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Abstract We describe a fully generic implementation of
two-body partial decay widths at the full one-loop level in the
SARAH and SPheno framework compatible with most sup-
ported models. It incorporates fermionic decays to a fermion
and a scalar or a gauge boson as well as scalar decays into
two fermions, two gauge bosons, two scalars or a scalar and
a gauge boson. We present the relevant generic expressions
for virtual and real corrections. Whereas wave-function cor-
rections are determined from on-shell conditions, the param-
eters of the underlying model are by default renormalised in
a DR (or MS) scheme. However, the user can also define
model-specific counter-terms. As an example we discuss
the renormalisation of the electric charge in the Thomson
limit for top-quark decays in the standard model. One-loop-
induced decays are also supported. The framework addi-
tionally allows the addition of mass and mixing corrections
induced at higher orders for the involved external states. We
explain our procedure to cancel infrared divergences for such
cases, which is achieved through an infrared counter-term
taking into account corrected Goldstone boson vertices. We
compare our results for sfermion, gluino and Higgs decays in
the minimal supersymmetric standard model (MSSM) against
the public codes SFOLD, FVSFOLD and HFOLD and explain
observed differences. Radiatively induced gluino and neu-
tralino decays are compared against the original implemen-
tation in SPheno in the MSSM. We exactly reproduce the
results of the code CNNDecays for decays of neutralinos
and charginos in R-parity violating models. The new ver-
sion SARAH 4.11.0 by default includes the calculation of
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two-body decay widths at the full one-loop level. Current
limitations for certain model classes are described.
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1 Introduction

While the large hadron collider (LHC) has completed the stan-
dard model (SM) of particle physics with the discovery of a
scalar which has all expected properties of the long searched
for Higgs boson [1-3], there is no indication for new physics
up to now. This has lead to impressive exclusion limits for
particles predicted by either supersymmetry (SUSY) or other
extensions of the SM which were proposed to resolve the
open questions of the SM. However, these exclusion limits for
beyond the standard model (BSM) particles depend strongly
on the decay properties of these particles. For instance, it
is well known that the often cited limits for SUSY squarks
and gluinos of 1.8 TeV and more hold only in vanilla models
where these states decay to 100 % into a given final state [4—
71. Once realistic decay patterns for the particles are used, the
limits become much weaker [8—11]. Thus, a precise knowl-
edge of the branching ratios of BSM states is necessary to be
able to draw firm conclusions from the null results. On the
other hand, once a new particle is discovered, precise calcu-
lations become especially important to extract the underlying
parameters and compare against the predictions of many dif-
ferent models.

There has been a lot of effort to improve the pre-
dictions of the decay widths for new Higgs-like scalars
not only in the minimal supersymmetric standard model
(MSSM) [12-39] and the next-to-minimal supersymmetric
standard (NMSSM) [40], but also in several singlet and
doublet extensions of the SM [41-47]. These results are
implemented in public tools such as HDECAY [48,49],
FeynHiggs [50-52] or NMSSMCALC [53]. However, for
the plethora of other states, tree-level results are often used.
Exceptions are the MSSM, where one-loop corrections to all
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sfermions and gauginos were discussed in Refs. [54-74];
and neutralino and chargino decays in the NMSSM [75,76].
For other SUSY models with R-parity violation and CP viola-
tion, only a few selected decay modes were discussed so far in
Refs. [77,78]. The available codes to study decays at the one-
loop level in the MSSM are SDECAY [79], SUSY_HIT [49]
and SFOLD [80] for sfermion decays, FVSFOLD for flavour
violating squark as well as gluino decays, and S1oopS [76]
and CNNDecay's [75,77] for neutralino and chargino decays
without and with R-parity violation.

This limited number of codes and supported models has to
be seen in contrast to the increasing number of models which
are currently studied. With the increasing limits on the SUSY
masses within the MSSM, other ideas for new physics are
seeing more and more attention. In order to be able to also
give more accurate predictions for the decays in non-minimal
SUSY models or also in non-supersymmetric extensions of
SM, a high-level of automatisation is needed. A very power-
ful ansatz to obtain robust results for BSM models has been
established with the Mathematica package SARAH [81—
86]: SARAH derives from a short model file all analytical
properties of a given model. This information together with
generic expressions for various observables is then used to
generate Fortran code for SPheno [87,88] which can be
used to obtain numerical results. Up to now, one- and two-
loop masses [§9-91], one-loop flavour and precision observ-
ables [92], as well as two- and three-body tree-level decays
could be obtained via this setup. We have now enhanced the
decay calculation to the next level by a generic ansatz to cal-
culate two-body decay widths at the full one-loop level. These
extensions are now available with SARAH 4.11.0. In this
paper we give all necessary details about the calculation,
including the renormalisation scheme; the generic expres-
sions for virtual and real corrections; and the handling of
ultraviolet and infrared divergences.

While wave-function corrections are determined from on-
shell conditions, the default settings use a DR (or MS) renor-
malisation for the parameters of the underlying model. How-
ever, the user can also define model-specific counter-terms in
SARAH to be used in the numerical evaluation in SPheno.
For now the self-energies of all particles of the underlying
model are available for this purpose. Since many particle
species receive significant higher-order corrections to their
masses and mixing beyond tree level, we also allow the inclu-
sion of mass and mixing corrections for the involved external
states. This needs a careful treatment of the infrared diver-
gences, for which we add an infrared counter-term making
use of modified Goldstone boson vertices. The setup also
supports loop-induced decays. An extension to models with
CP violation or additional charged and massive, coloured
vector particles is left for future work. Higgs boson decays,
which are very sensitive to corrections of the external states,
will be more thoroughly addressed in the future.
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The paper is organised as follows: In Sect. 2 we discuss the
technical details of the implementation employing external
tree-level masses. The incorporation of higher-order correc-
tions for the external states is lined out in Sect. 3. In Sect. 4
we explain how the new features of SARAH and SPheno
can be used. In Sect. 5 we present some results obtained
with the new machinery: we first show the implementation
of counter-terms for two SM examples and then compare
our implementation in SARAH with other public codes as
SFOLD, HFOLD, CNNDecays. We conclude in Sect. 6. The
appendix contains all relevant generic expressions for virtual
and real corrections as well as a derivation of the employed
Goldstone boson vertices.

2 Calculation of decay widths at the full one-loop level

In this section we discuss the technical details of the cal-
culation of two-body decay widths at next-to-leading order
for decays that are mediated through a tree-level diagram
X — Y1Y,. Our implementation can handle the decays
S —> 85,8 —->SV,S—>VV,S—> FF,F - FS and
F — FV, where S denotes a scalar, F' a fermion and V a
heavy gauge boson. For loop-induced processes V can alsobe
a photon or gluon. At next-to-leading order we include full
QCD and electroweak corrections. Thus, apart from ultra-
violet divergences, which we need to address through the
renormalisation of the parameters of the underlying model,
infrared divergences due to massless photons and gluons
have to be taken care of. For loop-induced decays the subse-
quent discussion simplifies substantially, since neither ultra-
violet nor infrared divergences have to be tamed, i.e. also the
detailed renormalisation of parameters is not of relevance.
We continue as follows: we describe the generic form of
unpolarised squared matrix elements for two-body decays in
the subsequent subsection and thereafter present the various
ingredients in terms of tree-level and one-loop amplitudes.
This includes vertex and wave-function corrections as well
as a discussion of counter-terms. Then in Sect. 2.6 we dis-
cuss the relevant real corrections being 1 — 3 processes,
before we combine the results in Sect. 2.7. Finally, we list
the limitations of our implementation in Sect. 2.8.

2.1 Generic unpolarised squared matrix elements
For any two-body decay we write its partial width in the form
1 2 2 2 2
Ixsyy, = WK (mx, my,, my2> CsCc Z IM]”,
X h,p
2.1

where my, my, and my, are the masses of the mother and
daughter particles in the initial and final state, respectively.

We denote their momenta with pg, p; and p», respectively.
The sum runs over all helicities (/) and polarisations (p) in
the initial and final state. A symmetry factor Cs and colour
factor Cc have to be employed. The symmetry factoris Cs =
1 by default. For X = F we have Cs = J,if Y| = ¥} and
Y=Y, For X = SitisCs = 3,if Yi =Yyand Y2 = ¥,
and Y| = Y,. Therein Y denotes the antiparticle of Y. The
colour factor C¢ for a decaying colour singlet is equal to the
dimension of the final states under SU(3)¢. For example, for
a colour octet decaying into triplets, it yields Cc = % while
for more complicated colour configurations Cc can easily
be extracted from the colour-dependent part of the vertex
triggering the decay: the colour of the initial state is fixed
and a sum over all possible colour combinations in the final
state is performed. The Killén function A is given by

A(pd. pl. p3)

= \/pé +pi+ 3 = 2p5pt — 2pip5 = 2p5p5. (2.2)

For decay modes with fermions and gauge bosons in the
initial and/or final state the matrix elements are a sum over
Lorentz structures; we label these with a lower index as M;
and therefore split the total squared amplitude in sums of con-
tributions M; M *, which are multiplied with different kine-
matic dependences obtained from helicity and polarisation
sums. The structures and their sums are given by

F— FS:
M= Mll_)(Po)PLU(Pl) + M>v(po) Prv(p1),

ZIMI

(mx +my, — mY2) (MM} + My M3)

+ my,my,(M{M5 + M MY), (2.3)
S— FF:

M = Mu(pr) PLv(p2) + Mau(p1) Prv(p2),

Z|M| (m = m3, = w3, ) (MM + Mo M5)

— 2my,my, (M\M5 + My MY) (2.4)
S—> SV:
M= e*(pz)(p(’f + M,
2
TP = g [+ (v, = )
—2m (i, +mi,) | w7, 2.5)
S — SS:
M=M,
> IMP = MM*. (2.6)
h,p
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For § — V'V we split the squared amplitude as follows:

M =€, (p1e;(p2) <M171’” + MngP(‘))),
1
Z IMI* = ) [mgl( +m411/1 + lom%/lm%/z +m‘11/2
P 2mY my,
P 2 3
—2m% (m3, +m3},)] MiM;
My \My, + My, 1My
1 4 2 232
+ —5——5|my +(my, —m
Sm%,zmg,s[ x + (my, n)
2
—2m% (m3, +m3,)|” MyM;
6

el L0 o 3m (my, +m3,)
Y27'r3

+
2

- (m%ﬁ - m%’z) (m%’] +m§2)

+ m%,l (3m§,1 + Zm%/lmgzz + 3m3‘/2)]

x (M1 M5 + My MY). 2.7

Lastly the squared amplitude for F — FV is given by

M =€, (p2) <M117(P0)7/“PLU(P1)
+ My5(po)y" Pro(p1) + M3 ph v(po) PLv(p1)

+ M4p55(po)PRv(p1)),

1

2 4 4 2 2 4

E M= = pn [m% + my, +my,my, — 2my,
my,

h,p 2

+ mk (=2m3, +m},)] (MiM] + MaM3)

2
+ I:(mg( +m%’1 - mzYz) <m§( + (m%/] - m%’z)

—2m3 (m3, +m3,))] (M3 M+ Maby)

= 3mxmy, (MiM; + MaMY)

_ b
4m§,2

= 2my (my, +m3,))]

X (MiM3 + M3M} + MaMj + MaM5)

1 2
_ % [mx (m‘)‘( + (m%,1 — m%/z)
—2m (my, +m3,))]

x (MiMj + MaM{ + My M5 + M3 M)

2
[, (e + (o, — i)

1 2
—|—7[m m (m4 + (m3, — m?
4m%2 XMy, X ( Y Yz)
—2m% (my, +m3,))] (MsM; + MyM3) . (2.8)
We implemented special cases for final states with van-
ishing masses, which are not given here.!

! In the calculation of one-loop decays we introduced a minimal
allowed mass for fermions and scalars of 101> GeV. Smaller masses

@ Springer

2.2 Tree-level amplitudes

For the two-body decays at tree level the contributions to the
matrix elements M l.T can be directly identified with the (left-
and right-handed) couplings as follows:

F—FV: M =ik, MI=ic,

F— FS: MIT = —icR, MzT = —icL, 2.9)
S— FF: MI'=—ick, MI =—ic,

S—58S: MT =ic, (2.10)
S—> SV: MT:—Zic,

S—Vvv: Ml =ic. (2.11)

The conventions for the parametrisation of the vertices are
summarised in Appendix A. For F — FV M1 and M] and
for§ — VV MZT vanish at tree level, but contributions are
generated at the one-loop level.

2.3 One-loop amplitudes

Before discussing the detailed form of vertex and wave-
function corrections, we show their combination with the
previously presented results. Once the amplitude due to ver-
tex corrections M"Y and due to wave-function corrections
M"Y are split into M} and M}V, which encode the vari-
ous contributions to different combinations of helicities and
polarisations, they can be added to the tree-level amplitudes
as follows:

M; =M +2m) +2mY. (2.12)
For an exact next-to-leading order calculation the complex-
conjugated part of this amplitude M/ is inserted in the
complex-conjugated matrix elements of Eqs. (2.3)-(2.8),
whereas Ml.T is used for the non-conjugated ones. The total
partial width is obtained from the real part of the full expres-
sions in Egs. (2.3)—~(2.8). When squaring the amplitude one
needs to be careful if external coloured particles are involved.
For these cases, SARAH calculates individual colour factors
for tree- and loop-level contributions and sums them up con-
gruently. For loop-induced decays the sum of the amplitudes
of the vertex corrections Miv and wave-function corrections
Ml.W is inserted into all occurrences of matrix elements in
Eqgs. (2.3)-(2.8).

2.4 Vertex corrections

In general, there are four different topologies contributing
to the vertex corrections MY, which are shown in Fig. 1.

are set to zero to stabilise numerics, see Sect. 5.3.1 for a discussion in
the context of R-parity violation.
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b1
mq m2
m
Po 3 o P2
b2

p1 D1
m]. pO ml
ma
Do ma
P2 P2

Fig. 1 Possible topologies contributing to the vertex corrections

For decays involving fermions only the first topology is
of relevance. Depending on the considered decay, differ-
ent generic diagrams are associated with these topologies.
They are depicted for the different decays in Appendix A in
Figs. 15, 16, 17, 18, 19 and 20. The results are a function of
internal masses m1, my and m3 entering the loop diagrams,
but also of the external momenta pg, p; and p>. In this sec-
tion, Sect. 2, their squared values correspond to the squared

. . 2 2 2
external masses of the particles, i.e. my, m ¥ andm y,» fespec-

tively. The calculation of the generic amplitudes Ml.(k) for
each diagram is straightforward and all results are given in
Appendix A. They are obtained with FeynArts [93] and
FormCalc [94] in Feynman—"t Hooft gauge, i.e. charged
and neutral Goldstone bosons are included in the calculation
and cancel the unphysical contributions from heavy gauge
bosons.

Our results are expressed in terms of Passarino—Veltman
integrals obtained through dimensional reduction (DR).?
Thus, the ultraviolet divergences can be split off in terms of
A= é —yE+In(4m), where € regularises the divergence and
equals the difference with four dimensions d = 4—2¢€ and yg
is the Euler—-Mascheroni constant. Terms denoted by » need
to be set to zero in dimensional reduction and correspond to
the difference with respect to dimensional regularisation, i.e.
ityields r = 1 for calculations performed in the minimal sub-
traction scheme (MS). By default SARAH sets r = 0in SUSY
models and » = 1 in non-SUSY models. In order to match
mass dimensions correctly in less than 4 dimensions, dimen-
sional reduction also introduces a new scale Q, the renor-
malisation scale. The generic particle U denotes a Faddeev—

2 FormCalc works with constrained differential renormalisation [95],
which equals dimensional reduction at the one-loop level [94].

Popov ghost. In Feynman—"t Hooft gauge their masses are
identical masses to the gauge bosons masses, i.e. also ghosts
obtain the subsequently discussed regulator mass. Infrared
divergences due to massless photons and gluons are regu-
larised through a finite regulator mass. There are no diagrams
that contain both photons and gluons. The cancellation of
infrared divergences will be addressed in Sect. 2.6, whereas
the cancellation of ultraviolet divergences is obtained by
adding the subsequently discussed corrections M " .

The combinatoric part to populate the generic diagrams
with all possible field insertions in a given model is done by
SARAH. SARAH also checks for possible symmetry factors
which appear if in the topologies 2—4 in Fig. 1 two real and
identical particles are in the loop. In addition, it calculates
relevant colour factors to be multiplied with the interference
terms M7 (MV)*.

2.5 Wave-function corrections

The amplitude MW contains the corrections due to wave-
function normalisation as well as the counter-term for the
tree-level coupling. They cancel the ultraviolet divergences
of the vertex corrections MV and are mostly determined
through renormalisation prescriptions, in contrast to MV
Omitting the complication of fermions and gauge bosons
for a moment the amplitude Mi‘}/k for a vertex of the form
Cijk X Y1 Yoy for the process X; — Y1;Yo yields

w ; 1
Mijk =1i|dcijk + Ecljk‘SZXin

1 1
+§Cilk5ZY11Y1/- + Ecij132Y21Y2k> (2.13)

with the counter-term ¢ of the tree-level coupling ¢ and the
wave-function corrections 6 Z for the three particles involved.
In the last three terms a sum over / has to be performed. In the
following we will first describe the derivation of the wave-
function corrections and then comment on the counter-term
for the tree-level coupling.

For the wave-function corrections we employ an on-shell
scheme for the three fields S, V and F. For the fermions we
distinguish left- and right-handed components F and FR.
In all cases we allow for mixing among particles induced
through loop effects, such that the wave-function corrections
are generally matrices. We have

w0 1 W
Vil — ZV,-Vj Vi, j =18+ E(SZViVj Vj , (2.14)
1
S? — ZS;Sij = (5,']' + 5523[.5/.) S, (2.15)
1
Fl— 7% Fj = (5,-,- + Eaz{;iFj) FF, (2.16)
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5 (2.17)

Ff— Zf p Fj = (3,-]- + lsngj) FF.
In order to determine the wave-function corrections § Z from
on-shell conditions, we need the self-energies for our three
particle species. Their notation can be read off from the
inverse propagators at the one-loop level, which we write
as follows:

Ts;s,(ph) = i(p* — m§)8;; +illss,(p?). (2.18)
. . p'p’
Yy, (p?) = —igh" (p* —mi)sij — i (g’“’ - )
2 2 N 2
x Iy,v; (p%) — i —5=Tly,y (p?), (2.19)
» _

Cr(p) = i(h = mp)sy +i | p (PLEEWD + PrEE (D)

+PLESE(p?) + PRif,R(pz)]. (2.20)
The renormalised self-energies are indicated through 1T and
3 compared to the unrenormalised ones IT and X, which are
of relevance for the subsequent discussion. ITyy and Ilgg
are the self-energies of the gauge bosons and scalars, respec-
tively. For the gauge bosons we are only interested in the
transverse part ITyy. The only mixing induced between the
gauge bosons of the SM is among the photon and the Z boson.
Py and P, are the left- and right-handed projection operators,
which split the self-energies of the fermions in »L »R »SL
and ©5% The topologies which can contribute are shown in
Fig. 2. Moreover, all possible generic diagrams contribut-
ing to the fermion, scalar and vector bosons self-energies
are shown in Appendix A in Figs. 12, 13 and 14. We give
also in Appendix A the expressions for the generic ampli-
tudes for the self-energies and their derivatives. Note that
the above structure for the gauge bosons implies the usage
of Feynman—"t Hooft gauge. The derivatives of the wave-
function corrections, denoted with I and 3, are defined as
follows:

. 0
(k?*) = —zn(pz) and
ap P2=k2
ma
= @
p1 P
mq

Fig. 2 Possible topologies contributing to the wave-function renor-
malisation
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ap? P2
Demanding on-shell conditions for the external states fixes
the wave-function corrections. Their derivation can for exam-
ple be found in Refs. [75,96] and results in similar expres-
sions for scalars and gauge bosons:

8Zs;s;, = — ﬁél;ls;si(mi),

8Zv,y, = — Relly,y, (m},), (2.22)

8Zs;s; = — 5 fiél—[s,-s_,(méj),
mSl_ — mSj

8Zv,y; =—5——5Relly,y,(m3,), (2.23)
v T My,

For the fermions we need to distinguish four cases:

62f 5, = —Re[2f () +m}, (Eh (m},) + SE i)
g, (E5E (m%) + 57 (m3,))]

87f 5, = — Re £ (m3) + m}, (Eh (n}) + £X (n}))

+mp, (ZlSlL (m%) + 25k (m%))]
2mp.

