26 is used to instruct SOFTSUSY to output the partial widths in addition to the
branching ratios, this may be useful in making theoretical calculations or performing comparisons with other codes.
These partial widths are output as a column beyond the comments # column so as to not interfere with the SLHA
conventions.

If command-line input is required (see Refs. [2} 3] for a full description), the user can use the argument --decays to
tell SOFTSUSY to perform the decay calculation. The command line argument —-minBR=<value> tells SOFTSUSY
which minimum branching ratio to print out in each decay table (where <value> is replaced by a numerical value be-
tween 0 and 1), whereas the command line argument --dontCalculateThreeBody tells SOFTSUSY not to calculate
the 3-body decays of sparticles in order to save time. In addition the command line argument —-outputPartialWidthsis
used to instruct SOFTSUSY to output the partial widths in the final column of the decay tables, beyond the comments
so as to allow the output to be read directly into SLHA programs.

In the decay program SOFTSUSY itself there are also additional flags and switches which may be helpful to the
user. There are flags at the start of the code named flag<name> where one must replace <name> with the particle
name, when these flags have value 1 the particle decays are calculated, therefore by default all such flags are set to 1.
These flags allow the user to turn off irrelevant decays for their analyses; for example in producing the scanning plots,
such as Figure [d in Section [5.3] all decays apart from those of the gluino g were turned off by setting all such flags
to 0 apart from flaggluino, this ensured all decays output were gluino decays, allowing the plots to be produced
more straightforwardly. Similarly there is a Boolean variable QCDcorr, which by default is true, which may be used
to turn off QCD corrections. In case the user should want to run the parameters used to different scales, for example
in performing comparisons with other decay calculators, it should be noted that running in SOFTSUSY is implemented
using MssmSoftsusy and NmssmSoftsusy objects (detailed in references [2] and [3] respectively) and the runto
command. If one alters the running scales within SOFTSUSY one must remember to instruct SOFTSUSY to recalculate
the DR parameters at this scale using calcDRbarPars (). Nonetheless, any changes made to the code are at the user’s
risk. Finally, given the dependence of many of the partial widths on the input parameters, and in particular on the
quark masses used in the cases highlighted previously, users may wish to alter the quark masses m,, this may be done
in the BLOCK SMINPUTS of the SLHA/SLHA?2 input file, the masses used within the decay calculator (‘“kinematic”
and “running”) will change accordingly.

Appendix B. Sample Output

The output comes in the standard SLHA/SLHA?2 format 36} [37]. A sample of the part relevant for decays is
shown in Table In concordance with SLHA conventions, the widths/partial widths (PW) are output in units of
GeV. The partial widths are output after the comments column so as not to interfere with reading in the decay tables
into other programs; this outputting of partial widths can be switched off, as described in so the final
column of partial widths in Table[B.9|would then not appear. NDA lists the number of daughter particles and PDG1. lists
the Particle Data Group (PDG) code of daughter i (Section 43 of Ref. [47]]). The comment at the end of each line
after # lists the decay mode for easy perusal by the eye.
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# PDG Width

DECAY 1000021 1.41325020e+01 # Gluino decays
# BR NDA PDG1 PDG2 Comments PW
2.13728751e-02 2 1 -1000001 # “g > d "d_Lx 3.02052200e-01
2.13728751e-02 2 -1 1000001 # “g -> db "d_L 3.02052200e-01
4.53465485e-02 2 1 -2000001 # g -> d “d_Rx 6.40860189e-01
4.53465485e-02 2 -1 2000001 # "g -> db "d_R 6.40860189e-01
2.26614800e-02 2 2 -1000002 # g -> u “u_Lx 3.20263412e-01
2.26614800e-02 2 -2 1000002 # g -> ub "u_L 3.20263412e-01
4.32957172e-02 2 2 -2000002 # g -> u “u_Rx 6.11876811e-01
4.32957172e-02 2 -2 2000002 # "g -> ub "u_R 6.11876811e-01
2.13739410e-02 2 3 -1000003 # g -> s “s_Lx 3.02067264e-01
2.13739410e-02 2 -3 1000003 # "g -> sb "s_L 3.02067264e-01
4.53479787e-02 2 3 -2000003 # “g -> s “s_Rx 6.40880401e-01
4.53479787e-02 2 -3 2000003 # "g -> sb "s_R 6.40880401e-01
2.26621068e-02 2 4 -1000004 # "g —> ¢ Tc_Lx 3.20272270e-01
2.26621068e-02 2 -4 1000004 # “g -> cb “c_L 3.20272270e-01
4.32969654e-02 2 4 -2000004 # g -> ¢ “c_Rx 6.11894452e-01
4.32969654e-02 2 -4 2000004 # g -> cb “"c_R 6.11894452e-01
7.37354606e-02 2 5 -1000005 # g > b “b_1x% 1.04206655e+00
7.37354606e-02 2 -5 1000005 # g -> bb "b_1 1.04206655e+00
4.83477101e-02 2 5 -2000005 # "g —> b "b_2% 6.83274111e-01
4.83477101e-02 2 -5 2000005 # “g -> bb "b_2 6.83274111e-01
1.12559217e-01 2 6 -1000006 # "g >t "t_1x 1.59074336e+00
1.12559217e-01 2 -6 1000006 # "g -> tb "t_1 1.59074336e+00

[...]
Table B.9: Sample Output produced by the SOFTSUSY decay calculator, here only the gluino, g, decay table is shown. The input file used was

lesHouchesInput which is provided with the SOFTSUSY package and has my = 125 GeV, mj ;> = 500 GeV, tang = 10, sign(u) = +1 and A9 = 0
in the CMSSM.
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data variable description

string name particle name
double mass particle mass
double PDG particle PDG code
double No_of _Decays Total Number of possible decays of particle
double No_1to2_Decays Total Number of possible 2 body decays of particle
double No_1lto3_Decays Total Number of possible 3 body decays of particle
double No_grav_Decays Total Number of possible decays of particle to LSP gravitinos
double No_NMSSM Decays Total Number of possible decays of particle in the NMSSM
double total width Total Decay Width of the particle
double two_width Two-body decay partial width of the particle
double three_width Three-body decay partial width of the particle
A Nx6 array, where N = No_of _Decays, containing the PDGs of the daughter
vector . . S
particles in columns 0 and 1 (and 4 for 3-body decays), the partial widths of
<vector<double>>

the decay modes in column 2, the number of daughters (NDA) in column 3
and the branching ratio for each decay mode in column 5.
A NxI array (vector), where N = No_of _Decays, containing a comment for
each decay mode which is output with the decay table, detailing the decay
mode involved, e.g. § — uiiy,

Array_Decays

vector <string>
Array_Comments

Table C.10: The information contained in the Particle object for each of the decaying particles. PDG codes are given in the reference [37]]. Note
the numbers of decays contained in double No_..._Decays are the total number of such decays assuming non are kinematically forbidden. All
these decays are checked by the program to see if they are allowed kinematically and calculated if so. All the numbers of decays are in the MSSM
unless stated otherwise.

Appendix C. Particle Class

As part of the extension of SOFTSUSY to include decay calculation a new class has been written, Particle. This
is a container for all the relevant decay information of a particle and is used to output the decay tables. We display the
class in Table [C.10l

Appendix D. Glossary: Reference Tables for Decays

We begin by listing the various decay modes included in SOFTSUSY in some tables, along with equation numbers for
quick reference. We group the listings into several tables, each comprising a set of decays: in Table [D.TT] we list 2
body MSSM tree-level decays, in Table we list the MSSM Higgs boson decays, in Table the MSSM 3
body decays included, in Table we list the decays into gravitinos, in Table we list the NMSSM decays of
neutralinos not already listed above and in Table we list NMSSM Higgs decay modes.
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Gluino Decays Slepton of first 2 generations decays
g — qu/R F.1 lL — lZ, F.27
g — 6]511/2 F.2 lR — lZ, F.28
Squark of first 2 generations decays V> viZ; F.29
gL — Z,-q F.9 I — V[Wj_ F.30)]
Z]L/R - q8 F.3 Vv — IVV;r F.31
gL—q Wi F.5
gr — Ziq |F.10|
Squark of 3rd generation decays Slepton of 3rd generation decays
qij2 = q8 F.4 T = 17 F.32
bijp — Wj_t F.0) Tip — VTW]._ F.36
t~1/2 i W;b F.7 177 - TW; F.37
f1/2 — Zit F.11 ‘7'1/2 — v.H™ F.38
b]/2 - Zlb F.14 ‘7'1/2 - W F.39
17]/2 e b]/gVVJr F.17 IN/T g ZiVT F.29
171/2 i b1/2H+ F.18 17T - 7~'1/2W+ F.39
fz - (]5;1 F.20 177 - ‘7'1/2H+ F.38
by — ¢b; F.23 T SV F.40
Z]z g ZE]] F.26 7’2 i 7~'1¢ F.41
Chargino decays Neutralino decays
W — qq, F.44 Z; = gqL/R F.69
W — biip F.45 Z; — Ul /R F.71
Wz+ d fbl/Z F48 Zi - ffl/z F73
W — F.52 Z; — bby ) F.77
VViJr — TV, F.54 Zi —> 1Ty F.80)]
W:' — ‘7’1/21/1- F.57 Zi - WW1/2 F.85
W1+ - WZj F.59 Zj il H+W1/2 F.87
Wi — H Z; F.61 Zi > 77; F.88
W, — ZW,; F.64 Zi = hZ; F.89

Table D.11: MSSM 2 body decays included in the SOFTSUSY decay program, the references for the formulae in the appendices are given. ¢ here is
h/HJA i.e. any of the neutral Higgs bosons. The same references may be given for different decays in cases where the underlying formulae are the
same and the necessary replacements for different outgoing particles are given with the formulae.
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CP Even Higgs decays CP Odd Higgs decays
h/H— ff | R3[| A ff [F.95] [1.4]
h/H - Z;Z; [F.97] A—>ZZ; [F.98
h/H — AZ F.107 A — hZ F.108
h— AA F.103 A—>f,»f;‘ F.124
H — hh F.104 CP Even/Odd Higgs decays
H — AA F.105 o> WW,- [F.99|
H—HH F.106 ¢ > WiW, F.101
h = qurd; g F.109 ¢ > yy F.145
H = qurdy e | [E111 ¢ — gg [E.190L . 10 P 11
h— LRl g F.113 ¢ — Zy |F.191
h— fifj, F.115 Charged Higgs decays
h — bib} F.118 H" > ff F.126
h— 77 F.121 H* - Z;W; F.127
h/H — Z7Z* F.139 H" — Wth F.134
h/iH — WW* F.140 | H" = furf'ir F.135
hiH - WW F.143 H' > fif’; F.137
h/H— ZZ F.144

Table D.12: Higgs decays included in the SOFTSUSY decay program, the references for the formulae in the appendices are given. The same
references may be given for different decays in cases where the underlying formulae are the same and the necessary replacements for different
outgoing particles are described with the formulae. Multiple references are given for decays where QCD corrections are included, the first reference
is the non-QCD corrected decay and the remainder are once QCD corrections are included.

Gluino 1 — 3 decays | Neutralino 1 — 3 decays
g — qgZ; G.1 Z. > Ziff G.45|
g — tiZ; Gol | Zi > W,f'f [G.176|
g — bbZ; G.6 Chargino 1 — 3 decays
goqqdW, | [G24 | W, > Zf'f [G.176|
g — thW; G.24

Table D.13: Three body decays included in the SOFTSUSY decay program, the references for the formulae in the appendices are given. Not all
3 body decays are included as they are naturally suppressed with respect to the 2 body tree level decays. For this reason we have aimed only to
incorporate the most phenomenologically relevant 3 body decays, however more may be added in future versions. The same reference is given for
neutralino decays to a chargino, fermion and anti-fermion as for the “reverse” decays of a chargino to a neutralino, fermion and anti-fermion as this

just results in minus signs in several places in the partial width formulae, which are given in the appendix.

g—-gG | HIf| §—49G | H2
Zi—»vyG | H3 - 1G H.2
Zi—>¢G | HS|| Zi - ZG | H4

Table D.14: The Next-to-Lightest Susy Particle (NLSP) decays to gravitinos included in the program along with the appendix references for their

formulae.
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Neutralino Decays Decays into Neutralinos

Zi— qurq | 151 | qur — 9% 1.176
Z; — f]/zt_ [.155 fl/z — tZ; 1.179
Zi - b]/zB [.158 b]/z 4 bZ, 1.182
Zi —>7’1/27_' [.161 7’1/2 —>TZi [.185

Z,‘ i WW1/2 [.164 97'1/2 g V.,-Z,' [.188
7 — H*Wy, | 1167 | W, —» H*Z; | |L.189
7 — AZ; | L174

Table D.15: The NMSSM decays involving neutralinos that are included in the SOFTSUSY decay program. Note any decays not involving neutrali-
nos or neutral Higgs Bosons are the same as in the MSSM.

CP Even Higgs Decays CP Odd Higgs Decays
hi = ff L1J.1 A > ff 1.951J.4
hi = furfur 1.3 Ai > fLlr 1.97
h,’ - fL/RfR/L 1.6 Ai - ZjZk 1.99
hi i fjij 1.8 Al‘ g Wjo 1.101
hi—>flfz 1.10 Ai—>W1W2 1.103
h; — b1b, 1.10 A; > H*W 1.108
hi =TT [.14 A > yy 1.112
h; > W W, [.20 A; — gg II.125|,|J.18|
hi — Z;Z; [.23 Decays into Higgs Bosons
]’l,‘ — AjAk 1.25 b2 i blhi 1.129
hi - A]Z [.27 fz s f]h,' 1.133]
h;i > H"H- 1.29 Ty > T1h; 1.137
h; > WYH~ 1.31 by — biA; 1.141
hi - WW* 1.36 Ty — T1A; 1.141
hi = yy [.44 hi = hjhy [.32
hi — gg |I.83 .15| hi = hjhy [.32
hi = Zy 1.71 Ay — Ah; |I.109|

Table D.16: The NMSSM decays involving neutral Higgs Bosons that are included in the SOFTSUSY decay program, the references for the formulae
in the appendices are given, where two references are given the first is for the leading order case and the second for the QCD-corrected case. Note
any decays not involving neutralinos or neutral Higgs Bosons are the same as in the MSSM.
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Appendix E. Kinematic Functions

Here we begin the list of partial width expressions used in calculating the decay branching ratios in SOFTSUSY,
we hope this provides a useful reference. With the exception of the 3 body decays, the majority of these widths were
rederived as a form of validation.

The following are a list of commonly occurring functions that arise from the kinematics of the decays: 1'/? appears
as a result of the phase space integration:

A0y, my, ms) = \/(1—(”’””‘3)2)( —( 2};”’3)2). (E.1)
1

For loop integrals the real and imaginary parts of the loop give the following kinetic factor, where 7, = 4(;"—]"_)2:

[sin™!( })]2 for T>1, -
T) = :
K -1 (“ﬂ) )%, for T<1, ®2)
this is where the real and imaginary parts come from.
For the Zy decay loops, the kinetic factor g(7) also occurs:
Vr - Isin"!(2), for T>1,
\f
E.3
8O =) T =2 (=) -imfor T<1 3

Appendix F. MSSM Two Body Decay Formulae

Here we list for ease of reference the formulae for the partial widths of each of the 1 — 2 decay modes incorporated
into the decay calculator SOFTSUSY. The 1 — 2 decay widths were all rederived, the book by Baer and Tata [41] was
used as a guide, however differences exist relative to their formulae. The formulae provided in SUSYHIT [23] 24, 25]]
also provided a useful check.

Appendix F.1. Gluinos
The partial widths for the decays of the gluinos to squarks and quarks are:

2 2
1 m
TG — qiur) = = —(1 + —2 - aun N (g, my, mg, ), (F.1)
4 ng g g
a ; m2
- ~ s q Gy 1/2
T — qg12) = Tz_mg[l * - mg ¥ 2sin 26, m—gu P(mg, mg,my, ), (F2)
where the minus/plus sign applies for §,/g, respectively.
Appendix F.2. Squarks
The partial widths for the decays of the squarks to quarks are:
2 2
4a 1 m s
@k = 48) = = 57— =~ = — )1 mg, . mg. my). (E3)
Grir qu qu
L/R L/R
- . das 1 m; m; - MMz 1/
F(ql/z - qg) = T ) (1 - - +2sin 28(1 ) )ﬂ (m(hz, my, mg,), (F4)
mql/z qu qu po
1/2 1/2 q1.2



where the minus/plus sign applies for §,/g, respectively.
m2~ 2
Wy m, .
(1= =5+ = =)' (g, mg, my-). (F.5)
q qr

2 .
g mg,

L/R 167

LG, — g Wy) =

Note here the ’ indicates that the quark produced is the opposite type to the squark (so d; produces an up quark for
example) and 6, is for when up-type quarks (i.e. up or charm) are produced and 6y is for when down-type quarks are
produced (i.e. down or strange). The expression (E3)) applies for the first two generations of quarks as no mixing has
been accounted for. The formula for decay to Wz‘ is similar but sin 0y, — cosf/r). The expressions with sfermion
mixing, for the third generation of squarks, are given below.

- - my,
by — Wit =ﬁ [{(—g sin 6, cos O + f, cos Oy sin 91,)2 + (—f; cos Og cos 0;,)2}

2

m=
X (1- % - —) 4 5 ( gsin @y, cos O, + f, cos b sin6) (F.6)
by by b

X (—f;, cos g cos Qb)];ll/z(m,;l LMy, M),

I — W+b) [{( g sinfg cos 6; + f; cos Og sin 6,)> + (—fp cos 0, cos 9,) }
2
ms m? mpmy;
x (1 - % - —é’) + 4%(—5’ sin Bg cos 0, + f; cos O sin 6,) (ED
. m:=

n [~1 n
X (—fp cos 0 cos 6,)]/~11/2(m,~1 b, my,),

where run
run
_gm _&my

\/_mWsm,B’ fo= \/_mwcosﬁ.

(For decays of stops and sbottoms to W; , sinfp g — cos @ g and cos b ;g — —sinfy g, and for decays of b, and 7,
sin 6,5, — cos 6,, and cos 6,/, — —sin 6;,.) The squark decays to neutralinos are given by:

fi= (F.8)

2, m 2

~ . 1 ! 7, My <
PG = 2:g) =5 (EeNa+ TN Tl =~ = 01 g, my.m,) (F9)
qL qL
mzz m2
T(Gr — Ziq) ——( 3¢ ‘Ni) —+ = DA (g, mg, my), (F.10)

1
16 m;k qr
where a = 4 for up type squarks and a = —2 for down type squarks). Nj; are neutralino mixing matrix elements.
Decays of 71, by, % and b, are similar except for the mixing of the L and R parts so we get a linear combination of the
two pre-factors involving the neutralino mixing matrix elements N;; with weights which are sines and cosines of the
mixing angle 6,/,. In addition the Higgsino components of the neutralinos become important:

T — Zit) = ﬂﬂ”%mn,mt,mz)[ (@0 - 2y 2 - By, (F.11)
t[ I
where
1[ L cos 0;[—gN:. g’N] fusin6;Ny; + 4 "Ny;sind, — f,N. cose} (F.12)
=51 = —8N2i = T N1l = Ju it =8 NSO — JulV4i > -
2|5 i 2= 3N 1IN4 33 1 i 4 i
L cos 0;[—gN. g,N] fusiné,N. 4 "Ny;sin @, + f,Ny; cos 6, (F.13)
=5 7= —8N2i — N1l = Ju St i~ T = iS1 ulVai . .
2|2 11 =8IV2 3 11V4 3\58 1 t 4 t
Whilst
. . my my
Py — Zib) = -2y, .y, mz) | (1 ~ <m—)2> +R0 - (P )2)] (F14)
by

28



where

[ 1 g ) 2
a= — —(COS eb[_Nli_ + N3,'g)] — Sin 91,N3,'fd — ——SIn Qleigl — COS 91;de3,] . (F15)
2[\/5 3 3V2
b 1[ ! (cos 6,[-N g,+N )] — sin 0, N3, fy + 2 sin 6, N ’+c056’fN] (F.16)
=5 bl—IV1i— 3i8)]1 — bIV3iJd T = bIV1ig bJdIN3i| - :
21v2 3 3v2

As usual if we instead consider ¢», make the changes m,, — my,, cos, — siné, and sin6, — —cos ,.

3

~ 2 m: ~
L@ — bW = g_4,13/2(mt~”mw’m5 ) cos? 6, cos? 6. (F.17)
32 m%v !

For %, cos 6, — sin6,, whereas for b, then cos 8, — sin@,. If the sbottoms are the initial states and stops are in the
final state then exchange m;, and mj, . For the decays to charged Higgs bosons:

g2

(7 —» bH") =
¢ 1) 32nmzm

= A2 A2 (g, mp ), (F.18)

w

where here

A =mmy(tan B8 + cotB) sin 8, sin 6, + m,(u + A; cot B8) sin 8, cos 8, + m,(u + A, tan 8) sin 6y, cos 6; (E19)
+ (mlz, tan g3 + m,2 cotf — m%v sin 23) cos 6; cos 6. '

If instead we have % then cosd, — sin6; and if we have b, then cos 6, — sin6, and again if the sbottoms are the
initial states and the stops are the final state then exchange m;, and m;, .

A2
T, — ¢f1) = ———A"2(mz,, mg, my)), (F20)
167tm;,
where 5
5 /.
Ay = T sing + @)1 - 255 | sin 26, + =5 cos 26,(A, cos @ + psin ), (E21)
4 3 g2 2my sin B

Ap is similar but we must transform cos @« — — sin « and sin @ — cos «, whilst

A= 5 (A CotB + ), (F22)
For b, decaying to a Higgs and b;:
- - B
T(by — ¢by) = F;’%Al/z(m,;z,mq,,m,;l), (F23)

where
7”2

1
— = sin26,] + gmy, cos 26,
3 g2

By is similar but again we must transform cos @ — —sina and sina — cos @, whilst

1
By, = gmy sin(« +'8)Z[_1 + —Apsina — pcos a], (F.24)

2my cosﬁ[

m
By = £ (4, anp + po). (F25)

2mW
For third generation squark decays to Z bosons we have the following (note that the amplitude is proportional to the

sine squared of the mixing so this does not occur for the first two generations):

2.3

g m; -
[ — Z§) = ———2— B%(mg,, m; , my) cos’ 6, sin> 6,. (F.26)
(G2 q1) 6471'111% cos? O ( G > Mg, z) q q
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Appendix F.3. Sleptons

2 2
m;

1 my =12, 3
I, — 1Z) = e+ g NI —( - — — —)A " (my,,m,my). (F.27)
m,om
- - 1o 2 M m,oom ~1/2
[k — 1Z) = E[g Nil 1677(1 - g - g)/l (my,,my,myz,). (F.28)
1 m m
- 5 , y 7
L@ = viZi) = 5[8Nai — &' NulP —=(1 - =) (F.29)
2 167 m;
2 2 m2
- - 6
T, — vWp) = £, (1 - —)2 (F.30)
167 my
For decays to W, make the replacement sin 6, — cos 6;.
- . g%sin’ g mévl mj 2512
L, — IWY) = Tqu(l T2 _2) A (my,, my, myy,). (E31)
v Vi
For decays to W, make the replacement sin fg — cos Og.
~ ms - my, ~
(& = 72) = = ! [ 20 = (M2 g - (—21)2)] A2z, me,my), (F.32)
mz, my, '
where
1] 1
a=3 [7 sin 0-(gNy; + g'Ny;) + f:N3; cos Ot — \/Eg’N” cos Ot + fyN3; sin G‘r] , (F.33)
2
1] 1
b=> [% sin0:(gNa; + g N1i) + f+N3i cos 0T + V2g'Ny; cos Ot + f,N3; sin G‘r], (F.34)
and m
fi= M (E35)
\/Emw cosf
For 7, decaying replace mz, — ms3,, cos0; — sin 6, and sint — —cos 6r.
mx
(71 — v.W;) = [~gsin by sin 6, — f, cos 6 cos 6 *msz, (1 - —5)2. (F36)
7

For decays to W, make the replacements my, — my,, sinf, — cos 6, and cos §;, — — sin 6, meanwhile for 7, decays
change mz, — ms,, cos; — sinfd; and sin6; — — cos ;.

W m2
[(g sin” O + f2 cos HL)(I——— )
m m

v (E37)
L g sin O f; cos GL]/l 2(ms, , me, my,).

re, -» TW1 )=

memyy
-4
2

Ve
For decays to W, then make the replacements my, — my,, sinfg — cos fg and cos , — —sinfy.

g2

327m3,ms,

2.
s »v,.H) = [mf tan B sin 6, — m(u + A, tan8) cos 6’,] ﬁl/z(m;] , My, My). (F.38)
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For 7, decays then one must make the changes mz, — ms,, cos 6; — sin 6, and sinf; — — cos 6, as usual.

2 «in2 3
g sin”“ O:mz
L7 = 7:W) = —au— 3 (mz,, my_, myy). (F39)

3271m%v

The equations for 71, — 7.W~ and ¥y, — ¥.H~ can be used for ¥, — 7;,,W™ and ¥; — 7,2H" be interchanging
the mz , & m;._.

g° sin® 0, cos? 6.m>

', » 712) = 232 msz, .Mz, ,Mz), (F.40)
(2 12) 647rm§ cos? Oy (e 1z, miz)
i
- - A¢ 31/2 F41
F(TZ 4 T1¢) = 167rm%2 A (mfza msz, m¢)’ ( . )
where A, is

— 72

A, = 8w sin(a + B) sin 29,[ -1+ 3g—] + _ &M €08 26 (ucosa + A; sina), (F42)
4 g2l 2mycosp

Ay is the same as A, but with the changes cos @ — —sina and sina@ — cos @, meanwhile A is:

- m;
A= g (u + A tan B). (F43)
2mW
Appendix F4. Charginos
- 3my m; m,? <
T(Wi = 4g7) = —=5-+(g” sin 6)(1 - mZL + —) A (my,,mg, mg,). (F.44)

W) 4
Note here the * on the squark indicates it’s of the opposite S U(2), type to the quark, e.g. if the quark is an up then
the squark is a d;. Also note that 6, occurs when up-type quarks (i.e. up or charm) are produced and 6 is when
down-type quarks are produced (i.e. down or strange). (The formula for decay of Wz‘ is similar but we must change
sin QL/R — COS 9L/R)~

- _ 3my; m2 m? ~
LW = b)) = = (A2 + C2sin2 0,)(1 — —= + —2) + 4AC sin b,—2 | 12(mgy. . my, mz,), (F45)
32 m:  m: my, !
Wy W 1
where
A = gsinbg cos b, — f, cosOg sinG;, (F.46)
C = —fycos0y. F.47)

For 7, take cos§, — sin6y, sind, — —cos6, and m;, — m;,. For W, take cosfg — —sinég , cosf, — —sinf; and
sinfr — cos O, and also my, — my,.

2
- . 3my; m; 2 -
LW = hy) = 2 |(A2 + C? cos Bp)(1 — —2 + —2L) + 4AC cos fy—t | 12(mgy ,mpumz ), (FA8)
32 m2 m2 myy, ! !
Wy \(4} 1

where now

A = —gsinf cos G, + fycos O sin by, (F.49)

C = f, cos by, (F.50)

gmrun gmrun
fi f fy : (E51)

- 2my sinﬁ’ - \/Emwcosﬂ.
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For b, take cos 6, — sin 6, sin, — —cos 6, and o m; — my,. For W, take cos @g — — sin 6g, cos 8, — —sin 6, and
sinf; — cos @y, and also my, — my,.

m2
" W, ", m12 =12
F(W - 1) = o A (1- — + =) (my,, my, my,), (F.52)
My, My,
where
—gsin@y g, for Wi.
A= gsmor/r or ~1 (F53)
—gcosOrr, for W.
0., is used for decays to v; and 6 for decays to v, .
2 2
LW — 7¥,) = (A2 +BH(1 - =N APy, me,m), (F.54)
m ~ m ~ mw.
W, W, i
where
infg, for Wy,
_ g SIn o or ; 1 (FSS)
gcosfg, for W,
—frcos@,, for Wy,
_ f.cos ., for Vi (F56)
frsinfy, for W5,
and f; has been given before in (F33).
37+ = my 2 m‘gﬁ 2
LW > Tyvr) = A1 - —=-), (F.57)
321 mz
W
where
A = —gsinf sin b, — f; cos O cos b;. (F.58)

For W, make the replacements cos§; — —sin@, sinf, — cosf and my, — my,. For ¥; make the replacements
cos 0, — sinf, sinf; — —cos 6, and mz, — ms,.

