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Abstract

The consistent renormalization of all relevant sectors of the MSSM with complex parameters (cMSSM) and the
inclusion in the FeynArts/FormCalc package has recently been completed and is reviewed here. A comparison of
renormalization schemes in the electroweakino sector, and an automated setup to implement the optimal scheme is
also discussed. We show some example calculations applying this framework. These include the partial decay widths

of electroweak supersymmetric particles.
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1. Introduction

Two of the main motivations for the experiments at
the Large Hadron Collider (LHC) are the quest to un-
derstand the origin of the mechanism of electroweak
symmetry breaking (EWSB) and the search for physics
beyond the Standard Model (SM). The discovery by AT-
LAS and CMS [1, 2] of a new scalar with a mass of
around 125 GeV opens a new era in particle physics.
While the properties of the new scalar are in agreement
of those of the SM Higgs boson, the present experimen-
tal uncertainties still leave space for deviations from the
theoretical predictions of the SM. A precise determina-
tion of the new scalar sector, in particular of possible
deviations from the SM, is one of the main tasks in the
near future.

The extent to which the LHC results can discrimi-
nate between a SM Higgs boson and possible alterna-
tives depends both on the experimental precision and on
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the nature of the mechanism of EWSB realized in na-
ture. One of the best motivated candidates for an exten-
sion of the SM is Supersymmetry (SUSY) which solves
some of the most severe problems of the SM. In par-
ticular, the Minimal Supersymmetric Standard Model
(MSSM) [3, 4, 5], with minimal particle content, has
been widely studied. The MSSM predicts a Higgs bo-
son with a mass which, at tree level, must be lighter than
the Z-boson mass. However, loop corrections are known
to give large numerical effects, shifting the upper bound
on this Higgs boson to around 135 GeV at the two-loop
level [6]. Since the Higgs mass is strongly dependent on
the MSSM parameters, which enter at loop-level, radia-
tive corrections must be well under control in order to
confront the theoretical predictions with the experimen-
tal results of the measurements of a scalar with a mass
my, = 125.09 = 0.24 [7]. The current theoretical uncer-
tainty in the MSSM, of 3 GeV [6], is an order of magni-
tude larger than the experimental one, highlighting the
need to further improve the theoretical calculations.

Since physics beyond the SM may soon be discov-
ered at the LHC, precise theoretical calculations of all
the new measurable observables need to be available.
In the MSSM these calculations include a large set of
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masses, cross sections, branching ratios, and angular
distributions. The precision will need to be significantly
improved to match the more precise measurements at a
linear collider (LC) [8].

Loop calculations in the SM with Feynman-
diagrammatic methods can lead to a large number of
Feynman diagrams. This situation worsens in models
such as the MSSM where the number of fields and pa-
rameters is larger than in the SM, requiring the automa-
tion of the calculations with powerful software pack-
ages. This automation needs to be performed in a rea-
sonably general way, allowing for a general choice of
parameters. In particular, in the MSSM there are sev-
eral parameters which can be complex, introducing new
sources of CP-violation in the system.

Here we review the renormalization of the cMSSM,
i.e. the MSSM with complex parameters, and the cor-
responding implementation in a model file [9] into the
FeynArts [10, 11, 12, 13]/FormCalc [14] framework.
This framework allows for a consistent automated cal-
culation of arbitrary processes at the one-loop level in-
volving external supersymmetric particles. As an ex-
ample, we discuss in more detail the on-shell renormal-
ization of the electroweak (EW) sector of the cMSSM,
addressing the different possibilities to choose the renor-
malization conditions depending on the chosen param-
eters. Finally we discuss the application of the new
FeynArts model file to the evaluation of partial decay
widths of the EW SUSY particles [15].

2. Renormalization of the cMSSM

Computing radiative corrections in the cMSSM is
much more involved than in the SM for a number of rea-
sons. Supersymmetry imposes relations among param-
eters which are crucial e.g. for the cancellation of diver-
gences and hence must be preserved by the renormal-
ization scheme. On the technical level, the usual dimen-
sional regularization procedure breaks SUSY, though
this can be fixed (at least at one-loop level) by apply-
ing dimensional reduction [16]. Then there are more
mass scales than free parameters so one needs to choose
between the several possible choices of the renormal-
ization conditions, see Sec. 3.

