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Abstract We discuss the parameter spaces of supersym-
metry (SUSY) scenarios taking into account the improved
Higgs-mass prediction provided by FeynHiggs 2.14.1.
Among other improvements, this prediction incorporates
three-loop renormalization-group effects and two-loop thre-
shold corrections, and can accommodate three separate mass
scales: mq̃ (for squarks), mg̃ (for gluinos) and mχ̃ (for elec-
troweakinos). Furthermore, it contains an improved treat-
ment of the DR scalar top parameters avoiding problems
with the conversion to on-shell parameters, that yields more
accurate results for large SUSY-breaking scales. We first
consider the CMSSM, in which the soft SUSY-breaking
parameters m0 and m1/2 are universal at the GUT scale,
and then sub-GUT models in which universality is imposed
at some lower scale. In both cases, we consider the con-
straints from the Higgs-boson mass Mh in the bulk of
the (m0,m1/2) plane and also along stop coannihilation
strips where sparticle masses may extend into the multi-
TeV range. We then consider the minimal anomaly-mediated
SUSY-breaking scenario, in which large sparticle masses are
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generic. In all these scenarios the substantial improvements
between the calculations of Mh in FeynHiggs 2.14.1
and FeynHiggs 2.10.0, which was used in an earlier
study, change significantly the preferred portions of the mod-
els’ parameter spaces. Finally, we consider the pMSSM11, in
which sparticle masses may be significantly smaller and we
find only small changes in the preferred regions of parameter
space.

1 Introduction

Given the persistent absence of any signal in the searches
for supersymmetric particles at the Large Hadron Col-
lider (LHC) and in direct searches for supersymmetric dark
matter (DM), there is strengthened emphasis on the infor-
mation about the scale of supersymmetry (SUSY) that can
be obtained indirectly from other measurements. The Higgs-
boson discovery [1,2] at the LHC opened a new window
with the SUSY Higgs-boson mass as a precision observable.
The Minimal Supersymmetric Standard Model (MSSM)
[3,4] contains—in contrast to the single Higgs doublet of
the Standard Model (SM)—two Higgs doublets. In the CP-
conserving case this leads to a physical spectrum consisting
of two CP-even neutral Higgs bosons, h and H , one CP-

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-6658-y&domain=pdf
mailto:Sven.Heinemeyer@cern.ch


149 Page 2 of 26 Eur. Phys. J. C (2019) 79 :149

odd, A, and two charged Higgs bosons, H±. At the tree level
the Higgs sector can be described, besides the SM parame-
ters, by two additional input parameters, conveniently chosen
to be the mass of the CP-odd Higgs boson, MA, (or the mass
of the charged Higgs, MH±) and the ratio of the two vacuum
expectation values, tan β ≡ v2/v1. The light (or heavy) neu-
tral CP-even MSSM Higgs boson can be interpreted as the
signal discovered at ∼ 125 GeV [5].

Prominent among the predicted quantities is the mass of
the light CP-even Higgs boson, Mh , which can be calculated
in terms of the SM parameters and the soft SUSY-breaking
parameters. As is well known, tree-level calculations implied
that Mh < MZ in the MSSM, whereas one-loop calculations
raised the possibility that Mh > MZ [6–8]. The more com-
plete multi-loop calculations of Mh that have become avail-
able subsequently (as summarized in Sect. 2) can accommo-
date comfortably the measured value Mh � 125 GeV [9], and
the similarities of the measured Higgs couplings to those in
the SM [10] are also consistent with the MSSM.

The question then arises whether these successes of
the MSSM can be used to estimate reliably the masses of
SUSY particles such as the scalar top quarks (stops), with the
corollary question what ranges of their masses are compatible
with the strengthening lower limits from the LHC on sparticle
masses. Several of us studied these questions in the context
of data from LHC Run 1, using the FeynHiggs 2.10.0
code [11]. A particular emphasis in that analysis was to under-
stand the impact of the combination of fixed-order calcula-
tions of Mh and results obtained in an Effective Field The-
ory (EFT) approach, which had recently been accomplished
at that time and allowed the resummation of large logarith-
mic contributions, stabilizing the calculation of Mh for large
stop mass scales [12].

During LHC Run 2 the ATLAS and CMS experiments
have been pushing the lower limits on the masses of some
strongly-interacting sparticles into the 1–2 TeV range. It is
therefore of key importance to have available calculations of
the Higgs mass that are as accurate as possible when one or
more soft SUSY-breaking parameters are in the multi-TeV
range, and there may be a rather large hierarchy between
different supersymmetric mass scales.

Important steps in this direction have been taken since the
release of FeynHiggs 2.10.0. Many of these advances
in the prediction of Mh that are particularly important
for sparticle masses in the multi-TeV range are incorpo-
rated in the recent release of FeynHiggs 2.14.1. These
include three-loop renormalization-group equations (RGEs)
with electroweak effects, as well as corresponding two-
loop threshold corrections including the possibility of non-
degenerate stop mass parameters. Moreover, whereas
only a single SUSY-breaking scale was incorporated in
FeynHiggs 2.10.0, three distinct scales can be accom-
modated in FeynHiggs 2.14.1. These are the squark

and gluino masses, mq̃ , mg̃ , and a scale mχ̃ characteriz-
ing the overall electroweakino mass scale, thus making the
connection to DM, assuming it to be given by the light-
est neutralino, χ̃0

1 [13,14]. In addition, problems that occur
when combining an infinite tower of resummed logarithms
with a fixed-order result where DR input parameters of
the scalar top sector have been converted into the corre-
sponding parameters of the on-shell (OS) renormalization
scheme can now be avoided by performing the calcula-
tion directly in the DR scheme. Finally a new, improved
procedure for determining the poles of the Higgs-boson
propagator matrix has been introduced. Section 2.1 con-
tains a review of FeynHiggs 2.14.1 and its relations to
other codes for calculating Mh in the MSSM, and Sect. 2.2
makes a specific comparison ofFeynHiggs 2.14.1with
FeynHiggs 2.10.0.

In Sect. 3 of this paper we explore the significance of
these advances for a number of MSSM scenarios with differ-
ent phenomenological features that are sensitive to different
aspects of FeynHiggs 2.14.1.1 The first of these is the
CMSSM [16–26], in which the soft SUSY-breaking scalar
mass parameter m0 and gaugino mass parameter m1/2 are
each assumed to be universal at the GUT scale MGUT.

The second example is provided by ‘sub-GUT’ models
in which this universality is imposed at some scale Min ≤
MGUT [23,24,26–30]. The LHC searches impose severe con-
straints on these models, favoring parameter sets along the
stop coannihilation [31–42] and focus-point strips [43–46].
These extend out to multi-TeV sparticle masses with stop
masses mt̃1,2

that are strongly non-degenerate in general.
Moreover, in the focus-point casemχ̃0

1
� mt̃1 , whereas these

masses are very similar along the stop coannihilation strip.
Thirdly, we consider the minimal anomaly-mediated

SUSY-breaking (mAMSB) model [47–65], in which sfer-
mion masses are typically several tens of TeV, whereas val-
ues of mχ̃0

1
� 1 TeV or � 3 TeV are preferred by the DM

density constraint. For a recent global analysis of this model
taking into account the constraints from Run 1 of the LHC,
see [66].

Finally, we consider a phenomenological MSSM sce-
nario [67–75] with 11 free parameters specified at the
electroweak scale, as has recently been analyzed includ-
ing LHC Run 2 data in [76]. A priori, this scenario would
allow many possible mass hierarchies, as well as many
near-degeneracies between sparticle masses that could dilute
the classic missing-transverse-energy (/ET ) signatures at
the LHC and permit lighter sparticles than are allowed in
the CMSSM and sub-GUT models.

1 We have checked in various specific cases that further advances
going beyond FeynHiggs 2.14.1 that have become available very
recently [15] do not have a significant impact on the numerical analyses
presented in this paper.
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In each of these scenarios, our primary concern is the
implications of improvements in theFeynHiggs 2.14.1
calculation of Mh (compared to previous, less sophisticated
calculations) for the model parameter space.

2 Higgs mass calculations

The experimental accuracy of the measured mass of the
observed Higgs boson has already reached the level of a pre-
cision observable, with an uncertainty of less than 300 MeV
[9]. This precision should ideally be matched by the theoreti-
cal uncertainty in the prediction of the SM-like Higgs-boson
mass. In the following we briefly review the status of Higgs-
boson mass calculations in the MSSM. Particularly we focus
on the implementation in the code FeynHiggs, where we
summarize the relevant progress over the last years, empha-
sizing the differences w.r.t. FeynHiggs 2.10.0, which
was used in Ref. [11].

2.1 Status of MSSM Higgs mass calculations

The tree-level predictions for the Higgs-boson masses in
the MSSM receive large higher-order corrections, which
in the case of Mh can be of O(100%), see Refs. [77–80]
for reviews. Beyond the one-loop level, the dominant two-
loop corrections of O(αtαs) [81–86] and O(α2

t ) [87,88] as
well as the corresponding corrections of O(αbαs) [89,90]
and O(αtαb) [91] have been known for more than a decade
(see also Refs. [92–95] for the CP-violating case—the last
reference going beyond the large-tan β limit employed by
Ref. [91]).2 The tan β-enhanced threshold corrections to the
bottom Yukawa coupling in the MSSM [96–99] are included
in the resummation of leading contributions from the bot-
tom/scalar bottom sector [89–91] (see also [100,101] for cor-
responding next-to-leading order (NLO) threshold contribu-
tions). Momentum-dependent two-loop contributions have
also been computed [102–106].

In the case of SUSY spectra with large mass hierarchies,
the fixed-order calculation of the Higgs-boson mass loses its
predictive power, due to the appearance of large logarithms
of the ratio of the mass scales appearing in the result. To
obtain an accurate prediction, the resummation of these log-
arithms is required. To achieve this goal, the calculation of
the Higgs mass has to be cast into the language of Effective
Field Theories (EFTs). In this approach, the heavy degrees of
freedom are integrated out at their characteristic scale, MS ,
where they enter the matching conditions for the couplings
of the low-energy EFT. The RGEs are then used to relate the
values of the couplings at MS with those at the low scale,

2 Here and in the following we use α f = (y f )
2/(4π), where y f denotes

the fermion Yukawa coupling.

which in the simplest cases is the electroweak scale, where
physical observables such as the Higgs mass are computed.
In this way, the logarithms of the ratio of the relevant mass
scales are taken into account to all orders, while, at the same
time, power-suppressed terms of O(v2/M2

S) are neglected,
unless higher-dimensional effective operators are matched
and included in the low-energy EFT.

