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Abstract

The work presented in this thesis explores the experimental, phenomenological, as-
trophysical and cosmological constraints on SUSY models with three distinguished
input scales. The SUSY SU(5) GUT model assumes the soft SUSY-breaking pa-
rameters to be universal at the GUT scale MGUT. In the Phenomenological MSSM
with eleven parameters (pMSSM11), the input parameters are specified at the
MSUSY ≡ √mt̃1mt̃2 scale, which is also the scale at which electroweak symmetry
breaking conditions are imposed. In the sub-GUT MSSM, the universality of the
input parameters is imposed at some input scale Min below MGUT but above the
electroweak scale. In addition to the SUSY models, this work also includes a global
analysis of Dark Matter Simplified Models (DMSMs) with leptophobic spin-one me-
diator particles with either vectorial or axial couplings to Standard Model (SM)
particles and the dark matter (DM) particle. The MasterCode tool is used to anal-
yse the constraints on the parameter spaces of each model, taking into account the
relevant searches from up to 139/fb of LHC data at

√
s = 13 TeV, and the most

recent limits from the LUX, PICO, XENON1T and PandaX-II experiments. Other
experimental constraints are also taken into account (when applicable), including
those from flavour physics, electroweak precision observables, the anomalous mag-
netic dipole momentum of the muon, and cosmological constraints on the DM relic
density. The DM annihilation mechanisms responsible for bringing the relic den-
sity into the allowed region are identified in the preferred regions of the parameter
spaces.
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Preface

This thesis describes most of the research work undertaken during the PhD in High
Energy Physics (HEP). Chapter 2 should be read as a necessary introduction and
literature review of material taken from the references cited within the text, and not
as my original contributions to the field. Other chapters highlight the work done
in collaboration with members of the MasterCode Collaboration, which is based on
the contents of four published papers:

[1] E. Bagnaschi, J. C. Costa, K. Sakurai et al. Likelihood analysis of supersym-
metric SU(5) GUTs. Eur. Phys. J. C (2017) 77: 104.

[2] E. Bagnaschi, K. Sakurai, M. Borsato et al. Likelihood analysis of the pMSSM11
in light of LHC 13-TeV data. Eur. Phys. J. C (2018) 78: 256.

[3] J. C. Costa, E. Bagnaschi, K. Sakurai et al. Likelihood analysis of the sub-GUT
MSSM in light of LHC 13-TeV data. Eur. Phys. J. C (2018) 78: 158.

[4] E. Bagnaschi, J. C. Costa, K. Sakurai et al. Global Analysis of Dark Matter
Simplified Models with Leptophobic Spin-One Mediators using MasterCode.
Eur. Phys. J. C (2019) 79: 895.

Chapter 3 describes the input parameters of the models studied and the sampling
procedure for each model. I have run the sampling and analyses of all models except
by the pMSSM11, as specified in Sect. 3.1.2, which was run by Emanuele Bagnaschi.
Other relevant contributions are the incorporation of DMSIMP into MasterCode by
Kristian Hahn, the implementation of the LHC constraints by Emanuele Bagnaschi
and Kazuki Sakurai, the updates on the Flavour Physics constraints by Diego Mar-
tinez Santos and Miriam Lucio and the implementation of the combined direct
detection likelihood function by Diego Martinez Santos and Emanuele Bagnaschi. I
have produced all the original figures presented in this Chapter, except by Fig. 3.3,
which was produced by Kazuki Sakurai, and Fig. 3.6, by Emanuele Bagnaschi.

Chapter 4 presents results based on [1]. I have implemented the SUSY SU(5)
GUT model into the MasterCode framework and run the sampling. I have produced
all the original figures presented in this Chapter. The calculations in 4.5-4.2 were
performed by Kazuki Sakurai and John Ellis.

Chapter 5 presents results based on [2]. All original figures presented in this
Chapter were produced by Emanuele Bagnaschi. Meaningful content from this
Chapter is copied almost verbatim from [2].

Chapter 6 presents results based on [3]. I have implemented the sub-GUT MSSM
model into the MasterCode framework, run the sampling and produced all original
figures shown in this Chapter.

Chapter 7 presents results based on [4]. I have run the sampling and produced
all the original figures shown in this Chapter.
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1
) plane where ∆χ2 < 5.99. . . . . . . . . . 85

4.9 The χ2 likelihood functions in the SUSY SU(5) GUT model for the χ̃0
1

mass (upper left panel), the χ̃±1 mass (upper right panel), the τ̃1 − χ̃0
1

mass difference (lower left panel) and the t̃1 − χ̃0
1 mass difference

(lower right panel). The dashed blue lines shows the result of omit-
ting the LHC 13-TeV constraints, and the grey lines represent ‘fake’
NUHM2 results obtained by selecting a subset of the SU(5) sample
with m5/m10 ∈ [0.9, 1.1]. . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.10 The χ2 likelihood functions in the SUSY SU(5) GUT model for the
χ̃±1 − χ̃0

1 mass (left panel) and the χ̃±1 lifetime (right panel). The
dashed blue lines shows the result of omitting the LHC 13-TeV con-
straints, and the grey lines represent ‘fake’ NUHM2 results obtained
by selecting a subset of the SU(5) sample with m5/m10 ∈ [0.9, 1.1]. . 87

4.11 The χ2 likelihood functions in the SUSY SU(5) GUT model for (g −
2)µ/2 (upper left panel), Mh (upper right panel), MW (lower left
panel), and BR(Bs,d → µ+µ−) (lower right panel). The dashed blue
lines show the result of omitting the LHC 13-TeV constraints, and the
solid grey lines represent ‘fake’ NUHM2 results obtained by selecting
a subset of the SU(5) sample with m5/m10 ∈ [0.9, 1.1]., and the dotted
grey lines represent the current experimental measurements with their
uncertainties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.12 Upper left panel: The global χ2 function in the SUSY SU(5) GUT
model as a function of the τ̃1 lifetime. Upper right panel: The (mτ̃1 , ττ̃1)
plane, shaded according to the values of ττ̃1, as indicated. Lower pan-
els: The (m5,m1/2) and (m10,m1/2) planes, coloured according to the
values of ττ̃1. The 68% and 95% CL contours in these three planes
are coloured red and blue, respectively. . . . . . . . . . . . . . . . . . 89

12



LIST OF FIGURES LIST OF FIGURES

4.13 The (mχ̃0
1
, σSI

p ) plane in the SUSY SU(5) GUT model. The solid green
line is the 95% CL upper limit from the XENON100 experiment, and
the dashed black solid line is the new 95% CL upper limit from the
LUX experiment. The solid black line shows the 95% CL exclusion
contour for the combination of the PandaX-II and LUX experiments,
the solid purple line shows the projected 95% exclusion sensitivity of
the LUX-Zeplin (LZ) experiment, the solid and dashed blue lines show
the projected 95% sensitivities of the XENON1T and XENONnT ex-
periments, respectively and the dashed orange line shows the astro-
physical neutrino ‘floor’, below which astrophysical neutrino back-
grounds dominate (yellow region). The other line colours and shad-
ings within the 68% and 95% CL regions are the same as in Fig. 4.1. 91

4.14 The spectrum at the best-fit point in the SUSY SU(5) GUT model.
Decay branching ratios (BRs) exceeding 20% are denoted by dashed
lines, which are thicker for more important BRs. . . . . . . . . . . . . 92

4.15 The 1-dimensional 68 and 95% CL ranges of masses obtained for the
current fit in the supersymmetric SU(5) model, shown in dark and
light orange respectively. Blue lines represent the best-fit point. . . . 92

4.16 The χ2 contributions of (g − 2)µ (teal) and LHC 13-TeV data (red)
in the SUSY SU(5) GUT model, as functions of m5 (left panel), m10

(middle panel) and m1/2 (right panel). . . . . . . . . . . . . . . . . . 93

4.17 The χ2 pulls for different observables at the best-fit point in the SUSY
SU(5) model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.18 The one-dimensional χ2 likelihood functions for the full SU(5) sample
(solid blue lines) and in the restriction of the SUSY SU(5) GUT model
sample to m5/m10 ∈ [0.9, 1.1] (solid grey lines) compared to those in
previous NUHM2 analysis [29] (dashed grey lines) for mg̃ (upper left
panel), mq̃ (upper right panel), mt̃1 (lower left panel), and mτ̃1 (lower
right panel). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.1 Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mq̃,mg̃) planes (top panels), the (mq̃,mχ̃0

1
) planes

(middle panels) and the (mt̃1 ,mχ̃0
1
) planes (bottom panels), including

the (g − 2)µ constraint (left panels) and dropping it (right panels). . 101

5.2 Upper panel: The dominant sparticle decay chains at the representa-
tive point in the ‘nose’ region in the top left panel of Fig. 5.1 (with
(g − 2)µ) whose parameters are listed in the second column of Ta-
ble 5.1. Lower panel: The dominant sparticle decay chains at the rep-
resentative point in the ‘nose’ region in the top right panel of Fig. 5.1
(without (g−2)µ) whose parameters are listed in the fourth column of
Table 5.1 - note that the vertical scale has a suppressed zero. In both
plots the widths of the sparticles are represented as semi-transparent
bands around the bar representing the nominal mass value and of the
same colour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3 Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mt̃1 ,mχ̃0

1
) planes (upper panels) and the (mb̃1

,mχ̃0
1
)

planes (lower panels), including the (g − 2)µ constraint (left panels)
and dropping it (right panels). . . . . . . . . . . . . . . . . . . . . . 105

13



LIST OF FIGURES LIST OF FIGURES

5.4 Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mµR ,mχ̃0

1
) planes (upper panels) and the (mτ̃1 ,mχ̃0

1
)

planes (lower panels), including the (g − 2)µ constraint (left panels)
and dropping it (right panels). . . . . . . . . . . . . . . . . . . . . . 106

5.5 Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mχ̃±1

,mχ̃0
1
) planes (upper panels) and the (MA, tan β)

planes (lower panels), including the (g − 2)µ constraint (left panels)
and dropping it (right panels). . . . . . . . . . . . . . . . . . . . . . 107

5.6 Left panel: one-dimensional profile likelihood functions for the q̃ mass
in the pMSSM11 with (blue) and without the (g − 2)µ constraint
(green) and with (solid) and without (dashed) applying the constraints
from LHC Run II. Right panel: similarly for the g̃ mass. . . . . . . . 108

5.7 Left panel: one-dimensional profile likelihood functions for the t̃1 mass
in the pMSSM11 with (blue) and without the (g − 2)µ constraint
(green) and with (solid) and without (dashed) applying the constraints
from LHC Run II. Right panel: similarly for the b̃1 mass. . . . . . . . 109

5.8 Left panel: one-dimensional profile likelihood functions for the µ̃R
mass in the pMSSM11 with (blue) and without the (g−2)µ constraint
(green) and with (solid) and without (dashed) applying the constraints
from LHC Run II. Right panel: similarly for the τ̃1 mass. . . . . . . . 110

5.9 Left panel: one-dimensional profile likelihood functions for the χ̃0
1

mass in the pMSSM11 with (blue) and without the (g−2)µ constraint
(green) and with (solid) and without (dashed) applying the constraints
from LHC Run II. Right panel: similarly for the χ̃±1 mass. . . . . . . 111

5.10 One-dimensional likelihood plots for the B̃ fraction in the LSP χ̃0
1

composition in the (upper left), for the W̃ 3 fraction (upper right) and
for the H̃u,d fraction (lower panel). . . . . . . . . . . . . . . . . . . . 112

5.11 Triangular presentations of the composition of the χ̃0
1 in the fit with

LHC 13-TeV and with (without) the (g − 2)µ constraint in the left
(right) panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.12 One-dimensional profile likelihood functions for (g−2)µ in the pMSSM11,
with (blue) and without (green) applying the (g−2)µ constraint a pri-
ori and with (solid) and without (dashed) applying the constraints
coming from the LHC run at 13 TeV. Also shown as a dotted line is
the experimental constraint [42], taking into account the theoretical
uncertainty [43] within the Standard Model. . . . . . . . . . . . . . . 113

5.13 One-dimensional profile likelihood functions for BR(Bs,d → µ+µ−) in
the pMSSM11 (left panel) and the BR(b→ sγ) branching ratio (right
panel), with and without the LHC 13-TeV data and the (g− 2)µ con-
straint. Also shown as dotted lines are the experimental constraints,
including the corresponding theoretical uncertainties within the Stan-
dard Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.14 One-dimensional χ2 profile likelihood functions for A∆Γ (left panel)
and τ(Bs → µ+µ−)/τBs (right panel), in the fits with and without the
LHC 13-TeV data and (g − 2)µ. . . . . . . . . . . . . . . . . . . . . 115

5.15 One-dimensional profile likelihood plots for Mh. The dotted line shows
the experimental constraint combined with the corresponding theoret-
ical uncertainty within the pMSSM11. . . . . . . . . . . . . . . . . . . 115

14



LIST OF FIGURES LIST OF FIGURES

5.16 One-dimensional profile likelihood plot for the NLSP lifetime, τNLSP,
including all possible NLSP species. . . . . . . . . . . . . . . . . . . . 116

5.17 Upper panels: one-dimensional profile likelihood plots for the lifetime
of the χ̃±1 (left) and the τ̃1 (right). Lower panels: the correspond-
ing mass-lifetime planes for the χ̃±1 and τ̃1, with the 95% CL regions
shaded according to the dominant DM mechanisms. . . . . . . . . . . 117

5.18 Planes of (mχ̃0
1
, σSI

p ) with (left panel) and without (right panel) the

(g − 2)µ constraint applied, where the values of σSI
p displayed are the

nominal values calculated using the SSARD code. The upper limits es-
tablished by the LUX [82], XENON1T [83] and PandaX-II [84] Col-
laborations are shown as green, magenta and blue contours, respec-
tively, and the combined limit is indicated by a black line with green
shading above. The projected future 90% CL exclusion sensitivities
of the LUX-Zeplin (LZ) [194] and XENON1T/nT [83] experiments
are shown as solid purple and dashed blue lines, respectively, and the
neutrino background ‘floor’ is shown as a dashed light-blue line with
a shading of the same colour below. . . . . . . . . . . . . . . . . . . 119

5.19 Planes of (mχ̃0
1
, σSD

p ) with (left panel) and without (right panel) the

(g − 2)µ constraint applied, where the values of σSD
p displayed are the

nominal values calculated using the SSARD code [71]. The upper limit
established by the PICO Collaboration [94] is shown as a purple con-
tour, with green shading above. The neutrino ‘floor’ for σSD

p is taken
from [195]. The indicative upper limits from SuperKamiokande [196]
and IceCube [97] searches for energetic solar neutrinos obtained as-
suming that the LSPs annihilate predominantly into τ+τ− are also
shown, which are subject to the caveats discussed in the text. . . . . . 119

5.20 Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mq̃,mg̃) and (mq̃,mχ̃0

1
) planes (upper panels) and

the (mg̃,mχ̃0
1
) and (mχ̃0

1
, σSI

p ) planes (lower panels). The plots compare
the regions of the pMSSM11 parameter space favoured at the 68% (red
lines), 95% (blue lines) and 99.7% CL (green lines) in a global fit
including the LHC 13-TeV data and recent results from the Xenon-
based direct detection experiments LUX, XENON1T, and PandaX-
II [82, 83, 84] (solid lines), and omitting them (dashed lines). . . . . 120

5.21 Higgs and sparticle spectra for the best-fit points for the pMSSM11
with (top) and without the (g− 2)µ constraint (bottom), also showing
decay paths with branching ratios > 5%, the widths of the lines being
proportional to the branching ratios. . . . . . . . . . . . . . . . . . . 122

5.22 Higgs and sparticle spectrum for the pMSSM11 with and without the
(g−2)µ constraint applied (upper and lower panels, respectively). The
values at the best-fit points are indicated by blue lines, the 68% CL
ranges by orange bands, and the 95% CL ranges by yellow bands. . . . 124

5.23 The χ2 pulls at the best-fit points in the pMSSM11 including (left)
and without the (g− 2)µ constraint (right). In the rightmost plot, the
χ2 pull from (g − 2)µ is shown (hatched orange bar), but its penalty
is not included in the fit. . . . . . . . . . . . . . . . . . . . . . . . . 125

15



LIST OF FIGURES LIST OF FIGURES

6.1 Two-dimensional projection of the likelihood function in the (m0,m1/2)
plane. Here and in subsequent two-dimensional plots, the red (blue)
(green) contours are boundaries of the 1-, 2- and 3-σ regions and the
shadings correspond to the DM mechanisms indicated in the legend. . 128

6.2 Profile likelihood functions in the sub-GUT MSSM. Left: Two-dimensional
projection of the likelihood function in the (Min,m0) plane. Right:
Two-dimensional projection of the likelihood function in the (Min,m1/2)
plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.3 Two-dimensional projection of the likelihood function in the (MA, tan β)
plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.4 One-dimensional profile likelihood function for Min. Here and in sub-
sequent one-dimensional plots, the solid lines include the constraints
from ∼ 36/fb of LHC data at 13 TeV and the dashed lines drop them,
and the blue lines include (g− 2)µ, whereas the green lines drop these
constraints. Here and in subsequent two-dimensional plots, the red
(blue) (green) contours are boundaries of the 1-, 2- and 3-σ regions
and the shadings correspond to the DM mechanisms indicated in the
legend. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.5 One-dimensional profile likelihood functions for m0 and m1/2. The
solid lines include the constraints from ∼ 36/fb of LHC data at 13 TeV
and the dashed lines drop them, and the blue lines include (g − 2)µ,
whereas the green lines drop these constraints. . . . . . . . . . . . . . 132

6.6 One-dimensional profile likelihood functions for mg̃ (upper left panel),
mq̃R (upper right panel), mt̃1 (lower left panel) and mb̃1

(lower right
panel). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

6.7 One-dimensional profile likelihood functions for mµ̃R (upper left panel),
mτ̃1 (upper right panel) and mτ̃1 −mχ̃0

1
(lower left panel). The lower

right panel shows the (mτ̃1 , ττ̃1) plane, colour-coded as indicated in the
right-hand legend. The 68 (95) (99.7)% CL regions in 2 dimensions,
i.e., ∆χ2 < 2.30(5.99)(11.83), are enclosed by the red (blue) (green)
contours. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.8 Plots of the one-dimensional profile likelihood for the B̃ fraction in
the LSP χ̃0

1 (upper left), for the W̃ 3 fraction (upper right) and for the
H̃u,d fraction (lower panel). . . . . . . . . . . . . . . . . . . . . . . . 135

6.9 Triangular presentations of the χ̃0
1 composition in the fit with LHC

13-TeV including (dropping) the (g−2)µ constraint in the left (right)
panel. The 1-, 2- and 3-σ regions in the plots are coloured blue, yellow
and red, and the best-fit points are indicated by green stars. . . . . . 136

6.10 One-dimensional profile likelihood function for (g − 2)µ, where the
dotted line shows the χ2 contribution due to the (g − 2)µ constraint
alone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.11 Left panel: One-dimensional profile likelihood function for BR(Bs,d →
µ+µ−), where the dotted line shows the χ2 contribution due to the
BR(Bs,d → µ+µ−) constraint alone. Right panel: Breakdown of the
contributions to the global χ2 as functions of Min. The shadings corre-
spond to the different classes of observables, as indicated in the legend. 138

6.12 One-dimensional profile likelihood function for BR(b→ sγ), showing
the experimental constraint as a dotted line. . . . . . . . . . . . . . . 139

16



LIST OF FIGURES LIST OF FIGURES

6.13 One-dimensional profile likelihood function for Mh, where the dotted
line shows the χ2 contribution due to the (g − 2)µ constraint alone. . 139

6.14 One-dimensional profile likelihood functions for mχ̃0
1

(top left panel)

and mχ̃±1
(top right panel), mχ̃±1

− mχ̃0
1

(middle left panel) the χ̃±1
lifetime (middle right panel) and MA (bottom left panel). The bot-
tom right panel shows the regions of the (mχ̃±1

, τχ̃±1 ) plane with τχ̃±1 ≥
10−15 s that are allowed in the fit including the (g − 2)µ and LHC
13-TeV constraints at the 68 (95) (99.7)% CL in 2 dimensions, i.e.,
∆χ2 < 2.30(5.99)(11.83), enclosed by the red (blue) (green) contour. . 140

6.15 Left panel: Two-dimensional profile likelihood function for the nomi-
nal value of σSI

p calculated using the SSARD code [71] in the (mχ̃0
1
, σSI

p )
plane, displaying also the upper limits established by the LUX [82],
XENON1T [83] and PandaX-II Collaborations [84] shown as solid
black, blue and green contours, respectively. The projected future 90%
CL sensitivities of the LUX-Zeplin (LZ) [194] and XENON1T/nT [83]
experiments are shown as dashed magenta and blue lines, respectively,
and the neutrino background ‘floor ’ [198] is shown as a dashed or-
ange line with yellow shading below. Right panel: Two-dimensional
profile likelihood function for the nominal value of σSD

p calculated using
the SSARD code [71] in the (mχ̃0

1
, σSD

p ) plane, also showing the upper
limit established by the PICO Collaboration [94].The indirect limits
from the Icecube [97] and Super-Kamiokande [196] experiments are
also shown, assuming χ̃0

1χ̃
0
1 → τ+τ− dominates, as well as the ‘floor”

for σSD
p calculated in [195]. . . . . . . . . . . . . . . . . . . . . . . . 141

6.16 Two-dimensional projections of the global likelihood function for the
sub-GUT MSSM in the (mq̃R ,mg̃) plane (upper left panel), the (mq̃R ,mχ̃0

1
)

plane (upper right panel), the (mg̃,mχ̃0
1
) plane (lower left panel), and

the (mχ̃0
1
, σSI

p ) plane (lower right panel). In each panel, the projections
of the sub-GUT parameter regions favoured at the 68% (red lines),
95% (blue lines) and 99.7% CL (green lines) in global fits are com-
pared with the LHC 13-TeV data and results from LUX, XENON1T,
and PandaX-II [82, 83, 84] (solid lines), and without them (dashed
lines). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.17 Contributions to the global χ2 function at the best-fit points found
in the sub-GUT analysis including LHC 13-TeV data, in the cases
with and without the (g − 2)µ constraint (pink and blue histograms,
respectively). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.18 The spectra of Higgs bosons and sparticles at the best-fit points in the
sub-GUT model including LHC 13-TeV data, including the (g − 2)µ
constraint (upper panel) and dropping it (lower panel), with dashed
lines indicating the decay modes with branching ratios > 5%. . . . 146

6.19 The spectra in the sub-GUT model including LHC 13-TeV data, with
(upper panel) and without (lower panel) the (g − 2)µ constraint, dis-
playing the best-fit values as blue lines, the 68% CL ranges as orange
bands, and the 95% CL ranges as yellow bands. . . . . . . . . . . . . 147

17



LIST OF FIGURES LIST OF FIGURES

7.1 Preferred regions in the (mY ,mχ) plane in the vector-like model. The
red (blue) contours delineate the parameter regions with ∆χ2 < 2.30(5.99),
which are favoured at the 68% (95%) CL and regarded as proxies for
1- (2-)σ regions, respectively. Colour coding is also used to illustrate
the dominant mechanisms bringing the DM density into the allowed
range: green for annihilation via t-channel exchange into pairs of me-
diator particles Y that subsequently decay into SM particles, and yel-
low for rapid annihilation directly into SM particles via the s-channel
Y resonance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7.2 Preferred regions in the (gSM, gDM) plane (on logarithmic scales) in
the vector-like model. Again the colour coding is used to illustrate
the dominant mechanisms bringing the DM density into the allowed
range: green for annihilation via t-channel exchange into pairs of me-
diator particles Y that subsequently decay into SM particles, and yel-
low for rapid annihilation directly into SM particles via the s-channel
Y resonance. The diagonal dotted line indicates where gDM = gSM,
and the band where 1/3 < gDM/gsm < 3 is bounded by dashed lines
and shaded a darker yellow. . . . . . . . . . . . . . . . . . . . . . . . 151

7.3 The likelihood functions for gSM (left panel) and gDM (right panel)
as functions of mY in the vector-like model. The colour coding il-
lustrates the dominant mechanisms bringing the DM density into the
allowed range: green for annihilation via t-channel χ exchange into
pairs of mediator particles Y that subsequently decay into SM parti-
cles, and yellow for rapid annihilation directly into SM particles via
the s-channel Y resonance. . . . . . . . . . . . . . . . . . . . . . . . . 151

7.4 The likelihood functions for gSM (left panel) and gDM (right panel) as
functions of mχ in the vector-like model. Again, the colour coding
illustrates the dominant mechanisms bringing the DM density into
the allowed range: green for annihilation via t-channel χ exchange
into pairs of mediator particles Y that subsequently decay into SM
particles, and yellow for rapid annihilation directly into SM particles
via the s-channel Y resonance. . . . . . . . . . . . . . . . . . . . . . . 152

7.5 Contours of the likelihood in the (mχ, σ
SI
p ) plane for the vector-like

model, showing the current upper limits from the LUX [82], PANDAX-
II [99] and XENON1T [100] experiments (rescaled to account for
the different local DM density assumed), together with the neutrino
‘floor’ [201] (shown as the dashed orange line), and the range of
σSI
p that will be probed by the upcoming experiments LZ [199] and

XENONnT [200]. The colour coding is used to illustrate the dom-
inant mechanisms bringing the DM density into the allowed range:
green for annihilation via t-channel χ exchange into pairs of media-
tor particles Y that subsequently decay into SM particles, and yellow
for rapid annihilation directly into SM particles via the s-channel Y
resonance. We indicate the effective lower limit on mχ that is imposed
by our sampling limit on mY . . . . . . . . . . . . . . . . . . . . . . . 153

18



LIST OF FIGURES LIST OF FIGURES

7.6 Preferred regions in the (mY ,mχ) plane in the model with axial-vector
DM couplings. The red (blue) contours delineate the parameter re-
gions with ∆χ2 < 2.30(5.99), which are favoured at the 68% (95%)
CL and regarded as proxies for 1- (2-)σ regions, respectively. Colour
coding is used to illustrate the dominant mechanisms bringing the DM
density into the allowed range: green for annihilation via t-channel
exchange into pairs of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihilation directly into SM
particles via the s-channel Y resonance. . . . . . . . . . . . . . . . . . 154

7.7 Preferred regions in the (gSM, gDM) plane (on logarithmic scales) in
the model with axial-vector DM couplings, again using colour coding
to illustrate the dominant mechanisms bringing the DM density into
the allowed range: green for annihilation via t-channel exchange into
pairs of mediator particles Y that subsequently decay into SM parti-
cles, and yellow for rapid annihilation directly into SM particles via
the s-channel Y resonance. The diagonal dotted line indicates where
gDM = gSM, and the band where 1/3 < gDM/gSM < 3 is bounded by
dashed lines and shaded a darker yellow. . . . . . . . . . . . . . . . . 155

7.8 The likelihood functions for gSM (left panel) and gDM (right panel) as
functions of mY in the model with axial-vector couplings. The colour
coding has been used again to illustrate the dominant mechanisms
bringing the DM density into the allowed range: green for annihila-
tion via t-channel χ exchange into pairs of mediator particles Y that
subsequently decay into SM particles, and yellow for rapid annihila-
tion directly into SM particles via the s-channel Y resonance. . . . . . 156

7.9 The likelihood functions for gSM (left panel) and gDM (right panel)
as functions of mχ in the model with axial-vector couplings. The
colour coding illustrates the dominant mechanisms bringing the DM
density into the allowed range: green for annihilation via t-channel
χ exchange into pairs of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihilation directly into SM
particles via the s-channel Y resonance. . . . . . . . . . . . . . . . . . 156

7.10 Predictions for σSD
p and σSD

n in the DMSM with axial couplings. Left
panel: Contours of the likelihood function in the (mχ, σ

SD
p ) plane

for the axial-vector model, showing the rescaled upper limit from the
PICO-60 experiment [94] and the prospective sensitivity of the PICO-
500 [204] and LZ [199] experiments to σSD

p , as well as the neutrino
‘floor’ applicable to an experiment such as PICO-500 that uses C3F8

(shaded blue). Right panel: Contours of the likelihood function in the
(mχ, σ

SD
n ) plane for the axial-vector model, showing the rescaled up-

per limit from the XENON1T experiment [101] and the prospective
sensitivity of the LZ [199] experiment to σSD

n , as well as the neutrino
‘floor’ applicable to an experiment that uses Xenon (shaded blue). . . 157

19



LIST OF FIGURES LIST OF FIGURES

7.11 The likelihood functions for gSM (left panel) and gDM (right panel)
as functions of mχ in the model with vector couplings after the se-
lection 1/3 < gSM/gDM < 3. Again the colour coding is used to il-
lustrate the dominant mechanisms bringing the DM density into the
allowed range: green for annihilation via t-channel χ exchange into
pairs of mediator particles Y that subsequently decay into SM parti-
cles, and yellow for rapid annihilation directly into SM particles via
the s-channel Y resonance. . . . . . . . . . . . . . . . . . . . . . . . . 159

7.12 The likelihood functions for gSM (left panel) and gDM (right panel)
as functions of mχ in the model with axial-vector couplings after the
selection 1/3 < gSM/gDM < 3. The colour coding illustrates the dom-
inant mechanisms bringing the DM density into the allowed range:
green for annihilation via t-channel χ exchange into pairs of media-
tor particles Y that subsequently decay into SM particles, and yellow
for rapid annihilation directly into SM particles via the s-channel Y
resonance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.13 Predictions for σSI
p and σSD

n after the selection 1/3 < gSM/gDM < 3.
Left panel: Contours of the likelihood function in the (mχ, σ

SI
p ) plane

for the vector-like model, showing the current upper limits from the
LUX [82], PANDAX-II [99] and XENON1T [100] experiments to-
gether with the neutrino ‘floor’ [201] (shown as the dashed orange
line), and the range of σSI

p that will be probed by the upcoming ex-
periments LZ [199] and XENONnT [200]. Right panel: Contours of
the likelihood function in the (mχ, σ

SD
n ) plane for the axial-like model,

showing the upper limit from the XENON1T experiment [101] and the
prospective sensitivity of the LZ experiment that also uses a Xenon
target [199]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

20



List of Tables

2.1 Fermion fields in the Standard Model. Quarks carry SU(3) colour
charge (red, green or blue), while leptons are colourless. The subscript
i = 1, 2, 3 indexes the generation. The subscripts L and R indicate the
implicit chirality of the field. The entry associated to U(1) corresponds
to Y , the weak hypercharge. . . . . . . . . . . . . . . . . . . . . . . . 26

2.2 Gauge fields in the Standard Model. There are 8 gluon fields Ga
µ(a =

1, ..., 8) corresponding to 8 generators of SU(3)C. The 3 weak isospin
generators of SU(2)L are W i

µ(i = 1, 2, 3). The U(1)Y weak hyper-
charge symmetry has one singlet gauge field, Bµ. . . . . . . . . . . . . 27

2.3 Chiral superfields in the MSSM. Fermion fields are listed as left-
handed two component Weyl spinors. Therefore, right-handed fields
appear as the hermite conjugate. All family indices are supressed. . . 29

2.4 Vector superfields in the MSSM. . . . . . . . . . . . . . . . . . . . . . 30

3.1 Ranges of the SUSY SU(5) GUT parameters sampled, together with
the numbers of segments into which each range was divided, and the
corresponding total number of sample boxes. . . . . . . . . . . . . . . 52

3.2 The ranges of the pMSSM11 parameters sampled, which are divided
into the indicated numbers of segments, yielding the total number of
sample boxes shown in the last row. . . . . . . . . . . . . . . . . . . . 53

3.3 The ranges of the sub-GUT MSSM parameters sampled, together with
the numbers of segments into which they are divided, together with the
total number of sample boxes shown in the last row. The attention
has been restricted to positive values of the Higgs mixing parameter,
µ. The sign convention for A is opposite to that used in SoftSusy [60]. 54

3.4 The ranges of the DMSM parameters sampled, together with the num-
bers of segments into which they were divided during the sampling. . . 55

3.5 Summary of the simplified model limits from ∼ 36/fb of CMS data at
13 TeV used in the pMSSM11 and sub-GUT MSSM study. . . . . . . 66

3.6 List of experimental constraints used in the SUSY SU(5) GUT anal-
ysis, including experimental and (where applicable) theoretical errors:
supersymmetric theory uncertainties are indicated separately. . . . . . 72

3.7 List of experimental constraints updated in the pMSSM11 and sub-
GUT MSSM analysis compared to Table 3.6. The experimental and
theoretical errors in the SM and SUSY (sometimes in combination,
labelled “MSSM”) are indicated separately. The new LHC constraints
are all based on ∼ 36/fb of data at 13 TeV. . . . . . . . . . . . . . . 73

21



LIST OF TABLES LIST OF TABLES

4.1 Parameters of the best-fit point in the SUSY SU(5) GUT model, with
mass parameters given in GeV units. The numbers in parentheses in
the bottom row are for a fit that does not include the LHC 13-TeV
constraints and the recent PandaX-II and LUX constraints on DM
scattering. Note that the same convention for the sign of A0 as was
used in [175, 28, 29, 37, 64], which is opposite to the convention
used in, e.g., SoftSUSY, and that it was used the notation sign(m2)×√
|m2| → m for m5,m10,mHu and mHd. . . . . . . . . . . . . . . . . 78

4.2 Particle masses at the best-fit point in the SUSY SU(5) GUT model
(in GeV units). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.3 The principal χ2 contributions of observables at the best-fit point in
the SUSY SU(5) GUT model, together with the total χ2 function. . . 94

5.1 Values of the pMSSM11 input parameter set the best-fit points in-
cluding the LHC 13-TeV constraints, with and without the (g − 2)µ
constraint, as well as at representative points in the ‘nose’ regions in
the top left and right panels of Fig. 5.1. . . . . . . . . . . . . . . . . 102

5.2 Values of the pMSSM11 input parameters and values of the global χ2

function at the best-fit points including the LHC 13-TeV constraints,
with and without the (g − 2)µ constraint, as well as at representative
points in the ‘nose’ regions in the top left and right panels of Fig. 5.1.
Lower rows show the total χ2/d.o.f. and the corresponding p-values
for each point. These were calculated omitting the contributions from
HiggsSignals, which are shown separately in the last line. . . . . . 123

6.1 Values of the sub-GUT input parameters at the best-fit points with
and without (g − 2)µ and the LHC 13-TeV data. . . . . . . . . . . . . 128

6.2 Composition of the χ̃0
1 LSP at the best-fit points with and without

(g − 2)µ and the LHC 13-TeV data. . . . . . . . . . . . . . . . . . . . 136
6.3 The spectra at the best-fit points including the LHC 13-TeV data and

including (left column) or dropping (right column) the (g − 2)µ con-
straint. The masses are quoted in GeV. The three bottom lines give
the values of the χ2 function dropping HiggsSignals, the numbers of
degrees of freedom (d.o.f.) and the corresponding p-values. . . . . . . 144

22



Chapter 1

Introduction

One of the most significant challenges of humankind is to understand the Universe,
a rather philosophical task which has been progressing extraordinarily as we develop
theories and experiments able to explain what we observe in Nature. The interplay
between theory and experiment can be fascinating; The Standard Model (SM) of
particles physics [5, 6, 7, 8], the most successful description of natural phenomena,
had predicted the existence of many particles much before they were detected. Ar-
guably the most famous example is the Higgs boson, which was first predicted in the
1960’s but only discovered in 2012 by the CMS and ATLAS experiment at CERN [9,
10]. As it stands, the SM can describe the most fundamental constituents of bary-
onic matter and their interactions, and almost all of its theoretical predictions have
been experimentally verified with outstanding precision. However, it turns out that
what we observe in Nature is not always predicted by the SM.