The biggest issue is that several supersymmetric sec-
tors enter at the same time, however. While some calcu-
lations in the past have been done restricting oneself to
only one sector, as e.g. the self-annihilation of the light-
est supersymmetric particle (LSP) or some one-loop
partial decay widths, most processes involve different
sectors. A relevant example is the evaluation of branch-
ing ratios of supersymmetric particles at the one-loop

level. In order to obtain a consistent calculation of the
total decay width one needs to evaluate all possible de-
cay channels of the corresponding supersymmetric par-
ticle. Another example is the calculation of observables
at the two-loop level, which requires the sub-loop renor-
malization of the one-loop diagrams. Consequently, the
full renormalization at the one-loop level is necessary in
order to evaluate observables, such as the Higgs mass,
at the two-loop level.

Most published calculations in the MSSM which
need to go beyond tree-level choose a renormalization
prescription that is tailored to one specific calculation,
and in some cases to one specific part of the (c)MSSM
parameter space. However, since the specific values of
the SUSY parameters realized in nature are unknown,
scans over vast regions of the cMSSM parameter space
are necessary. Furthermore, as mentioned before, some
observables, e.g. branching ratios, require several pro-
cesses to be evaluated simultaneously. Both require-
ments make a complete renormalization of the cMSSM
that is valid over large parts of the parameter space
necessary to perform fully automated calculations in
the cMSSM. The full one-loop renormalization of all
physical sectors of the cMSSM has recently been com-
pleted [15, 17, 18, 19, 20, 21, 22, 23] and included as a
model file MSSMCT .mod [9] in the FeynArts package.
The renormalization includes the scalar fermion sec-
tor, the chargino/neutralino sector, and the Higgs sector,
which have been extensively tested in the above men-
tioned references. These evaluations are complete at the
one-loop level, including hard and soft QED and QCD
radiation.

The renormalization procedure, fixed by the choice of
renormalization conditions, has been developed with the
requirement that the one-loop corrections stay “small”
over most of the parameter range. This requirement
cannot be fulfilled over the whole parameter space with
a single choice of renormalization conditions due to
the non-trivial relation between input parameters in the
(c)MSSM. The solution involves choosing a different
set of renormalization schemes (RS) for each region in
parameter space. The issue will be discussed in more
detail in Sec. 3 for the chargino/neutralino sector.

Details on the full renormalization of the cMSSM can
be found in [15, 17, 18, 19, 20, 21, 22, 23]. The renor-
malization of the chargino/neutralino sector will be dis-
cussed in more detail in Sec. 3, where we address prob-
lems arising in on-shell renormalization schemes related
to the choice of renormalization conditions.
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3. The chargino/neutralino sector: RS choice

The chargino/neutralino sector contains two soft
SUSY-breaking gaugino mass parameters M; and M,
corresponding to the bino and the wino fields, respec-
tively, as well as the Higgs superfield mixing parameter
1, which, in general, can be complex. Since not all the
possible phases of the cMSSM Lagrangian are physi-
cal, it is possible (without loss of generality) to choose
some parameters real. This applies in particular to one
out of the three parameters M, M;, and M3, the gluino
mass parameter. While usually M, is chosen real, we do
not make such an assumption for the analytical deriva-
tion of the renormalization constants. Further details
on the chargino/neutralino sector can be found in, e.g.,
Ref. [15].

The multiplicative renormalization procedure leads to
the following replacements of the model parameters and
the chargino and neutralino fields, ¥; and }2, respec-
tively,

M1 —)M1+(5M1, (1)
M2 — M2 + 5M2, (2)
U= i+ o, (3)
- 1 o
LL)L(R))?i - |1+ E(SZ;ER)} u)L(R))(j y (4)
ij
N | R -
iy = 1+ §6Z)(20)} WLRT] Q)
kl

where wyg) denotes the left handed (right handed) pro-
jector on the fermion fields, i,j = 1,2, and k,I =
1,2,3,4. We do not renormalize the chargino/neutralino
diagonalization matrices, which defines the renormal-
ized mass matrix and their counter terms.

Instead of choosing the three parameters M, M,, u to
be independent, we impose on-shell conditions on three
out of the six chargino/neutralino masses. The default
choice, denoted CCN[1], is to choose the two chargino
masses and the smallest neutralino mass on-shell. This
ensures that the tree-level and the one-loop chargino
masses are equal, avoiding IR divergences in processes
with external charginos. These divergences arise in
the case that the tree-level and the one-loop chargino
masses differ by a finite mass shift due to a renormal-
ization condition different from the on-shell one; the
cancellation between the IR divergences from one-loop
processes with an internal photon and the correspond-
ing (tree-level) soft-photon-radiation ones is then de-
stroyed.