The EFT approach was originally developed about 25 years
ago [107–109]. It has subsequently been used to compute the
coefficients of the logarithmic terms appearing in the com-
putation of the Higgs mass at one [110], two [111–114] and
three [115,116] loops. However, due to the missing v2/M2

S
terms mentioned above, this approach was not competitive
with a traditional fixed-order computation in the case of rel-
atively light SUSY scenarios.

The situation has changed in the past few years, due to the
renewed interest in scenarios with heavy sparticles caused
by the (so far) negative outcomes of the direct searches at
the LHC. Moreover, our knowledge of the matching condi-
tion for the Higgs quartic coupling in case of the SM as a
low-energy EFT now has been extended to all the contri-
butions controlled by the strong and by the third-generation
Yukawa couplings at two loops [117–120]. The codesMhEFT
[117], SUSYHD [119] and HSSUSY [121,122] implement
these computations, with the latter including all the available
corrections. The more complicated case of a low-energy EFT
containing two Higgs doublets also has been studied in
several contexts, and several codes are available for this
case: MhEFT [123] and several generators [121,124] based
on FlexibleSUSY [125]. Scenarios with mg̃/mq̃ � 1,
where mg̃ denotes the gluino mass and mq̃ the scalar top
mass scale, are not yet included in any code: the correc-
tions by log(mg̃/mq̃) in this hierarchy can presently not yet
be resummed. These logarithms could lead to large effects
for mg̃/mq̃ � 4, a possibility that we comment on later in
our numerical analysis.

In order to provide a reliable prediction for the Higgs-
boson masses in both low- and high-scale MSSM scenarios,
the resummation of the leading and subleading logarithms
can be combined with the fixed-order results in the MSSM
in the so-called “hybrid approach”, thereby keeping track
of the power-suppressed terms that are neglected in a sim-
ple EFT approach in which the low-energy EFT does not
include higher-dimensional operators.3 The hybrid approach
was first implemented into the code FeynHiggs [12,
15,83,115,126–131]. In the first version that adopted this
method, FeynHiggs 2.10.0, one light Higgs doublet
at the low scale was assumed, and the logarithms originat-
ing in the top/scalar top sector were resummed [12]. Fur-
ther refinements have been presented more recently in Refs.

3 In Ref. [120] dimension-6 operators were included to perform an
estimation of these effects in a pure EFT approach.
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[126,127].4 More recently, the hybrid approach has been
extended to support such spectra where a full Two-Higgs-
Doublet-Model (2HDM) is required as the low-energy EFT
[132]. However the latter are not implemented in the current
public release of FeynHiggs and therefore they are not
used in the current paper, see the discussion in Sect. 2.2 for
more details.

For completeness, we also mention here some further cor-
rections that are available in the literature. The full O(ααs)

corrections, including the complete momentum dependence
at the two-loop level, became recently available in Ref.
[106]. A (nearly) full two-loop effective potential calcula-
tion, including also the leading three-loop corrections up to
next-to-leading-logarithm (NLL) level, has also been pub-
lished [103,116,133,134], but is not publicly available as
a computer code. Another leading three-loop calculation
of O(αtα

2
s ), depending on various SUSY mass hierarchies,

has been performed in [135–137], and is included in the code
H3m that is now available as a stand-alone code, Himalaya
[138]. Another approach to the combination of logarithmic
resummation with fixed-order results has been presented
in Ref. [139] and included in FlexibleSUSY. Subse-
quently it was also implemented in the SARAH+SPheno
[140] framework. We also note that Ref. [141] has studied
the issue of the comparison of the theoretical uncertainties in
SoftSUSYvs.HSSUSY. Finally, there is a recent calculation
[142] that resums terms of leading order in the top Yukawa
coupling and NNLO in the strong coupling αs , including the
three-loop matching coefficient for the quartic Higgs cou-
pling of the SM to the MSSM between the EFT and the fixed-
order expression for the Higgs mass, which is available in an
updated version of the Himalaya code [138]. However,
a detailed numerical comparison of FeynHiggs 2.14.1
with other codes to calculate Mh is beyond the scope of this
paper.

2.2 Comparison between FeynHiggs 2.14.1 and
FeynHiggs 2.10.0

The main advances inFeynHiggs 2.14.1 in comparison
to FeynHiggs 2.10.0 are related to the EFT part of the
calculation. The resummation of large logarithmic contribu-
tions in FeynHiggs 2.10.0 was restricted to O(αs, αt )

leading-logarithmic (LL) and NLL contributions. Since then,
electroweak LL and NLL contributions as well as O(αs, αt )

next-to NLL (NNLL) contributions have been included. This
means, in particular, that the full SM two-loop RGEs and
partial three-loop RGEs5 are used for evolving the couplings

4 At present, the bottom Yukawa effects at next-to-NLO (NNLO) level
in the EFT part of the Higgs-boson mass calculations are incorporated
only in HSSUSY [121,122].
5 The electroweak gauge couplings are neglected at the three-loop level.

between the electroweak scale and the SUSY scale MSUSY,
which is the geometric mean of the two stop masses in
the DR scheme. At the SUSY scale, full one-loop thresh-
old corrections and (non-degenerate) threshold corrections
of O(αsαt , α

2
t ) are used for the matching of the effective SM

to the full MSSM, taken from Ref. [118] and from Refs.
[119,120], respectively. Numerically, the electroweak LL
and NLL contributions amount to an upward shift of Mh

of ∼ 1 GeV for a SUSY scale of a few TeV. The NNLL con-
tributions are numerically relevant only for large stop mix-
ing, shifting Mh downwards by ∼ 1 GeV for positive Xt and
upwards by ∼ 1 GeV for negative Xt (where the off-diagonal
entry in the stop mass matrix for real parameters is mt Xt ).

For consistency with this logarithmic precision, one
must choose appropriate matching conditions with phys-
ical observables at the electroweak scale. This is rele-
vant, in particular, for the MS top quark mass in the SM.
In FeynHiggs 2.10.0, the corrections of O(αs, αt )

in the mass were used. The inclusion of electroweak LL
and NLL resummation as well as NNLL ofO(αs, αt ) implies
the need to use instead the NNLO MS top quark mass
of the SM, as done in FeynHiggs 2.14.1. This mod-
ification not only implies changes for large SUSY scales
but also impacts significantly the prediction of Mh for low
SUSY scales, as the shift in the top quark mass affects the
non-logarithmic terms that are relevant in this regime. The
combined electroweak one-loop as well as the two-loop cor-
rections amount to a downwards shift of the MS top mass of
the SM by ∼ 3 GeV. The effect on Mh is of similar size.

The EFT calculation in the new FeynHiggs version
allows one to take into account three different relevant
scales. In addition to the SUSY scale mq̃—which was the
only scale in FeynHiggs 2.10.0—an electroweakino
scale mχ̃ and a gluino scale mg̃ are available. They allow
one to investigate scenarios with light electroweakinos and/or
gluinos. This corresponds to a tower of up to three EFTs (SM,
SM with electroweakinos, SM with gluinos, SM with elec-
troweakinos and gluinos). Besides the limitation thatmg̃/mq̃

should not be too large (see the discussion above), all scales
can be chosen independently from each other, though the
gluino threshold has a negligible numerical influence in this
case. Also, the electroweakino threshold becomes relevant
only for a large hierarchy between the electroweakino scale
and the SUSY scale (mχ̃ /MSUSY � 1/10), leading to upward
shifts of Mh of ∼ 1 GeV.

The second main advance is a better handling of DR input
parameters. The fixed-order calculation of FeynHiggs by
default employs a mixed OS/DR scheme for renormaliza-
tion, in which the parameters of the stop sector are fixed
employing the OS scheme. In FeynHiggs 2.10.0, this
was the only available renormalization scheme. Therefore,
a one-loop conversion between the DR and the OS scheme
was employed in the case of DR input parameters. Whilst,
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for a fixed-order result, such a conversion leads to shifts that
are beyond the calculated order, this is no longer the case
if a fixed-order result is supplemented by a resummation of
large logarithms. As shown in [127], the parameter conver-
sion in this case induces additional logarithmic higher-order
terms that can spoil the resummation. As a solution for this
issue, an optional DR renormalization of the stop sector is
implemented in FeynHiggs 2.14.1. This renders a con-
version of the stop parameters unnecessary. Note, however,
that the DR sbottom input parameters are still converted to
the OS scheme. In particular for large SUSY scales, employ-
ing directly the DR scheme for the stop sector parameters and
avoiding the conversion to the OS scheme affects the results
significantly: e.g., for SUSY scales of ∼ 20 TeV, shifts in Mh

of ∼ 10 GeV were observed compared to the result based on
the parameter conversion with the sign of the shift depending
on the size of the stop mixing. Also, for low SUSY scales
of ∼ 1 TeV, the prediction using the DR scheme of the stop
sector parameters differs from that employing the conversion
to the OS scheme by a downward shift in Mh of ∼ 1 GeV in
the case of large stop mixing. For SUSY scales below 1 TeV,
where the impact of higher-order logarithmic contributions
is relatively small, the observed shift can be interpreted to a
large extent as an indication of the possible size of unknown
higher-order corrections.

In addition to these improvements, also the Higgs pole
determination has been reworked. It was noted in [127]
that there is a cancellation between two-loop contributions
from sub-loop renormalization and terms arising through
the pole determination. In the fixed-order calculation, these
terms are of higher order, which are not controlled. In
FeynHiggs 2.10.0, the pole determination was per-
formed numerically employing the DR scheme for the Higgs
field renormalization. As a consequence of this procedure, the
two-loop contributions from sub-loop renormalization were
not included at the same order as the terms arising through
the pole determination, resulting in an incomplete cancella-
tion. In FeynHiggs 2.14.1 the pole determination has
been adapted in order to ensure a complete cancellation.6 The
numerical impact of this improved pole determination pro-
cedure increases with rising MSUSY. For MSUSY in the multi-
TeV range, it amounts to a downward shift of Mh of ∼ 1 GeV.