L _ J DA L 2 R 2
Fi Fj

meF; SL(2) SR(Z)
+7ij2ij M, +Eij mE,

2mp. o~
R _ J L 2 R 2
8Zpp, =—5——5Re mp X (mp, ) +mp B (mp,
i m2 —m j j
Fi Fj

+x5t (m%/) + ZF; 3R (mgj)] . (2.24)

By Re we indicate that IT and & entering § Z include only the
real parts of the loop functions, whereas couplings enter with
real and imaginary components. In case of CP violation the
definition of wave-function corrections usually distinguishes
between in- and outgoing particles in order to correctly multi-
ply absorptive parts of self-energies with complex couplings,
see the appendix of Ref. [66]. This is beyond our implemen-
tation. We note that despite the fact that we employ on-shell
conditions to determine the wave-function corrections our
external particles are not necessarily on-shell particles, see
the discussion at the end of this section.

With this setup at hand we can also define counter-terms
to be used for tree-level rotation matrices, which at lowest
order transform gauge into mass eigenstates. Those counter-
terms enter the counter-term of the tree-level coupling. For
any particle species @ in mass eigenstates, which is obtained
from gauge eigenstates @’ through ®; = Rs @;, the counter-
term is given by
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1
085 = 5 6~ 67000
k

(2.25)
For fermions left- and right-handed states are rotated with
two matrices, such that two counter-terms employing left-
and right-handed wave-function corrections also need to be
defined. For Majorana fermions we refer to Ref. [75]. It is
well known that the definition of such counter-terms for mix-
ing matrices based on the wave-function corrections needs
a proper treatment of Goldstone boson tadpole contributions
in order to achieve gauge invariance; see Ref. [75] for a more
detailed discussion. Since we work in Feynman—"t Hooft
gauge we can completely omit these Goldstone boson tad-
pole contributions, since they ultimately cancel between the
wave-function corrections and the counter-term of the mix-
ing matrices. As for the vertex corrections, SARAH inserts
all combination of particle species in the generated code,
and includes colour as well as symmetry factors.

The non-trivial and mostly non-automatisable part of the
calculation of two-body partial decay width is the renormali-
sation prescription used for the bare parameters of the under-
lying theory, which enter the tree-level coupling counter-term
of the two-body decay under consideration. The counter-
terms are usually chosen depending on the model and pro-
cess. However, a simple DR (or MS) prescription for the
renormalisation of the parameters of the underlying theory is
always easily applicable: from the 8 functions and anoma-
lous dimensions used for the renormalisation group equations
implemented in SARAH [97-104] we can define all counter-
terms of the parameters of the underlying theory to be just
proportional to the pure ultraviolet divergence only. We will
refer to this scheme as DR (or MS) scheme in the following.
It is well known that this scheme will not perform well in
various cases. Therefore, the user of SARAH can define their
own counter-terms; see Sect. 4.2 for a more detailed discus-
sion. We also add an example of a proper renormalisation of
the electric charge in Sect. 5.

A consequence of the application of the DR (or MS)
scheme is that our partial decay widths are left with a depen-
dence on the renormalisation scale Q introduced through the
regularisation of ultraviolet divergences. This is most promi-
nent in the running of the parameters that enter the tree-level
coupling obtained from the renormalisation group equations,
which is not cancelled at the one-loop level. In the gener-
ated code the scale Q is by default set to the average stop
mass  /m; i, in supersymmetric models and the top-quark
mass m; in non-supersymmetric models. However, the user
can control the scale Q in the input file, either throughout
SPheno or only for the calculation of the decays at one-loop
level; see Sect. 4.2. A common choice for the renormalisation
scale is also Q ~ my close to the mass of the decaying par-
ticle X. We refrain from making it the default option, since
O ~ myx slows down the numerical evaluation substantially.

In this case loop contributions need to be evaluated multiple
times. We recommend to vary the scale to check the stabil-
ity of the partial decay width calculation, as we demonstrate
in Sect. 5 for the decay of the SM Higgs boson into bottom
quarks. If the scale is changed throughout SPheno keep in
mind that also masses and thus kinematics can change. For
a full on-shell calculation the scale dependence also com-
pletely vanishes. We demonstrate this for the decay of the
top-quark in Sect. 5. In order to achieve a renormalisation-
scale-independent result, external states have to have fixed
masses and mixing, which for gauge bosons and fermions
can be achieved through the settings explained in Sect. 4.2.

Until now we ignored the fact that particles receive higher-
order mass corrections.> By construction we have to employ
the mass values at lowest order throughout the calculation.
We will discuss in Sect. 3 how for the external states mass
corrections and mixing beyond tree level can be incorporated
into our calculation. If we allow for mass corrections we limit
the discussion to the inclusion of DR (MS) corrections to the
masses, whereas full on-shell prescriptions for BSM particles
(as it would be appropriate) are left for future work. With the
outlined procedure in the previous subsections, we obtain a
gauge-independent and ultraviolet finite result for the partial
width X — Y1Y>, which in the most general case, however,
is scale dependent. As mentioned, the cancellation of infrared
divergences is addressed in the next section.

2.6 Real corrections

In the previous calculation of vertex and wave-function cor-
rections we regularised infrared divergences through the
introduction of a finite, but small regulator mass for the pho-
ton and/or gluon. The artificial dependence of the cross sec-
tion calculation on that mass is cancelled by adding the real
emission of a photon and/or gluon to the two-body decay,
i.e. by adding three-body decays. For a soft photon and/or
gluon a divergence is induced, which can again be regu-
larised through a mass and cancels the mass dependence from
the vertex and wave-function corrections. With the help of
FeynArts [93] and FormCalc [94] we generated generic
results for the emission of one additional photon y or gluon g
for the previously discussed two-body processes S — S,
S—->SvV,S—->VV,S—> FF,F - FSand F — FV.
We denote the real corrections for X — Y1Y> + y/g by

1 L/d3p1 & py &’k
@r)3mx 2 ) 2p) 2p9 2k0

x (po—p1—p2—k)Cs Y IMP,
h,p,c

Px—yivaty/e =

(2.26)

3 Also on-shell schemes can lead to finite shifts at higher orders, see e.g.
Refs. [65,105,106] for examples in the neutralino and chargino sector.
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where k denotes the momentum of the photon or gluon and
momenta with upper index 0 equal the zeroth component of
the corresponding four vector. External momenta are set to
p% = mg(, pf = m%,l, p% = m% and k> = 0. We then
have Cg = Cs for § — VV and § — SV, otherwise Cg =
%Cs. The charge and colour structure is encoded in matrices
C;; explained in Appendix B, which is why Eq. (2.26) only
contains an additional ¢ for colour to be summed over. It is
clear that the real corrections due to photon emission and
gluon emission can be calculated individually and summed
up afterwards. By rewriting denominators in terms of eikonal
factors, the above integrals can be mapped onto
1 [ Epdp &k,
w2 ) 2p) 2p) 2k°
(F2pjy - k)(E2pj, - k)
(£2pi, - B (E2pi, - k)

Ijljz

i, mx,my,,my,) =

X (po— p1— p2 —k) . (227)

where p; ; € {po, p1, p2} and the minus signs refer to cases
where p; ; equals the momentum py of the initial particle X.
The notation follows Ref. [96], where also results for the rel-
evant integrals are shown. Only integrals with double lower
indices are infrared divergent and thus dependent on the regu-
lator mass in addition. We present our results in Appendix B.
Through our procedure we calculate the full soft- and hard
emission of such photons and gluons and thus for the three-
body decay S — SV + y/g also include the four-point
interaction, which does not diverge as the regulator mass
approaches zero. The correct charge and colour factor assign-
ments in the real corrections are done by SARAH as explained
in Appendix B. Where possible we compared to the analytic
results for real corrections implemented in SFOLD [80] and
HFOLD [107] as well as the result presented in Ref. [75].
Apart from finite contributions in § — SV we found com-
plete agreement.

We avoid additional collinear divergences by keeping
finite masses for all three particles in the initial and final
state of our two-body decay calculation, if they interact with
photons or gluons. Thus, this problem does not arise for e.g.
final-state neutrinos. For fully massless charge- and colour
neutral particles in the final state we implemented dedi-
cated routines for F — F’Sy and § — F’Fy, where one
final-state fermion F’ can be massless. Keep in mind that if
final-state charged or coloured particles are very light, large
collinear logarithms can induce a bad numerical behaviour
of our routines. This should not cause problems in practi-
cal applications unless charged or coloured states with very
small masses (<keV) are present.

Lastly note that since the real correction decay widths are
gauge independent, we performed the calculation in unitary
gauge for simplicity. This ensures that the results depend
only on the gauge couplings and the original tree-level vertex,
and we are not obliged to include would-be Goldstone boson
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vertices as we do for the corresponding loop corrections.
The exception is the decay S — SV + y /g, where gauge
invariance fixes the form of the four-point vertex in terms of
the three-point one, and we implicitly assume this relation.

2.7 Combination of results

The partial width at next-to-leading order is thus obtained as
follows:

l—wNLO

X—Y\ Y, — FX—>Y1Y2 + FX—>Y1Y2+y/g7 (228)

where I"'x_,y, v, is obtained from Eq. (2.1) with the squared
amplitudes given in Egs. (2.3)—(2.8). The individual parts M;
are taken from Eqgs. (2.12) and (2.9) for the complex con-
jugated and non-complex conjugated squared amplitudes,
respectively. I'y .y ,y,+,/; are the real corrections from
Eq.(2.26), which are calculated individually for photons and
gluons and summed up. For loop-induced decays the virtual
contributions in MV are by definition ultraviolet finite, still
we also include the described wave-function corrections. We
note that ultraviolet finiteness can be checked through a vari-
ation of A defined in Sect. 2.4 and infrared finiteness through
a variation of the regulator mass for the photon and/or gluon,
see Sect. 4 for a description how to access them.

2.8 Current limitations

In the approach described so far, we made some assumptions
which make the results not applicable to all models which
are currently supported by SARAH.

e While complex parameters in all calculation can be han-
dled in principle, the setup is not yet supposed to be used
for CP violation. The reason is that, for decays of real par-
ticles into complex final states, only the decay mode Y1 Y>
is calculated, while Y Y is assumed to have the same
partial width. Also note that in the case of CP violation
a common approach is to define extended wave-function
corrections as discussed in the appendix of Ref. [66].

e The calculation of the real divergences has neglected
the possibility of massive, coloured vector bosons as
for instance in Pati—Salam, deconstructed, or trinification
models.

e When using loop-corrected external masses as described
in the next section, we need to cure all infrared diver-
gences through a proper treatment of Goldstone boson
vertices. Currently we assume that the W boson is the
only massive, charged vector boson, such that models
with a W’ cannot be used with loop-corrected external
masses.

e Gauge boson decays are not implemented yet. This is
partially due to the previously two mentioned limitations.
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On the other hand for decays of the gauge bosons of
the SM our framework can easily be extended, which we
leave for future work.

3 Higher-order corrections to the external states

Our previous discussion was based on the usage of tree-level
masses for internal as well as external particles. However, the
masses of various particle species receive significant higher-
order contributions. One way to address this is to adopt an
on-shell scheme throughout the calculation, but pure on-shell
schemes are not always the best choice for such calculations,
as is well known from the Higgs sector of the MSSM. Also
even if the calculation is performed in terms of on-shell states
in particular in supersymmetric models the limited number of
renormalisable parameters in the Lagrangian does not allow
for a renormalisation procedure where all on-shell masses
correspond to their tree-level values.

Instead, if we do not want to change our renormalisation
prescription, we should use the LSZ reduction formula to
connect S-matrix elements of on-shell states with Feynman
diagrams in our scheme. This results in external normalisa-
tion factors and external loop-corrected masses (which need
to be distinguished from the previously discussed tree-level
masses and mixing matrices). A schematic picture is shown
in Fig. 3. For Higgs bosons the approach is discussed in detail
in Ref. [108], where such wave-function normalisation fac-
tors are denoted Z-factors. In particular, as noted there, since
we are working at only one loop, there are different trunca-
tions of the perturbative series that we can make and different
approximations can also be made for expediency. Here we
outline the choice(s) that we have made.

Firstly, in the gauge boson sector we recommend to use on-
shell values for gauge bosons, see the discussion in Sect. 4.

Y1
Uy,

Yy

Yy

Uy,
Y,
Fig. 3 Schematic picture of our method to include higher-order mass

and mixing corrections. The calculation presented in Sect. 2 is combined
with external normalisation factors and external loop-corrected masses

For scalars and fermions, however, we introduce matrices that
we denote U. Let us introduce our notation for the example
of n scalars S;, which are mass eigenstates obtained from
gauge eigenstates S; = Rl.sj S./i at tree level and mix at higher
orders: following Eq. (2.18) the mass matrices beyond tree
level take the form

Mij(p®) = misij — i (p?) 3.1
with the tree-level masses m;. Let us suppose that for the
calculation of the external masses a MS or DR scheme is pre-
ferred, i.e. the self-energies I1 and 3 are renormalised such
that only the corresponding ultraviolet divergent part is omit-
ted. In a first approximation we set p> = 0 and diagonalise
the obtained mass matrix M (0) through a unitary (n x n)
matrix U°. The tree-level mass eigenstates S; are thus rotated
into states S’,- = Ui(} S with masses m; . This matrix U 0 incor-
porates the additional mixing induced at higher orders and in
principle corresponds to the Z-factors in the p> = 0 approxi-
mation of Ref. [108].% Itis used to rotate the tree-level, vertex
and counter-term corrections uniformly by applying it at the
amplitude level. For the decay S; — S b Sx we for example
shift the amplitudes by

Miji = ) UL UR UG Mt

S,tu

(3.2)

for M = MT, MV and MV. Also we define rotated tree-
level couplings ¢;jx in the same manner to be used in the
calculation of tree-level ampltiude and real corrections as
discussed subsequently. This concept can be very similarly
employed for fermions, where again left- and right-handed
mixing matrices U have to be introduced. Before we discuss
the cancellation of ultraviolet and infrared divergences let us
note that we also implemented two more methods to obtain
the mixing matrix U instead of setting p> = 0 an alternative
choice is to use p? = ml2 This results in the mass eigenvalue
m;, which is used to repeat the procedure iteratively with
p? = i; until the mass determination stabilises. Our default
choice is that the relative change between the masses of two
iterations should be below 10~°. This procedure needs to
be performed for each mass eigenstate S; separately and the
matrix U? is determined row by row and is thus not unitary
any more, as is also well known from the general form of Z-
factors. Lastly a possible choice is p> = m%, i.e. the external
momenta is chosen to be equal to the lightest mass eigenstate.
In this case U™! is again a unitary matrix. We note that the
outlined procedure to determine /7 and U can be performed
beyond one-loop level, i.e. for supersymmetric Higgs boson
masses corrections at the two-loop level can be incorporated.

4 1t differs by the prescription for how the self-energies IT are renor-
malised.
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3.1 Ultraviolet and infrared divergences

The application of external masses 71 different from the tree-
level values m and mixing matrices U in addition to tree-level
mixing induces a problem with the cancellation of ultravio-
let and infrared divergences. The first problem can be solved
easily. We employ tree-level masses m for all propagators
of loop functions as well as external momenta entering loop
functions. This applies to vertex and counter-term correc-
tions and guarantees the cancellation of ultraviolet diver-
gences.

The infrared problem is more demanding. In order to
achieve the cancellation of infrared divergences we define
infrared counter-terms. These counter-terms encode the mis-
match between the masses and mixings of internal and exter-
nal states and are formally of higher order. These counter-
terms are used to shift the wave-function and vertex correc-
tions:

MY - MV +smV,
MY > MV +smV.

(3.3)
(3.4)

The aim is to cancel the infrared divergences stemming from
2MT MV + MY + MV 4 sMY)* against the ones from
the real emission calculated with loop-corrected masses. The
counter-terms M"Y, MW are defined to be the difference of
the infrared divergences of our default scheme and the one
with loop-corrected masses 71

sM” Y = IR (MV’W) ~IR (MV’W) (3.5)

where IR(M) takes only the infrared divergent part of the
amplitude M. The definition of such counter-terms in super-
symmetric models is a common strategy: Ref. [66] intro-
duces an infrared counter-term for the decays f; — l;i wt,
see Eq. (191) in Ref. [66], which exactly encodes the dif-
ference between on-shell, i.e. loop-corrected, and tree-level
masses due to the limited number of renormalisable param-
eters in the stop and sbottom sectors. Reference [109] dis-
cusses the introduction of such counter-terms for the heavy
Higgs boson decay H — W1W~. Reference [110] dis-
cusses these aspects in detail in the context of a generalised
narrow-width approximation, where also infrared divergent
parts in the loop contributions are sorted out and evaluated
at a common mass scale.

It is clear that the subtraction and re-addition of infrared
divergent logarithms as discussed before induces a spurious
dependence on other masses, namely on the masses being
the counterpart of the regulator mass(es) in the logarithms.
This is unavoidable, however, numerically of minor rele-
vance.
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In practice, the following procedure is applied:

1. We calculate the virtual corrections using tree-level
masses.

2. We extract the infrared divergences of all two- and three-
point functions using the results given in Appendix C.
These result are used to obtain IR (M V’W).

3. We use loop-corrected masses m throughout all infrared
divergent diagrams for the external legs and the particles
in the loop. We take again the infrared divergent parts of
these amplitudes to obtain IR (M"W).

4. The calculation of the kinematics as well as of the helic-
ity and polarisations sums for both, the virtual and real
corrections, is done with loop-corrected masses.