2
. - g =
DOV} = WZ)) = S 2 g mz )[OC + Y2 5 iy
W11 (F.59)
(i, = Y = mif)) = 6(X° = Vym,mz,)|.
w
where 1 1 1
X = =[cos OgNsj—= — sinOgNy; — cos O, N3j— — sin ;. Na]. F.60
) j V2 J J V2 J ( )

Y is the same as X except the first two terms change sign. For W, transform cos@;, — —sin,, sind;, — cos6y,
cos g — —sinbg, sinfg — cos Og and change my, — my,.

) o 5172 _ ) 2 2 2 2 2
(W > H*Z)) = Wmmm (myy, mp-, mz)[(@” + b7)(mig, +m; —my-) (F61)
+2(a® = b ymy,my |,
where 1
a= E(— cos BA; + sinfAy),
(F.62)

1
b= E(_ cos BA, — sinBAy),
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and 1
A = ——[gN2j + §'Nij1 cos O — gNaj sin b,

V2

1
Ay = ———[gN>j + g'Nij1cos 6, + gN3;sin 6.

V2

For W, change cos 6, — —sinf;, sinf; — cos 6y, cos g — —sinbg, sinfg — cos g and my, — ny,.

(F.63)

2
5 578 _ 120, (gg) 8o 2. o022 2. L5 5y
(W, - Zw)) = 647rmW2/1 (my,, mz, my,) 2+ g7 [(— ) [(x"+y )(mW2+mW] —mZ+m—€V((mv~Vl —mWZ) —mz))
+6(:% = y)my,my, |, (F.64)
where 1
x= E(sin 6y cos 6; — sin Ok cos Og), (F.65)

and y is the same as x except the second term changes sign.

(W = 0W) = 35 20 g g )| (S + Py

T + g, = mg) + 2S5 - g)mwlm%], (F.66)

W,

where |
Sy = 5(— sin B sin ; sin @ — cos 67, cos O cos a + sin Oy sin O cos & + cos By cos Ok sin @), F.67)

Py, is the same as S, except the first and second terms gain an extra minus sign (become +). Sy , Py are the same as
S, and Py, if you take sina@ — — cos @ and cos @ — sin a.

1
Sa= E(sin Or sin 8y, sin B — cos 0y, cos Og cos B — sin Gy, sin Og cos B + cos G, cos Og sin G). (F.68)
Again P, is the same as S 4 except the first two terms gain an additional minus sign.

Appendix F5. Neutralinos

~ . 3C2|m2,| 31/2 mﬁ mgL/k
F(Zl - MML/R) = T/l (mzl_,mu,m,;L/R)(l + m2 - > ), (F69)
Z; Z;

where

(E70)

_ \/L’(_gNzi - %Nli), for iy,
"Nii, for iip.

3\fg

Neutralino decays to charm and &;,z have a similar expression. For decays to down and JL/R or to strange and 37,z then
C for the L component is the same as above except g — —g and C for the R component has a factor of 2 rather than
-4 in the numerator of the pre-factor. The masses must also be changed appropriately. Note the difference between
the left-handed (LH) and right-handed (RH) squark comes from the LH squark coupling to both the zino and wino
components of the neutralinos whereas the RH squark couples only to the zino components.

2

5 77 C2|le| 1/2 12 mTL/R
I'(Z; —» I /R) = — = (mz,m;, my )1+ —- N (E71)
2r LIR m2 ml
Z 7
where
1 ’ 7
—(gNy; + g'Ny;), forl,
_ & (8N2i + 8'Nii) L E72)
\/Eg/Nli, for lR.
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Again the difference here between the L and R sleptons is due to the L sleptons coupling to the wino and zino
components of the neutralinos whilst the R sleptons couple only to the zino components.

- _ 3lms | - . y
T(Z; - ) = =212 (mg memi) |10+ =2 = (L2 (1 - 202 - (ZLpy|, (B73)
167 myz. myz. mgz. 7;
where . 1
a= E(a +B), b= z(a/ -B), (F74)
B — [ gNy — £ Nyi] - £, sin N, (E75)
@ = COSUr——=|—&IN2i — = IV1il — J¢ S1n 4iy .
t \/E 3 t 12
4
B=——=g'Ny;sin6, — f,cos 6,Ny;. (F.76)
3V2
For 7, take cos 6; — sin 6, sin§, — — cos 6, and m;, — mj,.
my, mj,
[ - bby = 62"4”2(mz,mb,mb,> AU+ oy (e pia - 2oyl ®7)
mgz, mgz, mgz, Zi
where a and b are as before but the « and g are different:
1 g .
@ =cosl,—[—-=Ny; + gN2i] - fb sin 6, N3;, (F78)
V2 3
B in@ 2 'N Oy f>N. (F.79)
= —Smbp——=g IN1; = COSUp JpIV3;. .
342
For b, take cos 8, — sin 6y, sin ), — — cos 6, and my, — mg,.
. Imgz] P me + ms ms
[(Z; — %) = 6Z A2z, me, mz) | @ {(1 = ()} + b1 - (—')2} : (F.80)
1 Z[
where |
a= 5(a/ + ), (E.81)
1
b= E(ﬂ - a), (F.82)
1
a = — sin 0, [gN,; + g'Ny;]1 + f:N3; cos O, (F.83)
V2
- \/Eg’N” c0s O + frN3; sin 0. (F.84)
For 7, make the replacements cos 8; — sinf,, sinf; — —cos 6, and mz, — ms,.
2
5 SN 8 512/, B 2 22 2 2 1 2 2 \2 4
Iz - ww)) = sz,.l/l (mz,»amw,mwl)[(x +Y )<mz,. tmy, — iyt m_%v{(mz —my )" = mw})
- 6(X* = Ymymy, |, (F85)
where 1 1 1
X = =[cos OrNsyi—— — sin OrNo; — cos O N3;—— — sin 0;.No;], (F.86)
2 V2 V2

and Y is the same as X except the first two terms get an extra minus sign. For W, change cos 6, — —sin#@;, sin6; —
cos fr, cos g — —sinbg, sin g — cos Og and my, — my,.

I(Z; — H'W)) = A2(my mH+,mW1)[(a2 + bz)(mzzj +my, =) + 2 - bz)mz/_mwl], (F.87)

167imy |
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where a and b and then A, and A4 are exactly as given for the decay W, — H*Z; in (E61).

~ 5 g2 + g/2 . s
I'(Zi - 7Z)) = 64, I/l / (mgz,j,mz,mz ){NsiNsj — N3iN3;}
1

X mZZ + m%_ —m + —2[(m%_ - mZZ/)2 —my] + 6mzmz |. (F.88)

Z

4 5 (Xihj + X?i)z 31/2 2 2 2
I'(Z; - hZ)) = BT A (mg,;, mh’ij)[mz,. +m5 —mj, +2mzmy |, (F.89)
Z; J
where )

Xf'j = §[N3i sina + Nu; cos @](—gNa; + §'Ny ), (F.90)

XZ is the same but with i & j. For Z; — HZ ; the formula is the same except one must change sina — —cosc,
cosa — sina and my, — my.

5 5 (XiAj + X;‘i)z =1/2 2 2 2
I'(Z; —» AZ)) = —167r|m~ | A (mg, mA’mZ;)[mZ,- +m5 —my —2mzmy |, (F91)
Zi ']
where |
X{} = §[N3i sinf8 — Ny; cos B1(—gNaj + &' Ny ), (F.92)

and X;‘i is the same but with i < j.

Appendix F.6. Higgs Sector

Once more, the partial widths for all of the Higgs decays incorporated into SOFTSUSY were rederived, including
for the three-body and 1-loop decays, however the majority of them can also be found in “The Higgs Hunter’s Guide”
[32].
3g>my, ( mg \2 mes s

o (_) a- 4%)2‘7 , (F.93)

my 7

T — q3) =

where

€osa = for up type quarks (u,c,t),
j:{mﬁ p type quarks (u,c,t) (F.94)

sina = for down type quarks (d,s,b).

cosf?

The same formulae apply for the decays to leptons, however without the factor of 3 which arises due to colour. This
is similar for H — gq except we must make the replacements sina@ — —cos @, cos @ — sina and m;, — my.

With regards to the SOFTSUSY spectrum generator, when the mixing parameter is set to —1 it considers only third
family Yukawa couplings to be non zero. This would mean no &7 — uu decay, which may be important phenomeno-
logically in spite of its small branching ratio. In this case, for the decay, we use the pole muon mass to calculate the

branching ratio.
38T my 2 m
T(A = q§) = =2 (=) ma (/1= 422, (F.95)
32n “my my

T = 1/(tanfB), for up type quarks (u,c,t),
4= tan g, for down type quarks (d,s,b).

where

(F.96)

Again, the same formulae apply for the decays to leptons, however without the factor of 3 which arises due to
colour.

|12 h h25 1 mz, + mz,
= Q(Xij + X)) ,lz(m;,,mz,,mzj)(l - (m—h
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with an extra pre-factor of % if i = j (as the above formula includes a pre-factor of 2 from Z;Z; being indistinguishable
from Z;Z;). Here Xf; is as in Eq. (F90) and Xj.’l. is the same but with i & j. Again similar formulae exist for H — Z.Z;

except we transform sina@ — — cos @, cos @ — sin« and my, — my.

"~ - ms. + ms.
ra - 22 = "4 xd 1 X822 (m, mzomz)(1 — (=

8 ma

),

here X{} is as given in Eq. (F92) and X, is the same but with i & j.

82|m¢|
4

L - WW;) = S2A%(mg, my,, my,),
TT

where a = 3/2for¢ = h,H ora = 1/2 for A and S is given by:

%(— sin @ sin 6g cos 0, + cos a sin G cos ), for: h — W, W,
%(Sin @ cos Og sin B, — cos a cos Oy sin Og), for: h — WaW,,
G- 3(cos asin g cos 0, + sinasin@ cosfg),  for: H — W W,
—%(cos @ cosOg sin@;, + sinacos by sinbg), for: H — WoW,,
%(sin,B sin Ok cos @ + cos B sin Oy, cos Og), for: A —» W, W,
—%(sinﬁ cosOgsinf; + cosBcos by sinbg), for: A — WoW,.
T — WW;) = 16g2 A% (my, my,,my ) [S*(1 - (Mf) +PX(1 - (M)Z) ,
7Tl / my my
where
%(sin a sin fg sin @y, + cos @ cos G, cos Og — sin Oy, sin Og cos @ — cos G cos Og sin @), for: ¢ = h,
S = %(— cos a sin fg sin @, + sin @ cos 6, cos Og — sin @y sin g sin @ + cos O, cos g cos ), for: ¢ = H,

%(— sin B sin Og sin O, + cos B cos 6 cos Og + sin Oy, sin g cos B — cos O, cos Og sinB), for: ¢ = A.

P is the same as S except the signs of the first two terms are reversed.

I'(h — AA) = gzm%v 1 (my,, ma, my) sin®(a + B) cos® 23.
1287|my| cos*(Bw)
2.2
T(H = hh) = 8 W 3 (g )| cos 20 cos(@ + B) - 2sin 2arsin(a + B)|
1287|mg|cos* @y T '
2.2
T(H — AA) = & M A2 (myy, my, my) cos® 28 cos*(a + f)
128xmy| cost(@y) " A TA '
2m2 - + 2 2
F(H — HH) = % 3 gy, mpge i) | cos(B — ) — SN2 R 0SB 1
16m|mpy| 2 cos? Oy
23 cos?(B - @) -
T(h — AZ) = M/l%(mh,mz,m,q).

2
647 cos? 6,,m;,

The decay H — AZ follows the same formula but with the changes cos(8 — a) — sin(8 — @) and m;, — my.

g2lm} | cos*(B — @)

[(A — hZ) = A2 (ma, mz, my,).

647 cos? 6,,m,
The decay A — HZ is not included as it’s largely ruled out by SUSY mass constraints.

2

~ ~ % 3 31/2
T(h = Gurd;R) = ———A"2 0y, mg, 0o mg, )Chg, o

167tmy,
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(F.99)

(F.100)

(F.101)

(F.102)

(F.103)

(F.104)

(F.105)

(F.106)

(F.107)

(F.108)

(F.109)



where

2 -
g[mw(% - %— sin(3 + @) — ZWC;Z], for: i iy,
. m7 sina ~ =
g[mw(—% -—2) sin(8 +2oz) + ol cosﬁ], for: d,d,,
g[% Wg_z sin(8 + @) — ;L:;‘;], for: iigiig,
Chavrai = o mﬁuéin o = (F.110)
g[T— sin(8 + @) + = |, for: dds,
2m€/ms‘;nﬂ(y sina + A, cos @), for: iiiig or iigily,
Zmi"g)sﬁ(—u cosa — Agsina), for: dydg or dpdj.
- 5172
I'(H = Gurgyp) = T H/l / (mH,qu/R,qu/R)chqL/R, (F111)
where .
1 1g m, sin @ . o~ =
g[ —my(3 — 5—2) cos(B+ a) — o sing | for: @iy,
2 m cosa ~ =
g[mw(% + é 7)Cos(B + @) — L |, for: d,d,,
—2my g7 m sin @ . o~ =
g 2 cos(B+ a) — for: dipitg,
Chigy iue = [ o L eossl 2 (F.112)
W d .
g[T—2 cos(B + a) — T cosh | for: dRiZR, )
2m€/ms‘;nﬂ(—p cosa + A, sina), for: fiziig or figil,
T ep (-Hsina + Agcos @), for: dydg or drd,.
77 _ 5172 B B 2
L(h — Iprlr) = h/l (my, mlL/R,m,L/R)ChiL/RiL/R, (F.113)
where
g[mw(2 + = —2)] sin(8 + a), for .7,
1, 1g? -
m >+ 55 sin(a + B) + for e, e,
Chiyalise = el 3 sin ,f)sm ’”ﬁ o (F114)
‘L 5 =k
g[g;.mwg—2 sin(a + ) + .- woE | for egéy,
Toep (THCOS @ — A, sina), for &,¢% or égé:.

For third generation sfermions, the formulae are more complicated as a result of sfermion mixing and Yukawa coupling
effects:

L(h— if}) = A2y, mz, mtj)Ch” , (F.115)

167tmy,

where here i and j can each be 1 or 2 independently of each other. The coupling depends on i and j, for 7;7] (i.e.
i=j=1)
Ciii, = cos’ 0:.Crii, + sin’ 0,Chii, — 2 sin 6; cos 6,Chi, 7,.» (F.116)

where Cyi 7, , Chizi, and Cpi 7, are the corresponding couplings of @iy iy, figiig and ity iig, respectively with the changes
m, — m; and A, — A,. For f,7; make the replacements cos 6, — sin6;, sin 6, — —cos 6,, mz, — myj,. For f|T; or i1;:

Chnisiy = (Chni,z, — Chipi) €08 6; sin 0, + Cyz, 7, cOS 26;. (F.117)

For H — f,f’]‘ everything is as above but one must transform sin@ — —cos @ and cos @ — sina and m;, — my.

I(h — bib3) = A2 (my, my, ,mg, )C? (F.118)

167tm;, hbib;’
Forbl ,ie.i=j=1:

Crbii, = Chin s, cos® ) + Clribabe sin® 6, — 2 cos ), sin OChi, by (F.119)
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where Cyz, 5, » Cpe5, @nd Cyp, 5, correspond to the couplings given for dydy, drdg and d,dg with the changes my — my,
and Ay — Ay. For byb; it’s the same except one must change cos ), — sin 6y, sin, — — cos 6, mj — mj,. For b1b}
or byby:

Chib, = Cr,b, = Chingy) SIN Oy €08 Oy + Cp . €O 26, (F.120)

For H — bib; everything is as above with the replacements sin @ — —cos @ and cos @ — sina and m;, — my.

~ o~ 1 ~1l
[(h — #7) = 16ﬂmhmcwl, (E.121)
where
Chz,#, = Chiz, SN O + Chipz, €082 0; + 2 08 0 8in 0:Cz, 7,.- (F.122)

h — %,%] is the same with the replacements cos #; — sin @, sinf, — —cos 6, and mz, — mz,. For h — 1% or T27]
the coupling is instead given by:

Ciz,7, = (Chigzg — Chiz,z,) €08 0 510 07 + Chz, 7, €08 20,. (F.123)

Cr#,7,» Chigrg and Ciz, 7, are identical to the corresponding couplings of &;&7, éréy and €18, respectively, with the
expected replacements. For H — ‘T'ﬁ'; everything is as above with the changes sina — —cosa, cos@ — sina and
my — my.

77 _  Ne <10
A - fif}) = m i (F.124)
note i # j by CP conservation, and N, is 3 for squarks and 1 for sleptons. The coupling is given by:
i’:/ (1 + Apcotp), for  u-type sfermions i, ¢, 7, v,
CAf,_f/_ =4 emy . s (F.125)
W(ﬂ + Artanp), for  d-type sfermions d, §, b, .
T(H" - qq') = Mi”z(mm mg,,mg,){[m?, tan’ B + o 10m3ye = m3, = m2) = 4m3 m? } (F.126)
327rm%VmH+ > T 0 tan? 8 H 0 9 a2 ) :
here m,, is the mass of the u-type quark and m,, is the mass of the d-type quark.
C(H" - ZW)) = Fr— A2y, mz, my ) (@ + b)miy. — m§ - mﬁ.vj_) —2d® - bz)mz_mwj] , (F.127)
where for j = 11i.e. Wy
1 . 1 .
a= E(_ cos A, + sin fAy), b= E(_ cosBA; — sinBAy), (F.128)
for j =2i.e. Wa:
1 1
a= 5(_ cos BA] + sinBA3), b= E(_ cosBA| — sinBA3). (F.129)
The A; are:
1
Al = —[gNg,' + g'Nu] sin Op — gN4,' cos by, (F.130)
V2
1
A2 = —[—gNz,' - g’NU] COsS GR - gN4,‘ sin GR, (F131)
V2
1
A3 = _[gNZi + g/Nli] sin 0; + gNgi cosdy, (F132)
V2
1
Ay = —[—gNy — g' Nyl cos O + gN3;sin 6. (F.133)

V2
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g cos’ (B — aym;,.

[(H" > W*h) = = B2y, my, my). (F.134)
w
- 3B
D(H" = Gurd’1p) = 7 r— AP Ompye,mg, em, ), (F.135)

where B is the coupling and is given by:

i[ — my sin28 + ﬁ(mj tan B + m, cotﬁ)], for i d;,

V2

gm,my(tan B + cotﬁ);, for iigdg,
B=1,., Vamy o (F.136)

Vo (Agtan g + p), for ity dg,

:é_:Z:V(Au COtﬂ + /J) for ﬁRJL.
FH' = Gig')) = Jome A i g mg )C2 (R137)

note ¢ is the top squark and ¢’ the bottom squark; for i = j = 1 we have 7,5, and:

C = cos bt cos 0,B; g, +sinb;sinOpB; 7, — cos O, sinf,B; ;. — sinb; cos O,B; ;. (F.138)

for a b, we take cos 6, — sin6p, sinf, — — cos 8,; for a &, we take cos 6, — sin6,, sind, — — cos 6,. Note, the same
formulae as in Eq.s (F.133)) and (F.137) can be used for decays of H* to sleptons, however for staus, because of the
conventions used, one must use 6, — m/2 which means the replacements cos; — sin6; and sinf, — —cos 8, are
necessary in C in Eq. (EI38).

Decays to two vector bosons are somewhat more complicated. Included in SOFTSUSY are the cases both where
the Higgs has mass my,/y > 2my, and so decays to two on-shell vector bosons, and also the case where the Higgs has
mass my < mpg < 2my, so that it may only undergo a decay to one on-shell vector boson and one off-shell vector
boson, which then decays into a fermion anti-fermion pair, i.e. i/H — ZZ* — Zff or h/H — WW* — W’ f. This
is technically a 1 — 3 decay but is included here as it is computed exactly without the need for numerical integration,
unlike the 1 — 3 decays listed later. To obtain the formulae for #/H — VV*, one therefore sums over all possible
outgoing f)f into which the V* may decay. First consider the case where my < myy < 2my so we have decays
h/H — WW* — Wf'fand h/H — ZZ* — Zff, this is how the SM-like lightest Higgs, &, will decay:

Grmypmiy,c; 40 160
Ky JHVV ) .4
I'(h/H - Z2Z7) = 647 cos? By F(ez) |7 - 3 sin” Oy + 5 sin” By |, (F.139)
3G2mt my pc?
T(h/H — WW*) = — LW ITHHVY gy (F.140)
1673
here
my .
€y = ) cpyy = sm(ﬁ - (l’), cgvy = COS(ﬂ - a'), (F141)
Mp/H
and

3(1 — 8€% + 20€* 3ez -1 47 13 1
30 - 8¢ + 206) cos™ [ —=5—] - - 65)(765 - =+ ) = 3(1 - 66y + 4ey) log(ev). (F142)

1,46‘2/ -1 [ 26\3/ 2 EV

If however my, i > 2my then the decay to two on-shell vector bosons occurs instead and the formulae are:

Flev) =

Gpm31 - 3
T(h/H —» WW) = ; P gy oy, my)(1 = 72 + Zr“)cﬁ/HWW, (F.143)
T
Gme/H » 3
[(h/H — ZZ) = ———= 22 (myyg, mz,mz)(1 — > + =rHe2,, (F.144)
167r\/§ /H>Z> 1 Z 4 h/HZZ
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where r = 22,
Mp/H

Note throughout many of the decay formulae there is some ambiguity at tree-level about whether one should use

2
8 fn OF \f, whilst these are formally equivalent they are not at a given order of calculation as ?ﬁ is a measured value,

thereby containing many higher order vertex corrections. In general throughout the program we use (\;ﬁ as this is
found to give better agreement where higher order calculations are available. For example in the di-boson decays
comparing with HDECAY-3.4, which includes higher orders and finite width effects, we find that our agreement is
improved using 67%

One loop decays to yy:

The function f(7) appears, it is given previously in Eq. (E-2),

F em(M¢)m
T(¢—yy) = T\/_HZIET,O,,I{ (F.145)

where the I;” are the amplitudes of the contributions of different particles in the loop to the decay ¢ — yy. The top
X ~ “loop
contributions are:

4
1= 520 - 201 + (1 - Df)], (F.146)
3 sinf
4 sina
H = — —_— —_—
7= Sampl 2+ A= DfOI] (F.147)
A 8
Ii = —37f(m)cotp. (F.148)
The stop contributions for 4 — yy are:
4 : .
Ig = §~r(1 - Tf(T))[R;L[L cos® 6, + R;RfR sin” 6, — ZR;LfR €os 6, sin Ot], (F.149)
4
I = 371 - Tf(1)|RE;, sin® 6, + R} cos” 6, + 2RZ ;. cosfsinf,], (F.150)
where
m 11 , m?cosa | m
R;Lt[, = R,L—M; = [mW(E - 6 tan2 Ow) sin(a + B) — mtw—smﬁ} _‘iv, (F.151)
m 2 . m?cosa | m
R = ngTM; = [mwg tan® Gy sin(a + B) — tTmﬁ — (F.152)
R, =Rm~kﬂ = " (usina + A cosa) =, (F.153)
LI gmi  2mwysinf my,
The stop contributions for H are the same but the R: i R;R P ;JR (note i = 1,2 it represents whether the loop is a 7;
or a f, loop) are different:
P mw [ m? sin @
R = e —mw(z ~5 tan” ) cos(a + B) — iy sing | (F.154)
; my 2 m? sina
ie = [‘mW§ tan” Oy cos(a + ) — mtw—smﬁ} , (F.155)
RL. = mL(—,ucosa + A, sin ). (F.156)

Wk my 2my sinB
A — 7y has no stop loop contribution because of CP conservation, i.e. 12/2 = 0. The bottom contributions are:

1 sin
I=-3[ -2+~ T)f(T)}]COSﬁ,
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cos @
cosf’

1
I =3[ -2+ -0 f )]

1
I} = —§{ZTf(T)}tanﬂ.

The sbottom contributions to & — yy are:

1
ho_ 1 2 1 02 . 1
Iz;, = gr{l -7f(1)} [RBJ;L cos” 0y, + RBRBR sin” 6, — 2 sin 6, cos gbRELBR] ,

1
ho_ 2 ) 2 2 . 2
I = =-1{1 —7f(1)} [RBLEL sin“ @, + RERER cos” 6, + 2 sin 6, cos ghRELER] s

by 3
where here
2 .
- my 1 1 5, . my; sin «
R. . = — |my(-= — =tan” Oy) sin(a + B) + ——— |,
b5 mz,{ wi-3 ¢ w) sin(a + ) ———"
2 .
. my [ 1 ) ) my, sin @
. = — |—=—mytan” Oy sin(ae + B) + ——— |,
brbr m,;l{ 37" wsin(a +5) my cos 3
. m m .
R. . = W—b(—ucosa—Absma).

bbr — my 2my cos B

For H — yy the sbottom contributions are the same except the R. . , R! R% 5 change:
LOR

bLBL, bRER’
2
: my 1 1 , mj, Cos @
R . = — — + —tan” fy)cos(a + B) - ——— |,
bibyL ngl 8 l:mW(z 6 W) (CY B) my COSIB
2
; my I, my, cos
R.. = — —tan” Oy)cos(a + B) — —— |,
- g [Wlw(3 w) cos(a + B) iy CoS B

i my myp

.. = ——g————[—pusina + A, cosal.
bibr gm,;ngmW cosﬁ[ H b ]

(F.158)

(F.159)

(F.160)

(F.161)

(F.162)

(F.163)

(F.164)

(F.165)

(F.166)

(F.167)

A — vyy has no sbottom loop contribution because of CP conservation, i.e. Ig = 0. The charm loop contributions
1/2

are given by:
cos @

sing’
sina

sing’

4
"= 5[ —2r(1+ (1= 1) f(0)}]

4
= g[ —2r{1+ (1 - Df (D)}

A = —g(ZTf(T)) cotf.

7 loop contributions are given by:

I = 221+ (1 - D f() e
cosf
M= 2201 + (1 - D) f(0] =2,
cosf

14 = 27f(r)tan .

T; contributions to i — yy are:

I;, = {1 = 7f(0)} R} ;, sin® 6 + RL, ;. cos” 6 + 2sin 0, cos 6 R}

TLTL TRTR TLTR ] ’
T TRTR 7

I, = {1 = 7f(1)} | R3,;, cos” 6 + R3,;, sin® 0 — 2sin 0 cos R, -, |
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(F.169)

(F.170)

F.171)

(F.172)

(F.173)

(F.174)

(F.175)



here

2

;o my 1 mz:sina
R‘T'L‘T'L = m_.,.L mW(—— + z tan Ow) sin(a +8) + ;/Tosﬂ , (F.176)
2 .
; My . mZ sin@
mezg:rmwmﬁawmm+ﬁw7;7gﬁ, (E.177)
RL. = mwm—( —pcosa — A; sin ). (F.178)
LR ms, 2my cos B
For H — yy via 7; it’s the same except the RT - R’TRTR ;L%R differ:
; my 11, m? cos a
RTLTL = ms, |:mw(§ - 5 tan” Oy ) cos(a +ﬁ) - m s (F.179)
2
;o my 2 mz cos &
RTRTR = ms, [mw tan” Gy cos(a +ﬁ) - m s (F.180)
R =" T _(ysina+A,cosa). (E181)

mz, 2my cos

A — yy has no stau loop contribution because of CP conservation, i.e. I4 = 0. The W loop contributions are:

T2
Iy =2+ 37+ 312 - 1) f(1)| sin(8 - @), (F.182)
Iy =2+ 37+ 312 - 1) f(1)| cos(B - ). (F.183)

A — yy has no W loop contribution because of CP conservation, i.e. I, = 0. H* loop contributions are:

2 .
2 +
= sin(B — w , (F.184)
H 2 cos? Oy
2
2 +
M, = W cos(8 - ) + S PCSEH )| (F.185)
H 2 cos? Oy
A — yy has no H* loop contribution because of CP conservation, i.e. I4, = 0. W;’ loop contributions are:
IGV]+ =[-2r{1+( -1)f(1)}] mW \/E(— sin a sin O cos @, + cos a sin §; cos bg), (F.186)
wr
I'VEW =[-27{1l + (1 - 1) f()}] w \/z(sina cos Ok sin 87 — cos a cos @y sin Gg). (F.187)
2 W;r

For W,.* contributions to H everything is the same except the replacements cosa — sina@ and sina@ — —cos @ are
required. For A the W contributions have:

= —2‘rf(‘1')ﬂ ‘/E(Sin Or cos 0z, sin B + sin 0y, cos Og cos ), (F.188)
mWr
\/_ 2(cos g sin 6y, sin 8 + cos @, sin Ok cos B). (F.189)

2

¢ — 88

The coloured particle loop contribution for ¢ — gg are exactly the same, except the pre-factor changes and the
bottom and sbottom contributions get multiplied by 4 in their amplitudes. There can be no uncoloured particles in
the loop so there are no W, charged Higgs, chargino, lepton or slepton contributions; only quark and squark loop
contributions:
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a'f(m¢)Gpm;9
12873v2 8 loor

with the 1¢ - 4I¢ I¢ - 4I¢ and the remaining / Ioop as in the ¢ — yy decays.