The on-shell conditions in the CCN[1] scheme fix the
on-shell renormalized self-energies 3 of the charginos

and the lightest neutralino

(Ree- )] v @), =0 (=120, ©

22
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where Re denotes the real part with respect to the loop
integrals, but allowing for complex couplings. This
way we are not including the absorptive contributions
in the renormalization conditions. It should be noted
that, at the one-loop level, absorptive contributions are
always finite and do not need to be renormalized. As
said above, these conditions are equivalent to setting the
renormalized chargino and lightest neutralino masses to
their tree-level values. For the remaining three renor-
malized neutralino masses, however, we distinguish be-
tween the tree-level mass Mo and the on-shell mass

ity = Mo + Am)zg, ()

where the finite mass shift is given as a function of the
vector and scalar components of the renormalized self-
energies,

Amy = —Re {ﬁé [m)??ﬁ)%,(m;?) + zj%(mio)]} . 9)

These mass shifts are of one-loop order and are there-
fore expected to be small, i.e. of the order of a few GeV,
whenever the radiative corrections show a good conver-
gence.

For the further determination of the field renormal-
ization constants one needs to impose the relations

(B +my)|ReZ,(p)]
il prmol 5 ]”)a(m):o . (10)

i
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where ¥; represents both the charginos and the neutrali-
nos, with i running over 1,2 and 1, 2, 3, 4, respectively.

Egs. (6), (7) and (10) allow to obtain the counterterms
OM;, 6M, and 6u. Explicit expressions can be found
in Ref. [15]. Both 6M, and Su show a singularity as
|M;| = |u|. Therefore, for |M;| ~ |u| the counterterms
are large, leading to a bad convergence of the one-loop
corrections. This will be reflected in large one-loop cor-
rections to all observables with some dependence on the
gaugino and higgsino parameters.

The solution involves finding a better combination of
the on-shell conditions. It was shown in Refs. [24, 25]
that for numerically stable results, one bino-, wino-,
higgsino-like particle should be chosen on-shell. In [25]
it is argued that the more effective way of achieving
this is choosing one higgsino-like neutralino and one
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wino-like chargino, in addition to the most bino-like
neutralino. The advantage of choosing the higgsino-
like neutralino is that, for real parameters, one of the
higgsino-like neutralinos will have the opposite CP
quantum number than the wino-like neutralino, leading
to a small mixing between the two states, even in the
region where the wino and higgsino parameters are ap-
proximately equal. However, for processes involving
external charginos it is convenient to be able to choose
their masses as input parameters, as argued before.

In [25] the ideal RS has been obtained comparing the
mass shifts in the masses of the neutralinos for spe-
cial parameter choices. If we want to scan an exten-
sive region of parameter space, however, we will en-
counter numerical instabilities in the one-loop calcula-
tions. Therefore we need to be able to switch between
different RS as we change our input parameters. In addi-
tion, if we intend to automate the calculations, we need
to define conditions which let our code decide how to
obtain the ideal RS.

We have computed the counterterms in all RS in the
chargino/neutralino system in which one or two neu-
tralino masses are on-shell. We denote with CCN[i]
scenarios where both chargino masses and the i-th neu-
tralino mass are on-shell. Choosing the ideal CCN[{]
is trivial, since we only need to decide which neu-
tralino has the largest bino component. For one
chargino and two neutralino masses on-shell we define
the CNN[i, j, k] scenarios, where the indices i, j, k re-
fer to the chargino and neutralino indices, respectively.
In order to illustrate the abovementioned problems with
the convergence of the radiative corrections we show in
Fig. 1 the partial decay widths of the heaviest chargino
to the lightest neutralino and a W gauge boson, evalu-
ated at tree-level and full one-loop level in three differ-
ent schemes, CCN[1] (solid black, dash-double-dotted
orange), CNNJ[2,1,3] (dashed black, solid red) and
CNNJ[2, 1, 2] (dotted purple, dash-dotted blue). The in-
put superymmetric parameters are chosen so that u =
405 GeV, tanB = 10, and M, is related to M, by the
GUT relation, which leads to M; ~ M,/2. We observe,
as expected, a singularity for M, = p in the one-loop
corrections for the CCNJ[1] scheme. We have not com-
puted the decay for a small region around M, = pu.
We also do not show the tree result for those parame-
ters, even though they are perfectly well defined. The
same singularity appears for the CNN[2, 1, 2] scheme.
This is to be expected, due to the strong dependence
between the chargino and the neutralino sectors: for a
scenario with positive parameters and M; < M>, u, as
in this case, both the second lightest neutralino and the
lightest chargino, as well as the heaviest chargino and
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Figure 1: Comparison of renormalization scheme choices for the par-
tial decay widths of ¥; — )}‘f W=, for the parameters given in Sec. 3.
Here “tree” and “loop” denote, respectively, the tree-level and one-
loop calculation, the superscripts 213 and 212 refer to the CNN sce-
nario. The input parameters are given in the text.