The SM cannot explain neutrino mass, the matter-antimatter asymmetry of the
Universe, and most notably, the SM does not provide any dark matter (DM) candi-
date. As a matter of fact, while DM is known to exist due its gravitational effects at
galactic and cosmological scales, the SM lacks a description of gravitational inter-
actions. These issues, in addition to the infamous hierarchy problem, indicate that
the SM is not the ultimate theory of particle physics, but rather an effective theory,
very successful at low scales but incomplete and insufficient beyond. Therefore, at
energy scales larger than the SM scale, one can expect another theory to emerge,
a Beyond the Standard Model (BSM) theory, which will contain the SM and break
down to it at a sufficiently low scale.

By far, the most intensely studied class of BSM theories has been Supersymmetry
(SUSY). In addition to having specific properties needed to solve various theoretical
puzzles, SUSY theories contain a large number of experimental consequences and,
one of particular interest is the possibility of providing a DM candidate.

If DM is composed of weakly interacting massive particles (WIMPs) that were in
thermal equilibrium with SM particles in the early Universe, freeze-out calculations
suggest that the WIMP is likely to weigh O(TeV), in which case it could be produced
at accelerators, notably the Large Hadron Collider (LHC) [11]. Thus, the search for
WIMP DM particles has been one of the principal research objectives of the LHC
experiments, particularly ATLAS and CMS [12, 13, 14, 15, 16].

Several approaches have been taken to DM searches at the LHC, in both pre-
dictions for possible signals and interpretations of the search limits. Initially, many
analyses were based on specific BSM theories that predict WIMPs capable of provid-

23
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ing the cold DM, such as the already mentioned SUSY. These searches were typically
either for the production of heavier new particles followed by cascade decays to the
DM particle, or direct production of DM particles in association with a single SM
particle used for tagging purposes (the mono-X signature).

However, there are many other scenarios for possible BSM physics, and it is
desirable to fashion search strategies that facilitate the interpretation of results with
differing characteristics, minimising theoretical biases. Recently, growing attention
is being paid to more general model frameworks and analyses motivated by more
generic experimental signatures. One of the first such approaches was to construct
an effective field theory (EFT) for the interactions between DM and SM particles
[17], with a focus on the mono-X signatures. A shortcoming of this EFT approach
is that, in order to obtain the appropriate cosmological DM density, the DM/SM
interactions are likely to be mediated by particles in the TeV mass range, for which
the approximation of a contact interaction may be inadequate. In particular, the
LHC might also be capable of producing the mediator particle directly, providing
an additional signature beyond the EFT framework [18]. For this reason, interest
has been growing in Dark Matter Simplified Models (DMSMs) [18, 19, 20, 21, 22],
which postulate effective Lagrangians that include the mediator particle and its
interactions with both DM and SM particles explicitly.

In this thesis, global analyses using the MasterCode tool explore the experimen-
tal, phenomenological, astrophysical and cosmological constraints on both SUSY
and DMSMs [23, 1, 2, 3, 4].

The outline of this thesis is as follows. Chapter 2 gives a brief discussion of the SM
of particle physics, describes the Minimal Supersymmetric Standard Model (MSSM)
and introduces the models investigated in this work. These are the SUSY SU(5)
GUT, pMSSM11, sub-GUT MSSM. Relevant physical observables are discussed: the
dark matter relic density, elastic dark matter scattering off nuclei, the anomalous
magnetic dipole moment of the muon, electroweak precision observables, and flavour
physics observables. In addition to the SUSY models aforementioned, Chapter 2 also
introduces the DMSMs with a spin-1 mediator.

Chapter 3 specifies the input parameters of each model, the sampling procedure
and the scan range considered in the various analyses. The implementation of the
experimental constraints is discussed, taking into account their particular relevance
for each model.

Chapter 4 presents the results of the SUSY SU(5) GUT global analysis, Chapter
5 the results of the pMSSM11, and Chapter 6 the results of the sub-GUT MSSM
analysis. In each of these chapters, the first sections give a characterisation of the
dark matter mechanisms responsible for bringing the relic density to the allowed
region, followed by preferred regions of the parameter space, the one-dimensional
likelihood functions of the observables, results for the searches for dark matter scat-
tering and characterisation of best-fit points, spectra and decay modes.

Chapter 7 presents the results of the dark matter simplified models analyses. It
shows the allowed regions of the parameter space for the vector mediator case as
well as for the axial-vector. It also discussed possible ultraviolet completions of such
models.

Finally, Chapter 8 summarises the main conclusions and prospects of all global
analyses performed in this work.
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Chapter 2

Theory

This Chapter gives a brief literature review of the theoretical background which
contextualises the analyses carried out in this thesis. There is no focus here on the
motivations to build Beyond the Standard Model (BSM) theories, but rather an
assumption that these have been already established by the vast literature on the
topic. The outline of this Chapter is as it follows. Section 2.1 introduces the Stan-
dard Model (SM) of particle physics, specifying its particle content, the mechanism
through which particles acquire mass, and briefly commenting on of its “faults” at
the end of the Section. Section 2.2 introduces the Minimal Supersymmetric Stan-
dard Model (MSSM), describing its field content and characterises its mass spectrum.
Section 2.3 introduces the first model analysed in this thesis, the SUSY SU(5) GUT,
followed by the pMSSM11 in Section 2.4.1 and the sub-GUT MSSM in Section 2.5.
The observables are introduced in Section 2.6. Finally, Section 3.1.4 introduces the
Dark Matter Simplified Models (DMSMs).

2.1 The Standard Model

This section intends to give mainly a qualitative overview of the Standard Model
(SM) of particle physics, highlighting the symmetry groups used to describe the
theory and its particle content.

The SM of particle physics is a theory which describes the known fundamental
constituents of matter and their interactions. It is a renormalisable quantum field
theory (QFT) based on a SU(3)C × SU(2)L × U(1)Y local gauge symmetry. The
SU(3)C factor corresponds to the symmetry group of Quantum ChromoDynamics
(QCD), the gauge field theory, which describes the strong interactions of coloured
quarks and gluons. The SM incorporates the unified electromagnetic and weak
interactions by interpreting SU(2)L × U(1)Y as the group of gauge transformations
under which the Lagrangian is invariant. In QFT, particles are associated with
fields. The SM considers only fields with spin s = 0, 1

2
, 1.

Fermions (matter fields) are the spin−1
2

particles. They are subdivided into two
classifications of elementary particles: leptons and quarks. These can be charac-
terised depending on how they transform under the SM gauge group. The fermionic
content is, therefore, split into several representations of SU(3)C×SU(2)L×U(1)Y ,
which are shown in Table 2.1.

From Table 2.1:
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Field SU(3)C × SU(2)L × U(1)Y Spin

Qi = (uiL, diL)T (3,2,+1
6
) 1

2

uiR (3,1,+2
3
) 1

2

diR (3,1,−1
3
) 1

2

Li = (νiL, eiL)T (1,2,−1
2
) 1

2

eiR (1,1,−1) 1
2

Table 2.1: Fermion fields in the Standard Model. Quarks carry SU(3) colour charge
(red, green or blue), while leptons are colourless. The subscript i = 1, 2, 3 indexes
the generation. The subscripts L and R indicate the implicit chirality of the field.
The entry associated to U(1) corresponds to Y , the weak hypercharge.

Qi(3,2,
1
6
) =

(
uiL
diL

)
: Left-handed up-type and down-type quarks form SU(3)

triplet and SU(2) doublet;

uiR(3,1, 2
3
): right-handed up-type quarks form SU(3) triplet and SU(2) sin-

glet;

diR(3,1, 1
3
): right-handed down-type quarks form SU(3) triplet and SU(2)

singlet;

Li(1,2,−1
2
) =

(
νiL
eiL

)
: left-handed charged lepton and neutrino form SU(3)

singlet and SU(2) doublet;

eiR(1,1,−1): right-handed charged lepton forms both SU(3) and SU(2) sin-
glets.

The subscripts L and R denote left-handed and right-handed chiralities and i the
generation (i = 1,2,3) 1. All representations have also different weak hypercharges,
Y .

Spin-1 vector bosons mediate the interaction among the SM particles. These are:
8 gluons Ga

µ(a = 1, ..., 8) associated with the SU(3)C group, 3 weak gauge bosons
W i
µ(i = 1, 2, 3) associated with the SU(2)L group, and one hypercharge gauge bo-

son Bµ, associated with U(1)Y . These are listed in Table 2.2. Note that, while the
left-handed components of fermions Q and L have SU(2) doublets, the right-handed
components uR, dR and eR have SU(2) singles. It means that the left-handed and
right-handed components of fermions behave differently in processes involving elec-
troweak interactions - parity violation. The difference is that the components which
contains SU(2) doublets will couple to the electroweak gauge bosons associated with

1The quarks: u1 = u (up), u2 = c (charm), u3 = t (top); d1 = d (down), d2 = s (strange),
d3 = b (bottom); and leptons: l1 = e, l2 = µ, l3 = τ .
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Field SU(3)C × SU(2)L × U(1)Y Spin

Ga
µ (8,1, 0) 1

W i
µ (1,3, 0) 1

Bµ (1,1, 0) 1

Table 2.2: Gauge fields in the Standard Model. There are 8 gluon fields Ga
µ(a =

1, ..., 8) corresponding to 8 generators of SU(3)C. The 3 weak isospin generators of
SU(2)L are W i

µ(i = 1, 2, 3). The U(1)Y weak hypercharge symmetry has one singlet
gauge field, Bµ.

this group, and the components with SU(2) singlets will only couple to the U(1)Y
gauge bosons.

In the SM, to preserve the symmetry, all these fields have to be massless. A
mass term for the fermions would explicitly break the gauge symmetry since left,
and right-handed fermions have different SU(2)L and U(1)Y charges. Similarly,
a mass term for the gauge bosons would violate the transformations under the
gauge symmetries — however, massless fields are inconsistent with experimental
measurements of massive fermions and gauge bosons.

The basic idea is that the SM has the full gauge symmetry only at some high
energy scale, but at probed energy scales, the SM is in a ground state that does not
have the full symmetry. To explain that, a spontaneous symmetry breaking (ESB)
mechanism takes place, where the gauge symmetry is still intrinsic to the Lagrangian
density of the theory, but with no manifestation in its energy ground state, which,
in this case, is the quantum vacuum. This mechanism corresponds to adding to the
SM Lagrangian a term with a scalar field which has all gauge symmetries of the
theory, but it’s ground state does not. Thus, the Higgs mechanism.

The Higgs mechanism is a process which adds an SU(2) doublet of spin-0 fields
to the electroweak Lagrangian. This addition, a Higgs doublet H = (H+, H0)T ,
transforms under the (1,2, 1

2
) representation of the SM gauge group. The Higgs

mechanism is assigned to a potential which, at its minimum, develops a vacuum
expectation value (vev) v > 0, producing electroweak symmetry breaking (EWSB).
The scale v ∼ 246 GeV is called the electroweak symmetry breaking scale, or elec-
troweak scale. The electroweak symmetry SU(2)L×U(1)Y is therefore broken down
to U(1)em. The invariance under U(1)em transformations guarantees the presence
of neutral massless gauge boson, the photon.

After symmetry breaking, the massive vector bosons are

W±
µ =

1√
2

(W 1
µ ± iW 2

µ), Zµ =
1√

g2 + g′2
(gW 3

µ − g
′
Bµ), (2.1)

with non-vanishing masses at tree level,

MW = g
v

2
, MZ =

√
g2 + g′2

v

2
. (2.2)
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The remaining gauge boson is the orthogonal combination to Zµ,

Aµ =
1√

g2 + g′2
(g′W 3

µ + gBµ), (2.3)

The parameters g and g′ represent the coupling constants for the gauge fields.
Zµ and Aµ are the mass eigenstates of W 3

µ and Bµ, where Aµ corresponds to the
photon, gauge boson of U(1)em, that will stay massless. The colour group SU(3)C
is unaffected by the symmetry breaking, and thus the gluons are also massless.

As previously mentioned, the SM symmetry does not allow fermionic mass terms.
However, fermions acquire mass by introducing a coupling term, known as Yukawa
coupling, between the fermion doublets and the Higgs field. Once the Higgs field
gets a vev, all the SM fermions get a mass proportional to their Yukawa couplings.
The flavour structure of the SM Yukawa interactions is such that the quark mass
eigenstates differ from the weak interaction eigenstates.

Furthermore, given the self-interaction terms of the Higgs field, a new physical
state (the Higgs boson) also arises, with a mass given by:

mh = v
√

2λ, (2.4)

whose value is not predicted by the theory, since λ is unknown. Measurements of
the Higgs vev fix the properties of the SM Higgs via the gauge bosons masses and
the measurement of the Higgs mass from the LHC.

Despite the success of the SM in explaining the observed data at low energies,
there are many reasons it should not be accepted as a final theory of Nature. The
SM leaves many fundamental questions unanswered, starting by the fact that it must
be extended to incorporate the effects of quantum gravity arising at the Planck scale
λ ∼ 1019 GeV. Other puzzles include the number of fermion families and the lack
of unification of the three gauge couplings constants at the Grand Unification scale.
Another issue is the so-called hierarchy problem, which arises from the fact that
the SM does not explain why the Higgs should be light. Furthermore, there are
experimental data that the SM can not explain, such as the neutrino masses, the
presence of dark matter and the observed abundance of matter over antimatter. It
is not the scope of this work, however, to discuss these issues in details. One can
find in the literature a plethora of publications on each of the mentioned theoretical
and experimental topics, as well as in-depth motivations to build Beyond Standard
Model (BSM) theories which fully or partially address these issues. It is worth
mentioning though, that some of the models studied in this thesis are not only able
to account for the amount of dark matter density in the Universe, but are also
compatible with experimental measurements which show slight or severe deviations
from the SM predictions, such as the anomalous magnetic momentum of the muon,
g − 2, and some flavour observables (e.g. B → µ+µ−).

2.2 The Minimal Supersymmetric Standard Model

Supersymmetry (SUSY) is a symmetry that relates fermionic and bosonic degrees
of freedom. It, therefore, predicts new supersymmetric particles which are partners
of all the known particles and differ in spin by half a unit. It was proposed as a way
to solve the hierarchy problem, but it turned out to be able to address many other
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problems of the SM. SUSY is formulated as an extension of the SM, thus providing
many testable predictions, in particular, the existence of a dark matter candidate.

The Minimal Supersymmetric Standard Model (MSSM) is, as the name suggests,
the most minimal extension of the SM, including supersymmetry. It contains the
minimum set of fields and interactions necessary for a consistent supersymmetric
theory that can reproduce the SM phenomenology. The MSSM introduces one
superpartner for each SM particle. The superpartners of the SM fermionic fields
are named with the prefix “s-” e.g. selectron. The SM fermions live in chiral
supermultiplets listed in Table 2.3, which contain the spin-0 partners of the SM
fermions. One should note that there are two Higgs doublets listed in Table 2.3 along
with their supersymmetric partners. The reason here is a technical one involving the
generation of fermion masses. In the ordinary electroweak theory, one can use one
Higgs doublet to write down all possible Higgs—fermion Yukawa interaction terms.
When the Higgs acquires a vacuum expectation value, the fermions acquire mass.
In supersymmetry, not all Higgs—fermion interaction terms which occurred in the
non-supersymmetric theory are allowed (some terms would violate supersymmetry).
As a result, one finds that with one Higgs doublet, only quarks of a given charge can
acquire mass. One needs at least two Higgs doublets to give mass to both up-type
and down-type quarks (and leptons).

Superfield Spin 1
2

Spin 0 SU(3)C × SU(2)L × U(1)Y

Q̂ Q = (uL, dL)T Q̃ = (ũL, d̃L)T (3,2,+1
6
)

Û c u†R ũ∗R (3̄,1,−2
3
)

D̂c d†R d̃∗R (3̄,1,+1
3
)

L̂ L = (νL, eL)T L̃ = (νL, eL)T (1,2,−1
2
)

Êc e†R ẽ∗R (1,1,+1)

Ĥu H̃u = (H̃+
u , H̃

0
u)T Hu = (H+

u , H
0
u)T (1,2,+1

2
)

Ĥd H̃d = (H̃0
d , H̃

−
d )T Hd = (H0

d , H
−
d )T (1,2,−1

2
)

Table 2.3: Chiral superfields in the MSSM. Fermion fields are listed as left-handed
two component Weyl spinors. Therefore, right-handed fields appear as the hermite
conjugate. All family indices are supressed.

The superpartners of the SM bosonic fields are named with the suffix “-ino”, e.g.
higgsino. The gauge bosons live in gauge supermultiplets alongside with the spin−1

2

gauginos, as listed in Table 2.4. The SU(3)c colour charge interactions of QCD
are mediated by the gluon, whose spin-1/2 colour-octet supersymmetric partner is
the gluino. As usual, a tilde is used to denote the supersymmetric partner of an
SM state, so the symbols for the gluon and gluino are g and g̃ respectively. The
electroweak gauge symmetry SU(2)L×U(1)Y is associated with spin-1 gauge bosons
W+,W 0,W− and B, with spin-1/2 superpartners W̃+, W̃ 0, W̃− and B̃, called winos
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and bino. After electroweak symmetry breaking, the W 0, B0 gauge eigenstates mix
to give mass eigenstates Z0 and γ. The corresponding gaugino mixtures of W̃ 0 and
B̃ are called zino (Z̃0) and photino (γ̃). Gauge bosons must transform as the adjoint
representation of the gauge group, so their fermionic partners must also. Since the
adjoint representation of a gauge group is always its conjugate, the gaugino fermions
must have the same gauge transformation properties for left-handed and for right-
handed components. The gauginos in the MSSM are Majorana fermions (i.e. they
are their anti-particles). It should be noted that the superpartners of the SM fields
are not necessarily mass eigenstates as will be discussed later.

Superfield Spin 1
2

Spin 1 SU(3)C × SU(2)L × U(1)Y

Ĝ g̃ g (8,1, 0)

Ŵ W̃±, W̃ 0 W±,W 0 (1,3, 0)

B̂ B̃ B (1,1, 0)

Table 2.4: Vector superfields in the MSSM.

The following properties are noteworthy. The supersymmetric particles carry
with them quantum numbers (except spin) identical to those of their ordinary parti-
cle partners. For example, like the gluon, the gluino is a colour octet, flavour singlet.
The selectron, like the electron, carries a conserved electron number.

The general MSSM Lagrangian involving chiral supermultiplets can be derived
from the superpotential, which is an analytic function of the scalar components of
the chiral supermultiplets listed in Table 2.3. It can be written as [24]

WMSSM = yiju Û
c
i Q̂j · Ĥu + yijd D̂

c
i Q̂j · Ĥd + yije Ê

c
i L̂j · Ĥd + µĤu · Ĥd, (2.5)

where Q̂ is the superfield SU(2) doublet for the quarks and squarks, Û and D̂
are the up and down SU(2) singlet for the quarks and squarks, respectively. L̂ is
the superfield corresponding to the SU(2) doublet and Ê is the SU(2) singlet for
leptons and sleptons. Ĥu and Ĥd are SU(2) doublets for the Higgs boson up and
down, respectively. These have been listed in Table 2.3. yu,d,e are Yukawa couplings,
and µ is a dimensionful parameter which determines the Higgs self-coupling, as well
as the mass of the superpartners of the Higgs bosons (higgsinos). The indexes go
i, j = 1, 2, 3 for each generation. Moreover, the first three terms yield masses for the
charged leptons, up- and down-quarks. All of the dimensionless Yukawa coupling
parameters are 3×3 complex-valued matrices in the family space that determine the
masses and CKM mixing angles of the ordinary quarks and leptons, end therefore
constrained by precision measurements of the already known mass spectrum.

The MSSM superpotential in Eq. 2.5 does not contain any lepton number (L) or
baryon number (B) violating terms, even though such terms can be gauge invariant
and renormalizable. The non-observance of proton decays, such as p → e+π0 and
p→ µ+π0, experimentally motivates this choice [24]. While the lepton number and
baryon number conservations are accidental symmetries of the SM, a fundamental
symmetry is needed to make MSSM compatible with experimental constraints. This
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symmetry, which plays an important role in avoiding conflicts with electroweak
precision tests, is called R-parity and defined by [24]

R = (−1)3(B−L)+2s, (2.6)

where s is the spin of the particle. Effectively, this definition assigns a positive
R-parity PR = 1 to the SM particles and PR = −1 to their superpartners which,
besides solving the proton decay problem, has the consequence of making the lightest
supersymmetric particle (LSP) stable. Hence, if electrically neutral, the LSP could
be a candidate for dark matter.

In the exact supersymmetric limit, fermions and bosons have the same mass. If
this was the case, we should detect particles with the same mass of the electron, for
example, but with a different spin. Thus, we know that if SUSY exists, then it must
be a spontaneously broken symmetry, leading to more massive superpartners 2. In
this case, SUSY would be hidden at low energies in a manner analogous to the fate
of the electroweak symmetry in the SM.

The mechanisms to break supersymmetry always involve extending the MSSM
to include new particles and interactions at very high mass scales. It can be done by
introducing additional terms in the MSSM Lagrangian (the so-called “soft” terms)
with couplings of positive mass dimension to naturally maintain a hierarchy be-
tween the electroweak scale and the Planck mass scale. It is usually stated that
supersymmetry breaking occurs in a “hidden sector” of particles that have no (or
only very small) direct couplings to the “visible sector” chiral supermultiplets of the
MSSM. However, the two sectors do share some interactions that are responsible
for mediating supersymmetry breaking from the hidden sector to the visible sector,
resulting in the MSSM soft terms.

The soft SUSY breaking terms for the MSSM are [24]

Lsoft = −1

2
(M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c)

− (Auũ
cyuQ̃Hu − Add̃cydQ̃Hd − AeẽcyeL̃Hd + c.c)

− Q̃∗m2
QQ̃− L̃∗m2

LL̃− ũc
∗
m2
uũ

c − d̃c∗m2
dd̃
c − ẽc∗m2

ēẽ
c

−m2
HuHu

∗Hu −m2
Hd
Hd
∗Hd − (bµHuHd + c.c.). (2.7)

where the first line corresponds to the gluino M3, wino M2 and bino M1 mass terms.
The representation gauge indices on the wino and gluino fields have been suppressed,
as well as the gauge indices on all of the chiral supermultiplet fields. The second
line corresponds to the trilinear couplings (A-terms) between the scalar fermions
and the Higgs bosons, the third to scalar fermion mass terms and the bottom line
to bilinear and mass terms for the Higgs fields.

A careful count of the new parameters introduced in 2.7 reveals that there are
more than 100 parameters among masses, phases and mixing angles that were not
present in the SM. However, because most of the parameters imply flavour mixing
or CP-violating processes, they are severely constrained by existing experimental
results. A CP- and flavour-conserving model drastically reduces the number of
free parameters. Further considerations can be made to reduce the number of free

2A softly broken SUSY may still solve the SM fine-tuning problem (hierarchy problem), provided
that the new SUSY partners are not too much more massive than the scale of electroweak symmetry
breaking, such that the cutoff be somewhere in the range of the TeV scale.
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parameters even further, and such assumptions are considered in the SUSY models
studied in this thesis, and briefly discussed in Sections 2.2.2, 2.3, 2.4, and 2.5.

Finally, the MSSM provides a mechanism for electroweak symmetry breaking
(EWSB), which is followed by the creation of the masses of the physical particles
(or mass eigenstates). The mass spectrum of the MSSM is the following section.

2.2.1 Mass spectrum

In the MSSM several mechanisms co-exist to turn the gauge eigenstates listed in
Table 2.4 into physical mass eigenstates. Heavy gauge bosons and SM ordinary
fermions can only acquire mass employing electroweak symmetry breaking, although
the mechanism itself is more complicated than for the case of the SM since here there
are two complex Higgs doublets. Massive supersymmetric particles, on the contrary,
can also have a Lagrangian mass term in the absence of electroweak symmetry break-
ing, as was already shown in the Lsoft SUSY-breaking terms in 2.7. A mass term
m2|φ|2 is allowed by all gauge symmetries for complex scalar fields like squarks,
sleptons and Higgs scalars. Higgsino and gaugino mass terms are not forbidden by
chiral symmetry since both have the same gauge transformation properties for left-
handed and right-handed components (are Majorana fermions). Upon electroweak
symmetry breaking and with the inclusion of supersymmetry breaking terms, there
can be mixing between the electroweak gauginos and the higgsinos, and between
particles/sparticles sharing the same quantum numbers. The EWSB and the mass
eigenstates of the MSSM are discussed below.

Electroweak symmetry breaking and the Higgs bosons

The scalar potential of the MSSM for the neutral components of the Higgs mul-
tiplets is [24]

V = (|µ|2 +m2
Hu)|H0

u|2 + (|µ|2 +m2
Hd)|H0

d |2 − (BµH0
uH

0
d + c.c.)

+
1

8
(g2 + g

′2)(|H0
u| − |H0

d |2 − |H0
d |2)2. (2.8)

The condition for this scalar potential to have a non-trivial minimum, consistent
with the SM minimum, are [24]

m2
Hu + |µ|2 −Bµcotβ − 1

2
M2

Zcos(2β) = 0,

m2
Hd + |µ|2 −Bµtanβ +

1

2
M2

Zcos(2β) = 0, (2.9)

where MZ is the mass of the Z boson, M2
Z = 1

2
v2(g2 + g

′2), and β is defined through
the ratio of the vacuum expectation values of H0

u and H0
d

tanβ =
vu
vd

(2.10)

with vu = 〈H0
u〉 and vd = 〈H0

d〉.
Hence, the conditions in 2.9 imply that there is a minimum in the potential that

breaks the electroweak symmetry, and that minimum depends on the value of the soft
SUSY breaking parameters m2

Hu and m2
Hd. One or both of these parameters can be
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driven to be negative around the EW scale, mainly due to the large Yukawa coupling
of the top quark during the evolution of the Renormalisation Group Equations
(RGEs), thus providing a dynamical mechanism of symmetry breaking.

After electroweak symmetry breaking, three out of the eight components of the
Higgs doublets will become Nambu-Goldstone bosons, acting as the longitudinal
degrees of freedom of the gauge fields. The other five components will be massive
states, two neutral CP-even scalars, h and H, one neutral CP-odd pseudoscalar, A,
and two charged H±. The mass eigenstates are obtained from the gauge eingestates.
At tree level, the mass of the Higgs particles are [24]

m2
A = 2|µ|2 +m2

Hu +m2
Hd,

m2
H± = m2

A +M2
W ,

m2
h,H =

1

2
(m2

A +M2
Z ±

√
(m2

A −M2
Z)2 + 4M2

Zm
2
Asin2(2β)). (2.11)

The lightest Higgs boson h will have SM-like properties, provided the mixing between
h and H is small. In this approximation, the mass of h increases with m2

A, so there
is an upper bound for it which is reached in the limit mA � mZ :

mh < mZ |cos 2β| < mZ . (2.12)

The Higgs mass is known to be very sensitive to radiative corrections; Whereas
the quadratic dependence on the cutoff scale has been eliminated, there are still
quadratic dependencies on the splitting between particle and sparticle masses intro-
duced by Lsoft. Therefore, in theory, the lightest Higgs in the MSSM can have an
arbitrarily large mass, but in order not to reintroduce a fine-tuning problem in the
theory, these radiative corrections should not be too large. There is no unique and
objective criterion to evaluate this, but there is a general belief that the sparticles
masses should not be much heavier than 1 TeV. However, to this date, LHC searches
for gluino and squarks have found nothing. However, the discovery of a 125 GeV
Higgs particle is compatible with a 1 TeV scale supersymmetry, because the limit
on mh is raised to 135 GeV by radiative corrections. The main contribution usually
comes from an incomplete cancellation between the top and stop loops. The relative
contribution can be written as follows:

m2
h < m2

Z +
2g2m4

t

8π2m2
W

[log(
m2
S

m2
t

) +
X2
t

m2
S

(1− X2
t

12m2
S

)], (2.13)

where Xt ≡ At − µcot β is the stop mixing parameters and mS ≡ √mt̃1mt̃2 is their
geometric mean mass. The stops t̃1 and t̃2 are mainly a mixture of the superpartners
of the right and left handed stops. In fact, while the effect is more pronounced in
the third generation, all squarks and all sleptons mix amongst themselves. Many of
the other supersymmetric particles will also have mass eigenstates that differ from
the gauge eigenstates.

The squarks and sleptons

Sfermions mix due to the Yukawa couplings of the superpotential, Eq. 2.5 and
the A-terms in the soft SUSY breaking Lagrangian, Eq. 2.7.
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The sfermion mass terms of the MSSM Lagrangian are given by [24]

L = −1

2

(
f̃ †L f̃ †R

)(M2
L +m2

f mfX
∗
f

mfXf M2
R +m2

f

)(
f̃L
f̃R

)
, (2.14)

with

M2
L = M2

F̃
+M2

Zcos2β(If3 −Qfs
2
W ),

M2
R = M2

F̃ ′
+M2

Zcos2βQfs
2
W ,

Xf = Af − µ∗{cot β, tan β}, (2.15)

where {cot β, tan β} applies for the up- and down-type sfermions, respectively, and
s2
W ≡ sin2θW = 1 −M2

W/M
2
Z . If3 and Qf are the third component of isospin and

electric charge of the fermion f . MF̃ ,F̃ ′ denote the left-handed and right-handed soft
SUSY breaking mass parameters respectively. The off-diagonal elements in these
matrices mix left and right sparticles, but in some situations they can be ignored
for the first two generations, and their mass eigenstates are referred as the f̃R and
f̃L. On the other hand, mixing between stops, sbottoms and staus is significant,
therefore t̃L,R, b̃L,R and τ̃L,R give rise to mass eigenstates t̃1,2, b̃1,2 and τ̃1,2. For stops
in particular, this mixing is enhanced with a big Xt factor, and so a 125 GeV Higgs
boson seems to imply a large top trilinear coupling At and/or a large tan β. However,
these two parameters also have implications for low-energy physics; in particular,
many processes violating charged lepton number depend on the sixth power of tan
β, while BR(Bs → µµ) is sensitive to At.

In case of real µ and A parameters, the mass matrices of the third generation
sfermions are diagonalised with a rotation matrix U f̃ , so that the mass eigenstates
are obtained via (

f̃1

f̃2

)
= Uf̃

(
f̃L
f̃R

)
, (2.16)

and the mass eigenvalues are [25]

m2
f̃1,2

= m2
f +

1

2
[M2

L +M2
R ±

√
(M2

L −M2
R)2 + 4m2

f |Xf |2]. (2.17)

The sneutrino masses are given by [26]

m2
ν̃,i = (m2

L)ii +
1

2
M2

Zcos2β. (2.18)

Neutralino and Chargino Masses

As a result of electroweak symmetry breaking, the neutral and charged Bino, Wino
and Higgsino gauge-eigenstates mix and constitute the neutralino and chargino mass
eigenstates.

The part of the Langrangian that gives mass to the neutralinos is given by [24]

L = −1

2
(ψ0)TY ψ0 + c.c., (2.19)
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where (ψ)T = (B̃, W̃ 0, H̃0
d , H̃

0
u) are gauge-eigenstates, and

Y =




M1 0 −cβsWMZ sβsWMZ

0 M2 cβcWMZ −sβcWMZ

−cβsWMZ cβcWMZ 0 −µ
sβsWMZ −sβcWMZ −µ 0


 (2.20)

with the common abbreviations sβ = sinβ, cβ = cosβ, sW = sinθW , and cW =
cosθW . The matrix Y can be diagonalised by an orthogonal matrix N such that,
NY N−1 = diag(mχ̃0

1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4
), where χ̃0

i denote the neutralino mass eigen-
states. By convention, the index is ordered such that mχ̃0

1
< mχ̃0

2
< mχ̃0

3
< mχ̃0

4
and

they are obtained from the gauge-eigenstates via

χ̃0
i = N ijψ

0
j . (2.21)

The limit when MZ � |µ ± M1|, |µ ± M2|, in which case the elements that
scale with MZ can be treated as perturbations of the neutralino mixing matrix, so
that the neutralino mass eigenstates are very nearly Bino-like (χ̃0

i1
≈ B̃), Wino-like

(χ̃0
i2
≈ W̃ 0) and Higgsino-like χ̃0

i3
, χ̃0

i4
≈ (H̃0

u ± H̃0
d)/
√

2 and their masses are given
by [24]

χ̃0
i1

= M1 −
M2

Zs
2
W (M1 + µ sin 2β)

µ2 −M2
1

+ ... ,

χ̃0
i2

= M2 −
M2

Z(M2 + µ sin 2β)

µ2 −M2
2

+ ... ,

χ̃0
i3

= |µ|+ M2
Z(I − sin 2β)(µ+M1c

2
W +M2s

2
W )

2(µ2 +M1)(µ+M2)
+ ... ,

χ̃0
i4

= |µ|+ M2
Z(I + sin 2β)(µ−M1c

2
W −M2s

2
W )

2(µ2 −M1)(µ−M2)
+ ... . (2.22)

The equations in 2.22 assume that M1 and M2 are real and positive and µ is
real with sign I ± 1. The subscripts i1...i4 are used to highlight that no hierarchy is
assumed here.