5. Lastly, the usage of an additional external mixing
applied through the mixing matrices U, named U -factors,
works as follows: we rotate the amplitudes of the tree-
level, wave-function and virtual corrections according
to Eq. (3.2). Instead for the contribution of the infrared
counter-term we use rotated tree-level couplings ¢ rather
than rotated amplitudes M. Those rotated couplings also
enter the calculation of the real corrections. In this context
we note that by construction the infrared counter-term
always contains exactly one occurrence of the coupling ¢
of the tree-level two-body decay.

These steps give for most cases infrared finite results. How-
ever, there is one complication: if the infrared counter-term
contains loops with massive gauge bosons, then there will
necessarily also be related diagrams with charged Goldstone
bosons, and the gauge symmetries require several relation-
ships between the couplings—and masses—of the internal
and external particles in order for the infrared divergences
to cancel. If we were to apply the above procedure then the
infrared counter-term would not be gauge invariant; for these
diagrams we therefore use loop-corrected masses and cou-
plings. Note that if we used unitary gauge we could avoid
a discussion of corrected couplings in Goldstone boson ver-
tices. Denoting a would-be Goldstone boson by G, massive
gauge bosons by V¢ with masses mg and massless ones by
y4, real scalars as S; with masses m; and Dirac fermions as
F7 with masses m, the relevant couplings are

1 1
L Dicva”(Sjaﬂs,- = Si0u8)) + 5y (S 9uSi = Si0uS))

1 " "
+ 5ch,VG "(G'9,G — G3,G)

1 U !
+3¢Ge " (G'0,G — GG + cF Gypven

1 1
+5¢ii6SiS;G + ECiGG’SiGG/

1 ’ ’ 4 !
LGV @S - 50,6) SV
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+ 109 (a“y;‘ VIVE Y yary, vIveY

+yiviarve ”) + (c‘,‘fy[j +et Vf) Fry"PLF;
(e i+ e V) Fort prs
-I—CIL]GGF[PLFJ +C$JGGFIPRFJ. (36)

. L/R .
The couplings claj Char CL;J /R are just generators of the

unbroken gauge group in the appropriate representation mul-
tiplied by the unbroken gauge coupling. We find that we
must enforce the following relations, which we derive in
Appendix D:

caGG’ a _ 1 aG’

ZCGG/ - TCG 5 (37)
my
1
2 2,.G
cijc =—g (mj — mj)c;3, (3.8)
my
2
m: ’ ’ 1 /
i GG G GG
CiGG! :Wci . CiG = _GCi , (39)
vy ny
L 1 G,L G,R
Clic =g |MiCy — Myt |
my
1
R _ * G,L * G,R
CrjG=— "¢ [mjc” — mjycy; ] (3.10)
nmy

The implementation in SARAH currently assumes that the
gauge sector is that of the SM; so there are no infrared diver-
gent diagrams with neutral Goldstone bosons, and we do not
shift their couplings to loop-corrected masses. In practice,
a new set of Goldstone vertices is derived by the following
relations which is then used in the calculation of the IR shifts:

L R
MECp pw — MARCE pw

ck =
FIFR,Gt — my s
R _ L
oR _MRACE pw — MARCRpw (.11
FIRGt — my 5 .
2 .2
o —my,
C$15G+ = CS 1S W,
my
1
CSGtw = CSWW, 3.12)
2mW
CG*W}/ = —MyCwWwwy- (3.13)

Note thatin Eq. (3.11) we explicitly assume no CP violation.

Employing the outlined procedure we obtain partial decay
widths at next-to-leading order with full cancellation of
ultraviolet and infrared divergences. Though the applica-
tion of loop-corrected masses in the infrared counter-term
can induce a spurious higher-order gauge dependence, for
phenomenological purposes this is, however, small, see e.g.
Refs. [75,77]. Note that for external heavy gauge bosons of

the SM we give the option to put the heavy gauge bosons on-
shell, such that the cancellation of a gauge dependence in the
real corrections among internal gauge bosons and Goldstone
bosons is always guaranteed.

3.2 Mixing of species

Particular attention is needed in the calculation of processes
where self-energy diagrams allow for the mixing between
different particle species beyond tree level. As an exam-
ple (CP-odd) Higgs bosons including the neutral Goldstone
boson can mix with the Z boson and even the photon. Then
wave-function corrections to the two-body decay come with
an internal propagator with a state different from the exter-
nal state. Such diagrams potentially need to sum up correctly
to ensure a gauge-independent partial width. For this pur-
pose, in order to avoid unphysical poles the momenta flow-
ing through the propagators have to match. As an example,
Ref. [36] keeps tree-level masses in diagrams mixing Higgs
bosons and the Z boson/Goldstone boson in the calculation
of Higgs decays to Higgs bosons. The Slavnov—Taylor iden-
tities then ensure that the sum of the Z and Goldstone con-
tributions give zero; see also Refs. [46,111]. Generally such
diagrams are beyond our generic implementation described
here and require a process-dependent treatment, i.e. they are
not included. Still, in our setup they can easily be added.

3.3 Loop-induced decays

We finish with a remark about loop-induced decays like
F; — Fjy. Since infrared divergences do not appear for
these processes at the one-loop level, there are fewer restric-
tions on which masses should be used to calculate the ver-
tex one-loop diagrams. As a default setting we therefore use
loop-corrected masses everywhere. The reason is that these
decays are of particular importance in regions of kinematical
thresholds. Thus, the mass splitting between the two massive
states should be taken properly into account in the one-loop
calculation.

4 Implementation in SARAH
4.1 SARAH-SPheno interface

The possibility to calculate one-loop decay widths is avail-
able from SARAH 4.11.0. This is a new feature of the
SARAH interface to SPheno which was established with
SARAH 3.0.0: SARAH generates Fortran code which
can be compiled together with the standard SPheno pack-
age to obtain a spectrum generator for a given model. The
main features of a spectrum generator obtained in that way
are a precise mass spectrum calculation including two-loop
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corrections to real scalars [89-91], a prediction for many
precision and flavour observables [92] and up to now the cal-
culation of two- and three-body decays mainly at tree level.

The general procedure to obtain the SPheno code for
a given model starts with the download of the most recent
SARAH version from HepForge:

http ://sarah.hepforge.org/

Then the user should copy the tar-file into a directory called
SPATH in the following and extract it through:

tar —xf SARAH-4.11.0.tar.gz

Afterwards, start Mathematica, load SARAH, run a model
SMODEL and generate a SPheno version through

<< SPATH/SARAH-4.11.0/SARAH.m;
Start ["SMODEL"];
MakeSPheno [];

The last command initialises all necessary calculations and
writes all Fortran files into the output directory of the
considered model. These files can be compiled together with
SPheno version 3.3.8 or later. SPheno is also available at
HepForge:

http ://spheno. hepforge . org/

The necessary steps to compile the new files are:

tar —xf SPheno—4.0.2.tar.gz

cd SPheno—4.0.2

mkdir $MODEL

cp —r SPATH/SARAH-4.11.0/Output/MODEL/EWSB/SPheno /+ MODEL
make Model=$MODEL

This creates a new binary bin/SPheno$MODEL which
reads all input parameters from an external file. SARAH writes
a template for this input file which can be used after filling it
with numbers by typing:

./ bin /SPheno$MODEL $MODEL/ LesHouches . in .$MODEL

The output is written to

SPheno . spc .$MODEL

and contains all running parameters at the renormalisation
scale, the loop-corrected mass spectrum, as well as all other
observables calculated for the given model and parameter
point.

The time for generating the Fortran code for the one-
loop two-body decays as well as the compilation time of
SPheno are extended by these new routines. Therefore, in
the case that the user is not interested in the loop-corrected
two-body decays, they can be turned off via:
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MakeSPheno [IncludeLoopDecays ->Falsel;

They can be permanently turned off for a given model by
adding

SA'AddOnelLoopDecay = False;

to SPheno.m. Usually, the calculation of the one-loop
decays triggers also the calculation of the RGEs even when
using the option “OnlyLowEnergySPheno = True;”
to generate the SPheno code. The reason is that the 8-
functions are used to check the cancellation of ultravio-
let divergences. However, for non-supersymmetric models,
in particular in the presence of many quartic couplings in
the scalar potential, the RGE calculation can be very time-
consuming. In this case the option

SA'*'NoRGEsforDecays=True;

skips the RGE calculation. Of course, the verification of the
cancellation of ultraviolet divergences will not be performed
with this setting.

4.2 Definition of counter-terms

We included the possibility to define counter-terms to be used
in the calculation of the one-loop decays. This is done in
SPheno .m via the new array RenConditionsDecays.
For instance, the standard renormalisation conditions for the
electroweak gauge couplings are set via:

1 |[RenConditionsDecays={

2 |{dCosTW, 1/2xCos[ThetaW] * (PiVWm/(MVWM~2) - PiVZ/(mVZ~2))},
3 |{dSinTW, -dCosTW/Tan[ThetaWl},

i |{dg2, 1/2%g2+(derPiVPheavy0 + PiVPlightMZ/MVZ"2

5 - 2%xdSinTW/Sin[ThetaW] + (2*PiVZVP*Tan[ThetaW])/MVZ~2)},

¢ |{dgl, dg2*Tan[ThetaW]+g2*dSinTW/Cos[ThetaW]

- dCosTW#g2*Tan[ThetaW]/Cos [ThetaW]}

s}

We give an example for the application of the above elec-
troweak counter-terms and their derivation in Sect. 5.1. If
RenConditionsDecays is not defined, a pure MS/DR
renormalisation for the bare parameters of the underlying
model is performed. The counter-terms can also be turned
on/off in the numerical session via new flags in the SPheno
input file as explained in the next subsection. The conventions
are:

e The names for the counter-terms are the names of the
corresponding parameter starting with d.

e For a rotation angle X, no counter-term for the angle
itself is introduced, but for the trigonometric functions
involving that angle. Those are called dCosX, dSinX
and dTanX.
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The following objects can be used to define the counter-
terms:

e Parameters of the model: the internal SARAH names must
be used.

e Masses of particles in the model: those are called MX
where X is the name of the particles in SARAH.

e Self-energies for scalars and vector bosons: those are
called PiX where X is the name of the particles in SARAH.

e The derivatives of self-energies of scalars and vector
bosons: those are called derPiX where X is the name of
the particles in SARAH.

e Self-energies and their derivatives mixing vector bosons:
those are called PiXY, respectively, der PiXY, where

X and Y are the names of the particles in SARAH and

2 2

p° = my.
e Special self-energies for vector bosons containing only

light/heavy states:

— PivP1light0/derPiVvPlightO: only light
degrees of freedom are included in the loops; external
momentum p2 = 0.

— PiVP1lightMZ/derPiVP1lightMZ: only light
degrees of freedom are included in the loops; external
momentum p2 = mZZ

— PiVPheavy0/derPiVPheavy0: only heavy
degrees of freedom are included in the loops; external
momentum p? = 0.

— PiVPheavyMZ/ derPiVPheavyMZ: only heavy
degrees of freedom are included in the loops; external

momentum p2 = mzz

e The different parts of the fermion self-energies and
their derivatives: those are called SigmalLX, SigmaRX,
SigmaSLX, SigmasSR, respectively, DerSigmalX,
DerSigmaRX, DerSigmaSLX, DerSigmaSR, where
X is the name of the particles in SARAH.

When SARAH is finished generating the SPheno output, a
list of all self-energies and their derivatives which are avail-
able in SPheno is stored in SA'SelfEnergieNames,
and the names for all counter-terms are saved in
SA'ListCounterTerms.

One needs to be careful when using self-energies or their
derivatives for particles which come with several generations.
In this case, the objects defined above are arrays with three
indices. The last two indices give the involved generations,
the first one the external momentum, e.g.

“.1)
4.2)

M;j(mg) — Pis(k. i, 9),

Eil‘j(m%k) — SigmaLF(k, i, ).

When defining the counter-terms, commands for matrix
or tensor operators should already have been evaluated in
Mathematica. Although we offer the possibility to the
user to define counter-terms in that way, we want to stress
that it has not been tested in practice beyond the examples
given in this paper. Thus, this option should be used carefully
and the results should be tested throughout, e.g. the ultravi-
olet finiteness of the partial decay widths is a first test to
be performed. Again we emphasise that such counter-terms
are for now only applied in the calculation of decay widths.
Thus, on-shell prescriptions for the calculation of masses
as e.g. known from the neutralino and chargino sector, see
Refs. [65,75,105,106], cannot yet be incorporated.

4.3 Options for the evaluation with SPheno

There are several options to steer the performed one-
loop calculations which can be controlled via the block
DECAYOPTIONS in the Les Houches input file for SPheno.
In practice the most important options are:

1 |Block DECAYOPTIONS #

1001 ... # One-loop decays of particle X
41002 ... # One-loop decays of particle Y
61114 ...
71116 ...
s [1116 ...

*

U-factors (0: off, 1:p2_i=m2_%, 2:p2=0, p3:p2_i=m2_1)
Use loop-corrected masses for external states

0S wvalues for W,Z and fermions

(0: off, 1:g1,g2,v 2:g1,g2,v,Y_i)

Use defined counter-terms

Use loop-corrected masses for loop-induced decays

* W

w |[1117 ...
no|1118 ...

#* W%

The following settings are possible:

e DECAYOPTIONS [10XY]:the one-loop decays for each
particle can individually be turned on (1) or off (0) via
these flags. The particle to which a given flag corresponds
to is written as comment by SARAH. The default value is
1.

e DECAYOPTIONS([1114]: this defines the choice for
the external U -factors:

0: no U-factors are applied.

1: the U-factors including the full p? dependence are
used (UP).

2: the U -factors calculated for p2 = 0 are used (U?).
3: the U-factors are calculated from the loop-
corrected rotation matrix for the lightest mass eigen-
state (U™1).

The default value is 1.
e DECAYOPTIONS[11157:

— 0: the kinematics is done with tree-level masses.
— 1:the kinematics is done with loop-corrected masses.

The default value is 1.
e DECAYOPTIONS[11l16]:
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— 0: MS/DR parameters are used for gauge couplings,
v and Yukawa couplings.

— 1: g1, g2 and v are set to reproduce the measured
values of Mz, &, (M) and sin Oy .

— 2:sameas 1, butin addition the Yukawa couplings are
set to reproduce the measured values of SM fermions.

The default value is 0.
e DECAYOPTIONS[11177]:

— 0: the counter-terms defined in RenConditions
Decays are not used.

— 1: the counter-terms defined in RenConditions
Decays are used.

The default value is 0.
e DECAYOPTIONS[1118]:

— 0:forloop-induced decays tree-level masses are used.
— 1:forloop-induced decays loop-corrected masses are
used.

The default value is 1.

In addition, the following options exist which are mainly
supposed to be used for testing and validation of the virtual
and real corrections:

Block DECAYOPTIONS #
1101 ...
1102 ...

1103 ...
61104 ...

Only ultraviolet divergent parts of integrals
Ultraviolet divergence

Debug information

Only tree-level decay widths

* oW oW W

s [1201 ...
911206 ...

*

Photon/Gluon regulator mass
Renormalisation scale

*

The following settings are possible:

e DECAYOPTIONS([1101]: this option can be used to
check the cancellation of ultraviolet divergences.

— 0: One-loop functions employed in the calculation of
one-loop decay widths return the finite part and the
ultraviolet divergence defined in DECAYOPTIONS
[1102].

— 1: Only the ultraviolet divergence defined in
DECAYOPTIONS[1102] is returned.

The default value is O .

e DECAYOPTIONS([1102]: this option can be used to
check the cancellation of ultraviolet divergences. X sets
the value used for the ultraviolet divergence A defined in
Sect. 2.4. The default value is 0.

e DECAYOPTIONS[1103]:

— 0: No debug information is shown.
— 1: Additional information is shown on the screen.
This includes the individual contributions from ver-
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tex, wave-function and real corrections, which are
useful to check the cancellation of ultraviolet and
infrared divergences.

The default value is 0.

e DECAYOPTIONS([1104]: this option can be used to
check the consistency between the tree-level and one-
loop calculation of decay widths.

— 0: The one-loop routines return decay widths at NLO.

— 1: The one-loop routines only return the tree-level
decay widths, which can be compared to the tree-
level results contained in Block DECAY.

The default value is 0.

e DECAYOPTIONS([1201]: this option can be used to
check the cancellation of infrared divergences. X defines
the value (in GeV) used for the photon/gluon mass. The
default value is 1.0E-5. Note that this option does
not work with loop-corrected masses. The user should
ensure that the regulator-mass dependence of vertex and
wave-function corrections cancels against the one of the
real corrections and yields a regulator-mass-independent
decay width. In order to show the individual contributions
DECAYOPTIONS[1103] should be set to 1.

e DECAYOPTIONS[1205]: this option can be used to
check the renormalisation scale dependence. If defined,
X sets the value (in GeV) used for the renormalisation
scale Q in all one-loop functions employed in the calcu-
lation of decay widths. The default option is to use the
same renormalisation scale as used in the calculation of
masses; see Sect. 2.5.

4.4 Output of SPheno

The results of the one-loop calculation of decay widths are
written in the SPheno output. For this purpose, we intro-
duced the keyword DECAY1L beside the standard Block
DECAY which lists the results of the ‘old’, i.e. leading order,
calculation. Thus, for an arbitrary MSSM point, the output
file contains:

DECAY 1000001 5.03001929E+01 # Sd_1
# BR NDA ID1 ID2
.91393772E-01 2 6 -1000024
.70527978E-01 2 6 -1000037
.29399038E-04 2 3 1000023
.62216405E-03 2 5 1000022
.47930395E-01 2 5 1000023

2 5

2 5

2 2

BR(Sd_1 -> Fu_3 Cha_1)
BR(Sd_1 -> Fu_3 Cha_2)
BR(Sd_1 -> Fd_2 Chi_2)
BR(Sd_1 -> Fd_3 Chi_1)
BR(Sd_1 -> Fd_3 Chi_2)
BR(Sd_1 -> Fd_3 Chi_3)
BR(Sd_1 -> Fd_3 Chi_4)
BR(Sd_1 -> Su_1 ViWm )

N

W R e NN e

.87674294E-03 1000025
.08779423E-03 1000035
.78314020E-01 -24

HOF W IO R OW W

100000

12 |DECAY1L 1000001 5.07518318E+01 #
13 |# BR DA ID1 ID2
.86487000E-01 2 6 -1000024
.63886304E-01 2 6 -1000037
.35164668E-04 2 3 1000023
.82861774E-03 2 5 1000022
.50793873E-01 2 5 1000023

2 5

2 5

2 2

[
a

_1

N

BR(Sd_1 -> Fu_3 Cha_1)
BR(Sd_1 -> Fu_3 Cha_2)
BR(Sd_1 -> Fd_2 Chi_2)
BR(Sd_1 -> Fd_3 Chi_1)
BR(Sd_1 -> Fd_3 Chi_2)
BR(Sd_1 -> Fd_3 Chi_3)
BR(Sd_1 -> Fd_3 Chi_4)
BR(Sd_1 -> Su_1 VWm )

.91193810E-03 1000025
.14376064E-03
.87696880E-01

1000035
-24

W R RN e
oW W OO R W R

100000
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Although this block DECAY1L is not officially supported
by the Les Houches conventions, there are the following rea-
sons not to overwrite the results of the ‘old’ calculation:

e The sizes of the one-loop corrections are immediately
apparent.

e The results given in DECAY are not only pure tree-level
decay widths, but include in particular for the Higgs
decays crucial higher-order corrections adapted from lit-
erature. Those are beyond the one-loop corrections which
we can provide in the new automatised framework at the
moment.

e The ‘old’ calculations also include tree-level three-body
decays. We leave the choice of how to combine them with
the two-body decay widths obtained at the one-loop level
to the user.