T(¢p > gg) = 2 (F.190)

Loop decays to Zy Throughout the function g(r) appears, it is given previously in Eq. (E3),

on(mg) G
_ (b em F _ "z
T =2y =~ 5— \/5(1 e )2| i, (F.191)
I1(74, Taz) and I(7,, T,z) also occur frequently, where 7,7 = 4(&—;)2 cfr, = 4(,%“_)2, they are as follows:
Nrarag) = =Ty Tt e+ %Z [8(ta) - 8(ta)], (F.192)
Ta,Tq = Ta Ta _— Ta Ta .
e ) S e = Taz)  2(Ta — Tur)? e
TaTa
b(teTuz) = — Z S = fEa) (F.193)
2ty —
The fermion loop contributions are:
2
cosa — (- -3 1 sin® Oy)
=3 3 (I 72) = Bt 12), (F.194)

sinB  sin HW cos Oy

The expression for I” is analogous.

20122
sina 5(—3 + % sin” Oy)
Iy =3 sE sind L(t3, Toz) = 175, Thz)), F.195
b cosfsin By cos O ( 1(Tps Toz) — La(Ts T,,Z)) ( )

A similar expression gives I} For the I}’ transform cos @ — sina, sina — —cos a.

4(— -3 s1n2 Ow)

1A =3cotBi2—2 (1, 1), (F.196)
sin By cos Oy

. . . A
Again an analogous expression gives /2.

2,1 2 ia2
5(—5 + 3 sSin HW)

It = -3t L (Th, Thz). F.197
b anfs sin 6,, cos Oy 2T, Toz) ( )
14 is given similarly. The W loop contributions are given by:
in(8 — 2 2
I, = _Sin( — @) [4(3 — tan” Oy) o (Tw, Twz) + (1 + =) tan® @y — (5 + — )1 (1w, Twz) | - (F.198)
tan Oy Tw Tw

I@ is the same but with the change sin(8 — @) — cos(8 — ). I;‘V = 0 by CP conservation. H* contributions are:

cos 28sin(B + @) | (1 — 2sin” Gy) m?,
5 . L(Th+, Thez)
2 cos? OBy COs By sin Oy

. = [sin(ﬁ —a)+ (F.199)

M.

For H, the IZ+ are the same except the replacements sin(8 — @) — cos(8 — @) and sin(8 + @) — — cos(8 + @) which
occur because of the transformations cos @ — sin @ and sin @ — — cos @. Meanwhile Il’fl+ = 0 by CP conservation.
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Appendix G. MSSM Three Body Decay Formulae

The following decay modes are included in SOFTSUSY:

h— WW* - Wf'f
h—ZZ* - Zff

g - Ziqq

¢~ Wai

Zi— Zff wherei > j
Zi > Wiff'

7. W= Zff

SN e

The modes included are the most phenomenologically relevant modes, the formulae used were not rederived although
are written in our notation and are restructured to match the calculations performed in SOFTSUSY. The formulae are
as provided in sPHENO-3. 3.8 [[11,[35]], which were based on the calculations in [34} 48]].

h — VVx — Vff Detailed previously, see Egs. (F.140) (F-139).

Appendix G.1. Gluino 1 — 3 Decays

g Ziqq

First the formulae for the decays to a neutralino and a quark-anti-quark pair of the first two generations; in this
formula the Yukawa coupling contributions, squark mixing effects and final state quark masses have been neglected
as they are negligible. The formulae after this for the third generation quarks include all such effects.

@s

82

(& — q3Z) = o3I PG £ 61 + 1B P (W = 6r)| G.1)
Here which of the + signs to take depends on the signs of the neutralino and gluino masses; the ‘+’ sign applies for
the case when both masses have the same sign so mz, > 0 and m; > 0 (or when they are both less than 0) and the ‘-’
sign applies when one (but not both) of m; and m; are negative. The signs essentially account for the fact that the
couplings should become complex as the masses become negative. Here the ;,r and ¢/ are integrals related to the

Y and @ integrals given later in Eq.s (G.74) and (G.78) by:

Yrr = 5 Y(mg, MGy 1p> Mgy p» mZ,-)' (G.2)
T mg

brr = 2 ‘Z(mé" MG1ir> Mk mZ,)~ (G.3)
Temsg

The A; and B% are couplings which depend upon if the quarks are “up-type” or “down-type” in S U(2), and are:

A7 = %(—gNzi - %Nli), for “up-type” quarks, G4
z- %(gNz,' - %N 1i), for “down-type” quarks, ’
4 %8'1\’ 1;» for “up-type” quarks,
BZ‘. = 2 ' N . for “d 2 k (GS)
38 Vi Tor own-type” quarks.

For the more complicated case of decays to third generation quarks; the Yukawa coupling contributions, squark-
mixing effects and final state quark masses are all included as they can have significant effects. The decay is mediated
by either 7; or 7, in the t or u channel, giving 4 Feynman diagrams (2 shown below as j = 1,2) and 6 (i.e. *Cy)
interferences. The six interferences can be split into 2 “diagonal” contributions (7; t - 7; u interference and 7, t - 7,
u interference) and 4 “non-diagonal” contributions (f; t - f, t, fj t -, u, f; u - f, t and 7; u - #, u interferences). The
possibility of negative neutralino masses (which can be absorbed into imaginary couplings) is also included. The
formulae are adopted from sPHENQ, it should be noted that differences exit between these formulae and those present
in Baer and Tata’s book [41]].
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(a) channel a (b) channel b

Figure G.6: Feynman diagrams for the 3 body decay of a gluino into a neutralino and a top anti-top pair, as mediated by stops 7 /2. i = 1,2,3,4 and
j=12.

The formulae for the case of § — Z;t7 are given, from this decays to other quarks can be obtained by making the
appropriate replacements.

I — 1iZ) = #ﬁng[rﬂ +T + Tz, (G.6)
The Iz, I';,, I'75 can be split up into different contributions:
T5, = Tpp(f1) cos® 6, + Dre(fy) sin® 6, = sin 6, cos 6,[Tp, g, (1) + T, (7)) + Tror, () + Trry (D] (G7)
Ty, = T1(F) sin” 6, + Trr(f2) cos® 6, + sin 6, cos 6, T, g, (72) + T, z,(2) + T, () + Tpog, (B)]. (G.8)
Tiz, = (i ) + Trr(fi, 72)| sin 6, cos 6, + Tpw(fy, ) cos® 6, + Drp(F1, 72) sin” 6. (G.9)

The moduli of the complex couplings are as follows:

| = A, cos6; — fiNysinb,, |8} = fiNsicosb, + B, siné;, (G.10)
| = AL, sin6, + fNycosb,,  |B7] = fiNy:sin6, — B, cosé;, (G.11)
where ,
: g g
Al = ——=N,; — ——=Ny;, (G.12)
V2T 32
- 4 g’
B, = -—-°_Ny, G.13
%= "3 M (G.13)
gmrun
fim ——t (G.14)
V2My sinf3

The couplings themselves are then complex and depend upon the sign of the corresponding neutralinos mass. They
are of the form (a, b), where this represents the complex number a + bi. For positive masses the couplings are just:

a' = (a0, b =(B1L0).  a?=(aPL0), b =(B?L.0). (G.15)

Meanwhile, for negative neutralino masses the effect of our field redefinition is to multiply the corresponding row of
the neutralino mixing matrix by —i therefore the couplings are then:

d' = ©O,—laih, B =©,-B)), = O.-lefl,  b*=0,-IB}). (G.16)
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In addition to account for differences in interactions for positive and negative neutralino masses as a result of this
coupling difference and the extra associated ys matrices we must also include factors of:

+1, for positive neutralino masses,

(—1)9" — (G.17)

—1, for negative neutralino masses.

The formula we use for I'7, is:
T =(—D[(@" + 6" )i mg, ms, . ms, . my) + 4 b mmy §mg. my, .z, m
n - a )l!/(mg’mtl’mil’mzi) +4a mth,-X(mgsmll’mlme;)
. 2 72
—4sin6,cosb,(a"” + b"ymgm, X (mg, mz,,mz; , my)
— 8sin 6, cos G,a" b" mgmtzmzl{(mg, mg,, my, ,my)
25in 0, cos 0,a" b Y (my, mi, ,mi,,mz) + {@* cos® 6, + b sin® 6, -
— 2sin b, cos 6;a (mg, mz,mz,myz) +{a" cos” 6, + sin” 0,}¢(mg, mz, , my,, my.) G.18)
- 2m,2 sin @, cos 6,a" b’l‘f(mg, my,, my,, mz,) + mg,mta" b" E(mg, my,, my,, my.)
i pim2 5 o 2~f,2~29 ba2 2015 o
— mgm,a mzp(mg, my,, my,myz,) + mgmymz{a’ sin” 6, + cos” 0,3p(mg, mz , myz,, mz.)
: nZ iy, 2~
—mgzm;sin6; cos G(a’" + b )mgp(mg,, my,, Mg, , mz.)
. 2 22
+mym; sin6; cos O,(a"” + b" )é(mg, my,, my,, mz,)].
The I';, formula we use is:
Iy =(-D%@>” + b2")j 4> bemmy, ¢
n =(=D"|(a* + b7 Wmg, ms,, my,, my) + 4a”>b>mmy j(mg, my,, my,, mz )
. Z2 22
+ 4mgm, sin 6, cos 6,(a”" + b”")X(mg, my,, mz,,my)
. X 2 . oyl
+ 8sin 6, cos 6,a” b mgm;myz L (mg, mz,, mz,, mz,) + 2 sin 6, cos ,a”b" Y (mg, mz,, my,, mz,)
22 5in2 0, + cos? 6,6 \F(mg. ms,. mi,, my ) + 2m? sin 6, cos 6,a” b e iy
+{a” sin” 6, + cos” 6,b” }p(mg, my,, mz,, myz,) + 2m; sin 6, cos 6,a>b">E(mg, my,, myz,, my,) G.19)
ok 2 hihs :
+ mgm;a? b E(mg, mz,, my,, mz_) - mgmm; a 2b"p(mg, mz,, my,, mZ)
2 22 . -
+ mgmz,mlz{a’2 cos? 0, + b sin® 6,)p(mg, mz,, m;,, my)
2222
. b5 I
— mgmy sin 6, cos O,(a” + b” )é(mg, my,, my,, my,)
2 . ;22 ;22 -
+ mzmgymy sin 6, cos 0,(a” + b* )p(mg, my,, my,, mz,)|.
For I'z7,, our formula, again extracted from sPHENO-3.3.8, is:
Ty =(=1)"[4mgmy(cos® 6, — sin® 6)(a" a” + b"b™)X (mg, ms, ,mz,, mz,)
2 fi [ 2 .2
+dmgmymyz (@' b” + b" a”)(cos” 6, — sin” 0,){(mg, mz, , my,, mz,)
+2{b"a" cos? 6, — sin® §,b"a" }Y (mg, my, , mz,, my)
. g Tl 16\ %
+2sin6, cos 6,(a" a” — b b>)p(mg, mz, , my,, my,)
I fiphy,
+ 2mymz (a" a® — b" b))y (mg, mz, my,, my,)
+2m?{cos® ,a" b — sin® 6,b" a™)&(mg, my,, mz,, mz,)
. - (G.20)
+ 2mgm,2mzi(b" b"” — a" a") sin 6, cos 6;,p(mz, my,, mj,, myz)
— 4sin 6, cos 6;mgm,(a" b — b a”)x (mg, mz,,mz,, mz)
— 2sin 6, cos 6;mgm,(a" b — b" a”)é(mg, my,, my,, my)
+ 2mm1z_{s.in2 ;a" a"” — cos® O,b" b Ye(mg, mi, , my, m;)
+ 2m§,m,(a" b — b”a") sin 6, cos 0,p(mg, my,, mi,, my)
- 2m§m,mzi{sin2 6,a"a” — cos® 6,b"b"\p(mg, my,, mz,, mz,)].
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(a) (b) (©) (C))

Figure G.7: Feynman diagrams for the 3 body decay of a gluino into a chargino and a top-bottom pair, as mediated by stops 71/, and sbottoms 7 ;.
Jk=1,2.

nm; — myp.
In our program both the § — Z;tf and § — Z;bb decays are implemented in the same function, just depending on
whether its decaying to tops or bottoms different couplings are used as described above.

’

R g
AL = LNy - Sy, G-21)
R AN
- 2 g/
B =25 N, G.22
R vl (G.22)
mrun
fr=—b (G.23)
V2My cos B

Note that the integrals used in these equations, i, ¥, X, £, ¢, &, p, Y, ' are given below in Eq: (G.74), (G.73). (G.76),

(GTD), GT3). ([GTO), (G30) (GBT), (G:82) respectively, when the formulae for Z; — Z;f f are given.
§ = Wiqq'

The decay of a gluino into a chargino, quark(g) and anti-quark(q’) can occur via intermediate squarks of either the
q or ¢’, therefore there are four possible intermediates in the case where intra-generational squark mixing effects are
included. For example, § — W,-IE may proceed via 7y, f, by or by. Again there are both t and u channel contributions
which may contribute to § — W;th or § — ijt_. The 8 diagrams are therefore shown as a set of 4 (k = 1,2 for
each intermediate shown) in Fig There are therefore 4 squared contributions to each of th and bf as well as
f\f1, fifa, fafa, b1Dy, byby, baby, T1by, T1by, T2b) and 7>b, interferences. Note “diagonal” interferences such as 7,7, are
included with non-interference squared terms into the I';, type contributions. In the formulae, the Yukawa couplings,
intra-generational squark mixing and final state fermion masses are all accounted for; however whilst the bottom
quark mass m, is included in the phase space, it is neglected from the squared matrix element, this drops any bb;
interferences as these are proportional to m;,. The approach used follows that in Baer and Tata’s book ‘Weak Scale
Supersymmetry’ [41] with the formulae we use taken from sPHENO [11} 135]], based on the calculations in reference
[34]. The formulae used, as in sPHENO, differ in a few places from those in Baer and Tata.
I'g —» wW;) = #;mg(l“ﬂ +15 + 15z + F,;I + F,;z + F;]};] + 1";',;2 + Ffz/;] + 1";2,;2). (G.24)
The chargino — quark — squark couplings are given below, remember we have the chargino mixing angle 6; and 6
pre-transformed so that ;8 — —6r,r + /2 in order to use the convention where the lightest mass chargino eigenstate
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W, appears first in the multiplet:
—gsin @ cos b, + f; cos Og sin Gy,

Wi
'Blv]f/ = —f}, cos 6 cos 6y,
1
cxﬁ.‘, = —gsinf cos ), + f;, cos by sin Gy,
1
ﬁl;fl/ = —f, cos O cos O,
1
! (G.25)
a/’v‘V = —gcos Oy cos b, — f,sin g sin b,
2
B = f,sin6@ cos b,
Wa
o/v’f‘/ = —gcos 8 cosby — f,sindy sin Gy,
2
by _ .
'8W2 = f; sin Gk cos Gp.

We obtain the couplings for 7> and b, by changing cos 6, — sinf, and sinf, — —cosf,. The W, couplings are
obtained from those of W, by making the replacements cos 67,z — —sinfy g and sin ;g — cos 01 /z.
The contributions in (G.24) are as follows:

T; = [(“?v,)z + (ﬁ’;lvi)z] |G1(mg. mi,. myy,) — sin 20,Gs(mg, my, . ms, . my;)]. (G.26)
I = (@ ) + (8% )71 [G1(mg, mi, my) + sin 26,Gymg, miy, i, my) | (G.27)
Ty, = @) + (B ) 1Galmg, my, ) + o B Ga(mg, g, my), (G.28)
T;, = [(a’;;i 2+ (ﬁf;f]Gz(mg, my, my,) + a’;;iﬁ’;;pg(mg,mgz, my,), (G.29)
Tir, = 2a}, o + B B cos 20,Gs(mg, miy, mi, myy,), (G.30)

. by pf . by T
I'; 5, =(cos 6, sin Hbaﬁ‘/ﬂvlv‘ + sin 6, cos Hbﬁﬁ‘/'avlv‘)Gg(mg, mg,, mp, , my.)
— (cos 6, cos eba@VliagVi + sin 6, sin Hbﬁ%‘/iﬂrvlvi)G4(mg, mi,,mp, ,my,) Gan
by . . by qof )
— (cos 6, cos Gbﬂﬁl/-avlv- + sin 6; sin Hbaﬂ‘/ﬂ‘;v_)Gs(mg, mg,, mp, , my,)
. by of . by T
— (cos 6, sin Hbﬁbﬂl/’_ﬁvlvl + sin 6; cos Gbavl‘/iav“/[)G7(mg, mi,, My, , Myy),
I; 5, =(—cos 6, cos Hba%iﬁ’vlvi + sin 6, sin 9;,,8;2 a’VlVi)G6(mg, mz,, mp, , my.)
. by F . by A
— (cos 6, sin Hbaﬂ‘/_avlv_ — sin 6; cos t‘)b,BbW‘/ﬁle‘)GA;(mg, mg,, mp, , my,)
(G.32)
. by 7 . by of
— (cos 8, sin gbﬁﬁl/av”lv. — sin 6; cos Hbaﬁ‘/ﬁvlv )Gs(mg, my,, my, , my,)
by f] . . by 1
— (—cos 6, cos Gbﬁﬂ‘/iﬁ‘}% + sin 6; sin Hbaﬂ‘/[a%//_)Gﬂmg,, mg,, mp, , my;,),
. . by pf by T
[;5, =(sin 6, sin Hbaﬂ‘/‘_ﬁ‘%/i — cos 6, cos Obﬁﬁ‘,iaV‘Vi)Gé(mg, mg, , mp, , my,)

— (sin @, cos Hbal‘%‘/ia%/i — cos @, sin Gbﬁl‘}l‘/iﬂ;‘v‘_)&;(mg, mi,, m, , my,) G

— (sin 6, cos Hbﬁbﬂl/‘_a’vlvf — cos 6, sin Hbal‘}“/iﬁ;“/[)Gs(mg, mg,,my, ,my,)

— (sin @, sin Hb,B}v’.“/_ﬁ%/v — cos 6, cos 91;&};-",_&%,_)(;7("1;;, my,,my ,my,),
1 1 1 1
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. by pf . by i
[;5, = — (sin; cos gbaﬂlf,ﬂ%/,- + cos 6, sin Hb,Bl;.“/iavlv’_)Gﬁ(mg, my,, M, , My,

— (sin @, sin Qba;‘/ia’vlvi + cos 6, cos Hbﬁ};“/iﬂ%/i)G4(mg, ms,, mp, , my.)

S o (G.34)
— (sin @, sin Qbﬁ%‘,i a/%/i + cos 6, cos Gbal"i‘/iﬂ;‘v‘_)Gs(mg, mi,, m, , my,)
+ (sin 6, cos Qbﬁb;{/ﬁ%i + cos 6, sin Gbozz‘;‘,ia;‘v‘_)Gﬂmg, mg, , My, , Myy.).
The integrals G, to Gy are given by the following, where s, = mg +m? — 2E;mz and s, = mé +mj — 2Eymg:
dEp:Ei(s; — mévi)z
Gy ) = my. [ e (G.35)
(s: — m;k) St
51 ) ) Sp — m,z - m%/
Gao(mg, my, ,my;,) = mg de”Eb/lz(S”’mW;’mt)W’ (G.36)
k
dmzmy, m
Gs(mg, my,.my,) = f dE,E3A (sp, m?, ,md)———'—, (G.37)
‘ ' ' (Sb - m}; )Zsb
k
dE, m2 +m?—2Em; — m%v
Gy(mg, mz,, my, ,my,) = mgmy, f > | Ep(max) — Ep(min) — J log X |, (G.38)
Se = my 2mg
2
Sp—m5,
G,y gy) = f dE,—— 10g X, (G39)
J k i 2 5 _m?.
2 2
1 dE, , o My T )
Ge(mg, mi,, my ,my,) = G ) [mg(s; — mWi) + m—s,] log X — 2s,[Ep(max) — Ep(min)]y,  (G.40)
t— 7 8
2 2
1 dE . g, —
G7(mg,,m,~,.,m;,k,mWi) = EmW"m’f ! > {Z[Eb(max) — Ey(min)] — km— logXy, (G4l
=0 Z
(s — my, ) Ep(max) — Ep(min)]
Gg(mg,mfl,mgz,mwi) = mgm de, 5 5 (G.42)
(st - mfl)(st - mfz)

The limits of integration here are m; to (m§ +m} — (my, + my)*)/(2my) for the E, integrals, and m, to (m§ — (m, +

my,)?)/(2my) for the E,, integrals. Here p, = \|E? — m?, E,(max/min) and X are given by:

1
(s + my = ml Ymg = Ey) & A2 (s, my, my, )

E,(max/min) = 3 , (G.43)
St
ml%/_ + 2E,(max)mg — mg
== - 5 (G.44)
m; + 2E,(min)ymg — n
J

The formulae for the first and second generation quarks can be obtained from those for the third generation straight-
forwardly, in fact they are simpler as the Yukawa coupling can often be neglected.
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() (b) (©

Figure G.8: Feynman diagrams for the 3 body decay of a neutralino into a lighter neutralino and a fermion anti-fermion pair, as mediated by Z
bosons, Higgs bosons ¢ = h, H, A, or sfermions fi>.i> jandi,j€ 1,2,3,4.

Appendix G.2. Neutralino 1 — 3 Decays

Zi > ij f

For the 3 body decay of a neutralino into a lighter neutralino and a fermion-anti-fermion pair there are three types
of contribution, as illustrated in the Feynman diagrams in Fig[G.8} Z boson exchange, neutral Higgs boson exchange
and sfermion exchange. The effects of Yukawa couplings, sfermion mixing and finite non-zero quark masses in the
final state have been included. Similarly, the effects of negative neutralino masses in initial or final states are included.
However, we have taken the approach of Baer et al in references [34] 41]]; whilst we have included the effects of the
quark mass in the phase space, the quark mass has been approximated as zero in the squared matrix element. This
approximation is justified on the basis that the fermion-anti-fermion pair may not be a #f pair as the decay calculator
only evaluates the 3 body decays when 2 body decays are absent, given the dominance of 2 body modes over 3 body
modes in branching ratios. Whenever the 3 body mode Z; — Z ;tt is available then so are the 2 body modes Zi—7Z §74
and Z; — Z;h, which will make the 3 body modes negligible. It is however crucial to include the effects of the non-
zero quark masses in the phase space, as has been done, as often the phase space available to these decays is limited
(e.g. for compressed spectra) and so the reduction in phase space caused by the finite quark masses is important.
Similarly, with non-zero quark masses the Higgs intermediate contributions are allowed. Nonetheless the effect of the
approximation is just to remove the Higgs boson - Z interferences and CP even - CP odd Higgs boson interferences,
which are generally necessarily small compared to other contributions. The formulae for the included contributions
themselves are all taken from sPHENO, as for the other 3 body modes. It should also be noted that the calculation in
sPHENO was done in the Feynman gauge so a goldstone contribution, corresponding to the longitudinal component
of the Z boson, is required. The included contributions are therefore the squared Z (including goldstone), ¢ and f
contributions as well as hH, Zf, ¢f and ZA interferences

T(Z - Z;ff) = SITl‘mZP(FZ + T+ Ty +Ta+ Ty + T =40, ; — 40,5 — 4Ty

S AT, — AT, — 4T, + 4T, — 4T, — 4Tz +Tg (G45)
+ 2FGA - 4FZG - 41"Gf~1 - 4I“sz).

G indicates the goldstone contribution. In the following contributions we again account for negative neutralino masses
via factors of —1 corresponding to the effects of absorbing factors of —iys into the couplings for negative mass neu-

tralinos:
1, f 5 >0,
-1y = { ormz > (G.46)

-1, formy < 0.

The contributions are as follows:

Iy = 20X+ Xy o, [If; = 2m3 0y + 2(=1)"|my lIm |1 — 4(—1)9f|mz,||mzj|m}1{'], (G.47)

5Calculations of the differential decay rates for this mode are also available, using a different approach to that used here, in reference [33].
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where
— 12 2 _ -
s =m; + my, 2lmy|E,

m2 +m: — 4m12c

z "z
Emes = =l
_— 2|mz|,/s—4m \/ﬂ 2|mz|
I = szl Vs —m
_— 2|mz|,/s—4m \/ﬂ 2|mZ|(s—2mf)
k= fll;12j| \/_(s—m
T 2|mz|,/s—4m \/m 2|mZ|2|mZ|E
5= szl V(s -
T 2|mz|1/S—4m \/m 2l (s — 2m2)2|my |E
4= f|mzj| V(s —

Ty =2+ X0 f7

q(YH

2|1 = 2m3 2= 1) imy lm | = 4(=1)"my imy m3 1.

where the 17 4 are exactly the same as the I 4 With the change m;, — my.

1,23 1,2,3,

Tz = 64 sin” Oy W7 | 4(= 1) iy llmz Im (@ = BPIE + mi(a} - BPIE
1N 1
+ (D) my llmg @ + BE + 5 (af + BDIF],

where the integrals IiZ are:

. [mz |—=lmz 1) 1 4 2 2 2\ 3 2 242
I = f4m§ ds[3s2(s —m2)?2 (=257 + (g +m5 +2mp)s” + [(mg —m3 )

1
- 2(m%_ + m%j)2m§-]s2 + 2m§v(m% - m%j)zs}g

X \J(5 = Uzl = Iz D2(s = (g + g 1) ys(s = 4m2)],

L (mlmD 1 , - -
7= ds| ———— (s -2 — () — Imz DP)((s — (mz | + Iy
- [ o s s = 2P (s = (=g D)5 = g+ )
2
X 1/s(s—4mf)],
(g -z, )2 1
zZ _ ! 2
z- [ i bl

f
X ofs(s — 4m§)],

(I, =i ) 1
= f4 i e NG = Umz) = Imz (s = (g |+ mz, 1) | s(s = 4n2)].

2
m
!

m3 = ) \J(s = (mz) = Imz D2)((s = (mz |+ mz, D)

51

(G.48)
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(G.52)

(G.53)

(G.54)

(G.55)

(G.56)

(G.57)

(G.58)

(G.59)



Ty = (X4 + XAl [1;;‘ +2m 15 = 2= 1) (= 1) |my llmg |1 — 4(-1)‘*(-1)9/m}|mzi||mzf|1;*] ,

where the integrals IlA are:

Enax 4m2
K= dE [E? —m% |5 — 4m>——2
1 f", \/ mzj \/S f\/_(s—m )2

[mz |
Enax 4mZ (s — 2m>2)
f
I = dE |[E2 —m% [s —4m
2 f|mz.| ‘/ Z/‘/ T (s —m3)?
Epax 4m 2|mZ |E
I, = f dE |[E? —m? [s —d4mi—=—
P Jyy ‘/ "/ f\/_(s—m)z

4m? 2|lmz |E(s — 2m2)

‘max . f f
dE /Ez—m~ /s — 4m?> 4 ,
f I \s(s — mi)2

Thr = 4X); + XIXTT + X0 £ 10 e [IhH 2mp 5+ 2= 1) (= 1)%mg llmy |37

45‘:2

= 4= 1= 1)y llmy ImF 117,

where: . Sty
I'H = f E[2imy) \[s - 4m> | [E2 - & :
b % \/_(S— i)(s—m2>]
Ema\' 2;'}77,~ |(S - 2m2)
e :f 2|mz|\/s—4m \/Ez z Z ! 5 ],
| i s(s —m3)(s — m3)
E”m Am2 E
= f E[2lmy| \Js - 4m?. [E2 - “ :
P gy Z‘/ "/ f\/_(s— ,3>(s—m%,>]
Em 4m2~ E(s— mer)
= f ZImZI Js— 4m? [E2 - ]
|m7 | \/_(S - mh)(s - mH)

o diag diag nondiag tu tu tu
r _Zrﬁﬁ+zrﬁﬁ+2rff +1"ﬂf|+l"f2 +2Ff]f,

There are many sfermion contributions included here, they are as follows:

dia 8m2
P =262 s BN+ B o 2)
32 é - o
L= (cv~ +ﬁz )’} ﬁzljmf|m2j|)?(zi,f1,fl,zj)
32m 9 IR
O ( /% i\ i R . 5 7 F 5.
— 2 (-1 (@ +ﬁjz;]' )(Zﬂﬁ;m<f|mZI_|X(Zl’fl’fl’ZJ)
64
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T =8ni}(“§iz +ﬁ22)<“f§2 +ﬂ§~;2>$<2,-,ﬁ,ﬁ,2,»)
+ %’72%(—1)91(0122 +ﬁ]z;2,2)ajz;2’ﬁjz;2jmf|mzil)}(2i,fbﬁ,zj)
- %’?22[(_1)9,.(022 +ﬁ22)“§~jﬁf§mflmz,lX(Z,fz,fz,Zj)
_ ?ﬂfz‘(—1)@(—1)8,-0%/32&2/32|mzi|m}|mzj|g(z,., B2y,

where the ¥, ¥, X, £ integrals have been used before for the gluino 3 body decays and are:

L) ; —m2
ar_ m = 2mylmz, —m;
! 2lmg| ’
max l 2 2 2 pa— 2 — ~
W(mz,mz;,mz,mz) = n°m fEf dE \/mE /lz(s’mf’mzf)mzf 7 2mz Ey
Zp Mg, Mg, Mz, ) = Zi f - f >
e g / s (s = m3)(s = m?)
max /l%(s,mi,m% ) 1
Y(mz,mz,mg mz)znzmz,f dE; \JE/* = m2E; l
XMz, My, Mg, Mz, "I, f s (s —m%)(s —m2)
h h
2 2

1
ms —ms —ZmZ_Ef JZ(S,mi,m%j)

) 2
T 7 .
Xms ,mz, mz,ms) = — dE ,/Ez—mz s
(g7 ) 2]:,, TN Tmg + 2= 2myEf (S‘m;)(S‘mf?)
to 1 2

' o

<.