The part of the Lagrangian that gives mass to the charginos is given by [24]

L = −1

2
(ψ±)T

(
0 XT

X 0

)
ψ± + c.c. (2.23)

where (ψ±)T = (W̃+, H̃+
u , W̃

−, H̃−d ) again denote the gauge eigenstates and

X =

(
M2

√
2sβMW√

2cβMW µ

)
. (2.24)

This matrix can be diagonalised by two unitary 2×2 matrices U and V as U ∗XV −1 =
diag(mχ̃±1

,mχ̃±2
). Here, mχ̃±1,2

are the mass eigenstates of the mixture of gauge eigen-

states obtained via
(
χ̃+

1

χ̃+
2

)
= V

(
W̃+

H̃+
u

)
,

(
χ̃−1
χ̃−2

)
= U

(
W̃−

H̃−d

)
. (2.25)
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The masses are explicitly given by

m2
χ̃±1
,m2

χ̃±2
=

1

2
{|M2|2+|µ|2+M2

W±
√

(|M2|2 + |µ|2 + 2M2
W )2 − 4|µM2 −MW sin 2β|2}.

(2.26)
in the limit of Eq. 2.22 the chargino masses are given by

mχ̃±i1
= M2 −

MW (M2 + µsin 2β)

µ2 −M2
2

+ ... ,

mχ̃±i2
= |µ|+ MW I(µ+M2sin 2β)

µ2 −M2
2

+ ... . (2.27)

2.2.2 The CMSSM

This section gives a quick review of the assumptions made to build the Constrained
MSSM (CMSSM) [24]. Although the CMSSM is not studied in this thesis, it is a
benchmark model, and many of the assumptions made in the following sections are
based on the ones presented here.

As already mentioned in Section 2.2, the MSSM contains over 100 physical real
degrees of freedom, which hardly makes it a minimal model in terms of the number
of parameters. Analysing the phenomenology of the MSSM is complicated unless
its parameter space is reduced by taking into account low energy experimental data.
From a theoretical point of view, the large parameter space of the MSSM is also
a problem because this model is more fundamental than the SM, and yet it is
less predictive. It is, however, commonplace to have universal soft SUSY break-
ing parameters at some high scale, typically around or at the unification scale.
Phenomenologically, this corresponds to the scenario known as CMSSM, and it is
realised by applying the following boundary conditions at the GUT scale

M1 = M2 = M3 = m1/2,

m2
Q = m2

L = m2
u = m2

d = m2
e = m2

01,

m2
Hd

= m2
Hd

= m2
0,

Au = Ad = Ae = A0 (2.28)

where m1/2 is the common gaugino mass, m0 the common scalar mass and A0 the
common triliniear coupling. There are two more parameters from Eq. 2.7, b and µ,
which can be replaced by tan β and sign µ.

In order to calculate physical observables near the electroweak scale, the soft
SUSY breaking parameters need to be evolved from the input scale using the renor-
malisation group equations (RGEs), which can be found in Ref. [24].

There have been several attempts to fit experimental results to the CMSSM
[27], as well as Non-universal Higgs Mass (NUHM) models [28, 29], which extend
the CMSSM by allowing the masses of the Higgs doublets to be different than m0,
either m2

Hu
= m2

Hd
6= m2

0 (NUHM1) [28] or m2
Hu
6= m2

Hd
6= m2

0 (NUHM2) [29]. In this
thesis, other SUSY models are investigated. These are presented in the following
sections.
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2.3 Supersymmetric SU(5) GUT model

The SUSY SU(5) GUT model assumes a universal, SU(5)-invariant gaugino mass
parameter m1/2, which is input at the GUT scale, as are the other SUSY-breaking
parameters.

The multiplet assignments of matter fields in the minimal supersymmetric GUT
are [1]:

(qL, u
c
L, e

c
L)i ∈ 10i, (`L, d

c
L)i ∈ 5̄i , (2.29)

where the subscript i = 1, 2, 3 is a generation index. The only relevant Yukawa
couplings are those of the third generation. Particularly those of the t quark (and
possibly the b quark and the τ lepton) that may play an important role in generating
electroweak symmetry breaking. The soft SUSY-breaking scalar masses for the
different 10i and 5̄i representations are universal in generation space and are denoted
by m10 and m5, respectively. In contrast to the CMSSM, NUHM1 and NUHM2,
m5 6= m10 is allowed. Similarly to the CMSSM, NUHM1 and NUHM2, A0 is a
universal soft trilinear SUSY-breaking parameter.

There are two Higgs doublets Hu and Hd in 5 and 5̄ representations that break
electroweak symmetry and give masses to the charge +2/3 and charge -1/3 and
-1 matter fields, respectively. This assumption gives a reasonable relation between
the masses of the b quark and the τ lepton [30, 31, 32], but not for the lighter
charge -1/3 quarks and charged leptons. However, whatever physics resolves this
issue is irrelevant for the analysis in this thesis, as would be the case, for instance, if
corrections to the naive SU(5) mass relations were generated by higher-dimensional
superpotential terms [33]. In the absence of any phenomenological constraints, the
soft SUSY-breaking contributions to Hu and Hd masses, mHu and mHd are allowed
to be different from each other, as in the NUHM2, as well as from m5 and m10.
As in the CMSSM, NUHM1 and NUHM2, the ratio of Higgs vacuum expectation
values, tan β, is a free parameter.

In addition to these electroweak Higgs representations, one or more Higgs repre-
sentations are required to break the SU(5) GUT symmetry. The minimal possibility
is a single 24 representation Σ, a scenario not considered in this work. It is well
known that this scenario has problems with rapid proton decay 3 and GUT threshold
effects on gauge coupling unification. These issues are assumed to be resolved by
the appearance of additional fields at or around the GUT scale and are otherwise
irrelevant for TeV-scale phenomenology. The effective low-energy Higgsino mixing
coupling µ is a combination of an input bilinear HuHd coupling and possible trilinear
and higher-order couplings to GUT-scale Higgs multiplets such as HuΣHd. These
combine to yield µ = O(1) TeV and positive.

2.4 The Phenomenological MSSM

The phenomenological MSSM (pMSSM) [24] makes no unification hypothesis at the
GUT scale; hence, the soft SUSY-breaking parameters are not constrained by any
universality assumptions. Instead, to reduce the vast number of parameters of the
MSSM, the following assumptions can be made [35]:

3This problem becomes less severe for supersymmetry-breaking scales beyond a TeV [34].
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No new source of CP-violation

Experimental limits on the electron and neutron electric moments constrain new
sources of CP-violation. Assuming that all phases in the soft-SUSY breaking po-
tential are zero eliminates all new sources of CP-violation and leads to a drastic
reduction of the number of parameters.

No Flavour Changing neutral currents (FCNC)

The non-diagonal terms in the sfermion mass matrices and the trilinear coupling
matrices can induce a substantial violation of FCNC which are severely constrained
by experimental data. These constraints amount to a severe limitation of the pat-
tern of these matrices. Assuming both matrices for sfermion masses and trilinear
couplings are diagonal also leads to a drastic reduction of the number of parameters.

First and Second Generation Universality

Experimental data, e.g. from K0 − K̄0 mixing [36], severely limit the splitting
between the masses of the first- and second-generation squarks. One can assume,
therefore, that the soft-SUSY breaking scalar masses are the same for the first and
second generations. Because the trilinear couplings are proportional to the fermion
masses, they are important only in the case of the third generation; one can, there-
fore, set the ones of the first and second generations to zero.

Thus, making these assumptions will lead to the following 19 input parameters
[35]:

the ratio of the vev of the two-Higgs doublet fields : tan β

the mass of the pseudoscalar Higgs boson : MA

the Higgs-higgsino mass parameter : µ

the bino, wino and gluino mass parameters : M1,M2,M3

first/second generation sfermion masses : mq̃,mũR ,md̃R
,ml̃,mẽR

third generation sfermion masses : mQ̃,mt̃R
,mb̃R

,mL̃,mτ̃R

third generation trilinear couplings : At, Ab, Aτ .

The remaining three parameters m2
Hu
,m2

Hd
and b of Eq. 2.7 are determined through

the electroweak symmetry breaking conditions and the value of MA. The pMSSM
specifies the soft SUSY-breaking parameters at the SUSY breaking scale MSUSY ≡√
mt̃1mt̃2 .
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2.4.1 pMSSM11

In this thesis, an 11-parameter version of the pMSSM model is considered, the
pMSSM11. These are taken to be:

the ratio of the vev of the two-Higgs doublet fields : tan β

the mass of the pseudoscalar Higgs boson : MA

the Higgs-higgsino mass parameter : µ

3 gaugino masses : M1,M2,M3

2 squark masses : mq̃ ≡ mq̃1 ,mq̃2

6= mq̃3 = mt̃,mb̃

2 slepton masses : ml̃ ≡ ml̃1
,ml̃2

= mẽ,mµ̃1

6= ml̃3
= mτ̃ ,

1 trilinear couplings : A.

where q1,2 ≡ u, d, s, c. The pMSSM11 assumes soft SUSY-breaking parameters for
left- and right-handed sfermions, and the sneutrinos have the same soft SUSY-
breaking parameter as the corresponding charged sfermions. All of these parameters
are specified at a renormalisation scale MSUSY given by the geometric mean of the
masses of the scalar top eigenstates, MSUSY ≡ √mt̃1mt̃2 , which is also the scale
at which electroweak symmetry breaking conditions are imposed. The sign of the
mixing parameter µ is allowed to be either positive or negative. The important
difference from the pMSSM10 scenario studied previously [37] is that the first- and
second-generation slepton mass m˜̀ and the stau mass mτ̃ are decoupled in the
pMSSM11

2.5 sub-GUT MSSM

The sub-GUT MSSM model is an intermediate class of SUSY models, in which the
universality of the soft SUSY-breaking parameters is imposed at some input scale
Min below the GUT scale MGUT but above the electroweak scale [38, 39]. Models in
this class are well motivated theoretically, since the soft SUSY-breaking parameters
in the visible sector may be induced by some dynamical mechanism such as gluino
condensation that kicks in below the GUT scale. Specific examples of sub-GUT
models include warped extra dimensions [40] and mirage mediation [41].

Sub-GUT models are of particular phenomenological interest since the reduction
in the amount of renormalisation-group (RG) running below Min, compared to that
below MGUT in the CMSSM and related models, leads naturally to SUSY spectra
that are more compressed [38]. These may offer extended possibilities for ‘hiding’
SUSY via suppressed missing transverse energy ( /ET ) signatures, as well as offering
enhanced possibilities for different coannihilation processes. Other possible effects
of the reduced RG running include a stronger lower limit on mχ̃0

1
because of the

smaller hierarchy with the gluino mass, a stronger lower limit on the DM scattering
cross-section because of a smaller hierarchy between mχ̃0

1
and the squark masses,

and higher tension between LHC searches and a possible SUSY explanation of the
measurement of (g − 2)µ [42, 43], because of the smaller hierarchies between the
gluino and squark masses and the smuon and χ̃0

1 masses.

39



CHAPTER 2. THEORY 2.6. OBSERVABLES

The sub-GUT model studied in this thesis is a generalisation of the CMSSM,
which has five free parameters, comprising Min as well as a common gaugino mass
m1/2, a common soft SUSY-breaking scalar mass m0, a common trilinear mixing
parameter A and the ratio of MSSM Higgs vevs tan β, assuming that the Higgs
mixing parameter µ > 0.

2.6 Observables

2.6.1 Dark Matter relic density

Weakly Interacting Massive particles (WIMPs) are one of the most attractive candi-
dates to account for the cold DM in the Universe. WIMPs have masses around the
electroweak scale, are weakly interacting with baryonic matter, charge and colour
neutral, and stable. Interestingly, it would be thermally produced with correct abun-
dance to account for the observed DM density ΩCDMh

2, which is further discussed
below.

At sufficiently early times after the big bang, when the temperatures are greater
than the mass of the WIMP particle, T � mχ, the equilibrium number density
of such particles is nχ ∝ T 3, but for lower temperatures, T � mχ, the equilib-
rium abundance is exponentially suppressed, nχ ∝ e−mχ/T . If the expansion of the
Universe were slow enough that thermal equilibrium were always maintained, the
number of WIMPs today would be infinitesimal. However, the Universe is not static,
so equilibrium thermodynamics is not the entire story [44].

At high temperatures (T � mχ), WIMPs are abundant and rapidly converting
to lighter particles and vice versa. Shortly after T drops below mχ, the number
density of WIMPs drops exponentially, and the rate Γ = 〈σv〉nχ for annihilation of
WIMPs - where 〈σv〉 is the thermally averaged total cross section σ for annihilation
of χχ̄ into lighter particles times relative velocity v - drops below the expansion
rate, Γ . H. At this point, the WIMPs cease to annihilate efficiently, they fall
out of equilibrium, and a relic cosmological abundance remains. The equilibrium
(solid line) and actual (dashed line) abundances of WIMPs per comoving volume
are plotted in Fig. 2.1 as a function of x ≡ mχ/T (which increases with increasing
time). As the annihilation cross section is increased, the WIMPs stay in equilibrium
longer, so we are left with a smaller relic abundance when they do finally freeze out.
An approximate solution to the Boltzmann equation yields the cosmological WIMP
abundance Ωχ (in units of the critical density ρc),

Ωχh
2 =

mχnχ
ρc

≈ 0.1(
3x10−26cm3sec−1

〈σAv〉
) (2.30)

The result is to a first approximation independent of the WIMP mass and is fixed
primarily by the annihilation cross section, which is discussed later on in Sec. 3.3.1.

The “standard” cosmological model (ΛCDM), which describes the current un-
derstanding of cosmology, is based upon a spatially-flat, expanding Universe whose
dynamics are governed by General Relativity and whose constituents are dominated
by cold dark matter (CDM) and a cosmological constant (Λ) at late times [45]. The
measurement of the total CDM density is given by Planck 2015 [46]:

ΩCDMh
2 = 0.1188± 0.0020 (2.31)
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Figure 2.1: Comoving number of density of WIMPs in the early Universe. The
dashed curves are the actual abundances for different annihilation cross sections,
and the solid curve is the equilibrium abundance [44].

Dark matter annihilation for Simplified Models

The relic abundance is approximately proportional to the inverse of the annihilation
cross-section, Ωχh

2 ∝ 1/〈σv〉. If the annihilation is dominated by the s-channel
process χχ → Y (∗) → Standard Model particles, the leading expression for the
cross-section takes the form [47, 48]

〈σv〉s ' 〈
cY
32π

g2
SMg

2
DMm

2
χ

(m2
χv

2 + 4m2
χ −m2

Y )2 +m2
Y Γ2

Y

〉 , (2.32)

where cY is an O(1) constant for the vector mediator, whereas for the axial mediator
it is suppressed by the quark mass and the relative velocity, v, of the annihilating DM

particles: cY ∼ a
m2
q

m2
χ

+ bv2. The total width of Y is given by ΓY = ΓχχY +Nc

∑
q ΓqqY ,

where Nc = 3 is a colour factor and

ΓXXY =
g2
XmY

12π
· f
(
m2
X

m2
Y

)
, (2.33)

where X = χ (DM), q (SM), and

f(x) =

{
(1 + 2x)(1− 4x)1/2 (vector)

(1− 4x)3/2 (axial vector)
, (2.34)

where x ≡ (mX/mY )2. The width of Y becomes particularly important in the
resonant region, where mY ' 2mχ and ΓχχY � ΓY because of phase-space suppres-
sion. In the axial-vector case, 〈σv〉s is approximately proportional to v2 through cY
and, if gSM � 1, the velocity term dominates the denominator of Eq. (2.32) at the
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resonance. This leads to the approximate scaling

Ωχh
2 ∝∼

1

〈σv〉s
∝∼

m2
Y

g2
SMg

2
DM

, (2.35)

where ∝∼ denotes approximate proportionality. On the other hand, in the vector
case the annihilation is s-wave and the narrow-width approximation is applicable
for gSM � 1, and one finds that in the limit gSM → 0

1/[(m2
Y − 4m2

χ)2 +m2
Y Γ2

Y ]

→ δ(m2
Y − 4m2

χ)/(mY ΓY ) , (2.36)

so the scaling of the relic density is expected to be

Ωχh
2 ∝∼

1

〈σv〉s
∝∼
m2
Y

g2
DM

(2.37)

near the Y peak. However, one can recall that χχ annihilation takes place in a
thermal bath, with collisions taking place at a range of centre-of-mass energies ≥
2mχ. For this reason, annihilations at an effective centre-of-mass energy within
O(ΓY ) of mY do not dominate when ΓY is very small. It can be found numerically
that (2.37) captures the gDM dependence of Ωχh

2, and that it depends only weakly
on gSM over an intermediate range of gSM, but that Ωχh

2 increases at both large and
small gSM :

Ωχh
2 ∝∼

m2
Y g

2
SM

g2
DM

(2.38)

for gSM � gDM and

Ωχh
2 ∝∼

m2
Y

g2
SM

(2.39)

for gSM � gDM. The dependence on gDM in this case depends on the relative sizes of
the width and mass difference between mY and 2mχ [48]. If ΓY /mY > (1−4m2

χ/m
2
Y )

and mY > 2mχ then Ωχh
2 is proportional to g2

DM. However, if the width is very
small (for example if gSM is very small and mY < 2mχ), then the denominator in
(2.32) is dominated by the mass difference and Ωχh

2 is inversely proportional to
g2

DM, as seen in Eq. (2.35) for the axial-vector case.
Another important process is the t-channel process χχ → Y Y for mχ > mY .

The leading contribution to the t-channel cross-section is given by [47]

〈σv〉t '
g4

DM

32π

(m2
χ −m2

Y )3/2

mχ(2m2
χ −m2

Y )2
, (2.40)

and is kinematically forbidden when mχ < mY . Fig. 2.2 shows the Feynman dia-
grams for the dark matter annihilation channels.

Neutralino (co)annihilations

As mentioned in Section 2.2, the neutralino, which is the LSP in the R-parity con-
served MSSM, is one of the candidates for the dark matter in the Universe. Depend-
ing on its dominant composition, one can distinguish bino-, wino-, or higgsino-like
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Figure 2.2: Left: rapid annihilation directly into SM particles via the s-channel
Y resonance. Right: annihilation via t-channel χ exchange into pairs of mediator
particles Y that subsequently decay into SM particles

χ̃0
1, or a mixed state with a non-negligible admixture of two or more gauge eigen-

states.
There exist two generic mechanisms to obtain the correct DM relic density given

in 2.31. One is that the LSP can pair annihilate into the SM particles. The other is
that the LSP can coannihilate with some other species when their masses are nearly
degenerate.

In the case of the bino-like neutralino, the relic density can vary by several
orders of magnitude for a given mχ̃0

1
, since it is susceptible to the details of the MSSM

spectrum. Generically, the bino-like neutralino annihilation rate is dominated by t-
channel slepton exchange χ̃0

1χ̃
0
1 → ll̃. By varying the neutralino and the slepton l̃

masses, one can obtain Ωχ̃0
1
h2 spanning a few orders of magnitude. An important

mechanism involving the bino-like LPS is the sfermion coannihilation. In this case,
the neutralino and sfermions have nearly degenerate masses. Fig. 2.3 shows the
relevant diagrams.

Figure 2.3: Feynman diagrams corresponding to the sfermion coannihilation region.

Other mechanisms that can lead to a reduction of Ωχ̃0
1
h2 for the bino-like neu-

tralino are associated with the resonant annihilation χ̃0
1χ̃

0
1 via the s-channel exchange

of boson Z, the light scalar Higgs particle h or heavy (pseudo)scalar Higgs bosons
H/A. These are called the Z-, h- and H/A-funnel regions, respectively. Fig. 2.4
shows the corresponding diagram for the A/H funnel. The higgsino-like LSP an-
nihilates predominantly into W+W− and ZZ pairs if it is heavy enough. However,
taking into account only χ̃0

1χ̃
0
1 → SM channels turns out to be insufficient to accu-

rately calculate Ωχ̃0
1
h2 since the higgsino-like neutralino is always mass-degenerate

with the second to the lightest neutralino and the lighter chargino. The chargino
coannihilation can take place when the χ̃0

2 and χ̃±1 have nearly degenerate masses
with the LSP. If the χ̃±1 coannihilation is not the dominant annihilation mechanism,
the higgsino-like χ̃0

1 can annihilate via t-channel exchange of the stop and t-channel
chargino exchange, which corresponds to the focus point region. Fig. 2.5 shows the
corresponding diagram.
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Figure 2.4: Feynman diagram corresponding to the A/H funnel region.

Figure 2.5: Example of a Feynman diagram corresponding to the focus point.

Mechanisms involving the wino-like LSP also exist. However, these do not
play an important role in the model’s studies in this thesis and therefore, are not
discussed here. The DM mechanisms relevant to each of the SUSY models studied
in this thesis are introduced in Chapters 4, 5 and 6, corresponding to the SUSY
SU(5) GUT, pMSSM11 and sub-GUT MSSM models, respectively.

2.6.2 Neutralino scattering off nuclei

In the R-parity conserved MSSM, the neutralino can be considered to be a WIMP.
If the Milky Way’s DM halo is composed of neutralinos, a small but potentially
measurable fraction of the neutralino flux on Earth will elastically scatter off nuclei.
Direct Detection (DD) experiments aim to detect WIMPs via the nuclear recoils,
caused by WIMP elastic scattering, in dedicated low background detectors. The
DD experiments considered in this thesis are introduced in Sec 3.3.2.

Analyses of DD searches depend on the properties of the DM halo, such as the
local density and velocity distribution. These searches typically assume that DM is
distributed as an isotropic, isothermal sphere with a local density of 0.3 GeV/cm3

and Maxwell-Boltzmann velocity distribution, but cutoff at the escape velocity of
the galaxy.

The WIMP-nucleus differential cross-section encodes the particle physics inputs
(and associated uncertainties) including the WIMP interaction properties. It de-
pends fundamentally on the WIMP-quark interaction strength, which is calculated
from the microscopic description of the model, in terms of an effective Lagrangian
describing the interaction of the particular WIMP candidate with quarks and glu-
ons. The resulting cross-section is then promoted to a WIMP-nucleon cross-section.
This entails the use of hadronic matrix elements, which describe the nucleon content
in quarks and gluons, and are subject to significant uncertainties. In general, the
WIMP-nucleus cross-section can be separated into a spin-independent (SI) and a
spin-dependent (SD) contribution, where the former is dependent on the number
of nucleons, and the latter on the nuclei’s total spin. The neutralino-nucleus SD
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cross-section is defined as

σSD =
23

π
G2
Fm

2
rΛ

2J(J + 1), (2.41)

where J denotes the total angular momentum of the nucleus, GF the Fermi coupling
constant, mr = mχ̃0

1
mN/(mχ̃0

1
+ mN) is the reduced mass, mN is the mass of the

target nucleus, whereas

Λ ≡ 1

J
(ap〈Sp〉+ an〈Sn〉), (2.42)

where 〈Sp〉 and 〈Sn〉 denote the expectation values of the spin content of the proton
and neutron groups in the nucleus, respectively. ap,n are the effective DM-nucleon
couplings, whose form is model-dependent. The SI cross-section is given by:

σSI =
4m2

r

π
[Zfp + (A− Z)fn]2, (2.43)

where Z is the atomic number, A is the atomic weight, and fp,n are the effective
DM-nucleon couplings which depend on the hadronic matrix elements. The main
theoretical uncertainty in the SI cross-section comes from terms associated with
these matrix elements. These are introduced in Section 3.3.2.

In the limit where fp = fn, the σSI of a general nucleus is related to that of of a
single proton σSIp by

σSI = σSIp
m2
r

m2
r,p

A2, (2.44)

where m2
r,p is the reduced mass of the proton.

It is noteworthy mentioning that the spin-independent contribution scales as the
square of the number of nucleons (A2), whereas the spin-dependent one is propor-
tional to a function of the nuclear angular momentum, (J + 1)/J . Although in
general, both have to be taken into account, the scalar component dominates for
heavy targets (A > 20), which is the case for most experiments (usually based on
targets with heavy nuclei such as Silicon, Germanium, Iodine or Xenon). Neverthe-
less, dedicated experiments exist that are also sensitive to the SD WIMP coupling
through the choice of targets with a significant nuclear angular momentum.

As mentioned earlier, the origin of the different contributions is best understood
at the microscopic level, by analysing the Lagrangian which describes the WIMP
interactions with quarks. The contributions to the spin-independent cross section
arise from scalar and vector couplings to quarks, whereas the spin-dependent part
of the cross-section originates from axial-vector couplings.

In the case of a neutralino, the main contributions to the neutralino-nucleus
cross-section come from elastic scattering via t-channel Z exchange, s- and u-channel
squark exchange and t-channel h/H-exchange. The respective diagrams are shown
in Fig. 2.6.

The dependence of the cross-sections, and detection prospects, on the neutralino
composition are well known. For example, a large Higgsino component induces an
enhancement of both the Higgs and Z boson exchange diagrams, thereby leading to
an increase in both the SD and SI cross-sections. On the other hand, the presence
of light squarks (if they become almost degenerate with the neutralino) can lead to
an enhancement of (mainly) the SD cross section.
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Figure 2.6: Feynman diagrams corresponding to the scattering of the neutralino off
quarks within the nucleon.

2.6.3 The anomalous dipole moment of the muon

The muon magnetic moment is related to its intrinsic spin by the gyromagnetic ratio
gµ:

~µ = gµ(
q

2m
)~S, (2.45)

where gµ = 2 is expected for a spin-1/2 particle of mass m and charge q = ±e.
Radiative corrections, which couple the muon spin to virtual fields, introduce an
anomalous magnetic moment defined by

aµ =
1

2
(gµ − 2). (2.46)

The anomalous magnetic momentum of the muon was measured by the E821
experiment at Brookhaven with great precision [42]

aexp
µ = 116592080(63)× 10−11.

The SM prediction of the muon g−2 is conveniently split into QED, electroweak
(EW) and hadronic (leading- and higher-order) contributions. It can be represented
by the expression

aSM
µ = aQED

µ + aEW
µ + aHLO

µ + aHHL
µ (2.47)

While the QED and EW contributions are well understood, the hadronic terms
remain the subject of intensive study, and dominate the present aSM

µ uncertainty.
Adding the contributions from 2.47, the SM prediction is obtained [49]

aSM
µ = 116591778(61)× 10−11. (2.48)

The result 2.48 deviates from the experimental value by over 3σ. The exact deviation
depends on the various theoretical SM evaluations.

The deviation between experimental and theoretical values of aµ could be due
to contributions from SUSY. The SUSY particles of particular importance to aµ
are the smuons, muon-sneutrino, gauginos and Higgsinos since they appear in the
SUSY one-loop contributions [50]. It is possible to enhance aµ mainly due to an
increase of the Yukawa coupling of muon by a factor of 1/cos β for large tan β.
Other contributions are associated with loop diagrams involving, for example, bino,
wino or squarks.

The SUSY contribution aSUSY
µ can be sizeable when smuons and charginos have

masses of O(100 GeV) and therefore account for the difference between the SM
prediction and the experimental value, although charginos do not necessarily have
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to contribute [51]. In the case in which M1 � M2, µ, only loops containing a light
bino and the smuons are important. In the case that all neutralinos and charginos
except a light bino become heavy, for example, if mµ̃1 ≈ mµ̃2 = 2M1, then [51]

aSUSY
µ = 18 tan β(

100 GeV

mµ̃

)3(
µ− Aµcot β

1000 GeV
)10−10 (2.49)

where the contribution comes from the Bino loop.

2.6.4 Electroweak precision observables

Electroweak precision observables (EWPO) are highly sensitive to quantum correc-
tions of new physics and can be measured with high precision. Thus, they provide
the possibility to test the SM, to distinguish different extensions, and derive indi-
rect constraints on the parameters of a model, such as the masses of the predicted
particles. This input can be of great interest regarding the direct searches for those
particles. The strength of this method has been demonstrated, for instance, with
the discovery of the top quark with a measured mass in remarkable agreement with
the indirect prediction [17, 18]. Even the virtual effects of particles which are too
heavy for a direct detection at the LHC may be detected indirectly in this way.
In case SUSY particles are found in direct searches at the LHC, electroweak preci-
sion observables can provide an important cross-check, can help to understand the
nature of the observed particles and may further give valuable indications for the
search of new particles. Notable examples of EWPO are the W -boson mass MW

and the effective mixing angle sin θeff, which are all precisely measured and precisely
predicted by the SM or in extensions of it.

The SM predictions for these observables sensitively depend on the values of the
SM input parameters, in particular on mt and mh. For the experimentally preferred
values of the input parameters, the SM predictions agree with quite well. It has
been noted that the agreement with experiment can be even better in the MSSM
[25]. The SUSY contributions to both observables are dominated by the quantity
∆ρ, which is sensitive to the breaking of isospin invariance and thus, e.g., to the
mass splittings in the stop/sbottom sector. These SUSY contributions are enhanced
for smaller stop/sbottom masses and also depend on the chargino and neutralino
masses, but they are not particularly sensitive to tan β. Therefore, the electroweak
precision observables, as well as aµ, tend to favour not too heavy SUSY masses, and
it is fruitful to combine analyses of both kinds of quantities.

The dominant SUSY contributions to MW at one-loop level originates from stops
and sbottoms via gauge-boson self energies [52]. They are typically written in terms
of ∆ρ that is equal to

∆ρ =
ΣZ(0)

M2
Z

− ΣW (0)

M2
W

, (2.50)

where ΣW (0) and ΣZ(0) are transverse parts of the unrenormalized W - and Z-
boson self energies at zero momentum transfer, respectively. The correction to the
W -boson mass can be approximated by [53]

δMW ≈
MW

2

c2
W

c2
W − s2

W

∆ρ, (2.51)
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where cW = cos θW and sW = sin θW are cosine and sine of the weak mixing angle,
respectively.

After EWSB the weak missing angle (at tree level) satisfies

sin2θW = 1− M2
W

M2
Z

. (2.52)

In the MSSM context, this quantity receives corrections that predominantly arise
from loops involving squarks, and can be recast as

δsin2θeff ≈
c2
W s

2
W

c2
W − s2

W

∆ρ. (2.53)

Other important EWPO measurements are those from the Z-pole observables.
These have been measured at high precision at the electron-positron colliders LEP
and SLC with data taken at the Z resonance [54]. The process e+e− → ff̄ gives
rise to observables and pseudo-observables listed below:

The Z mass MZ ,

the total decay width ΓZ ,

the hadronic pole cross-section σ0
had ≡ 12π

M2
Z

ΓeeΓhad

Γ2
Z

,

the ratio of hadronic to leptonic decay R0
l ≡ Γhad/Γll,

ratio of partial decay width into qq̄ to the total hadronic width R0
q = Γqq̄/Γhad,

where q = b, c.

the asymmetry parameters Af ≡ 2
Re(gVf/gAf )

1+Re(gVf/gAf )2
, where gVf and gAf are the

effective vector and axial vector couplings,

the forward backward asymmetries A0,f
FB = 3

4
AeAf .

Observables labelled with a superscript 0 are so-called pseudo-observables. They
are derived from measured quantities and constructed to facilitate the theoretical
interpretation, e.g. σhad is the measured quantity whereas σ0

had is the pole cross-
section derived from the measurement. The asymmetry parameters Af are also
derived quantities.

2.6.5 Flavour Physics Observables

A powerful method to constrain the parameter space of BSM models is provided by
flavour-physics observables. This thesis considers the B-meson decays Bs,d → µ+µ−,
B → Xsγ, B → τν, B → Xsll, the K-meson decays K → µν, and K → πνν̄,

observables related to B − B̄ mixing ∆MBs ,
∆M

EXP/SM
Bs

∆M
EXP/SM
Bd

, and ∆εK . Some of these

observables are of particular importance in constraining the models considered in
this work and are discussed below.

Rare leptonic decays of neutral B mesons in the SM are absent at tree-level
and appear dominantly at the one-loop level in W -box and Z-penguin diagrams.
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Moreover, the corresponding branching ratios (BRs) of these flavour changing neu-
tral current (FCNC) decays are helicity suppressed [55]. Because of this, loop-level
supersymmetric contributions can become comparable with the SM values. Thus
one expects that SUSY could manifest itself in a precise determination of such BRs.
Conversely, this can also serve as a useful constraint on SUSY models when compar-
ing with experimental data. Similarly, the effect of SUSY can be seen in inclusive
radiative decays of B meson that is driven by the process b→ sγ or in the Bs − B̄s

mixing [55].
More specifically, in the Bs,d → µ+µ− case, SUSY contributions can enhance the

BR by a factor of O(100) [56]. In the case that squarks are heavy, the only relevant
contributions are from the effective tree-level Higgs-mediated neutral currents. For
that, the enhancement is proportional to tan β3/M2

A [56].
The B → Xsγ decay is mediated by the FCNC process b → sγ, which is loop-

suppressed in the SM. In the context of SUSY, penguin loop diagrams, involving
W -boson, are accompanied by charged Higgs, chargino, neutralino and gluino loops.
Depending on which diagrams dominate the SUSY contribution can be proportional
to 1/tan β or At [56].

The rare b-decays b → sγ and Bs → µ+µ− are similar to aµ in two respects.
They are loop-induced, and they involve a chirality flip in the b − s transition.
Correspondingly, the SUSY contributions to both branching ratios are enhanced by
tan β, in the second case even ∝ β. In the case of b → sγ also sign(µ) plays a
crucial role as it determines whether diagrams with H± exchange (always positive)
and diagrams with chargino or gluino exchange (the leading terms are sign(µAt),
sign(µM3), respectively) interfere constructively or destructively. As long as minimal
flavour violation is assumed, this implies for example that destructive interference
between the H± and χ± contributions to b→ sγ, and thus the specific sign µAt < 0
is favoured.

2.7 Dark Matter simplified models

The previous sections discussed several SUSY scenarios which where the DM can-
didate was the LSP. However, there are many other scenarios for possible physics
beyond the SM, and it is desirable to fashion search strategies that facilitate the
interpretation of results with differing characteristics, minimising theoretical biases.