6 In FeynHiggs 2.14.1, the Higgs poles are determined by
expanding the Higgs propagator matrix around the one-loop solutions
for the Higgs masses. Due to instabilities in this method close to cross-
ing points, where two of the Higgs bosons change their role, in the most
recent FeynHiggs version 2.14.3 [15] the Higgs poles are again
determined numerically. In order to avoid inducing higher-order terms
that would cancel in a more complete calculation, the Higgs field renor-
malization is used to absorb these. Since no crossing points appear in
the scenarios investigated in this work, using FeynHiggs 2.14.3
instead of FeynHiggs 2.14.1 would not lead to significant numer-
ical differences.

Finally, the handling of complex input parameters in
FeynHiggs was improved. In the fixed-order calculation,
the corrections of O(α2

t ) with full dependence on the phases
of complex parameters were implemented [93,94,143,144]
(see also [95]). In addition, an interpolation of the EFT calcu-
lation in the case of non-zero phases was introduced. Numer-
ically, this can lead to shifts of Mh of up to 3 GeV. As we do
not discuss here the effects of the phases of complex param-
eters, we do not provide further details that can be found in
Ref. [15].

Summing up this discussion, we generally expect the pre-
diction of Mh ofFeynHiggs 2.14.1 to be lower than that
of FeynHiggs 2.10.0. In the case of DR input param-
eters, the large shifts compared to the previous result that
employed a conversion to the OS scheme for the renormal-
ization of the stop sector can, however, outweigh the other
effects and lead to an overall upward shift of Mh .

3 Calculations in specific MSSM scenarios

In this section, we illustrate the implications of the improved
prediction for Mh implemented in FeynHiggs 2.14.1
in the context of several specific MSSM scenarios. The
first of these is the CMSSM [16–26], in which the soft
supersymmetry-breaking scalar masses m0, the gaugino
masses m1/2 and the trilinear parameters are all constrained
to be universal at the GUT scale. The second scenario we
study is a class of sub-GUT models [23,24,26–30], in which
these universality relations hold at some renormalization
scale Min < MGUT, as occurs, e.g., in mirage-mediation
models [145–156]. We then discuss minimal anomaly-
mediated models [47–65], in which the scalar masses are
typically much greater than the gaugino masses. For all of
these models, we use SSARD [157] to compute the particle
mass spectrum and relic density. SSARD calculates the par-
ticle spectrum at the weak scale using GUT-scale inputs and
running 2-loop RGEs for gauge and Yukawa couplings and
for all the soft supersymmetry-breaking mass parameters.
Fermion masses at the weak scale are loop-corrected follow-
ing [158]. The μ-parameter and bilinear soft supersymme-
try breaking mass term, B are determined at the weak scale
by minimizing the 1-loop Higgs potential. Although SSARD
also calculates independently the Higgs mass, instead we use
here FeynHiggs which is fully integrated within SSARD.
Once the spectrum is obtained, all relevant annihilation and
co-annihilation cross sections are calculated to obtain the
relic density of the LSP. A comparison of the mass spectrum
obtained by SSARD and other public codes can be found
in [159]. We note that the convention for A terms used in
SSARD is opposite to that used in FeynHiggs. Finally, we
study a phenomenological version of the MSSM [67–75]
with 11 free parameters in the soft supersymmetry-breaking
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sector, the pMSSM11, allowing for many possible sparticle
mass hierarchies. In all cases we assume that the lightest
supersymmetric particle (LSP) is the lightest neutralino χ̃0

1
and provides the full DM density [160].

3.1 The light Higgs-boson mass in the CMSSM

The four-dimensional parameter space of the CMSSM that
we consider here includes a common input gaugino mass
parameter, m1/2, a common input soft SUSY-breaking scalar
mass parameter, m0, and a common trilinear soft SUSY-
breaking parameter, A0, which are each assumed to be
universal at the scale MGUT (defined as the renormal-
ization scale where the two electroweak gauge couplings
are equal), and the ratio of MSSM Higgs vevs, tan β.
There is also a discrete ambiguity in the sign of the
Higgs mixing parameter, μ. In the CMSSM, renormal-
ization group (RG) effects typically produce hierarchies
of physical sparticle masses, e.g., between gluinos and
electroweakly-interacting gauginos and between squarks and
sleptons. The limits from LHC searches for sparticles gen-
erally require at least the strongly-interacting sparticles
to be relatively heavy. Accurate calculations of Mh for
MSSM spectra in the multi-TeV range require many of the
improvements made in FeynHiggs 2.14.1 compared to
FeynHiggs 2.10.0.

Reconciling the cosmological dark matter density [160] of
the LSP with the relatively heavy spectra that LHC searches
impose on the CMSSM typically requires specific relations
between some of the sparticle masses. One such example is
the stop coannihilation strip, and another is the focus-point
region, which we discuss in the two following subsections.

3.1.1 Stop coannihilation strips in the CMSSM

We first consider in some detail examples of stop coannihila-
tion strips. In this case the lighter stop mass mt̃1 and the mass
of the LSP, mχ̃0

1
, must be quite degenerate. The relic den-

sity constraint alone would allow them to weigh several TeV
but the allowed range of mass scales is in general restricted
by the measurement of Mh , for more details see Ref. [26]
(where FeynHiggs 2.13.1 was used). It is therefore very
important that the MSSM calculation of Mh along the stop
coannihilation strip is optimized. As a result, we choose rel-
atively large A-terms which are chosen to be as large as pos-
sible while still providing an acceptable Higgs mass along
the stop coannihilation strip.7 If the A-terms are taken to

7 For some of the cases we consider, there are charge and color breaking
(CCB) minima along the stop coannihilation strips (away from the stop
coannihilation strip the stop masses are less split and the CCB minima
disappear). The most dangerous directions are for positive values of
A0, since negative values for the A-terms are drastically suppressed as

be larger still, the Higgs mass is suppressed and falls well
below the experimental measurement along the stop coan-
nihilation strip. For smaller A-terms, the extent of the stop
strip is diminished.

In Fig. 1 we show four examples of (m1/2,m0) planes in
the CMSSM for tan β = 5. The upper panels are for A0 =
3m0, and the lower panels are for A0 = −4.2m0, assuming
that the Higgs mixing parameter μ > 0 (left panels) or μ < 0
(right panels). In each panel, the brick-red shaded regions
are excluded because they feature a charged LSP, which is
the τ̃1 in the lower right regions and the t̃1 in the upper left
regions. There are very narrow dark blue strips close to these
excluded regions where the LSP contribution to the dark mat-
ter density �χ h2 < 0.2. This range is chosen for clarity, as
the range �CDM h2 = 0.1193 ± 0.0014 allowed by cos-
mology [160] would correspond to a much thinner strip that
would be completely invisible. Even with the extended range
for the relic density, the line is essentially invisible.8 As we
discuss in more detail below, the coannihilation strips gen-
erally have endpoints at very high masses, where the cross
section becomes too small to ensure the proper relic den-
sity, even when mχ = mt̃1 . The locations of these endpoints
for the Planck range of �CDM h2 are indicated by X marks
along the strips. The panels feature contours of Mh cal-
culated using FeynHiggs 2.14.1 (red solid lines) and
FeynHiggs 2.10.0 (thin gray dashed lines). The latter
are truncated in regions of large stop masses for tan β = 5,
A0 = 3m0 and μ > 0, where FeynHiggs 2.10.0 fails
to return valid calculations of Mh .

Across the (m1/2,m0) planes we see very different
behaviors of the values of the Higgs mass calculated with
FeynHiggs 2.14.1 and FeynHiggs 2.10.0, partic-
ularly along the stop coannihilation strip, where mt̃1 and mχ̃0

1
may reach several TeV. In such a case, the values of Mh

given by FeynHiggs 2.14.1 are much more reliable
than those obtained with FeynHiggs 2.10.0. In the
absence of a detailed uncertainty estimate that depends on
the considered region of the parameter space (the update
of the uncertainty estimate of FeynHiggs taking into
account the latest improvements in the Higgs-mass predic-
tion is still a work in progress), here and later we con-
sider values of the input mass parameters as acceptable for
which FeynHiggs 2.14.1 yields Mh = 125 ± 3 GeV,
i. e., Mh ∈ [122, 128] GeV (where the additional experimen-
tal uncertainty is negligible in comparison). This range from

Footnote 7 continued
they are RG run to the low scale. The most extreme case we consider
is A0/m0 = 3, tanβ = 5, μ > 0 which corresponds to Xt = (At +
μ cot β)/

√mt̃1mt̃2 = 3.2. The stop strip for these parameters does have
a CCB minimum. However, the metastability condition found in [161]
is satisfied along the stop coannihilation strip.
8 Even taking a range which allows �χ h2 < 1 would not make the
line thick enough to be more visible on the scale of these figures.
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Fig. 1 The (m1/2,m0)planes in the CMSSM for tan β = 5, A0 = 3m0
and μ > 0 (upper left panel) or μ < 0 (upper right panel), tan β = 5,
A0 = −4.2m0 and μ > 0 (lower left panel), and tan β = 5,
A0 = −4.2m0 and μ < 0 (lower right panel). The brick-red shaded
regions are excluded because they feature a charged LSP, and the pan-
els contain narrow dark blue strips close to these excluded regions
where �χ h2 < 0.2, as well as contours of Mh calculated using

FeynHiggs 2.14.1 (red solid lines) and FeynHiggs 2.10.0
(thin gray dashed lines). The light orange shaded region corresponds
to Mh ∈ [122, 128] GeV using FeynHiggs 2.14.1. The X marks
the position of the stop coannihilation endpoint. The solid green lines
show the lower limit on the proton lifetime calculated in a minimal
supersymmetric SU(5) GUT

FeynHiggs 2.14.1 is shaded light orange. We discuss
this constraint in more detail below, but it is already clear
from Fig. 1 that FeynHiggs 2.14.1 favors ranges ofmt̃1

and mχ̃0
1

that are quite different from those that would have
been indicated by FeynHiggs 2.10.0.