N

i .

£ [E 7(max) — E 7(min)]
§(mzl-,mf],mfz,mzj)=ﬂ2f dE; ! !

2o 2
my (s mﬂ)(s me )
Later the following integrals will also be required:
. 1 2 E);‘la,\’ )
$mzmp.mp,mz) = n|mzlimg)| ; Y — | - [Ef(max) - E j(min)]-
! fi
2 _ 0 N 2
7 T 2 I )
2| sk
mZ +m2=2|my |E :(max)—m>
N %S i f 7
where Z(mfz) - m%_+m}—2lmziIE/-(min)—mi.,z2 .
1, (5" 1 _
Emg.mj.mp,my) = =7 dEj—|[Ef(max) - E f(min)]
/ 2 my s —m>
1
mzzl_ - mjzc = 2lmy|Es + mjzf2
log Z(my,)),

2|mZ-|

~ n2 EF 1
plmz,mz,mg,mz) = —2|72| " dEfmlogZ(mﬁ),
1
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2 e
Y(my, mg,mg, ij) =5 f dEf e, [[Ef(max) E¢(min)]s
ms

f1
2 2 2 22
+2|mz| ZmZ m f+mf+2|mZ|Efm mfsz)
x log Z(my)|.
5
, -7 f d fEf
X (mZ,»,mf],mfz,ij) = Tf D IOgZ(mﬂ),
mg _mf
2
where here
2 _ .2 1 2 _ 2 2 _ 22 _ 2 _ 22
. (s+mf mzl_)(lmzl_l Ef)i-\/(Ef mf)(s+mf ij) 4(Ef mf)mfs
E f(max/ min) =

2s
nondiag 16m221 7 nZi 7i 7 Zj Z/ ~j ”/. “ o~ o~ o~ o~
F/ ) [(ﬂﬂﬂfz+aﬂafﬁ)(aﬂaﬁ +ﬂ2ﬁjz;2)¢(zi,f1,f2,zj)
A=A + azfa%)mzfﬁz{ + @B milmy, U Zi . fo. Z))
- o Z i ~/ ~j 5 7. £ £ 7.
2= B + BN + BB Imy X (Zis i, o Z))
1\ 1\i (L R ZiiZ.f~]' Zi~j2-~~_~"'~.
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U = 2B B Y22
~2 i j - L~ =, ~ ~ ~
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afl flafl f~l afl flaf] f] mf 71-2 isJ1sJ1s4j
5 5 8m2
BN m Zip5 FOF 5
ﬁ; ﬂﬂ?)lmzx|mf}[ 72' f(zhfl’flazj)

Sm~
—5(m + m3 (= 1>9p(z,,ﬁ,f1,2>+—x(zl,fl,fl,Z)]

2
i o Zp2 27, 7,
+ g |1 @B + BT )[
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f
2
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fl?Z)
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I“;;‘ P is as above but with fi — /> everywhere including in the masses and integrals.
2J)2

1";{ ——2{8(a ,BZ,BZa/ fz ﬁZ )mzﬂzY(Z,,fl,fz,Z)
7. 7 7

- (@7 a7ald +ﬁzﬁzﬁzﬁz)8m 2= =10Z, fir on 7))

s 8m2
7 n tildeZ; nZ; Zj nlin,. 2 Zi o NOig(7 FOF 7
+ (o IBchf,Bil o ﬁéaﬁﬁz)mf—nz ~D%&Zi fi, Fou Z5)

. - 5 T 8m2
Zi i g5 i 0Zi i odZiN| Ziger FOF 5
~ (@b B+ BB B DImy )| — 62 . fo. Z))
% 2 2 Gin FOF 5 8m~
- 7<mz_ +m)D"DZ oo P Z) + — x(z,,ﬁ,fz,m]
2
+ g (=m0 o + ?ﬁiﬁzﬁif)[

8 4 Sm-
— VP oo o Z) = —K T i 2. 2))]
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. 2)) (G.86)

S 5 5 S s 5 5 4m?
_ (R pZig%i i Zi Zi  ZioZiN - (170 i 2 _ 2 \xc5 FOF
w%ﬁ%ﬁ;aﬁ + B my (1) my | n, —m Yo(Zi, . fo. Z))
8m

- X @i o 2)

@R + D o Go o 2)
PR Yy TYRPRPRP R Z)1 T X i I )2 4
. 4m?

- 287 B0 @] + BB (=1 (=1 g Iz | — B2 . o 2)

As for the Z sfermion interferences:

Ty = (~DC IR 4 CEI R 4 CERZD oy CERED o CEER o 2D R o 2R 2 4 CEREETY, (68T

where
CI = —4Wisgsin bwl—a” (g — BT + By + Bpa” mglonz |, (G.88)
Cgﬂ = —4(-D(-1)% Wijg sin G)W[—aJZ:{(af +ﬁf)ﬁ§~lj +ﬁjz;l"(af —ﬁf)a;"]mﬂijL (G.89)
i = 41" Wisg sin Oy 1] o +,3f)ﬁjz;]j CACH _ﬁf)a?]’ (G.90)
Cfﬁ = —8W g sin 9w[—01§~]" (ay +ﬁf),3? +,3?{(af —,Bf)(l_zi;]f]lmzilmf, (G.91)
CEM = 8= (1) Wijg sin by [-o/i oy — BB, + (s + B’ iy my, (G.92)
Gl = ~4-1)1Wyg sin owlB; (s +,3f)ﬁz~j A —ﬁf)az-’]lmz.llmz,L (G.93)
I = —4=1Y"Wijg sin Oy 1B (ay — BB — aZi(ay + Ba’ " e, (G.94)
C§l = ~16(-1)"W,g sin QW[ﬁ%(a’f _:Bf)ﬁ;/ - o ] “ay +ﬁf)af]’]mf|mz,llmzjl. (G.95)

(m +m —4m f)

The upper limit for the integrals here is E,,p., = . The argument of the logarithm in these integrals is

2\’”7 |
as follows:
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L={[lmz(Eqg+ Q) - p*1/lImz|(Eq — Q) — 11, (G.96)

s+m2 —m?
. 7. 7 ’
In these expressions, Ey = W 0 = \/EZQ - s\/l —4m§/s and ,u2 = s+ m}zr — mé — mg, where s =
Z; 1 J

m}, +m;, —2|mz|E. The necessary integrals are given by:
U J

- Eupper 1
I = 2y | AE—— [ =2lmy | 1 = dnizfs [EZ = — @y =i 4 =2y |EYlog L], (G97)
i s—m2 i : 7 ; i
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|

N Eypper 1
20 = 2jmy | dEm [2|mz,| J1—4m2/s |E2 - mZZI_ + (m}l + m%i — 2lmg|E — m7)log L] , (G.98)
Z

-
imy,|

Eupper

; 1 3 1
ISZf1 =2lmy | dE — [{m%i + 2m§- + m%/_ - Emil - E(m} +|mz |E
Imzj\ §—myz
+|mz| \J1 - 4mf,/s [E? — mzzj )}(mfc +|mz |E + mz| (|1 - 4m§,/s [E? — m%j - mjz;l)
3 1 (G.99)
- {m% +2m7 + m%/_ - zm}l - E(m; + Imz|E = Imy| \J1 = 4m%/s [E2 - m% )
X (i} + [mz|E = |my| J1- 4m? /s [E? - mg ) — mj;]}
2 2 2 N2 2 2
+ (mZ +my — me )(mf] —my— ij) log L],
- Eupper
oy [ aE— o) 1 = am /s JE —n + (R — w2 — ) log L (G.100)
= 2my, o P mz, mfs me mﬂ m mZ,» ogL|, .
g, Z '
27 Epper -1
17 = 2jmy dE—— [ZImZ,I U= dnit /s JE2 = nd + o, —mzz_)logL], (G.101)
Imz;| §—myz
7 Eupper 5
I =2imy| dE —— (s— me) log L, (G.102)
Imz,| §—myz
- Evpper
12 = 2)my)| dE ~2lmy|ElogL, (G.103)
Imz,| —mz
- Eupper
I = 2imy| dE > log L. (G.104)
Imzjl §—myz
', is exactly the same as I'; 7 but with the change fi = f» throughout to get the couplings Clzfz8 and the integrals
V2
1,..8°

Ty = CIR MR CII A AT ORIy IR BRI o R Ay R, (G.105)
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where here the couplings are:

chi = —-( DY (=1 (X, +xh)ﬁz% Z,BZ ,BZ Zf)
\/_
ot = (= 1)(xl + Xh)—ra,l 257 + o g .
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W, Eypper 1 > > 5 ) 5 )
I = =2|my | a’E—m2 [2|mZ_| \/E —m; \/1 - 4mf/s + (mf1 —my+ mz_)logL] ,
Imzjl -y ! ’

Note I'; 7, is exactly the same as I'; 7 but with the replacement fi=h throughout to get the couplings C

hf7
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the integrals /|

- Eypper 1
h
I = —2\my| dE—— (s - 2m3})log L,
\mz,»l S mh
W, Eupper
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I = =2|my | dE 5 log L.
Imz;| §—= mh

57

(G.106)

(G.107)

(G.108)

(G.109)

(G.110)

(G.111)

(G.112)

(G.113)

(G.114)

(G.115)

(G.116)

(G.117)

(G.118)

(G.119)

(G.120)

(G.121)

.....



masses and integrals; therefore the changes thj + Xj.’i - X f]’ +X ;’ and 7, — 1o, are made. One can then obtain I'y 7

again by changing f| — f; throughout the couplings, masses and integrals.
P onld el Yonld o) NN onll i oull L onrll i [ onrly Y oncly el
here we have:
cif = ( DX + XA>—(a B+
o = —xs +XA Stims, |mfwzﬁz +a’a f)
i = (-1 X +XA>—|mZ Imf(ﬁzﬁz
i = x4 +XA)—|mZ Imf(ﬂzﬁz tala /)
il = (D100 + X qlejIMf(ﬂZ-fﬁZ-.j +aa?)
CA = —(1yixa +XA)—|mZ||mZ |(azﬁz +/32a
CM = (1)fxh + XA)—szf(a/ZJﬁZf + ﬁzfaf),
CM = (1) (XA + XAgmmy Imy, |(a/Z,[)’Z +ﬁza
The I?f‘ are exactly as the Iihf‘ but with the change m;, — my.
Tza = 2CH T4 + 2054 14,
where

CP = =41 (=D Wi (X[, + X5)A,g sin OwBylmy Imy,
C5* = AW (X[} + X5DA g sin Oy Bylmy m;.

The integrals included here are:

Eypper 1
124 = 2y | p——s 2| JE? =3 = dn2 s (i, ~ my |E),
| (s —m3)(s -
- Eupper 1
I = ~2lmy b s 2B s 1= 4 s = o )
Imz;| (s— mz; (s —

The goldstone contribution is:

4CGZZ Gy [155 +2m 1§ = 2(= 1) (= 1) mg|lmy IS — 4(—1)of(—l)efmfclmz_llmzjlllG] )

The goldstone interferences with fermions are given by:

rGf, — C?fl Iffl + C20f1 Igfl + C30f1 I;?fl + Cffl Iffl + C?fl Igfl + C(G?fl 160f1 + Cgﬁ 1$f1 + Cgfl Igfl ,
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where

Cle1 = %CGZ,Z_Cfo(OZ%ﬁ? +,32~ia’z~j), (G.138)
Cff' = —(=1)%mylmy, |CGZZCfo(IB IBZ af af]) (G.139)
€T = (<1imylm ez cor/r oy + BB, (G.140)
coh = -1y’ fmf|mz,|ccz.z.ccff(oz e +BZ~.'BZJ), (G.141)
SN = (=1)my sz g s + BABD, (G.142)
cgl = —(—1)9i(—1)0'f|mzi||m2j|CGZZ,-Cfo(affﬁ;] +Bra), (G.143)
ch = —2(—1)9"(—1)H/M?IMZ,.IIWZ,ICGZ,-Z,Cfo(aJZéﬁ? +B7 O‘f{)' (G.145)

.....

couplings we apply the replacement f; — f> throughout. The Z- goldstone interference contrlbutlon is:

Iz =2CT°17% +2C5° 15¢, (G.146)

where
CZG —8W;(— 1)° ’mf|mz lcrreczz gsin@wﬁf, (G.147)
C5% = 8W(=1)mylmy|ccrrcG,7,8 sin Owp. (G.148)

The I7§ are the same as the I74 but with the expected change my — mz.

Toa = CYACSAITA = 2CTACTAmIT + 2C5ACG my lImy |I5* — 4C5ACF A miImy |lmy 174, (G.149)
where here
CP = =2(=1)egzz (X + X9, (G.150)
CI = 2(=1)cgz7, (X5 + X0, (G.151)
C§* = —Aycoyy, (G.152)
C{* = Ayegry (G.153)

The integrals are:

Eos 2|mz|\/E —m \/1 42/

174 = 2|my | dE , (G.154)
bz, | (s —m2)(s —m?)
P 2mz)(s = 2m3) \[E2—m} \[1 —dm} /s
GA J
154 = 2lmy| dE R - , (G.155)
bz, | (s —=m37)(s —my)
e HmPE \/EZ —m \/1 — 4 /s
I§4 = 2my| dE — , (G.156)
bz, | (s = mz)(s —my)
P mzPE(s =2 [E2 —m} (1~ dm/s
17" =2my)| | dE D > : (G.157)
|m7j\ (S - mz)(s - mA)
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Now the list of the couplings used is:

Wij = 0.25 /g% + g2 (N4iN4j — N3;iN3)).

¢ ; .
The Xi; couplings are:

1 , ) . ’
Xy = =5 (=D*(=1)"[-Ny; sin @ = Ny cos a](=gNaj + ¢' N1 ),

2
1 ) . ’
X} = =5 DD N3 cos @ = N sin @l (=gNa; + g'N1)),

1 _ _ . ,
Xjj = 3D (D" N3 sin B = Noj cos BI(=gNaj + g'N1 ).

gmnm

, for u-type quarks,

7= RV P— Cosﬁ for d-type quarks,
=

0, for neutrinos v,
g

Vo coB’ for charged leptons.

gmrun
mw tanﬂ 4
am,

—a , for d-type quarks,

for u-type quarks,

0, for neutrinos v,
M, for charged leptons.
my
cos a, for u-type quarks,
; —sin a, for d-type quarks,
ap —

cos «, for neutrinos v,

— sin «, for charged leptons.

sin a, for u-type quarks,
, cos a, for d-type quarks,
“ "~ \sin @, for neutrinos v,

cos a, for charged leptons.

T 4g, , for u-type quarks,
Tag Tg” for d-type quarks,

5) for neutrinos v,

) |°°‘

%% — £ for charged leptons.

By =

Az cos 0, — fy;Ny; sin 6, for u-type quarks,
7 JAzcos0, — f,N3;sin0,, for d-type quarks,
S A cos 6, for neutrinos v,

Az, sin 6, + f,N3; cos 0, for charged leptons.
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Az, sin, + f,Ny; cos 8, for u-type quarks,
5 A5 sinf, + f,N3; cos 8, for d-type quarks,
o = {42500+ JyNsi cos by ypedn (G.169)
72| Az sin6,, for neutrinos v,

—Az cos 8, + f,N3; sin 6, for charged leptons.

JqNai cos 8, + By sin 6, for u-type quarks,
fgN3icos 8, + By sin 6, for d-type quarks,

= ] i (G.170)
0, for neutrinos v,

R

fqN3isin 6, — B cos 6, for charged leptons.

fqNai sin 8, — By cos 6, for u-type quarks,
SfyN3isinf, — B3 cos b, for d-type quarks,

R
Il

) (G.171)
0, for neutrinos v,

—fqN3i cos 8, — By, sin 6, for charged leptons.

—%Ng,‘ \fN“’ for u-type quarks,

S N,y —

\Fsz (N 1i, for d-type quarks,

' _L(NZt
2 3 xf

%Nzi + \fN 1i» for charged leptons.

S
N
Il

(G.172)
-— Ny;, for neutrinos v,

3‘lel, for u-type quarks,

By = 3(N1,, for d-type quarks, G.173)
0, for neutrinos v,

V2 g’N 1;» for charged leptons.
fq

f cos,B

z , for d-type quarks,

corr=1q V2 yped (G.174)
0, for neutrinos v,

Jycos
B for charged leptons.

£ for u- type quarks,

CGZ,Zj = % [(g,Nli - gNzi)(Ng,j COSﬁ + Nj4 sinﬁ) + (glNlj - gsz)(N3i COSﬁ + Ny sm,B)] . (G.175)

Zi-> Wif'f

We turn now onto the 3 body decays of a neutralino into a chargino, fermion and anti-fermion. As for all the other
3 body modes included, this mode is only calculated if no 2 body modes are kinematically accessible. There are 4
main contributions to these decays, with W boson, H*, f’, and f; intermediates, the Feynman diagrams for these are
shown in Figure [G.9] Therefore there are nominally 6 squared contributions and 15 interferences; however, as the
calculation is again done in Feynman gauge, the goldstone boson corresponding to the longitudinal components of the
W boson must be added, adding a further squared contribution and its 6 interferences.

For this decay mode, and the “reverse” decay mode Wj — Z;f'f, the formulae used are extracted from the
sPHENO code, based on the work in references [34}41]. Note that f’, f are fermions with third components of weak
isospin % and —% respectively. A difference relative to these references is that, following the formulae of sPHENO,
the expressions given do not neglect m in the Dirac algebra of the squared matrix element (whereas in [34, [41] it
is neglected here, but of course included in the phase space). As a result there is also WH= interference which is
not present if m; is neglected in the Dirac algebra. The possibilities of positive and negative neutralino and chargino
masses are included via (—1)% and (=1)% factors. Similarly the fermion Yukawa couplings are included and the
formulae themselves allow for mixing of the fermions. However in our program, mixing is only considered for the
third generation of sfermions and here this 3 body mode Z; — thB is not calculated as the 2 body modes Z; — WWj

61



(@ w (b) H* © fy @ fe

Figure G.9: W, H=, f’k, fk contributions to the Z; — W_,-f/f decay. i = 1,2,3,4, j = 1,2, k = 1,2. There are then also interferences between all
these contributions.

and Z; — hW, are then kinematically available and will dominate the branching ratios. The overall expression for the
partial width is therefore given by:

= 51272/—["”2113[1% +T +Up+Tp +1p, —20p 7 =20 5 =20 7 =205 ¢+ 2Dwpe
+2Twg + Ty + T = 2Tyj = 2y 5. = 2Ly 7 = 20y 7 + 2l — 2g 7 (G.176)
= 2gp, = Waf = Wap = Wy = 2Wyepy =Wy = Wy + 20 7+ 2072 |-
Note here G refers to the goldstone contribution which is the longitudinal component of the W and so has mass equal
to the W boson mass. Here the following variables and couplings are used:

_ {3, for f’ f quarks,
=

7 . (G.177)
1, for f’ f charged leptons or neutrinos.

There are several factors of (-1) depending on whether the neutralino or chargino have negative masses, and also there
are factors of (-1) if the decay chargino — neutralino f” f is being considered rather than neutralino — chargino f” f.

1, for my > 0,
R (G.178)
-1, for myz < 0.

9 1, for my. > 0,
(1Y% = i (G.179)
-1, for my, < 0.
(— 1) = 1, for neutrali.no decayi.ng to chargin'o, (G.180)
—1, for chargino decaying to neutralino.
The following couplings are used:
Ju= 8" (G.181)
! \5 sin,BmW ’ '
mrun
L (G.182)
V2 cos Bmy
For W1+ , i.e. the lightest chargino (j = 1), and where i is the index of the neutralino:
. cos 0, N3;
CL ., = gsinf Ny + 723 (G.183)
. COS OrNy;
CR .y = g5inbpNy; — % (G.184)
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cos g

Ch .. = (gsinOrNy; + )(g'Nii + gNay), (G.185)
V2
R . cosér).
Cywzy, = (gsinbLN3; — )& Nii + gNai), (G.186)
V2
oz‘;f‘ = —gsinfg cos by + f, cos O sinb, (G.187)
1
,8?‘ = —f1cos 6 cos , (—1)%, (G.188)
a;:v‘ = —gsinf cos, + fycos by sin 6,1(—1)9“, (G.189)
1
,Bj‘ff" = —f, cos Bg cos b, (G.190)
1
a;"; = gsinfg sin O, (~1)* — f, cos O cos b, (G.191)
B = ~facos 0, sin 6, (=1, (G.192)
2
O/JV;.V‘ = —fqcos 0 cos O, + gsinfy sin 6, (G.193)
2
,8;‘/ = —f, cos O sin . (G.194)

Note that because of the conventions adopted, if the fermions considered are 7 and v;, so that the intermediates
are 7 and 7, then the mixing angles in the formulae for this 3 body decay must be rotated so that one must take
c0s 6, — sin 6, and sin 6, — — cos 6, in the formulae listed for the Z; — W;f’ f and for the reverse decay W; — Z:f' f.
Note that in this case where the fermions are T and v, then 6, would be the mixing angle for the ¥, whilst 6§, = 0 as
the is no mixing for v;.

For Wg , 1.e. the heaviest chargino (j = 2), where i is the index of the neutralino:

sin O N;
CL .y = 8Os O Ny; — # (G.195)
sin Og V. i
CE oy = g 08 6pNa; + %“ (G.196)
sinfgy, ,
Ch . = |8 c0s 0rNu; - \/ER J&' Vi + g, (G.197)
sinfr)y
Cr . = |gcos oLy + sz |G&'Nii + g, (G.198)
aJVZz = —gcosfgcosly — f,sinbgsinb,, (G.199)
1
B = fasin6, cos 6, (=", (G200)
1
@ = g cos O, cos 6, — fysin 6, sin0,(~1)", (G.201)
J1
ﬁjf = f, sinfg cos 6, (G.202)
1
a;‘fz = gcos b sin qu(—l)g‘ + f,sinfg cos b, (G.203)
2
B3> = fasinOysin 0y (-1)", (G.204)
J 2
aJV;VZ = fgsinf cos, + g cos O sinf,, (G.205)
2
,B;V = f,sinfg sind,. (G.206)
2
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There are also the neutralino couplings to the f” f pair and these depend upon whether they are quarks(q) or leptons(1)
and whether they are “u-type” or “d-type” (i.e. third component of weak isospin being +% or —% respectively). For

quarks:

u g
AL = —2_Ny - 2—Ny;, (G.207)
7 \/E 2 3\/5 1
4g’
BY = ——_Ny;, (G.208)
7 3\/5 1
ay ;= —AY cos by (- DY (=D%(=1)% = f,Ny; sin 6, (G.209)
By, = fuNai c0s 6 (= )% - BY sinf, (G.210)
a%f = —fulN4i cos O (- 1% +A“ sin G, (- )%, (G.211)
By, = By, cos by (= DY%(-1)%(- 1)9 + fNy; sin . (G.212)
Al = 8Ny 8N (G.213)
2N s
2g’
B: = Z°_Ny;, (G.214)
Z; 3 ,\/z 1
Zf =—Ad c0s 0,(=DU (=) (=) — £,;Ny; sin6,, (G.215)
ﬁdzﬁ = falNsi cos 0,(=1)* — B, sin6,(~1)", (G.216)
o = Jal3icos (- 1% — (—1)9"(—1)9"A‘5 sin 6, (G.217)
ﬁ‘! =B c08 0,(~ DY(=1)%(=1)% + f;Ny; sin6,. (G.218)

Again, remember for the case of 7 and v, as f and f’ respectively then one must take cos 6, — sinf, and sin6, —
— cos 6, in the formulae listed for this decay mode.
For leptons instead the neutralino couplings are:

8 §

A5 = ——=Ny) + =Ny, (G.219)
R

BY =0, (G.220)

g g
AL = =Ny + ==Ny;, (G.221)
c{ = V2¢'Ny;. (G.222)
The a and S couplings are as before except ay . =0 and ,8 = 0 as there are no RH sneutrinos. Note in SOFTSUSY

we use the same function for a neutralino decagfmg toa chargmo as a chargino decaying to a neutralino, in general the
changes required are m; < my,, mp < my and my < mp, in some places there are further effects on the integrals
or couplings, where this occurs it’s listed in the following formulae.

Contribution by contribution, the couplings are:

I'w

The upper limit of integration here is:

1
Tz—(m +m mf mf =2memy), (G.223)

We also use s and A given by:
s =mj +m;, —2imy|E, (G.224)



L= (s = (mp + mp)P)(s — (mp = mp)?).
The necessary integrals are:
T 2|my |

Iv1V=2|mZ;| dETZi/l Ez—mw/[ 25t +((m +m? +mf+mf))s

| | W;
;.
Wi

+ ((m%i - m%-vj)2 + (m? - mjzc,)2 - Z(m%i + m%vf)z(mj% + mjzf,)s2

+ ((mzzi + m%vl_)(mi- - mjzf,)2 + (m? + m?-,)(m%i - mé/jf)s

1 1
2200020
= 20mg, — my, ) (my + mp) ]3S2 Gs—m)
W

d Im|

I, = 2lmy| dE2 2N JE -, (s = mj m},);.
‘ |mW | ! (S - m%v)z

2 2
T = = 8Cim Claw 7 g A" 1" + 20"+l DT 1

Then

Uae

L _ L
Wiz = Ciyzpy €OSPs

R _ R :
Wyez = Cyzuy SIS,

Ch pp = Jucosp,
c

wepp = Jasing,
The relevant combinations of these couplings for this contribution are:
Y = ot > rof
H+ =~ H*W+Z H*W+Z °

(2) _ L R 0;
(v - wH*W*Z‘”H*W*Z(_l) 5

q/“) = Clhyyt+ Clhpy
(4) u
Vi = ChreppClre -
The integrals are:
T 2lmy] 1
I.=2my| [ ag 4 \/(s—(mf, FmpP)s - (mp —mp?) JE? —md ———
" Jimg | Wi(s —m3 2
T 2|m5 |
Be=2my) | aE[ =% \/(s — (g + mpP)s — (mp —mpR) JE? i
|mv'v,.| j
1
2 2
X (s —my — mf,)—(s — m%r)Z],
T 2|m5 |
L. = 2lmy| dE[ Sz, \/(s —(mp +mp)?)(s = (mp —my)?) [E2 - m%}v
|mv'v/.| j

1
X 2lmy |[E———],
(S - m%.]: )2]
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(G.225)

(G.226)

(G.227)

(G.228)

(G.229)

(G.230)
(G.231)

(G.232)

(G.233)
(G.234)

(G.235)
(G.236)

(G.237)

(G.238)

(G.239)



T 2|m; |
I = 2Imy)| dE| SZ! \/(s — (mp +mp)?)(s — (mp —mp)?) JE2 — m,

myy .
|

| (G.240)
X 2mz |E(s = m} = m},)———
‘ (s = my.)? ]
The overall contribution is then:
Ty =V VLI — AV VY Bempmy + 4V0 V) I my [Imy, |(~1)% G2

2) /4 ,
- 16(V§L,i(V(HiI}F memg |mzl,||ij (=%,

I'c
Note here G refers to the goldstone contribution which is the longitudinal component of the W and so has mass
equal to the W boson mass. The couplings used are:

L _ L .
Wowz = Civzp, SINPs (G.242)
R _ R
Wowz = ~Cz, €OSB; (G.243)
wop = fusing, (G.244)
Clrp = —facosp, (G.245)
Ve = 0y + s (G.246)
G = %wz T%Ywz > .
@ _,L R o
Vi = 0696w (G.247)
G) _pu 2 2
Ve =Clyp’ +Clpp (G.248)
@ _ ou
Ve =CorpCopp- (G.249)
The integrals here Ié etc are exactly the same as those for H* but with the change mg= — my.
T =VRVIL, = 4VEVE Bmgmy + 4VEVE LRlmy lmy, [(—1)° a0
— 16VE VI Immplmz llmy [(=1).
T
D _ w2, 2
(Vf/l =@z +ﬂziﬂ > (G.251)
2) _ _u 2pu 20 1\6i
Vi =% P GV (G.252)
v2 w2
VY =ay " +By (G.253)
1 1 1
@ _ _ W oW
Vi, == By - (G.254)

Now the integrals 1}32’3’4 are exactly as the 7;;7>* integrals in (G:237) to (G-240) but with lower limit ., upper limit
1

of integration E, e, = ﬂ#ﬂ(mzz + mff - mff - mZZ - 2mf|mv"vj|) and the replacements my: — mp Imw/,| — my and
2\ i J

mp — Iijl. Then:
e b O R VAC )N C D@ - 173 2) 3y, T2
L'y, (Vf,l(l{f,llf.,] 4(Vf"1(vf’lmf|mw.f|l 3 +4(Vf,l”Vf,l|mZ,|m_f If,]

(G.255)
VDD
16(Vf,l‘Vf,1 |mz,-||mw,-|mf mf[f’l'
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Everything for I'»_is exactly as for 'z but with the change m» — m 3 and the coupling combinations:
ything 7 y 7 gemp, 7 plng

(D _ u 2 u 2
VO =ay 2By R (G.256)
Ve =ay By (G.257)
v2 2
YO =W g7 (G.258)
i 12 2
4 _ W oW
(Vf,2 = af’gﬁf’z' (G.259)
The contribution is then:
U7 =VDYI 4y D VD g 1B, (D% + 4V VD iy imp 12, (—1)%
172 Fa 2t S22 Ui Ve e A i)
D ., (G.260)
16V VIl byl
r;
The coupling combinations are now:
) _ d 2 2
(Vﬂ =ag B (G.261)
Q) — _(_1\0ind _pd
(Vfi =—(-1 @ B s (G.262)
P2 62
VO = oV 4 g7, (G.263)
h i 1
@ WaW, 1\
VO = By (1), (G.264)
The integrals are are exactly as the 752> integrals in (G237) to (G-240) but the lower limit is now my, the upper limit
is Eyppers = TS I[m2 + m? = m%‘v, - m - 2mp ImW [] and in general relative to the H* integrals we must make the

changes mpy: — mfl, ImW/_I — myand my — IijI.