neutralino, have a very similar dependence on the in-
put parameters. On the other hand, the CNNJ[2, 1, 3]
is perfectly convergent, which leads to small radiative
corrections for M, ~ u. However, for M, > u the
corrections in the CNN][2, 1, 3] scheme are larger than
in the CNNJ[2, 1, 2], leading to larger values for 6M,.
A scan in M, would therefore need to switch between
the CNN[2, 1, 3] and CNN][2, 1,2] schemes, or equiv-
alently between CNN[2, 1,3] and CCN[1], for M, =
|ul £ 50 GeV. This change of RS will result in a change
of the one-loop results within the theory uncertainty.
Therefore, in addition to finding the ideal scheme one
should also find regions where more than one scheme
can be applied so that their differences is of higher or-
der, allowing the switching between them.

4. The MSSMCT model file

The model file is the source of all physics information
in FeynArts [10, 11, 12, 13]. It declares the properties
of the fields, their propagators, and their couplings. In
the model file the generic parameters of the Lagrangian
are used, not a restricted set of input parameters.

There are two versions of the renormalized MSSM
model file in FeynArts, both of which follow the con-
ventions (for the MSSM at tree-level) of Refs. [4, 26]
and are based on the existing MSSM model file included
in FeynArts [10, 11, 12, 13]. The file MSSMCT .mod
defines the complete (electroweak and strong) cMSSM
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including all counterterms. SQCDCT .mod contains only
the SQCD part, i.e. the @.y, = 0 limit, which is extracted
from MSSMCT .mod at load time. Technical details about
the model file MSSMCT . mod can be found in [9] (see also
[27]), where tables describing the names of the fields
and their masses with index notation, symbols used for
the MSSM parameters, as well as the pre-defined filters
are given.

The counterterms have been derived via multiplica-
tive renormalization applied to all two-, three- and four-
point interactions in the Lagrangian. Special care has
been taken to include counterterms that appear due to
particle mixing for vertices that are zero at the tree
level, such as the HZy-vertex (which obtains a coun-
terterm contribution from the non-vanishing tree-level
HZZ-vertex and one-loop Z—y mixing). Feynman gauge
is used throughout the model file.

Absorptive contributions arise from the product of
imaginary parts of complex couplings in a diagram
and imaginary parts of the loop functions in wave-
function corrections (self-energy insertions on exter-
nal legs), i.e. in processes with unstable external parti-
cles. These corrections are taken into account via wave-
function correction factors, denoted 67 (not to be con-
fused with the field renormalization constants Z intro-
duced by the multiplicative renormalization procedure).
The corrections from the absorptive parts can be sizable
[15, 19, 20, 28].

Exhaustive checks of the model file have been per-
formed in all sectors of the cMSSM. While the tree-
level couplings, given by the original MSSM.mod model
file [14], have already been extensively tested, the new
parts, including counterterm vertices and renormaliza-
tion constants, have been tested in two ways:

o Numerical and partial analytic checks of UV- and
IR-finite parts for decays of neutralinos, charginos,
stops, staus, gluinos and Higgs bosons [15, 18, 19,
20, 22, 21, 23]. In Ref. [15] we have compared all
electroweak decays of the neutralinos, allowing for
complex parameters, with results obtained in the
scheme of Ref. [28]. We discuss this comparison
in more detail in Sec. 5.

e Comparison of selected reactions in the literature,
tuned to adjust the different renormalization pre-
scriptions used. Most of these comparisons have
been made in the MSSM with real parameters,
given the lack of literature for the complex case.
Specifically we have compared with other results
in the literature the following processes: b, —
HH , H — hh,ete” — i, x5 — )"((I)Wi, and stau
decays.