For A0 = 3m0 and μ > 0, the Higgs mass decreases
rapidly as the stop LSP boundary is approached. In this case,
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the Higgs mass calculated using FeynHiggs 2.10.0 is
too small all along the coannihilation strip. Furthermore,
we see that FeynHiggs 2.10.0 was not able to pro-
duce a reliable result beyond m0 � 13 TeV. Since the
endpoint of the coannihilation strip is at much larger m0,
FeynHiggs 2.14.1 offers a significant improvement.
This version ofFeynHiggs yields values of the Higgs mass
that are significantly larger along the strip, rising as high
as Mh = 128 GeV at the endpoint which is not seen in
this panel as it lies beyond the shown range in (m1/2,m0).
For A0 = 3m0 and μ < 0, the Higgs mass is reduced in
the newer version of FeynHiggs for most of the strip,
though it is larger for m1/2 � 6 TeV. While both versions
of FeynHiggs provide strip segments with an acceptable
Higgs mass, the location of the segment shifts upwards in the
new version. In this case, the Higgs mass is Mh = 135 GeV
at the endpoint of the coannihilation strip, so the Higgs
mass itself provides a constraint m1/2 � 6 TeV, as seen
more clearly in the profile plots discussed below. The end-
point is marked by an X at (m1/2,m0) ∼ (11.3, 16.1) TeV.
When A0 = −4.2m0 and μ > 0, we clearly see
a large difference between FeynHiggs 2.10.0 and
FeynHiggs 2.14.1. In this case, the endpoint of the
coannihilation strip is found at lower (m1/2,m0). With
FeynHiggs 2.10.0, we find Mh < 122 GeV at the end-
point (as has also been found using FeynHiggs 2.11.3
[25]), whereas with FeynHiggs 2.14.1, we find Mh =
128 GeV at the endpoint. When A0 = −4.2m0 and μ < 0,
the Mh = 127 GeV contour from FeynHiggs 2.10.0 is
beyond the frame, whereas with FeynHiggs 2.14.1 we
find Mh = 128 GeV at the endpoint.

We also show in Fig. 1 as green lines contours of the life-
time for the proton decay p → K + ν of 6.6 × 1033 years,
the current lower limit for this decay mode. These contours
have been calculated in the minimal SU(5) GUT model,
neglecting possible effects due to new degrees of freedom
at the GUT scale. Even though this calculation is probably
inapplicable in a realistic GUT completion of the CMSSM,
it does indicate that proton stability is unlikely to be a
headache along the stop coannihilation strip in the CMSSM
with tan β = 5 with TeV scale masses [24,25,162]. The posi-
tion of this contour is similar in all four panels as the proton
lifetime is mostly sensitive to tan β rather than the signs of A0

or μ.
Figure 2 shows a similar set of plots for tan β = 20

and A0 = 2.75m0 (upper panels) and for tan β = 20
and A0 = −3.5m0 (lower panels), with μ > 0 (left pan-
els) and μ < 0 (right panels). For specific values of m1/2

and m0, the calculated values of Mh are generally larger
for tan β = 20 than for tan β = 5, as was to be expected. We
see again substantial differences between the values of Mh

obtained from FeynHiggs 2.14.1 (red solid lines) and
fromFeynHiggs 2.10.0 (thin gray dashed lines), in par-

ticular along the stop coannihilation strip. Once again, we
see that when A0 > 0 and μ > 0, the contours of Mh run
almost parallel to the boundary of the LSP region, imply-
ing that the values of Mh along the stop coannihilation strip
are very sensitive to the input parameters and the level of
sophistication of the Mh calculation. Since the coannihila-
tion strip extends beyond the range of the plot, both versions
of FeynHiggs yield acceptable segments along the strip,
albeit with different mass ranges. For A0 < 0, the Higgs-
mass contours no longer run parallel to the coannihilation
strip, and FeynHiggs 2.14.1 predicts Mh = 130 GeV
at the endpoint, which is found at much lower m1/2 and m0

as marked by the X in the figure. At this higher value
of tan β, there is not a large difference in the Higgs mass
when the sign of μ is reversed, since the contribution to Xt

depends on μ/ tan β. Although the difference may appear
small, when A0 > 0, the Higgs mass is significantly larger
along the strip as one approaches the endpoint at large m1/2

and m0. We note that for A, μ < 0, at high m1/2 and low m0

there is a lack of convergence of the RGEs, due to a divergent
b-quark Yukawa coupling, shown by the gray shading.

We note that the green contours where τ(p → K + ν) =
6.6 × 1033 years in the minimal SU(5) GUT model are at
much larger values of m1/2 and m0 for tan β = 20 than they
were for tan β = 5, as was also to be expected. However,
we emphasize that the calculation of the proton lifetime is
sensitive to the details of the GUT dynamics, and that proton
stability may be an issue but is not necessarily a problem for
the CMSSM with tan β = 20.9

Details of the coannihilation strips and endpoints are
seen more clearly in Fig. 3, which shows the profiles of
the stop coannihilation strips for tan β = 5 that were
shown in Fig. 1. The values of m1/2 are indicated along
the lower horizontal axes, and the corresponding values
of mχ̃0

1
are shown along the upper horizontal axes. For

each value of m1/2 we use SSARD to calculate the value
of m0 that yields the correct neutralino dark matter den-
sity, which we then use to calculate the other quantities
shown. The left vertical axes show the scales for the mass
difference mt̃1 − mχ̃0

1
, which is shown as the blue curve in

each panel. Here and in subsequent analogous figures, the
right vertical axes are the scales for the values of Mh , the
“allowed” range Mh ∈ [122, 128] GeV is indicated by the
horizontal light orange shaded region. The other lines show
the values of Mh calculated using FeynHiggs 2.14.1
(solid red) andFeynHiggs 2.10.0 (dashed black). Since
we assign a theoretical uncertainty of ±3 GeV to the
FeynHiggs 2.14.1 calculation of Mh , as indicated by
the light orange shaded band, the portions of the horizontal

9 Corrections to the gauge couplings from Planck-suppressed operators
can change significantly the estimate of the grand-unification scale and
hence the proton lifetime.
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Fig. 2 As in Fig. 1, but for the cases tan β = 20, A0 = 2.75m0 and
μ > 0 (upper left panel), tan β = 20, A0 = 2.75m0 and μ < 0 (upper
right panel), tan β = 20, A0 = −3.5m0 and μ > 0 (lower left panel)
and tan β = 20, A0 = −3.5m0 and μ < 0 (lower right panel). Contours
of Mh calculated using FeynHiggs 2.14.1 are shown as red solid
lines those using FeynHiggs 2.10.0 as thin gray dashed lines. The
light orange shaded region corresponds to Mh ∈ [122, 128] GeV using

FeynHiggs 2.14.1. In each panel, the X marks the position of
the stop coannihilation endpoint. The solid green lines show the lower
limit on the proton lifetime calculated in a minimal supersymmetric
SU(5) GUT. For A, μ < 0, the gray shading at high m1/2 denotes the
lack of convergence of the RGEs due to a divergent b-quark Yukawa
coupling

axes corresponding to the FeynHiggs 2.14.1 calcula-
tion of Mh ∈ [122, 128] GeV should be regarded as consis-
tent with experiment.

The upper limits of the stop coannihilation strips shown
in Fig. 3 range from m1/2 � 16 TeV (mχ̃0

1
� 8 TeV)

for tan β = 5, A0 = 3m0 and μ > 0 (upper left panel)
down to m1/2 � 7.1 TeV (mχ̃0

1
� 3.4 TeV) for tan β = 5,

A0 = −4.2m0 and μ < 0 (lower right panel). In the
case of tan β = 5, A0 = 3m0, μ > 0 (upper left panel
of Fig. 3), FeynHiggs 2.14.1 yields acceptable values
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Fig. 3 The profiles of the CMSSM stop coannihilation strips for
tan β = 5, A0 = 3m0 and μ > 0 (upper left), tan β = 5, A0 = 3m0
and μ < 0 (upper right), tan β = 5, A0 = −4.2m0 and μ > 0 (lower
left), and tan β = 5, A0 = −4.2m0 and μ < 0 (lower right). The
lower horizontal axes show m1/2, and the upper horizontal axes show
the corresponding values of mχ̃0

1
in TeV. The blue curves show the

mass difference mt̃1 − mχ̃0
1
, to be read from the left vertical axes. The

horizontal light orange shaded band between Mh = 122, 128 GeV
corresponds to predictions for Mh that may be regarded as consis-
tent with experiment. The other lines show the values of Mh calcu-
lated using FeynHiggs 2.14.1 (red) and FeynHiggs 2.10.0
(dashed black), to be read from the right vertical axes

of Mh for mχ̃0
1

� 2.5 TeV to the end of the strip. On the
other hand, FeynHiggs 2.10.0 yielded values of Mh

that are unacceptably low for mχ̃0
1

< 4 TeV, and unstable
values of Mh for mχ̃0

1
> 4 TeV. For the other sign of μ

(upper right panel of Fig. 3), both versions of FeynHiggs
yield larger values of Mh , with FeynHiggs 2.14.1
now yielding acceptable values for mχ̃0

1
∈ [1.1, 2.7] TeV,

whereasFeynHiggs 2.10.0would have yielded accept-
able values for mχ̃0

1
∈ [0.7, 2.3] TeV. The differences

between the two versions of FeynHiggs are also signif-
icant for A0 = −4.2m0 (lower panels of Fig. 3), with
FeynHiggs 2.14.1 yielding acceptable values of Mh

for mχ̃0
1

� 2.4 TeV. In contrast, FeynHiggs 2.10.0
predicted a Higgs mass which was below 122 GeV over the
entire strip. When the sign of μ is reversed for this value

of A0, mχ̃0
1

� 2.4 TeV is viable with the new version of
FeynHiggs.