T; =VPVILE a4V DV mg, 1B (=1)%(=1)% + 4VEVO sy 12 (- 1)%
! h " ATh h A iTh h oA i S (G.265)
@y, . _ 1\ 7! :
_ 16(Vf1 “Vf_l Imz llmy lmymy (=1) zIf].
s
Nominally I'j; has the same expression as I'z with the replacement fi = f, however differences in expressions

for couplings mean we have slight differences; the coupling combinations are now:

(1) _ 2 2

Ve =ag T+ By (G.266)
2) _ d d

Vi =P (G.267)
By _ W2 | W2

Vg =ap +B (G.268)

VY = af B D" (G.269)
2

Therefore the contribution is given by:
DO gD 3 QB 112 1y
Iz —(Vf,2 (Vf'z If2 4(Vf-2 (Vﬁ my |ij|If2( 1) +4(Vf,2 (sz |mz,-|mf1f2( 1)

(G.270)
- 16(Vg)yg)|mzi||mW]_|mfmf,I}~2.

67



Here the coupling combinations differ significantly depending on which way around the decay is being considered,

i.e. neutralino to chargino or chargino to neutralino. The following are fixed regardless of this:

1 _ w W 0; d W oW 116
Yo 2[ o BB o (1) ﬁzf Zfaf,ﬁf]< 1y,

Sih

(2) o o 0
(Vf/lf |mZ|ImW|[( 1) Zf Zf f/ ﬂzflﬂzflﬂf’ ﬁf]:|( 1)

3)  _ _ NG WaW | 1\0 116
(Vf’lfl = Ty [ﬂZfl Zf'B a,ﬂ +(=D) G’Z:ﬁ%fa'ﬂ -]( D% (=1)",

®  _ — 0; u 0; 0,
(Vf’lf] = —2my |lmy Imsmy [ﬁzﬁ X f,a + (=% Zflazfﬁ/ﬁ ]( DY (=1)%.

Meanwhile, if the decay is neutralino to chargino:

(Vji)lﬂ ——lmzlmf[( % a7 Zfﬁ ﬁzflﬂzf, ﬁl]

V= mpl |80 ¥ f+< Diay B B -1,

Vi = Imaimy [’BZfl’BZfI'B P l)eo‘z;ﬁ“%ﬂ“glﬁ?]’

Vg = e 10 1 o+ 1 B | 1)
Whilst if the decay is instead chargino to neutralino:

4 W W 6;
V= lmg g |o¥ oy ot B By g -1),

& W )

Vi g = ~lmwlmy [“ R O ﬁfIBZfl'BZfl]( D7,
©)  _ .. , gvvy:5~q~ W Wi _u B ra

Vi 5 = Tlmzlmy [ﬁf’ BiBs505, 5 + @ ;' & o B ffl]( D7,

(7) 4 d W W ou _1\9
Vin = lmilmy [“f/ i Zflazi.fl+ﬁf’|aﬁ’82ifl’8%ﬁ]( DY,

(G.271)
(G.272)
(G.273)

(G.274)

(G.275)
(G.276)
(G.277)

(G.278)

(G.279)
(G.280)
(G.281)

(G.282)

We also need the following integrals, note s = mé

+ m - 2imz|E, A = Vs = (my + my)?)(s — (mp — my)?),

= [mf + mévj + 2mz|E + (md — m?)(m?, = m)L + 2my 2L [E? = m?, - 2m;1] and B = [m; + m%/j +2lmz |E +

A
2 _ 2 2 o211 11 ) 3
(m3, = m,)(my, = m3)5 = 2lmz |45 |E mf sz ]

1 Eupper [2Imz |4 \JE? — ", + (m2~.] s —m3my, —mymy,)log(A/B)]
I~/ L = 4|sz| f dE g i J
1 mf

S_m~
e

Eupr (2|44 \JE? = m3, + (%, = 2lmg,E + ni, — m3, ) log(A/B)]
2 fi k J
B, . ==2lmy f dE

P 5= mfv

e [2lmz |21 [E2 - m?, + (m2~_1 - 2ImzE + m% —m7)log(A/B)]
L . =2lmy| f dE ,
i ' mp s — mf
; 1

dE s
mpr s — mf 1

Euper 2l |22 [E2 - m, + (m2~ —m3, —m7,)log(A/B)]
14 =2\my| f .
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(G.283)

(G.284)

(G.285)

(G.286)



Eupper [2|mZ‘|/l% 1'E2 - mf:, + (m2~ - mz - m )log(A/B)]
L, - =2lmy| f dE (G.287)

7 Z; )
I p s — mf’
Euper 10g(A/B)(s = m} —m? )
1? 7 = 2lmy, dE L, (G.288)
Jh my N WZ~,
I
Eupper log(A/B)2lmz|E
Iz,lﬁ = 2|mz,-|f dE S — (G.289)
my 7
Ewrer log(A/B)
8 _ _ g
I, 7 = 2lmg, f e — (G.290)
" i
The I', 7 contribution is then given by:
~ (1) I (2) g2 (3) 13 4) 74
rf/lfl _(V A f/lfl +(vf1f~1]f/1ﬁ +(Vf 1f11f " (vflfllf/lfl

(G.291)

(5) P 6) 56 (7) I (8) 18
(V 1fl f/lfl (V 1f11f/1f1 (Vf f f/lfl (V 1f1 f/lfl

Thel'; 7.I'; 7 andI' ; contributions follow analogously, they are given here as slight differences in the expressions
for couplings complicated the expressions.

Trin

O d W] 1

V= [ Zflﬂzfzﬂ IRALATS 'Bf]( D% (G.292)
(2) 0; o woW

Ve = |sz|mW|[( et - Zfaf,cv +By 2B B Y ] (G.293)
(3) (A W

Vi = GO mymy [Bz,c oy By @y — (~D"ay B o ﬂﬁh] (G.294)
(8) o; W w

VE - = 2l Iy [( 1 ﬁzflﬂzfz ¥ ol o Zfzﬂf,ﬁz] (G.295)

If the decay is neutralino to chargino:

<4) = 0 d W W _ ou W oW
Vi =7 Imzlmf[ @ -G Brag = z.ﬁﬁ%ﬁ“ﬁ,ﬁf;]’ (G.296)
(G d W oW o,
q/f,l mf’|mw|[( "By ;a5 oy af + Zﬁﬁﬂz’fzﬁ ,sz]( D%, (G.297)
(V(?’) —(= 1)9‘|mz |mf’[ ’BZfl’BZfzﬂf 7 a%ﬂadzﬁa;‘,’lﬂ‘g], (G.298)
(V(7) = |my. |m]"[( 1)9 Zf % ;Va,;‘z/ ﬁZf] ZleB B ]( 1)0 (G.299)

Whilst if the decay is instead chargino to neutralino:

fvfffh Imz,lm [( l)ejaw “Z i Zfz ,gf,ﬁ % ﬁﬁ%ﬁ], (G.300)
(V;S)] ;= —lmy Img [a,v"y ;V oy a’%fz - (_1)0fa}‘f 'Bgﬁ%ﬂﬁdzﬁ]’ (G.301)
VE - = lmzlmy [ B BYBY s~y aal B (G.302)
VD =gy [~ s o+ 1B @V ﬁg] (G303)
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The integrals are as in the f’, f case, with the appropriate mass replacements. Similarly, T 7,7 1s just the product of

each coupling combination (V}k,) P with each corresponding integral I}, A
1J2 1J2

Urof

(8)
Vion

0; 0, d w W u d W LW
= g g oy (=1 -1 |8 0¥ o =t Y Y.

1

If the decay is neutralino to chargino:

(V(l)

@
fah
e
fah
(4)
Vii
o)
fah
©
fah
(7)
Vis

Fah

d W oW
( 1) [ ZfzﬁZfl'B fl ﬁzfzaziflaf'ﬁfl]’

— _ d _

- |mz,.||mW,.|[aZ pa el ¥ - gy gt 67 BY.

= (=1 A= o BV o + ot 5L oV BY
=(=D mgmy [ Zifzaz'fl'g ’ a h + aZifz’BZifl af2'8f1:|’

. W od pW W 0 W aW
_|mz.|mf[azvf2a/z_f 7.ap + (=D ﬁzfzﬁd_faf,ﬁf],

0; w W 0;
=1 mfrlmwl[ﬁzfz ay s @ Zfzﬁdflﬁ,ﬂ ]( D%,
—(=1)Y woW 0; d W oW
(1) |y, [ Bzfzﬁzflﬁ o 4 (1)l af ol f]

gy [ 4 a0 1y et Y BT -1

Whilst if the decay is instead chargino to neutralino:

(1)

Fafi

(V(Z)

afi

(V(3)

afi
@
f’zf

(V(S)

Fah
©
fof
M
Fafi =

_1 wow d W oW 0;
_E[azlf"zﬂd Bra” +Bzfazfaf/ﬁ~](_l) s

1
6; d W W
= Iz llmig (=1 [“Zﬁazﬁaﬁz“ﬂ ﬁZfzﬂZfl'Bf"Bl]

woW

=— 8L ol
= Tmymy [’BfozaZiﬂﬂf’z af o+ 1B 5 f»ﬂfl

woW
~lmzmy [O‘f' @85 1055 + BB Zfz'BZfl]

W _u
= by lmp [af (AR 'BZfZ’BZfl]
W W _u
= Imzlmy [ﬁ B, ﬁZfz zi Y% o Pa

W ou d W Wou d
|mW by |:a,f' fi azfzazifl +ﬁf’zaﬂ'32ifz’32ifl '

(G.304)

(G.305)
(G.306)
(G.307)
(G.308)
(G.309)
(G.310)

(G.311)
(G.312)

(G.313)
(G.314)
(G.315)
(G.316)
(G.317)
(G.318)

(G.319)

Again, the integrals are as in the f7, f| case with the obvious mass replacements. L'z 7 is just the product of each

coupling combination (Vg(

Usoh

O _ i g I (=1 —1 [ O ot ol GV Y
Vi, = ~mz g, Imgmp (D" D" |8 (B o af = af s 187 B |-

) P with each corresponding integral I¥, P
2J1 2J1
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If the decay is neutralino to chargino:

Vo =%(—1)"" [—agﬁﬁ%f;ﬁ af + (1" ;o BY |, (G.321)
Vo =ty g -1 a0t o o -y 1Y Y], (G.322)
VL = mmame [ ~-18 o ;Vf“}v +a 16 s tB | (G.323)
Vori =—|mz.|mf(—1)9f[ ay o BT af = (~1'By B -l ﬁ;V] (G.324)
(V(;,ifz=—Mf/|mW|[( D% (- l)efﬂzﬁazf ay af +ay p B ,efz] (G.325)
VO = lmg g | <185, B3 B ¥ a%ﬁa%ﬁajv;‘fzﬁ‘g], (G.326)
VO =l g | 5 ¥ ¥ gy ot Y BY | 1) (G.327)

Whilst if the decay is instead chargino to neutralino:

Vo= _l[(_l)ej A S A Z] (G.328)
V= gl (D" |1 o o -y Y Y, (G.329)
V= mmy [~y Y o~y (G.330)
V- = gy 1 o oy o gy g (G.331)
Ving, = Imimp [‘”f 705495~ PP P ] (G.332)
VO = 1"y B BByt + el oy g, (G.333)

0 = g |- gt ot 4T Vg . (G.334)

The integrals are again as in the f, f; case with the obvious mass replacements and L'z 7 1s just the product of
each coupling combination V (fk) P with each corresponding integral 7%, P
J2J2 2J2

Ly
For this contribution the relevant coupling combinations are:

(V%/}fi =_(szw HW+Z Cﬁvzvv H+W*Z) \é/)ﬁ H*/"f"'mW,-lmf'(_l)gr’ (G.335)

Viow =Ciia ooz * Chn i) Cit pylmz gD D=1 (G.336)

(VS/)H* _(CWZW H+W+Z+C€VZW Wy 7 %%Vf"m%lmf(_l)gc’ (G.337)

Viewe == Clpy iz + Chig o) <5 Che I mp (DD 11 (G.338)

The integrals are as follows, with upper limit E,,,er3 = mm;zw(méfmév_,v_mi_mi’ —2mgmy), s = m%,eri'vj_z'mZilE ’
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2|mz |

A= \/(s—(mf+mfr)2)(s—(mf—mf/)2),ﬂ 2|sz+m +m —(m-_—m )(m f.,)/sandB— —2 Ez—mW
Eupers =3 AB+ (m3, +m)B
Lyye = 2lmy| dE — (G.339)
\mwj\ (S - mw)(s - me)
, Eypes 3AB = (m, +m3)B
Byype = 2lmy | dE - —. (G.340)
\mwj\ (S - mw)(s - mHi)
Eupers =3 AB + (m, = 2lmz|E — m;)B
Ly = 2lmy| dE . > , (G.341)
| (s = my,)(s — my.
) Eppers —3AB = (m3, = 2myz| - m7)B
Ly = 2lmy| dE / , (G.342)
YT (s = m2)(s = m2,)
So overall:
Tz = Vo Ly (D% (=D + VO B (D (=D + VO B+ VG L (G.343)
I'we

Here everything is as above but in the coupling combinations we must make the appropriate replacements w1L1/+RW+Z
W {?Z whilst in the integrals we make the change mpy: — mgoa50ne = mw. However because of subtle differences in

the definitions of the couplings, the overall contribution here is given by:

Twe = Viighve + Vivlive + Vil + Viighie: (G.344)
FWf’]
The coupling combinations are:
(1) Lo o0 W ;
Vigr, = ~2C5 2%, - \/_ | my ms(—1)%, (G.345)
Vior = ~2C52P25, \/_oz Tmplmg [(=1)%, (G.346)
(3)  _ HpR w; 0; 0; 0,
Vi = 2Cuzw ZﬁTaf‘( DY (=1)%(=1)%, (G.347)
4 u g
Vip, = CUMCE B, 15, Y g hmp (1), (G.348)
(ng,)f =4Ch @ ay 7 Tﬂ ~,/mf|mv'vj|(_1)9[, (G.349)
(6) L a W; 6,
Vwr, = "2Cuw; \/_ g Imz,lImy, |(=1), (G.350)
(7 _ L 1
Vivp, = 72CozwPyj \/zﬁf/lmf’mf’ (G.351)
8 u W ,. ;
(V(w} = 8C§vzwl5'z,. 7 @ﬁfn‘l Iz, momlmy [(=1)% (=1)%. (G.352)
(G.353)

The integrals are as follows with s = m% + m%v = 2lmz|E, A = /(s — (mp + mp)*)(s — (mp —my)?), A = m}z, + m}% +

A+B- 2m
2|mZ|E+(m~,—m )(m —m /s, B = 2|mz|/11,E2—m~,Z ABzm :

Euppers B+ (mf;, + mW - ZImZ_IE - m?) log(2)
L, =—2my| dE 1 L > : , (G.354)
7 " iy, s = my,
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Eupes B+ (m3, +mZ = 2lmz|E —m3,)log(Z)

. =2my] dE ,
Wi ' | s — m%v
B =2my) E"MdE[{ 2 o+ md — 1502 — 025(A+ B))(~(A + B) -
Wi, "z I | me mf mf' mW,‘ : mf’l ’ 2
Wi

1
2 2 2 2 2
~ ( +mi + o, +m, — 150, —025(A~ B)(5(A = B) -

1
2 2 2_ 2_ _ 2~ _ 2_
+(ml -+ my, = m3, m3, = m =) log(2)] prp

Eypes B+ (m%, —mi —mg, ) log(Z)

2lmy| dE 5 ,
Iy, | S —my,

4
wa/

Eupers B+ (m?, - mé - m?,) log(Z)
L5 = =2lmy) dE — — ,
1 ‘mW;‘ S — mW

Euppers (5 — m%, — m2) log(2)
dE S S

2 b
| s — my,

6 — .
IWf’l = 2lmy,|

Euppers D|m |E log(Z
JE Imz|E log(Z)

2 E}

I =2my|
|mv‘v,| S — mW

W7,

Eupper3 10 (Z)
8 _ B} g
IWf'l = 2|my,| - dEs e
Wj

Therefore the overall contribution is:

Cyp =V L + VO 2+ P+ 1

wicwin T Vwe et Ve dwe Y wr fw
() 45 (6) 6 (7 47 (8) 8
Vi vt Vg Bvp Vg Dwp = Vir Lwpy

FWf ">
The coupling combinations here are:

(V(ul/)f = 2Cy 7 7 5—:3 Imz,mp(=1)" (= 1),

Vigr. = 2Ci B \gf Ul =11,
(V;i)f = 2Cy 0%, i \/— f,j( D,

q/(vf/)f/z = —4Ci 55 j— f/!| mz|my:,

(v;s/)f = —4Cy @ r = \/— 7 mf""w (=D (=D,
Ve, =-2Ck, 0% 5 7 o Img lm, (=10,

D _ _apL NG 105176
(va'z_ ZCWZWﬁZifz \/E,Bfn;mf’mf( D (=17 (=1)",

(8) R 7 g
v SCWZWﬂz,ﬁﬁ

W, 6,
v B2 mzmem g |(< ).
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(G.355)

(G.356)

(G.357)

(G.358)

(G.359)

(G.360)

(G.361)

(G.362)

(G.363)
(G.364)
(G.365)
(G.366)
(G.367)
(G.368)
(G.369)

(G.370)



The integrals here are exactly as for W, with the change m 7, = mp,. AsaboveT'y 7 is then the sum of the products
of coupling combinations, V® and integrals, Iiv 7
2

s
%ﬁa the coupling combinations required are:
Vigr = ~2C70% - \/_ f’ImzllmW l=1)%, (G.371)
Vior = 205 ; \/—fW my, (G372)
(viff)fl _Scll;VZW'Bdf NGl ]| mz,mgmplmy [(=1)%(=1)". (G.373)

The other coupling combinations depend upon if it is a neutralino decaying into a chargino or a chargino decaying
into a neutralino, for a neutralino decaying:

Vi = =200 7% - \/_ f|mz|mf, (G.374)
Vi = =2C5mP5 \/— ag il (=11, (G.375)
Vior = 2w j— o, (G.376)
(V(;} = CSVZW'Béf NG f’lmz|mf( %, (G.377)
(ng} _4Ca/ZW 7 \/—ﬁ mplmy |(— Do (=1)%, (G.378)

whilst if it’s a chargino decaying:

(V;Il/)fl = 2C§v2wﬁ% 7i “?%Wzﬁmﬂ(—l)g", (G.379)
Vigh = 25, ,ﬁ,%’%mfflmwjl, (G.380)
Vir = ~2Cim %, \,—( D=1, (G.381)
Vi = 4Chi 05 -8 \/—""z m (=% (=1)%, (G.382)
(V(vi} = —4Cj 14/ zfaf \/—mf Ay I(=1)%. (G.383)

Then the integrals are exactly as for W f*, but with the changes my < mg, ms — mg. Ty is, as above, just the
sum of the products of coupling combinations and corresponding integrals.

The coupling combinations now are:
Vioh = 200y 5 malm =1 D, (G:384)
Vir =" Cfvzwﬁ;fz%ﬁfz]mfmf’(_l)er’ (G.385)
Vs = 8Cizby @ﬂﬁlszmfmff|mw,|(—1)”"(—1)9f(—1>9"- (G.386)
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Again, here some of the coupling combinations depend upon which way around the decay occurs, i.e. neutralino
to chargino or chargino to neutralino, for neutralino decaying:

(V(ul/} = -2C3w%,; \/— ’|mZ|mf, (G.387)
Vigr = 205255, jawmflmw I(=1), (G.388)
Vior = =205 725, f% o, (G.389)
(V(vyf ‘4C€vzwﬁ§f2% ~’Imzlmf( D%, (G.390)
Vigr =4Ch95 \/—ﬁ mplmy [(=D% (=17, (G.391)
whilst if it’s a chargino decaying:
Vis = 20585 \/—|mz|mf( DA (=11, (G.392)
Vigh = 205225, fzﬂgw 5— mylmy [(=1)%, (G.393)
Vi, = “2Ci a5 \/—( D=1y, (G.394)
Vi = ~4Ch zhﬂf \/—Ilemf( DA (=1 (=D, (G.395)
Vi = 4ChB5 1y \/—mf mig J(=1)" (G.396)

Then the integrals, and indeed the overall expression for I'y, 7, are just like that for W f1 but with the expected
replacement mj — my.

rHrG

The coupling combinations are:

() _ L L R
(VHt = Wowz@hewez T ‘”GWZ‘”H+W+Z’ (G.397)
(2) L R 0; 0;
Viee = (wGwsz+w+z + wGWZwH"W*Z)( D* (=17, (G.398)
(3)
Vidlo = CorpChreppr + Clopp Clte o (G.399)
(4) _d U d
Vi =CorpCrspp + fo Clpeppo (G.400)
and the integrals with s = mé + m%/j = 2lmy|E, A= \/(s - (my + mf/)z)(s = (my - mf,)z) are:
Evupper3 A JE?* - m%i/
L = 2lmy | dE —, (G.401)
O gy s(s = miy)(s = mi)
g =2my) [ N £y ) (G.402)
o = 2|my, , .
G g, s(s — m3,)(s — m3,.)
. s 2Imz |4 (JE? = m, 2|my |E
Lo = 2lmy| dE ! , (G.403)
S s(s = mj,)(s = my,.)
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Euppers 2lMz |2 [E? — mévj(s - m} - m?,)2|mzi|E

It = 2lm;| dE (G.404)
T D S(s = m3)(s = miz.)
The overall contribution is then:
Tiic =Vl Vil = 2Vile Vipgmmp Ly + 2V Vi glmzlmy | . G405)

2 4 .
— AV Vi glmzlmy Impmp L. o (=1)%.

|
S

Here the required coupling combinations are dependent on whether it’s neutralino to chargino or chargino to
neutralino. For a neutralino decaying:

(Gl; - _(“’Gwz a ; fo'ﬁ e 2, fo'“f,) (G.406)
(Vi;z} :_(wGWZ'BZfICfo’ﬁ/ +wGWZ szfo’a )mf|mz| (G.407)
(Vg} = Weh %fﬁcéff'ﬁ ot Vo, fCfo'a/f' )(=D)fmplmy |, (G.408)
(Vg;' - gWZ'BMZ-ﬂCéff'ﬁ_?i tw Gwz“z fCfo'“f, Ymrmz|, (G.409)
(VS} - (wéVVZﬁmZﬁC'?;f.f'ﬁv:‘f - (=D Wewz szfo/af, )mf|mW,| (G.410)
fv(g} = (=) (Wl fCéf,ﬂv:V,’l' + WPy fCfo,a 7 lmzlmy, | (G.411)
Vor, = ~Wenz% "fo'ﬁ'f” +wéVVZﬁ%fCfo’af/j)mf’mf’ (G.412)
(VE:S} = 2wy, ZfCfo’B (=D GWZ'BZf fo,af, Dlmz,mpmylmy |. (G.413)

For a chargino decaying:

(1) [P o
(VGf’ :_E(wcwzaZf fo’ﬁ' + (D70, GWZ'BZfCfo'af') (G.414)
V(sz)‘ = (Wnz9%; fo’af/: + (=)W B - gff’ﬁ~j)mf"|m2|’ (G.415)

S;l = (‘“Gwz“zfccff'“v:v + (=1 wigPy - foﬂ DD mylmy (G.416)

(04}' = (wGWZ szfo’a/v”V +(= ])glwcwzﬁzf forﬁ , )mflmzl (G.417)
VO = (1,0 Chal) + Wy By éff/ﬁa’)mf/lmw.l, (G418)
VO, = (D@ Cly B+ B Cl vt img . (G419)
(Vg} = (Wg2%% 7 fo'ﬁ{ + (=1 w8, fc?;ff/a;/)mf/mf, (G.420)
(V(Gg)f =2((— l)eijWZauZ-ﬂCdef’ﬁg: +“’év”vz ;fl fo,af, Dmz,lmpmylmy |. (G.421)

The integrals necessary are, for neutralino decaying with

s =m3 +my =2Amz|E, A= (s = (np +mp))(s = Gy —mp)?), A = m3

2 } 2 _ 2 2_ 2
+my, + 2lmz |E + (mZ,- mWi)(mf mf,)/s,
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($(A+B)-m?, )

— s 2 _ 2
B =2|mz|1/s  [E* —m% ,Z Ta-mat, " given by:
Ewpers  2[SB+ (Mm% s — m2 m% — m2,m> )log(2)]
PP ’ f f .
1 =2my dE L W, : (G.422)
e ' I | s — m2
W w
Euppers B+ (m}, +m? —2lmz|E ~ m}%) log(Z2)]
jéf, = —2lmy| dE ! ! 5 , (G.423)
! |mﬁ/j| §= mW
Eupers B+ (m}, + m% —2lmy |E - m},) log(Z)]
Iy =2imz) dE — 5 ; (G.424)
|mv“vj| N mW
Egpes B+ (m%, —mi —m, ) log(Z)]
I, = 2lmz] dE — — , (G.425)
Iy, | §—my
Epes[B+(m%, —m3 —m3,)log(Z)]
Iéf, = —2|my | dE 21 5 , (G.426)
1 |ij| N mW
Euppers (8 — mi - mzf) log(2)
I 7 = 2lmy) E > , (G.427)
! Iy, | § = my,
Euwpers 2|m |E log(Z
I = 2imy) pralbloe?) (G.428)
Iy, | § = ny,
Eyppers 1 7
I, =2my) &) (G.429)
[my | s - My,

For a chargino decaying the integrals have the same expressions but one must swap integrals 2 and 4 and integrals 3
and 5. The overall contribution is the product of each coupling combination with the corresponding integral:

_ —_y gl (2) 2 (3) 43 ) 4
IﬂGf’ (VGf IGf’ (VGf IGf’ (VGfIIGfl (VGf]IGf' (G.430)
+ VO P sy o Do qp® s '
Gf',"Gf", Gf',"Gf, Gf, Gf", Gf',"Gf

FGf'rz
Again here the coupling combinations depend upon if we are considering neutralino to chargino or chargino to
neutralino, for neutralino decaying:

o = = DD 0 Ll By + By 5 Clogpy (G431)
Vg, = D" (wcwzﬂgﬁ(:éffﬂw - fCfoa:/)lmz_Imf, (G.432)
VG)*/ = ~(Wgy%, fzcéff/ﬁv;j - Gwz“z fZCfo’af/ ymlmy |(=1)%, (G.433)
(Vg;/ = (v GWZBZfZCdefﬁ/ - (=D Wewz Zf GFf CVf, Nmzmy, (G.434)
(V(GSJ)‘ = Weshy ff"B*/ +“’gv‘vz“”zfCéffﬂf)mflmw.l(—l)g’; (G.435)
Ver = Wgyz04 :Chpy ﬁf, — 1l B - Gl | (G.436)
Ver, = [FCD 0l 0 - foﬁ +wGWZﬁZﬁC‘éffaf, Impmy, (G.437)
(VS} = 2wy, ZfZCfo’ﬂ (=D wzﬁzfzcdaff“ ]lmZ|mf’mf|mw| (G.438)
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whilst if it’s a chargino decaying into a neutralino:

(1)

Gf, —

(2)
Ve .