5 Numerical results

We start this section with two examples for the calculation of
two-body decay width in the SM, where we demonstrate the
relevance of model- and process-dependent counter-terms.
Our default implementation makes use of an MS or DR renor-
malisation of all parameters of the underlying theory. How-
ever, for many processes different schemes are actually better
suited. This is particularly true for the calculation of elec-
troweak corrections. For this purpose the user of SARAH can
define their own counter-terms, as outlined in Sect. 4.2. We
show two simple examples in the SM, namely the calcula-
tion of the partial decay width t — Wb and H — bb.
In the first example we discuss different schemes for the
renormalisation of the electric charge, in the second example
we show that our MS renormalisation for the bottom-quark
Yukawa coupling is actually sufficient. After these examples
we continue with a detailed comparison of our implementa-
tion with existing codes, among them SFOLD, HFOLD and
CNNDecays. Whereas SFOLD and HFOLD are also based
on a DR renormalisation of the parameters of the MSSM, the
code CNNDecay's calculates neutralino and chargino decays
in the MSSM, NMSSM and in models with R-parity violation
again renormalising the electric charge in the Thomson limit.
Thereafter, we compare loop-induced decays with the orig-
inal implementation of SPheno and lastly show the effect
of U-factors in the calculation of two-body decay widths. A
more thorough comparison for Higgs boson decays is left for
future work.

5.1 Renormalisation of « and the top-quark width
First we perform a calculation of the top-quark partial width

in the decay + — Wb including electroweak and QCD cor-
rections using a SM version of SPheno. Since this process

is mediated through the gauge coupling g5 of SU(2), at tree
level, we will discuss the renormalisation of g, in this con-
text. We choose the following input parameters:

m; =173.3GeV, mp=4.75GeV, my =80.350 GeV,
5.1)

ag(mz) =0.1187, a(mz) =1/1279, Vi =1. (5.2)

We neglect quark mixing (i.e. the CKM matrix is approx-
imated by the identity matrix). Note that in a more gen-
eral approach the renormalisation prescription introduced in
Eq. (2.25) can be applied to quark mixing. Subsequently
we employ external tree-level masses without running, i.e.
we effectively calculate with on-shell masses for all three
involved particles (setting flag SPHENOINPUT[61]=0
to disable the RGE running for the parameters and flag
DECAYOPTIONS[1116]=2 to use on-shell mass values).
This also fixes g1, g2 and v, my from Gr, mz and a(myz).
Our simple MS scheme for the renormalisation of g, [named
scheme (1)] yields

1) 8g3=————g3A
(D) 082 = 70518

(5.3)

Next, we provide the decay width for the renormalisation
of the electric charge in the Thomson limit of the ffy-
vertex, i.e. at zero momentum transfer [96]. The counter-
terms for the electric charge are given by (see Ref. [112] for
an overview)

1. tan 6
@ @0 and 5Z:(0) = STy, (0) = = 5Tz, (0),

V4
(5.4)

1
(3) a(mz) and §Z.(mz)=38Z.(0) — znyy,light(o)

1 ~
+ _ZReHyy,light(mZZ)a
2m?,
(5.5)

where we distinguish two schemes: At NLO we can make
use of the very precise value of «(0) together with the cor-
responding counter-term §Z,(0) or we employ «a(mz) and
compensate for the shift through the additional terms in
8Z.(mz). The relevant self-energies include only contribu-
tions from light fermions. Ultimately we also need the renor-
malisation of the weak mixing angle, which is given by

1 1 1
8 cos Oy = - cos by (anWW(m%V) — m—znzz(m§)>
w Z

= — tan O S sin Oy, (5.6)
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Table 1 Partial decay width

NLO,EW NLO,EW+QCD
t — Wb in different schemes, Scheme r‘tLng (GeV) T wy (GeV) LW ’ (GeV)
see text for details (1), @(0), 0 = 173GeV 1.443 1.487 [+3.0%] 1.352 [=0.135][=9.1%]
(1), a(mz), Q = 173GeV 1.546 1.596 [+3.2%] 1.452 [-0.144][—9.0%]
(2), a(0) 1.443 1.519 [+5.3%] 1.384 [-0.135][—8.9%]
3), a(mz) 1.546 1.522 [-1.6%] 1.378 [-0.144][—9.5%]
Table 2 Partial decay width Lo NLO.EW NLO.EW+QCD
H — bb for different values of Scale Uy pp (MeV) Uy MeV) | (MeV)
Q, see text for details
Q = 125GeV 1.959 1.972 [+0.6%] 2.376 [+20.5%]
0 =62.5GeV 2.188 2.215 [+1.5%] 2.473 [+11.6%]
0 =250GeV 1.778 1.783 [+0.3%] 2.280 [+27.8%]
such that in schemes (2) and (3) we obtain 5.2 Renormalisation of Yukawa couplings and fermionic
Higgs decays
5gr = <5Ze B 8 éin 6W> 2. (5.7) We also. bri.eﬂy dispuss the calculation of H — bb in the
sin Oy SM, which is mediated through the bottom-quark Yukawa

In this section we keep « and «; fixed as a function of the
renormalisation scale Q and therefore schemes (2) and (3)
lead to a scale-independent partial decay width, whereas
scheme (1) develops a scale dependence. Also, in scheme
(1) it is a priori not clear whether «(0) or «(mz) is the bet-
ter choice, so we provide both values. The results are shown
in Table 1. We include the LO partial width as well as the
NLO partial width only including electroweak and including

electroweak and QCD corrections. We also provide (absolute

. L NLO,EW+QCD
and) relative corrections in brackets. For I", [y, they

are with respect to the partial width FE\I_I;%%W

For scheme (1) evaluated with «a(mz) we obtain
rPEOPWHCD — 1 434 GeV at Q = 90GeV, which demon-
strates that the renormalisation scheme dependence is not
very pronounced. The absolute QCD correction remains con-
stant (for fixed values of « and «;) and yields ~ —9% as
expected [113,114]. It is apparent that schemes (2) and (3)
yield very comparable results at NLO despite the different
input values for «. This is due to the compensation through
the shift in the counter-term, which guarantees that the elec-
tric charge is renormalised in the Thomson limit. In contrast
scheme (1) shows a significant dependence on the input value,
where not surprisingly the choice «(0) comes closer to the
results in schemes (2) and (3).

We conclude that for precision predictions the proper
renormalisation of certain parameters is rather important.
The relevant counter-terms for scheme (3) can be defined
by the user in the SARAH framework as discussed in
Sect. 4.2 through RenConditionsDecays. Note that
such counter-terms will only apply at the moment to the cal-
culation of decay widths, not to the calculation of masses.

@ Springer

coupling Y3, and it turns out that the MS renormalisation of
Y}, is the preferred choice. A priori, we would expect that the
calculation of NLO electroweak corrections [115-117] would
again be optimally performed using an on-shell renormali-
sation of all parameters involved. The counter-term of the
bottom-quark Yukawa coupling in the on-shell case is given
by

I
85" = — (ﬁSmb — Ybav) , (5.8)

such that renormalisation prescriptions for §mj, and Sv
are needed. Whereas dmj can be obtained from the self-
energies of the down-type quarks, the on-shell renormali-
sation of the vacuum expectation value depends on other
parameters: one requires that renormalised tadpoles van-
ish as well as the on-shell renormalisation of the Higgs
mass and the Higgs self-coupling, see e.g. Ref. [117]. Also,
such counter-terms can be implemented in principle through
RenConditionsDecays. However, it turns out that elec-
troweak corrections are small (~ 1%) for a Higgs mass
of myg = 125GeV. In contrast QCD corrections are much
larger and for them the renormalisation of the Yukawa
coupling in the MS scheme is more convenient, since it
resums large logarithms [118,119]. We demonstrate this
effect in Table 2, which is obtained with the SM version
of SPheno setting flag DECAYOPTIONS[1116]1=1 and
flag SPHENOINPUT [ 61]=1. Through these settings Y}, as
well as the gauge couplings, in particular «, are evaluated
at the renormalisation scale Q and for Y, the MS scheme is
employed. We again depict the LO as well as the NLO par-
tial width with only electroweak as well as electroweak and
QCD corrections including relative corrections. The most rel-
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evant parameters are mpy = 125GeV, mp(mp) = 4.18GeV
and ag(mz) = 0.1187. The running to Q = mp yields
Yy ccmp(mpy) = 2.781GeV and o5 (mz) = 0.1133.

We see from Table 2 that the electroweak corrections
are indeed small. The QCD corrections coincide with the
term found in the literature, being 5.667cs(mpy)/m ~
20.4% [120]. The depicted scale dependence can be used
to estimate the remaining uncertainties, which can be signif-
icantly reduced by including higher-order QCD corrections
beyond one-loop level.

5.3 Comparison with other codes

In order to further validate our calculations and implemen-
tations, we compared the obtained results for the MSSM and
in R-parity violating models against other public tools.

Our comparison is twofold: we compared neutralino and
chargino decays into neutralinos and charginos and heavy
gauge bosons with CNNDecay's, where we employ a full on-
shell scheme for the gauge couplings, but work with tree-level
neutralino and chargino masses. We use the counter-terms for
the electroweak sector as outlined in Sect. 4.2. Given that we
adjust all input parameters to be identical, we can therefore
exactly reproduce the results of CNNDecays.

Secondly, we made use of the three codes SFOLD, HFOLD
and FVSFOLD which also use a DR scheme for the renormal-
isation of the parameters of the MSSM to calculate one-loop
corrections to two-body decays. Since these codes do not
make use of external U-factors, we have turned them off in
our evaluation with SPheno. In addition, we forced all codes
to use tree-level (DR) masses in all loops and for the kinemat-
ics. Thus, the partial widths and the size of the loop correc-
tions presented in the following might be of limited physical
interest since the inclusion of U-factors and external loop-
corrected masses can change the results substantially, see
also Sect. 5.4. Thus in this section our aim is to only demon-
strate the agreement (and disagreement) between the codes.
For the comparison with SFOLD, HFOLD and FVSFOLD we
have chosen a parametrisation for the general MSSM which
depends only on one dimensionful parameter m as follows:

My =03m, My =0.75m, M;=2.5m,
w=05m, M3 =>3m>

m%,ll = mz, mi?,zz = m2, m§733 = 0.5m2,
mfz,n =m?, mé,zz =m?, m§’33 = 0.5m?,
mé’“ = mém = m2, mé’% = 2m2,
mg,u = mg,zz = m§,33 = 0.25m?,
m%ll = mlg’n = 0.25m?, m%m =m?,
T,33=m, T,33=0J5m. (5.9)

All other soft-terms are set to zero. This parametrisation has
no physical motivation but was chosen in a way to open
many different decay channels to be compared among the
codes. In addition, we fixed tan 8 = 10. We show results
for the predicted partial widths when varying m from 300 to
2500 GeV.

We also performed a comparison for the loop-induced neu-
tralino and gluino decays which were already implemented
in SPheno. The details of this comparison and the outcome
are summarised in Sect. 5.3.5.

5.3.1 Neutralino and chargino decays in the MSSM and in
bilinear R-parity violation: CNNDecays vs. SARAH

We compared the decay modes 7= — f(]@ W* and 3 —
)ZfWi as well as 30 — )Z;)Z and f(ii — )ZjiZ in the R-
parity conserving MSSM and adding bilinear R-parity vio-
lation. Bilinear R-parity violation allows an explanation of
neutrino masses, but makes the lightest supersymmetric par-
ticle (LSP) unstable. Since its decay modes are related to
the R-parity violating parameters, which are small in order
to explain the size of neutrino masses, the decay width of
the LSP is also small. We remain with real parameters, both
in the MSSM as well as for the R-parity breaking param-
eters. We adjust the tree-level masses and mixing as well
as the gauge couplings g; and g; to be exactly identical in
both codes and also ensure to choose the same renormal-
isation scale (through DECAYOPTIONS[12051]), namely
Q = myz. Since we employ the renormalisation of the elec-
tric charge in the Thomson limit as outlined in Sect. 4.2,
the partial decay widths are in principle all renormalisation-
scale independent, however, we also want to compare wave-
function and vertex corrections individually. We find full
agreement between both codes, i.e. numerically identical
results beyond 8 digits in the MSSM. In particular this is
also true for the vertex and wave-function corrections indi-
vidually as well as the individual pieces to the counter-terms.
Also for the R-parity violating decays )fo — [FW¥ in bilin-
ear R-parity violation we find agreement at the per mille
level; the smallness of couplings and masses makes those
decay modes more sensitive to numerical errors (factors too
small or large for the precision of the code). Decay modes
into light neutrinos and a gauge boson or a scalar like e.g.
)Zf — vZ or vS, which are of relevance for R-parity vio-
lating scenarios, suffer from bad numerical errors. There-
fore, neutrino masses, which are analytically zero at tree
level, are set to zero in the calculation of one-loop decays.
In contrast, the mixing matrix of neutrinos (and neutralinos)
remains exact, such that the associated error is small. As we
already explained a detailed check of CP-violating scenarios
as discussed in Refs. [67,70,78] is left for future work for
the reasons explained in Sect. 2.8.
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5.3.2 Sfermion decays in the MSSM: SARAH vs. SFOLD

Next we turn to the comparison of the two-body decays of
sfermions in the MSSM. For this purpose, we compared our
results against the public code SFOLD 1.2. We have applied
several modifications to the code SFOLD:

e The variable to use loop masses either in the loops or in
the kinematics are set to 0 in SFOLD. F:

1 |osextmassesOn = 0
> |losloopmassesOn = 0

This is done to ensure that the two codes use exactly the
same masses everywhere.

e We find a disagreement for the bremsstrahlung routines
for S — SV decays. Therefore, we add to line 440 in
Bremsstrahlung.F of SFOLD the terms:

1 -2%gl**2xgtxgtCxIi - 2%gl*xx2*xgt*xgtC*IOupl

e We find for § — SS and S — SV decays huge numer-
ical loop-corrections that could even cause a negative
width. We could trace back the problem to diagrams with
two massive vector bosons in the loop.> The problem is
avoided by setting

1 |Xipartl = 0dO

in Decay . F of SFOLD. With this choice, it is no longer
possible to change the gauge in SFOLD, but the results
are only valid in Feynman-’t Hooft gauge, sufficient for
our comparison.

e We find that SFOLD uses a different renormalisation pre-
scription for the rotation matrices: it includes only the
divergent parts for the counter-terms, while SARAH cal-
culates the counter-terms from the wave-function renor-
malisation constants using Eq. (2.25). In particular for
S — SV decays this can induce large differences in the
one-loop corrections. If the finite parts for the counter-
terms of the rotation matrices are included, a cancellation
between the wave-function corrections and the counter-
term correction appears which in sum gives much smaller
one-loop corrections. Therefore, we added at the end of
the file CalcRenConst99 . F of SFOLD the following
re-definitions of the counter-terms:

> In a private discussion with one author of SFOLD the origin of the
problem could not be identified. It might be a numerical problem with
the high-rank loop integrals which appear when performing the calcu-
lation in R¢ gauge.
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1| Do i1=1,3

P Do i2=1,3

s dUSf1(:,:,i1,i2) = 0.25%MatMul (dZSf1(:,:,i1,i2) &

4 & - Conjg(Transpose(dzSf1(:,:,i1,i2))),USf(:,:,1i1,1i2))
dUS£C1(:,:,i1,i2) = Conjg(0.25%MatMul (dZSf1(:,:,il,i2) &

6 & - Conjg(Transpose(dzZSf1(:,:,i1,12))),USf(:,:,i1,i2)))

7 End Do

s End Do

o | dVChal MatMul (dZChaLl - Conjg(Transpose(dZChaLl)),VCha)/4
10 | dUChal MatMul (dZChaRl - Conjg(Transpose(dZChaR1)),UCha)/4
1 | dZNeuRM1 = MatMul (dZNeuLl - Conjg(Transpose (dZNeuL1)),bZNeu)/4
12 | dVChaC1 Conjg(dVChal)

13 | dUChaC1 Conjg(dUChal)

1 | dZNeuRMC1 = Conjg(dZNeuRM1)

The results for some representative decays for the light and
heavy stop are shown in Fig. 4. Here and in the following we
give the partial widths at LO and NLO as well as the relative
size of the one-loop corrections defined as

[NLO _ [LO

AT = (5.10)

rLo

With our described adjustments we find an excellent
agreement for the heavy stop decays into a Higgs or a gauge
boson and a stop or sbottom. While the corrections for the
decays into gauge bosons are comparably small and only of
order of a few per-cent, the situation changes if the finite
parts for the counter-terms described above are not included.
In that case, i.e. when using SFOLD out of the box, the cor-
rections for the decays with a Z or W boson in the final state
can be a factor of 10 larger. For the decays into a pair of
fermions we also find very good agreement with only very
small differences for small values of m. Similarly we show
the results for the light and heavy sbottom decays in Fig. 5.
Here, the results are very similar to those of the stop decays.
We do not add figures for stau or r-sneutrino decays, or the
decays of first and second generation sfermions; they would
look very similar to the ones for stop and sbottoms, only the
overall size of the loop corrections being smaller. Thus, in
total we found a very good agreement between SARAH and
SFOLD for all kinds of two-body decays of sfermions.

5.3.3 Gluino decays in the MSSM: SARAH vs. FVSFOLD

In this section we compare the decays of gluinos in the MSSM
obtained with SARAH and SPheno against the results gen-
erated with the code FVSFOLD. We also performed similar
adjustments in FVSFOLD as done for SFOLD for our com-
parison. However, FVSFOLD already includes the finite parts
of the counter-terms of the squark rotation matrices, i.e. it
was not necessary to add those. Therefore without any larger
adjustments, we find a very good agreement between SARAH
and FVSFOLD as shown in Fig. 6 Thus, SARAH reproduces
also the result of Ref. [121], namely that the one-loop cor-
rections to gluino decays reduce the decay width by about
10%.