Figure 4 displays an analogous set of profiles of stop
coannihilation strips for tan β = 20, with A0 = 2.75m0

in the upper panels, A0 = −3.5m0 in the lower panels,
μ > 0 in the left panels and μ < 0 in the right panels. The
upper limits on m1/2 in the stop coannihilation strip imposed
by Mh range between ∼ 9 TeV for the case tan β = 20,
A0 = 2.75m0, μ > 0 and ∼ 5.5 TeV for the case tan β =
20, A0 = −3.5m0, μ < 0. As in the case of tan β =
5, the differences between FeynHiggs 2.14.1 and
FeynHiggs 2.10.0 are larger for A0 > 0 than for A0 <

0. Values ofmχ̃0
1

allowed by the FeynHiggs 2.14.1 cal-
culation of Mh range from ∼ 0.8 to ∼ 4.5 TeV when A0 =
2.75m0 and μ > 0, ∼ 0.6 to ∼ 2.2 TeV when A0 =

123



Eur. Phys. J. C (2019) 79 :149 Page 11 of 26 149

Fig. 4 The profiles of the CMSSM stop coannihilation strips for
tan β = 20, A0 = 2.75m0 and μ > 0 (upper left), tan β = 20,
A0 = 2.75m0 and μ < 0 (upper right), tan β = 20, A0 = −3.5m0
and μ > 0 (lower left), and tan β = 20, A0 = −3.5m0 and
μ < 0 (lower right). The lower horizontal axes show m1/2, and the
upper horizontal axes show the corresponding values of mχ̃0

1
in TeV.

The blue curves show the mass difference mt̃1 − mχ̃0
1
, to be read

from the left vertical axes. The horizontal light orange shaded band
between Mh = 122, 128 GeV corresponds to predictions for Mh that
may be regarded as consistent with experiment. The other lines show
the values of Mh calculated using FeynHiggs 2.14.1 (red) and
FeynHiggs 2.10.0 (dashed black), to be read from the right verti-
cal axes

2.75m0 and μ < 0, and ∼ 1.3 to ∼ 2.6 TeV when A0 =
−3.5m0 for both signs of μ. The calculation of Mh using
FeynHiggs 2.10.0would have favored different ranges
of mχ̃0

1
in general, e.g., allowing mχ̃0

1
� 1.3 TeV for A0 =

2.75m0 and μ > 0. We also note that, at the larger value
of tan β in this figure, the sign of μ plays a smaller role than
in Fig. 3 with tan β = 5.

As seen in Figs. 3 and 4, in generalFeynHiggs 2.14.1
yields values of Mh that increase more rapidly withm1/2 than
the values calculated with FeynHiggs 2.10.0 along
the stop coannihilation strips we have studied. As a conse-
quence, the FeynHiggs 2.14.1 values of Mh lie within
the “allowed” range for Mh in a smaller interval of m1/2

in some cases. Furthermore, they tend to be larger than the
FeynHiggs 2.10.0 values at large m1/2. These differ-

ences change substantially the ranges of m1/2 that are con-
sistent with the experimental measurement of Mh .

3.1.2 Focus-point strips in the CMSSM

We now turn to an alternative mechanism in the CMSSM
that can yield an acceptable cold dark matter density even for
large values of (some) input parameters. This is the focus-
point region, where the neutralino LSP acquires a significant
Higgsino component that enhances (co)annihilation rates,
thereby bringing the relic density down into the allowed
range.

Examples of focus-point strips are visible in the (m1/2,

m0) planes shown in Fig. 5. The regions shaded violet in these
plots are where the electroweak symmetry-breaking condi-
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Fig. 5 As in Fig. 1, but for the cases tan β = 10, A0 = 0 and μ > 0
(upper left panel), tan β = 10, A0 = 0 and μ < 0 (upper right panel),
tan β = 30, A0 = 0 and μ > 0 (lower left panel), and tan β = 30,
A0 = 0 and μ < 0 (lower right panel). The electroweak symmetry-
breaking conditions cannot be satisfied in the regions shaded violet in
these plots. Contours of Mh calculated using FeynHiggs 2.14.1
are shown as red solid lines, those using FeynHiggs 2.10.0 as
gray dashed lines. The light orange shaded region corresponds to Mh ∈

[122, 128] GeV using FeynHiggs 2.14.1. The blue strips show
the region with 0.06 < �χ h2 < 0.2. The solid green lines show the
lower limit on the proton lifetime calculated in a minimal supersym-
metric SU(5) GUT. For tan β = 30, these lie beyond the range of the
plot. For large tan β and μ < 0, the gray shading at high m1/2 denotes
the lack of convergence of the RGEs due to a divergent b-quark Yukawa
coupling

tions cannot be satisfied, and the dark blue strips running
along the boundaries of these regions (now clearly visible)
are the focus-point strips. To make these strips more visible,
we used the range 0.06 < �χ h2 < 0.2. As before, the brick

red shaded regions are where the LSP is charged. In addition
to the stau-LSP regions in the lower right parts of the planes,
we see in the upper panels for tan β = 10, A0 = 0 and the
two signs of μ additional brick red strips where the LSP is
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Fig. 6 The profiles of the focus-point strips for A0 = 0 and μ > 0
(left panels), μ < 0 (right panels) and tan β = 10 (upper panels)
and tan β = 30 (lower panels). The lower horizontal axes show m1/2,
the blue dashed curves show the value of m0, to be read from the left
vertical axes. The horizontal light orange shaded band between Mh =

122, 128 GeV corresponds to predictions for Mh that may be regarded as
consistent with experiment. The other lines show the values of Mh calcu-
lated using FeynHiggs 2.14.1 (red) and FeynHiggs 2.10.0
(dashed black), to be read from the right vertical axes

a chargino. In the lower right panel for tan β = 30, A0 = 0
and μ < 0 there is a gray shaded region at large m1/2 where
the RGEs for the Yukawa coupling of the b quark break down.
This region expands as tan β is increased when μ < 0.

Figure 5 displays examples of focus-point strips that
extend to m1/2 and m0 � 10 TeV. Although the values
of mt̃1 − mχ̃0

1
can become very large along this strip, the

relic density is instead controlled by the value of μ, which
tends towards zero as the violet region is approached. For
small μ, the LSP becomes Higgsino-like, and the relic den-
sity is determined by Higgsino annihilations and coannihi-
lations with the second Higgsino and chargino, which are
nearly degenerate in mass with the LSP. While the extent of
the strips is very large, as one can see in each of the panels,
it is limited by the Higgs mass which differs in the two ver-
sions of FeynHiggs. The profiles of these strips are shown
in Fig. 6 for tan β = 10 upper panels) and tan β = 30 (lower

panels), for μ > 0 (left panels) and for μ < 0 (right panels),
with A0 = 0 in all cases. There is little difference between the
calculations of Mh using FeynHiggs 2.14.1 (red lines)
and FeynHiggs 2.10.0 (black dashed lines) for the
different signs of μ, with FeynHiggs 2.14.1 yielding
lower Mh for m1/2 � 6 or 7 TeV. As expected, the calcula-
tions generally produce higher Higgs masses for tan β = 30
than for tan β = 10, particularly at small m1/2. In both cases
the values of Mh obtained with FeynHiggs 2.14.1 are
compatible with experiment for ranges of 1.2 to 1.5 TeV �
m1/2 � 5.4 to 6.4 TeV, whereas the larger values of Mh

obtained with FeynHiggs 2.10.0 would have been
problematic for m1/2 � 3 or 4 TeV.

Figure 5 also shows the minimal SU(5) proton decay lim-
its (as green contours) for tan β = 10. For tan β = 30, the
contour would lie beyond the scope of the plot. As a conse-
quence, the proton decay limit is in conflict with the upper
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limit derived from the Higgs mass. However, we stress again
that this should be viewed as a constraint on the GUT rather
than a problem for the low-energy supersymmetric model.

3.2 Sub-GUT models

We now extend the previous discussion to a ‘sub-GUT’
class of SUSY models, in which the soft SUSY-breaking
parameters are universal at some input scale Min below the
GUT scale MGUT but above the electroweak scale [23,24,27–
29]. Models in this class may arise if the soft SUSY-breaking
parameters in the visible sector are induced by gluino conden-
sation or some dynamical mechanism that becomes effective
below the GUT scale. Examples of sub-GUT models include
those with mirage mediation [145–156] of soft SUSY break-
ing, and certain scenarios for moduli stabilization [163].

The reduced RG running below Min, relative to that
below MGUT in the CMSSM and related models, leads in
general to SUSY spectra that are more compressed [27–29].
These lead, in particular, to increased possibilities for coan-
nihilation processes. The reduced RG running also suggests
a stronger lower limit on mχ̃0

1
, because of a smaller hierar-

chy to the gluino mass, and there are also smaller hierarchies
between the squark and slepton masses. For a discussion of
the implications for LHC searches for sparticles in sub-GUT
models, see [30].

The five-dimensional parameter space of the sub-GUT
MSSM that we consider here includes, besides Min and tan β,
the three soft supersymmetry-breaking parameters m1/2, m0

and A0 that are familiar from the CMSSM, but which are
now assumed to be universal at the sub-GUT input mass
scale Min < MGUT.

Figure 7 illustrates some of the possibilities that appear in
this five-dimensional space. The panels in the top and mid-
dle rows are all for tan β = 20, A0 = 2.75m0 and μ > 0,
with different choices of Min = 107 GeV (top left), 108 GeV
(top right), 109 GeV (middle left), and 1010 GeV (middle
right). Similar parameter planes were considered in Ref.
[26] using FeynHiggs 2.13.0. As Min increases, we
see that a double-lobed brick red region at low m1/2 and m0

expands to larger mass values. The upper left lobe is a stop-
LSP region, and the lower right lobe is a stau-LSP region.
With some imagination one can anticipate that for larger Min

the plane would evolve towards the CMSSM case shown in
the upper left panel of Fig. 2, which has the same values
of tan β = 20 and A0 = 2.75m0, but Min → MGUT. As in
that plane, there are dark blue stop coannihilation strips that
border the upper left lobes in the top and middle left panels
of Fig. 7.10 Once again, to improve the visibility of the relic
density strips, we show the values of 0.06 < �χ h2 < 0.2 in

10 There are in principle also stau coannihilation strips bordering the
lower right lobes.

the blue shaded region with the exception of the two pan-
els with A0 = 2.75m0 and Min = 109 GeV where the
range 0.1151 < �χ h2 < 0.1235 is used. This is possible as
the neutralino-stop mass difference varies very slowly with
increasing m0, allowing for a visible coannihilation strip.