(3)
Ve 7,

(4)
% GFs

(5)

Gf',

(6)
V. 7,

(7)
V. 7,

(8)
V. ,

0; U
Slw WZﬂ 7 Clyp @ (<1 wig e 2 C?;ff'ﬁz Pl
0:
—((=1 waWZ ' Cfo,chf + wGWZ,Bf,’Cfo,,B lmgz |my,
R 0
= (wGWZaf, C’fo,azf +(-1) /wcwzﬁ . Cfo,ﬂZf )mflmwl

9, W
= (=D ijWZ 7.CorrGy + GWZﬁf/ fo’ﬂzﬁ)|m2|mf’

0
= ~(Wgyi;) Cg?ff’a“ ;T (D ""GWZ'B/Céff"g%,ﬁ)mf’WW/L

W, 0
- [wngﬁf/ Grp @5+ (1) /a)GWZ {4 Cfo,ﬁZf]ImW llm |,

0
=-1¢=D JwGWZ'Bf' C(éff’aZfz Wz 7, Cfo"Bzf Imgmye,

R 0
:_2[%%540;’;”,@2 LT Diwk, f,chff,ﬁZ lmpmplmy mz).

(G.439)
(G.440)
(G.441)
(G.442)
(G.443)
(G.444)
(G.445)

(G.446)

The integrals are exactly as for G f7, but with the change mpz — my , and similar changes produce the overall

expression for I'; 7 .
FHif’/]

Here the couplings required are dependent again on which particle is initial state and which final state, for the
neutralino as the decaying (i.e. initial state) particle:

0
Hifll
@)
ey
3

<
=
|

,\:‘
o0
&
Il

L
= Wy P77 H*ff’ﬂ +‘”H+w+

;R U j
= D" 85 Che By — 0

0; at
[( D%w H*W*Z Zfl H*ff"B +wH+W+ZBZf1 H*ff’a/ff]

R
(wH*W*Z'BZ fi CH*ff"B " -+ wH+W+za2ch*ff'a'f/ )|mZ |mf’

;f' ;‘{+ff/a/f/ )mfllmw |( 1)
W L )
H+ W+ %fCuH+ff/df,/]|mz|me,

z
L R
~(Wyey B, H+ff,/3, o2 5.7 Cire s ,,af, Dmglmg [(=1)%,

0;
D"} e a ; H+ff,/3 +a)H+W+ZﬁZ fCH+ff,af, limg,limy |,

R
(('UH*W*Z szCH*ff’ﬁ/ +wH+W+ZﬁZf,CH*ff’aff ympmy,

6
=2(-1)% [wH+W+ZaZfCH*ff"3 "+ w H+W+Z ;fC;’Fff,a/f, ImZIImW lmpmy.
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(G.447)
(G.448)
(G.449)
(G.450)
(G.451)
(G.452)
(G.453)

(G.454)



If the initial state is a chargino:

Vil = ( D% [wH+W+Zﬁf, ey + (D00 D Cl By, (G.455)
(Vﬁlf,f[wbm &5l oy 1+ (< B Cl By Nzl (G.456)
Vils ——[(—1)9wa+W+z“f/f ;1+ff,cu%ﬁ+a)H+W+Zlgf’-: Yo By Il | (G.A457)
Ve, = —[wgwaﬁf‘% 1 DGR B Ch By Nz my, (G.458)
Vil =l Dk 0 7 Clrepr @ ; wgw‘”zﬁf, e By 7 I Imiy | (G.459)
Vil = wH+W+Zﬁf,’ ey + D0y Chp By iy i | (G.460)
VoL = D g B Chy s 1+ @Ry g0 Cli By Vg, (G.461)
. p= —2[w’;+w+zﬁf,’l Clpe @3, + Dok, .0 f,-: Chy- 7By 7 Imsmplmy llmz . (G.462)

The integrals required are exactly as in the Gf’; but with the expected change my — my=. Ty 7, 1s then given
exactly as I'g 7 .

Uy,

chéoupling combinations now are, if it’s a neutralino decaying:
VL = Dt s B+l Byl ), (G.463)

O = @ B nCote B = 0y - Cote s gz (<1, (G.464)

Vo = LD g B Cot B+ chV-f,af/]mf/lmm, (G465)
Ve =l B ﬁcgff,ﬂ Wy Hw,af, Nz lmy, (G.466)
Vo = @k By Cle By = gy, Cle ) gl 1) (G.467)
VO = (@l it B, (—1>9wa+W+Zﬁg,~.2 Clye gy, limzllmiy . (G.468)
Vi = D g, 2 Clie By + @By, ﬁcgff,a mpmy, (G.469)
. =2 D [~wy. .50  Clie fﬁW/ XA, 4 fCZ+ff,a iz llmy |m gy (G.470)

Whilst if it’s a chargino decaying:
v :l[(_l)a.fwg+w+zﬁ?f s+ O, Clr B ), (G471)
Voo = A 0,00 iy -+ 6 B Cli By Nzl (G472)
Vils, = O 7 Clre gy + (—1)9/0)H+W+Zﬁf/’ Clhe B mylmyy . (GAT73)
Vil =l 1)%H+W+Zaf, Cly @y o + iy B ,ch+ff,ﬂZ 2limzlmy, (G.474)
Vo = AW gy Cls oy o+ (<Dl B Cli B Il (G475)
VO = @y By Clte iy, + <—1>9fw,,+w+zaf/c%,-f,ﬁ;‘_ﬁ gyl (G.476)
VoL = D 0k B Chy s o+ Ry, Cli By Impmp, (GATT)
"Vgif, —2[wH+W+Zﬁf,'CZ+ff,a + (- l)ewa+W+Zaf, CH+_,-f,ﬁ%if~2]mfmf/ImW/HmZiI. (G.478)
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The required integrals are as for Gf’, but with with the mass change my — my=. Similarly, Upp, is given

analogously.
FGf'l

The coupling combinations here again depend upon if it’s a neutralino decaying or chargino decaying, if it’s a

neutralino decaying:

(1)
Gh

Wy

G
Vi

R

_(wGWZafZ

ch,,a + (-1

0
Sl GWZ'BfIZ f’a D g szfo’ﬂ 1,

6w iP77.Car1P 1/ lmzlmy,

= (1 gy fZCfo’af‘J+“’Gv"vzlgfzc(u;ffﬂ-j]mflmv*v.l,

R

0
= (W@ fzcéff’a~ - Do GWZ'BfZCfo’ﬁ ’)ImZImf,

= —[(-D"wk;, chfo,a +wGWZﬁd chf,ﬁJ]mf,|mW|,

= -l Gwzﬂfzccffraw
=~ 5 ooy — (- 1)9

o
2[(=1)" Gwzﬁd fo,a' T+

Wz szfo"B Nmg,llmy |,

Wewz fZCfo"B Dmypmyg,

wcwz“ﬂ 7CosrB flj limz llmy, lmpmy.

On the other hand, if it’s instead a chargino decaying to neutralino:

M _

Gh
2)

9 L W d
S0 "wcwzﬁ~’ Grr gt

w;

R W;
Yowz"} Corr Bz

1Z

1= l)eijWZ Cij"‘7ljfz+“’c7wz 5 éff’ﬁd limzlmy.

_ 1 0 4
=-(w GWZa/f Lfo’a (=D lev‘vzﬁ /Cfo’:BfZ)mf’lmW|

W,

GWZzZ

GWZ"

= (W GWZﬁ

GWZ
WJ

GW.

Wk _a" ’Cfo,+( Diwk . gY

(=Dt 7% fo,a 5 +‘”Gwzﬁ~jCfo’ﬂfZ»]|mZi|mf"

7 Cfo,,BfZ Imylmy |,

0
Mfo'a’fZ"'( DY wg e f foﬁ(;czﬂmw [z,

0; d
(=D w87 v Grp @G + Wapz "jcz?ff’ﬂf‘ PALTLE

W;
= 22[wh ~ZB /Cfo’afZ + (= ])ijGWZa/f/Cfo’ﬂfZ]mfmf'|mW [lmz.

(G.479)
(G.480)
(G.481)
(G.482)
(G.483)
(G.484)
(G.485)

(G.486)

(G.487)
(G.488)
(G.489)
(G.490)
(G.491)
(G.492)
(G.493)

(G.494)

The integrals are exactly as for Gf’, except you must swap myp & myand my o my. As for G f7,, for the case of
a chargino decaying to a neutralino you must relabel integrals such that integrals 2 and 4 are swapped as are integrals
3 and 5. The I';y is then given analogously to I'; 7 ~as the sum of the products of the coupling combinations with

corresponding integrals.
o
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Here the coupling combinations are, if a neutralino is decaying:

Vor, = ‘%[wngﬁ%zcdffﬂ% + (=D w04, éff’ﬁv:vj]’ (G.495)
fvgj = [wf o chfo,a '+ (D w87, fo,ﬁ Nimglmy, (G.496)
VS} = (D' Gwz(’szfo/“ +%wzﬁj%zcéffﬁ < mglmy |, (G.497)
(Vg}z = ~lwgy; sz ff'a T+ (D) GWZ'B?ZCfo’IB Nmz,lmy, (G.498)
(Vg}z =[(-D GWZafZ fo’“f +‘”c;wz'8szfo'ﬁ mplmy, (G.499)
Vop = (D Gy, ”Cfo'a +wcwzafzccff,ﬂ~’>|mzi||mw,|<—1>9-f, (G.500)
Vor = Wbl éff’a/fz] + (=D w4, Cfo’ﬁ Nmpmy, (G.501)
(Vg}l = 2[(_l)giwéWZ'B%Z,Céff’aZj + wGWZaﬁziCéffﬁf;]|mZi|mf'mf|mW]|(—1)9j. (G.502)
If it’s a chargino decaying:
q/g} = _l(_l)e/[%wzﬁ;v/ Grr %7~ Wewz ;VICfo/ﬂﬁZ] (G.503)
(V(sz)cz = —[wh Wewz®;, CfoerZ (- I)GJQ)GWZﬁ fo'le'Z-]lmZ|mf’ (G.504)
(V(GS} =1 l)(JILL’GWZ ~jcéff/afz GWZﬁ CforﬁfZ]mf'lmwjl (G.505)
vg‘} = (w Gwza;v, @y + (= 1)9/wGWZﬁ 1Cl Bz Imy, (G.506)
Ve = —[(—l)é'waWZa Ch iy + wGWz,Bf._z’ B Imlmig | (G.507)
(v(Gé}z = lw gWZ[’)W/C”fo’a’fz +‘”Gwz ;V fo/ﬂ%zi“mW,HmZ,L (G.508)
VI =~ ehy By Clrpat, +wGWZachg 1B mpmy, (G.509)
(vg}z =2[(- l)f’fa)GWZ,B ICErp s + wéwzagfcéff,ﬁ% dmgmlmig llmy)| (G.510)

The integrals are exactly as for Gf, except you must swap my < myand mp, < my. As for G #,, for the case of
a chargino decaying to a neutralino you must relabel integrals such that integrals 2 and 4 are swapped as are integrals
3and 5. The I';z is then given analogously to I';#  as the sum of the products of the coupling combinations with
corresponding integrals.

FHtﬂ
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Again couplings depend upon which direction the decay occurs, if it is a neutralino decaying the couplings are:

)
H* fi
@
H*fi
(3)

Hif

(4)
V. P

p = lw

d i
= [ +W+z'82fICH*ff’0‘f + Wy 7.5.Cu P

_ R
- [wH‘fW*Za'Zf CH*ff’ af '+ ‘”H+W+Z'Bd H*ff"B

W
= (k. ey @ Clppa +

H*W*Z" Z, ] i

Wi
ﬁ ]’

ime lmg,

d J _ 0;
Wy 255, i ng,ﬁ 7 mlmg (= 1)°,

— R d W, -
- ("-)H+W+Zazf CH*ff’a, + wH*W*Z Zf uH+ffﬂ~j)|mZ_ |mf,

0; d
[( 1) H*W"‘ZaZf H*ff’a,f +wH+W+ZﬁszC[{]+ff’B ]mf’lmW|

~a- - +

; W
=[=D"w H+W+z'82fCH*ff’af - H+W+z 77

R
i 5% H*ff’a/ ;

= 21w

Whilst if it’s a chargino decaying:

-

@
H*fi

(3)

H=f, —

- = —|w

o= (W

74
( 1)0/ H+W+Zﬂ /CH+

(1),

A
R

Hew7% f H*ff'a

- = WY Clh f,a

H*W+Z

_ R
i _Z[wH+W+Z'B CH*ff’a

!
CH*ff’azf + w

HYff ,3 |mz ||mw l,

6,
- (=D'w H*W*Z ZfC(I{Fff'B Tmypmy,

W; R d
H+W+zﬂZfICH*ff’af _wH+W+ZaZf]C ff'ﬁ ]|mZ||mW|mf’mf'

W/
f’a f H+W+z fi CH*ff’ﬁZf,]

H*W*ZB

H+fflﬁzi.fl ]lmZ,. |mf7
U 0 N
P ijH*ff’a’Z F DY B ﬂJC‘fiﬁff'ﬁ%, Amplm .

0 W, R W;
= l)ij*W*Zaf/ uHU‘f' Zifi +wH*W*Zﬁf]CzI+.f.f'ﬁ§iﬁ]|mzi|m‘f/,

-+ (- DG/wH*W*ZB : g*ff’ﬂziﬂ)mﬂmwjl’

(= D%wk

+(-D%wk

H+W+za'f 'C

W;
H+W+Z f/CH+ff/ﬂZf')|mW||mZ|,
— 7
7o _[( 1) ]a)H+W+Zﬂ H+ff/azf + wH*W*Z f]CH+ffﬂd~ -]mfmf/

H+ff,,3%_ﬁ Imgmgmy limz,.

(G.511)
(G.512)
(G.513)
(G.514)
(G.515)
(G.516)
(G.517)

(G.518)

(G.519)
(G.520)
(G.521)
(G.522)
(G.523)
(G.524)
(G.525)

(G.526)

The integrals and overall contribution are given exactly as for H*f, but mp — mpz. Remember the integrals’
labelling depends on whether it’s a neutralino decaying (to a chargino) or a chargino decaying (to a neutralino).

FHifz

The coupling combinations again depend upon which way around the decay is occurring, for a neutralino decaying
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the coupling combinations are:

Viej, = —%[w’iﬁvmﬁ}’;aCiﬁ ey + o0, Ch ff,ﬁ”-vf], (G.527)
(Vl(ji"z - (wfl*W*ZafZCH*ff’a +‘”H+W+zﬁdzcclli*ff’ |mZ Iy, (G.528)
O = LWl g L, Gl @)+ 6 B Cl B gl (=1 (G.529)
Vi = _[“)IISFWZQ?'ZCH*ff’a ; +‘”H+W+z:3,f-z H*ff"g Nimz, my. (G.530)
Vil =D g fzcmf,af +wH+W+ZﬂfZCH+ff,ﬂ U my |, (G.531)
(ijl-f—[wipwzﬁ;izdﬁf,,af + W@y H+ff,,8 gl [(=1)% (=17, (G.532)
= [wgmﬂfzzc;;w,a +‘“H+w+z hzc;’ﬁff, Impmy, (G.533)
Vi = A g Bl @y + gl Cl B g gy | -1). (6539
If it’s a chargino decaying:

Vi = %[MZ+W+ZﬂW/Cu+ pt, + DR g ViCd B (a (G.535)
Vo = A0l Ch s, = (10 ,Wzﬁ ey B mzlm), (G.536)
(iji; == l)gij+W+za;V] uH*ff’afz w§1+w+z H*ff’ﬂd ]mf'lmW/| (G.537)
Vil =(wz+w+za?/’ et fzi—(—1)9fw§+w+zﬁﬁ-’cd+ff,ﬁ;zz_)|mzi|mf/, (G.538)
V) = D00 Che @, + gy B Clie B gl | (G.539)
(VSifz = (“)Z+W+Z'BWICH* f’afZ +wH+W+Z ;V/C?i*ff’ fz)|mW ”mZ| (G.540)
VUL = D0k Y Clre it 4 6,0 Cl B T, (G541
(V(Sifz 2[(- 1)e,wH+W+Zﬁf Trepp g~ ;Maﬁfc,‘;ff,ﬂﬁz]mfmf,|ij_||mZ,|. (G.542)

The integrals and overall contribution are given exactly as for H* f*, but m 7, — my,. Remember the integrals labelling
depends on whether it’s a neutralino decaying (to a chargino) or a chargino decaying (to a neutralino).

Ff "

Here the coupling combinations for the interference of the two positively charged sfermions depend upon whether
the decay is neutralino to chargino or chargino to neutralino. For neutralino to chargino:

(1) _ (U i u u 100

Vi 5, = BraPrz * 55252) DY (G.543)
@ o pu v "

Vi, = (aTﬂsz + B 5@, ) (=D, (G.544)

VD, = a5 (G.545)
(4) — Wf W./ _ W; INC_1\0i(—1)\0)

Vi, = Bp o, af'l f/)( DYDY, (G.546)
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whilst for chargino to neutralino:

(1) _ Wj Wj W Wj 6;
Vip, = PpBp, + g @p D7 (G.547)
(V}%)f, = (_1)9/a‘ffﬁ~,f _(I*,I,Bn/’ (G.548)
2
3) B 6 qu
gy = G205 + CUVBL, Bry), (G.549)
(4) — (M U 0; u
Vip = CaBrs + CDVag,575). (G.550)

The integrals are as follows with s = mZZ_ + m? —2|my|E and A = \/(s — (mg +my 2)(s = (myp — my, ):

L
upper pi
. =2ms 2lmy | \|E* — m?, , G.551
rops = " T ss = m2, (s = mj, ) (@230
1

Wlf/

(s—mz—mz~ )A

Eupper f
B . =2m~,f 2my| B> = m2, , G.552
pop, =2l ], 2l s(s = m2, )(s =mj)?) (6332

!

upper 2|mz|EA
L. =2 f 2my | |E2 — G.553
f1f |mZ| lmZ' s(s—m )(s—mf,)) ( )

y Evupper (s — mf —m> )ZImZ_IE/l
Ik . =2\msy 2|m5 1/Ez—m . G.554
rops = el e s(s = m2, )(s = mp, ) (6239

Wlf/

Now if it’s instead a chargino decaying, as described before, swap the chargino and neutralino masses throughout, but
also here you must relabel the integrals I2 . oD Also for a chargino decaying one must interchange m; and

/2 iviey
my. For a neutralino decaying:
(2) (4) (2) (3)
Uy op,=— (szf (Vf fZImZIImWImfmflf, 7, (szf "V ImZImf PR
Y g R VOB (G.555)
Fafty " Fafts W, e oty TPy Pl
I'ra
For this interference contribution the coupling combinations used are as follows:
(D _ Oe 1Y
Ve =-l-)"a Zfl o 5 + B3 5 117, (G.556)
(2) o; _od pd 1_1\0i(_1Y
VO = (=18 - = B 1D =D (G.557)
}3} 1BYBY - af 11", (G.558)
1J2
@ _ _ AN
(Vﬂfz—(aﬁﬂﬁ ﬁaﬁ)( 1)%. (G.559)

The integrals are as follows, now with s = mé + mf, —2|my|E and A = \/(s = (mp —my))(s = (mp + my,)?):

Euprer‘Z
no=2my,) [ dE2| AR = S N (G.560)
i Z my f(s—m )(s—m ) ’
2 2
Eupperz 2 s—mz —m,
2 = 2my| a2 ’|/11/E2—m —n (G.561)
hh N I (s = m (s = m )
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X Eupperr— 2|m | > 2|lmz |E
B, =2my| f dEZE [ — AT (G.562)
2 mys s ’ (S—mﬂ)(s—mﬁ)
Euperr 2y | 2|myz |E(s - mév - m?,)
It =2lmy | dE—"A[E? —m} ——— (G.563)
hh ' my s (s—m~)(s—m~)
i ji)
The expression for the overall contribution as a product of these couplings and integrals is:
e [ ey D B A a1y D @ 2
T =-[=D*-1 VOV + 2DV VD mglmy 17 ¢ Gsoh
1@ ® 11 13 @ p® 1 - gL '
2DV Y plmzlmy L g + 4V Vs malimi lmmy Ll

It should be noted the partial widths of the decays Z; — Wj f'f and the “reverse” decay Wj — Z;f'f may show
strong dependence on the quark masses taken for kinematic masses and for the running masses (which is used to set
Yukawa couplings), of course depending on the details of the exact spectrum considered. These mass choice effects,
along with the fact that sPHENO allows (small) mixing in the first two generations of sfermions whereas it is neglected
in SOFTSUSY, can cause larger differences between SOFTSUSY and sPHENO of around 25%. If the same mass choices
are made and sPHENO’s small mixing angles inserted by hand into the SOFTSUSY code then these differences are
reduced to around 10%.

Appendix G.3. Chargino 1 — 3 Decays

Wj i Zif'f

It is detailed above in the formulae for Z; — W;f’ f how to adapt the formula for the chargino decaying into the
neutralino rather than the neutralino decaying into the chargino.

Appendix H. Decays to Gravitinos

In certain SUSY-breaking scenarios, particularly gauge-mediated SUSY breaking (GMSB), the gravitino can be
very light and therefore may be the Lightest Supersymmetric Particle (LSP). Moreover, the gravitino has longitudinal
components from the goldstino which couple much more strongly than gravitational strength, this therefore provides
interactions relevant to collider phenomenology, resulting in gravitino-SUSY-SM couplings that affect collider sig-
natures, when the gravitino is the LSP. Consequently Next-to-Lightest Supersymmetric Particle (NLSP) decays to
gravitino LSPs may be of interest and are included within our decay calculator program SOFTSUSY. The following
decay modes are relevant when the initial SUSY particle is the NLSP:

1. 2 -G
gi = qG
- 1G

7 —» vG
Z,—>ZG
6. Z; = ¢G

kv

Decays of Higgs bosons to the gravitino are not relevant as there are always other decays available to the Higgs
(whether h or A) which dominate its branching ratio, for example even a Higgs boson were the NLSP then decays to
vy would be available and occur much more quickly than the Planck suppressed decays to gravitinos. The formulae
used were rederived but nonetheless are as provided in [41]]:

5

'@ — gG) = —2*” —- (H.1)
487m GM 5
. (mZ —mg)*
I'G—q¢6)= ——. (H.2)
487rm2méM;fd2
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I,

I'(Z; - yG) = W[NU cos By + No; sin Oy ]°. (H.3)

T~ re

G P

(2 — 2!
~ ~ 7 . 2 . 2
I'Z; - ZG) = [Z(Nli sin By — No; cos Oy)~ + (Ny; sin 8 — Ni; cos 5) ] . (H.4)
9672 M |y
L memy

F(Z, g ¢G) = d SCh/H/A’ (HS)

O67m? M|y
where
N4 cos @ — N3; sina, for h,
Ch/uja = { Ny sina + N3; cos a, for H, (H.6)
Ny cos 8+ N3;sin 3, for A.

red _ Mp 18
Note that M = ‘/g~2.4><10 GeV.

Appendix I. NMSSM Decays

Only 2 body decays have been included in the NMSSM, this does however include the important loop decays of
the neutral Higgs bosons to yy, Zy and gg, as well as QCD corrections to the neutral Higgs decays to ¢gg and gg.
We do however include the decays ¢ — WW* — Wf'f and ¢ — ZZ* — Zff[| Note that throughout S (A, B) is
the now 3x3 CP even Higgs mixing matrix and P(A, B) is the 2 X 3 CP odd Higgs mixing matrix (with goldstone
excluded). The additional NMSSM variables include A (distinct from the A(A, B, C) used for kinematic part of decay
widths given above), x and p,ry = L\/S; The conventions used for the NMSSM decay formulae were detailed earlier in
section@ with differences with respect to the SOFTSUSY NMSSM manual [3] noted. The conventions are those of
NMSSMTools [13| 14} 27, 28], against which the formulae were checked for consistency and which provided a useful
guide.

The NMSSM simply involves the addition of a gauge singlet chiral superfield to the MSSM, therefore the NMSSM
has an additional neutralino, additional CP even neutral Higgs and additional CP odd neutral Higgs, therefore any
decays not involving the extended neutralino or extended Higgs sectors are as in the MSSM.

Appendix 1.1. CP Even Higgs Decays

First the decay to a fermion and anti-fermion, with no QCD corrections (QCD corrected formulae given later

in [Appendix ).

~  NGpmy, , m; 3 ANMSSM
T(hi > ff) = ——=—Lp2(1 — 4—L)* AYMSSM LD
\/5471_ 4( mi ) hiff
where Sl
ANMSSH _ Sgr’;ﬁ) , for ‘u’-type fermions, 12)
hif f _ché,z(s)’ for ‘d’-type fermions.

For squarks of the same handedness of the first two generations (so no mixing and negligible quark masses) the
decay widths for the CP even Higgs i (i=1,2,3 are mass ordered CP even neutral Higgs bosons) are

Ne <1
A2 (mpy,, mg, s Mg, )C?, 1.3)

T(h; = GrjrGrir) = Tomm,
;i

5The decays ¢ — WW* — W' f and ¢ — ZZ* — Zff, whilst strictly being 3 body, are classified as having NDA (Number of Daughters) of 2
according to SLHA conventions.
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where

1 tan By \ro: . . m2S (i,1)

g(mw(i - = OIsinBS (i, 1) — cos BS (i, 2)] - = Smﬁ) , for up-type LH squarks,
m2S (i
C g(mw(—% - tanz%)[sinﬁS(i, 1) — cosB3S (i,2)] — m:’VSC(O’j;) , for down-type LH squarks, 14)
- m2S (i .
g(%mw tan® Oy [sin BS (i, 1) — cos B8S (i, 2)] — —m‘évss(mlﬁ)) , for up-type RH squarks,
m2S (i

g(%lmw tan® Oy [sin BS (i, 1) — cos BS (i, 2)] — mi’vsc(ofé) , for down-type RH squarks.

For sleptons the same formulae apply but without the factor of 3 in the pre-factor from N, and with the coupling C
now (note “down type” here means the charged sleptons (i.e. sleptons of the electron, muon, tau)):

g(mw(% + %)[Sin BS (i, 1) — cos BS (i, 2)]) , for sneutrinos (i.e. equivalent of up-type LH),

m2S (i
C= g(mw(% - @)[sinﬁS(z’, 1) — cos BS (i,2)] - mZVST(osz;) , for down-type LH sleptons, (L5)
g(mw(tan2 Owl[sinBS (i, 1) — cos BS (i, 2)] — Zivsc(é’:;) , for down-type RH sleptons.
For squarks of opposite handedness:
- ~ Nc ~1
T(hi = Gu/rdrin) = Gy, (M Mg )D?, (L6)

where

2my sin B 85(i,3)

£ [AgS(E,2) — pespS (G, 1) - ﬁ%ﬁ;‘ﬁ] , for down-type squarks of different handedness.