5. Example applications

In Ref. [15] we have compared all electroweak de-
cays of the heaviest neutralino, allowing for complex
parameters, with results obtained in the scheme of
Ref. [28], called here RSII. We have already introduced
our RS in Sec. 3. This RS has been found to be equiv-
alent to [28] for real parameters. In [28] the on-shell
conditions are obtained replacing in Egs. (6), (7) the Re
for a Re. This implies that, in RSII the phases of the
chargino/neutralino fields, and consequently the phases
of the parameter counterterms, are defined differently.
Therefore, additional conditions are needed in order to
ensure that the on-shell propagator has only a scalar and
vector part. In RSII the phases of the input parame-
ters are not renormalized. This implies that, here, only
conditions for 6|M;|, §|M,| and S|u| are obtained. This
introduces differences between the two schemes once
non-vanishing phases for the complex parameters are
allowed. As we will illustrate below, however, these dif-
ferences have been found to be of small and technically
of higher order.

In order to test the one-loop renormalization of the
cMSSM in the chargino/neutralino sector we have de-
fined two benchmark scenarios for which most elec-
troweak decays are open. This choice allows to evalu-
ate all these processes simultaneously, a key issue in our
project. Both scenarios have the same chargino masses,
Mgz s from which the gaugino and higgsino mass pa-
rameters, M, and u, are obtained. The two possible
solutions for real and positive parameters lead to one
scenario in which /\?f is gaugino-like, denoted S,, and
another scenario in which %7 is higgsino-like, denoted
S, thus giving two representative benchmark scenarios
of the chargino/neutralino sector. The parameters are

Mg = 350 GeV, Mg = 600 GeV,
Mpy: = 160 GeV, tan g = 20,
My =300 GeV, M;, =310 GeV,
M;, = 1100 GeV, Mz, = 1300 GeV,
Ar =400 GeV, A, =2000 GeV, (11)

where My is the charged Higgs-boson mass, My , Mp,
are the diagonal entries in the slepton mass matrices
(universal for the three generations), A, is the trilinear
coupling of the leptonic sector, and Mj, , M5, , A, are the
corresponding squark parameters. For the bino param-
eter we chose for simplicity GUT relations, leading to
M 1~ M 2 / 2

For each possible two-body decay of the heaviest
neutralino we have evaluated the partial decay width
at tree-level “tree” and at the full one-loop level “full”.
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The full result includes the one-loop corrections and,
when the final particles are electrically charged, the real
(hard and soft) photon radiation. Each process has been
evaluated in both renormalization schemes.

In Fig. 2 we show the results for the decay ¢} — ¢Jh,
as a function of ¢y, , the phase of M. In the upper panel
we show the tree-level and full one-loop partial decay
widths in scenarios S, and S;, described above. The
results in both RS cannot be distinguished from each
other. It is worth mentioning that this decay channel
is very sensitive to the relative CP phase between the
neutralinos and the Higgs boson, leading to a strong p-
wave suppression for negative M. In the lower panel
we show the relative difference AI'/T", defined as the ra-
tio between the one-loop corrections and the tree-level
result. Here we can appreciate a small difference be-
tween our RS and RSII for ¢y, # 0,7/2. This dif-
ference, which is to be expected, is of the sub-percent
order and is compatible with being of higher order.
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Figure 2: ' ()22 — )Z?hl). Tree-level (“tree”) and full one-loop (“full”)
corrected decay widths are shown with the parameters chosen accord-
ing to Sec. 5, with ¢y, varied. The upper plot shows the decay width,
the lower plot shows the relative size of the corrections. Here Sg and
S, refer to the results obtained with the renormalization scheme RSIL

6. Conclusions

The new model file presented in [9] includes the con-
sistent renormalization of all sectors of the cMSSM, not
including non-minimal Flavor Violation (FV) effects.

Here we have reviewed the consistent renormaliza-
tion of all relevant sectors of the cMSSM. We have
described in more detail the renormalization of the
chargino/neutralino sector, where we have discussed
the possible choices of on-shell renormalization scheme
conditions and their numerical stability for different
regions of parameter space. We have also discussed
the inclusion of the renormalization procedure in a
FeynArts/FormCalc package which has recently be-
come publicly available. A comparison of renormal-
ization schemes in the chargino/neutralino sector, and
an automated setup to implement the optimal scheme is
also discussed. Here we have found both schemes to be
equivalent in the limit of real parameters, where we ob-
tain full agreement, while small differences arise when
parameters are allowed to become complex. These dif-
ferences are due to the different treatment of the phases
of the renormalized MSSM parameters and are of higher
order in perturbation theory. The consistency of these
results lead to the conclusion that both RS are equiva-
lent at the one-loop level.
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