Some other features are worth noting. In the top left panel
of Fig. 7, for Min = 107 GeV, there are a pair of violet regions
at large m1/2 where the electroweak vacuum conditions can-
not be satisfied, which shrinks away at larger Min. Bordering
these violet regions there is a crescent-shaped focus-point
band. We also note in the top left panel for Min = 107 GeV
an irregular blue ring-shaped region extending above the stop
strip, and in the top right panel for Min = 108 GeV there
is a blue strip that crosses a brick red chargino LSP strip
when m0 ∼ 14 TeV. As discussed in [26], the ring-shaped
feature is caused by the the interplay of multiple coannihi-
lations since the masses of the three lightest neutralinos are
quite similar in these regions of parameter space. The feature
is enhanced through the heavy Higgs funnel. The chargino
LSP region expands when Min = 109 GeV (middle left) and
merges with the stau-LSP region when Min = 1010 GeV
(middle right).

Contours of Mh with values determined by
FeynHiggs 2.14.1 are shown by red solid curves and
determined by FeynHiggs 2.10.0 with dashed gray
curves. In much of the parameter space, the
FeynHiggs 2.14.1 values are lower by about 4 GeV
than the values produced by FeynHiggs 2.10.0. This
difference shifts the viable regions of the parameter space, as
is seen more clearly in Fig. 8, which shows the profiles along
the dark matter strips in these sub-GUT scenarios. In the top
left panel for tan β = 20, A0 = 2.75m0, Min = 107 GeV
and μ > 0 we distinguish two groupings of lines, one extend-
ing up to m1/2 ∼ 3 TeV, and the other from m1/2 ∼ 3 TeV
to m1/2 ∼ 12 TeV corresponding, respectively, to the near-
vertical band at m1/2 ∼ 2.5 TeV in Fig. 7 that extends
from the stau-coannihilation region up to m0 ∼ 4 TeV
and to the arc that lies close to the boundary of the region
where electroweak symmetry breaking is possible. In the
low-m1/2 grouping, corresponding to the dark matter strip
lying above the stop-LSP region, the blue dashed lines show
thatmχ̃0

1
� 2.7 TeV along these strips, and the red lines show

that FeynHiggs 2.14.1 generally yields values of Mh

that are smaller than the experimental value, whereas the
dashed black lines show that FeynHiggs 2.10.0 would
have yielded acceptable values of Mh on the lower-m0 side
of the ‘peninsula’ and part of the higher-m0 side. In the high-
m1/2 grouping, the blue dashed lines show thatmχ̃0

1
∼ 1 TeV,

which is characteristic of Higgsino dark matter. The red solid
line indicates that FeynHiggs 2.14.1 yields acceptable
values of Mh along most of the lower-m0 part of the arc
up to m1/2 � 10 TeV, whereas it yields values of Mh that
are too high along the upper part of the arc. In contrast,
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Fig. 7 As in Fig. 1, but for sub-GUT scenarios with tan β = 20,
A0 = 2.75m0, Min = 107 GeV (top left), Min = 108 GeV (top
right), Min = 109 GeV (middle left), and Min = 1010 GeV (middle
right), also for tan β = 40, A0 = 2.75m0, Min = 109 GeV (bottom
left), all with μ > 0, and tan β = 20, A0 = 2.75m0, Min = 109 GeV,
μ < 0 (bottom right). The electroweak symmetry-breaking conditions
cannot be satisfied in the regions shaded violet in these plots. Contours

of Mh calculated using FeynHiggs 2.14.1 are shown as red solid
lines, those using FeynHiggs 2.10.0 as gray dashed lines. The
light orange shaded region corresponds to Mh ∈ [122, 128] GeV using
FeynHiggs 2.14.1. The blue strips show the region with 0.06 <

�χ h2 < 0.2 except when A0 = 2.75m0 and Min = 109 GeV
where 0.1151 < �χ h2 < 0.1235 is used
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Fig. 8 The profiles of the sub-GUT dark matter strips for
A0 = 2.75m0 and, going from top left to bottom right,
{Min(GeV), tan β, sgnμ} = {107, 20,+}, {108, 20,+}, {109, 20,+},
{1010, 20,+}, {109, 40,+}, {109, 20,−}. The lower horizontal axes
show m1/2, the blue dashed curves show mχ̃0

1
(left vertical axes).

The “allowed” range for Mh is indicated by the horizontal light
orange shaded band for Mh ∈ [122, 128] GeV. Calculated val-
ues for Mh : FeynHiggs 2.14.1 (red) and FeynHiggs 2.10.0
(dashed black), to be read from the right vertical axes

FeynHiggs 2.10.0 would have yielded acceptable val-
ues of Mh only for m1/2 � 7 TeV along the lower arc.

As one can see by comparing the results in the upper
four panels of Fig. 8, the strips and values of Mh are very
sensitive to Min. For Min = 108 GeV, the high, middle
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and low m1/2 regions are clearly separate. Comparing with
Fig. 7, we can associate the curves at low m1/2 � 6 TeV
with the relic density strip corresponding to stop coannihila-
tion. The higher flatter curves and the lower steeper curves
represent the strips below and above the stop-LSP region
respectively. The change from FeynHiggs 2.10.0 to
FeynHiggs 2.14.1 lowers Mh by a few GeV and brings
the higher strip into good agreement with experiment, while
pushing the lower strip to lower values of Mh . We see
that mχ̃0

1
� 5 TeV along the upper strips, but 2 TeV �

mχ̃0
1

� 4 TeV along the lower strip. For the heavy-
Higgs-funnel region at m1/2 ∼ 7–9 TeV, mχ̃0

1
∼ 6–

7 TeV. While the results of both versions of FeynHiggs
are consistent with the experimental value in this region,
FeynHiggs 2.14.1 decreases Mh by 3.5 GeV com-
pared to FeynHiggs 2.10.0. The Higgsino strip at
high m1/2 � 11 TeV is only slightly affected by the change,
butFeynHiggs 2.14.1 (unlikeFeynHiggs 2.10.0)
yields acceptable Mh along much of the high-m1/2 strip.

At Min = 109 GeV, there is again a substantial change
in Mh . The upper, flatter profiles correspond to the strip that
threads between the stop- and stau-LSP regions and, in con-
trast with the result from FeynHiggs 2.10.0, now lies
at an acceptable value of Mh for a wide range in m1/2. In
contrast, the steeper profiles correspond to the nearly hori-
zontal stop-coannihilation strip in Fig. 7, and are now only
viable at m1/2 � 6.5 TeV. We see that mχ̃0

1
� 6.6 TeV

along both the dark matter strips. At still larger Min =
1010 GeV, the lower strip in the previous plot has now mor-
phed into a stop-coannihilation strip reminiscent of those
in the CMSSM, which runs nearly parallel with the Higgs-
mass contours. In this case we find that mχ̃0

1
� 8 TeV.

Both FeynHiggs 2.14.1 and FeynHiggs 2.10.0
give acceptable values of Mh along this strip but, for most of
this strip, Mh is significantly lower and greatly improved in
FeynHiggs 2.14.1.

The two bottom panels of Fig. 7 illustrate other fea-
tures of the sub-GUT parameter space. The bottom left
panel has A0 = 2.75m0, Min = 109 GeV and μ > 0 as
before, but tan β = 40. Comparing with the middle left
panel for tan β = 20, we see that the stop-LSP lobe has
contracted whereas the stau-LSP lobe has expanded, the
stop-coannihilation band has broadened, and the chargino-
LSP region has disappeared. The Higgs-mass profiles in
Fig. 8 in this case correspond to the two sides of the
stop-coannihilation region in Fig. 7, the upper, flatter pro-
files corresponding to the lower strip running parallel to
the Higgs-mass contours and the steeper profiles to the
upper stop-coannihilation strip. While Mh is not very sen-
sitive to the version of FeynHiggs for the former strip,
FeynHiggs 2.14.1 improves the latter by lowering Mh

by 3–4 GeV. Finally, the bottom right panel has tan β = 20,

A0 = 2.75m0, Min = 109 GeV and μ < 0. It is relatively
similar to the middle left panel, which has the opposite sign
of μ but identical values of the other parameters. The main
difference is the appearance of a ‘causeway’ between the
chargino-LSP ‘island’ and the stop-LSP lobe. We see that
the results for the Higgs-mass profiles are also very similar,
indicating that the sign of μ is less important than the values
of the other sub-GUT parameters.

As seen in Fig. 8, in general FeynHiggs 2.14.1
yields lower values of Mh compared to
FeynHiggs 2.10.0 along both the upper and lower sub-
GUT strips we have studied. In the cases of the lower-
m0 strips (solid lines) this reduction improves consistency
with the experimental value of Mh over a wider range ofm1/2.
The picture is more mixed for the higher-m0 strips, where the
preferred ranges ofm1/2 change, but are not necessarily more
extensive when FeynHiggs 2.14.1 is used.

3.3 Minimal AMSB models

As a contrast to the previous CMSSM and sub-GUT mod-
els, now we analyze the minimal scenario for anomaly-
mediated SUSY breaking (the mAMSB) [47–65]. This has
a very different spectrum, and a different composition of
the LSP, giving sensitivity to different aspects of the cal-
culation of Mh . The mAMSB has three relevant continu-
ous parameters, with the overall scale of SUSY breaking
being set by the gravitino mass, m3/2. In pure AMSB the soft
SUSY-breaking scalar masses m0, like the gaugino masses,
are proportional tom3/2 before renormalization. However, in
this case renormalization leads to negative squared masses
for sleptons. Thus, the pure AMSB is unrealistic, and some
additional contributions to the scalar masses m0 are postu-
lated. It is simplest to assume that these are universal, as in
minimal AMSB (mAMSB) models. In the mAMSB model
the soft trilinear SUSY-breaking mass terms, Ai , are deter-
mined by anomalies, like the gaugino masses, and hence are
also proportional to m3/2, resulting in the following three
free continuous parameters: m3/2, m0 and the ratio of Higgs
vevs, tan β. The μ term and the soft Higgs bilinear SUSY-
breaking term, B, are determined phenomenologically via
the electroweak vacuum conditions, as in the CMSSM and
related models, and may have either sign.