Eur. Phys. J. C (2017) 77:758

Page 19 of 49 758

o
3

o
o

log(T(t1>f1£)/GeV)

-0.5

-1.0

1000
m [GeV]

log(I(t2ofif,)/GeV)

1500 2000

m [GeV]

1000

o ©o =
o w o

1
(=
(9]

log(T(t2~B1B,)/GeV)

I
N
o

I
N
o

1500
m [GeV]

1000

AM(to-F6) [%]

=
g
S
T
=
< .~
2t Seol Tl ~ ]
~~\~~l ....... \\N
4l Sl ]
N N o N iRl
500 1000 1500 2000 2500
m [GeV]

1000 1500

m [GeV]

1500
m [GeV]

500 1000

Fig. 4 Comparison between SARAH and SFOLD for selected stop decays. On the left, the loop-corrected partial widths are shown. On the right,
the relative size of the loop correction is given. Blue lines are obtained with SARAH, red lines with SFOLD

5.3.4 Heavy Higgs decays in the MSSM: SARAH vs. HFOLD

SARAH also makes predictions for the one-loop corrections
of Higgs boson decays. However, it must be clearly stated
that those predictions have to be interpreted with some care:
the automatised calculations are not yet optimised for the
calculation of Higgs boson decays, in particular for the SM-
like Higgs boson. For such decays, we leave an appropriate
definition of counter-terms, following our explanations in
Sect. 4.2, to future work. One reason is that for consistency it
will be necessary to use the counter-terms in the calculation
of the mass spectrum as well. This is, however, not yet pos-
sible. We want to stress that SARAH already calculates the
light Higgs into SM particle decays by adapting higher-order
corrections (even beyond NLO) for the SM and MSSM from

literature. Thus, the ‘old’ results obtained with SARAH are
expected to be more accurate.

On the other hand, for the decays of heavy Higgs bosons,
whose mass corrections are usually much smaller, and/or
for decays into BSM states the applied NLO corrections are
expected to work well, and the obtained results supersede
the pure tree-level calculations often done for these decay
modes. In order to validate these results, we compared them
against the code HFOLD which also makes predictions for the
one-loop corrections of Higgs decays in the MSSM. Here, we
made the same adjustments as for FVSFOLD: on-shell masses
in loops and kinematics have been turned off. In addition, we
needed to turn off all improvements for the ‘old’ calcula-
tion in SPheno to obtain equivalent LO results to HFOLD.
The results are summarised in Fig. 7 where we compare our
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results for the decays of the neutral heavy Higgs states H and
A into SUSY particles and SM-like Higgs bosons. Without
further modifications we find that the predictions of the size
of the one-loop corrections of both codes agree rather well
in particular in the dominant decay modes. However, we find
that for decay channels with small partial widths also size-
able differences can be present. A detailed investigation of
the remaining differences and also a comparison with other
Higgs boson decay widths calculations is left for a dedicated
work. Such a future investigation should also focus on the
detailed derivation and incorporation of the U -factors, which
admix the Higgs bosons beyond tree level. This is particu-
larly crucial when comparing to codes such as NMSSMCalc
or FeynHiggs, where the definition of their Z-factors is

different [40,108]. We briefly discuss the relevance of U-
factors for Higgs boson decays in Sect. 5.4.

5.3.5 Radiative neutralino and gluino decays: SARAH vs.
SPheno

SARAH does not only calculate the one-loop corrections to
tree-level two-body decays, but also calculates the LO result
for loop-induced decay widths.® The most important applica-

6 Even if SARAH will use the new routines to obtain also loop-induced
decay width for Higgs states, one should still use the old results for
the diphoton and digluon rates. The latter also include the full model
dependence at LO but in addition also higher-order QCD corrections,
see Ref. [122].
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widths are shown. Blue lines are obtained with SARAH, red lines with
SPheno. On the right, the relative difference between the codes as a
function of the mass splitting is shown (not AI" from Eq. (5.10)). In the

tions for these routines are radiatively induced decays of BSM
particles. The main candidates for such decays in the MSSM
are )Zg — )Z?y and g — )Z?g. Those decays were already
implemented in SPheno based on the results of Ref. [123].
For our comparison, we choose parameter points with a light
mass splitting between: (i) a bino and wino LSP and NLSP,
respectively; (ii) the gluino and all three kinds of neutrali-
nos. For the case of the neutralino decay, the result for the
obtained width as a function of the wino mass parameter
M, as well as the relative difference between SPheno and
SARAH as a function of the mass splitting are shown in Fig. 8.
We show the SARAH results for three different choices of
the U-factors: (i) without U -factors, (ii) using the rotation
matrices obtained with the momentum being the mass of the
lightest neutralino in all vertices, (iii) using p*-dependent
U -factors. The second option corresponds to the procedure
applied in SPheno and thus we find a reasonable agreement
within 10%. The results without U-factors are very similar
and only very close to the level crossing visible differences
occur. However, when using the pz-dependent U -factors, the
obtained width is significantly smaller. This is due to a can-
cellation between the vertex and wave-function corrections,
which is most efficient when including the p? dependence in
the U-factors. For the decays of the gluino into a neutralino
and gluon, we find very good agreement between SPheno
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case of the neutralino decay we show the impact of the U-factors, while
for the gluino decays we compare the different kind of neutralinos. The
colour code for the upper right figure is: blue for a bino LSP and red for
a wino LSP

and SARAH for all three kinds of neutralinos, see again Fig. 8.
Note that throughout the calculation of loop-induced decays
loop-corrected masses are inserted.

5.4 Impact of external U-factors

Before we conclude, we want to give some impression of the
numerical impact induced by the inclusion of U-factors. For
this purpose, we show in Figs. 9, 10 and 11 the size of the one-
loop corrections for selected stop, sbottom and Higgs decays,
respectively, using the three available options to calculate the
U -factors. We apply loop-corrected DR masses for all cases
and particles, i.e. DECAYOPTIONS[1115]=1. We focus
on two effects: First we apply U -factors both at LO and NLO
equally and, in the left figures, show the relative correction
induced by the NLO corrections. Second, in the right figures,
we show the effect of including the U-factors in the NLO
calculation compared to the NLO decay width calculation
without external U-factors. More precisely, the value Ay
shown is defined as

NLO _ pLO NLO _ LO NLO LO
g =Ty Ty 7 -y Ty~ =T

rge
(5.11)

Ay =
LO LO
g I'y
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Here, I'g are the decay widths without applying U-factors.
Ay encodes the difference in the relative correction factor
from LO to NLO when applying U -factors in contrast to not
applying U -factors. It thus encodes the effect of U-factors
in the one-loop correction, factoring out their effect already
present at tree level. Depending on the particle species the
effect at tree level can already be pronounced, and thus was
already included in previous SARAH and SPheno versions.
We therefore focus on the effect of the U-factors in the rela-
tive NLO correction.

For the sbottom decays into gauginos depicted in Fig. 9
the changes due to the inclusion of U-factors are moderate.
From the left figures it is apparent that the size of NLO cor-
rections is mostly independent of the inclusion of U-factors.
From the right figures we deduce that the effect of U-factors
on the relative NLO correction remains below 10% for all
choices. The reason is that the left-right mixing in the sbot-
tom sector is in general small and nearly identical at tree and
loop level. Thus the U matrices are almost diagonal. This is
different for the decays of stops shown in Fig. 10 where the
left-right mixing is more pronounced. This mixing receives
also a sizeable radiative correction which is encoded in the
U -factors. Consequently, there is also a larger sensitivity on
how this matrix is calculated and incorporated as shown in the
right two figures. We find that the results without momentum-
dependence can differ from the other two options by 30% for
the considered decays. For the heavy stop, this effect is even
more pronounced. However, for the decay width 7, — )@?t,
where the relative NLO corrections encoded in AU differ by
more than 100%, the absolute NLO correction almost van-
ishes, as can be seen from the left figure. Thus, in all exam-
ples for stop and sbottom decays, the inclusion of U-factors
gives only a moderate change in the relative NLO correc-
tions once (momentum-dependent) U-factors are taken into
account compared to the calculation without U -factors.

This is slightly different for the heavy Higgs decays shown
inFig. 11. As shown in the left figures all three options for the
U -factors can alter the size of the relative NLO corrections
significantly. In the right figures it is apparent that even for the
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relative NLO correction differences of 50% and more com-
pared to the calculations without U-factors are easily possi-
ble, a fact which is well known for Higgs bosons. This shows
the need to properly include these factors for Higgs boson
decays even if the radiative corrections to the masses are mod-
erate and the particles are clearly separated in their masses.
Further studies for Higgs boson decays and a comparison of
the U-factors to Z-factors as discussed in Refs. [40, 108] are
in order in future work.

6 Conclusions

In this paper we described a fully generic implementation
of the calculation of two-body decay widths at the full one-
loop level in the SARAH and SPheno framework, which
can be used in a wide class of supported models. We pre-
sented the necessary generic expressions for virtual and real
corrections. Wave-function corrections are determined from
on-shell conditions. On the other hand, the parameters of
the underlying model are by default renormalised in a DR
(or MS) scheme. We described how higher-order corrections
for the external states can be taken into account. We also
explained how we restore gauge invariance as well as ultra-
violet and infrared finiteness when setting the external masses
to their loop-corrected values. We commented on the draw-
backs compared to a full on-shell approach which is model
and process dependent.

We have shown how the new features of SARAH and
SPheno can be used and how the user can implement own
counter-terms to be used for the calculation of two-body
decay widths. We studied the impact and relevance of such
counter-terms for two examples in the SM, namely the decay
to the top-quark and the SM Higgs boson decay into bottom
quarks. In addition, we compared our implementation for
sfermion and gluino decays within the MSSM against other
available codes, namely SFOLD, HFOLD and FVSFOLD,
which also employ a DR renormalisation for the MSSM
parameters. After a few described adjustments in those codes
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we found an overall excellent agreement. For the MSSM and
R-parity violating models we also compared chargino and
neutralino decays against CNNDecays, which uses a full
on-shell scheme for masses and couplings and found numer-
ically identical results.

The new extension is included in SARAH 4.11.0 and
makes it possible to study radiative corrections to two-body
decay modes in many different supersymmetric and non-
supersymmetric models. However, models with CP viola-
tion and/or (additional) massive gauge bosons charged under
U(1)em x SU(3) are not yet supported. This is left for future
work. Other future extensions aim at necessary improve-
ments to better handle Higgs boson decays, in particular for
the decays of the SM-like Higgs boson to SM particles and
the inclusion of external higher-order mass and mixing cor-
rections. Lastly the inclusion of decays of gauge bosons is in
order, but it is left for future work.
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Appendix A: Conventions and expressions for loop con-
tributions

In this section we present our conventions for vertices and the
generic expressions for the loop contributions to the wave-
function corrections and the vertex corrections (Figs. 12,
13, 14, 15, 16, 17, 18, 19, 20). We factor out the Lorentz-
dependent part of the vertices and work with the following
conventions.

(a) (b)

Fig. 12 Generic one-loop diagrams for the fermion self-energy

e FFS§ vertex (Fl FYS)

cL P + cgrPg. (A.1)
o FFV vertex (F| F,VH)

YulcL PL + crPR). (A.2)
o SSV vertex (S7S2VH)

c(pp = ppd)- (A3)
e SVV vertex (S1V,"V3")

Cguv- (A4)

e VVV vertex (Vli V2v3)

¢ I:g/w(p;/z _le)+gva(pX3 _pX2)+guU(P1Yl —PX3)]-
(A.S)

o VVVV vertex (VIVZVSV)

C18uv8op + €280 8vp + C38up8vo- (A.6)

For the loop corrections SARAH inserts the various particle
species of the model under consideration also taking into
account additional symmetry and colour factors, which are
not depicted here. The various contributions are then summed
up using

1
v k)
MY =Y M, (A7)
k
and
n=)" ) m=>" ) (A.8)
L 16n2 N 1672 '
k k
1 . 1 .
(k) (k)
Tx ZZ@EX , Yy = Zmzx ) (A.9)

k k

All results in the following are expressed in terms of
Passarino—Veltman integrals. The scalar loop functions Ao,
Bp and Cy are calculated numerically in SPheno accord-
ing to the standard recipe of Ref. [124]. Tensor integrals
are related to the scalar functions according to the famous
techniques developed in Ref. [125]. Explicit expressions for
derivatives of two-point functions, Bo, Bl, which are used
by SPheno are given in the appendix of Ref. [75].
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Fig. 13 Generic one-loop diagrams for the scalar self-energy
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Fig. 14 Generic one-loop diagrams for the gauge boson self-energy
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(@) (b) (0

Fig. 15 Generic diagrams
contributing to ¥ — F'S decays

(d) (e) ()

Fig. 16 Generic diagrams
contributing to F — F'V decays

(a) (b) (c)

(d) (e) ()

Fig. 17 Generic diagrams
contributing to § — FF decays

(a) (b) (c)

(d) (e) ()
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; a-
(a) (b)
(e) ®
(i §))
(m) (n)

Fig. 18 Generic diagrams contributing to S — S decays

A.1: Wave-function corrections
A.l.1: Fermion

(a) F'S diagram

E(“) — ZCLCLBl(p ml,mz)
E(a) — 2ckck Bi(p?, m3, md),
59 =2ckedmi Bo(p?, m3, m3),
Sy =2} GmiBo(p?. m}. m3).
21 =—2c1c} Bi(p.mi.m3),
E(a) — 2chckBi(p*, mi, m3),

39 =2ckemi Bo(p?, m?, m3),

25{2 =2c! cleBo(p ml,mz)

@ Springer

(A.10)
(A.11)
(A.12)
(A.13)
(A.14)
(A.15)
(A.16)

(A.17)

(d)

(8) (h)
----- < ¥
(k) @
,—”"i\”’ -7 =
L G
S L
(0) ()

(b) F'V diagram

=® = _4cke? <B](P m2, m3) + %r) (A.18)
=W = _dcle <Bl(p2,m%,m§)+% ) (A.19)
T, =—8cicpm (BO(P mi, m3) — ; ) (A.20)
Tin = —8ckeim <BO(P mi, m3) — % ) (A.21)
SO = —acke2 Bi(p?, m?, md), (A.22)
W = _dcldd Bi(p? m}, m), (A.23)
z:(SbL) = — 8¢ CleBO(P ml, mz) (A.24)
E?RZ == SC}QCL’”IBO(P ,ml, mz)- (A.25)

For Majorana fermions, an additional overall factor % is
present.
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Fig. 19 Generic diagrams contributing to S — SV decays
A.1.2: Scalar (b) SS diagram
(a) FF diagram ny) =c'By(p?, m}, m3), (A.30)

1% =¢'e®Bo(p?, m}, m). (A31)

N = (ch e} + cheX)Go(p?, m3, m3)

(c) UU diagram
—2(c)ck + ckel) Bo(p?, m}, m3), (A.26)

() 1.2 2 2 2
: ' Mg = —c'¢®Bo(p?, mi, m3), A32
Hgas) =(cLc? + cheX)Go(p?, m3, m3) . fj < .O(Pz ; i) ( )
— 2cyck + ckel) Bo(p®, mi. m3), 27y ss=—c'?Bo(p® mi.m3). (A33)

(d) VV diagram

with 1
M 4l (Bo(p2, m2, m2) — §r> , (A.34)
Go(p?, mi, m3) = — Ag(m}) = Ao(m3) 11§y =4c'c®Bo(p?, m}, m3). (A35)
2 2 2 2 2 2
+ —mi —m5)B ,my,ms5), )
(p | —m3)Bo(p~, m %L s (© SV diagram
I ) 2 2 NhH 2 2 2
Go(p~, mi,m3) = (p°~ —m7 — m3)Bo(p~, my, m3) M%) =l Fy(p?. m2, md), (A36)
2 2 2 . )
F R (A2 AR = ho(pmb.md) (A37)
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(a) (b)

() )
(0] (1))
(m)

Fig. 20 Generic diagrams contributing to S — V'V decays
with

Fo(p?, m?, m3) = Ag(m?}) — 2A0(m3)

— 2p? +2m? — m3)Bo(p*. m3, m3),

(A.38)
Fo(p*, m}, m3) = —2Bo(p*, m}, m3)
— (2p2 + Zm% — m%)Bo(pz, m%, m%).
(A.39)
(f) S diagram
ny) = —c'Ag(m}), (A.40)
1y =o0. (A41)
(g) V diagram
1
H<SJ;) —c! (Ao(m%) - Erm%> , (A.42)
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(o) (d)

® (h)
----- -<<
k) W)
(n)

gy =0. (A43)
A.1.3: Gauge boson
(a) FF diagram
My} = (el + chek) Ho(p?, m3, m3)

+4(cpck + cke)Bo(p?. m3, m3), (A.44)
My} = (ched + chek) Ho(p?, m3, m3)

+4(cpch + cged) Bo(p?, m}, m3) (A.45)

with

Ho(p*, m3, m3) =4Boo(p?, m3, m3) — Ag(m?) — Ag(m3)

+ (p* —m? — m3)Bo(p?, m}, m3),
(A.46)
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Ho(p*, m?, m3) =4Boo(p?, m3, m3)

+ (p* — m} —m3)Bo(p*, m3, m3)

+ Bo(p*, mi, m3). (A.47)
(b) SS diagram
My = —4c'Boo(p?, mi, m). (A.48)
1Y), = — 4c'c2Boo(p?, m3, m3). (A.49)
(c) UU diagram
My =c'c®Boo(p®. i, m3). (A.50)
1), =c'c?Boo(p?, m}, m3). (A51)
(d) VV diagram
ne — L2y (02 m2. m2 A52
Vv — cc O(p 1m11m2)a ( . )
), = — c'eVo(p?. m}, m3) (A.53)
with

Vo(p?, m3, m3) =10Boo(p*, m?}, m3)
+ (m? +m3 + 4p») Bo(p*, m3, m3)
+ Ao(m?) + Ag(m3)

1
—2r (m%—m%—gpz),

Vo(p?, m}, m3) = 10Boo(p?, m?}, m3)

+ (m? +m3 +4pH) Bo(p?, m3, m3)

(A.54)

+4Bo(p*, m}, m3). (A.55)
(e) SV diagram
My, =c'c?Bo(p?. mi. m3), (A.56)
11y, =c'cBo(p?, m3. m). (A.57)
(f) S diagram
My =c'Ao(m)), (A.58)
) =o. (A.59)
(g) V diagram
nY) = — @cl + b+ chHAom?) +2mielr, (A.60)
) =o. (A61)

A.2: Vertex corrections
A.2.1: Fermion to fermion and scalar decays

(a) SFF diagram

Mfu) Zi[BOC}eC%Cz + Cichekhed pd — Caclkc? chpopi

— Cockekel pt = Cicgekel pi

— Cachcrer pi 4 Cockekerm?

+ Clc}‘c%cipomz - Clc}ec%c%plmz

— Cackejcgpima + (Ciecgex po

— (C1 + Co)epeiel pi

+ Co(c[CRCRPO — CRCICLP1 + C}gﬁgc;’emz))mz],
(A.62)

M =M\ Y|L < R, (A.63)

with B; = Bi(p3, m3,m3) and C; = Ci(p3, Py, Pi>m3,
m%,m%).
(b) FSS diagram

Ml(b) = — ic3(Czc£c%¢p0 + Clc}ec%pl — Coc}gc%emﬂ,
(A.64)
M =ML R, (A.65)
with C; = C; (p%, P%, P(Z), m%, m%v m%)
(¢c) VFF diagram
Ml(c) = -2 I:ZB()CIIQC%C% — CiC%po(ClC%mz
+ (Co + Ci)cpm3)
1 2.3 2 2
+ cp(—=cicp(r +2C1(—pgy + py)
+Ca(pg +3p% — pd)
+2Co(p1 — m1)(p1 +my))
+ 2C()cicim2m3 + c%pl((Cl + Cz)cimz
+(Co+ €1 + Ca)ckm3))| (A.66)
M =ML - R, (A.67)

with B; = B;(p3,m3,m3) and C; = C;(p3, p§, p?, m3,

m%, m%).