D= { 2 [A,S (i, 1) = terrS (i, 2) — AM] , for up-type squarks of different handedness, an

2my cos

For the decay to two sleptons with different handedness then we can use the same formulae as for two squarks of
opposite handedness above but dividing by 3 to account for the fact sleptons aren’t coloured (i.e. no factor N,). Note
as only LH sneutrinos exist, only decays to charged sleptons of opposite handedness are possible, i.e. only “down-
type sleptons” of different handedness. For third generation squarks and sleptons the formulae are more complicated
(j = 1,2 indicates #; and 5):

Pl = 1i1)) = 1o A% (i g )2, (1.8)
where ” ,
Cu = 08”6, V2 h)S i 1) + (3 = S)h)S (i 1) = () 0. )
72
+ sin® 6, V2| hi¢h1)S (i, 1) - %{(hl Y (i, 1) = () (i, 2)}] (L9)

hu . . .
+ 208 0, 8in 6, —=(A,S (i, 1) = e S (i, 2) = M2)S (i, 3)).
V2
This was for j = 1 i.e. for 7;7;. For j = 2, make the replacements cos §;, — — sin 6, and sin 8, — cos 6;.
For different stops:
3

167tmy,

i

T(h — hiy) = A2 Ompy, mz,mi)C2, (1.10)

where 5
Cuyir = c0s 0, sin 6, V2(hi(h1)S (i, 1) - %{(hosa, 1) = (h2)S (i, 2)})

72 2
= V(s i D+ (5 = S 6.1 = () 0.2)))| (L11)

+ (cos? §, — sin’ 9,)%(A,S(i, 1) = pteprS (0, 2) = A2)S (i, 3)).
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Note (h;) = amy sinp and (hy) = M, whilst A, = '31’—?; For decays to sbottoms the decay formulae are the same

(with the expected mass changes) except:
’2 2
Chyby, =c08” B, V2| h3(h2)S (1,2) + (gl—z + %){(hosa, 1) = (h2)S (i, 2))]
2
+ sin” 0, V2| Rj(h2)S (i, 2) + %{<h1>s (i, 1) = (h)S (i, 2))

h
+2c0s 6, sin HbT‘%(AbS(i, 2) = teprS (i, 1) = Kh1)S (G, 3)),

and
72
Chyi, =c08 0, sin 6 V2(R3(h2)S (i,2) + %{(hQS (i, 1) = (h2)S (i, 2)})
2

’ 2
= V(105 .2+ 55+ E3em)s i,1) - s ,2))]

+ (cos? 6, — sin’ Hb)%(AbS(i, 2) = s S (i 1) = Am)HS (i, 3)).

(1.12)

(1.13)

Note hy = % Again to get the b,b, coupling from the b1y, make the changes cos 6, — —sin 6, and sin 6, — cos 6.

For staus: 1
o ~1
L(h - 7;7) = 16ﬂmhv/lZ(mh,,mf/,mfk)C%jrk-

’2

2
Criry =sin 0, VR[S 1.2) + (£ + ) (Ch)S 0. 1) - (h2)$ . 2))]

’2
+ cos” 0 V2| h2(h)S (i, 2) + %{(hosa, 1) = ()S (G, 2))]
+2cos 6, sin &%(ATS (i,2) = pegS (i, 1) = Ahn)S (i, 3)),

72 2
Crors =008 6 VA[R)S ,2) + (<5 + E3(0)s i, 1) = 4)s . 2))]

g_/2

2
hy

—2.¢08 6; 5in 0 (A8 (i, 2) = 1S (i, 1) = A)S (0, 3)),
\5( i DS(i.3))

+ sin® 0 V2[h2(12)S (i,2) + 2= ((h)S (i, 1) = () (i, 2)}]

and
72
Cryry = = c08 0 sin 0| V2(h2(h2)S (i, 2) + %{(hQS(i, 1) = (h2)S (i, 2)})

1,2 2
= V2(R)S (2 + (=5 + DS 1) = (). 2))
+ (sin® 6; — cos? 0,)£<ATS (i.2) = peprS (i, 1) = Ah1)S (i, 3))-

V2
Now the decays to charginos, first of all decays to the same chargino:
mp,

F(h, il Wjo) = St

;l%(mhi’mW/’mW/)szjv
where
7 = %S(i, 3)cos G cos O + %[S(i, 1)sin 8z cos g + S (i,2) cos G sin 6], for j = 1,
o %S(i, 3)sin 6 sin g — 5[ (i, 1) cos 6y, sin O + S (i, 2) sin 6 cos bg], for j = 2.
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(1.15)

(1.16)

(117)

1.18)
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For decays to different charginos:

5, Mpy; ~1 N 2 2 2
I'thi » WiW,) = 16”/12(mh,.,mwl,mwz) (c1 + ) —(my, — my, = mWZ) —4cicp

My, My,
5 s (1.20)
hi mh/-
where 1
—S8(i,3)cos O sinbg +
V2

Ccl =

& (S(i, 1)sin 6, sin 6 — S (i, 2) cos 6 cos Og) ,
V2

1.21)
¢y = S (i,3)sin 0, cos O — ~>= (S (i, 1) cos 6, cos O — S (i, 2) sin O sin O) . (1.22)
2 V2
Now the decays to neutralinos:
~ a ey, Mz +mz , .1
Dy = 222 = —[e = (1= (=)D (g mz )G (1.23)
where B
Gijk =—2[S(l', 1)(N3jNsi + N5jN3i) + S (i, 2)(N4jNsi + N5 jNag)
+ 8 (i, 3)(N3Nag + NajNa)| = V2KS (i, 3)Ns N
+ E[ = S, (N1 jNag + N1xNaj) (1.24)

+ S (20N N+ NajNio)| + 5[S @, DVjNae + NojNaw)
= S (i, 2)(N2jNai + N3jNaw) .

Here N, is the neutralino mixing matrix which is now 5 X 5 as the singlino mixes with the four original neutralinos.

The neutralinos here are in order of increasing mass. The conventions for the NMSSM were detailed previously in

section[3.2] Note the @i is 2 if j # k and 1 if j = k in order to account for indistinguishability of particles.
The neutral Higgs decays to CP odd neutral Higgs bosons are given by:

| Y
L(hi = AjAL) = T6rm A2 (g map, ma Qo

(1.25)
where

gZ + g/2

42

Jk = [<h1>{C(l9 j» k7 ]a ]a ]) - C(l, js ka ]s 25 2)} + <h2>{c(l, j9 ka 2, 29 2) - C(l’ js k, 2a 17 1)}]

A A
+ TS{C(L 5k 1,2,3)+CG, j,k,2,1,3)+ C(, j, k,3,1,2)} — £

£Ca, j, k,3,3,3)
\2
2

%[(hlﬂc(i, )k 1,2,2) + CG, jik, 1,3,3)} + (ho){CC,L ok, 2,1, 1) + CG, i k, 2,3, 3)}

+

(1.26)
2
e 2 ¢
+ BAGG, k3.1, 1) 4 €L k3,2, + N%C(i, jk3,3,3)
+ %[<h1>{c<i, Jk:2,3,3) = 2C(, j,k,3,2,3)} + (h)CUi, .k, 1,3,3) = 2C(G, j, &, 3, 1,3))
Meff .. : )
+25(CG k. 3,1,2) = € k. 1,2.3) = CG k.2, 1.3))].

The C(i, j, k, x,y, z) is the same coupling which appears later in (L.TTT)

~3
L2 (my,, ma, my)R?
P (mp;, ma;, mz)

(& +g*m;
F(h, — AJZ) = T ij
z
&9

1.27)



where

Rij = (S, 1) cos B — S (i, 2) sin B)(P(j, 1) cos B — P(j, 2) sin f). (1.28)
[(hj » H'H) = ! A3 (my,, mygs, my)S2, (1.29)
167tmy, '

where A )
Heff . 2 . .9 A~my sin B
S; =——=|25(,3)cos" B+ 25(i,3) sin“ B| - ——

=l ]

+ Uor K2 V28 (i, 3) cos Bsin B + A, V25 (i, 3) cos Bsin B

72
+ gT "%[ sin (28 (i, 1) cos? B — 28 (i, 1) sin B) + cos f(25 (i, 2) sin’ B - 25 (1, 2) cos?p)]  (130)

(28 (i, 2) + 28 (i, 1)) cos Bsin B

+ gTTW[ sinB(2S (i, 1) sin® B — 28 (i, 2) cos” B + 45 (i, 2) sin B cos B)

+ cos B(2S (i,2) cos® B + 28 (i, 2) sin® B + 4S (i, 1) sin B cos ,B)].
3

GFm}‘r . . . 253
o 1S D) cos = S (i 2) sin SEA (my,, iy ). 1.31)

In this equation a factor of 2 has been included as it could be either W*H™ or W~ H™.

T(h; —» WEH®) =

Qjr ~1
T(h — hjhy) = 327:mh‘ A3 (i, g s mi G M T, (1.32)
where again j; = 1if j = k and 2 otherwise. Also remember that yi.rr = %, (hy) = w and (hy) = M,

CNMSSM

where A is a parameter of the NMSSM which couples the singlino to higgsinos. Here C}; n

is given by:

2 72
wussu _8 +8”

Ch,’hjhk - 4 \/z

2
il
e A e
+ 2 V2E jf Six(3.3.3) - 7;[<h1>s,-,»k<3,2, 3) + (h2)S (3, 1,3) + 2’%Si,-k(1, 2,3)],

1A A,
[<h|>[5ijk(1, L1 = Six(1,2,2)] + (ho)[Sin(2,2,2) = Sin(2, 1, 1)]] - 72151‘.,%(1,2, 3)+ ;—\/Esijk(-”,?h 3)

He
+ LS ix(1,2,2) + 8;%(1,3,3)] + (ha)[S 11 (2,1, 1) + S13(2,3,3)] + %[Sijk(& L) +S8;%3,2, 2)]]

(1.33)
where S ;x(x,y,z) is just the symmetric combination of triples of S matrix elements with each of i, j, k with each of
X, ¥,2,1.e.:

Sij(x,y,2) =S, 0S8 (1, ISk, 2) + S (I, )S (k, y)S (; 2) + S (J, ©)S (i, ¥)S (k, 2)
+ 80,08 (1, 2)S (k,y) + S (k, )S (1, y)S (J, 2) + S (k, )S (J, )S (i, 2).

Decays to two vector bosons are complicated by the consideration of whether the Higgs boson mass is greater than
twice the mass of the vector boson, just as they were complicated in the MSSM. Included in SOFTSUSY for the
NMSSM are the cases both where the Higgs has mass my, m/q3 > 2my, and so decays to two on-shell vector bosons,
and also the case where the Higgs has mass my < my/q/a3 < 2my so that it may only undergo a decay to one on-shell
vector boson and one off-shell vector boson, which then decays into a fermion anti-fermion pair, i.e. h/H/H3 —
WW* — Wf fand h/H/H3 — ZZ* — Zff, exactly as were included for the MSSM.

As in the MSSM, first consider my < my p/u3 < 2my. The only difference compared with the MSSM formulae is
in the couplings cx/u/m3vv-

1.34)

G2 my/g H3m4 2 40 160
T(h/HIH3 — 27°) = L ITW W HIESVY £ 317 2 22 Gin2 0y + — sin® Oy || (1.35)
6473 cos* Gy 3 9
3G2 m4 mp/g H3C2
T(h/HIH3 — WW*) = — L WM HEsvY by (1.36)

1673
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where here
my

€y = , (L.37)
Mp/H/H3

cyy =S, DsingB+ S(1,2)cos B, (1.38)

cavv =S 2, 1)sinB+ S(2,2)cos S, (1.39)

cmzvy =S 3, DsinB+ S(3,2)cos 3, (1.40)

and as before

3(1 - 8€2 + 20€ 36 -1 47, 13 1
3G+ 20) o 28— 2a L) -edraehioser.  qan

-1
0S
,46‘2/ -1 [ 26‘3/ 2 GV

If however my,;p/n3 > 2my then the decay to two on-shell vector bosons occurs instead and the formulae are then:

F(ey) =

Grm » 3

T(h/H/H3 — WW) = ——" 0 Gy gy, s my) (L= 12 4 212 s (1.42)
8T V2 4
G]:I’}’l3 ~ 3

T(h/HIH3 — Z2Z) = —— 8 3 (mjyymss mze mp)(1 = 1% + 21 sz (1.43)
167 V2 4

Remember r = 22—,
Mp/H/H3

Now onto the loop decays of the neutral Higgs bosons in the NMSSM:
GF mi,agm(mhi)

L(h = yy) = —

5 s IM,,, %, (1.44)

where
M, > =[It’ Hlh L+ L+ g + 05 + Ly + Ty + Ly + L + Iy + I + 0 + I + L+ 1
0 LI [ L L Ty 4 T+ Dy + L+ 0 + L+ T (1.45)
Il + L, + L + L+ 1+ I + Iéz +1I + I;z] .
The IZ/ "are given below and are the real (r) and imaginary (i) parts.

I, = cikq, (1.46)

where the ¢, is the coupling for particle a and the k, is the kinetic part for particle a. The coupling is real whilst the
kinetic part may be complex, it is from the kinetic part therefore that we get real and imaginary contributions. The
couplings of the various loop particles are:

¢ = gssiﬁ;), (1.47)
c = %SSZ;;), (1.48)
Nt
o = SC SSZ) (1.50)
cw = S, 1)sinB + S (i, 2) cos B, L51)

91



1 A g . .
ey, = ————=5(,3)cos O, cos g + — [S (I, 1) sin 6 cos Og + S (i,2) cos O sin 6g] , (1.52)
V \/EGFle \/E \/E
1 A . . . g . . . .
oy, = —————=S8(,3)sinf sinOg — — [S (i, 1) cos O, sin O + S (i, 2) sin 6 cos Or] , (1.53)
\’ \/EGFsz \/5 \/z
72
o, = 32w 882 GBS (i) 1) — cos BS (i, 2), (L54)
-3 gmgL 12 47 ¢
42my g% 2
Cop = = W8 W (5in BS (i, 1) — cos BS (i, 2)), (155)
_ 12my g” g2 my, .
s =3 gmi[ Z 7 ] (sinBS (i, 1) — cos BS (i, 2)), (1.56)
12 22
oy = 2w & 2y ,1) = cos BS (i, 2)), (157)
3 gm- 6
2my —g'* g2
oy = g—] M L -(SinBS i, 1) = cos BS (,2), (1.58)
gmy, 4 4
2 /
Cip = if% W (sinBS (i, 1) — cos S (i, 2)), (159)
i
: /2
i, :;{0052 6, V2| 2 V22 S, 1)+(— - —){ Namysingo )
2 2 i
_ MS(;', 2)}] +sin2 4, \/E[ffwg(i’ 1
g g (1.60)
2 \2my sin . 2my cos .
R R )]
8 8
fi 2my cosB . .
+ 2 sin 6, cos 6, ASU 1) — pereS(E,2) —A———85(,3) |},
coxt LA s B )
1 : 72 2 b :
¢y = sin® 6, V2| f \/EmW:nﬁS(i, 1)+ (% - %){WS(L )
2 \[ \/EGFm?Z
_ V2my cosp B ¢ i.2)) | +cos? 6, V2| 2 Vamy SmﬁS(i,l)
8 (Lel)
2 \2my sin . 2my cos .
- sy - Lﬁso,z)}]
8 8
fi 2my cosfB . .
—25sin#, cos 6 AS (A, 1) = perrS(0,2) — A——S(1, 3) |4,
soxt a0 - ELA)
1 72 2 2 :
¢, =—{cos2 6, \/E[sz \/EMS(L 2) + (g_ + g_){wg(i’ 1
2 V2Gpm] § 2o §
Fmi)l
/2
_ —‘/E’"g cosBe 2)}] + sin® 6, V2| £ ﬁmg 0SB+ 5 ‘/_"”gv S ¢ iy (1.62)
V2my cos B fr V2my sinB
- ——8(,2)}| +2sin 6, cos O,—|ApS (i,2) — errS (i, 1) — A———=8(, 3) |},
2 ] b b \/E[ b Hefy p ]}
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1 72 2 2 1
¢, = | sin? 6, V2| V2w COSB oy 4 (% + %){MS(L 1
2/ V2Grn? § &

B V2my cosf
8

12
S, 2)}] + cos? 0, \/E[sz ﬁmz cosf \/_mw sin

S, 2)+ —SG, 1)
8

V2my cos B V2my sinB
8 8

$(i,2)}] - 2sin 6, cos Qb%[AhS(i, 2) = tessS (1) = A

72
¢ :é{cosze,ﬁ[fz«ﬁ%“ﬂa 2>+<—g—+—) ‘f’"”g”“‘ﬁsa,l)

1

V2my cos ﬁ
8

12
NemweosPg ;. 2)}]+sm 0. \/—[ \/_mv;/cos,B \/_mwsm,B

S(@, 2)+ 2 . —SG 1

V2my cos B V2my sinB
8 8

S (i, 2)}] + 2sin 6, cos 9,%[/4,5(1', 2) = prerS iy 1) = A

1 72 2 2 1
Cry = sin® 6, V2[ £ V2w EOSB g oy 4 (—gT + %){Mw, 1)
\/iGFm% 8 8

V2my cos B
8

/2
SG.2))] + cos 6. V2 f, ZM \/—mwsmﬁ

S3E,2) + 2 —SG 1

V2my cosf 2my sin8
8 8

S (i, 2)}| - 2sin 6, cos 9,%[/1,3(1', 2) = prerS (i, 1) = A

_Aesr [ 2 mw sinB

2S8(i,3) cos ,8 + 28 (i,3) sin ,8] 25(i,2)cosBsinS

CH=

i 1A
WS ) 6 i, 1) cos Bsin B + e k2 VS (i, 3) cos Bsin B + 72*25(1', 3)cos Bsin

’2
+ gT %[ sin B(2S (i, 1) cos® B — 28 (i, 1) sin® B} + cos B(2S (i, 2) sin’  — 28 (i, 2) cos” B}

+ f”’j’Tw[ sin B(2S (i, 1) cos? B + 28 (i, 1) sin® B + 45 (i, 2) sin B cos B}
+ cos B{2S (i, 2) cos® B + 28 (i, 2) sin® B + 4S (i, 1) sin B cos /3}],
where we remember that
gm gmy . gmg

/= \/imwsin,B’ I = \/§mwcos,8’ fe = \/zmwcosﬁ.

The kinetic parts meanwhile are as follows, they depend upon the f(7) given in Eq. (E-2).
For fermions (spin %), i.e. the quarks and the charginos:

kq = 27,41 = Taf(Ta)]‘

For scalars (e.g. sfermions and H*):
ko = to(taf(7a) = 1).

For spin 1 (i.e W* bosons):
ko, =—[2+ 31, + 31,2 — 1) f(ra)].

That’s all the information needed for i; — yy.
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i — —_— .
14 \/5 64 3 my ) A
where
Ml = (I; + T+ L+ Iy, + Ty, + T3, +I;,+) (i T+ T+ Iy, + Ty + Ty + Th.) (1.72)

Again T, Z/ " are the real and imaginary parts of each contribution and 7, = c,k,, where now the ¢, and k, are different
to above as this is now for decays to Zy. Now the couplings are:

8 1 S@,1)
=-2(1-= 0 1.73
( 3 sin” W)smewcosew sing ’ (L.73)
8 1 S@,1
e = —2(1 - S sin? )~ ©D (174)
3 sin Oy cos By sinf
4 1 S(,2)
=(-1+=sin’@ , 175
¢ = 3 s W)sinGW cos By cospf (L75)
cw = —é%[s (i, 1)sinB + S (i, 2) cos ], (L76)
dmy g
Cyi S(i,3)cos Gy cosOgr + —{S (i, 1) sin 87 cos Og + S (i, 2) cos 6, sin O}
" " iny, g sin O cos Hw[ V2 R S ] wL77)
1 1
X [— sin® O — 3 cos? Op +2 sin’ Ow — sin® 0, — 3 cos? o1,
dmy A . . . 8 . . . .
Ccy, = - —5(i,3)sinf; sinfg — —={S (i, 1) cos 6 sin O + S (i, 2) sin O, cos Oy}
e myy, & sin By cos QW[ V2 L ® V2 L R L R ] 178)

1 1
X [— cos? Op — 3 sin’ O +2 sin? Ow — cos? 0 — 3 sin’ o],

1 1 {/Uleff

ey =(1 —2sin*6
e =( W)Z sin Gy cos Oym?,. V3G V2
F

(25 (i,3) cos® B + 25 (i, 3) sin® B]

A2my sin B A2my sin B

25(i,2)cosBsinf — 285 (i, 1) cosBsinf + o rrk2 V2§ (i,3)cosBsinf
2 1.79)
+ AA, V25 (i,3) cos Bsin B + gT ?W[sin B(2S (i, 1) cos® B — 25 (i, 1) sin? B] + cos B[2S (i, 2) sin® B

~25(i,2) cos? B] + g’j’Tw( sin B[2S (i, 1) cos? B + 28 (i, 1) sin® B + 45 (i, 2) sin B cos A]
+ cos BI2S (i, 2) cos® B + 28 (i, 2) sin® B + 45 (i, 1) sin B cos 5])}.

Now the kinetic parts depend upon both f(7,) in Eq. (E2)), g(7,) in Eq. (E3) and f(7.z), g(t.z) Where 7,z = 4(:’;—;)2
of 7, = 4(;-)°

For the spin % particles (quarks or charginos):
TaTaz (TaTuz )2 27 TaTaz

eI n A Te—— [f(a) = f(raz)] + m[g(n) 8(ta)] + o

ko = [f (ta) = f(Taz)]. (1.80)

For scalars (charged Higgs bosons):
TaTaz (Ta Taz )2 2
2(Ta - TaZ) 2(Ta - TaZ)2 [f(Ta) f(TaZ)] ( )2
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[8(Ta) — 8(Taz)]- (1.81)



For the spin 1 bosons (W bosons):

a a. 2 ata.
() - f(Taz)]+{(1+—)tan O = 5+ 5

ko = — 4(3 — tan® ) — 1L _TaTaz
G = ) ) 2ta—10)

() (1.82)
ataZ
S =) fEa)) + ( e )2 [3(1a) - 8(ra2)]].
That’s all the information required for i; — Zy.
Next consider gluon gluon:
Gpmflia/g(mh,) 5
I(h; — gg) = WlMggl , (1.83)
where
\Myo? =[J7 + T} + T, + T2, + JL + T4 + T + T2+ T7 + I+ ng]z L8
S R R L L L I '
As usual each of the J, are given by J, = c,k,, where the coupling parts ¢, and kinetic parts k, are given below:
S(i, 1 S(i, 1 S(i,2
=26 _S6D 56D (1.85)
sinf3 sin 8 cosf
2 72 2 2
o= (8 4 BT sinBS (i, 1) — cos BS (i, 2)1, (1.86)
12 4
2 27
Cop =~ & W IinBS (i, 1) — cos BS (i, )], (1.87)
gmz, 6
2 72 2 2
cs, = (8 4 BT inBs i, 1) — cos BS (i, 2)1, (1.88)
gm? 12 4
2 22m
LR W[smﬂS (i, 1) — cos BS (i, 2)], (1.89)
gm? 6
(1.90)
2 2
i, =;’7Vg[cos2 6, V2(f? «/"”W;mﬂS( D+ (— - ‘%){ \/5?(5(1', 1)sing — cos BS (i, 2))})
7
: ’2
+ sin? 6, V(£ VRSB g 1y — S \/Em(sinﬁS(i, 1) - cos S (i, ) (1.91)
g
fi my cos B
+25in6, cos 6, 2=(A,S (i, 1) = 1S (i, 2) — AV2—"L5 (6, 3)
t t \/§< fr g )]
: ’2 2
e, =% [ sin® 6, V2(f? VALYt (% - gz){ V272 (5 (i, 1) sin 8 - cos BS (i, 2))))
m; g g
: 72
+cos? 6, V2(f? \/Emwzmﬂ SG,1) - g—{ \/Eﬂ(sinﬁs (i, 1) — cos S (i, 2))}) (1.92)
fi my cos
—25in6, cos 0, 2= (A8 (i, 1) — per S (i, 2) — A V228, 3)
t t \/i( ff g )]
72 2
¢, = | cos® 6, V2(f7 \/5@35(1', 2+ &5+ 5 \/E"ﬂ(S(i, Dsing - cos S (i, 2))})
m=
by
+ sin 6, V2(f? \/E%MS( 2)+ 8 \/' —(sm,BS(z 1) - cos BS (i, 2)))) (1.93)

my sin

+25in 6, cos Gb%(AbS(i, 2) = prersS (i, 1) = AV2 $G.3)).
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72

2
Y [sin® 65 V2( 7 VR OB ¢ i oy (B 4+ (VR (5.1, 1) sin 8 — cos BS G 2)))
gm%2 g 12 4 g

Cp, =

72
+ cos® B, V2(f7 ﬁ%osﬁs (i.2)+ 5 ﬁ%(sin BS (i, 1) — cos S (i, 2)))) (1.94)

. I ) . my sinf .
— 258in6), cos O = (ApS (i, 2) = ptersS (i, 1) — AV2——"-L25(i, 3))|.
\/5( 11 g )]
The kinetic parts are then exactly as in the h; — yy case.

Appendix 1.2. CP Odd Higgs Decays
First of all decays to a quark and an anti-quark:

4m?

3G
T(Ai > q9) = ——mima, |1 - —*A, (1.95)

471'\/5 1 mA,-

where

o 1.96
[3E212, for down-type quarks (d.s,b). o

A= {[iﬁf;}ﬁ% for up-type quarks (u,c,t),

Use the same formulae for decays to leptons but divide by 3 as the 3 in the pre-factor is N.. Now decays to sfermions,
because of CP conservation, decays can only go to sfermions of different handedness.

- I~
P = 413 = oo A2 (ma,, mg, ,mg,)C 1o (1.97)
where
%[AQP(L 1) + peprP(i,2) + A ﬁ%‘BﬁP(i, 3)], for u-type squarks, 098
Ada = %[qu(i, 2) + ey P, 1) + AN2EL P(i, 3)), for d-type squarks. '

Where you must remember that the expression for f, differs for up type and down type quarks, for example see (E.8).
Note, holds even for third generation squarks; as we see in the MSSM, in the NMSSM the decays of CP
odd Higgs bosons to squarks are independent of the sfermion mixing angles. The formulae for the decays to squarks
also hold for decays to sleptons, but again one must divide by 3.
Decays to neutralinos:

may; [1 Mz, —mz

(A - ZiZ)) = o

~1
— )2],12 (ma,,my,, ’”Zk)“ifci,z,zk’ (1.99)

i

where, as for the CP even decays to neutralinos, the a j factor accounts for indistinguishability and so is 1 if j = k
(i.e. decay to two of the same neutralinos) and 2 if j # k (i.e. decays to two different neutralino mass eigenstates). The
coupling is given by:

Cazz =%[P(i, 1) (N3 N5k + NsjN3i) + P(i, 2)(NgjNsi + NsjNay)
+ P(i, 3)(N3;Nay + N4jN3k)] — V2kP(i, 3)Ns;Nsy
—tan O [ = P, DOV Nt + NajNu) + PG DN N (1.100)
+ N3jN1k)] - %[P(i, D)(N2jNax + NajNow) = P(i, 2)(N2 N3
+ N3jNa)|.

Decays to charginos, first consider decays to the two of the same chargino:

my;
8n
96

F(A, - Wjo) =

A2 (ma,,my  my )S2, (1.101)



here
{\%P(i, 3)cos B cos Og — % [P(i, 1) sin @ cos Og + P(i,2) cos 81 sin 6], for j = 1,

%P(i, 3)sin @y sin O + % [P(i, 1) cos @, sin Og + P(i, 2) sin 6, cos 6], for j = 2.

Meanwhile for decays to different charginos:

/T 2o Lo 2 My, M
T(A; > WiWa) = 202 (ma, my, my,)| (¢ + ) —(m, = m, = m?, )+ derco———2 ],
8 m 1 2 m
A; Ai
Here,

A
¢y = —P(i,3)cos 0, sin g — i[P(i, 1) sin @y, sin 6 — P(i, 2) cos 6;, cos 6],

V2 V2

A
¢y = —P(i,3)sin 0, cos g + £ [P(i, 1) cos 6; cos Og — P(i,2) sin 6; sin Og].
V2 V2

Decays to CP even neutral Higgs bosons and a Z boson:

3
GpmAi

T(A; = hjZ) = A ma,,my . mz)CY ), 7.

8
where
[S(1,1)cosB—S(1,2)sinB]cosba, fori=j=1,
[S(1,1)cosB—S(1,2)sinB]sinfy, fori =2, j =1,
[S(2,1)cosB—S(2,2)sinB]cosby, fori=1, =2,
[S(2,1)cosB - S(2,2)sinB]sinfy, fori = j =2,
[S(3,1)cosB—S(3,2)sinB]cosba, fori=1, j=3,
[S(3,1)cosB—S(3,2)sinB]sinfy, fori =2, j = 3.