Since the gaugino masses M1,2,3 are induced by anoma-
lous loop effects, they are suppressed relative to the gravitino
mass, m3/2, which is quite heavy in this scenario: m3/2 �
20 TeV. The gaugino masses have the following ratios
at NLO: |M1| : |M2| : |M3| ≈ 2.8 : 1 : 7.1. We note
that the wino-like states are lighter than the bino, which
is therefore not a candidate to be the LSP. The LSP may
be either a Higgsino-like or a wino-like neutralino χ̃0

1 , and
is almost degenerate with a chargino partner, χ̃±

1 , in both
cases. If the LSP is a wino-like χ̃0

1 and it is the dominant
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source of the dark matter density, its mass has been shown
to be � 3 TeV [164–167] once Sommerfeld-enhancement
effects [168] are taken into account. On the other hand, if a
Higgsino-like χ̃0

1 provides the CDM density,mχ̃0
1

∼ 1.1 TeV.
In the mAMSB model, the Higgsino-like LSP still has a non-
negligible wino component, and is therefore heavier than a
pure Higgsino, with mχ � 1.5 TeV.

The following are characteristic features of the mAMSB
model: the superpartners of the left- and right-handed leptons
are nearly degenerate in mass, m

	̃R
≈ m

	̃L
, as are the lightest

chargino and neutralino, mχ̃±
1

≈ mχ̃0
1
. The ratio between the

slepton and gaugino masses depends on the input parame-
ters, but the squark masses are typically very heavy, since
they receive a contribution ∝ g4

3 m
2
3/2 where g2

3/(4 π) = αs .
The relatively small loop-induced values of the trilinears Ai

and the measured Higgs mass also favor relatively high stop
masses.

We display in Fig. 9 four (m0,m3/2) planes in the mAMSB
model. They all have a violet shaded region at large m0 and
relatively small m3/2 where the electroweak vacuum condi-
tions cannot be satisfied. Each panel also features a promi-
nent near-horizontal band with acceptable dark matter den-
sity where the LSP is mainly a wino with mass � 3 TeV.
They also feature narrower and less obvious strips close
to the electroweak vacuum boundary where the LSP has a
larger Higgsino fraction and a smaller mass. In this figure
we use the range 0.1151 < �χ h2 < 0.1235. As one can
see, there is a strong preference for low tan β for the wino-
dark-matter strip. At tan β > 5, most of the wino strip has
Higgs masses in excess of 128 GeV. While portions of the
Higgsino strip are acceptable at higher tan β, at tan β = 20
the pair of Higgsino strips is also at large Mh .

The profiles of the mAMSB-dark-matter strips displayed
in Fig. 9 are shown in Fig. 10. In each panel, the horizontal
axis is m0, the left vertical axis is mχ̃0

1
, and the right vertical

axis is Mh . We can again easily distinguish between the wino
and Higgsino-like strips. The wino strip spans a wide range
in m0 as seen in Fig. 9, where the Higgsino-like strip resides
only at large m0. In the wino-like strip, the neutralino mass
is shown by the blue dashed curves and mχ̃0

1
� 3 TeV at

large m0, falling to ∼ 2.7 TeV at low m0, whereas along
the lower strip mχ̃0

1
falls from � 3 TeV to ∼ 1.5 TeV as m0

decreases towards the tip of the strip at m0 ∼ 15 to 30 TeV.
We see in the upper left panel of Fig. 10 that, for tan β =

3.5 and μ > 0, the Higgs mass Mh calculated with
FeynHiggs 2.14.1 (red lines) is consistent with the
experimental value all along both strips, within the the-
oretical uncertainties. We do not show the results from
FeynHiggs 2.10.0 in this case, as they were not reli-
able for tan β = 3.5. On the other hand, calculations of Mh

with FeynHiggs 2.14.1 are significantly higher than
the experimental value along the wino-like strips in the
other panels, which are for larger values of tan β. In con-

trast, FeynHiggs 2.10.0 calculations of Mh were sig-
nificantly lower along the wino-like strips, and compatible
with experiment for tan β = 5 and μ > 0. In the cases
of the Higgsino-like strips, FeynHiggs 2.14.1 calcu-
lations of Mh are compatible with experiment along that
for tan β = 5 and μ > 0 and most of the corresponding
strip for tan β = 5 and μ < 0, though not for the Higgsino-
like strip for tan β = 20 and μ > 0. FeynHiggs 2.10.0
gave generally larger values of Mh along these Higgsino-
like strips, which are compatible with experiment only for
the strip for tan β = 5 and μ > 0 and part of the strip
for tan β = 5 and μ < 0.

In the mAMSB, as seen in Fig. 10, in general
FeynHiggs 2.14.1 yields values of Mh along the Hig-
gsino strips that are more consistent with the experimental
measurement than the ones with FeynHiggs 2.10.0.
On the other hand, the values of Mh along the wino
strip are generally larger for FeynHiggs 2.14.1 than
for FeynHiggs 2.10.0, and in poorer agreement with
experiment. Hence, in this case the improvements in
FeynHiggs 2.14.1 yield a preference for a quite dif-
ferent region of the model parameter space.

3.4 The pMSSM11

In contrast to the above models in which soft SUSY breaking
is assumed to originate from some specific theoretical mech-
anism, we now study a model in which the SUSY parameters
are constrained by purely phenomenological considerations.
In general, such phenomenological MSSM (pMSSM) [67–
74] models contain many more parameters. Here we con-
sider a variant of the pMSSM with 11 parameters fixed at the
electroweak-scale, the pMSSM11, as analyzed in Ref. [76]
using the available experimental constraints including many
from the first LHC run at 13 TeV. The model parameters are
three independent gaugino masses, M1,2,3, a common mass
for the first-and second-generation squarks, mq̃ , a mass for
the third-generation squarks,mq̃3 , that is allowed to be differ-
ent, a common mass, m

	̃
, for the first-and second-generation

sleptons, a mass for the stau, m
	̃3

, that is also allowed to be

different,11 a single trilinear mixing parameter, A, the Higgs
mixing parameter μ, the pseudoscalar Higgs mass, MA, and
the ratio of Higgs vevs, tan β. These parameters are all fixed at
a renormalization scale MSUSY ≡ √mt̃1 mt̃2 , where mt̃1 , mt̃2
are the masses of the two stop mass eigenstates. This is
also the scale at which electroweak vacuum conditions are
imposed. As in all the models we study, the sign of the mixing
parameter μ may be either positive or negative.

The flexibility of the pMSSM11 model allows, in prin-
ciple, many different mass hierarchies to be explored, and

11 Note that we assume equal soft SUSY-breaking parameters for the
superpartners of the left- and right-handed fermions of the same flavor.
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Fig. 9 The (m0,m3/2) planes in the mAMSB model for tan β = 3.5,
μ > 0 (upper left panel), for tan β = 5, μ > 0 (upper right panel), for
tan β = 5, μ < 0 (lower left panel), and for tan β = 20, μ > 0
(lower right panel). The electroweak symmetry-breaking conditions
cannot be satisfied in the regions shaded violet in these plots. Con-

tours of Mh calculated using FeynHiggs 2.14.1 are shown as red
solid lines, those using FeynHiggs 2.10.0 as gray dashed lines.
The light orange shaded region corresponds to Mh ∈ [122, 128] GeV
found using FeynHiggs 2.14.1. The blue strips show the region
with 0.06 < �χ h2 < 0.2

hence different aspects of the Mh calculation. In particular,
since the Higgs mass is most sensitive, in general, to the
stop masses, we explore in Fig. 11 what stop masses and
mixing are compatible with the measured Higgs mass, with-
out being constrained by any preconceived theoretical ideas
such as those arising in the models discussed in the previ-
ous sections. In each panel of Fig. 11, the regions favored
at the 68% CL (1-σ ), 95% CL (2-σ ) and 99.7% CL (3-σ )
are enclosed by red, blue and green contours, respectively,

which are shown solid (dashed) if FeynHiggs 2.14.1
(FeynHiggs 2.10.0) is used to calculate the χ2 contri-
bution12 from the LHC measurement of Mh to a frequentist
global analysis of the pMSSM11 parameter space.

12 We recall here that the Mh contribution to the global likelihood is
modeled using a Gaussian distribution with μ = 125.09 GeV and
σexp = 0.24 GeV and σtheo−SUSY = 1.5 GeV. For further details on
the likelihood, including a discussion of the other constraints, we refer
the reader to Ref. [76].
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Fig. 10 The profiles of the mAMSB strips for tan β = 3.5, μ >

0 (upper left panel), for tan β = 5, μ > 0 (upper right panel),
for tan β = 5, μ < 0 (lower left panel), and for tan β = 20,
μ > 0 (lower right panel). The lower horizontal axes show m0,
the blue dashed lines show mχ̃0

1
, to be read from the left vertical

axes. The “allowed” range for Mh is indicated by the horizontal light
orange shaded region for Mh ∈ [122, 128] GeV. Calculated val-
ues for Mh : FeynHiggs 2.14.1 (red) and FeynHiggs 2.10.0
(dashed black), to be read from the right vertical axes

To perform our analysis, we have used the sample of
points obtained in ref. [76]. Since in ref. [76] FeynHiggs
2.11.3 was used,13 we have run FeynHiggs 2.10.0
and FeynHiggs 2.14.1 on a subset of the sample with
good χ2, using a very loose cut to attain flexibility and assure
coverage (δχ2 < 200 with respect to the original minimum).
After having completed this procedure, we computed the
global likelihood of this set of points exactly as in Ref. [76],
once using the predictions from FeynHiggs 2.10.0 and
once using the ones from FeynHiggs 2.14.1.