(d) FSV diagram

Ml(d) =—ic I:B()C}QC% + 2C1611ec% p(z) + 2C2c}€c%p(2)
—2Cichekpopi — Cachekpopi + Cicker p?
—2Cickei ps — ((2Co + Ca)epeg po
+ (=Co + C)ckeEprymy + Coc}ec%mz], (A.68)
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M =ML < R, (A.69)

with B; = Bi(p3, m3,m3) and C; = Ci(p3, p3, pg> m,
m%,m%).

(e) FV S diagram

Ml(e) =ic? [Boc}ec% + Czc}ec%epé - Clcch%popl
—2Ca¢ke? pop1 + 2C1chek pt 4+ 2Cackek p?
— 2C2c}ec%ep2 —((—=Co + Cz)chRpo
+(2Co + Ci)eked pmi + Cockehmt]. (A70)
My

=M |L < R, (A.71)

with B; = B;(p3,m%,m3) and C; = C;(p?, p3, p3, m3,
m%,m%).

(f) FVV diagram

Ml(f) =2ic3(Caclc? po + Cickcapr + 2Cockermy),

(A.72)

M =ML & R, (A73)
with C; = Ci(p}, p3, p§, m}, m3, m3).
A.2.2: Fermion to fermion and gauge boson decays
(a) SFF diagram
M](“) — l[BocRcicR 2C00cRc%cR CocRc%cRpo

— Cicgeierpy — Cacgeicppy

+ CchcRchopl + ClcRchRp] + Coc}ecic?em%

- Coc}‘cic%pomz

— Clc}‘c%c%pomz — Czcch%c%pomz

— Coc}ec%czplmz Clc}ec%ciplmz

+ (Cchch*Lpo + CQCILC%CSLP()
+ Clckc%c%pl
— Coc}ecicimg)mg], (A74)

MO =M“|L < R, (A75)
M =2i [Clz(—cicicipo + CRCLCRPY)

+ cx(—Cncpc] po + (Co + Ci)cgeima

+ Cacj (—cp po + cpma) — C10§C%M3)], (A.76)
=ML < R,

M (A.77)

W1th B; = B; (pz,mz,
m37 2)

m3) and C; = Ci(p3, p?. p§. m3.

@ Springer

(b) FSS diagram

M® =2iCoockerc?, (A78)
MP =M |L R, (A.79)
M = =2 (€2 + Co)cl ko

+ (C1 + Cip)eked pr

+ Cra(cpcgpo + cxer p1)

— (Co+Ci + Cz)c}ec%ml], (A.80)
MP =MP|L & R, (A.81)
with C; = Cz(pl p27 Po,ml,my 2)
(c) VFF diagram
MI(C) [2BocLCLCL 4Coocrcrcs —clercir

—2Cockeicl pg —2Cick el el pd

— 4C2chLch0 — ZCZCRcRcRpopl

+2Ccheiel pt —2Cackcici pl

+ ZCQCILC%CZP% + 2C0c£c%cim%

- 2C0chic§m2m3], (A.82)
M =ML - R, (A.83)
M§C) = —4i [Cnc}ec%c%po—}-clz(cRcRcRpo cic%cipl)

+ Czci (—C%Cip] + C%C%mz + C%c‘%mg)],

(A.84)

MO =MP|L & R, (A.85)

W1th B, = B; (pz,mz,
m3, m?).
(d) FSV diagram

)and Ci = Cz(pza P1 pOa mz’

Ml(d) —ic ( C2chLp0+ClcRcRp1 —i—CocRchl)
(A.86)
MO =MD L & R, (A.87)
M = —2iCchckd?, (A.88)
M =ML < R, (A.89)

with C; = Ci(pi, p3, pg, mi, m3, m3).
(e) FV S diagram

Ml(e) —ic (Cchcho—Clcch%pl +Cocchim1),
(A.90)

MO =ML & R, (A.91)

MY = —2iCyclche?, (A.92)
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M =ML - R, (A.93)

with C; = Ci(p?, p3., pg. m3, m3. m3).
(f) FVV diagram

M(f) =ic [ZBochL +4Cooc) 2 —clcrr +2Ciclc2 pd
+3C26LchO+3ClcRcRp0p1
1.2 1.2 2 1.2 2
+ 3Cacgerpop1 +3Cicpcy pi +2Cacy ¢ py
—2Ca¢p¢1 p3

12 2
—2Cicpcrp;

+3Cy (c}ec%po + chRpl) my + 2Cocic%m%],

(A.94)
M =P |L - R, (A.95)
Méf) = — 2ic3[ — Clcllgc%po + 2C1zc}gc%€p0
+ 2C22c}ec%po + 2cllcic%p1 + 2C1201Lcip1
— Cacl 2 py +3(Cy + Cz)cch%ml], (A.96)
M =ML & R, (A.97)

with B; = B;(p5,m3,m3) and C; = Ci(p3, p3, p3, m3,

2 2
m3, m3).

A.2.3: Scalar to two fermion decays
(a) FFS diagram

(@) _ 1.2 3 123 2 123
M|" =i|Bocycrcgr + Cacpcrerpy — Cacgeicrpip2

123
Cocpcicprpimy

1.2.3 72
+ CocRcRch2m1 + Cocp crcrmy

1.2.3
— Cocpcicppimy —

123 123
— Cacgercppimy + Cocpcpcpmimy

1.2

3 1.2 .3
+ Cy (chRCRpO CpCLCRP1M] + CRCRCL P21

—chelcypimay + c}‘c%c%pzmz) ], (A.98)

MY =M@ |L - R, (A.99)
with B; = Bi(p3, m3,m3) and C; = Ci(pg, p3, pi>mi,
m%, m%).

(b) SSF diagram

b .
Ml( S lCl(C1C%C§gp1 + Czc%cipz — Cocic%m3),
(A.100)
M =mMP|L & R, (A.101)

with C; = Ci(pi. p. p3. m3. mi. m3).
(c) FFV diagram

Ml(c) -2 [ZBOCRCLCR (Co + Cl)chLchgml

+crey ((Cl + Ca)ckp1 + ZCOCLm1> my
+ C}e ((Co +Ci+ Cz)c%c%plml
+CL<CR( r+2C1p0+C2(p0+p1 )

-|-2C0m%) - C1c2pzmz)> ]

=ML < R,

(A.102)

M (A.103)

with B; = Bi(p3, m3,m3) and C; = Ci(pg, p3, pi>mi,

2 2
mjy, m3).

(d) SV F diagram

d
M( ) =ic [BOCRCR CgcRcRpo CocRcRp1
+C2cRcRp1 Cchchlpz—ZCZCLchlpz
+CocRcRm1 ((2C0+C1)0LcRp1

+(=Co+ C2) ckei p2) m3], (A.104)

MO =MP|L & R, (A.105)

with B; = B;(p5,m3,m3) and C; = Ci(p3, p3, p3, m3,

2 .2
my, m3).

(e) VSF diagram

Ml(e) = — zcl[Boc%c?e + Caci ey ps — Cocicrp?

— Cacjcppt — Cackel pipa + Cacicyps
+ Cochle + CocRcRp1m3

— ZCOCLC‘Lpzmg — Cchch2m3
- C (CLCR <2p0 +pi - 2p§)

+chpi (202172 + C?gm3)) ]
=M |L < R,

(A.106)

My (A.107)

with B; = B; (pz,m3,
m%,mz)

(f) VV F diagram

)and C;, = C(pl p0 p2,m3,

Ml(f) =2ic! (Ci1chenp1 + Caclci pa + 2Coct coms),
(A.108)

M =M |L R, (A.109)
with C; = C; (p1 po,pz,m3,ml, 2)

A.2.4: Scalar to two scalar decays

(a) FFF diagram

. 123 2 1.2.3 2
M@ :z[ClcRcRchoml + 3Cacpeper pymi
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1.2.3 2
+ Cicpcicppymi

+3Cacycicpgm +3Cickcke] pim
+ Czc}ec%cip%ml + 3C1€iC%C%P%m1
+ Cacpccgpimi — Cicpcgeq pami
— Cacheres pimy — Cicpeicypam)
— Czcicic?gp%ml + CzCiC%eCil’%m
+ Czc}ec%c%pémz + 2C16£c§621712m2
+ Czc}‘c%czp%mz + ZCIC}QC%C%P%HQ
+ Cacgecppima — Cacp cpey prma

123 2 1.2 3 123
— Cocpeicppsmy + (CRCLCL + chRcR>

X (2C2p(2) +Cy (p% + p% - p%)) m3

+ 2By (c}e (c%eczml + c%c%mz + C%czm3>
+ck (c%c%ml + c%c%mz + C%C%H’B))

+ Comy (C}e (cicz (p% + p% - p% + Zm%)
+2€%€c%m2m3 + 2C%m1 (c%mz + cimg))
+cf (cEek (v + pE - p3+2m})
+2¢2 ¢3 mams + 2chm (czmz + c%m3>)) ]

(A.110)

with B; = Bi(p3,m3,m3) and C; = Ci(py, p3, pg> mi,
m%, m%).
(b) SSS diagram

M® = —icy (pf, p3. pe.mi, m3, m%) cl?ed (A1)
(c) UUU diagram
M© =ic, (p%, p3. pg.mi, m3, m%) el (A.112)
(d) VVV diagram
M@ =4iCy (p% p%, p(z), m% m% m%) cle?ed. (A.113)

(e) SSV diagram

MO = —icle?e3 [Bo +(C1 + Cz)(P(z) - P%)

+(Cr— P2+ Co (p§ — P2 +m%)] (A114)

with B; = B;(p3,m3,m3) and C; = C;(p?, p3, p3, m3,

m%,m%).
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(f) SV S diagram

MO = iclczc3[Bo —(C1+C)(P} — pD)
+(C1 = Cp} +Co(=pF + p3+mt) |
(A.115)

with B; = B;(p3,m},m3) and C; = C;(p?, p3, pj, m3,

m%,m%).

(g) VSS diagram
Mo — icchC3[Bo + C1p2 +3Cop3 +3C p?
+ Cop? — (C1 + C)p3

+Co(2(p3+ Pt - p3) +mi) ] (A.116)

with B; = Bi(p3, m3,m3) and C; = Ci(pi, p3, PG> mi,
m%,m%).
(h) SVV diagram

MM = %clczc3[230 — Clp% — 3C2p% — 3C1p%
— Copt + (C1+ C2)p3

+Co (P} + pt = p3+2m3) | (A117)

with B; = Bi(p3, m3,m3) and C; = Ci(p3, p3, PG> mi,
m%,m%).
(i) VSV diagram

MO = %clc2c3 [230 +2C (2p§ +p7 - 21’5)
+C2 (108 - P+ 1)

+2Co (303 = p} + p3+m) | (A.118)

with B; = Bi(p3, m3,m3) and C; = Ci(py, p3, PG> mi,
m%m%)

(j) VV S diagram

N
MY = §C16203 [230 — Clp(z) + 2C2p§ + 7C1p% + 4C2P%

+(C1=4C2)p3+2Co (~p3+3pF + p3 +m}) |
(A.119)

with B; = Bi(p3, m3,m3) and C; = Ci(p3, p3, PG> mi,
m%,m%).

(k) SS diagram

M® =%Bo (p%,m%,m%) cle?. (A.120)
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(D) VV diagram

MO =iclc? (230 <p3, m?, mg) - r) . (A.121)
(m) S§ diagram
M = %Bo (p%, m?, mg) cle?, (A.122)
(n) VV diagram
M® —iclc? (ZBO (p%, m%, m%) — r) . (A.123)
(0) SS diagram
M© = %Bo (pg, m?, mg) cled. (A.124)
(p) VV diagram
M®P =il (230 (pg, m?, mg) - r) . (A.125)

A.2.5: Scalar to scalar and gauge boson decays

(a) FFF diagram

M@ = — Zi[Bocic%ci + Bocker ch

123 2 123 2
+ Cacp ey Py + C2CRCLCRPY
123 2 123 2
+ Ciepegerpi + CieReLcrpi
+ ZCOCiC%czm% + Clc,{c%czm%
+ CzclLC%c%m% + 2Coc}ecic§3m%
+ Clc}ec%c%m% + Czc}ec%c%m%
123 123
+ Cocgrcreymimy + Crecpcgrermimy
+ Czc}ec%ecimlmz + Cocicic%mlmz
+ Clcic%c%mlmz + Czcic%c%mlmz
+((Co+Cr+Co) (chefe + cheker) m
+(C1+Cy) (c}ec%cz + cic%c%) mz) m3]
(A.126)
: 2 .2 2 2 2 2 2
with B; = B;(p;,m5, m3) and C; = Ci(py, p5, pj» M7,

m%, m%).
(b) SSS diagram
M®P = —2i(Cy+ C| + Cy) '3 ? (A.127)

with C; = Ci(pi, p3, pg, mi, m3, m3).
(c) UUU diagram

M(C) =i (CO + Cl + CZ) CICZCS (A128)
with C; = C;(p?, p3, p2, m2, m2, m).

(d) VVV diagram

MD = —6i (Co+ C) + Cy) ' *? (A.129)
with C; = Ci(pf, p3, pg, mi, m3, m3).

(e) SSV diagram

M® = —i(Cy—Cy—Cr)clc?e? (A.130)
with C; = Ci(p, p3, p3, m?, m2, m3).

(f) SV S diagram

M(f) =i (CO — Cl — C2) CIC2C3 (A131)

with C; = Ci(p}, p3, p§, m}, m3, m3).
(g) VSS diagram

M® = —2iclc*3 [4Coo + 5C2p% + 3C22p% + 3C2p%
+ Copp? +4C1a(pd + pd)
—2C12p3 —3C2p3 — Coop3
4+ (Co+Cy + Coym?
+2Cop¢ +3C1pg + C11p}
+2Cop? +5C1 p? +3C1 p?

—(2Co +3C1 + C1y) pﬁ] (A.132)

with C; = Ci(p{. p3. p§. mi, m3, m3).
(h) SVV diagram

MM = —jcle?3 [430 —4Coo + C1 p§ — 4C12p}
— Capy —3Cnpj — Cipi
—4Ciapi + Capi — Coopi
+(=2(C1 = C12+ C2) + C22) P%
+ Cop (p% +4m%> - Cu (P(% +3pi - p%) ]
(A.133)
with Bi = Bl(p%’ m%7 m%) and Ci = Cl(p%’ p%’ p%’ m%’

m%, m%).
(i) VSV diagram

MD = —i(2Cy+ Cy + Ca) ' *e? (A.134)
with C; = Ci(p?, p3., pg. m3, m3. m3).

(G) VV S diagram

M(]) =i (2C() + Cl + C2) CICZC3 (A135)
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with C; = C; (P1 p27 po» ml’ m37 2)
(k) SV diagram

M® = —icl®(By — B))

with B; = B;(p3, m?, m3).
(D) SV diagram

MO =ic'c*(By — By)

with B; = Bi(p}, m3, m3).
(m) §S diagram

M™ = 0.

(n) VV diagram

M™ =0.

A.2.6: Scalar to two gauge boson decays
(a) FFF diagram

- I[ZBochLchl + QBocRc%c%ml

M@ =
+ Cocjeiei pgmi + Ciclcici pymi
+3Cacpetel pomi + Cocgcrer pom
+ Cicpegey pymi + 3Cacpckey pim:
+ Cociciczp%m1 + 3C1€LCLCLP1’"1
+ CchchLplml + COCRCRCRP1m1

+3C chekcypimy + Cackcrerpim

1.2.3 2 1.2.3 2
— Cocycicrpymi — Cicpejcy pomi

1.2.3 2 1.2.3 2
— Cycpcicp pomy — CocrcrCrpsmy
— ClcRcRcRp2m1 — CchcRcszml

+2Coct i e m’ 4 2Cocpcrerms

+ 2Bocke? 3 my + 2Boc) chepmy

+ C2c}3cicip%m2 + C2C]chec?epgm2

+ 2C1cRchLp1m2 + Cgc}ec%ciplmz
+ 2C16LcRcRp]m2 + CchcRcRplmg
— Czc}ec%c‘zp%mz - Czcic%c%p%mz
+2Cockcrcamimy + 2Cock chermimy

1.2 3
—4Co (chLchl + crcRCRM

12 1.2
+cRchzm2 + chRc??mz)

((cic%cz + CRCLCR) <2Bo + 2C2p0
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(A.136)

(A.137)

(A.138)

(A.139)

+C1 (p§ + p? = p3) +2Com})

+2Cy (c}ec%c% + c}‘c%c%) mlmz) m3], (A.140)
Méa) =2i [Co (CILCiCZ + c}ec%c%) mi

4+ 2C12 4+ 3C> 4+ 2C2) (cicici + ckc%c%) mi

+@2C12+ C2+2C2) (cRchL + c,p%w%) my

+Cy (cch%ciml + c}gcic%ml - cic%cin@

—c}ec%c%m3> ] (A.141)

with B; = Bi(p3, m3,m3) and C; = Ci(p3, p3, PG> mi,
m%,m%).
(b) SSS diagram

M® =4iCoc 3, (A.142)
MY =4i(Ciy + C2 + C)e' A3, (A.143)
with C; = Ci(p, p2, p3, m?, m2, m3).
(¢c) UUU diagram
M(C) =iCooc'c?c3, (A.144)
M(L) —1(C12+C2+C22)C1 2 3 (A.145)
with C; = C;(p?, p2, p2, m3, m%, m).
(d) VVV diagram
MP = 2clczc3 [4Bo +20Co0 — 4r + C1 pj

+ACypR + 5C1 p? +2Co 3

— (C1 +2C2)p} + Co(—4p}

+6p7 +4(p3 + m%))]’ (A.146)
My = —i(5Co+ Ci + 10(Cr2 + C2 + Cop))e'?e?

(A.147)

with B; = B;(p3,m},m3) and C; = C;(p?, p3, p§, m3,
m%, m%).
(e) SSV diagram

M =iCoc' 32, (A.148)
M =0 (A.149)
with C; = Ci(p}, p3, p§, m}, m3, m3).

(f) SV S diagram

M =2iChoc' e, (A.150)
MY =2i(Ciy — Cy 4 Cap)e' A (A.151)
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with C; = C; (P1 p27 po» ml’ m37 2)
(g) VSS diagram

Ml(g) = 2iC()0C1C26‘3,
Még) =2i(2Co +2C1 + C1p +3Cr + Cp)c'c?c?