The shortcoming of approaches which construct an effective field theory (EFT)
for the interactions between DM and SM particles [17] is that, in order to obtain
the appropriate cosmological DM density, the DM/SM interactions are likely to
be mediated by particles in the TeV mass range, for which the approximation of
a contact interaction may be inadequate. In particular, the LHC might also be
capable of producing the mediator particle directly, providing an additional signature
beyond the EFT framework [18]. For this reason, interest has been growing in Dark
Matter Simplified Models (DMSMs) [18, 19, 20, 21, 22], which postulate effective
Lagrangians that include the mediator particle and its interactions with both DM
and SM particles explicitly. Recommendations for the formulation of DMSMs for
use by the LHC experiments have been made by the LHC Dark Matter Working
Group (DMWG) [12, 13, 14, 15, 16].

In this thesis a bottom-up approach is taken, where a mediator particle in the
LHC mass range is postulated, without requiring an explicit UV completion, com-
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menting later how the models investigated here could arise in UV-complete scenar-
ios. In this work, only s-channel mediators of spin one are considered. Avoiding
the strong LHC constraints on mediators interacting with charged leptons [57], their
interactions are assumed to be leptophobic. The DM particle is assumed to be a
neutral Dirac fermion χ. The Lagrangian for the spin-one mediator Y interactions
with the DM particle χ is

L1
χ = χ̄γµ

(
gVχ + gAχ γ5

)
χY µ , (2.54)

and that for its interactions with quarks is

L1
q =

∑

i

q̄iγµ
(
gVqi + gAqiγ5

)
qiY

µ . (2.55)

For simplicity, following the DMWG [15], the interactions between the Y -boson and
quarks are assumed to be generation-independent and the same for charge-2/3 and
-1/3 quarks (gV,Aq := gV,Aqi ∀ i). Being leptophobic, the Y boson has no interactions
with leptons. Two scenarios for the Y couplings are considered, one in which they
are purely vectorial:

gVχ ≡ gDM 6= 0, gAχ = 0 ,

gVq ≡ gSM 6= 0, gAq = 0 , (2.56)

and another in which they are purely axial:

gAχ ≡ gDM 6= 0, gVχ = 0 ,

gAq ≡ gSM 6= 0, gVq = 0 . (2.57)

Note that the axial vector model could in principle violate unitarity at high energies.
However, the couplings required for this to occur are larger than the range considered
in this work, and would even call the particle interpretation of the mediator into
question [20].

UV completions of the DMSMs studied here can be achieved in several different
ways. These could favour specific ranges of gSM, gDM and their ratio, as explore
in Chapter 7. Since these spin-1 models involve massive vector bosons, they will
likely involve a dark Higgs responsible for giving them masses, or else a Stückelberg
mechanism [58]. However, the intention of this work is not to fit the parameters
of a complete model, but rather study correlations between the model parameters
defined above, which are the minimal sets leading to an interplay between LHC
and DM phenomenology that is of interest. Each of these DMSMs has four free
parameters, the masses of the DM particle and the mediator, mχ and mY , and the
mediator couplings to the DM and SM particles, gDM and gSM.
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Chapter 3

Method

This chapter presents the framework and the implementation of the experimental
constraints used in the global analyses of supersymmetric (SUSY), and dark mat-
ter simplified models (DMSMs). Section 3.1 introduces the model parameters of the
SUSY SU(5) GUT, pMSSM11, sub-GUT MSSM and the DMSMs with a leptophobic
spin-one mediator. Section 3.2 describes the MasterCode framework, highlighting
the technical setup for two different scenarios: SUSY analyses - global analyses of
the SUSY SU(5) GUT, pMSSM11 and sub-GUT MSSM; and the DMSM analyses
- global analyses of DMSMs with either pure vector or axial-vector mediators. Sec-
tions 3.3.1, 3.3.2 and 3.3.3 detail the implementation of the constraints that have
been applied to both SUSY and DMSM scenarios. These are from cosmological den-
sity, direct dark matter searches and 13-TeV LHC data. Sections 3.3.4-3.3.7 describe
the constraints which have been applied to the SUSY models exclusively, including
electroweak, flavour and Higgs measurements, as well as searches for heavy neutral
Higgs and long-lived charged particles.

3.1 Model parameters and sampling procedure

3.1.1 Supersymmetric SU(5) GUT

The SUSY SU(5) GUT model has 7 parameters, namely:

1 universal gaugino mass : m1/2 ,

2 masses for the scalar partners of matter fermions : m5, m10 ,

5 and 5̄ Higgs representations : mHu , mHd ,

1 universal trilinear soft SUSY − breaking parameter : A0 ,

ratio of Higgs vevs : tanβ .

The ranges of the parameters scanned in this analysis are listed in Table 3.1. The
quoted negative values actually correspond to negative values of m2

5,m
2
10,m

2
Hu

and

m2
Hd

: for convenience, the notation sign(m2) ×
√
|m2| → m is used. The negative

values of m5 and m10 that are included in the scans may be compatible with early-
Universe cosmology [59] and yield acceptable tachyon-free spectra. Although the
effect of the top quark Yukawa coupling in the RGEs is important in the portions
of the scans with negative values of mHu and mHd , it may not be the mechanism
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responsible for generating electroweak symmetry breaking, since mHu and mHd are
negative already at the input scale.

Parameter Range Number of
segments

m1/2 ( 0 , 4) TeV 2
m5 ( - 2.6 , 8) TeV 2
m10 ( - 1.3 , 4) TeV 3
mHu ( -7 , 7) TeV 3
mHd ( -7 , 7) TeV 3
A0 ( -8 , 8) TeV 1

tan β ( 2 , 68) 1

Total number of boxes 108

Table 3.1: Ranges of the SUSY SU(5) GUT parameters sampled, together with the
numbers of segments into which each range was divided, and the corresponding total
number of sample boxes.

3.1.2 pMSSM11

This work considers a pMSSM scenario with eleven parameters, namely

3 gaugino masses : M1,2,3 ,

2 squark masses : mq̃ ≡mq̃1 ,mq̃2

6= mq̃3 = mt̃,mb̃,

2 slepton masses : m˜̀ ≡ m˜̀
1

= m˜̀
2

= mẽ,mµ̃

6= m`3 = mτ̃ ,

1 trilinear coupling : A ,

Higgs mixing parameter : µ ,

pseudoscalar Higgs mass : MA ,

ratio of vevs : tan β ,

where q1,2 ≡ u, d, s, c. The soft SUSY-breaking parameters for left- and right-handed
sfermions, and the sneutrinos are assumed to have the same soft SUSY-breaking
parameter as the corresponding charged sfermions. The ranges of these parameters
sampled in the analysis are displayed in Table 3.2. All of these parameters are
specified at a renormalisation scale MSUSY given by the geometric mean of the
masses of the scalar top eigenstates, MSUSY ≡ √mt̃1mt̃2 , which is also the scale
at which electroweak symmetry breaking conditions are imposed. The sign of the
mixing parameter µ is allowed to be either positive or negative.
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Parameter Range Number of
segments

M1 (-4 , 4 ) TeV 6
M2 ( 0 , 4 ) TeV 2
M3 (-4 , 4 ) TeV 4
mq̃ ( 0 , 4 ) TeV 2
mq̃3 ( 0 , 4 ) TeV 2
m˜̀ ( 0 , 2 ) TeV 1
mτ̃ ( 0 , 2 ) TeV 1
MA ( 0 , 4 ) TeV 2
A (-5 , 5 ) TeV 1
µ (-5 , 5 ) TeV 1

tan β ( 1 , 60) 1

Total number of boxes 384

Table 3.2: The ranges of the pMSSM11 parameters sampled, which are divided into
the indicated numbers of segments, yielding the total number of sample boxes shown
in the last row.

3.1.3 sub-GUT MSSM

The sub-GUT MSSM parameter space comprises of 5 parameters:

1 gaugino mass : m1/2 ,

1 soft SUSY − breaking scalar mass : m0 ,

1 trilinear soft SUSY − breaking parameter : A0 ,

ratio of Higgs vevs : tanβ ,

input mass scale : Min .

The soft SUSY-breaking parameters are assumed to have universal values at
some scale Min below the SUSY grand unification scale MGUT . Table 3.3 displays
the ranges of the parameters sampled in this analysis, as well as their divisions into
segments, which define boxes in the five-dimensional parameter space.

3.1.4 Dark Matter Simplified Models with Leptophobic Spin-
One Mediators

Dark Matter Simplified Models postulate effective Lagrangians that include explic-
itly the mediator particle, Y , and its interactions with both DM and SM particles.
The DM particle is assumed to be a neutral Dirac fermion χ. The work in this the-
sis considers two scenarios for the Y couplings, one which they are purely vectorial,
and another in which they are purely axial. Each of these DMSMs has four free
parameters, namely:

DM particle mass : mχ ,

mediator mass : mY ,

mediator coupling to the DM particle : gDM ,

mediator coupling to SM particles : gSM ,
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Parameter Range Number of
segments

Min (103, 1016) GeV 6
m1/2 (0, 6) TeV 2
m0 (0, 6) TeV 2
A0 (−15, 10) TeV 2

tan β ( 1 , 60 ) 2

Total number of boxes 96

Table 3.3: The ranges of the sub-GUT MSSM parameters sampled, together with the
numbers of segments into which they are divided, together with the total number of
sample boxes shown in the last row. The attention has been restricted to positive
values of the Higgs mixing parameter, µ. The sign convention for A is opposite to
that used in SoftSusy [60].

For simplicity, is can be assumed that the interactions between the Y -boson and
quarks are generation-independent, and also that they are the same for charge-2/3
and -1/3 quarks (gV,Aq := gV,Aqi ∀ i). The Y boson is leptophobic (has no interactions
with leptons).

The Y couplings for the pure vector case are:

gVχ ≡ gDM 6= 0, gAχ = 0 ,

gVq ≡ gSM 6= 0, gAq = 0 ,

and for the axial-vector case:

gAχ ≡ gDM 6= 0, gVχ = 0 ,

gAq ≡ gSM 6= 0, gVq = 0 .

The ranges of DMSM parameters are shown in Table 3.4, together with the numbers
of segments used for the sampling of the parameter space. The range of mY was
chosen to avoid the low-mass region where mixing with the Z could be subject to
important constraints from precision electroweak data 1 and indirect searches for
astrophysical DM annihilations should be considered 2, but include all the masses
for which LHC searches are sensitive. The couplings gSM and gDM were restricted
to perturbative ranges <

√
4π.

1See [61] for a treatment of these constraints.
2Searches for γ-rays from hadronic DM annihilations are generally insensitive to the cross-

section required to obtain the correct cosmological DM density for mχ & 50 GeV [61], see also [62]
and references therein. Indirect constraints from searches for energetic solar neutrinos are not
competitive with direct searches for spin-dependent DM scattering.
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Parameter Range # of Segments
mY (0.1, 5) TeV 10
mχ (0, 2.5) TeV 8

gSM (0,
√

4π) 2

gDM (0,
√

4π) 2

Total number of boxes 320

Table 3.4: The ranges of the DMSM parameters sampled, together with the numbers
of segments into which they were divided during the sampling.

3.2 The MasterCode framework

MasterCode is a tool which interfaces and combines various public and private codes
to perform global analyses of BSM theories. In these analyses, profile likelihood func-
tions provide the confidence intervals for n parameters and/or physical observables
of interest at confidence level α when ∆χ2 ≤ ∆χ2(α, n). Previously, these analy-
ses have been in the context of SUSY models such as CMSSM, NUHM1, NUHM2
and pMSSM10 [63, 28, 29, 37, 64, 23]. In the work presented in this thesis, the
MasterCode framework has not only been used to explore further SUSY cases such
as the SUSY SU(5) GUT, pMSSM11 and sub-GUT MSSM but also extended to
incorporate non-SUSY scenarios such as the Dark Matter Simplified Models. Thus,
this work presents two different categories of analyses, namely SUSY and DMSM;
therefore, also two different versions of the MasterCode framework have been used.
The specifications of each version are given below, followed by a brief description of
the sampling procedure.

SUSY analyses

The global likelihood analyses of the SUSY SU(5) GUT, pMSSM11 and sub-
GUT MSSM include constraints from direct searches for SUSY particles at the
LHC, measurements of the Higgs boson mass and signal strengths, LHC searches
for SUSY Higgs bosons, precision electroweak observables, flavour constraints from
B- and K-physics observables, the cosmological constraint on the overall cold dark
matter (CDM) density, and upper limits on spin-independent and -dependent LSP-
nuclear scattering. (g − 2)µ is treated as an optional constraint, where results from
global fits with and without it are presented. mt, αs and MZ are treated as nuisance
parameters.

The observables contributing to the likelihood are calculated using the MasterCode
tool, which, as already mentioned, interfaces and combines consistently various pub-
lic and private codes using the SUSY Les Houches Accord (SLHA) [65]. The follow-
ing codes are used in the SUSY analyses presented in this thesis: SoftSusy 3.3.9 [60]
for the spectrum, FeynWZ [66] for the electroweak precision observables, FeynHiggs 2.11.3 [67]
for the Higgs sector and (g − 2)µ, SuFla [68] and SuperIso [69] for the flavour
physics observables, Micromegas-3.2 [70] for the DM relic density, SSARD [71] for
the spin-independent and -dependent elastic scattering cross-sections σSI

p and σSD
p ,

SDECAY 1.3b [72] for calculating sparticle branching ratios, and HiggsSignals 1.4.0 [73]
and HiggsBounds 4.3.1 [74] for calculating constraints on the SUSY Higgs sector.
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DMSM analyses

The global likelihood analyses of the DMSMs include constraints from the LHC,
searches for dark matter and cosmological density. The DMSM version of the
MasterCode framework uses MG5 aMC 2.4.3 [75] to calculate mediator properties
and the collider constraints on models implemented using DMSIMP [76], and uses
MicrOMEGAs 5.0.2 [77] for DM density and scattering calculations.

3.2.1 Sampling procedure

This section gives a brief overview of how the algorithm Multinest [78] is used to
sample the parameter space of the models studied in this work.

The MultiNest algorithm was originally designed for Bayesian inference but was
also shown to be an appropriate and computationally efficient tool for establishing
profile likelihood functions [79]. The MultiNest algorithm keeps a list of N “active”
parameter points in the n-dimensional unit cube. Unit cube parameters are trans-
formed to “physical parameters” according to user-defined priors. The priors, e.g.
flat, Gaussian, or soft flat define the scan ranges. The physical parameters are the
inputs to the user-defined likelihood function.

The initial step of the algorithm is to uniformly sample N parameter points in
the unit cube and evaluate the corresponding likelihood values. After the initial
step the algorithm performs iterations in which the active point with the lowest
likelihood is replaced with a point with higher likelihood. The iterations continue
until a stopping criterion is reached, which can be controlled with the “tolerance”.
A reliable sampling of profile likelihood functions can be achieved by using a large
number of active points [79]. However, with increasing N, the duration of the algo-
rithm also increases. To avoid this, each scan range is divided into segments. The
cross-products of these segments then constitute boxes that span the full parameter
space. These are shown in the third column of Tables 3.1, 3.2, 3.3 and 3.4. A scan
is performed in every box.

In order to ensure a smooth overlap between boxes and eliminate features asso-
ciated with their boundaries, a prior is chosen for each box such that 80% of the
sample has a flat distribution within the nominal box, and 20% of the sample is in
normally-distributed tails extending outside the box. Each model sampling contains
various campaigns that are then merged into single sets on which the likelihoods are
computed dynamically, including or excluding the (g − 2)µ (when applicable) and
the LHC13 constraints according to the interest. To study appropriately the im-
pact of the (g − 2)µ on the pMSSM11 model, separate sampling campaigns were
performed with and without it. On the other hand, during the sampling phase, the
constraints coming from LHC13 results have not been included in the SUSY analy-
ses. Since their impact consists of providing lower bounds to the sparticle masses,
this choice allows for a proper assessment of their effect on the full parameter space.
In the DMSM analyses, all constraints which are applied to these models were in-
cluded at the sampling level. The total number of points in the parameter scans
of each model is ∼ 1×108, except for the pMSSM11, which contains ∼ 1×109 points.
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3.3 Implementation of experimental constraints

3.3.1 Cosmological density

SUSY analyses

Since in the framework of the MSSM R-parity is conserved, the lightest SUSY
particle (LSP) is a candidate to provide the CDM. The LSP is assumed to be the
lightest neutralino χ̃0

1 [80], and the dominant component of the CDM. The Planck
2015 constraint is used on the total CDM density [46]:

ΩCDMh
2 = 0.1186± 0.0020EXP ± 0.0024TH. (3.1)

DMSM analyses
As already mentioned, the mean density of cold DM in the Universe is tightly
constrained by Planck measurements of the cosmic microwave background and other
observations, which takes the value given in Eq. (3.1). Here, the dominant source
of this cold DM is assumed to be the WIMP χ, so that Ωχh

2 ' ΩCDMh
2, with

interactions that are described in the Lagrangians (2.56) and (2.57) in the DMSMs
studied.

MicrOMEGAs 5.0.2 [77] is used to evaluate Ωχh
2 numerically in each model pa-

rameter set, including a ±10% range around 3.1.
As a first validation step, Fig. 3.1 shows a comparison between MicrOMEGAs

5.0.2 calculations of Ωχh
2 (colours and solid blue line) with the Ωχh

2 = 0.12 curve
shown by the CMS Collaboration in [81] (dashed line) for the case of a spin-one
mediator with vector-like couplings gVSM = 0.25, gVDM = 1. As seen in Fig. 3.1, the
agreement is excellent, providing a valuable cross-check on the calculations used
in this work. The red shaded region at larger values of mY is excluded because
Ωχh

2 > 0.12, and that the DM particle is underdense in the blue region at large mχ.

3.3.2 Dark matter searches

SUSY analyses

Direct DM searches

Experimental constraints from direct searches for dark matter via both spin-
independent and -dependent scattering on nuclei are implemented. This implemen-
tation uses the LUX [82], XENON1T [83] and PandaX-II [84] constraints on the
spin-independent DM scattering cross-section σSI

p , which are performed via a com-
bined two-dimensional likelihood function in the (mχ̃0

1
, σSI

p ) plane 3.

3The result from XENON1T [83] was not available at the time of the SUSY SU(5) GUT analysis.
Therefore only a combination of LUX and PandaX-II is included in the latter.
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Figure 3.1: Comparison of the MasterCode calculation of Ωχh
2 (colours and solid

blue line) with the Ωχh
2 = 0.12 curve shown by the CMS Collaboration in [81]

(dashed white line) for the DMSM with a spin-one mediator having vector-like cou-
plings gVSM = 0.25, gVDM = 1 to quarks and to DM particles χ, respectively.

The treatment of the spin-independent nuclear scattering matrix element is based
on SSARD [71]. As reviewed, for example, in [85] the largest uncertainties in the
matrix element are those associated with the pion-nucleon σ-term, ΣπN , and the
SU(3) octet symmetry-breaking contribution to the nucleon mass, σ0. These may
be expressed as follows in terms of q̄q matrix elements in the nucleon:

ΣπN =
mu +md

2
〈N |ūu+ d̄d|N〉 ,

σ0 =
mu +md

2
〈N |ūu+ d̄d− 2s̄s|N〉 , (3.2)

from which it can be seen that the s̄s matrix element

y ≡ 2〈N |s̄s|N〉
〈N |ūu+ d̄d|N〉 = 1− σ0

ΣπN

. (3.3)

It is well known that σSI
p is sensitive to the value of y, and hence to the values of

σ0 and ΣπN . The analyses in this thesis follow [86] in interpreting the measured
octet baryon mass differences as yielding σ0 = 36 ± 7 MeV 4, and assume here
that ΣπN = 50 ± 7 MeV 5, corresponding to a central value of y = 0.28. For
comparison, two recent determinations of ΣπN give somewhat larger values that
are, however, compatible with the assumed value, within the quoted uncertainties:
ΣπN = 59.1 ± 3.5 MeV (from pionic atoms) [89] and 58 ± 5 MeV (from π-nucleon
scattering) [90] (see also [91], which found the value ΣπN = 59 ± 7 MeV). On the
other hand, lattice calculations [92] yield systematically smaller values of ΣπN that

4However, one can note that this estimate has been challenged [87], and flag this as an issue
requiring resolution.

5For a recent estimate with a very similar central value of ΣπN made using covariant baryon
chiral perturbation theory, see [88].
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are in tension with these data-driven estimates, as discussed in [90]. In this work,
the value of ΣπN is intermediate and relatively conservative in that it implies a
smaller value of y than the data-driven estimates of ΣπN

6.

Also implemented in this work is the PICO [94] constraint on the spin-dependent
DM scattering cross-section σSD

p , also using the SSARD code [71]. As discussed in [95],
the spin-dependent χ̃0

1p scattering matrix element is determined by the light quark
contributions to the proton spin, which is taken to be [85]

∆u = +0.84± 0.03 ,

∆d = −0.43± 0.03 ,

∆s = −0.09± 0.03 , (3.4)

where the uncertainties are dominated by those in measurements of polarized deep-
inelastic scattering, and hence are correlated: the uncertainty in the combination
∆u − ∆d (from gA) is very small, and that in ∆u + ∆d − 2∆s (from semileptonic
octet baryon decays) is also somewhat smaller 7.

Indirect astrophysical searches for DM

These include searches for γ-rays from DM annihilations near the Galactic centre
and in dwarf galaxies, and for energetic neutrinos produced by the annihilations of
DM particles trapped inside the Sun. There are significant astrophysical uncertain-
ties in estimates of the possible γ-ray flux from the Galactic centre. Other studies
have indicated that the available limits on the fluxes from dwarf galaxies do not yet
impose competitive constraints on SUSY models - see, for example, [96] and [93].
The most substantial constraints on energetic solar neutrinos are those provided
by the IceCube Collaboration [97]. Their impact depends on the final annihilation
states, being stronger for annihilations into τ+τ−, somewhat weaker for W+W−,
and much weaker for b̄b final states.

The capture of DM particles in the Sun is often assumed to be dominated by
energy loss due to spin-dependent scattering on protons. In this case, an upper
limit on the neutrino flux may be used to constrain the spin-dependent cross-section
σSD
p , as done by the IceCube Collaboration [97]. However, the interpretation of this

constraint [97] depends on the importance of spin-independent scattering on 4He
and heavier nuclei inside the Sun, and whether the DM density inside the Sun is in
equilibrium between capture and annihilation [98]. Due to its fewer uncertainties,
only the PICO result is used in the global fits, setting aside the IceCube result [97] 8.

DMSM analyses

Spin-independent DM scattering

6For comparison, a similar value of ΣπN = 59 ± 9 MeV is assumed in [93], but with σs ≡
ms〈N |s̄s|N〉 = 43 ± 8 MeV inferred from lattice calculations. This corresponds to ΣπN − σ0 =
(mu + md)σs/ms ∼ 3.5 MeV, implying a value of σ0 different from the value used in this thesis,
which is based on octet baryon masses.

7The values (3.4) of the ∆q that used in this thesis are similar to those used in [93].
8In contrast, [93] uses the IceCube result, but not the PICO result.
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The constraint on the spin-independent DM scattering cross-section σSI
p is eval-

uated from a combination of the LUX [82], PandaX-II [99] and XENON1T [100]
experiments using a joint likelihood function, evaluating the theoretical prediction
for σSI

p using MicrOMEGAs 5.0.2. This constraint is important for the vector me-
diator case, where the spin-independent cross-section has the following scaling [14]
σSI
p ∝ g2

DMg
2
SM/m

4
Y , with the following approximate numerical value:

σSI
p '

(gDM

0.1

)2 (gSM

0.1

)2 ( mY

1 TeV

)−4

10−43[cm−2] (3.5)

in the s-channel region where mY ' 2mχ. The σSI
p constraint provides essential

limits on the vector mediator mass mY and the product gDMgSM.
An overall uncertainty of 10% is allowed in the spin-independent cross section.

Spin-dependent DM scattering

The DMSM analyses also evaluate the constraint imposed by the upper limit on
the spin-dependent DM-proton scattering cross-section σSD

p from the PICO-60 ex-
periment [94], and that on the spin-dependent DM-neutron scattering cross-section
σSD
n from the XENON1T experiment [101]. Theoretical predictions for σSD

p and σSD
n

are evaluated using MicrOMEGAs 5.0.2, which uses estimates of the spin-dependent
scattering matrix elements consistent with [102].

It also allows for an overall uncertainty of 10% in the spin-dependent cross-
section.

Halo model

The majority of direct searches for DM scattering assume a standard halo model
(SHM) in which the local density of cold DM is 0.3 GeV/cm3, with negligible uncer-
tainty. However, several recent analyses favour a larger local density, and this work
follows [103] in assuming a central value for the local DM density of 0.55 GeV/cm3.
For this reason, the direct DM scattering limits, estimated future sensitivity curves
and neutrino ‘floors’ used are rescaled relative to the published curves.

It has been suggested in a recent analysis of Gaia data that there may be a
local debris flow that modifies the local velocity distribution from that given by the
SHM [104]. However, this modification of the local velocity distribution was shown
to have only a small effect on the interpretation of the XENON1T experiment for mχ

in the range of interest in this thesis, and a similar conclusion was reached in [103].
For another estimate of the local density of DM based on Gaia data, see [105].

When implementing the experimental constraints on σSI
p and σSD

p , σSD
n , it has

been assumed an overall uncertainty of 30% [106, 103], in the local density.

3.3.3 13 TeV LHC constraints

The LHC constraints considered in the SUSY global analyses are those from searches
for coloured sparticles in events with missing transverse energy, /ET , accompanied
by jets and possibly leptons, searches for electroweak inos in events with multiple
leptons, searches for long-lived charged particles, measurements of the 125 GeV
Higgs boson h, and searches for the heavier SUSY Higgs bosons H,A,H±. The
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principal focus in this work is on the implications of Run-2 LHC searches with
∼ 36/fb of data at 13 TeV, though it also makes comparisons with the situation
before these constraints were released. Note that for the SUSY SU(5) GUT analysis
only ∼ 13/fb of data at 13 TeV was available.

In the DMSMs case, the LHC constraints are based on an analysis employing
signal regions targeting monojet final states. These use 35.9/fb of data from col-
lisions at 13 TeV provided by CMS Collaboration [81]. In addition, both ATLAS
and CMS Collaborations have published constraints from dijet invariant-mass dis-
tributions on Z ′ resonances [107, 108, 109, 110, 111, 112] with up to 139/fb of data
at 13 TeV [113], which have been also included in the DMSM analyses. A more
detailed description of these and other relevant LHC constraints is given in the fol-
lowing subsections.

SUSY SU(5) GUT

The SUSY SU(5) GUT global analysis takes into account results from /ET searches
with ∼ 13/fb of data at 13 TeV, using simplified models for gluino and squark pair
production [114, 115]. These searches assume mg̃ � mq̃ and mq̃ � mg̃, respectively,
and 100% BRs for the decays g̃ → ff̄ χ̃0

1 (f = q, b, t) and q̃ → qχ̃0
1, respectively, which

maximise the possible corresponding /ET signatures. Neither of these assumptions
are valid in the SUSY SU(5) GUT model: as discussed in more detail later, the
mg̃ and mq̃ masses are quite similar in much of the favoured region of parameter
space 9, and in general, other decay modes dilute the /ET signature, although larger-
multiplicity final states may compensate through an increase in transverse energy
HT [116]. These other decay modes populate other search channels including lep-
tons, which are not considered in this work as they were of limited importance in
previous analyses of the CMSSM, NUHM1 and NUHM2, having impact only for
relatively large squark masses and small m1/2.

Fig. 3.2 displays the ratios of the g̃g̃ cross section (left panel) and the q̃q̃+q̃ ¯̃q cross
section (right panel) that are found in ranges of mq̃ and mg̃ that are representative of
those favoured in this analysis before implementing the LHC 13-TeV /ET constraint,
relative to the cross sections found in the simplified models with mg̃ � mq̃ and
mq̃ � mg̃, respectively. NLL-fast-3.1 [117] was used to obtain the cross section
at NLO + NLL level. In both plots a large area at higher squark masses is visible,
as well as a thin strip at ∼ 500 GeV. The latter corresponds to lighter ũR and c̃R
discussed below. The g̃g̃ cross-section (left panel) is generally smaller than in the
corresponding simplified model by a factor > 2 due to the destructive interference
between the s-channel gluon exchange diagram and the t-channel squark exchange
diagram in qq̄ → g̃g̃, thus weakening the LHC constraints as discussed below. On
the other hand, the q̃q̃ + q̃ ¯̃q cross section (right panel) is generally a factor & 10
larger than in the simplified model, except in the ũR/c̃R − χ̃0

1 coannihilation strip
at small mũR ,mc̃R ,mχ̃0

1
∼ 500 GeV and m1/2 ∼ 2500 GeV. The enhancement of the

squark cross-section is because in the squark-neutralino simplified model there is
no production mode with total baryon number B = 2/3, qq → q̃q̃, because gluinos
are assumed to be absent. On the other hand, in this work model mg̃ ∼ min(mq̃),
and qq → q̃q̃ (with t-channel g̃ exchange) becomes the dominant squark production

9An exception is provided by the ũR and c̃R, which may be much lighter than the gluino and
other squarks in some regions of parameter space.
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mode in the large mq̃ region, due to the valence quark-parton dominance in the
proton in the large x regime. Fig. 3.3 displays the CMS 95% confidence limits in the
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Figure 3.2: Left panel: the ratio of the g̃g̃ cross section found in the range of mq̃ and
mg̃ favoured in the analysis before implementing the LHC 13-TeV /ET constraint,
relative to the cross section found in the simplified model with mg̃ � mq̃. Right
panel: the corresponding ratio of the q̃q̃ + q̃ ¯̃q cross section, relative to the cross
section for q̃ ¯̃q found in the simplified model with mq̃ � mg̃.

(mg̃,mχ̃0
1
) plane from a hadronic jets plus /ET search [115] within a simplified model

assuming that the decay mode g̃ → qq̄χ̃0
1 occurs with 100% BR (solid black lines).

These limits are compared with the best-fit points (green stars) and the regions in
the fits that are preferred at ∆χ2 = 2.30 and ∆χ2 = 5.99 (red and blue contours,
respectively). Here and in the following analogous parameter planes, the ∆χ2 = 2.30
and ∆χ2 = 5.99 contours are used as proxies for the boundaries of the 68% and 95%
CL regions in the fit. In addition, within the 95% CL region in Fig. 3.3, the dominant
(> 50%) g̃ decays found in this analysis are indicated. Many model points do not
have any decay mode with BR > 50% within the 95% CL region. For those that do,
the dominant decays are two-body g̃ → q̃q̄ modes that were not considered in [115].
Because of this and the fact that the g̃g̃ cross-section is always smaller than in the
gluino simplified model by a factor > 2 (see the left panel of Fig. 3.2), the LHC
13-TeV /ET constraint from the gluino simplified model has only negligible impact.
The LHC 13-TeV /ET constraint on the gluino mass comes indirectly from the squark
mass constraint estimated using the simplified squark model discussed below, since
the squark and gluino masses are related via renormalisation group evolution in
the SU(5) model. The left panel in Fig. 3.3 was obtained before implementing the
LHC 13-TeV /ET 95% confidence limit on gluino and squark pair-production, while
in the right panel this constraint is included. The simplified model exclusion in this
analysis extended to mg̃ . 1650 GeV, below the gluino mass at the pre-LHC 13 TeV
best-fit point, barely reaching the 68% CL contour (solid red line).

Fig. 3.4 contains an analogous set of planes for CMS /ET searches for squarks,
where the CMS limit assuming a simplified model with heavy gluino and 100% BRs
for q̃ → qχ̃0

1 is displayed (black lines): the solid lines assume that all the squarks
of the first two generations are degenerate, the dashed lines assume two degenerate
squarks and the dotted lines assume just one squark. The planes in the upper panels
display mχ̃0

1
and the masses of the first- and second-generation right-handed up-type
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Figure 3.3: The solid lines show the CMS 95% CL exclusion in the (mg̃,mχ̃0
1
) plane

[115], assuming a simplified model with heavy squarks and 100% BR for g̃ → qq̄χ̃0
1.

The left (right) panel shows the best-fit point (green star), 68 and 95% CL contours
(red and blue lines, respectively) for (mg̃,mχ̃0

1
) obtained without (with) the CMS 13-

TeV constraint. The dominant (> 50%) g̃ decays into first- and second-generation
quarks and squarks q̃L,R and third-generation quarks and squarks t̃/b̃1,2 found in the
SUSY SU(5) model are colour-coded as indicated.

squarks (here commonly denoted as ũR), while the planes in the lower panels are for
the down-type squarks (here commonly denoted as d̃R). The primary decay modes
of the ũR (upper) and the d̃R (lower) are indicated over much of the preferred
parameter space, and one can note that the dominant (> 50%) decay modes of
both right-handed up- and down-type squarks are indeed into the corresponding
quark flavour + χ̃0

1 for nearly the whole 68% CL regions, as assumed in the squark
simplified-model search. This is, however, not the case for the left-handed up- and
down-type squarks (not shown), whose dominant decays are into χ̃±1 and electroweak
doublet partner quark flavours. Furthermore, within the displayed 95% CL regions
there are also large areas where decays into gluinos, not considered in the simplified
model, are dominant. Because the q̃R → q χ̃0

1 decays are important, and also because
the q̃q̃ + q̃ ¯̃q cross-section in the analysis sample is much larger than that found at
large mq̃ for q̃ ¯̃q in the simplified model with mq̃ � mg̃, as seen in the right panel of
Fig. 3.2, a recast of this search in the global analysis has been implemented 10, and
the comparison between the left panels (without this contribution) and the right
panels (with this contribution) in Fig. 3.4 shows the importance of this constraint.