Canz =

The decay of a CP odd neutral Higgs to a charged Higgs and a W boson in the NMSSM is given by:

+ 7+ Gme\ 53 2
I'A - H*W*) = A2(my, my=, my) cos” G4,
8TV2
for A, undergoing the same decay transform cos 64 — sin 64 and my — my,.
1 < 5
T(A4; = Ah)) = 5 6ﬂmh[Az(mAz,mA,mh,J[CXﬁifM] :
where the coupling CYA% S is:
g2 +g/2
CISM = [<h1>[C(i, 1,2,1,1,1) - CG, 1,2,1,2,2)] + (h)[C(, 1,2,2,2,2) - C(G, 1,2,2,1, 1)]]
i 4 \/5
AA Ay .
+ —A[C(i, 1,2,1,2,3)+C(, 1,2,2,1,3) + C(i,1,2,3,1,2)] — K c1,2,3,3,3)
V2 V2

/12
+ $[<h1>[C(l} 1,2,1,2,2) + C(i, 1,2, 1,3,3)] + (hp)[C(G, 1,2,2, 1, 1) + C(G, 1,2, 2, 3, 3)]

2\/5 .
e AICG 1,23, 1,1) + CG, 1,2,3,2,2)]] + "A&C(z’, 1,2,3.3.3)
1
+ 7;[011)[6‘(1} 1,2,2,3,3)-2C(, 1,2,3,2,3)] + (hp)[C(G, 1,2, 1,3,3) - 2C(, 1,2, 3,1, 3)]

+2500G,1,2,3,1,2) - €, 1,2,1,2,3) - €. 1,2,2,1,3)1]
97

(1.102)

(1.103)

(1.104)

(1.105)

(1.106)

1.107)

(1.108)

(1.109)

1.110)



where here C(i, 1, 2, x, y, z) is notation for
C@,1,2,x,,2) = S, 0[P, »)P(2,2) + P(1,2)P(2,y)]. (L111)
Now the loop decays of the CP odd Higgs bosons. First consider decays to yy:

Gpmiiagm(mA,.)

T(A; - yy) = Mo (1.112)
32132 "
Moy = (T + Ty +TE+T7+ Ty, + TP + T+ T+ Te+ T2+ Ty, + T (1.113)

The J2/" here are the real and imaginary parts respectively of c,k, where the ¢, and k, for this decay mode are given
below:

4 P(i, 1) 1 P@,2) 4 P(i, 1) P@i,2)
=-—, =z , Ce=s———, (= , 1.114)
3 sing 3 cospf 3 sinB cosf
2mW A
cyy, = ——[——=P(i,3) cos O cos O — —(P(l 1)sin 6, cos 6g + P(i,2) cos 6, sin )], (I.115)
8y, V2 V2
ZmW A
cy, = [—P(i,3) sin 6; sin 6 + —(P(z 1) cos 8y sin Oz + P(i,2) sin 6; cos Og)]. (I.116)
gy, V2 V2
Meanwhile the kinetic parts are, for the quarks or the charginos (as both are spin 5):
ko = 70f(Ta). {L.117)
The next loop decay is to Zy:
3.2
Gr mA,-aem(mAi) 2
T(A; — Zy) = @W( - (—) Mz, (L118)
where . . . ) -
Mazy = (K] + K + KL+ Ky, + Ky, P + (K + TG+ Ke+ K, + K, ) 1.119)
As usual each ‘th/ "is the real/imaginary part of c,k, where the ¢, and k, for this mode are given below:
8 1 PG, 1 8 . 1 P, 1
¢, = =2(1 — 2 sin® Oy)— GD 2o = S inzay)— @D (1.120)
3 sin Oy cos By sin B 3 sin By cos Oy sinf
4 . 1 P(i,2)
= (=1 + =sin*0 , L121
¢ = 3 sin” 6y) sin Oy cos By cos B ( )
1 1
cyy, =4 _mW [ — sin? Op — = cos? O — sin’ 0, — = cos? O +2 sin’ QW]
myy, & sin By cos Oy 2 2
1 g 1.122)
X (—=P(i,3) cos Oy cos Og — —[P(i, 1) sin 07 cos O + P(i,2) cos G sin Og]),
& & )
1 1
oy, =4 _mW [ — cos? Op — = sin® O — cos? 0, — = sin? 6 +2 sin? GW]
> my,gsin By cos Oy 2 2
1 p (1.123)
X (—=P(i,3)sin G sin g + —[P(i, 1) cos Oy sin O + P(i,2) sin 8y cos Og] ],
& L )
The kinetic parts are all of the following form, where remember 7,; = ( )2 cfr, = 4( m") :
TaTa
2 [f(ta) = fTa)]. (1.124)

ky = —22
Z(Ta - TaZ)
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Finally, for the loop decay to gg:

where

LA —gg) = —

Gr miia%(mAi) 2
———— Mgl

V2 oo l6nd

[Ma,gel* = (R + R + RO + (RE+ R, + R

Again the RZ/ " are the real and imaginary parts of c,k,, where for this mode they are:

PG, 1)

The kinetic parts are just:

Appendix 1.3. Decays into Higgs Bosons

where

where

where

1

me

T(by — bih;) = 6

sing’

P2 PG
= cosf’ Ce= sing
ka = Taf(Tu)-

~1 . . 2
Az (my,, mp mh,.)[ cos Gy sinG,(cg — cr) + (cos2 6, — sin? Gb)cLR] s

g/2

2
cL=- ‘/E[fb2<hz>5(i, D+ 7+ gz)[<h1>5(i, D) = (h2)S G, 2)]},

72
cr = = V2| £ (h)S (i,2) + EORDS 1) (h)S 2],
6

Crr = —% 468 (i,2) = pegsS i, 1) = KRS (G, 3)].

[ — fih) = Tomm
(5}

~1 . . 2
A2 (mg,, my,, mh,.)[ cos 8, sinb;(cg — cr) + (cos2 0, — sin’ 9,)CLR] s

72 2
cL=- ‘/z[ﬁ2<h1>5 1D+ (é;— %)[(hﬁs (i, 1) = (h2)S (G, 2)]] ,

2_
2

CR =~ ‘/E[ftz(hﬁS i)~ EOUR)S G, 1) — (), 2)]},

3

Crr = —% [AS (i, 1) = pregsS (1, 2) = NS G, 3)].

I'#, » 1) =

167tms,

oL =— \/E[f,zmz)S(i, 2) +(

1 . . 2
A2 (mz,, mz,, mh,.)[ cos O, sin O (cg —cp) + (cos2 0, — sin? QT)CLR] s

_ o2 2
i + %)[(hosa, D) = (h2)S (i, 2)]] ;

’2
ck=-V2 [f3<h2>5 (i,2)+ (%)[(M)S (1) = (h)S G, 2)]] ,

o = - |AcS (0, 2) = prepsS G, 1) = KDS (. 3)].

V2

[(by - biA;) =

167tmy,

~ 1 .
AZ(my,, mp, m,;‘_)[cos2 6, — sin? Qb]zAiR,
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d1.127)

1.128)

(1.129)

(1.130)

(1.131)

1.132)

(1.133)

(1.134)

(1.135)

1.136)

T1.137)

1.138)

(1.139)

(1.140)

1.141)



where

For 7, — 7, A; the formulae are the same except the changes 6, — 6., m;, — m, and now A is given by:

For #, — 71 A; the formulae are the same except the changes 6, — 6,, m, — m, and now Ay is given by:

ALg = % |4P(.2) + g P, 1) + Khi)PG, 3).

S
V2

Ag = [A,P(i, 2) + ey Pi, 1) + A1V PG, 3)] .

Ag = % |APG, 1) + ey PG 2) + Ka) PG, 3)|

The chargino decays to lighter charginos and a CP even neutral Higgs:

L(Wy - Wihy) =

here the ¢; and ¢, are:

32nmy,|

1 2

31/2 2 2
A2 (my,, my,, ma) | (c} + 3,

1
€1 = —=5(i,3) cos O sin 6 + =[S (i, 1) sin 6, sin 6 — S (i, 2) cos O, cos O],
V2 V2

A
¢y = —=S5(i,3)sinf; cos b — i[S (i, 1) cos 87 cos g — S (i,2) sin §; sin 6g].
V2 V2

The chargino decays to lighter charginos and a CP odd neutral Higgs:

L(W, > WiA)) =

here the C; and C; are:

C

&)

327r|mW2|

2
_P(i,3) cos 6, sin 6 — <>=[P(i, 1) sin 6, sin 6 — P(i, 2) cos 0, cos Og],
V2 V2

1
~_P(i,3)sin 6, cos Oy + %[P(i, 1) cos 6, cos O — P(i, 2) sin 6 sin z].

V2

2
2 2 o
S+ my, _mhi)+46162mW1mW2] ,

~ 2
2 2 202 2 2
v (my, , myy, , ma,) [(C1 + CZ)(mv"vl +my, = mhl_) + 4C1C2mW1mW2] s

(1.142)

(1.143)

(1.144)

(1.145)

(1.146)

(1.147)

(1.148)

1.149)

(L150)

The formulae for I'(H* — Wh;) are just as above for I'(h; — WH?*) in ([.31) but with m;, < mpy-. Similarly the
formulae for T(H* — WA;) are just as above for I'(A; » WH?*) in (L.TO8) but with the replacement my, <> mpy=.

Appendix 1.4. Neutralino Decays

where

T(Z; - qurg) =

N.g
32nimy |

2
qL/r

31 2, 2 2
A2 (mz_, Mg, ks mq)CL/qg (mZ_ -m + mq),

- ﬁ[%c(l) sin By + (% - % sin® Oy) cgi?w], for iz,
c - V2[e(1) sin Oy + (3 — § sin® 0y) 231, for d.,
BT Val—e(D) sin Gy + (4 — sin® 6y) 221, for Iy,
f(&z) cos Oy, for v,
- \/5% sin GW[C(Z) tan Oy — c(l)], for iig,
o V21 sin 9W[c(2) tan Gy — c(1)], for dg,
") Vasinw[e(@) tan y — c(1)]. for T,
0, for vg.
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Here N, = 3 for quarks and 1 for leptons and c(1) and c¢(2) are given by:
c(1) = Ny; cos Oy + N»; sin Oy, c(2) = —Njy; sin By + No; cos Oy .

For the third generation, the generalisation is as expected but with extra Yukawa interactions:

2
5 ~ 8
I'Z - fipf) = 32n|mz|/l (mgz,, my, ,,my) [(c1 + 62)("1 - mt2]/2 +m;) + 4mrmz,.c102],
where:
V2 cos 9,[—%c(1) sin Oy + (—% + % sin’ QW)%] - sin9,§N4,~, for 71,
c = : -
L= V2ZsinB[-2e(1) sin by + (=4 + 2 sin® 0y) 28] - cos 6,4 Ny, for
—V2sin 9,3 sin Oy [c(2) tan By — c(1)] — cos 9, N4,, for fi,
C
—V2cos 9,3 sin Oy [c(2) tan By — c(1)] + sin 9, L Ny;, for 1o,
%% 7 7 ST 2 202 2 2
I'Z; = bi12b) = 32ﬂ|mz|/lz(mzi,m5”2,mb) (c] + cz)(mz_ —my o+ my) + dmpmz.cics |,
where:
V2 cos Gb[3c(1) sin Oy + ( -3 Lsin? 6 w) 5(2) ]1- sin@b%Ny, for by,
c = -
1= —V2sin 6?;,[3c(1) sin Oy + (5 - 5 sin GW)céizo)W] —cos 9;,%N3i, for by,
V2 sin 6,1 sin Gy [c(2) tan Gy — c(1)] — cos engy, for by,
¢ = N
2 V2 cos «9;,% sin By [c(2) tan By — c(1)] + sin Gb%Ngi, for b,.
5 gz 31 2 2\ 2 2 2
I'Zi = 717) = 327r|mzi|/l2 (mz,, mz,,,, mz) [(c1 + cz)(mz_ —mz, + my) + 4meZ_c1cz] s
where:

cos 6

— V2 sin6;[c(1) sin Oy + (& — sin? 0y) <2 — cos 6, L Ny, for 7,
2 w 8

cos 6

{ V2 cos fr[c(1) sin Oy + (5 = sin® Oy) ;2] — sin 6 £ N, for 7,
Cc1 =

V2 sin @, sin Oy [c(2) tan Gy — c(1)] — cos 9,§N3,-, for 71,
CHh = >
? V2 cos 6, sin Oy [c(2) tan Oy — ¢(1)] + sin GT%Ng,», for 7,.

Neutralino decays to a chargino and W boson:

2
I(Z; - WW)) = g—;ll/z(mzi, my, , mw)[ = 12mzmy creg + (ci + Ci){(m2

2 2
L+ ms —m
32nmimy,| 4 Z; w)

+(m +mW—m )(m~ —m%v—m ,)L}]’

my,
where:
-1 )
cp = @NM cos Og + N»; sin g,
1 .
CR = @Nﬁ cos @, + N,; sinfy.

For W, just take my, — my,, cos g — sin g, cos 0, — sinfp, sinfg — —cos Og and sinf, — —cos 6.
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(1.157)
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(1.159)

(1.160)

(1.161)

(1.162)

1.163)

(1.164)

(1.165)
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Neutralino decays to a chargino and charged Higgs boson:

- - 1 -
[(Z; » H*W),) = S| A2y, my,,mp)|(CF + Cl(mi, +m5, —mi.) + 4CLCrmzmyy, 1, (1.167)
where: )

sinf . .

Cr = AcosBNs;cos 0 — T[g Ny; + gNsi] cos 0 + g sinSN3;sin6y, (1.168)
2

. cosfB .

Cg = AsinBNs; cos Og + f[g Nii + gNoi] cos g + g cos BNy, sin Og. (1.169)

Again for W, just take my, — my,, cosfg — sin g, cos , — sinfp, sinfg — — cos O and sinf, — —cos by.
Neutralino decays to a lighter neutralino and Z boson:

2
. - g s1
I'(Z; - ZZ)) = 327r|mz,|/12 (mz,mz, mz)[ — 12mgzmy crzcrz + (ci,+ ciz){(m%i + m%f - m3)
: ] 1.170)
+ (mzzi - mzzj + m%)(m% - mi - m%)—z}],
z
here we have:
€1z = —Cpz = 5 - o [N3iN3; — NaiNyj]. @L171)
Neutralino decays to a lighter neutralino and CP even neutral Higgs boson:
. - | S
T(Z > hZj) = e LR CALUN m2)C5 7 [n@ + o =iy, + 2mzmy | (1172)
where 1
Czz2m, Z—[S (k, D)(N3;Ns; + N3jNs;) + S (k,2)(N4iNsj + Ny jNs;)
22
+ 8 (k,3)(N3iNyj + N4iN3j)] — V2«8 (k, 3)Ns;Ns;
g 1.173)
+ 3[ — S (k, 1)(N1iNyj + N1 jNygi) + S (k, 2)(N1;iN3; + Nle3i)]
+ %[S (k, D)(N2iNgj + NpjNy;) — S (k, 2)(N2iN3j + N2jN3i)]-
Neutralino decays to a lighter neutralino and CP odd neutral Higgs boson:
. - | I
[(Z; — AZ)) = szlb (mz,ma, mz G5, 1m5 + m§ —my, —2mzmy ], (1.174)
where 1
Gzz.a, :ﬁ[l)(k’ 1)(N3iNsj + N3 Ns;) + P(k,2)(N4;Ns; + N4 jNs;)
+ P(k, 3)(N3iNaj + NuiN3j)| = VZkP(k, 3)Ns;Ns;
, 1.175)

- %[ — P(k, 1)(N1;N4j + N1jNy;) + P(k, 2)(N1;N3; + Nle3i)]

- %[P(k, 1)(N2iNsj + NpjNyi) — P(k, 2)(N2iN3; + N2jN3i)]~

Note the C and G couplings here are similar to those given for the reverse decays of Higgs bosons to neutralinos
earlier, with i, j, k permuted accordingly.
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Appendix 1.5. Decays into Neutralinos
For the first two generations of quarks and squarks:

g2

- quk
16nmg,

/l (qu/R’ mz, mq)[qu/R - mZZ - m;]» (1.176)

L(Gr — 9Z) =
where:
- \/_[Sc(l) sin By + (— -z sm2 Ow) ”(Z)W], for i1y type,

cos 6

- 22 sin Oy [c(2) tan 9W —c(D)], for iig type,
By = 2 o . 1.177)
\/_[c(l)3 sin Oy + (— -3 L sin® Oy) ], for d;, type,

cos Oy

V21 sin Oy[c(2) tan By — c(1)], for dg type.

The decay formulae for decays of the first two generations of sleptons to leptons and neutralinos are the same as for
the squarks here but with the coupling change Bj, , — Bj, , and squark masses exchanged for slepton masses and
quark masses for lepton masses:

qL/rR

) ~
Veostn” for ¥ type,

0, for 7 type (as no RH sneutrinos),

B = _ (L178)
) V2Le(1) sin By + (4 — sin® ) 22 ], for I type,
V2 sin Owlc(2) tan Oy — c(1)], for Ig type.
For the third generation:
2
T — 1Z;) = —5 @+ d)m? - m} —m2) — adidymmy | 12 (ms . mz,my), (1.179)
167my, , 12 i
where
_ eos 6, V2[=3c(1)sin Oy + (=5 + § sin® Ow) o] — sin 6, £ Ny, for 7, (L150)
"~ |-sing, V2[-2c(1)sin Oy + (-4 + 2 sin Gw)%] — cos 0,§N4,-, for f, '
b= —% sin 6, V2 sin Oy[c(2) tan Oy — c(1)] — cos 9,§N4,v, for 71, (L181)
> 7 1 =2 cos 6, V2 sin Ow[c(2) tan Gy — c(1)] + sin 6, Ny, for 7. '
3 g
~ ~ 2 ~1
L(bijp — bZ) = Teoom fE+ 17 )(mb L mj, — mj ) = 4fi frmpmz, | A2 (g, m,,my), (1.182)
My,
where
cos 6, \/_[%c(l) sin By + (% - l sin? 9W)ngzg)w] —sin 9[,%]\/3,’, for by, (L183)
—sin 6, V2[1c(1) sin Oy + (3 — 1 sin’ HW)CSEZQ)W] - cos Hb%N3,~, for b, '
- % sin 6 V2 sin Owlc(2)tan Oy — c(1)] — cos 9;,%N3,-, for by, (1184)
% cos G, V2 sin Owlc(2) tan Oy — c(1)] + sin Hb%Ny, for b,. '
5 82 2 2y, 2 2 2 1
r(%l/z - TZi) = [(gl +g2)(m‘7'] ) _m‘r _mz)_4g1g2m7’mz:| z(mT1/27mZ’mT) (1'185)
16mms,, / i
where
_ [cos - V2[c(1) sin By + (§ — sin® Oy) 23] — sin 6 ’N3,, for 7, (L156)
170 sin 0, \/E[c(l) sin Oy + (5 — sin QW)ch)Ee) 1 - cos 8, L N3,, for 75, '
sin6; V2 sin Oy [c(2) tan Oy — c(1)] — cos 6, TN3,, for 74, (L187)
%27\ cos 6, VZ sin iy [e(2) tan By — c(1)] + sin 6, £ Ny, for 7. '
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Remember the c(1) and ¢(2) were given previously in ([.154).
Sneutrino decays into neutralinos are given by:

2
- 5 g8 a1 2 2 c2) 2
LGz, 2 veZi) = ——— A2 (my; ,0,my)(m, - —m3; (— . 1.188)
167rmvf;/2 2 12 N V2 cos Oy
For chargino decays into neutralinos and charged Higgs bosons the partial width is given by:
2
~ L5\ 8 ~1 B B 2 2 2 2 2
(W, — H*Z)) _mm(mwl,mzj,mﬂi)[(clwlﬂiz/ 2,y Yomy iy = miy.) Lis9)
2 2
+ 4ch1 HiZ}_cZWI 122,21, ],
where:
1 . cosf3 .
chIHiZ/_ = —[AsinfNs;cos Og + T(g Nij + gN5;j) cos Og + g cos BNy sin 6], (1.190)
8 2
1 sin§ . .
2y, g7, = —[Acos BNs; cos O, — W(g Nij+gNsj)cos by + gsinfBN3;sinf . (I.191)
] g E

For W, the formulae are the same, just make the replacements my, — my, , cosf g — sinfyg and sinf g —
—cos OL/r.

2

~ ~ g ~1
rew, —» WZj) = mﬁz (mW] Mz, mw)[ - IZmW] mz/_CL‘;V1 WZ,CRVVI Wz,
+(cL% . +cR: Wm2, +ms —m?) (1.192)
WiWZ, WwZz; W, Z w .
1
+ (mévl + m‘zy - mzzj)(mé-vl - mzzj - m%V)—z}],
‘ w
where:
1 .
cLy,wz, = —@NM o8 O + Ny sin b, (I1.193)
1 .

Ry, wz, = $N3j cosfp + Np;sinfy. 1.194)

Again for W, the formulae are the same, just make the replacements my, — my,, cos ;g — sinfrr and sinfr;g —
—cos OL/r.

Appendix J. QCD Corrections to Decays

Note, for the decays of neutral Higgs bosons to quarks or gluons, the possibility of including QCD corrections is
included in the program, by default the QCD corrections are on. The formulae are those provided in HDECAY-3.4 in
SUSYHIT [23| 24] and NMSSMTools-4.2.1 in NMHDECAY [13} 28]. With QCD corrections incorporated our formulae
become as follows:
day AB) 3 +3432 - 138 1+ 3

a,(m) AB) | 5 ﬁ410g Be2ap-n)  an
3r B 1653 1-8 8p%
This formula applies for all the CP even neutral Higgs bosons, whether in the MSSM or NMSSM, the difference
between the MSSM and NMSSM comes in the tree-level formula. Note «; is evaluated at the mass of the decaying
Higgs boson. Also note that 5 and A(B) are given by:

r(h i qq)QCDwrr = r(h_ > qCI)tree (1 +

) 3
=,|/1-4-1 2
B X (J.2)
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. . S 1-p o B-1 1+5 2 1+ .

AB) =1 +,82) 4Li( —) + 2Lir (% ) — 3log( =) log — — 2log( ~)logp
[ 1+6 L+1 1-6 1+p8 1-8 ] (13)

4 .
—3Blo —481o
Blog —— — B BlogB.
This is exactly as given in Egs. (16) and (25) of [39]]. Li, is the di-logarithm function (Spence’s function).
For the CP odd Higgs bosons we have:
4a/s(m)A~) 19 +23* +3 1+

T4 > g@)ocneor = T(A= > @@iec 1 2 AP I |

it 5 5T g

J3 and A(B) are as given above but with the change m;, — my as appropriate. This formula is as given in Egs. (25) and
(26) of [39]. It should be noted that when QCD corrections are applied one should use the pole quark masses (as we
do within SOFTSUSY here), rather than the running masses, as otherwise the formulae double count O(«;) effects [49].
The QCD corrections for 4 — gg are more complicated as they involve both standard QCD corrections due to
gluons being radiated, gluons in the loop, tops, bottoms and other quarks, and additional SUSY-QCD corrections due
to gluinos, stops, sbottoms and other squarks. This complicates matters as whilst the usual “fermionic” QCD (FQCD)
corrections apply to all particles in the loop, the SUSY-QCD (SQCD) corrections only apply to the scalar squark
contributions, therefore rather than multiply the whole width by a correction factor (as was the case for & — gq) we
must now correct the SM and SUSY loop contributions separately. The usual MSSM equation for # — gg with no
corrections is: 2ome) G 0
a(m F
T(¢ = 88)1-1oop = T&;’;\—Fz m =1},
Here the «; is run to the mass of the decaying Higgs boson. The I;,,, can be split into I, and I,q« loop contribu-
tions. So Ifogpmt = Ijmt+1?qm,, where Ifmz = I¢+I¢+I¢ and I‘fq,m = I;f]) +Ig +Ig’l +IZ2 +IfL +I§’R +I?L+I?R+I§L+I;R+I§L+I§R.
To account for the usual QCD corrections, i.e. “FQCD” corrections, as these affect all the loop contributions, the
whole partial width is multiplied by drgcp:

1.5)

evenHiggs as(m ) 95 7
e g~ Ny, (J.6)

or
o s(m

R PR LIS 6
Ny is the number of active fermion flavours. The SUSY QCD corrections, i.e. “SQCD” corrections, apply only to the
squark loop contributions. Therefore to incorporate these in the final partial width you must multiply both the squark
loop squared contributions and the interference terms of the squark loops with the quark loops by the correction factor.
Therefore the |I;(,(,,,|2 (which comes from the matrix element squared) above with both FQCD and SQCD corrections
included becomes:

_s¢
| loopt0t| 6FQC | loopfot' + Re[( looptot) Iéq10f]6SQCD' (J8)

To be clear the (I [{mpmt)* here means the complex conjugate of voptor® given this is an interference term. The dsocp
correction factor is the same for CP even and CP odd neutral nggs bosons and is given by (I.9) below, note that « is
run to the mass of the decaying Higgs boson:

17a,(my)
85000 = ——¢ iy (1.9)

Consequently in the MSSM the overall formula for the QCD and SUSY-QCD corrected & — gg decay (at 2-loop) is:

2(m¢) Gr o 9

r —loo corr = -
(¢ — 88)1-10op+0CDco 1280 7 myg

[6?;QC | looptotl + Re (I;Zoplot 5410f]6SQCD] ' (JIO)
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¢ is a CP even neutral Higgs here as CP odd Higgs bosons do not have squark loop contributions because of CP
invariance of the decays. For the CP odd Higgs A in the MSSM we therefore only have the quark loops and FQCD

corrections: .
as(mA) GF A
12873 \/z [6FQCD|I rorl ] Jd.11)

The FQCD corrections for CP even and CP odd neutral Higgs bosons in the MSSM are as given in Ref. [40] in
Egs. (7) and (15) but with the log terms dropped as the scale of alphas is run to the masses of the decaying Higgs. As
the corrections are purely coloured and the NMSSM only alters the Higgs and neutralino sectors, the form of the QCD
corrections is exactly the same in the NMSSM. The alterations to the Higgs sector in the NMSSM however result in
the couplings of the neutral Higgs bosons to other particles, and therefore the leading order (i.e. 1-loop) formula for
the loop contributions to 4 — gg, being altered. The formula in the uncorrected NMSSM (i.e. at 1-loop) is (as detailed
previously) as follows, with the @, evaluated at the scale of the decaying Higgs boson:

I'A — gg)l*l(m[HQCDcorr =

Gpmziag(mhi)

2
o4 Vo | Mg, J.12)

r'h — gg)l—luop =

where
2 r r r r r r r r r r r r r r 12
|M o =[J7 +Jy + ] +JaL+JuR+JJL+J,3R+JEL+JZ~R+J&+JS-R+J51+Jf2+J5,+Jz,2]

+ U+ T+ T+ T+ T+ inL + J;R A R R A Jél + Jlgz]z, (1-13)
where the Jx contributions are different to those in the MSSM as the couplings are different. Here the " and  were
used as shorthand for real and imaginary parts. The IMggI2 is therefore just the mod square of the sum of the complex
loop contributions.

In order to 1ncorp0rate the FQCD and SQCD corrections we again group the loop contributions into quark and
squark so that e e A A s S O A A R

sqtot
¢ ) )
Jlooptut qmt Then |Mgg| becomes:

qtot

+J°

sqtot*

|M§g|2 = [ QCD| Ioopmtl + Re[( looptot) quw;]éSQCD] ’ (J14)
because the FQCD and SQCD corrections apply to the loop contributions exactly as in the MSSM, however the
loop contributions themselves have changed between the MSSM and NMSSM. So overall in the NMSSM, the QCD
corrected partial width for neutral Higgs decays to gluons is as follows, again note the o, is evaluated at the scale of
the mass of the decaying Higgs boson:

Gpmfliaf(mhi)

64 V273

Again ¢ here is a CP even neutral Higgs boson as CP odd Higgs bosons do not have squark loop contributions because
of CP invariance of the decays, as in the MSSM. Therefore CP odd Higgs bosons have only quark loop contributions
and so only receive FQCD corrections, without corrections the formula was:

202 (ma,

" Mgl (J.16)
1287r3m%‘,

T(hi = 88)1-toop+0CDeorr = 8y oc M mopror” + RELT o) ToiordOs 0cp | (1.15)

ra; - gg)l—loop =

remembering that the a;(m,,) means o, evaluated at the mass of the decaying CP odd Higgs boson A;. Here IMA,.ggI2
is:

[Ma,gol* = (RE + RS+ RO + (RE+ R+ R2 J.17)
The corrections are incorporated by multiplying by &%
the NMSSM are given by:

Focps SO with the QCD corrections the CP odd Higgs decays in

202 (ma)m’,

g Mgt oco @18
w

Throughout, the formulae used are those given in HDECAY-3. 4 [24] (and hence SUSYHIT [23]]) and NMSSMTools-4.2.1 [2}
27, 128]].

I'A; — gg)l—loop+QCDcorr =
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