(A.152)

(A.153)
with C; = C; (P1 p27 po» ml’ m37 2)
(h) SVV diagram
M =ic' e[ Bo = Coo — (C1 + C (= D)
+(C1 = COP3+ Col=pi + 3 +md)],
(A.154)
MY =i(4C) — C1z + Cy — Cp)c' 33 (A.155)

with B; = B; (pz,mz,
m%,mz)

(1) VSV diagram

m3) and C; = C;(p?, p3. p§. m3,

Ml(') —lClC2C}|:BO — Coo + Clp(zJ + 3C2p(2) + 3C1p% + Czp%

~ (C1+ CP3 + Co(p3 + p} = pD) + )],

(A.156)
My) = —i(2Cy — 2C1 + C12 +3C2 + C)c' 3 (A.157)

with B; = B;(p5,m5,m3) and C; = Ci(p3, p3, p3, m3,

2 .2
m3, m3).

(G) VV S diagram

]23

M7 = —ico(p?, p3, p3, m3, m3, md)c'c (A.158)
MY =o. (A.159)
(k) SS diagram

m® = 2Bo(po, m?, m3)c'c? (A.160)
m¥ =o. (A.161)
() VV diagram

MY =ic' P@By(pg, m3, m3) —r), (A.162)
M =o. (A.163)
(m) SV diagram

M"™ = —iBy(p}, m3, mdc'? (A.164)
My =o0. (A.165)

(n) SV diagram

M = (A.166)

(A.167)

- iBo(p%, m%, m%)clc3
(n) _
M, =0.

Appendix B: Expressions for real corrections

Following the notation introduced in Sect. 2.6, we present
here the formulae employed for the calculation of real cor-
rections (massless gauge boson emission) to the six generic
decays under consideration. Common to all processes is the
calculation of the group-theory factors, which we describe in
the first subsection.

B.1: Group-theory factors

For real three-body decays, we start with a two-body matrix
element My where a particle having four-momentum pg
decays to two others with four-momenta p;, p», and we can
attach a photon in four ways: either to the incoming or out-
going legs, or to the vertex itself. This latter case is only
possible when the tree-level vertex involves two scalars and
a massive gauge boson; in SARAH such vertices are stored in
the form

LD —icija(SiduS; — SjouS)VeH

= CijaSiS;VH(pu(Si) — pu(S))). (B.1)
If we attach a massless gauge boson AZ to the above term
then we can have the coupling
LD cijapSiS; VAL (B.2)
We should now understand that the indices for V, A cor-
respond to the unbroken gauge symmetry under which Az

transforms. By insisting on gauge invariance up to linear
order we find three sets of conditions:

0=T%(S)cirja + r;‘j.,(ﬁj)ci a + TS, (Veijars (B.3)
=TS (S)citjap + Tfjr(gj)cij/ab + Ty (Vicijar (B4

+ ibeh/cijab’a = Cijab + Cij’aTjC/j (Ej) Ci ]aT (S7).
(B.5)

Summation is only implied over the primed indices. The
first two equations arise from requiring simple gauge invari-
ance of the individual vertices, while the third involves the
derivatives of the gauge transformation cancelling against
the Aj — A} + 9,A“ + --- part. Importantly, Eq. (B.5)
completely determines c¢;jqp.
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If the gauge group is that of the SM, then the quartic cou-
pling can only be relevant for a W boson and a photon, for
which case the first two equations simply become charge
conservation and Eq. (B.5) implies

(205 (B.6)

cijw-a =(Qs; — Qg,)cijw- = — Deijw--

The above logic can also be used to compute the group-
theory factors for the Bremsstrahlung decay cross-sections,
where a particle with momentum pq decays to final states
with momenta pi, p» and a photon/gluon with momentum
k.

We first compute all of the relevant processes using only
the primitive vertices stripped of group-theory factors, and
split up the squared amplitude depending on which leg the
photon or gluon propagator has been attached. We first make
a general definition of the coupling ¢; i in the same was as we
did in Egs. (B.1) and (B.2) and strip off any Lorentz indices,
so for fields (scalars, fermions or vectors) ®; in representa-

tions of the gauge group Ry — Rj, R we have the coupling

L D cijx®; PPy x Lorentz part. (B.7)
Then the matrix element is
Jo(pi)
(M) jgjijoa =€ Y T“(RO) 1 joC i1 1o Sy
Ji
S1(pi)
+8 2 T ROt ST
Ji
f2(pi)
+8 D T (R sCininis 3 g ok
i
+ Cjojijra S3(Pi)s (B.8)

where the functions fi” (pi) may have spinor or other Lorentz
indices, and include the wave-function factors, as appropriate
to the final states; and the index i labels the leg to which
the photon/gluon is attached: 0 for incoming, 1,2 for the
outgoing legs and 3 to denote the vertex in the case of scalar to
scalar plus gauge boson decays. We have explicitly included
the intermediate propagators to show the potential infrared
divergences—and also because they allow easy identification
of the appropriate diagram.

Then defining xo = —2po - k,x; = 2p; -k, x3 = 2p> -
k, x3 = 1, a generic squared matrix element can be expressed
as

ﬁf*

XiXj

IM|? =

ZCUZ

i,j=0 spins

(B.9)

Now all of the group-theory factors are encoded in Ci . How-
ever, while Cj; = Cl"; it is also clear from the hermiticity
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of the generators that the C; ; are real—for example using
d(Rp) as the dimension of representation Ry

(Co)* = Fy D TR T (Rl
ijki’,j
1
=Ro) Z i i T (Ro)iir T (R) jrjcijrk
i,jk,i’
1
= 3 Z e KT (Ro)ii T*(R) jjrc}i=Cra
0 i,jk,i’,
(B.10)
and therefore we can write
3 FIEHIify .
2 = _ 2 spi ;b=
|Ml| — Zcijwijy wij = spins f’fx Xj o .
i<j spins Xixj’ =1J
(B.11)

Using the gauge invariance of the Lagrangian terms, we
obtain fori < 3

0 =C~'0j - élj - 621' = Cio— Ci1 — Ci

=Ci3 — Cio — Ci1 = C3; — Co; — Cii. (B.12)
where for § — SV decays we define the heavy gauge boson
as particle 2. These are almost enough to completely deter-
mine the colour factor of the amplitude in terms of the two-
body decay factor C,

CijkC;-k/jk = Cé;yr, (B.13)
because we can write
Cii =C2(R;)C. (B.14)

These conditions are sufficient to determine all of the group
factors in terms of C, the quadratic Casimir C>(R;), and one
remaining colour factor. However, we can also use the gauge
invariance of the Lagrangian term to second order to obtain

0=Coo + C11 + Cap — 2Co1 — 2Con

+2C1y = —Coo 4+ C11 + Ca2 +2C12. (B.15)

Hence all of the group-theory factors are proportional to C,
and we can therefore define

Cij = %’ (B.16)
giving
Cii =C2(R;), i<3,
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1
Cip = 5 (C2(Rp) — C2(Ry) — C2(R)),

1
Cop = 3 (C2(Rp) — C2(R) + C2(R)),

1
Co1 = 3 (C2(Rp) + C2(Ry) — C2(R2)),

Ciz =C3 = Cj1 + Cin,
C33 = (C2(Ro) + C2(R1)) C +2Cpy

I <3,

=2C2(Ro) + 2C2(R1) — C2(Ro), (B.17)
and we can write for a generic process
3
rcxszEZcijsz,»j. (B.18)

i<j

In the case of a U(1) gauge boson (the photon), we have
Cij = 0;Qjandwedefine O3 = Qo+ Q1. Thisalso follows
from the above expressions, for example

1 1
Cio=5(05 - 01— 09 = 5 (@1 + 02 - 0} - 03)
=010>. (®.19)

B2: F — FS

The real corrections for the fermionic decays F' — F'S are
given by

G
(4m)3my

x [(cre + ere)@HE + (rck +ere) QM) (B.20)

FF»FSﬂ//g =

The coupling ¢, is the electromagnetic coupling e or the
strong coupling g, for photon and gluon emission, respec-
tively. ¢z and cg are the left- and right-handed coupling of
the tree-level vertex of F — FS. We identify Fj, = X,
Fout = Y1 and S = Y, with the indices 0, 1 and 2, respec-

tively. The individual contributions Q‘.‘}B are given by
QR = — 8loomymy,, (B.21)
Q(I)‘IR = —8lymxmy, — 81mxmy,

3 3 2
+ Ipp (—Smxmyl - SmeY] + 8meY1mY2) ,

(B.22)

Q(I)‘ZR =8lymxmy, + In <8m§(my1
— 8mxm§’/l + Smxmylm%&) , (B.23)
QILIR = — 8111mxm§/1, (B.24)

Qi = —8Limxmy, + I (8m§’(myl
— 8me§/l — Smxmylm%2> , (B.25)
Q5 = —8Lmxmy, — 8Inymxmy,m3,, (B.26)

Qb =21 + Io (~2m% +2m3, - 2m3,)
+ doo (—4my, — dmiomd, +4mim3), (B27)
Qi = —81 21§ =21 + Ip (—Zmi — 6my, + 6m§,2)
+ 1 (—6m§( —2my, + 6m§,2)
+ 1o <_4mX 8mymy, — 4my, + 8mymy,
+ 8 m}, —dm, ), (B.28)

QLL =41 — 212 + I (2m§( +6m}, — 6m2Yz) +4hm},

+ Ip2 (4mX 4mY1 + SmYImY2 4mY2)
(B.29)

QL =21+ 1y (2m§( —om}, — 2m2Yz)
+ 1 ( dmym?, — dm' + 4mY1m2Y2) (B.30)
Qi = — 4217 —4bm} +1, (—6m§( —om? + 6m§2)
+ 1 (4m;‘( —dml — 8mAmd + 4m‘;2) . (B31)
QL =41+ 1 (—4m§ —4m}, + 8m§2)

+122( dmym?, — 4mY1mY2+4mY2> (B.32)

We also implemented real corrections for which Y7 is taken
to be massless, if Y; is charge and colour neutral.

B3:S— FF

The real corrections for the scalar decays S — FF are given
by

C2

(477)3
+ (cLek +crey) QLR] .

Lsorriy/g = Cs [(CLCL + cre) QFF

(B.33)
We follow the notation introduced in the previous subsection.
However, we now identify S = X, F = Yj and F = Y, with

the indices 0, 1 and 2, respectively. The individual contribu-
tions Ql‘.‘}B are given by

(B.34)

Qoo = 16IOOmeY1 my,,
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QSIR = — 16Iymy,my, — 1611my,my,

+ Ioy (—16mymy,my, — 16m3, my, + 16my,m3,),

(B.35)

QIR =161gmy,my, + Ioo(16m3my,my,

— 16m3, my, + 16my,my,), (B.36)
QIR =16111m3, my,, (B.37)
QIL2R =1611my,my, + 112(—16171§(mylmy2

+ 16m3, my, + 16my,m3,), (B.38)
QLF =16 bmy,my, + 161omy,m3,, (B.39)
QéOL = - 810m§( + Ioo(—8m§( + 8m§m§l

+ 8mymy,), (B.40)
Qfl =41 + 417 + 1,(12m% — 4m3,

— 12m3,) + Io(—8my, — 8m3,)

+ Io1(8m% — 8my, — l6mymy, +8m3,), (B.4l)

Qi = — 41 — 413 + L(—12m% + 12my, +4m3,)
+ Io(8m3, + 8my,)

+ Ipo(— 8mX + 16meY 8mY1 + 8mY2)

(B.42)
Qff =L@m% +4my, —4m3,)
+ N1 (—8mymy, +8my, +8my my),  (B43)
QU =81 + 41} + 41 + L(—12m% + 12m3,
+4m},) + I1(—12m% + 4m3,

+ 12m3,) + I2(8m — 16mymy, + 8m3,

16meY2 16mYle2 + 8mY2) (B.44)
922 = 12(4mX — 4my1 + 4mY2)
+ Do (—8mymy, + 8my my, +8m3).  (B.45)

We also implemented real corrections where one of the final-
state fermions can be massless. Again this fermion has to be
charge and colour neutral.

B4:F — FV

The real corrections for the fermionic decays F — FV are
given by

2
Cg 4

LroFviyre = (@m)m2 my S
2

X I:(Cch + cRcﬂ) QLL 4 (ch§ + cRc}i) QLR] .
(B.46)

The coupling ¢, is the electromagnetic coupling e or the
strong coupling g, for photon and gluon emission, respec-
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tively. cz and cg are the left- and right-handed coupling of
the tree-level vertex of F — FV. The final-state gauge
boson Y> is fixed to one of the two heavy gauge bosons,
Z or W. Clearly only the photon couples to the W boson,
such that we subsequently present results independently for
F — FW + y on the one side and F — FZ + y/g
and F — FW 4 g on the other side. For gluon emission
Coo = C11 = Co1 = C2(RF), Cin» = 0; for photon emis-
sion C;; = Q;Q;, where we again identify Fi, = X and
Fout = Y1 with indices 0 and 1, respectively.

For F — FW + y the individual contributions are given
by

Q(I)‘(fe = —4Imxmy, — 4I§mxmyl + 2410mxmylm%,2
+ 2412mxmylm%,2 + 24[00m§(my1m%2
+ 24102m§(my1m%2
— 24]02mxm§,1m%2 + 24Ippmxmy, mg‘/z
+ 24Ipmymy,m3,, (B.47)
QOI =12Imxmy, + 4Iémxmyl + 41(%mxmyl
— 4812mxmy,m%/2
— 48102m§(my1m%2 + 48101mxm%/1m§2
+ 48102mxm§/1mY2 48122mxmy1m§‘/2, (B.48)
Qll _411 mxmy, + 2411mxmylm%/2
+ 24[2mxmylm%,2
+ 24101m§(m ylm%,2 + 24102m§(my1m%2
— 24101mxm%71m%2
— 24]02mxm§,1m%2 + 24111mxm§/1m%2
— 241()1mxmylméf,2
— 24Ipmyxmy,my, + 24Ipmxmy,my,,  (B.49)

Q5L =21m% + 212m% — 4lom%, — 4Lm% — 4Ipom$,

— 4102mX + 21mY1 + 212 mYl
4.2
+ 81()meYl + 812meYl + 8lpomymy,

+ 121()2mxmyl 410my1 412m;1,l

— 4[00mxmy| 12102mxmy + 4102)’I’ly1 + 4Im? Y

2

8122 mY2 4IomeY2 412meY2

2
- 41()0meY2 81()2meY2

2
4[2mYle2

— 4]22meY2 4IQmY1mY2
2 2
- 4IOOmeYle2
2.2 2 2.2 2
+ 8lpomymy, my, + 8Ipymymy my,
4 2 4
— 4122my1my2 + Slomyz

+ 812m‘}2 + 8100””%(’”?/2 + 4102m§(m?,2
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_ 4122’"me 12102mY] m?@ For F - FZ+ y/g and F — FW + g the individual
contributions are given b
— 4122mY1mY2 + 81()2mY2 + 8122"1?/2, (B.50) & y
Qi = —61m% — 21im% — 21§m% + 8Lm%,

QLR =24100mYymy,m?,, (B.53)
+ 8lpom§ — 6Imyl —210my1 l 12 0
’ QOI =8[mxmy1 —|—410me)/| +411mxmy|

— 210mY| 1612mxmy1 8101mxmyI ) )
+ 24IQmeY|mY2 + 2411meY]mY2

— 241()2771)(1’111/1 + 812mY] 3 > 3 9
+ 24101mxmy1mY2 + 241()1meY1mY2

+ 16[01meY + 241()2meY 8101mY1

— 24Ioymxmy,my,, (B.54)
— 81()sz ~|—4ImY —4IOmY
) o 1 2 2 Q{‘IR =24111mxm§/1m%2, (B.55)
— 4Igmy, + 1613m3, + 161m LL 2
Qoy = —2Imy — 6]0mX 4[00mX ZImY1

+ 161% m? 812m m3
27" XTn 5 +410m§(m%,1 + 81()()mxm%,l
+ 8102meY2 + SIZZmeYZ

+2Igm}, — dloomymy, +4Im3y,

2
— 210meY2 4Ioome Ys

2 2
+ 812mylmy2 8101mxmylmy2

2 2
— 16122meY1 mY2 8101mY] my,

2
— 8102mY1mY2 + 8122mY1mY2

2 2
+ 2]0mYle2 4IoomeY1mY2

i’ Lo - 410mY2 + 8100m Xm‘;z, (B.56)
— 16[2mY2 — 16]()2meY2 LL _ I 4
+ SlzzmmeZ + 16]01mY1mY2 4

+ 16[02m mb + 8[22m m 16]22m ,
Ny N Y2 +410meY] +411meYI +4101m§m§1

(B.51)
_ 4 4 2 4
QlLlL = — 2]1 mX - 411m§( - 412m§( 6IOmY(1) + lemgl + 4IOllmeY1
— dlgumS — IS —210m3, — 4loumy, = 8Imy, — Algmy, — 41my,
_ 2
+8Iimymy, + 8Lmymy, + 12Igmym3, 2Ugmymy, — 6limymy, L,
+ 121()2meY 4]11mxm%/1 - 6I()mYlez 2]lelez ]6101meY1mY2
—4lymy, — 4hm, — 120 mim, + 121gmy, + 120my,
6
— 12Iomym$, + 81 mym}, + 120o1m3my, + 120o1m3, my, — 8loim3,,
+ 41oimS. + 4lpom$, — 411mS B->7
orm 02Mmy, —4alim
h " " QflL = — 21m§( + 2]1m§( - 2Im2{,1 + 4I]m§(m%/1
— 8ImY 411 mY 1612mY2
| ) —4]11meY1 6]1mY1
— 812mY 81 2mY2 4]1meY2
5 +8111meY 4[111’)1Y1 —‘,—4le2
— 4I2meY2 4122meY2 5
5 +211mxmy2 211mylmy2
411mY1mY2 4[2mY1mY2 2 4 2
8 5 Y s o —4111mxmylmy2 — 4l ymy my,
— 8Igym3m3 m> oomim3 m
o o —4Lm}, + 8Lym} m},. (B.58)
— 4111mxmylmy2 + 8122mxmylmy2
+ 8101”14)‘/1’71%/2 + Slozm?/] m%,z
— 4111mY1mY2 4122mylm§,2
+ 811mY2 + SIQmY + 121()1me3‘/2 B5:§—~> VvV
+ 12Ipm5my, — dlhymim} i -
02 x Ny, 2Mxnty, The real corrections for the decays S — V'V are given by
— 4101mY1mY2 4102mylm§/2
81 41 p e
+ llmyle2 22mY1mY2 FS—>VV+y 3—CSCC Q. (B.39)
— 8loym$, — 8loom$, + 81om . (B.52) (47)3m3, my, m
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The coupling c is the tree-level coupling of the vertex of
S — VV. Given that both final-state particles V are heavy
gauge bosons only photon emission is of relevance for this
process. We identify S = X, V = Y] and V = Y, with the
indices 0, 1 and 2, respectively. The individual contributions
2;; are given by