The implementation of the LHC 13-TeV /ET constraint is based on [115]. In this
analysis, the CMS Collaboration provides a map of the 95% CL cross-section upper
limit as a function of mq̃ and mχ̃0

1
assuming pp → q̃ ¯̃q and 100% BR for q̃ → qχ̃0

1.
This is indeed the dominant production and decay mode in most parts of the 68%
CL regions of the considered model, as can be seen in Figs. 3.2 and 3.4. For each

10The ũR/c̃R − χ̃0
1 coannihilation strip visible in the upper panels of Fig. 3.4 at mũR

' mχ̃0
1
∼

500 GeV is the subject of a later dedicated discussion.
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Figure 3.4: The black lines show the CMS 95% CL exclusion in the (mq̃,mχ̃0
1
) plane

[115], assuming a simplified model with heavy gluinos and 100% BR for q̃ → qχ̃0
1: the

solid lines assume that all the squarks of the first two generations are degenerate,
the dashed lines assume two degenerate squarks, and the dotted lines assume just
one squark. All panels show the best-fit point (green star), 68 and 95% CL contours
(red and blue lines, respectively) for mχ̃0

1
and the masses of the first- and second-

generation right-handed up-type squarks ũR (upper panels) and the down-type squarks
d̃R (lower panels). In both cases, the left panels were obtained without the CMS 13-
TeV constraint and the right panels include it. The dominant (> 50%) q̃ decays
found in the SUSY SU(5) model are colour-coded as indicated.

point, the calculation of (σq̃ ¯̃q + σq̃q̃) BR2
q̃→qχ̃0

1
is compared with the CMS 95% CL

upper limit on the cross section: σUL(mq̃,χ̃0
1
). The χ2 penalty is modeled as

χ2
q̃( /ET ) = 5.99 ·

[(σq̃ ¯̃q + σq̃q̃) BR2
q̃→qχ̃0

1

σUL(mq̃,χ̃0
1
)

]2

, (3.6)

so that the CMS 95% CL upper limit corresponds to χ2( /ET ) = 5.99 and χ2 scales
as the square of the number of signal events, Nsig, which gives the right scaling.

The aforementioned CMS analysis [115] also looks at three simplified gluino
models assuming 100% BR for g̃ → ff̄ χ̃0

1 with f = q, b, t, respectively, and provides
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corresponding cross-section upper limit maps as a function of mg̃ and mχ̃0
1
. These

constraints are implemented by defining χ2
g̃→ff̄ χ̃0

1
( /ET ) by analogy with Eq. (3.6).

The pp→ q̃g̃ process is also considered and treated as follows. This process is only
relevant when mq̃ ∼ mg̃. In this regime, if mq̃ > mg̃ (mg̃ > mq̃), q̃ (g̃) tends to decay
into g̃ (q̃), radiating soft jets. If these soft jets are ignored, the remaining system is
g̃g̃ (q̃q̃). In this approximation, the impact of pp→ q̃g̃ can therefore be estimated by
adding an extra contribution σq̃g̃BRq̃→qg̃ (σq̃g̃BRg̃→qq̃) to σg̃g̃ (σq̃q̃ +σq̃ ¯̃q). In general,
SUSY searches are designed to look for high pT objects, and one loses a small amount
of sensitivity by ignoring soft jets. Therefore, the implementation of the pp → q̃g̃
process in this work is believed to be conservative.

Finally, the total χ2 penalty from the LHC 13-TeV /ET constraint is estimated
to be χ2( /ET ) = χ2

q̃( /ET ) +
∑

f=q,b,t χ
2
g̃→ff̄ χ̃0

1
( /ET ).11

pMSSM11 and sub-GUT MSSM

Searches for gluinos and squarks

Both pMSSM11 and sub-GUT MSSM global analyses consider constraints from
CMS simplified model searches using events with /ET and jets but no leptons released
in [118] and events with /ET and jets and a single lepton released in [119].

In the approach taken, e.g., by CheckMATE [120], ColliderBit [121] and MadAnalysis

5 [122], Monte Carlo simulations are used to estimate the signal yield from a model
point after the event selection and to test it by comparing it with the upper bound
given by an experimental collaboration. However, such a method is time-consuming
and computationally prohibitive for this work. To circumvent this issue, one can
take the Fastlim [123] approach 12 and consider the implications of [118] for the
following supersymmetric topologies: g̃g̃ → [qq̄χ̃0

1]2 and [bb̄χ̃0
1]2, and q̃ ˜̄q → [qχ̃0

1][q̄χ̃0
1],

and the implications of [119] for the topology g̃g̃ → [tt̄χ̃0
1]2.

The kinematics of each of these topologies depends on a reduced subset of spar-
ticle masses, e.g., (mg̃,mχ̃0

1
) in the case of the g̃g̃ → [qq̄χ̃0

1]2 topology, and the CMS
publications [118, 119] provide in ROOT[126] files 95% CL upper limits σUL on the
cross sections in the corresponding parameter planes. For each point in the main
model samples, it is calculated for the g̃g̃ initial state and various final states con-
tributions to the global χ2 likelihood function of the form

χ2
g̃→SMχ̃0

1
= 5.99 ·

[ σg̃g̃ BR2
g̃→SMχ̃0

1

σ
g̃→SMχ̃0

1
UL (mg̃,mχ̃0

1
)

]2

, (3.7)

where SM denotes the Standard Model particles considered in each topology, SM ≡
qq̄, bb̄ and tt̄, and analogously for the q̃ ˜̄q → [qχ̃0

1][q̄χ̃0
1] topology, where SM ≡ q

11One could be concerned that summing up the χ2 contributions from different simplified model
limits would overestimate the exclusion limit, since these signal regions are not necessarily inde-
pendent. This would be indeed the case if the same event sample were confronted with multiple
overlapping signal regions. In this work, however, the signal sample is divided into statistically
independent sub-samples, corresponding to the simplified model topologies g̃ → bb̄χ̃0

1,→ tt̄χ̃0
1, etc.,

and these sub-samples are confronted with the corresponding simplified model limits only once.
In such a case the χ2( /ET ) estimate (3.6) provides a conservative limit when there is no significant
excess in the data.

12The SmodelS code [124, 125] takes a similar approach, as described in [123].
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and q̄. NLL-fast [117] is used to compute the cross sections for coloured sparticle
pair-production up to NLO+NLL level.

If gluino and squarks have comparable masses, associated gluino-squark produc-
tion may be sizeable. In the mg̃ & mq̃ region, a fraction of the gq → g̃q̃ process
where the gluino decays into q̄ + q̃ may be regarded as the production of a squark-
antisquark pair with a soft quark jet. Ignoring this soft jet, one can constrain this
process by considering the qq̄ → q̃ ˜̄q simplified model limit. In the analyses here
considered, jets are treated inclusively and this extra quark jet tends to increase the
acceptance slightly. Ignoring the soft jet, therefore, results in an underestimation
of the signal acceptance, leading to a conservative limit. In order to constrain the
gq → g̃q̃ → q̃ ˜̄qq process in the same way as qq̄ → q̃ ˜̄q, the squark cross-section is
rescaled as σq̃q̃ → σq̃q̃ + σg̃q̃ · BRg̃→qq̃ before applying squark simplified model limit.

Similarly, in the mq̃ & mg̃ region, the gluino cross-section is rescaled as σg̃g̃ →
σg̃g̃+σg̃q̃ ·BRq̃→qg̃ to constrain the gq → g̃q̃ → g̃g̃q process using the gluino simplified
model limit.

Topology Analysis Ref.

g̃g̃ → [ qq̄χ̃0
1 ]2, [ bb̄χ̃0

1 ]2 0 leptons + jets with /ET [118]

g̃g̃ → [ tt̄χ̃0
1 ]2 1 lepton + jets with /ET [119]

q̃ ˜̄q → [ qχ̃0
1 ][ q̄χ̃0

1 ] 0 leptons + jets with /ET [118]

b̃˜̄b→ [ bχ̃0
1 ][ b̄χ̃0

1 ] 0 leptons + jets with /ET [118]

t̃1˜̄t1 → [ tχ̃0
1 ][ t̄χ̃0

1 ], [ cχ̃0
1 ][ c̄χ̃0

1 ] 0 leptons + jets with /ET [118]

t̃1˜̄t1 → [ b̄χ̃+
1 ][ b̄χ̃−1 ]→ [ b̄W+χ̃0

1 ][ b̄W−χ̃0
1 ] 0 leptons + jets with /ET [118]

χ̃±1 χ̃
0
2 → [ ν`±χ̃0

1 ][ `+`−χ̃0
1 ] (via ˜̀±) multileptons with /ET [127]

χ̃±1 χ̃
0
2 → [ ντ±χ̃0

1 ][ τ+τ−χ̃0
1 ] (via τ̃±) multileptons with /ET [127]

χ̃±1 χ̃
0
2 → [W±χ̃0

1 ][Zχ̃0
1 ] multileptons with /ET [127]

Table 3.5: Summary of the simplified model limits from ∼ 36/fb of CMS data at 13
TeV used in the pMSSM11 and sub-GUT MSSM study.

Stop and sbottom searches

The treatment of LHC 13 TeV limits on stops and sbottoms is similar in principle
to the implementation of the gluino and squark constraints described above. It is
based on CMS simplified model searches in the jets + 0 [118] and 1 [119] lepton
final states, where the results are interpreted as limits on the following topologies:
t̃1˜̄t1 → [tχ̃0

1][t̄χ̃0
1], [cχ̃0

1][c̄χ̃0
1] in the compressed-spectrum region, [bW+χ̃0

1][b̄W−χ̃0
1] via

χ̃±1 intermediate states and b̃1
˜̄b1 → [bχ̃0

1][b̄χ̃0
1]. Fastlim is also used to implement the

CMS constraints in all these channels, following the same procedure as described
above for gluinos and squarks, and estimating the corresponding contributions to
the global χ2 likelihood function as

χ2
q̃3→SMχ̃0

1
= 5.99 ·

[ σq̃3 ˜̄q3
BR2

q̃3→SMχ̃0
1

σ
q̃3→SMχ̃0

1
UL (mt̃1 ,mχ̃0

1
)

]2

, (3.8)
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where SM = t, c and bW+ for q̃3 = t̃1 and SM = b for q̃3 = b̃1, respectively.
In a significant part of the pMSSM11 parameter space, the neutralino relic abun-

dance is brought into the observed range by Wino or Higgsino coannihilation mech-
anisms. In these regions, χ̃±1 and χ̃0

1 are highly mass degenerate, with a mass differ-
ence that is typically smaller than 5 GeV. Since the decay products of the χ̃±1 → χ̃0

1

transition are too soft to affect the signal acceptance, one can can replace χ̃±1 by
χ̃0

1 in the simplified topology. This approximation allows constraining the t̃1 → bχ̃+
1

(b̃1 → tχ̃−1 ) topology using the b̃1 → bχ̃0
1 (t̃1 → tχ̃0

1) simplified model limit. Thus, in
the Wino and Higgsino coannihilation regions, one can replace, e.g., the numerator
in (3.8) by σt̃1˜̄t1

BR2
t̃1→tχ̃0

1
→ σt̃1˜̄t1

BR2
t̃1→tχ̃0

1
+σ

b̃1
˜̄b1

BR2
b̃1→tχ̃−1

, enhancing the sensitivity.

Searches for electroweak inos

The CMS Collaboration has also released results from searches for electroweak
ino production at the LHC in multilepton final states with ∼ 36/fb of data at
13 TeV [127]. The signatures here implemented are χ̃±1 χ̃

0
2 → [Wχ̃0

1][Zχ̃0
1], 3`± + 2χ̃0

1

via ˜̀±/ν̃ intermediate states, and 3τ± + 2χ̃0
1 via τ̃± intermediate states. As in the

cases of searches for strongly-interacting sparticles described above, Fastlim is used
to compare the cross-section times branching ratio with the 95% CL upper limit
released by CMS [127]. The corresponding contributions to the global χ2 likelihood
function are obtained as

χ2
χ̃±1 →SMχ̃0

1,χ̃
0
2→SMχ̃0

1
'

5.99 ·
[σχ̃±1 χ̃0

2
BRχ̃±1 →SMχ̃0

1
BRχ̃0

2→SMχ̃0
1

σ
(χ̃±1 →SMχ̃0

1)(χ̃0
2→SMχ̃0

1)
UL

]2

, (3.9)

where SM ≡ W or Z, one or two `± and one or two τ±, respectively. One compli-
cation compared to the previous coloured sparticle cases is that σχ̃±1 χ̃0

2
depends on

many MSSM parameters:

σ(pp→ χ̃±1 χ̃
0
2) =

F
(
M1,M2, µ, tan β,mq̃L ,mũR ,md̃R

)
, (3.10)

and it is not feasible to tabulate the cross section directly in a multi-dimensional
look-up table. Therefore, the codeEWK-fast [128] is used. EWK-fast is based on
the observation that σ(pp → χ̃±1 χ̃

0
2) factorizes mathematically (where χ̃i and χ̃j

represent any chargino and/or neutralino):

σ(pp→ χ̃iχ̃j) =
∑

a

Ta(U)Fa
(
mχ̃i ,mχ̃j ,ma

)
, (3.11)

where Ta(U) is a function of the mixing matrices U = {U, V,N} that can be cal-
culated analytically. The factor Fa(mχ̃i ,mχ̃j ,ma) captures the kinematics and the
effect of the parton distribution function and is tabulated in 3-dimensional look-up
tables as a function of mχ̃i ,mχ̃j and ma, where ma = mq̃L ,mũR or md̃R

.
The analyses described above can be extended to constrain models in which

electroweak inos can be produced in the decays of coloured sparticles. Such searches
do not impose conditions on the number of jets, and the final states resemble those
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arising from the direct production of electroweak inos associated with initial-state
QCD radiation. The inclusion of an additional contribution to the electroweak ino
cross-section constrains this class of events, much as discussed above in the case
of the q̃g̃ constraint. For example, in order to constrain q̃ ˜̄q → χ̃iχ̃j + jets, one
can rescale the cross-section: σχ̃iχ̃j → σχ̃iχ̃j + σq̃ ˜̄q BRq̃→jχ̃i BR˜̄q→jχ̃j before applying
the electroweak ino simplified limit The total contribution of LHC Run-2 sparticle
searches is obtained by adding the contributions from the coloured sparticle (3.7,
3.8) and electroweak ino searches (3.9):

χ2
LHC Run 2 =

Topologies∑

i

χ2
i , (3.12)

where the sum is over all the distinct SM final states mentioned above. The simple
sum is justified because event samples with different final states are statistically inde-
pendent, so that their correlations are not important for this analysis. The simplified
model limits used in the pMSSM11 and sub-GUT scans are summarised in Table 3.5.

DMSM analyses

Monojet constraints

Spin-1 mediators decaying to missing energy are constrained by analyses target-
ing monojet final states by ATLAS [129] and CMS [81]. As already mentioned, this
work uses the result obtained by CMS Collaboration [81] using 35.9/fb of data from
collisions at 13 TeV. The ATLAS analysis of the axial coupling case has similar
sensitivity. In particular, this work uses the 95 % CL upper bounds RUL

i (m), where
i labels the vector and axial-vector mediators, imposed on σ(m)/σfix(m) evaluated
at each point in the m = (mχ,mY ) plane, where σfix is the cross-section evaluated
with (gSM, gDM) = (0.25, 1).

The likelihood function can be modeled from this search using the procedure
outlined in Fastlim [123]:

∆χ2 = 5.99×
(

1

RUL
i (m)

σMG(m)

σfix
MG(m)

)2

, (3.13)

where σMG is the monojet cross-section calculated using MG5 aMC 2.4.3 [75].
As a second step in this validation, Fig. 3.5 displays the MasterCode implemen-

tations (colours and solid red lines) of the CMS monojet constraints on the spin-1
mediator with vector-like interactions (left panel) and axial couplings (right panel).
It was found excellent agreement with the CMS limits [81], which are indicated by
dashed red lines.
Dijet constraints

Both ATLAS and CMS Collaborations have published constraints from dijet
invariant-mass distributions on Z ′ resonances [107, 108, 109, 110, 111, 112] with up
to 139/fb of data at 13 TeV [113]. A combination of the limits is presented in the
plane of the Z ′ mass and its q̄q coupling, gq. In recasting this constraint for the
pp→ Y → qq process in the DMSMs, one can demand

σY→qq ≤ σ(g∗q ) (3.14)
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Figure 3.5: The likelihoods for the MasterCode implementations (3.13) (colours
and solid red lines) of the CMS monojet constraints [81] (dashed green lines) for a
spin-one mediator having (left panel) vector-like couplings and (right panels) axial
couplings to quarks and DM particles.

at mY = mZ′ , where g∗q is the upper limit placed on the coupling of the Z ′ to
quarks at a given mZ′ .

13 Note that σY→qq and σ(g∗q ) can be written as (using
Γx ≡ Γ(Y → xx))

σY→qq = c
g4

SM

Γq + Γχ
, σ(g∗q ) = c

(g∗q )
4

Γ∗q
(3.15)

with the same constant c at mY = mZ′ , and Γq =
(
gSM
g∗q

)2
Γ∗q. Using these relations,

the equality in Eq. (3.14) occurs when gSM takes the value

g∗SM ≡

√√√√(g∗q )
2

2

(
1 +

√
1 +

4Γχ
Γ∗q

)
, (3.16)

which serves as the upper bound on gSM for given mY , Γq and Γχ. One can model
the corresponding likelihood function using

∆χ2 = 4×
([

g4
SM

Γq + Γχ

]
/

[
(g∗SM)4

Γq(g∗SM) + Γχ

])2

(3.17)

where Γq and Γχ are obtained with MG5 aMC 2.4.3.
As a further step in this validation, one can cross-check the MasterCode recasting

with the CMS and ATLAS limits [107, 108, 109, 110, 111, 112, 113], as shown in
Fig. 3.6 14. The coloured lines correspond to the various experimental analyses,
which can directly compared to the MasterCode χ2 evaluation indicated by colours
in the plane. Note that the most sensitive upper limit for each mass value is used, and
there is no attempt to combine different experiments. Since the width of the band in
Fig. 3.6 where the variation in the likelihood function is significant (as indicated by

13Note that σ(g∗q ) is the cross-section limit assuming the finite width given by g∗q . Due to the
presence of the Y → χχ mode, ΓY and ΓZ′ may be different. However, when this limit is important,
the Y → qq branching ratio must be large, which justifies the approximation that ΓY ∼ ΓZ′ in
this regime.

14The discontinuity in the limit at mY = 2 TeV is due to the improved sensitivity of the recent
ATLAS limit using 139/fb of data at 13 TeV [113].
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the colour transition) is typically smaller than the differences between the various
experimental limits, this should be a good approximation. The excellent agreement
between the 95% CL upper limit on gSM and that quoted by the experiments is a
valuable cross-check of the MasterCode implementation of the dijet invariant-mass
constraints. In addition to these invariant-mass searches, the CMS Collaboration
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Figure 3.6: Comparison of the MasterCode implementation of the LHC dijet
invariant-mass constraint, indicated by the colour coding, with a compilation of the
limits published by the ATLAS and CMS Collaborations [107, 108, 109, 110, 111,
112, 113], for a Z

′
boson, in the plane of its mass and coupling to the quarks.

has also published a limit on gSM as a function of mZ′ from an analysis of dijet
angular distributions [130]. However, this limit is weaker than the limits from the
dijet invariant mass distribution for the range of masses here studied. Accordingly,
it has not been included in this work. The Y → tt̄ mode has not been considered
either. Due to the large tt̄ background, the sensitivity is weaker than in the dijet
mode.

Also note that in evaluating the dijet and monojet constraints on model cou-
plings, the DMSM analyses work only to leading order in QCD, in the absence of a
complete set of the model-dependent NLO corrections. This treatment is expected
to be conservative in the sense that these corrections are generally positive, so that
the upper limits on couplings obtained would be strengthened if NLO corrections
were included15.

3.3.4 Electroweak and flavour constraints

These are applied to the SUSY SU(5) GUT, pMSSM11 and sub-GUT MSSM global
analyses. The electroweak precision observables, (g − 2)µ and all B- and K-physics

15Calculations in the literature obtain k-factors of around 1.3 for QCD corrections in Z ′ models,
while EW corrections are negligible [131, 132].

70



CHAPTER 3. METHOD 3.3. IMPLEMENTATION OF CONSTRAINTS

observables (except for BR(Bs,d → µ+µ−)) are treated as Gaussian constraints,
combining in quadrature the experimental and applicable SM and SUSY theory
errors. A summary of the constraints used in the SUSY SU(5) GUT global analysis
is shown in Table 3.6. Table 3.7 shows which constraints were updated in the
pMSSM11 and sub-GUT MSSM analyses compared to Table 3.7.

The χ2 contribution from BR(Bs,d → µ+µ−), combined here in the quantity
Rµµ [28] is calculated using a combination of the CMS [133] and LHCb [134] re-
sults described in [135] with the result from ATLAS [136]. The corresponding χ2

contribution in Table 3.6 is extracted by applying to the 2-dimensional likelihood
provided by the combination of these experiments, the minimal flavour violation
(MFV) assumption. The updated version of the BR(Bs → µ+µ−)constraint in-
cludes the Run 2 results from LHCb [137], and it has been used in the pMSSM11
and sub-GUT MSSM analysis. As already mentioned, Table 3.7 summarises the
updates made in the pMSSM11 and sub-GUT global analysis. The only change
in the electroweak sector is in MW , following [158] in combining naively the recent
ATLAS measurement MW = 80.370 ± 0.019 GeV with the previous world average
value MW = 80.385± 0.015 GeV, obtaining MW = 80.379± 0.012 GeV

Since there is a particular attention paid in this thesis to the impact on the SUSY
parameter spaces of the (g − 2)µ constraint [42], is has been assumed

aEXP
µ − aSM

µ = (30.2± 8.8± 2.0MSSM)× 10−10 (3.18)

to be the possible discrepancy with SM calculations [43] that may be explained by
SUSY.

3.3.5 Measurements of the h(125) boson

The combination of ATLAS and CMS measurements of the mass of the Higgs boson
is used: Mh = 125.09 ± 0.24 GeV [143]. The FeynHiggs 2.11.2 code [142, 67] is
employed to evaluate the constraint this imposes on the parameter spaces of the
SUSY SU(5), pMSSM11 and sub-GUT MSSM models.

The χ2 contributions of 85 Higgs search channels from the LHC and the Tevatron
are evaluated using HiggsSignals, see [73], where a complete list of references can
be found.

3.3.6 Constraints on heavy neutral Higgs bosons from Run
II

The χ2 contributions from the limits from searches for the heavy neutral MSSM
Higgs bosons in theH/A→ τ+τ− channels are evaluated using the code HiggsBounds [74,
156], which incorporates the results of CMS searches [155, 156] with ∼ 25 fb−1 of
8 TeV data. The contributions from the two possible production modes, gg → H/A
and bb̄ → H/A, are combined in a consistent manner, depending on the MSSM
parameters. The corresponding χ2 contribution is labelled as “2D likelihood” in
Table 3.6. For the corresponding constraint with 13 fb−1 of 13 TeV data, an
approximate treatment of the χ2 contribution using the result of ATLAS [157] is
implemented, as described in more detail below. Limits from other Higgs boson
searches are not relevant for the investigation in this thesis and are therefore not
included.

71



CHAPTER 3. METHOD 3.3. IMPLEMENTATION OF CONSTRAINTS

Observable Source Constraint
Th./Ex.

mt [GeV] [138] 173.34± 0.76

∆α
(5)
had(MZ) [139] 0.02771± 0.00011

MZ [GeV] [140, 141] 91.1875± 0.0021

ΓZ [GeV] [66] /[140, 141] 2.4952± 0.0023± 0.001SUSY

σ0
had [nb] [66] /[140, 141] 41.540± 0.037

Rl [66] /[140, 141] 20.767± 0.025

AFB(`) [66] /[140, 141] 0.01714± 0.00095

A`(Pτ ) [66] /[140, 141] 0.1465 ± 0.0032

Rb [66] /[140, 141] 0.21629 ± 0.00066

Rc [66] /[140, 141] 0.1721 ± 0.0030

AFB(b) [66] /[140, 141] 0.0992 ± 0.0016

AFB(c) [66] /[140, 141] 0.0707 ± 0.0035

Ab [66] /[140, 141] 0.923 ± 0.020

Ac [66] /[140, 141] 0.670 ± 0.027

AeLR [66] /[140, 141] 0.1513 ± 0.0021

sin2 θ`w(Qfb) [66] /[140, 141] 0.2324 ± 0.0012

MW [GeV] [66] /[140, 141] 80.385± 0.015± 0.010SUSY

aEXP
µ − aSM

µ [43] /[42] (30.2± 8.8± 2.0SUSY)× 10−10

Mh [GeV] [142] / [143] 125.09± 0.24± 1.5SUSY

BR
EXP/SM
b→sγ [144]/[145] 1.021± 0.066EXP

±0.070TH,SM ± 0.050TH,SUSY

Rµµ [146]/[135, 136] 2D likelihood, MFV

BR
EXP/SM
B→τν [145, 147] 1.02± 0.19EXP ± 0.13SM

BR
EXP/SM
B→Xs`` [148]/[145] 0.99± 0.29EXP ± 0.06SM

BR
EXP/SM
K→µν [68, 149] /[139] 0.9998± 0.0017EXP ± 0.0090TH

BR
EXP/SM
K→πνν̄ [150]/[151] 2.2± 1.39EXP ± 0.20TH

∆M
EXP/SM
Bs

[152, 68] /[145] 1.016± 0.074SM

∆M
EXP/SM
Bs

∆M
EXP/SM
Bd

[152, 68] /[145] 0.84± 0.12SM

∆ε
EXP/SM
K [152, 68] /[139] 1.14± 0.10EXP+TH

ΩCDMh
2 [70, 71]/[46] 0.1186± 0.0020EXP±0.0024TH

σSI
p [84, 82] (mχ̃0

1
, σSI

p ) plane

Heavy stable charged particles [153] Fast simulation based on [153, 154]

q̃ → qχ̃0
1, g̃ → ff̄ χ̃0

1 [115] σ · BR limits in the (mq̃,mχ̃0
1
), (mg̃,mχ̃0

1
) planes

H/A→ τ+τ− [155, 156, 157] 2D likelihood, σ · BR limit

Table 3.6: List of experimental constraints used in the SUSY SU(5) GUT analysis,
including experimental and (where applicable) theoretical errors: supersymmetric
theory uncertainties are indicated separately.

In addition to the 8 TeV constraints on H/A→ τ+τ− provided by HiggsBounds,
it is also taken into account the preliminary exclusion limits obtained by ATLAS
from searches for generic spin-0 bosons φ in the ττ final state with an integrated
luminosity of 13.3 fb−1 at 13 TeV that were presented at the ICHEP 2016 confer-
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Observable Source Constraint
Th./Ex.

MW [GeV] [66] /[140, 141] 80.379± 0.012± 0.010MSSM

aEXP
µ − aSM

µ [43] /[42] (30.2± 8.8± 2.0MSSM)× 10−10

Rµµ [135, 136, 137] 2D likelihood, MFV

τ(Bs → µ+µ−) [137] 2.04± 0.44(stat.)± 0.05(syst.) ps

BR
EXP/SM
b→sγ [144]/[145] 0.988± 0.045EXP ± 0.068TH,SM ± 0.050TH,SUSY

BR
EXP/SM
B→τν [145, 147] 0.883± 0.158EXP ± 0.096SM

BR
EXP/SM
B→Xs`` [148]/[145] 0.966± 0.278EXP ± 0.037SM

∆M
EXP/SM
Bs

[152, 68] /[145] 0.968± 0.001EXP ± 0.078SM

∆M
EXP/SM
Bs

∆M
EXP/SM
Bd

[152, 68] /[145] 1.007± 0.004EXP ± 0.116SM

BR
EXP/SM
K→µν [68, 149] /[159] 1.0005± 0.0017EXP ± 0.0093TH

BR
EXP/SM
K→πνν̄ [150]/[151] 2.01± 1.30EXP ± 0.18SM

σSI
p [82, 83, 84] Combined likelihood in the (mχ̃0

1
, σSI

p ) plane

σSD
p [94] Likelihood in the (mχ̃0

1
, σSD

p ) plane

g̃ → qq̄χ̃0
1, bb̄χ̃

0
1, tt̄χ̃

0
1 [118, 119] Combined likelihood in the (mg̃,mχ̃0

1
) plane

q̃ → qχ̃0
1 [118] Likelihood in the (mq̃,mχ̃0

1
) plane

b̃→ bχ̃0
1 [118] Likelihood in the (mb̃,mχ̃0

1
), plane

t̃1 → tχ̃0
1, cχ̃

0
1, bχ̃

±
1 [118] Likelihood in the (mt̃1

,mχ̃0
1
), plane

χ̃±1 → ν`±χ̃0
1, ντ

±χ̃0
1,W

±χ̃0
1 [127] Likelihood in the (mχ̃±1

,mχ̃0
1
) plane

χ̃0
2 → `+`−χ̃0

1, τ
+τ−χ̃0

1, Zχ̃
0
1 [127] Likelihood in the (mχ̃0

2
,mχ̃0

1
) plane

Heavy stable charged particles [153] Fast simulation based on [153, 154]

H/A→ τ+τ− [155, 156, 157, 160] Likelihood in the (MA, tanβ) plane

Table 3.7: List of experimental constraints updated in the pMSSM11 and sub-GUT
MSSM analysis compared to Table 3.6. The experimental and theoretical errors
in the SM and SUSY (sometimes in combination, labelled “MSSM”) are indicated
separately. The new LHC constraints are all based on ∼ 36/fb of data at 13 TeV.

ence and described in [157] (see also the CMS results in [161]). Upper bounds on
σ×BR(φ→ ττ) are reported for each Mφ separately for the gluon fusion production
channel and for production in association with a bb̄ pair assuming there is no con-
tamination between the modes, assuming a single resonance. The cross-sections and
the BRs in the MSSM are computed using FeynHiggs, adding the contributions for
φ = H and φ = A, using the average of the two masses, which are degenerate within
the experimental resolution. This result is compared with the upper limit from the
corresponding channel neglecting contamination. This approach leads to a conser-
vative limit since the signal yield is underestimated in each channel by neglecting
the contamination (the events from the other production mode). As in Eq. (3.6),
the χ2 penalties are modelled as

χ2(Yi) = 4 ·
(σXi · BRτ+τ−

σUL
Yi

(MA)

)2

, (3.19)

where Xi = (gg → H/A, pp → bb̄H/A) is the production mode, Yi = (ggF, bbφ)
is the corresponding search channel and σUL(MA) is the 95% CL upper limit eval-
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uated at MA(≈MH) by ATLAS [157]. Finally, the stronger χ2 is taken, rather
than combining them, in order to be on the conservative side: χ2(H/A→ τ+τ−) =
max(χ2(ggF ), χ2(bbφ)).

An updated version of this constraint (only applied to the pMSSM11 and sub-
GUT analysis) is supplemented by the constraint from ∼ 36/fb of data from the
LHC at 13 TeV provided by ATLAS [160].

3.3.7 Constraints on long-lived charged particles

SUSY SU(5) GUT

LHC constraints from searches for heavy long-lived charged particles (HLCP)
are also included in the SU(5) global analysis. These are, in general, relevant to
coannihilation regions where the mass difference between the lightest SUSY particle
(LSP) and the next-to-lightest SUSY particle (NLSP) may be small, and the NLSP
may, therefore, be long-lived. As discussed below, important roles are played in this
analysis by τ̃1, χ̃±1 and ũR/c̃R coannihilation, but only in the τ̃1 case is the NLSP
- LSP mass difference small enough to offer the possibility of a long-lived charged
particle. The preliminary CMS 13-TeV result [153] using tracking and time-of-
flight measurements, based on the recipe and the efficiency map as a function of
the pseudo-rapidity and velocity of the HLCP given in [154] is implemented in this
analysis. Pythia 8 [162] and Atom [163] are used to generate and analyse the events.
The efficiencies for detecting slow-moving τ̃1s are assumed to be similar at 8 and 13
TeV. 16 The efficiency contains a lifetime-dependent factor ∝ exp(−dm/pτ), where
d is a distance d ' 10 m that depends on the pseudorapidity, and m, p and τ are the
mass, momentum and lifetime of the long-lived particle. This factor drops rapidly
for particles with lifetimes . 10 ps, corresponding to mτ̃1 −mχ̃0

1
& 1.6 GeV.

pMSSM11 and sub-GUT MSSM

It is considered a posteriori the search for long-lived charged particles published
in [166], which is sensitive to lifetimes & ns, and the search for massive charged par-
ticles that escape from the detector without decaying [167]. However, these do not
have a significant impact on the preferred parameter regions and are not included in
the global fit. The only constraint imposed on long-lived charged sparticles a priori
is to require the lifetime to be smaller than 103 s to avoid modifying the successful
predictions of cosmological nucleosynthesis calculations [168].

16A similar recasting method was used in [164]. See also [165] for another approach using
simplified model topologies.
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Chapter 4

Supersymmetric SU(5) GUT

This chapter presents the results of the likelihood analysis of the constraints from
accelerator experiments and astrophysical observations on SUSY models with SU(5)
boundary conditions on soft SUSY-breaking parameters at the GUT scale. The
parameter space of the model studied has seven parameters: a universal gaugino
mass m1/2, distinct masses for the scalar partners of matter fermions in five- and
ten-dimensional representations of SU(5), m5 and m10, and for the 5 and 5̄ Higgs
representations mHu and mHd , a universal trilinear soft SUSY-breaking parameter
A0, and the ratio of Higgs vevs tan β. In addition to constraints from direct sparticle
searches, low-energy and flavour observables, this analysis incorporates constraints
based on preliminary results from 13 TeV LHC searches for jets + /ET events and
long-lived particles, as well as the PandaX-II and LUX searches for direct Dark
Matter detection. The implementation of these constraints has been described in
Sects. 3.3.1 to 3.3.7

Section 4.1 describes the characterisation of the different Dark Matter (DM)
mechanisms for bringing the supersymmetric relic density into the range allowed by
cosmology. Section 4.2 contains the results in several model parameter planes and
Sect. 4.3 describes various one-dimensional likelihood function. A comparison of
the SU(5) with the NUHM2 results is presented in Sect. 4.7. The possibility of a
long-lived τ̃1 is discussed in Sect. 4.4. Finally, the prospects for direct DM detection
are discussed in Sect. 4.5.