We see in the top left panel of Fig. 11 that the experimen-
tal value of Mh can be accommodated by values of mt̃1 �

13 It should be kept in mind that the set of pMSSM11 points used
here was originally obtained in [76] using FeynHiggs 2.11.3.
Slight shifts in the contours shown below can be expected if new sam-
pling campaigns would be done using either FeynHiggs 2.10.0 or
FeynHiggs 2.14.1, and the respective point sets used separately
to derive the profiled likelihood shown in our plots.

500 GeV (1000 GeV) (1300 GeV) at the 99.7 (95) (68)% CL,
whether FeynHiggs 2.14.1 or FeynHiggs 2.10.0
is used to calculate Mh . The most significant difference is a
tendency for FeynHiggs 2.10.0 to disfavor larger val-
ues of Mh when mt̃1 is large, a tendency that is absent when
FeynHiggs 2.14.1 is used. We note also that the like-
lihood function is quite flat for mt̃1 � 1500 GeV, and for
this reason we do not quote a best-fit point. The upper right
panel shows that values of mt̃2 � 1 (1.3) (1.5) TeV are
favored at the 99.7 (95) (68)% CL, again with little differ-
ence between the results with FeynHiggs 2.14.1 and
FeynHiggs 2.10.0. Again, FeynHiggs 2.10.0
tends to disfavor larger values of Mh when mt̃2 is large, but
not FeynHiggs 2.14.1.

The middle panels of Fig. 11 explore the sensitivities of
the Mh calculation to the stop mixing parameter Xt ≡ At −
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Fig. 11 Explorations of the sensitivities of Mh to mt̃1,2
in pre-

ferred regions of the pMSSM11 found Ref. [76], displayed in the
(Mh,mt̃1 ) plane (top left panel), the (Mh,mt̃2 ) plane (top right panel),
the (Mh, Xt ) plane (middle left panel), the (mt̃1 , Xt ) plane (mid-
dle right panel), the (Mh, Xt/MS) plane (bottom left panel), and the

(mt̃1 , Xt/MS) plane (bottom right panel). In each panel the red, blue
and green contours outline the regions favored at the 68% CL (1-σ ),
95% CL (2-σ ) and 99.7% CL (3-σ ), respectively, and the solid (dashed)
lines are those found in a global analysis of all relevant data using
FeynHiggs 2.14.1 (FeynHiggs 2.10.0) to calculate Mh
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μ cot β in the two versions of FeynHiggs.14 We see that
they both favor values of |Xt | � 2 TeV, though Xt = 0 is
allowed at the 99.7% CL. However, we see in the middle
right panel that this is possible only for mt̃1 � 3 (3.5) TeV
when FeynHiggs 2.14.1 (FeynHiggs 2.10.0) is
used. This behavior at Xt = 0 may be the origin of the often-
repeated statement that the measured value of Mh requires
a large stop mass. In fact, as already mentioned above, the
upper panels of Fig. 11 show that Mh � 125 GeV is quite
compatible with mt̃1 ∼ 1.2 TeV, and the middle right panel
shows that this is possible if |Xt | ∼ 2 TeV. The bottom
plots of Fig. 11 show the same results as in the middle row,
but with Xt/MS on the vertical axes. In particular, in the
lower right plot it can clearly be seen that the correct Higgs-
boson mass prediction requires either large mixing in the
stop sector, or large scalar top masses. Here small mixing
can more easily be reached with FeynHiggs 2.14.1.

Figure 12 contains one-dimensional plots of the global χ2-
likelihood functions for mt̃1 (left panel) and Xt/MS (right
panel), shown as solid (dashed) lines as found using
FeynHiggs 2.14.1 (FeynHiggs 2.10.0) to calcu-
late the χ2 contribution from the LHC measurement of Mh .
Here we see again that the global minima are at mt̃1 ∼
1.5 TeV and |Xt/MS| ∼ 2, with little difference between
FeynHiggs 2.14.1 andFeynHiggs 2.10.0. Theχ2

function for mt̃1 rises very mildly as mt̃1 approaches 4 TeV,
and the exact location of the minimum value cannot be
regarded as significant. We note also the appearance of
a secondary minimum with �χ2 < 3 when mt̃1 �
500 GeV. The χ2 function for Xt/MS exhibits no signifi-
cant sign preference, but disfavors Xt = 0 by �χ2 � 4 if
FeynHiggs 2.14.1 is used, compared to �χ2 � 8 with
FeynHiggs 2.10.0.

Overall, in the pMSSM11 we see no clear trend towards
lower or higher values of Mh when going from
FeynHiggs 2.10.0 to FeynHiggs 2.14.1. Althou-
gh individual parameter choices may yield different values
for Mh , the experimental constraints on the pMSSM11 favor
regions in the parameter space where marginalization to min-
imize χ2 yields milder effects on the light CP-even Higgs-
boson mass.

4 Conclusions

We have investigated the physics implications of
improved Higgs-boson mass predictions in the MSSM,
comparing results from FeynHiggs 2.14.1 and
FeynHiggs 2.10.0. The main differences, as discussed
in this paper, are 3-loop RG effects and 2-loop thresh-
old corrections that can accommodate three separate mass

14 Note that here we use the sign convention for At of FeynHiggs.

scales: mq̃ , mg̃ and an electroweakino mass scale, as well as
an improved treatment of DR input parameters in the scalar
top sector avoiding problems with the conversion to on-shell
parameters, that yields significant improvements for large
SUSY-breaking scales. These changes reflect the progress
made over the last ∼ 5 years in “hybrid” Higgs-mass calcu-
lations in the MSSM.

The examples presented in this paper illustrate how the
preferred ranges of the parameter space of the MSSM
can change when FeynHiggs 2.14.1 is used to calcu-
late Mh , as compared to when FeynHiggs 2.10.0 is
used. The first representative model is the CMSSM. As is well
known, in the CMSSM reproducing the correct CDM den-
sity of neutralinos, despite the rising lower limits on sparticle
masses from the LHC, tends to favor narrow strips of param-
eter space that extend to large m1/2 and/or m0.The improve-
ments in FeynHiggs 2.14.1 can play important roles in
these parameter regions. Examples of these high-mass strips
include some where stop coannihilation is important, and
others where the focus-point mechanism is operative. In
both these cases, using FeynHiggs 2.14.1 rather than
FeynHiggs 2.10.0 changes significantly the parts of the
strips that are consistent with the experimental measurement
of Mh . This reflects the different dependences on m1/2 of the
FeynHiggs 2.14.1 and FeynHiggs 2.10.0 calcu-
lations of Mh .

We have also studied sub-GUT models, in which the
soft SUSY-breaking masses are assumed to be universal
at some scale Min below the conventional grand unifica-
tion scale MGUT assumed in the CMSSM. Both the stop-
coannihilation and focus-point mechanisms may be opera-
tional in different regions of the sub-GUT parameter space.
Depending on the choice of Min, the forms of the DM strips
can be very different from those allowed in the CMSSM,
with the possibility of two (or more) DM strips with dif-
ferent values of m0 for the same value of m1/2. In gen-
eral, along the lower-m0 strips the agreement between
FeynHiggs 2.14.1 calculations of Mh and experiment
is better than that for the FeynHiggs 2.10.0 calcula-
tions.

As a third case we investigated the mAMSB, where two
different classes of DM strips occur: one where the LSP
may be mainly a wino, or one where it may have a
large Higgsino component. Both of these types of dark-
matter strips extend to relatively large values of m0, with an
LSP mass ∼ 3 TeV or � 1 TeV, respectively.
Calculations of Mh using FeynHiggs 2.14.1 favor
the Higgsino region, whereas calculations using
FeynHiggs 2.10.0 favored the wino region.

In the case of the pMSSM11, we find little change in
the regions of parameter space favored by Mh , which can
be ascribed to the fact that there is no big mass hierar-
chy. The predictions from both FeynHiggs 2.14.1 and
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Fig. 12 The one-dimensional global �χ2 functions for mt̃1 (left panel) and Xt/MS (right panel), as found using FeynHiggs 2.14.1

(FeynHiggs 2.10.0) to calculate the χ2 contribution from the LHC measurement of Mh , shown as solid (dashed) lines

FeynHiggs 2.10.0 are consistent with Mh � 125 GeV
andmt̃1 ∼ 1.3 TeV at the 68% CL, and they both allowmt̃1 ∼
500 GeV with �χ2 ∼ 3. Both versions of FeynHiggs dis-
favor small stop mixing, Xt = 0, by �χ2 ∼ 4 (8) in the
case of FeynHiggs 2.14.1 (FeynHiggs 2.10.0),
with |Xt/MS| ∼ 2 being favored. Obtaining the correct pre-
diction for the Higgs-boson mass requires either large mixing
in the scalar top sector (with |Xt/MS| ∼ 2), or large scalar
top masses, though smaller values of |Xt/MS| can be reached
more easily with FeynHiggs 2.14.1. We find no clear
preference towards lower or higher values of Mh when going
from FeynHiggs 2.10.0 to FeynHiggs 2.14.1 in
the pMSSM11. The experimental constraints yield param-
eter combinations with mild effects on the light CP-even
Higgs-boson mass after marginalization to minimize χ2.

Whereas in this paper we have compared results using
FeynHiggs 2.10.0 and 2.14.1, many intermediate
versions have been used for the various phenomenologi-
cal analyses in a variety of SUSY models, e.g., by the
MasterCode collaboration [30,66,76,169–173]. Based on
the analyses presented here we expect that, while the results
using intermediate versions would indeed vary with a more
updated calculation, nevertheless the general features would
still hold.

In conclusion, we comment that in this paper we have lim-
ited ourselves to exploratory studies, and have not attempted
to make global fits to the parameters of any of the SUSY
models we have discussed. However, we find an overall ten-
dency towards better compatibility with the experimental
data when employing the updated Higgs-boson mass calcu-
lations. Performing new fits with updated calculations of Mh

would clearly be an interesting next step, and we hope that
the studies described here will give some insight into the

results to be expected from such more complete investiga-
tions.
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