— 2[00m§)( + 4Im%/l

Qoo = — 61m§( — 61()m§(

+ SIOmeYl + 4]()0me Y| 2]01’)11/1

— 21()0meY1 + 4ImY2 + 810mxm%/2

2

2 4
ZIOOmeY2,
(B.60)
2]1 mX + 410mX — 411mX — 2]01mX

2
4I()meYl

2
- 20100mey1my2 210my2

Q01 =8[mX

4ImY1 + 2[1 mYl

+ 4]1meY1 + Zlo]m‘;(m%/l + 2[01m§(m§1,l

— 2101mY1 4ImY2 + 2]1mY2

— 410m%(my2 + Sllmmez + 6101m§(m%2

2 2

- 2011my1my2 20101mxmylmy2

— 18101mylmy2 4]1mY 6101mxm‘)‘,2

+ 18101mY1mY2 + 2[01mY2, (B.61)
Qo2 =8ImX

— 4ImY1 + 212mYl

412m§( — 2102m§(

2.2
— 4lomymy,

212 mX + 4IomX
+ 8[2meYl + 6102mxmy1 41sz1
— 6102meY1 + 21()2}’11Yl

+ 212 my2

—4Imy2

2.2 2.2
4lomymy, +4Lmymy,

2
2012my] my,

+ 2102mxmy2
— 20102mxm%/1mY2 + 18102’")11"1%/2
+ 2102meY (B 62)
Qi = —2Im% +210m% 4+ 2I1m% —|—4ImYl +61)m

+4[11my1

18[02mY1mY2 2[02mY2,
21 2
llmxmy1

—211my1 +4111meYl 2111myl

2

—i—41my2 211my2 411meY2

+4111mxm%,1my2 20111my]m%,2
+211mY2

Qo = — 81m§(
+412m§(

+ 2]21mY1

—2Iimy,m3,. (B.63)

ZIlmX lelmgf + 4]1m§(

—2[12mX —|—4ImY1 611mY1

2

411meY1 8]2meYl

+ 6112mxmy1 +412mY1 — 6112mxrn‘)‘,1
1.2
+ 2[12my +4Imy2 + 2[1my2 —6l,my,

2
— 811meY2 — 4I2meY2
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+ 6112m§m§2 + 20[1111%”1%2

2

+ 2012mY1 mY2 28112mxm%/1 my,

+ 2211omY, my, + 4Lmy, — 61 mym3,
+ 22]12m%/l m;‘,z + 2112’”?/2’ (B.64)
Q= —4Imy — 2Iym% + 2LhmY + 6Im3,

1.2
+2I,my,

+2Imy, + 2y my, + 41y

2.2 4

4 2 2.2 2
— lezmxmyz + 4122meY1mY2

— 2[22m Y, mY2 212mY2 + 4122mxm?/2

— 20]22mY1mY2 2122mY2 (B.65)

B.6:S— SS§

The real corrections for the decays S — S are given by

2

FS—>SS+y/g CSCC Q. (B.66)

(4 )3mx
The coupling ¢, is the electromagnetic coupling e or the
strong coupling g, for photon and gluon emission, respec-
tively. c is the coupling of the tree-level vertex of S — SS.
Therein we identify S = X, § = Y| and S = Y, with the
indices 0, 1 and 2, respectively. The individual contributions
2;; are given by:

Qo0 = — 41y — 8Ioom¥, (B.67)
Qo1 =—41y — 41 + 101(_8’"%( - Sm%q + Sm%@)’ (B.68)
Qup = — 4lo — 41> + lop(—8m% + 8m} — 8m3,), (B.69)
Qi =— 41 — 81 1my,, (B.70)
Qip =41 + 41 + Lo (—8mk + 8m} +8m3),  (B.71)
Q= — 41, — 8Inpmy,. (B.72)
B.7:§ — SV

The real corrections for the decays S — SV are given by

Lsosviyre = (B.73)

The coupling ¢, is the electromagnetic coupling e or the
strong coupling g, for photon and gluon emission, respec-
tively. In contrast to previous decays, S — SV +y /g alsohas
a contribution from a four-point interaction, which accord-
ingly does not contribute to the infrared divergent part of
the real corrections, but yields a finite contribution. The sum
over the gauge factors thus includes four indices O, ..., 3.
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Since we assume a non-extended gauge sector in this work,
the four-point vertex is only present for photon emission, so
we can simplify the calculation of the group-theory factors
to Cjj = Q;Q; fori, j € {0, 1, 2}, where the charges of the
incoming and outgoing scalars are Q¢ and Q1 and the charge
of the outgoing gauge boson is Q»; the factors involving the
four-point interaction are then

Coz = Qo(Qo + Q1),
Crz = 02(Qo + 01,

Ci13 = 01(Qo + 01),
C33 = (Qo+ 0>

(B.74)
(B.75)

For the emission of a gluon we can use Q> = 0 and Q¢ =
Q1 = 1. However, we stress that the results below are true
in general for any gauge groups; for extended gauge sectors
we would just need to employ Eq. (B.17). The individual
contributions 2;; are given by

Qoo = — 4Im% + Iy (—8m§( + 8mymy, + smim%)
+ Ioo (—4m§( + 8mymy, — dmymy, + 8miym3,
+ 8mymy, my, — 4m Xm‘}z) (B.76)
Qo1 =1, (4m§( — 4m3y, + 4m§2>
+ I (—4m§( +4my, + 4m§2)
) <4m§ +dm? + 4m§2)
+14 (—Smﬁ( + Smgfm% + 16m§(m%,2
+ 8mylmy2 8my2) + Iy (8meY| 8mY|
+ SmeY2 + 16mY1mY2 SmYz)
+ Ioi ( 4mX —i—4mme1 —i—4meYl 4mY1
+ 12meY2 + 8me%/|mY2 + 12mY1m§,2

— 12mm$, — 12m% +4my2) (B.77)

Qo = 12 (—2m§ +2m3, — 2m2Y2)
+ 1 (ng( + 6m§/1 + Zm%/z) + Iy (2m§( + 4m§(m%/1
— 6m§¥,l + 4m%(m%,2 + 12m§,1m%,2 — 6m§‘,2)
+ I ( 4mX + SmeY1 4mY1
+4m‘;2) + I ( 4m + 12mym3, — 12mym3,
+ 4m§’,l + 4meY2 + Smxm%m?,z

— 12mYle2 +4meY2 + 12mY1mY2 4mY2)
(B.78)

Qo3 =1 (2m§ —om}, + 2m§2)
12 <2m§( —om}, + 2m2Y2) + 1o (2m§( — 4mim?,

+ 2m, — dmym?, — dmd m, + 2m‘;2) . (B.79)

Q= 4ImYl + I <8meY1 8mY1
+ Smgzlm%) + 111 (—4m§(m%/1 + 8m§(m§‘/l
6 2.2 2
—4my, +8mymy my,
+ 8, md, — dmdm, ), (B.80)

Qpp =1 (—6m§( —om}, — 2m§2) +12 (—2m§( +2m3,
+ Zm%,z) + 1 <4m§( — 8m§(m%/l
+ 4m‘,¥,I — 4m§t2> + 1 <6mx 4mxmy1 2my1

— 12meY2 4mY1mY2 +6mY2)

4
2 2 2
~|—4mYl + IZmeY2 - SmeYlez
4mYle2 IZme?/2

— d4mdm, —|—4mY2> , (B.81)
Q3 =1 (—ng( + Zm%/l + 2m%2> + 112 (—2m§( + Zm%/l

+ 2m%,2> + 1 <2m§( - 4m%(m%,1

+ 2mY, — dmym}, — dmy,m}, + 2mY2) (B.82)
Q=1 (—2m% —2m3, —m3, ) +813m,

+ 8122my2 + I (8mxmy2 + Sm},lmy2 8my2)

+ I ( 4meY2 + 8me§,le2 4mYlm%/2

+8mym’, + 8m% ', — 4mY2> (B.83)
Q3 =1 (2m§( —om}, — 4m%,2) —81im%,, (B.84)
Qa3 =Im3,. (B.85)

Appendix C: Infrared divergent parts of Passarino—
Veltman integrals

Subsequently we present the infrared divergent parts of the

Passarino—Veltman integrals relevant for our purposes regu-
larised through a photon or gluon mass m 4 :
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Bo(p*, mi, p*) = Bo(p*, p*, m})

. 1 m3
=—Bi(p*, p>,m}) = —5— log (pé‘) ,

5 (C.1)

1
Mp3, P2, pd)

2 2 2 2 2 2 2
x log (po —pitp; +A(p07p1,p2))10g< m ) ’

2 2 2 2 2 2
Co (P, P1. P3.mA. PG P3) =

2pop2 Pop2
(C.2)
1

N )

 log Pt +p}— i+ 2.} pd) log m3
2pop1 popi )’

(C.3)

Co (P}, p. p3. p§. m%. p7)

1
AMp3. PTL P3)

2 2 2 2 2 2 2
x log (_p() + py+ b3 +?»(P0,P],P2)> log( miy )7

Co (P5. P, P3. p3. pT.m%) =

2pip2 pPip2
(C4)
C1 (p§, pi. P3, P§. mAa. P1) = —Co (po, 1, P2, Po, ma, P1),
(C.5)
C> (P}, pl. p3. p3. pl.m3%) = —Co (po, p1, P2, P2, P1.ma),
(C.6)
Cu (P(% P%, P%, PS, mi P%) = Co(po, P1, P2, PO, MA, P1),
(C.7)
Ca (p3, 1. p3, p3, pl.m3%) = Co(po, p1, P2, P2, P1, mzé)-g
(C.8)

Therein we use the Kéllén function given in Eq. (2.2). The
result for Cq is consistent with the infrared divergent part
of Eq. (B.5) of Ref. [126]. For the cases p?, p3 < p2 and
p% < p%, p(z), which is of particular relevance for scalar
decays into light fermions, we also implemented formulae

2 .2 2 2 2 2
Co(py» P1» P3» My, PG> P3)

1 m? popi
= —log | —4 | log ,
P (—1%) -p;

2 2 2 2 2 2
Co(py, Pi» P3> My, DG D5)

| ) 3 2
= L g (PP o (P P2) (o)
Py = Pi M Pl bopi

These are equivalent to Egs. (B.8) and (B.9) of Ref. [126].

(C.9)

Appendix D: Goldstone boson vertices
For decays into scalars and fermions, the cancellation of

infrared divergences is straightforward: they correspond to
summing the real emission of a massless gauge boson with

@ Springer

the virtual process of the same massless gauge boson in the
loop. Because the current of the unbroken gauge symmetries
are necessarily flavour diagonal, the only vertices involved
are the original two-body decay vertex and the gauge cou-
plings of the external states. Therefore, when we want to
use loop-corrected external masses to cancel the infrared
divergences for this case it is straightforward to either put all
masses of internal and external states to the loop-corrected
values, or (as we do here) to subtract off the infrared divergent
parts separately from the Bremsstrahlung and virtual correc-
tions before multiplying by a kinematic factor employing
loop-corrected masses.

However, for decays with a massive gauge boson in the
final state, the cancellation between the real and virtual
infrared divergences is a little subtle. The reason is that a
would-be Goldstone boson can propagate as an internal state.
While we perform the Bremsstrahlung calculation in the uni-
tary gauge (so there are no Goldstone bosons), for the vir-
tual corrections for practical purposes the default choice is
Feynman—"t Hooft gauge, and we must therefore sum the
diagrams with an internal massive gauge boson with those
having a massive Goldstone boson. We show the relevant
virtual corrections for the processes FF — FV, S — SV
and § — V'V (for decays to massive vectors) in Figs. 21,
22 and 23, respectively. Denoting the heavy gauge boson as
“V?”, the massless one as “y,” and the Goldstone boson as
“G,” we see that we have the gauge coupling of the unbro-
ken group appearing in FFy, SSy and VVy vertices, but
we must maintain a relationship between the FFV and FFG
vertices, between the SSV and SSG vertices, the VVy and
V Gy vertices, in order for these cancellations to occur. For
the S — V'V process, we require a relationship between the
three sets of vertices SVV, SGV and SGG.

The required relations follow from the Slavnov-Taylor
identities, or alternatively we could examine the infrared
divergent part of the loop amplitudes. However, here we
will more simply derive the conditions imposed by symmetry
when inspecting the lagrangian at tree level. We first iden-
tify the would-be Goldstone boson by writing the symmetry
transformations of real scalars SIQ (before spontaneous sym-
metry breaking, and not necessarily in a mass-diagonal basis)
as

88 = e%af

V=e%f =€e%afs" (D.1)

ijej

where € is the gauge transformation parameter for each
broken direction G and ag are numbers for a linearly realised
gauge symmetry (as always assumed in SARAH). Then

G G
af = 1 (D2)
where tiG are the generators of the gauge symmetry that will
be broken by appropriate vacuum expectation values; since
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(a)
\%4
Y
|
e
F |
F |
F/
(d)

Fig. 21 Diagrams in the decay F — F’V that are potentially infrared-
divergent. Clearly a and d must combine in a gauge-invariant way, so
that when we put the masses of the external states to their loop-corrected

(d)

F/

values we must also put the masses of the internal legs to those masses
and adjust the couplings accordingly. The same is true of the pair b and

e
Sl
I
_____ ! li
g o8
CHR SN
v
()
S/
S/I//
\\“\\ \\ ,y
S =<
.
® (g

Fig. 22 Diagrams in the decay S — S’V containing a massless gauge boson propagator. The picture is almost identical to the fermion case, except

that we have more “benign” diagrams (f) and (g)

we are working with real scalars, the tl.(.; are antisymmetric
and real (to translate to complex fields we require roughly
tl.(j; — iTijG). Then we find that the Goldstones G are defined
by

G = NGaGS;), (D.3)

£ §? = NgalG +--- .

The vectors should be chosen to be orthogonal with normal-
isation 1, so Ng =1/ Zi(oeiG)z.

Looking at the vector-mass term we find for the scalars
S? having vacuum expectation values v;

1 0 0 0

2
— %tﬁjuﬂ}’kvkvg Vi g2 SOhu vavh e

8 0n @0 0n0 @0
+ VS]] — 57087
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Y
G .
_____ ‘// v
S A
¢
Y
(0
v v
G // S,—’ RN
-—__ ( V - \IG
s - \ !
v Vv
(f) (9)

Fig. 23 Diagrams in the decay S — V'V (for two heavy vectors) containing a massless gauge boson propagator. Diagrams (a), (b) and (¢) must
combine in a gauge-invariant way; as do (d) and (e); diagrams (f) and (g) are “benign”

2
4 U
> 509,50V — Safal uvIve s

— g2afrtstvayonr

ijRj
Ey Lveve
oD—2% —ybybnr (D.4)
2 u ’
2 . Ng
and we see that
Ne _iG, (D.5)
ny

where mg is the mass of the vector, and we define the SSV
coupling when we diagonalise the scalars to mass eigenstates
through S? = RS (where Rg; = N(;ozj(.;):

1
L DEC?/'V“M(SJ'BH«SI' — Sia,LSj) — C?j = gRiklet;:l.
D.6)

For the SGV coupling and SV'V couplings, we read off

IG/ G’ GG'y;,Gy,G’
£3 5eGVO M GaS; — $i,G) + eIV IvEn

2
’ !
— cl.GG = ——GRkiot/thGk, ciGG = —g2Rk,-oszt7k
my, ' '
SR ¢ L GG’ (D.7)
cic = —¢g¢i .
my

This is the relationship that we enforce between the on-shell
vertices to ensure that infrared divergences are cancelled.
We can also read off the GV'V coupling
—&*al TASIVAVOE 5 — ¢ Ngaf 1af GVIVI ™,
(D.8)

@ Springer

For any unbroken gauge groups, the Goldstones must
transform as

L D%Néa?ti"ja?/y““(G/auG ~ G9,G)

=848 yG8,G — Gi,G)

> D.9)

and we therefore identify the aiG /tl.“jajc." factor in Eq. (D.8)
with 7§, to obtain

LD —gmig, Gy vor. (D.10)
For the photon, this just becomes the familiar vertex
LD —emyGryiW™ " +he. (D.11)

Now the VVy coupling will be given just in terms of the
gauge coupling of the unbroken gauge group, so the elec-
tromagnetic coupling e here; indeed from decomposing the
kinetic terms of the gauge bosons we will find

LY (a“yv“ A L

— VI, v 4tV Ity “). (D.12)
Of these, the first two terms vanish in the limit where the
massless gauge boson is soft, while we identify the last term
as the conventional gauge current and

’
CaGG _

= —gtl.. (D.13)

This leads to the relation betweenthe y GV and y V'V vertices
of simply a factor of mg
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To find the relationship between the Goldstone coupling to
scalars and the gauge boson coupling, we can use Eq. (2.32)
of Ref. [127] to find the derivative of the (effective) potential
V with respect to the scalars:

Pv.o el PV dal 32V
9GaSPS) 0 dpkdd; ¢ depdd
1
=— [gtkl/\/l + M,kgtkl} (D.14)
my
When we diagonalise the masses this gives
*v Lo 2\
Cijcz_m:m_g(mi —mj)cl-j. (D.15)

Again we enforce this relationship between the GSS cou-
pling and the SSV coupling when we use loop-corrected
masses in order to cancel infrared divergences.

The GG S coupling is a special case of the above, with the
understanding that we must use zero for the Goldstone boson
mass to obtain

CiGG = WC’ (Dl6)

mymy

We also find a similar relationship for fermions, which
can in that case also be derived from the fact that the masses
are Yukawa couplings; writing in terms of Weyl fermions we
have

1
LD - zYiuS?w?wS)

1
Z—EMIJ‘/HK”] VYzIJf,]U]GI/fﬂ/fj
(D.17)
The gauge invariance of the Yukawa coupling gives
Yi/1jl;1/i(i) + Yil/jl;l/l(l) + Yilj/tgfj(‘]) =0 (D.18)
and so
— Syl (D.19)
2mV ilJtj J .
8
= 2mVY1[/Jvlt1/[(I)+ 11J’vltj/j(~])
8
= 2—<M”tﬁ, +M,,/tﬁj(1)>. (D.20)
my
Now we write down the gauge coupling
Logya"yyti, Ve (D.21)

and we diagonalise into 1//9 = Ry so we obtain

_ 1
LOcs oty vor + ECUGI/HWJG,
mp—mj g
G =——¢g—¢;;-
my

(D.22)

If we now split the fermions into left- and right-handed states
with separate rotation matrices L and R, then the gauge cou-
plings are given in Dirac notation by

LD gf”/uPLFJ(LTtaL)]JVa

+ gFmy" PREN(RTt*R*) yn V4, (D.23)

while the Goldstone couplings are

<M[’jt111 +M1]flj J(J)>th, lﬂJ + h.c.

§|°°5|°°

—my(RTt°R) 1y + (L7t GL)IJmI)GFIPLFJ

+ i<I’l’17(RTl‘GR*)11—(LT[GL*)]ij>GF[ PRrFy.

my
(D.24)

If we work in a basis where the fermion masses are com-
plex and the rotation matrices R, L are real, then we find the
relationship between the Goldstone boson couplings and the
gauge couplings

1 G,L G.R
Crig =—¢ (mic;y —micpp |
my
1
R G,L G,R
cliG=——¢ I:m’;c” —mjcy; ] (D.25)
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