4.1 Dark matter mechanisms

The relic density of the LSP, assumed here to be the lightest neutralino, χ̃0
1, which is

stable in supersymmetric SU(5) because of R-parity, may be brought into the narrow
range allowed by the Planck satellite and other measurements [46] via a combina-
tion of different mechanisms. It was emphasised previously [64] in studies of the
CMSSM, NUHM1 and NUHM2 that simple annihilations of pairs of LSPs into con-
ventional particles would not have been sufficient to bring the relic χ̃0

1 density down
into the Planck range for values of mχ̃0

1
compatible with the LHC search limits and

other constraints on these models. Instead, there has to be some other mechanism
for suppressing the LSP density. Examples include enhanced, rapid annihilation
through direct-channel resonances such as Z, h,H/A. Another possibility is coan-
nihilation with some other, almost-degenerate sparticle species [169, 170, 171, 172,
173]: candidates for the coannihilating species identified in previous studies include
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the τ̃1, µ̃, ẽ, ν̃, t̃1 and χ̃±1 .
The following measures on the sparticle mass parameters quantify the mass de-

generacies relevant to the above-mentioned coannihilation and rapid annihilation
processes. It also indicates the colour codes used in subsequent figures to identify
regions where each of these degeneracy conditions applies:

τ̃1 coann. (pink) :

(
mτ̃1

mχ̃0
1

− 1

)
< 0.15 ,

χ̃±1 coann. (green) :

(
mχ̃±1

mχ̃0
1

− 1

)
< 0.1 ,

A/H funnel (pale blue) :

∣∣∣∣∣
MA

mχ̃0
1

− 2

∣∣∣∣∣ < 0.4 . (4.1)

Points that satisfy the DM density constraint fulfill one or more of the mass-
degeneracy conditions and identify the mechanisms that yield the largest fractions
of final states, which are usually & 50%.

In much of the region satisfying the τ̃1 degeneracy criterion above, the ν̃τ has a
similar mass and can contribute to coannihilation [174]. The parts of the sample
where sneutrino coannihilation is important are highlighted by introducing a shading
for regions where the ν̃τ is the next-to-lightest sparticle (NLSP), and obeys the
degeneracy condition

ν̃NLSP
τ coann. (orange) :

(
mν̃τ

mχ̃0
1

− 1

)
< 0.1 . (4.2)

The importance of this supplementary DM mechanism is discussed later.
A novel possibility in the SU(5) SUSY GUT is coannihilation with right-handed

up-type squarks, ũR and c̃R, which may be much lighter than the other squarks in
this model, as a consequence of the freedom to have m5 6= m10. The relevant mass
degeneracy is quantified by

ũR/c̃R coann. (yellow) :

(
mũR/c̃R

mχ̃0
1

− 1

)
< 0.2 . (4.3)

This novel degeneracy condition can play an important role when m5 � m10.
It is also distinguished in this analysis ‘hybrid’ regions where the τ̃1 coannihilation

and H/A funnel mechanisms may be relevant simultaneously:

τ̃1 coann.+H/A funnel : (purple) , (4.4)

also with the indicated colour code.

4.2 Parameter planes

Fig. 4.1 displays features of the global χ2 function for the SUSY SU(5) GUT model in
the (m5,m1/2) plane (left panel) and the (m10,m1/2) plane (right panel), profiled over
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the other model parameters. Here and in subsequent parameter planes, the best-
fit point is shown as a green star, red contours surround the 68% CL regions, and
the 95% CL regions are surrounded by blue contours (∆χ2 = 2.30 and ∆χ2 = 5.99
contours are used as proxies for the boundaries of the 68% and 95% CL regions in the
fit). The regions inside the 95% CL contours are shaded according to the dominant
DM mechanisms discussed in the Section 4.1. In the unshaded regions there is no
single dominant DM mechanism. As it can be seen in Fig. 4.1, the best-fit point
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Figure 4.1: The (m5,m1/2) plane (left panel) and the (m10,m1/2) plane (right panel)
in the SUSY SU(5) GUT model. The best-fit point is shown as a green star, the red
contour surrounds the 68% CL region, and the blue contour surrounds the 95% CL
region. The coloured shadings represent the dominant DM mechanisms, as indicated
in the lower panel and described in the text.

is at relatively small values of m5,m10 and m1/2, close to the lower limit on m1/2,
whereas the 68% CL region extends to much larger values of m5,m10 and m1/2. The
values of the model parameters at the best-fit point are listed in Table 4.1. The
upper row of numbers are the results from the current fit including the LHC 13-TeV
and PandaX-II/LUX constraints, and the numbers in parentheses in the bottom row
were obtained using the previous LHC 8-TeV and XENON100 constraints instead,
but the same implementations of the other constraints. The most significant effect
of the new LHC data has been to increase the best-fit value of m1/2 by ∼ 160 GeV:
the changes in the other fit parameters are not significant, given the uncertainties.
As discussed in more detail later, the favoured fit regions are driven by the (g− 2)µ
constraint towards the boundary of the region excluded by the /ET constraint. Away
from this boundary, the global χ2 function is quite flat. The best-fit point and much
of the 68% CL region lie within the pink shaded region where τ̃1−χ̃0

1 coannihilation is
the dominant DM mechanism. At larger values of m5 and m10 there is a blue shaded
region where rapid annihilation via direct-channel H/A poles is dominant. Darker
shaded hybrid regions can be seen where τ̃1 and H/A annihilation are important
simultaneously. At larger values of m1/2 & 3000 GeV, in the green shaded regions,
the dominant DM mechanism is χ̃±1 − χ̃0

1 coannihilation. There is also a band in the
(m10,m1/2) plane with m10 & 1500 GeV and m1/2 ∼ 1000 GeV, allowed at the 95%
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CL, where ν̃NLSP
τ coannihilation is important. One can also note the appearance

m1/2 m5 m10 mHu mHd A0 tan β
1050 -220 380 -5210 -4870 -5680 12
(890) (-80) (310) (-4080) (-4420) (5020) (11)

Table 4.1: Parameters of the best-fit point in the SUSY SU(5) GUT model, with mass
parameters given in GeV units. The numbers in parentheses in the bottom row are
for a fit that does not include the LHC 13-TeV constraints and the recent PandaX-II
and LUX constraints on DM scattering. Note that the same convention for the sign
of A0 as was used in [175, 28, 29, 37, 64], which is opposite to the convention used
in, e.g., SoftSUSY, and that it was used the notation sign(m2) ×

√
|m2| → m for

m5,m10,mHu and mHd.

within the 95% CL region at m1/2 ∼ 1000 GeV, and m10 ∼ −1000 GeV of the novel
ũR/c̃R − χ̃0

1 coannihilation region (shaded yellow). To understand the origin of this
novelty, consider the one-loop renormalisation-group equations for the states in the
10 representations of SU(5), namely (qL, u

c
L, e

c
L)i, above the highest MSSM particle

mass (all masses are understood to be scalar fermion masses, and the subscripts L)
are suppressed:

16π2
∂m2

qi

∂t
= δi3(Xt +Xb)−

32

3
g2

3|M3|2

−6g2
2|M2|2 −

2

15
g2

1|M1|2 +
1

5
g2

1S , (4.5)

16π2
∂m2

uci

∂t
= 2δi3Xt −

32

3
g2

3|M3|2

−32

15
g2

1|M1|2 −
4

5
g2

1S , (4.6)

16π2
∂m2

eci

∂t
= 2δi3Xτ −

24

5
g2

1|M1|2 +
6

5
g2

1S , (4.7)

where t ≡ ln(Q/Q0) with Q the renormalisation scale and Q0 some reference scale,

Xt ≡ 2|yt|2(m2
Hu +m2

q3
+m2

tc) + 2|At|2 , (4.8)

Xb ≡ 2|yb|2(m2
Hd

+m2
q3

+m2
bc) + 2|Ab|2 , (4.9)

Xτ ≡ 2|yτ |2(m2
Hd

+m2
l3

+m2
τc) + 2|Aτ |2 , (4.10)

and

S ≡ (m2
Hu −m2

Hd
)

+ Tr
(
m2
q −m2

l − 2m2
uc +m2

dc +m2
ec

)
, (4.11)

where the trace in S sums over the generations. The ũR/c̃R − χ̃0
1 coannihilation

mechanism becomes important in a region of the SUSY SU(5) GUT parameter space
where m2

5 is very large and positive (∼ 27 TeV2), m2
10 is small and negative (∼ −1.4

TeV2), m2
Hu

is very large and negative (∼ −23 TeV2), and m2
Hd

is very large and
positive (∼ 50 TeV2). In this region, therefore, Xt is very large and negative (∼ −35
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TeV2), Xb and Xτ are suppressed because of small Yukawa couplings (tan β is not
large in this region), and S is also very large and negative (∼ −73 TeV2), since
m2
Hu
− m2

Hd
is large and negative and Tr(m2

q − m2
l − 2m2

uc + m2
dc + m2

ec) vanishes
at the GUT scale. Inspection shows that the Xt terms in (4.5) and (4.6) drive the
stop and sbottom masses upwards, and the S terms in (4.5) and (4.7) drive the
left-handed squark and right-handed selectron masses upwards. On the other hand,
the S term in (4.6) drives the right-handed squark masses downwards. Since there
are no counteracting X terms for the ũR and c̃R, these have lower masses than the
other sfermions, opening the way to a ũR/c̃R − χ̃0

1 coannihilation region.
As discussed in more detail later, the Atom [163] simulation code is used for a ded-

icated verification that points in this region escape all the relevant LHC constraints.
These points avoid exclusion by the LHC constraints through a combination of a
strong mass degeneracy, mũR/c̃R −mχ̃0

1
. 50 GeV, leading to strong suppression of

the standard /ET signature, and the reduction of the production rate compared to
the simplified model that assumes mass degeneracy of all eight light flavour squarks
(see Fig. 3.2). These effects are clearly visible in Fig. 18 of [176]. Fig. 4.2 displays the
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Figure 4.2: The (m5,m10) plane in the SUSY SU(5) GUT model. The line colours
and shadings are the same as in Fig. 4.1.

corresponding information in the (m5,m10) plane of the SUSY SU(5) GUT model.
As already reported in Table 4.1, here it can be seen directly that the best-fit point
has very small (and slightly negative) m5, and that m10 is somewhat larger, exploit-
ing the possibility that m5 6= m10 that is offered in this model. The 68% CL region
extends to values of m5 and m10 beyond the τ̃1 coannihilation region. The χ̃±1 − χ̃0

1

coannihilation is dominant in most of the rest of this plane, with only scattered
regions where rapid H/A annihilation is important, even in combination with τ̃1

coannihilation.
Projections of the results in the (tan β,m1/2), (tan β,m5) and (tan β,m10) planes

are shown in Fig. 4.3. Values of tan β & 4 are allowed at the 95% CL. The range
tan β ∈ (8, 57) is favoured at the 68% CL, and there is no phenomenological upper
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limit on tan β at the 95% CL1. The best-fit point has tan β = 13, as also reported
in Table 4.1.
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Figure 4.3: The (tan β,m1/2) plane (upper panel), the (tan β,m5) plane (lower left
panel) and the (tan β,m10) plane (lower right panel) in the SUSY SU(5) GUT model.
The line colours and shadings are the same as in Fig. 4.1.

The pink τ̃1 − χ̃0
1 coannihilation region is very prominent in the (tan β,m1/2)

projection shown in the upper panel of Fig. 4.3, as is the blue rapid H/A annihilation
region and the purple τ̃1 − χ̃0

1 coannihilation + H/A funnel hybrid region at large
tan β and m1/2. While the H/A funnel appears in the CMSSM only when tan β >∼ 45
for µ > 0 [169, 177], in the SU(5) SUSY GUT model, it is found at significantly
lower tan β, due to the separation of mHu and mHd from m5 and m10, effectively
making mA (and µ) free parameters as in the NUHM2. There is also a region
in the (tan β,m1/2) plane with tan β . 10 and m1/2 ∼ 1000 GeV where ν̃NLSP

τ

coannihilation is important.
The τ̃1 − χ̃0

1 coannihilation region and the purple τ̃1 − χ̃0
1 coannihilation + H/A

funnel hybrid region are prominent for |m5| . 3000 GeV in the (tan β,m5) and

1The RGE evolution of the Yukawa couplings blows up for tanβ >∼ 60.
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(tan β,m10) planes shown in the lower part of Fig. 4.3, with χ̃±1 − χ̃0
1 coannihilation

dominant at smaller values of tan β, in particular. The ũR/c̃R − χ̃0
1 coannihila-

tion region appears in a small island for tan β ∼ 8 and m10 ∼ −1200 GeV in the
(tan β,m10) plane shown in the lower right panel of Fig. 4.3.

Fig. 4.4 displays projections of the global analysis results for Mh versus m1/2

(upper left), tan β (upper right), m5 (lower left) andm10 (lower right). The predicted
values of Mh are well centred within the expected FeynHiggs uncertainty range
around the value measured at the LHC, Mh = 125.09± 0.24 GeV [143]. Moreover,
the Dark Matter mechanisms do not exhibit any preference for values of Mh above
or below the nominal central value. Thus, there is no apparent tension between this
LHC measurement and the other constraints on the SUSY SU(5) GUT model, with
the notable exception of (g − 2)µ.
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Figure 4.4: The (Mh,m1/2) plane (upper left panel), the (tan β,Mh) plane (upper
right panel), the (Mh,m5) plane (lower left panel) and the (Mh,m10) plane (lower
right panel) in the SUSY SU(5) GUT model. The line colours and shadings are the
same as in Fig. 4.1.

As is well known, the calculation of Mh in the MSSM is particularly sensitive
to the value of the trilinear soft SUSY-breaking parameter A0 as well as the stop
squark masses. The latter depends on the SUSY SU(5) GUT model on m10 and
m1/2, but are insensitive to m5.
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The (mHu ,mHd) plane is shown in Fig. 4.5. The best-fit point lies in the quad-
rant where both mHu and mHd are negative, and that the 68% CL region extends
also to the quadrant where mHd is negative and mHu is positive, as does the τ̃1− χ̃0

1

coannihilation region. On the other hand, the χ̃±1 − χ̃0
1 coannihilation region lies

in the upper quadrants where mHd > 0. There is also an intermediate region,
characterised by the H/A funnel mechanism and its hybridisation with τ̃1 coanni-
hilation, part of which is also allowed at the 68% CL. There is also a region with
MHu ∼ 4000 GeV,MHd ∼ −3000 GeV where ν̃NLSP

τ coannihilation is important.
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Figure 4.5: The (mHu ,mHd) plane in the SUSY SU(5) GUT model. The line colours
and shadings are the same as in Fig. 4.1.

The left panel in Fig. 4.6 displays the (MA, tan β) plane in the supersymmet-
ric SU(5) GUT model. It can be seen that MA & 800(1000) GeV at the ∆χ2 =
5.99 (2.30) level, corresponding to the 95 (68) % CL, which is largely due to the in-
terplay of the indirect constraints on (MA, tan β) such as Mh (see also [161]) as well
as the direct constraints from the LHC heavy MSSM Higgs searches. Even for large
tan β, where these constraints impose the strongest lower limit on MA, it is much
weaker than the global limit in this analysis, which is MA & 2800(> 4000) GeV
at the 95 (68) % CL. The same behaviour can be observed in the right panel of
Fig. 4.6, where the one-dimensional likelihood profile for MA is shown. Indeed, the
lightest pseudoscalar mass allowed at ∆χ2 = 4 is ∼ 920 GeV. The best-fit point
in the global fit has (MA, tan β) ' (1600 GeV, 13): this is considerably beyond the
present and projected LHC reach, though poorly determined.
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Figure 4.6: On the left, the (MA, tan β) plane in the SUSY SU(5) GUT model. The
line colours and shadings are the same as in Fig. 4.1. On the right, the χ2 likelihood
function for the pseudoscalar mass.

4.3 One-dimensional likelihood functions

4.3.1 Sparticle masses

Fig. 4.7 displays the one-dimensional likelihood functions for mg̃ (top left), mq̃L (top
right), md̃R

(centre left), mũR (centre right), mt̃1 (bottom left) and mτ̃1 (bottom
right). The solid blue line in each panel corresponds to the current analysis of the
supersymmetric SU(5) model including LHC Run 2 data at 13 TeV, the dashed
blue line shows the result of an SU(5) fit in which the LHC 13-TeV results are not
included, and the solid grey line corresponds to ‘fake’ NUHM2-like results obtained
by selecting a subset of the SU(5) sample with m5/m10 ∈ [0.9, 1.1], which is discussed
in more detail in Sect. 4.7 2

The current SU(5) fit exhibits minima of χ2 at masses . 2.5 TeV: mg̃ '
2600 GeV, common squark mass mq̃ ' 2200 GeV, mũR , md̃R

, mt̃1 ' 2200 GeV and

mτ̃1 ' 540 GeV, followed by a rise at higher mass towards a plateau with ∆χ2 <∼ 2.
The minimum is relatively sharp for mg̃, mq̃ and mτ̃1 , whereas it is broader for mt̃1 .
As already noted, a novel feature of the SUSY SU(5) GUT model with (m5 6= m10)
is that the ũR and c̃R may be much lighter than the other squarks. This leads to
the possibility of a ũR/c̃R− χ̃0

1 coannihilation strip where mũR and mc̃R ∼ 500 GeV,
which is visible as a second local minimum of χ2 with ∆χ2 > 4 in the centre right
panel of Fig. 4.7.

In order to check whether this strip is allowed by the available LHC constraints,
the Atom simulation code was used to verify that points along this strip are consistent
with the published constraints from the LHC 8-TeV data. This strip has been also
checked to be consistent with the preliminary simplified model search for q̃q̃+ q̃ ¯̃q at
13 TeV reported by CMS. The left panel of Fig. 4.8 displays as a solid/dashed blue
line the one-dimensional χ2 function for mũR −mχ̃0

1
including/omitting the 13-TeV

2The ∆χ2 functions for the NUHM2 subsample are calculated relative to its minimum χ2, which
is ∼ 0.4 higher than the minimum χ2 for the full SU(5) sample.
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Figure 4.7: The χ2 likelihood functions in the SUSY SU(5) GUT model (blue lines)
for the gluino mass (top left panel), the left-handed squark mass (top right panel),
the right-handed down squark mass (centre left panel), the right-handed up squark
mass (centre right panel), the lighter stop squark mass (lower left panel) and the
lighter stau slepton mass (lower right panel). The dashed blue lines show the result
of omitting the LHC 13-TeV constraints, and the grey lines represent ‘fake’ NUHM2
results obtained by selecting a subset of the SU(5) sample with m5/m10 ∈ [0.9, 1.1].
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data (the corresponding lines for mc̃R−mχ̃0
1

are very similar), and the right panel of

Fig. 4.8 shows the region of the (mũR ,mχ̃0
1
) plane where ∆χ2 < 5.99, i.e., allowed at

the 95% CL. It was found that σ(q̃q̃+ q̃ ¯̃q) < 0.1 pb in this region, whereas the cross
section upper limit as given in [115] is & 1 pb. One can conclude that this simplified
model search does not affect the likelihood in this ũR/c̃R − χ̃0

1 coannihilation strip
region. However, it will be explored further by future LHC data with increased
luminosity.
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Figure 4.8: Left panel: the χ2 likelihood function in the SUSY SU(5) GUT model
for mũR −mχ̃0

1
in the ũR/c̃R − χ̃0

1 coannihilation strip region (the solid/dashed line
includes/omits the 13-TeV LHC data). Right panel: the region of the (mũR ,mχ̃0

1
)

plane where ∆χ2 < 5.99.

Finally, one can consider the impact of the constraints from mono-jet searches [178,
179, 180]. These searches are designed to be sensitive to the highly compressed mass
region by limiting the multiplicity of the high pT jets. In the ũR/c̃R− χ̃0

1 coannihila-
tion region, the mass difference is mildly compressed, mũR/c̃R −mχ̃0

1
∼ 40 GeV, and

the jets from ũR/c̃R decays are still resolvable from the background. Such extra jets
will spoil the character of the mono-jet event and reduce efficiency. The degradation
of the sensitivity for the mildly compressed region is seen, for example, in Fig. 5
of [178]. For this reason, the mono-jet searches lose sensitivity to the ũR/c̃R − χ̃0

1

coannihilation region, compared to the jets + /ET analysis [115], and they are not
considered in this analysis.

The χ2 distributions for some more observables are shown in Fig. 4.9, It can
be seen that the minima for mχ̃0

1
(upper left panel) and mχ̃±1

(upper right panel)

are quite well defined, mirroring the structure in the χ2 function for mτ̃1 shown in
the lower right panel of Fig. 4.7. The preference for a (very) small τ̃1 − χ̃0

1 mass
difference is seen in the lower left panel of Fig. 4.9, and reflects the fact, commented
on in connection with many previous figures, that the best-fit point and much of
the 68% CL region lies in the τ̃1 − χ̃0

1 coannihilation region. On the other hand,
a small mt̃1 −mχ̃0

1
mass difference is disfavoured, as seen in the lower right plot of

Fig. 4.9, reflecting the fact that stop coannihiliation does not play a significant role.
The χ̃±1 − χ̃0

1 coannihilation region is prominent in the previous figures, and also
contains parameter sets that are preferred at the 68% CL. Hence a small χ̃±1 − χ̃0

1

mass difference is also allowed at the ∆χ2 & 1 level, as seen in the left panel of
Fig. 4.10, although the best-fit point has mχ̃±1

−mχ̃0
1
∼ 470 GeV. However, values
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Figure 4.9: The χ2 likelihood functions in the SUSY SU(5) GUT model for the χ̃0
1

mass (upper left panel), the χ̃±1 mass (upper right panel), the τ̃1− χ̃0
1 mass difference

(lower left panel) and the t̃1 − χ̃0
1 mass difference (lower right panel). The dashed

blue lines shows the result of omitting the LHC 13-TeV constraints, and the grey
lines represent ‘fake’ NUHM2 results obtained by selecting a subset of the SU(5)
sample with m5/m10 ∈ [0.9, 1.1].

of the χ̃±1 lifetime that are allowed at the 95% CL are all too short to provide a
long-lived particle signal, as seen in the right panel of Fig. 4.10. 3

4.3.2 Electroweak precision and flavour observables

Fig. 4.11 shows the one-dimensional likelihood functions for electroweak precision
observables and observables in the flavour sector, together with the current experi-
mental measurements and their uncertainties shown as dotted grey lines. The upper
left panel displays (g − 2)µ, and it can be seen that the global minimum occurs for
∆(g − 2)µ ' 0.4 × 10−9, with ∆χ2 . −2 compared to the case ∆(g − 2)µ = 0.
One can see again that the SUSY SU(5) GUT model can mitigate slightly the dis-
crepancy between the SM and the measurement of (g − 2)µ, although it does not
provide a substantial improvement over the SM prediction. As for Mh, as shown in
the upper right panel of Fig. 4.11 the χ2 function is minimised close to the nominal
experimental value, and is quite symmetric, showing no indication of any tension
in the SUSY SU(5) GUT model fit. Likewise, the best-fit value of MW (lower left

3For conditions to have a long-lived χ̃±1 with a bino-like LSP: see, e.g., [181].
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Figure 4.10: The χ2 likelihood functions in the SUSY SU(5) GUT model for the χ̃±1 −
χ̃0

1 mass (left panel) and the χ̃±1 lifetime (right panel). The dashed blue lines shows
the result of omitting the LHC 13-TeV constraints, and the grey lines represent ‘fake’
NUHM2 results obtained by selecting a subset of the SU(5) sample with m5/m10 ∈
[0.9, 1.1].

panel of Fig. 4.11) is highly compatible with the experimental measurement, and
that for BR(Bs,d → µ+µ−) (lower right panel) is very close to the SM prediction,
and hence also compatible with the experimental measurement. Note that, whereas
values of BR(Bs,d → µ+µ−) that are slightly larger than the SM value are possible,
smaller values are strongly disfavoured in the SUSY SU(5) GUT model.
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Figure 4.11: The χ2 likelihood functions in the SUSY SU(5) GUT model for
(g − 2)µ/2 (upper left panel), Mh (upper right panel), MW (lower left panel), and
BR(Bs,d → µ+µ−) (lower right panel). The dashed blue lines show the result of omit-
ting the LHC 13-TeV constraints, and the solid grey lines represent ‘fake’ NUHM2
results obtained by selecting a subset of the SU(5) sample with m5/m10 ∈ [0.9, 1.1].,
and the dotted grey lines represent the current experimental measurements with their
uncertainties.
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4.4 The possibility of a long-lived τ̃1

The possibility of a very small τ̃1 − χ̃0
1 mass difference opens up the possibility

that the τ̃1 might have a long lifetime, as discussed in the contexts of the CMSSM,
NUHM1 and NUHM2 in [64]. This would occur if mτ̃1 −mχ̃0

1
< mτ . As seen in the

lower left panel of Fig. 4.9, the best-fit point has a mass difference ∼ 20 GeV, outside
this range, but mτ̃1 −mχ̃0

1
< mτ is allowed with ∆χ2 ∼ 1. The lifetime of the τ̃1 can

be analysed in Fig. 4.12. As it can be seen in the upper left panel of Fig. 4.12, there
is essentially no χ2 penalty for 10−9 s . ττ̃1 . 10−2 s, with lifetimes ∼ 10−10 s and
. 103 s allowed with ∆χ2 . 1. Distinguishing a separated-vertex signature at the
LHC would be challenging for smaller values of ττ̃1 , and there would be significant
disruption of the successful conventional Big Bang nucleosynthesis calculations for
ττ̃1 & 103 s [182].

10-1010-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100 101 102 103

ττ̃1  [s]

0

1

2

3

4

5

6

7

8

9

∆
χ
2

0 1000 2000 3000 4000

mτ̃1[GeV]

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

τ τ̃
1
 [

s]

2600 600 1400 3400 5400 7400

m5[GeV]

0

500

1000

1500

2000

2500

3000

3500

4000

m
1/

2
[G
e
V
]

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

τ τ̃
[s
]

2000 1000 0 1000 2000 3000 4000

m10[GeV]

0

500

1000

1500

2000

2500

3000

3500

4000

m
1/

2
[G
e
V
]

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

τ τ̃
[s
]

Figure 4.12: Upper left panel: The global χ2 function in the SUSY SU(5) GUT
model as a function of the τ̃1 lifetime. Upper right panel: The (mτ̃1 , ττ̃1) plane,
shaded according to the values of ττ̃1, as indicated. Lower panels: The (m5,m1/2)
and (m10,m1/2) planes, coloured according to the values of ττ̃1. The 68% and 95%
CL contours in these three planes are coloured red and blue, respectively.

The upper right plot of Fig. 4.12 compares the τ̃1 lifetime with its mass. The
plane is characterised by a strip with 800 GeV . τ̃1 . 1200 GeV allowed at the 68%
CL, while the 95% CL region is significantly wider, ranging from mτ̃1 ∼ 500 GeV to
mτ̃1 ∼ 2000 GeV.

The lower panels of Fig. 4.12 display the regions of the (m5,m1/2) (left) and
(m10,m1/2) (right) planes in the SUSY SU(5) GUT model where the lowest-χ2 points
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have 10−10 s < ττ̃1 < 103 s. The colour-coding indicates the lifetimes of these points,
as indicated in the legends. The contours for ∆χ2 < 2.30(5.99) relative to the best-
fit point in our sample are shown as solid red and blue lines, respectively. One can
see that larger lifetimes occur all over the displayed parameter space, with a slight
preference for larger m5 or m10 values.

4.5 Searches for Dark Matter scattering

The experimental results providing the upper limits on the spin-independent DM
scattering cross sections on protons, σSI

p , are those from the PandaX-TT experiment
[84] and from the LUX Collaboration [82]. These two constraints on σSI

p have been
combined into a single experimental likelihood function, which has then been con-
voluted with an estimate of the theoretical uncertainty in the calculation of σSI

p , as
described in [64], to constrain the SUSY SU(5) GUT parameter space. This con-
straint has been used in obtaining the global fit whose results have been presented
in the previous Sections.

Fig. 4.13 displays the analysis results for the SUSY SU(5) GUT model in the
(mχ̃0

1
, σSI

p ) plane. The combined PandaX-II/LUX constraint (black line) establishes

a 95% CL that reaches σSI
p ' 2 × 10−46 cm2 for mχ̃0

1
= 50 GeV and ' 10−45 cm2

for mχ̃0
1

= 500 GeV, providing the upper boundary of the 95% CL region in the

(mχ̃0
1
, σSI

p ) plane seen in Fig. 4.13. It can be seen that there are regions favoured at
the 68% CL that lie relatively close to this boundary, whereas the main 68% CL
region and the best-fit point have smaller values of σSI

p . One can also note that the
H/A funnel and χ̃±1 − χ̃0

1 DM mechanisms favour values of σSI
p that are relatively

close to the PandaX-II/LUX boundary, whereas the τ̃1 − χ̃0
1 mechanism and its

hybridisation with the H/A funnel favour smaller values of σSI
p . The upcoming

XENON1T [83] experiment will be able to probe the whole χ̃±1 coannihilation region
and a substantial part of the H/A funnel region.

It is also displayed in Fig. 4.13 the projected 95% exclusion sensitivity of the
future LUX-Zeplin (LZ) and XENONnT experiments (solid purple and dashed blue
lines respectively) [183, 83], and the astrophysical neutrino ‘floor’ (dashed orange
line) [184, 185], below which astrophysical neutrino backgrounds dominate (yellow
region). Much of the τ̃1− χ̃0

1 coannihilation region and the region of its hybridisation
with the H/A funnel lie below the projected sensitivities of the LZ and XENONnT
experiments, and substantial portions of them also lie below the neutrino ‘floor’.
On the bright side, however, one can recall that the τ̃1 − χ̃0

1 region, in particular,
lies at relatively small values of m5,m10 and m1/2, offering greater prospects for
detection at the LHC than, e.g., the χ̃±1 − χ̃0

1 region, so there is complementarity in
the prospects of the LHC and direct DM experiments for probing the SUSY SU(5)
GUT model, as was noted previously for other SUSY models [64].
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Figure 4.13: The (mχ̃0
1
, σSI

p ) plane in the SUSY SU(5) GUT model. The solid green
line is the 95% CL upper limit from the XENON100 experiment, and the dashed
black solid line is the new 95% CL upper limit from the LUX experiment. The solid
black line shows the 95% CL exclusion contour for the combination of the PandaX-
II and LUX experiments, the solid purple line shows the projected 95% exclusion
sensitivity of the LUX-Zeplin (LZ) experiment, the solid and dashed blue lines show
the projected 95% sensitivities of the XENON1T and XENONnT experiments, re-
spectively and the dashed orange line shows the astrophysical neutrino ‘floor’, below
which astrophysical neutrino backgrounds dominate (yellow region). The other line
colours and shadings within the 68% and 95% CL regions are the same as in Fig. 4.1.

4.6 Best-Fit Points, Spectra and Decay Modes

The parameter inputs of the SUSY SU(5) GUT analysis at the best-fit point were
given in Table 4.1, and Table 4.2 lists the exact particle masses at the best-fit point,
which are depicted in Fig. 4.14. The dashed lines indicate the decay branching
ratios (BRs) exceeding 20%, which are thicker for more important BRs. Fig. 4.15
displays the 1-dimensional 68 and 95% CL ranges for the Higgs and sparticle masses
in the supersymmetric SU(5) model as darker and lighter coloured bands, with the
best-fit values shown as blue lines.

Concerning future e+e− colliders, one can see that the best-fit masses of the
lightest neutralino and stau are ∼ 500 GeV, and some other 68%CL ranges go down
to 500 GeV, offering the possibility of pair production at a collider with

√
s ∼ 1 TeV,

as envisaged for the final stage of the ILC [186, 187]. Going to higher centre-of-mass
energies, e.g.,

√
s <∼ 3 TeV [188, 187] as anticipated for CLIC, significant fractions

of the 68% CL ranges of electroweak sparticle masses can be covered. Another
novel feature of the SUSY SU(5) GUT model is visible in Table 4.2 and Fig. 4.14.
Having m5 6= m10 allows the possibility of strong mixing between the τ̃R in the 10
representation and the τ̃L in the 5̄ representation. For example, at the best-fit point
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τ̃1 τ̃2 ẽL ẽR ν̃τ q̃L t̃1 t̃2

470 660 630 678 570 2130 1840 2180

b̃1 b̃2 ũR d̃R g̃ MH,A mχ̃0
1

mχ̃0
2,χ̃
±
1

1940 2090 2000 1980 2310 1620 460 860

Table 4.2: Particle masses at the best-fit point in the SUSY SU(5) GUT model (in
GeV units).
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Figure 4.15: The 1-dimensional 68 and 95% CL ranges of masses obtained for the
current fit in the supersymmetric SU(5) model, shown in dark and light orange
respectively. Blue lines represent the best-fit point.

the τ̃1 is an almost equal mixture of τ̃L and τ̃R:

τ̃1 = 0.70 τ̃L + 0.72 τ̃R . (4.12)

This large mixing explains the level repulsion ∆m ' 200 GeV between the τ̃1 and τ̃2

seen in Table 4.2, which is much larger than the splitting ∆m ' 50 GeV between the
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almost unmixed ẽ1 ∼ ẽR and ẽ2 ∼ ẽL that is also seen in Table 4.2. Fig. 4.16 displays

the contribution to the global χ2 function of (g − 2)µ (in teal), as a function of m5

(left panel), m10 (middle panel) and m1/2 (right panel). In each case, there is a well-
defined minimum that is lower than the plateau at large mass values by ∆χ2 & 2.
In contrast, the contributions to the global χ2 function of the other observables are
relatively featureless over large ranges of m5, m10 and m1/2, with the exception of the
contribution from the LHC 13-TeV data (mainly due to the /ET constraint), which
rises sharply at low m1/2, as shown in the stacked red histogram in the right panel
of Fig. 4.16. The well-defined minima seen in the (g − 2)µ contributions in the left
and middle panels of Fig. 4.16 occur at quite small values of m5 and m10, reflecting
the fact that (g−2)µ is sensitive to the soft symmetry-breaking contributions to the
masses of both the µ̃L and the µ̃R. These arem5 andm10, respectively, so maximising
the SUSY contribution to (g−2)µ and thereby minimising the (g−2)µ contribution to
χ2 prefers small values of both m5 and m10. Similarly, the SUSY contribution to (g−
2)µ is suppressed for large gaugino masses, explaining the aversion to large m1/2 seen
in the right panel of Fig. 4.16. The principal contributions to the global χ2 function
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Figure 4.16: The χ2 contributions of (g − 2)µ (teal) and LHC 13-TeV data (red) in
the SUSY SU(5) GUT model, as functions of m5 (left panel), m10 (middle panel)
and m1/2 (right panel).

at the best-fit point for the SUSY SU(5) GUT model are given in Table 4.3, and the
corresponding pulls at the best-fit point are displayed graphically in Fig. 4.17. Apart
from (g − 2)µ, the other contributions deserving of comment include the following.
The significant contribution from HiggsSignals reflects a large number of channels
considered and has negligible variation for most of the points in our sample. One can
note that AFB(b) makes a contribution that is not much smaller than that of (g−2)µ
at the best-fit point, and that AeLR and σ0

had also make relatively large contributions
to the global χ2 function. These observables reflect the residual tensions in the
electroweak precision observables at the Z peak, which are present in the SM and
the SUSY SU(5) GUT model is unable to mitigate. In order to compare the
quality of the SU(5) fit to the results of previous MasterCode analyses of competing
models [37], the χ2 contributions originating from HiggsSignals [73] is subtracted
from the total χ2 given in Table 4.3 and Fig. 4.17, as it dominates the global χ2

function and would bias the analysis. Fig. 4.17 lists 36 separate contributions to
the total χ2 function. The first 3 (mt,MZ , and ∆α

(5)
had(MZ)) are treated as nuisance

parameters, and the two LHC MET constraints at 8, and 13 TeV are applied as
a single constraint. Omitting the HiggsSignals constraints in our determination
of the number of degrees of freedom leaves 30 constraints, with seven parameters
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AeLR Ab AFB(`) AFB(b) AFB(c) Al(Pτ )

3.40 0.35 0.78 6.79 0.82 0.08

Rb BR(b→ sγ) BR(Bu → τντ ) Ωχ̃0
1
h2 σSI

p BR(Bs,d → µ+µ−)

0.26 0.00 0.18 0.00 0.00 2.09

sin2 θeff MW Rl R(K → lν) (g − 2)µ Mh

0.60 0.07 1.04 0.0 8.28 0.01

σ0
had

∆MBs

∆MBd

εK H/A→ τ+τ− HiggsSignals LHC /ET Total

2.54 1.78 1.94 0.00 67.95 0.3 100.34

Table 4.3: The principal χ2 contributions of observables at the best-fit point in the
SUSY SU(5) GUT model, together with the total χ2 function.

for the SU(5) model and hence 23 degrees of freedom. The χ2 contributions from
the relevant constraints sums to 32.39, corresponding to a χ2 probability of 9%.
This can be compared with the χ2 probability values of 11, 12, 11 and 31% found
in [37] for the CMSSM, NUHM1, NUHM2 and pMSSM10, respectively, using LHC
Run 1 constraints. However, as in [37], these χ2 probabilities are only approximate
since, for example, they neglect correlations between the observables. A complete
treatment using toys, as done in [27], is beyond the scope of this work.

There are a couple of important corollaries to this observation, one concerning
mt̃1 . It is sensitive to A0 as well as the soft SUSY-breaking contributions to the
t̃L and t̃R mass parameters (which are both given by m10 in the SUSY SU(5) GUT
model). Since A0 is relatively poorly determined, the χ2 minimum for mt̃1 is rela-
tively shallow, as seen in the lower left panel of Fig. 4.7. The second observation
concerns the sign of µ. The SUSY SU(5) analysis has been for µ > 0, which is
the sign capable of mitigating the discrepancy between the experimental value of
(g − 2)µ and the SM prediction. For µ < 0, the large-mass plateau would have a
similar height as in Fig. 4.16, but the χ2 function would rise monotonically at low
values of m5, m10 and m1/2, instead of featuring a dip. Thus, the µ < 0 possibility
would be disfavoured by ∆χ2 & 2, and the global minimum would lie at large masses
and be ill-defined.
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Figure 4.17: The χ2 pulls for different observables at the best-fit point in the SUSY
SU(5) model.

4.7 Comparison with previous results

In previous MasterCode analyses, the CMSSM, NUHM1 and NUHM2 were studied
using the LHC 8-TeV results and earlier DM scattering constraints. None of these
models are directly comparable to the supersymmetric SU(5) model studied here,
which has 4 different soft SUSY-breaking scalar mass parameters, m5,m10,mHu and
mHd . The most similar is the NUHM2, which has the 3 parameters m0 = m5 =
m10,mHu and mHd . One can compare the supersymmetric SU(5) results found in
this analysis using LHC 13-TeV data with the ‘fake’ NUHM2 results obtained by
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selecting a subset of this SU(5) sample with m5/m10 ∈ [0.9, 1.1] (which were also
displayed as grey lines in Fig. 4.7) and with previous NUHM2 results [29].

Fig. 4.18 compares the one-dimensional χ2 likelihood functions for mg̃ (upper
left), mq̃R (upper right), mt̃1 (lower left) and mτ̃1 (lower right) found in the SU(5)
model including LHC 13-TeV constraints (solid blue lines) with the restricted fake
NUHM2 sample (solid grey lines) and, for comparison, results from previous NUHM2
analysis that used only the LHC 7- and 8-TeV constraints (dashed grey lines) [29]. It
can be seen here and in Fig. 4.7 that the restricted ‘fake’ NUHM2 sample exhibits, in
general, best-fit masses that are similar to those found in the full SU(5) sample. The
most noticeable differences are that lower masses are disfavoured in the restricted
sample relative those in the full SU(5) model, indicating that the latter has some
limited ability to relax the NUHM2 lower bounds on sparticle masses, e.g., at the
95% CL. The previous NUHM2 analysis [29] also yielded similar best-fit masses but,
as could be expected, gave 95% CL lower limits on sparticle masses that were further
relaxed. Similar features can also be observed in Figs. 4.9 - 4.11, where the ‘fake’
NUHM2 subsample has been also included.

Restricting further the SU(5) to mimic the NUHM1, let alone the CMSSM, is
not useful because of the increased sampling uncertainties in such restricted samples.
However, it was showed in [29] that the NUHM2 LHC 7- and 8-TeV results for the
exhibited sparticle masses were broadly similar to those for the NUHM1 and the
MSSM [28], and one can expect the impacts of the LHC 13-TeV data on these
models to be comparable to that in the NUHM2.

Finally, one can ask whether or not there is a significant improvement in the
SU(5) fit compared to that in the NUHM2 subsample, thanks to the additional
parameter (m5 and m10 replacing m0). The NUHM2 subsample has a total χ2 =
100.8, which is reduced to 32.8 when the contributions from HiggsSignals are
removed, as discussed earlier. It should be noted that the NUHM2 subsample is
statistically significantly smaller than that of the SU(5) sample. The quoted NUHM2
χ2 represents only an upper bound on the χ2 of the best-fit point that would be
found in a complete sample of the NUHM2. Since the NUHM2 model has one
less parameter than the SU(5) model, it has 24 degrees of freedom, and it is χ2

probability is 11%. According to the Wilks test[189], the probability that the data
are represented better by the SU(5) model than by the NUHM2 subsample is 50%,
while the F-test[190] yields a 40% probability. Therefore one can conclude that there
is no evidence that the extra parameter of SU(5) provides a significant improvement.

96



CHAPTER 4. SUSY SU(5) GUT 4.7. PREVIOUS RESULTS

0 1000 2000 3000 4000

mg̃[GeV]

0

1

2

3

4

5

6

7

8

9

∆
χ
2

500 1000 1500 2000 2500 3000 3500 4000
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Figure 4.18: The one-dimensional χ2 likelihood functions for the full SU(5) sample
(solid blue lines) and in the restriction of the SUSY SU(5) GUT model sample
to m5/m10 ∈ [0.9, 1.1] (solid grey lines) compared to those in previous NUHM2
analysis [29] (dashed grey lines) for mg̃ (upper left panel), mq̃ (upper right panel),
mt̃1 (lower left panel), and mτ̃1 (lower right panel).
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Chapter 5

pMSSM11

This chapter presents the global analysis results of the constraints on a phenomeno-
logical MSSM model with 11 parameters, the pMSSM11, including constraints from
∼ 36/fb of LHC data at 13 TeV and PICO, XENON1T and PandaX-II searches
for dark matter scattering, as well as previous accelerator and astrophysical mea-
surements, presenting fits both with and without the (g − 2)µ constraint. The
implementation of these constraints has been described in Sects. 3.3.1 to 3.3.7.
The pMSSM11 is specified by the following parameters: 3 gaugino masses M1,2,3, a
common mass for the first-and second-generation squarks mq̃ and a distinct third-
generation squark mass mq̃3 , a common mass for the first-and second-generation
sleptons m˜̀ and a distinct third-generation slepton mass mτ̃ , a common trilinear
mixing parameter A, the Higgs mixing parameter µ, the pseudoscalar Higgs mass
MA and tan β.

The layout of this chapter is as follows. Section 5.1 introduces the relevant
dark matter mechanisms responsible for bringing the relic density into the allowed
region. Section 5.2 presents the results for the global likelihood function in various
parameter planes, highlighting the regions where different DM mechanisms operate
and comparing results with and without the (g−2)µ constraint applied. Section 5.3
displays the one-dimensional profile likelihood functions for various masses, mass
differences and other observables in these two cases, and also shows predictions
for spin-independent and -dependent DM scattering. Section 5.6 highlights the
impacts of the LHC 13-TeV data and the recent direct searches for astrophysical
DM. Section 5.7 discusses the best-fit points, favoured and allowed spectra in these
pMSSM scenarios.

5.1 Dark matter mechanisms

As one of the primary objectives in this analysis is to investigate the relevance of
various mechanisms responsible for bringing the relic χ̃0

1 density into the range al-
lowed by astrophysics and cosmology, a set of measures related to particle masses is
introduced to indicate when specific mechanisms were dominant. It also indicates
the colour codes used in subsequent figures to identify regions where each of these
degeneracy conditions applies.

Coannihilation with an Ino
Generally important if the χ̃0

1 is not much lighter than the lighter chargino, χ̃±1 ,
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and the second neutralino, χ̃0
2, or the gluino, g̃.

Ino coann. (green) :

(
MIno

mχ̃0
1

− 1

)
< 0.25 . (5.1)

Whilst the chargino and χ̃0
2 coannihilation was found to be important in the pMSSM11

analysis, the gluino coannihilation did not play an important role. This is due to
the fact that (g − 2)µ forces the neutralino mass to values for which a gluino of
equivalent mass would be excluded by current LHC results.

Coannihilation with sleptons
In the pMSSM11, the two stau mass eigenvalues are similar, since the soft SUSY-

breaking parameters are specified at the TeV scale and the left-right mixing ∝
mτ is relatively small, but the stau masses are not degenerate with the selectron
and smuon masses. The smuon and selectron coannihilation are generally speaking
more important than stau coannihilation, due to the greater multiplicity of near-
degenerate states.

˜̀ coann. (yellow, pink) :

(
m˜̀

mχ̃0
1

− 1

)
< 0.15 , (5.2)

the colour code is applied as follows. Yellow if ` = µ, e and pink if ` = τ .

Coannihilation with squarks
Similarly, this may be important for squarks q̃ that are not much heavier than

the χ̃0
1. The case considered most often has been q̃ = t̃1, however all possibilities

are considered, including coannihilations with first- and second-generation squarks,
which were found to be important when the LHC 13-TeV constraint or (g − 2)µ is
dropped. For these, the following coannihilation measure is introduced:

q̃ coann. (cyan, purple, grey) :

(
mq̃

mχ̃0
1

− 1

)
< 0.15 , (5.3)

The colour code is applied as follows. Cyan if q̃ = d̃/s̃/ũ/c̃L,R. Grey if q̃ = t̃1 and
purple if q̃ = b̃1.

Annihilation via a direct-channel boson pole
When there is a massive boson B with mass MB ∼ 2mχ̃0

1
, χ̃0

1χ̃
0
1 annihilation

is enhanced along a ‘funnel’ in parameter space. Such a mechanism is likely to
dominate if the following condition is satisfied:

B funnel (blue) :

∣∣∣∣∣
MB

mχ̃0
1

− 2

∣∣∣∣∣ < 0.1 . (5.4)

The cases where B = h, Z and H/A have been considered, and the colour code is
used in regions where B = H/A.

Enhanced Higgsino component
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Another possibility is when the χ̃0
1 has an enhanced Higgsino component because

the following condition is satisfied:

Higgsino (green) :

∣∣∣∣∣

(
µ

mχ̃0
1

)
− 1

∣∣∣∣∣ < 0.3 . (5.5)

Regions where the condition (5.5) is satisfied generally satisfy the chargino coanni-
hilation condition with a Higgsino-like LSP, hence the same colour coding..

Hybrid regions
In addition to the ‘primary’ regions where only one of the above conditions is

satisfied, there are also ‘hybrid’ regions satisfying more than one condition. These
are indicated in the plots by mixtures of the corresponding primary colours.

5.2 Parameter Planes

This section displays the results of the pMSSM11 global fits with and without (g−2)µ
in pairs of 2-dimensional pMSSM11 parameter planes. Green stars indicate the lo-
cations of the best-fit points in these two-dimensional projections, The planes also
show the ∆χ2 = 2.30, 5.99 and 11.3 contours, corresponding approximately to the
boundaries of the regions allowed at the 1-/2-/3-σ levels (68%, 95% and 99.7% CL),
as red, blue and green solid lines, respectively. Within the 2-σ contours, a colour
coding is used to indicate the dominant DM mechanisms, as discussed in Sect. 5.1,
for the parameter sets that minimise χ2 at each point in the plane.

Squarks and gluinos
The top row of plots in Fig. 5.1 show (mq̃,mg̃) planes, where mq̃ is an average over
the masses of the left- and right-handed first- and second-generation squarks, which
are very similar in the pMSSM11. In the top left panel, where (g − 2)µ is included,
one can see 95% CL lower bounds mq̃ & 2000 GeV and mg̃ & 1400 GeV, with
regions favoured at the 68% CL appearing at slightly larger masses. The best-fit
point, denoted by the green star, is at large mq̃ > 4000 GeV and mg̃ ∼ 3900 GeV.
The full set of pMSSM parameter values at this point is listed in the second column
of Table 5.1.

Within the 2-σ contour, the dominant DM mechanism is slepton coannihilation,
with stau coannihilation also playing a role for mq̃ ∼ 2.5 TeV, and χ̃±1 coannihilation
playing a role at mg̃ ∼ 1500 GeV and when mg̃ & 2500 GeV and mq̃ & 2800 GeV.
Finally, one can observe that at the 3-σ level much smaller values of mq̃ are allowed,
and that there is also a peninsula at small mg̃ and larger mq̃ that appears at the
same level. These regions avoid the LHC exclusion searches in virtue of the same
mechanisms which allow lower masses when the (g−2)µ constraint is not applied and
which will be described more in detail below. However, they are not able to satisfy
the (g−2)µ and this is why they take a ∆χ2 ' 11 penalty which makes them allowed
only at 3-σ. One can also note a ‘nose’ feature corresponding to a reduction in the
lower bounds when mq̃ ∼ 2.2 TeV and 0 < mq̃ −mg̃ . 200 GeV. This is due to a
loss of search sensitivity when q̃R → g̃ + q, the q jet is soft, and g̃ → qq̄ + χ̃∗, where
χ̃∗ denotes any electroweak ino other than the LSP, compared to a high sensitivity
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Figure 5.1: Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mq̃,mg̃) planes (top panels), the (mq̃,mχ̃0

1
) planes (middle panels)

and the (mt̃1 ,mχ̃0
1
) planes (bottom panels), including the (g − 2)µ constraint (left

panels) and dropping it (right panels).
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for q̃R → qχ̃0
1 in the mg̃ > mq̃ case. The input pMSSM11 parameter values at a

representative point in this ‘nose’ region are listed in the third column of Table 5.1.

Parameter With LHC 13 TeV and (g − 2)µ With LHC 13 TeV, not (g − 2)µ

Best fit ‘Nose’ region Best fit ‘Nose’ region

M1 0.25 TeV - 0.39 TeV - 1.3 TeV - 1.5 TeV

M2 0.25 TeV 1.2 TeV 2.3 TeV 2.0 TeV

M3 - 3.86 TeV - 1.7 TeV 1.9 TeV 1.0 TeV

mq̃ 4.0 TeV 2.00 TeV 0.9 TeV 0.9 TeV

mq̃3 1.7 TeV 4.1 TeV 2.0 TeV 1.9 TeV

m˜̀ 0.35 TeV 0.36 TeV 1.9 TeV 1.4 TeV

mτ̃ 0.46 TeV 1.4 TeV 1.3 TeV 1.4 TeV

MA 4.0 TeV 4.2 TeV 3.0 TeV 3.3 TeV

A 2.8 TeV 5.4 TeV - 3.4 TeV - 3.4 TeV

µ 1.33 TeV - 5.7 TeV - 0.95 TeV - 0.93 TeV

tan β 36 19 33 33

Table 5.1: Values of the pMSSM11 input parameter set the best-fit points including
the LHC 13-TeV constraints, with and without the (g− 2)µ constraint, as well as at
representative points in the ‘nose’ regions in the top left and right panels of Fig. 5.1.

The upper panel of Fig. 5.2 displays relevant sparticle masses and the most
important sparticle decay chains at this point. It can be seen that the right-
handed squarks decay into a variety of final states involving heavier neutralinos
and charginos via intermediate gluinos due to mg̃ < mq̃, reducing the effectiveness
of /ET -based searches in this ‘nose’ region, compared to simple q̃ → q + χ̃0

1 decays.
Significant differences are visible in the top right panel where (g−2)µ is dropped.

The best-fit, in this case, is close to the 68% CL boundary at (mq̃,mg̃) ∼ (1000, 1600) GeV,
with the parameters and χ2 value shown in the fourth column of Table 5.1. BR(Bs,d →
µ+µ−) and the DM density constraint play important roles in preferring a relatively
low value of mq̃. It is notable that the 95% CL lower limits on mq̃ and mg̃ are reduced
to ∼ 1000 GeV, and a less-pronounced ‘nose’ feature now appears when mq̃ ∼ 1 TeV
and 0 < mg̃ −mq̃ . 200 GeV. Again, this reflects a loss of search sensitivity when
g̃ → q̃ + q̄, the q̄ jet is soft, and q̃ → q + χ̃∗(χ̃0

1), where χ̃0
1 is much heavier than in

the fit with (g−2)µ (for which a large SUSY contribution requires mχ̃0
1

to be small),

since the direct decay g̃ → qq̄χ̃∗(χ̃0
1) in the mq̃ > mg̃ case is more sensitive than

the above cascade decay in the compressed spectrum. The lower panel of Fig. 5.2
shows the most important sparticle decay chains at the representative point in this
region whose parameters are listed in the fourth column of Table 5.1.

The differences between the fits with and without the (g − 2)µ constraint are
driven primarily by the fact that the fit with (g − 2)µ prefers small mχ̃0

1
, in which

case the LHC 13-TeV searches require large mq̃ and mg̃, whereas the fit without
(g − 2)µ favours a region with larger mχ̃0

1
. In this case, the loss of search efficiency
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Figure 3. Upper panel: The dominant sparticle decay chains at the representative point in the ‘nose’
region in the top left panel of Fig. 2 (with (g � 2)µ) whose parameters are listed in the second column
of Table 4. Lower panel: The dominant sparticle decay chains at the representative point in the ‘nose’
region in the top right panel of Fig. 2 (without (g� 2)µ) whose parameters are listed in the fourth column
of Table 4 - note that the vertical scale has a suppressed zero.

g̃

χ̃±
1 χ̃0

2

ℓ̃, ν̃ χ̃0
1

[t̄b,
t̄b, q

q̄]

[ℓ, ν
]

[ℓ,
ν]

[ℓ, ν]
[W ±

]

[Z
, h

]

29

Figure 3. Upper panel: The dominant sparticle decay chains at the representative point in the ‘nose’
region in the top left panel of Fig. 2 (with (g � 2)µ) whose parameters are listed in the second column
of Table 4. Lower panel: The dominant sparticle decay chains at the representative point in the ‘nose’
region in the top right panel of Fig. 2 (without (g� 2)µ) whose parameters are listed in the fourth column
of Table 4 - note that the vertical scale has a suppressed zero.

[q
q̄,

bb̄
, t

t̄ ]

[q
q̄,

bb̄
, t

t̄ ]

q̃L

[q]
[q]

[q]

[q] [q]

[q]

q̃R

29

900

950

1000

1050

1100

M
as

s[
G

eV
]

g̃

d̃R+j ũR+j
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Figure 3. Upper panel: The dominant sparticle decay chains at the representative point in the ‘nose’
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Figure 5.2: Upper panel: The dominant sparticle decay chains at the representative
point in the ‘nose’ region in the top left panel of Fig. 5.1 (with (g − 2)µ) whose
parameters are listed in the second column of Table 5.1. Lower panel: The dominant
sparticle decay chains at the representative point in the ‘nose’ region in the top right
panel of Fig. 5.1 (without (g−2)µ) whose parameters are listed in the fourth column
of Table 5.1 - note that the vertical scale has a suppressed zero. In both plots the
widths of the sparticles are represented as semi-transparent bands around the bar
representing the nominal mass value and of the same colour.
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due to a compressed spectrum allows mq̃ and mg̃ to be smaller than in the fit
with (g − 2)µ. In this compressed region the LSP is mainly a neutral Higgsino,
and coannihilations with a nearby charged Higgsino and the χ̃0

2 are important in
determining the relic neutralino density. Coannihilations with first- and second-
generation squarks are also relevant here and in a band with mq̃ ∼ 1 TeV . mg̃

(coloured cyan), whereas coannihilations with gluinos are important along a band
with (1 TeV, 2 TeV) 3 mg̃ . mq̃ (coloured magenta). In this plane the 1-, 2- and
3-σ contours lie relatively close to each other.

The middle row of Fig 5.1 displays the (mq̃,mχ̃0
1
) planes. A preference for

mχ̃0
1
. 550 GeV can be seen in the left panel, where the (g − 2)µ constraint is

included, whereas much larger values of mχ̃0
1

are allowed at the 3-σ level. These
larger values of mχ̃0

1
appear within the 1- and 2-σ contours in the middle right panel

where the (g−2)µ constraint is dropped. It can also be seen that larger values of mq̃

are favoured when (g − 2)µ is included, whereas a small mq̃ −mχ̃0
1

mass difference
is preferred when the (g − 2)µ constraint is dropped. In both cases the dominant
DM mechanisms are slepton and χ̃±1 coannihilation, with the rapid annihilation via
the heavy H/A Higgs bosons becoming important at large masses when (g − 2)µ is
dropped. Similar features are seen in the (mg̃,mχ̃0

1
) planes displayed in the bottom

row of Fig 5.1.

Third-generation squarks
Fig. 5.3 displays the (mt̃1 ,mχ̃0

1
) planes in the upper panels and the (mb̃1

,mχ̃0
1
)

planes in the lower panels, again including the (g − 2)µ constraint in the left pan-
els and dropping it in the right panels. It can be seen that the third-generation
squark masses may be considerably smaller than those in the first two genera-
tions. Specifically, a low stop-mass region where (mt̃1 ,mχ̃0

1
) ∼ (500, 300) GeV is

allowed at the 95% CL. The low stop-mass island is allowed and defined by differ-
ent physics mechanisms. First, the third-generation-squark spectra are sufficiently
compressed to allow the points to bypass the LHC13 constraints. Moreover, it is
also characterised by a compressed-slepton spectra, explaining the yellow region in
the plots. Note also that it can not be extended to lower stop masses because oth-
erwise it would be disallowed by sbottom searches since in this analysis scenario,
the masses of the stop and sbottom squarks are defined by a single soft SUSY-
breaking mass term, and the sbottoms would not be sufficiently compressed to be
allowed by LHC searches. LHC constraints also limit its extensions in the direc-
tion of lower neutralino (too light third-generation squarks) or higher-stop masses
(due to the loss of compression). Finally, at heavier neutralino masses slepton coan-
nihilation is insufficient to reduce the relic density into the allowed range. When
(g − 2)µ is dropped, extended 95% CL regions with mχ̃0

1
& 500 GeV appear when

mt̃1 & 1100 GeV and mb̃1
& 1250 GeV. When (g − 2)µ is included, there are ex-

tended regions with mχ̃0
1
& 500 GeV that appear at the 3-σ level. Within the 1-

and 2-σ contours, the dominant DM mechanisms are slepton and χ̃±1 coannihilation,
with rapid annihilation via the heavy H/A Higgs bosons again becoming impor-
tant at large mχ̃0

1
when (g − 2)µ is dropped. The same mechanism is also active

inside the white regions between 800 GeV (1 TeV) . mt̃1 (mb̃1
) . 1.1 (1.2) TeV

and 400 GeV . mχ̃0
1
. 600 GeV, the blue shading being absent due to the proxy-

measure being not sufficiently descriptive in this parameter space region. Stop and
sbottom coannihilation are also important for small mt̃1 −mχ̃0

1
and mb̃1

−mχ̃0
1
.
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Figure 5.3: Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mt̃1 ,mχ̃0

1
) planes (upper panels) and the (mb̃1

,mχ̃0
1
) planes (lower

panels), including the (g−2)µ constraint (left panels) and dropping it (right panels).

Sleptons
There are large differences between the (mµ̃R ,mχ̃0

1
) planes with and without the

(g − 2)µ constraint, shown in the upper panels in Fig. 5.4. The upper left plane
shows a preference for mµ̃R . 550(750) GeV and mχ̃0

1
. 500(550) GeV at the 68

(95)% CL, enforced by the (g − 2)µ constraint, with larger masses allowed at the
3-σ level. There is also a 68% CL region with similar ranges of mµ̃R and mχ̃0

1

in the case without (g − 2)µ (upper right panel), but the 95% CL region extends
to much larger values of mµ̃R and mχ̃0

1
, and there is also a second, extended 68%

CL region that is separated by a band of points with only slightly higher χ2. In
both these plots, one can see a very narrow strip where slepton-χ̃0

1 coannihilation is
important, whereas χ̃±1 coannihilation dominates in most of the regions allowed at
the 95% CL, supplemented by annihilation via the H/A bosons at large mχ̃0

1
when

(g− 2)µ is dropped. The corresponding (mµ̃L ,mχ̃0
1
) and (mẽL,R ,mχ̃0

1
) planes are not

displayed here, as they show very similar features since the universality on the soft
SUSY-breaking masses of the first two slepton generations is imposed.

However, in the pMSSM11 the soft SUSY-breaking stau masses are allowed to
be different, with the result seen in the lower panels of Fig. 5.4 that large values of
mτ̃1 are allowed at the 68 and 95% CL even when (g − 2)µ is imposed. The main
differences between the cases with and without (g−2)µ are that larger values of mχ̃0

1
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are allowed in the latter case - indeed, the best-fit point has mτ̃1 ∼ mχ̃0
1
∼ 1 TeV.

Once can see, once again, the importance of the slepton and χ̃±1 coannihilation
mechanisms, supplemented by annihilation via H/A at large mχ̃0

1
in the case without

(g − 2)µ. The small ‘nose’ at (mτ̃1 ,mχ̃0
1
) ∼ (100, 50) GeV is a remnant of rapid

annihilations via direct-channel Z and h(125) poles.
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Figure 5.4: Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mµR ,mχ̃0

1
) planes (upper panels) and the (mτ̃1 ,mχ̃0

1
) planes (lower

panels), including the (g−2)µ constraint (left panels) and dropping it (right panels).

Electroweak inos
The upper panels of Fig. 5.5 show the (mχ̃±1

,mχ̃0
1
) planes with (left panel) and with-

out (right panel) the (g − 2)µ constraint. In both panels one can see a χ̃±1 coan-
nihilation strip starting at (mχ̃±1

,mχ̃0
1
) ∼ (100, 100) GeV, and extending to larger

mχ̃±1
in the latter case. This χ̃±1 coannihilation strip is isolated in the (g − 2)µ case,

but connected to an extended 95% CL region at large mχ̃±1
in the case without

(g − 2)µ. In both panels there is a broad band with mχ̃0
1
∼ 150 to 400 GeV where

slepton coannihilation dominates. A significant difference between the plots is the
vast region at large mχ̃0

1
in the case without (g − 2)µ where annihilation via H/A is

essential. The best-fit points are at mχ̃±1
∼ mχ̃0

1
∼ 250 GeV in the (g− 2)µ case and

∼ 1000 GeV in the case without it.
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Figure 5.5: Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mχ̃±1

,mχ̃0
1
) planes (upper panels) and the (MA, tan β) planes (lower

panels), including the (g−2)µ constraint (left panels) and dropping it (right panels).

5.3 One-dimensional likelihood functions

5.3.1 Sparticle Masses

Squarks and gluinos
The profile likelihood functions for squarks and gluinos are shown in Fig. 5.6. The
left panel is for mq̃, where one can see that when the 13-TeV LHC data and (g−2)µ
constraint are included (solid blue line), there is a monotonic decrease in χ2 as
mq̃ increases, with mq̃ & 1.9 TeV at the 95% CL (horizontal dotted line). This
constraint is much stronger than that obtained with 8-TeV data alone (dashed blue
and green lines): mq̃ & 1.0 TeV at the 95% CL. In particular, the 13-TeV data
exclude a squark coannihilation strip that had been allowed by the 8-TeV data.
When (g − 2)µ is dropped but the 13-TeV data retained (solid green line), the χ2

function exhibits a global minimum at mq̃ ∼ 1 TeV, with a plateau at ∆χ2 ' 1.5 at
larger mq̃. Important roles in the location of this global minimum are played by the
BR(Bs,d → µ+µ−) constraint as discussed in Subsection 5.3.4, whose contribution to
the global χ2 function at this point is ∼ 1.1 lower than at large mq̃, and by the relic
DM density constraint, which is satisfied thanks to multiple coannihilation processes
as discussed in Subsection 5.1.
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In the right panel of Fig. 5.6 for mg̃, one can see that with both the LHC 13-TeV
data and (g− 2)µ included mg̃ & 1.8 TeV (solid blue line), whereas without (g− 2)µ
it was found mg̃ & 1.0 TeV (solid green line). On the other hand, in the absence
of the LHC 13-TeV data (dashed lines), mg̃ & 500 GeV would have been allowed
at the 95% CL, whether (g − 2)µ is included, or not. The LHC 13-TeV run has
excluded a region of gluino coannihilation that was allowed by the 8-TeV data.
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Figure 5.6: Left panel: one-dimensional profile likelihood functions for the q̃ mass
in the pMSSM11 with (blue) and without the (g − 2)µ constraint (green) and with
(solid) and without (dashed) applying the constraints from LHC Run II. Right panel:
similarly for the g̃ mass.

Third-generation squarks
An analogous pair of plots showing the profile likelihood functions for the masses of
the t̃1 and b̃1 are shown in the left and right panels of Fig. 5.7. When the LHC 13-
TeV data are included it can be seen in the left panel a well-defined local minimum
of the χ2 function in a compressed-stop region with ∆χ2 ∼ 2.3 for mt̃1 ∼ 400 GeV.
This is followed by a local maximum that exceeds ∆χ2 > 9 for mt̃1 ∼ 800 GeV when
(g − 2)µ is included (solid blue line) but is lower when (g − 2)µ is dropped (solid
green line). This is followed in both cases by a monotonic decrease for larger mt̃1

and a global minimum of χ2 for mt̃1 ∼ 1800 GeV.
In the case of mb̃1

(right panel of Fig. 5.7). when the 13-TeV LHC data and
(g−2)µ are included (solid blue line) there are some irregularities in the χ2 function
for mb̃1

∼ 1000 GeV, but no hint of a compressed-sbottom region when (g − 2)µ is
dropped (dashed blue line). Comparing with the situation when only LHC 8-TeV
used, it can be seen that the 13-TeV data have increased the pressure significantly
on scenarios with mb̃1

. 1.5 TeV. At larger masses the χ2 functions mb̃1
are very

similar to those for mt̃1 , whether (g − 2)µ is included or not.

Sleptons
Fig. 5.8 displays analogous plots of the profile likelihood functions for mµ̃R (left
panel, those for mµ̃L and mẽL,R are very similar) and mτ̃1 (right panel, that for mτ̃2

is quite similar). When the (g − 2)µ constraint is implemented (blue lines), the
χ2 function for mµ̃R exhibits the expected well-defined minimum at mµ̃R ∼ 200 to
500 GeV when the LHC 13-TeV data are included. In the absence of the (g − 2)µ
constraint (green lines), this is replaced by a plateau with ∆χ2 ∼ 2 that extends to
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Figure 5.7: Left panel: one-dimensional profile likelihood functions for the t̃1 mass
in the pMSSM11 with (blue) and without the (g − 2)µ constraint (green) and with
(solid) and without (dashed) applying the constraints from LHC Run II. Right panel:
similarly for the b̃1 mass.

mµ̃R ∼ 900 GeV, where the profile likelihood function drops to very small values for
larger mµ̃R . The drop occurs because this fit prefers mχ̃0

1
∼ 900 to 1000 GeV, and

any heavier µ̃R can decay into a χ̃0
1 in this mass range.

It can be seen in the right panel of Fig. 5.8 that when (g− 2)µ is included (blue
lines) the profile likelihood function for mτ̃1 is quite different from that for mµ̃R ,
thanks to the decoupling between their soft SUSY-breaking masses in the pMSSM11.
The χ2 function falls monotonically to a local minimum when mτ̃1 ∼ 300 GeV and
remains small for larger mτ̃1 , whether the LHC 13-TeV data are included (solid line),
or not (dashed line). However, when (g − 2)µ is dropped (green lines), the profile
likelihood function for mτ̃1 is quite similar to that for mµ̃R , also exhibiting a plateau
with ∆χ2 ∼ 2 and falling to small values for mτ̃1 & 900 GeV when the LHC 13-TeV
data are included. This feature appears because, in order to avoid a charged LSP,
a smaller value of mτ̃1 would require a smaller value of mχ̃0

1
, which is disfavoured as

seen in the left panel of Fig. 5.9 and discussed below.

Electroweak inos
Fig. 5.9 shows the profile likelihood functions for the lightest neutralino χ̃0

1 (left
panel) and the lighter chargino χ̃±1 (right panel). When the (g − 2)µ constraint is
applied (blue lines), the χ2 function for mχ̃0

1
including 13-TeV data exhibits a well-

defined but broad minimum at mχ̃0
1
∼ 100 to 400 GeV. This preference for small

mχ̃0
1

was already seen in the upper boundaries of the 68% and 95% CL regions in
the planes involving mχ̃0

1
shown in the previous Section when the (g−2)µ constraint

is applied (left panels).

On the other hand, when the (g − 2)µ constraint is dropped (green lines), a
preference for mχ̃0

1
∼ 950 GeV can be seen. Even though the LSP is a nearly-pure

Higgsino at this best-fit point, this mass of ∼ 950 GeV is below the ∼ 1.1 TeV mass
expected for a Higgsino dark matter candidate. This difference arises because, at
the best-fit point, several of the squark masses lie close to the LSP mass, making
multiple coannihilations important. Due to the relatively large number of states
with masses close to the Higgsino, their density increases the final LSP relic density,
thereby pushing the mass of the Higgsino below its nominal ∼ 1.1 TeV value.
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Figure 5.8: Left panel: one-dimensional profile likelihood functions for the µ̃R mass
in the pMSSM11 with (blue) and without the (g − 2)µ constraint (green) and with
(solid) and without (dashed) applying the constraints from LHC Run II. Right panel:
similarly for the τ̃1 mass.

Turning now to the profile likelihood functions for the lighter chargino χ̃±1 (right
panel of Fig. 5.9), one can see that when (g − 2)µ is taken into account (blue lines)
the χ2 function also features a well-defined minimum for mχ̃±1

∼ 200 to 500 GeV

(that for χ̃0
2 is very similar), reflecting the importance of χ̃±1 − χ̃0

1 coannihilation.
This minimum is followed by a rise to a local maximum at mχ̃±1

∼ 600 GeV, which is

more pronounced when the 13-TeV data are included (solid blue), followed by a slow
decrease as mχ̃±1

increases further. When the (g− 2)µ constraint is dropped and the

LHC 13-TeV data are included (solid green line), the χ2 functions for mχ̃±1
and mχ̃0

2

have global minima at mχ̃0
1
∼ 1000 GeV, accompanied by plateaus with ∆χ2 ∼ 2

at smaller and larger values of mχ̃±1
. The dip in the χ2 function occurs because the

fit to BR(Bs,d → µ+µ−) is improved for mχ̃±1
' mχ̃0

2
∼ mχ̃0

1
∼ 1 TeV. Chargino

coannihilation is important around this global minimum of the χ2 function, and so
are other coannihilation mechanisms, as discussed later.

5.3.2 Neutralino Composition

It is interesting also to examine the profile likelihood functions for the amplitudes
N1i characterizing the χ̃0

1 composition:

χ̃0
1 = N11B̃ +N12W̃

3 +N13H̃u +N14H̃d , (5.6)

which are shown in Fig. 5.10, again for the analysis with the 13-TeV data as solid
lines and without them as dashed lines, and with (g− 2)µ as blue lines and without
it as green lines. The top left panel shows that, when (g − 2)µ is included, an
almost pure B̃ composition of the χ̃0

1 is preferred, N11 → 1, though the possibility
that this component is almost absent is also allowed at the level ∆χ2 ∼ 4. On the
other hand, when the constraint from (g−2)µ is removed, there is a mild (∆χ2 ∼ 1)
preference for N11 → 0. The reason for this is again the preference for a large H̃u,d

components in the latter case, where the neutralino mass is allowed to be larger,
due to flavor constraints slightly favoring a 1 TeV neutralino as a solution to the
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Figure 5.9: Left panel: one-dimensional profile likelihood functions for the χ̃0
1 mass

in the pMSSM11 with (blue) and without the (g − 2)µ constraint (green) and with
(solid) and without (dashed) applying the constraints from LHC Run II. Right panel:
similarly for the χ̃±1 mass.

observed DM relic density. The upper right panel shows that a small W̃ 3 component
in the χ̃0

1 is preferred in all cases. 1. Finally, the lower panel confirms that small
H̃u,d components are preferred by ∆χ2 & 4 when (g− 2)µ is included, whereas there
would have been a preference for these components to dominate in the absence of
the (g − 2)µ constraint.

Fig. 5.11 displays information about the preferred and disfavoured χ̃0
1 composi-

tions in two triangular panels. Both are for fits including LHC 13-TeV data (those
dropping these data are quite similar), the left panel includes the (g−2)µ constraint,
and the right panel drops it. The ∆χ2 for the best-fit points at each location in the
triangles are colour-coded as indicated. It can be seen in the left panel that in the
case with (g − 2)µ a small Wino fraction N2

12 < 0.1 is strongly favoured, while the
relative proportions of the Bino fraction N2

11 and the Higgsino fraction N2
13 +N2

14 are
relatively unconstrained at the 95% CL. On the other hand, the right panel shows
that almost all binary combinations of Bino, Wino and Higgsino (along the edges of
the triangle) are allowed at the 95% CL, but three-way mixtures (in the interior of
the triangle) are strongly disfavoured.

5.3.3 (g − 2)µ

Figure 5.12 shows the one-dimensional profile likelihood functions for (g − 2)µ with
(blue) and without (green) applying the (g − 2)µ constraint a priori. Comparing
the solid and dashed lines, very little difference can be seen between the results
using (solid lines) and discarding (dashed lines) the LHC 13-TeV data. The results
including (g − 2)µ (blue lines) largely reflect the implementation of the (g − 2)µ
constraint shown in Table 3.7. Interestingly, when this constraint is not applied a
priori (green lines), while a minimal SUSY contribution to (g − 2)µ is preferred, a
wide range of values of (g − 2)µ are found to be allowed at the ∆χ2∼ 2 level and
the experimental value can be accommodated at the 1.5-σ level. Although the other

1This is because it was only scanned m˜̀ and mτ̃ < 2 TeV, hence mχ̃0
1
< 2 TeV, so do not probe

the expected Wino-like LSP region where mχ̃0
1
∼ 3 TeV.
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Figure 5.10: One-dimensional likelihood plots for the B̃ fraction in the LSP χ̃0
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fraction (lower panel).
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Figure 5.11: Triangular presentations of the composition of the χ̃0
1 in the fit with

LHC 13-TeV and with (without) the (g − 2)µ constraint in the left (right) panel.

data certainly do not favour a large SUSY contribution to (g− 2)µ, neither do they
exclude it.
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Figure 5.12: One-dimensional profile likelihood functions for (g − 2)µ in the
pMSSM11, with (blue) and without (green) applying the (g − 2)µ constraint a pri-
ori and with (solid) and without (dashed) applying the constraints coming from the
LHC run at 13 TeV. Also shown as a dotted line is the experimental constraint [42],
taking into account the theoretical uncertainty [43] within the Standard Model.

5.3.4 Flavour observables

Fig. 5.13 displays the one-dimensional profile likelihood functions for BR(Bs,d →
µ+µ−) in the pMSSM11 (left panel) and the BR(b → sγ) branching ratio (right
panel), with and without the LHC 13-TeV data and the (g − 2)µ constraint. It can
be seen in the left panel that a value of BR(Bs,d → µ+µ−) close to the SM value
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is preferred if both these constraints are applied, though deviations at the level of
± ∼ 10% are allowed at the level of ∆χ2 = 4 (2σ), corresponding to the 95% CL.
On the other hand, if (g − 2)µ is dropped, a larger range of BR(Bs,d → µ+µ−) is
allowed, with a larger deviation at the level of ± ∼ 30% becoming allowed at the
level of ∆χ2 = 4. In particular, when the LHC13 data are included but (g − 2)µ is
dropped, the global χ2 function is minimized at a value of BR(Bs,d → µ+µ−) below
the SM value, as hinted by the present experimental data, with the SM value being
mildly disfavoured by ∆χ2 ' 1. It will be interesting to see how measurements of
BR(Bs,d → µ+µ−) evolve.

The analogous curves for BR(b→ sγ) in the right panel of Fig. 5.13 show pref-
erences for values close the SM predictions, with 2σ ranges that are ±20%. Dis-
criminating between the SM and the pMSSM11 would require significant reductions
in both the theoretical and experimental uncertainties in BR(b→ sγ).
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Figure 5.13: One-dimensional profile likelihood functions for BR(Bs,d → µ+µ−) in
the pMSSM11 (left panel) and the BR(b → sγ) branching ratio (right panel), with
and without the LHC 13-TeV data and the (g − 2)µ constraint. Also shown as
dotted lines are the experimental constraints, including the corresponding theoretical
uncertainties within the Standard Model.

The LHCb Collaboration has announced the first experimental measurement
[137] of τ(Bs → µ+µ−), which is related to the quantity A∆Γ that takes the value +1
in the SM, but may be different in a SUSY model such as the pMSSM11. Fig. 5.14
displays the profile likelihood functions for A∆Γ (left panel) and τ(Bs → µ+µ−)/τBs
(right panel), in our pMSSM11 fits with and without the LHC 13-TeV data and
(g − 2)µ. Restricting the attention to positive values of A∆Γ, corresponding to
τ(Bs → µ+µ−)/τBs > 0.94, one can see that all the fits favour values of A∆Γ close to
unity. Values of τ(Bs → µ+µ−)/τBs close to unity are also favoured, with ∆χ2 & 9
for τ(Bs → µ+µ−)/τBs = 0.94. The LHCb measurement [137] does not challenge
any of these model predictions.

5.3.5 Higgs mass

Figure 5.15 shows the profile likelihood for Mh, which lies within the contribution of
the direct experimental constraint convoluted with the uncertainty in the FeynHiggs
calculation of Mh (dotted line). It can be seen that there is no tension between the
direct experimental measurement of Mh and the other observables include in the
pMSSM11 fit.
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Figure 5.14: One-dimensional χ2 profile likelihood functions for A∆Γ (left panel) and
τ(Bs → µ+µ−)/τBs (right panel), in the fits with and without the LHC 13-TeV data
and (g − 2)µ.
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Figure 5.15: One-dimensional profile likelihood plots for Mh. The dotted line shows
the experimental constraint combined with the corresponding theoretical uncertainty
within the pMSSM11.

5.4 NLSP Lifetimes

Figure 5.16 displays the one-dimensional profile likelihood for the NLSP lifetime,
τNLSP, including all possible NLSP species. There is little difference between the
∆χ2 functions with (g − 2)µ, whether or not the LHC 13-TeV data are included
(blue curves). In both cases, it was found that ∆χ2 & 4 for τNLSP & 10−10 s. On
the other hand, when the (g − 2)µ constraint is dropped (green curves), it can be
seen that values of τNLSP . 103 s are allowed at the ∆χ2 . 4 level, again whether
or not the LHC 13-TeV data are included (green curves). The scan parameter
sets with NLSP lifetimes exceeding 103 s were excluded, as they could alter the
successful predictions of standard Big Bang nucleosynthesis [168]. The upper panels
of Fig. 5.17 display the ∆χ2 distributions for chargino (left) and stau lifetimes (right)
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Figure 5.16: One-dimensional profile likelihood plot for the NLSP lifetime, τNLSP,
including all possible NLSP species.

between 10−7 s and 103 s, for the fits omitting (g − 2)µ (fits including (g − 2)µ give
∆χ2 outside the displayed range). Whereas shorter lifetimes are favoured, lifetimes
as long as 103 s are allowed at the 95% CL for both sparticle species when (g − 2)µ
is dropped, whether or not the LHC 13-TeV data are included. The lower panels
of Fig. 5.17 display the corresponding mass-lifetime planes for the chargino and
stau. One can see that a long-lived chargino would have a mass mχ̃±1

∼ 1.1 TeV,
and a long-lived stau would have a mass mτ̃1 ∼ 1.5 TeV, both beyond the reaches
of current LHC searches for long-lived charged particles. The lifetimes of other
possible NLSP candidates have also been checked, and it was found that squarks
and gluinos generally have lifetimes . 10−17(10−10) s at the 95% CL in fits including
LHC 13-TeV with (without) the (g − 2)µ constraint, with just a few points having
longer lifetimes. Hence they also do not offer good prospects for LHC searches for
long-lived particles.
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Figure 5.17: Upper panels: one-dimensional profile likelihood plots for the lifetime
of the χ̃±1 (left) and the τ̃1 (right). Lower panels: the corresponding mass-lifetime
planes for the χ̃±1 and τ̃1, with the 95% CL regions shaded according to the dominant
DM mechanisms.
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5.5 Searches for Dark Matter scattering

Figure 5.18 shows (mχ̃0
1
, σSI

p ) planes, including the LHC 13-TeV data, with (left

panel) and without (right panel) the (g−2)µ constraint. The values of σSI
p displayed

are the nominal values calculated using the central values of the matrix elements
in the SSARD code. The pale green shaded region is that excluded by the combined
LUX [82], XENON1T [83] and PandaX-II [84] limit, which is shown as a solid black
line 2. The yellow shaded region lies below the neutrino ‘floor’, which is shown as
an orange dashed line. One can see that mχ̃0

1
& 100 GeV in both the cases with and

without the (g − 2)µ constraint, with upper limit mχ̃0
1
. 550 at the 95% CL when

(g − 2)µ is included. When this constraint is dropped, the 95% CL range extends
up to 2 TeV, the upper limit for which this analysis is applicable, since the scan is
limited to slepton masses ≤ 2 TeV.

The theoretical prediction for σSI
p at the best-fit point is at the level of the

projected sensitivities for the planned LUX-Zeplin (LZ) and XENON1T/nT exper-
iments (solid purple line) when the (g − 2)µ constraint is dropped, and somewhat
higher if (g−2)µ is included. However, there are considerable uncertainties in the es-
timate of σSI

p , which are reflected in the fact that the range of nominal SSARD predic-
tions extends above the current combined limit from the LUX [82], XENON1T [83]
and PandaX-II [84] experiments. There is no incompatibility when the uncertainties
in the σSI

p estimate are taken into account. The 68 and 95% CL ranges of the nomi-
nal values of σSI

p extend slightly below the neutrino ‘floor’ in the case with (g − 2)µ
included, and much lower in the case where (g−2)µ is dropped. In both cases, large
values of σSI

p occur in the chargino coannihilation region (green shaded area), with
other DM mechanisms including squark coannihilation yielding large values of σSI

p

for mχ̃0
1
& 1 TeV. However, this and the other DM mechanisms indicated also allow

much smaller values of σSI
p .

Fig. 5.19 displays the corresponding planes of (mχ̃0
1
, σSD

p ) with (left panel) and
without (right panel) the (g − 2)µ constraint applied. Here the neutrino ‘floor’
is taken from [195]. As in the σSI

p case, the allowed ranges of mχ̃0
1

extend from
∼ 100 GeV to ∼ 550 GeV when (g − 2)µ is included and up to the sampling limit
of 2 TeV when (g − 2)µ is dropped. The uncertainties in the calculation of σSD

p

are significantly smaller than those for σSI
p , and one can see that the ranges of the

68 and 95% regions in the nominal σSD
p calculations lie below the upper limit from

the PICO experiment [94] (solid purple line). In both the left and right panels,
the nominal predictions for the best-fit points lie some ∼ 3 orders of magnitude
below the current PICO limit. For completeness, it is also shown the upper limits
from SuperKamiokande [196], and IceCube [97] searches for energetic solar neutrinos,
assuming that the LSPs annihilate predominantly into τ+τ− (which is not always the
case in the pMSSM11) and neglecting the uncertainties in interpretation mentioned
earlier. It can be seen in the left panel of Fig. 5.19 (when (g− 2)µ is included) that
points with chargino coannihilation as the dominant DM mechanism yield nominal
predictions for σSD

p that extend over many orders of magnitude below the current
PICO limit and well below the τ+τ− floor. Points for which slepton coannihilation
is the dominant DM mechanism do not reach so close to the PICO limit, but may

2For completeness, the constraints on σSI
p from the CRESST-II [191], CDMSlite [192] and

CDEX [193] experiments are also shown, which are most important at low values of mχ̃0
1

that are
excluded by this analysis.
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Figure 5.18: Planes of (mχ̃0
1
, σSI

p ) with (left panel) and without (right panel) the

(g− 2)µ constraint applied, where the values of σSI
p displayed are the nominal values

calculated using the SSARD code. The upper limits established by the LUX [82],
XENON1T [83] and PandaX-II [84] Collaborations are shown as green, magenta
and blue contours, respectively, and the combined limit is indicated by a black line
with green shading above. The projected future 90% CL exclusion sensitivities of
the LUX-Zeplin (LZ) [194] and XENON1T/nT [83] experiments are shown as solid
purple and dashed blue lines, respectively, and the neutrino background ‘floor’ is
shown as a dashed light-blue line with a shading of the same colour below.
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Figure 5.19: Planes of (mχ̃0
1
, σSD

p ) with (left panel) and without (right panel) the

(g − 2)µ constraint applied, where the values of σSD
p displayed are the nominal val-

ues calculated using the SSARD code [71]. The upper limit established by the PICO
Collaboration [94] is shown as a purple contour, with green shading above. The
neutrino ‘floor’ for σSD

p is taken from [195]. The indicative upper limits from Su-
perKamiokande [196] and IceCube [97] searches for energetic solar neutrinos ob-
tained assuming that the LSPs annihilate predominantly into τ+τ− are also shown,
which are subject to the caveats discussed in the text.

also lie many orders of magnitude below it. It can be seen in the right panel (when
(g − 2)µ is dropped) similar ranges of nominal σSD

p values. One can also see that
when mχ̃0

1
& 1 TeV many competing DM mechanisms come into play and may give
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small values of σSD
p . However, in the case of squark coannihilation, σSD

p may lie
within ∼ 3 orders of magnitude of the PICO upper limit.

5.6 Impacts of the LHC 13-TeV and New Direct

Detection Constraints
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Figure 5.20: Two-dimensional projections of the global likelihood function for the
pMSSM11 in the (mq̃,mg̃) and (mq̃,mχ̃0

1
) planes (upper panels) and the (mg̃,mχ̃0

1
)

and (mχ̃0
1
, σSI

p ) planes (lower panels). The plots compare the regions of the pMSSM11
parameter space favoured at the 68% (red lines), 95% (blue lines) and 99.7% CL
(green lines) in a global fit including the LHC 13-TeV data and recent results from
the Xenon-based direct detection experiments LUX, XENON1T, and PandaX-II [82,
83, 84] (solid lines), and omitting them (dashed lines).

This Section illustrates the impact of the LHC 13-TeV data and the recent
updates from the Xenon-based direct detection experiments LUX, XENON1T, and
PandaX-II [82, 83, 84] on relevant pMSSM11 parameter planes. In the left panel
of Fig. 5.20 the impact of the new results on the (mq̃,mg̃) plane are displayed: the
solid red, blue and green lines are the current 68%, 95% and 99.7% CL contours, and
the dashed lines are those for the corresponding 68, 95% and 99.7% CL contours
in a global fit omitting the LHC 13-TeV constraints and those from the Xenon-
based direct detection experiments. The right panel of Fig. 5.20 makes a similar
comparison of the 68, 95 and 99.7% CL regions in the (mχ̃0

1
, σSI

p ) plane found in
global fits including LHC 13-TeV and Xenon-based detector data (solid lines) and
omitting these data (dashed lines).
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It can be seen in the upper left panel of Fig. 5.20 that the LHC 13-TeV con-
straints exclude bands of parameter space at low mq̃ and mg̃, disallowing in partic-
ular a squark coannihilation region at mq̃ ∼ 500 GeV and large mg̃ and a gluino
coannihilation strip at mg̃ ∼ 500 GeV that were allowed by the LHC 8-TeV data.
The impact on the gluino and squark coannihilation strips can also be appreciated
from the upper right and lower left panels, where they appear as dashed-blue islands
along the diagonal where the mass is degenerate with the neutralino, and disappear
completely after the inclusion of the LHC 13-TeV constraints. The bottom right
panel of Fig. 5.20 shows that low values of σSI

p that would have been allowed in a
fit without the LHC 13-TeV data are now disallowed. This effect is in addition to
the downward pressure on σSI

p exerted by the new generation of Xenon-based direct
detection experiments.

5.7 Best-Fit Points, Spectra and Decay Modes

The input parameter values for the best-fit points with and without (g − 2)µ are
shown in the second and fourth columns of Table 5.2, and the spectra and dominant
decays shown in Fig. 5.21. The third and fifth columns show input values for other
points of interest that are discussed below. Lower rows of Table 5.2 show the total
χ2 per degree of freedom (d.o.f.) for each point, dropping the contributions from
HiggsSignals that are shown in the last line. It is also shown the corresponding
p-values. The contribution to the likelihood coming from the nuisance parameters
is ignored, and the contribution to the likelihood from HiggsSignals is removed, to
avoid biasing the results by giving too much importance to the Higgs signal rates.
Since all the other constraints contribute significantly to χ2 function somewhere in
the pMSSM11, they are all included in the d.o.f. count. However, the LHC direct
searches for sparticle production at 8 and 13 TeV are merged into a single constraint,
and the 8- and 13-TeV limits on heavy Higgs bosons from A/H → τ+τ− searches
are also combined, which results in totals of 31 and 30 constraints for the cases with
and without (g − 2)µ, respectively. Since the number of free parameters is 11, this
yields 20 and 19 for the numbers of d.o.f. in the two cases, as stated in Table 5.2.
Note that the p-values are all comfortably high, whether (g−2)µ is included, or not.

Fig. 5.21 displays the spectra of Higgs bosons and sparticles at the best-fit points
for the pMSSM11, incorporating the LHC 13-TeV data, including (upper panel) and
excluding (lower panel) the (g − 2)µ constraint. The input parameter values were
given in the first and third columns of Table 5.2. In each case, it is also shown the
decay paths with branching ratios > 5%, the widths of the lines being proportional
to the branching ratios. The heavier Higgs bosons H,A,H±, are lighter in the
case without (g − 2)µ, whereas the sleptons and the electroweak inos are heavier.
The branching ratio patterns differ in the two cases, with the Higgs bosons mainly
decaying to SM particles when (g − 2)µ is not imposed. Note that the first- and
second-generation sleptons are much lighter than the third-generation sleptons in
the case with (g− 2)µ. The third-generation squarks are also heavier when (g− 2)µ
is dropped, whereas the gluino and the first- and second-generation squarks are
lighter in this case. In both cases, the third-generation squarks may lie within
reach of future LHC runs, whereas the first- and second-generation squarks would
be accessible only if (g− 2)µ is dropped. The gluino would also be accessible in this
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Figure 5.21: Higgs and sparticle spectra for the best-fit points for the pMSSM11 with
(top) and without the (g − 2)µ constraint (bottom), also showing decay paths with
branching ratios > 5%, the widths of the lines being proportional to the branching
ratios.
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Parameter With LHC 13 TeV and (g − 2)µ With LHC 13 TeV, not (g − 2)µ

Best fit ‘Nose’ region Best fit ‘Nose’ region

M1 0.25 TeV - 0.39 TeV - 1.3 TeV - 1.5 TeV

M2 0.25 TeV 1.2 TeV 2.3 TeV 2.0 TeV

M3 - 3.86 TeV - 1.7 TeV 1.9 TeV 1.0 TeV

mq̃ 4.0 TeV 2.00 TeV 0.9 TeV 0.9 TeV

mq̃3 1.7 TeV 4.1 TeV 2.0 TeV 1.9 TeV

m˜̀ 0.35 TeV 0.36 TeV 1.9 TeV 1.4 TeV

mτ̃ 0.46 TeV 1.4 TeV 1.3 TeV 1.4 TeV

MA 4.0 TeV 4.2 TeV 3.0 TeV 3.3 TeV

A 2.8 TeV 5.4 TeV - 3.4 TeV - 3.4 TeV

µ 1.33 TeV - 5.7 TeV - 0.95 TeV - 0.93 TeV

tan β 36 19 33 33

χ2/d.o.f. 22.1/20 24.46/20 20.88/19 22.57/19

p-value 0.33 0.22 0.34 0.25

χ2(HS) 68.01 67.97 68.06 68.05

Table 5.2: Values of the pMSSM11 input parameters and values of the global χ2

function at the best-fit points including the LHC 13-TeV constraints, with and with-
out the (g − 2)µ constraint, as well as at representative points in the ‘nose’ regions
in the top left and right panels of Fig. 5.1. Lower rows show the total χ2/d.o.f.
and the corresponding p-values for each point. These were calculated omitting the
contributions from HiggsSignals, which are shown separately in the last line.

case, and possibly also if (g − 2)µ is included.

The 68 and 95% CL ranges are displayed in Fig. 5.22 as orange and yellow bands,
respectively, with the best-fit values indicated by blue lines. One can see that for
most sparticles the 95 and even 68% CL ranges extend into the ranges accessible to
future LHC runs. As was to be expected, the best prospects for measuring sparticles
at a linear e+e− collider such as ILC [186, 187] or CLIC [197] are offered by first-
and second-generation sleptons and the lighter electroweak inos χ̃0

1, χ̃
0
2 and χ̃±1 in

the case with the (g − 2)µ constraint applied. Fig. 5.23 displays the breakdowns
of the global χ2 functions in the cases with (left panel) and without (right panel)
the (g − 2)µ constraint 3. The different classes of observables are grouped together
and colour-coded. One can see that MW makes only a small contribution and that
the total contribution to the global χ2 function of the precision electroweak observ-
ables is quite similar in the two cases. The total contribution of the flavour sector
is slightly reduced when (g − 2)µ is dropped: ∆χ2 ∼ −1.2, mainly because of a
better fit to BR(Bs → µ+µ−), but this improvement is not very significant. The
contributions of the Higgs, LEP, LHC and DM sectors are again very similar in the

3The corresponding horizontal bar has diagonal hatching, to recall that it is not included in the
fit.
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Figure 5.22: Higgs and sparticle spectrum for the pMSSM11 with and without the
(g− 2)µ constraint applied (upper and lower panels, respectively). The values at the
best-fit points are indicated by blue lines, the 68% CL ranges by orange bands, and
the 95% CL ranges by yellow bands.
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fits with and without (g − 2)µ.
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Figure 5.23: The χ2 pulls at the best-fit points in the pMSSM11 including (left) and
without the (g−2)µ constraint (right). In the rightmost plot, the χ2 pull from (g−2)µ
is shown (hatched orange bar), but its penalty is not included in the fit.
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Chapter 6

sub-GUT MSSM

This chapter describes a likelihood analysis using MasterCode of variants of the
MSSM in which the soft supersymmetry-breaking parameters are assumed to have
universal values at some scale Min below the supersymmetric grand unification scale
MGUT. In addition to Min, such ‘sub-GUT’ models have the four parameters of the
CMSSM, namely a common gaugino mass m1/2, a common soft supersymmetry-
breaking scalar mass m0, a common trilinear mixing parameter A and the ratio
of MSSM Higgs vevs tan β, assuming that the Higgs mixing parameter µ > 0.
This global analysis takes into account constraints on strongly- and electroweakly-
interacting sparticles from ∼ 36/fb of LHC data at 13 TeV and the LUX and 2017
PICO, XENON1T and PandaX-II searches for dark matter scattering, in addition
to the previous LHC and dark matter constraints as well as full sets of flavour
and electroweak constraints. The outline of this chapter is as follows. Section 6.1
introduces the relevant dark matter mechanisms responsible for bringing the relic
density into the allowed region. Section 3.1.3 presents the results for the global
likelihood function in various parameters planes, characterising the regions where
different DM mechanisms operate. Section 6.3 displays the one-dimensional profile
likelihood function for Min, various masses, mass differences, neutralino composition
and other observables. Section 6.5 shows predictions for spin-independent and -
dependent DM scattering. Section 6.6 highlights the impacts of the LHC 13-TeV
data and the recent direct searches for astrophysical DM. Section 6.7 discussed the
best-fit points, favoured and allowed spectra.

6.1 Dark matter mechanisms

The following set of measures related to particle masses is used to indicate when
specific mechanisms are essential for bringing ΩCDMh

2 into the Planck 2015 range.
It also indicates the colour codes used in subsequent figures to identify the parts of
the 68 and 95% CL regions where each of these degeneracy conditions applies:
Chargino coannihilation

This may be important if the χ̃0
1 is not much lighter than the lighter chargino,

χ̃±1 , satisfying the following coannihilation measure:

chargino coann. (green) :

(
mχ̃±1

mχ̃0
1

− 1

)
< 0.25 . (6.1)

Rapid annihilation via direct-channel H/A poles
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LSP annihilation is enhanced significantly if the following condition is satisfied:

H/A funnel (blue) :

∣∣∣∣∣
MA

mχ̃0
1

− 2

∣∣∣∣∣ < 0.1 , (6.2)

Stau coannihilation

τ̃ coann. (pink) :

(
mτ̃1

mχ̃0
1

− 1

)
< 0.15 , (6.3)

Stop coannihilation

t̃1 coann. (yellow) :

(
mt̃1

mχ̃0
1

− 1

)
< 0.15 , (6.4)

Focus-point region
The sub-GUT parameter space has a focus-point region where the DM annihila-

tion rate is enhanced because the LSP χ̃0
1 has an enhanced Higgsino component as

a result of near-degeneracy in the neutralino mass matrix. The following measure
is introduced to characterise this possibility:

focus point (cyan) :

(
µ

mχ̃0
1

)
− 1 < 0.3 , (6.5)

Hybrid regions
In addition to regions where one of the above DM mechanisms is dominant,

there are also various ‘hybrid’ regions where more than one mechanism is essential.
These are indicated in the two-dimensional planes below by mixtures of the colours
above, which are shown in the corresponding figure legends. For example, there are
prominent regions where both chargino coannihilation and direct-channel H/A poles
are essential, whose shading is darker than the blue of regions where H/A poles are
dominant.

6.2 Parameter planes

Figure 6.1 displays the (m0,m1/2) plane when the (g − 2)µ and LHC13 constraints
are applied. Here and in subsequent planes, the green star indicates the best-fit
point, whose input parameters are listed in Table 6.1.

This parameter plane as well as others in the subsequent figures also display the
68% CL (1-σ), 95% CL (2-σ) and 99.7% (3-σ) contours in the fit including both
(g − 2)µ and the LHC13 data as red, blue and green lines, respectively. Note, here
and subsequently, that the green 3-σ contours are generally close to the blue 2-σ
contours, indicating a relatively rapid increase in χ2, and that the χ2 function is
relatively flat for m0,m1/2 & 1 TeV. The regions inside the 95% CL contours are
colour-coded according to the dominant DM mechanisms, as shown in the legend
beneath Fig. 6.1 1. Similar results for this and other planes are obtained when the
(g − 2)µ and LHC13 constraints are dropped.

1In regions left uncoloured none of the DM mechanism dominance criteria are satisfied.

127



CHAPTER 6. SUB-GUT 6.2. PARAMETER PLANES

Whilst the best-fit point in figure 6.1 lies in a hybrid stop coannihilation and
rapid H/A annihilation region, one can see that the chargino coannihilation is es-
sential in the upper part of the (m0,m1/2) plane, whereas rapid annihilation via the
H/A bosons becomes important for lower m1/2, often hybridised with other mech-
anisms including stop and stau coannihilation. Smaller regions with m1/2 ∼ 1.5 to
3 TeV can be also noted, where stop coannihilation and focus-point mechanisms are
dominant.
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sub-GUT MSSM: best fit, 1σ, 2σ, 3σ
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Figure 6.1: Two-dimensional projection of the likelihood function in the (m0,m1/2)
plane. Here and in subsequent two-dimensional plots, the red (blue) (green) contours
are boundaries of the 1-, 2- and 3-σ regions and the shadings correspond to the DM
mechanisms indicated in the legend.

m0 [GeV] m1/2 [GeV] A0 [GeV] tan β Min [GeV]

With (g − 2)µ
With 13-TeV 1940 1370 - 6860 36 4.1× 108

Without 13-TeV 1620 6100 - 8670 45 5.7× 105

Without (g − 2)µ
With 13-TeV 3550 6560 - 14400 45 1.6× 105

Without 13-TeV 3340 6390 - 14260 45 1.6× 105

Table 6.1: Values of the sub-GUT input parameters at the best-fit points with and
without (g − 2)µ and the LHC 13-TeV data.

Figure 6.2 displays the (Min,m0) (left panel) and the (Min,m1/2) (right panel)
planes when both (g − 2)µand LHC13 constraints are applied.

In the left panel of Fig. 6.2 one can see a significant positive correlation between
the Min and m0 variables that is particularly noticeable in the 68% CL region. In
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Figure 6.2: Profile likelihood functions in the sub-GUT MSSM. Left: Two-
dimensional projection of the likelihood function in the (Min,m0) plane. Right:
Two-dimensional projection of the likelihood function in the (Min,m1/2) plane.

most of this and the 95% CL region with Min . 1013 GeV the relic LSP density is
controlled by chargino coannihilation, though with patches where rapid annihilation
via the A/H bosons is essential, partly in hybrid combinations. In contrast, the
(Min,m1/2) plane shown in the right panel of Fig. 6.2 does not exhibit a strong
correlation between the variables. The importance of chargino coannihilation can
be seen again, with the A/H mechanism becoming more critical for lower m1/2 and
larger Min, and for all values of m1/2 for Min & 1014 GeV.

Also visible in the planes of Fig. 6.2 are small regions with Min ∼ 1013 to
1014 GeV where stau coannihilation is dominant, partly hybridised with stop coan-
nihilation.

Figure 6.3 shows the (MA, tan β) plane when the LHC 13-TeV data and the
(g − 2)µ constraint are included in the fit. One can see that MA & 1.3 TeV at
the 95% CL and that, whereas tan β ∼ 5 is allowed at the 95% CL. Larger values
tan β & 30 are favoured at the 68% CL, and the best-fit point has tan β ' 36.
(This increases to tan β ∼ 45 if either the LHC 13-TeV and/or (g−2)µ constraint is
dropped.) As in the previous two-dimensional projections of the sub-GUT parameter
space, the 99.7% (3-σ) CL contour lies close to that for the 95% CL.
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Figure 6.3: Two-dimensional projection of the likelihood function in the (MA, tan β)
plane.

6.3 One-dimensional likelihood functions

6.3.1 Min, m0 and m1/2

Figure 6.4 displays the one-dimensional profile χ2 likelihood function for Min, as
obtained under various assumptions. In this and subsequent one-dimensional plots,
the solid lines represent the results of a fit including results from ∼ 36/fb of data
from the LHC at 13 TeV (LHC13), whereas the dashed lines omit these results,
and the blue lines include (g − 2)µ, whereas the green lines are obtained when this
constraint is dropped. The reduction in the global χ2 function for Min . 1012 GeV
visible in this figure is associated with the 68% CL regions in this range of Min

visible in the two planes of Fig. 6.2.

As it can be seen in Fig. 6.4, there is a preference for Min ' 4.2 × 108 GeV
when the LHC 13-TeV data and (g − 2)µ are both included (solid blue line), which
falls to ' 5.9 × 105 GeV when the 13-TeV data is dropped (dashed blue line).
There is little difference between the global χ2 values at these two minima, but
values of Min < 105 GeV are strongly disfavoured. The rise in ∆χ2 when Min

increases to ∼ 106 GeV and the LHC 13-TeV data are included (solid lines) is
largely due to the contribution of BR(Bs,d → µ+µ−). At lower Min, the H → τ+τ−

constraint allows a larger value of tan β, which leads (together with an increase in the
magnitude of A) to greater negative interference in the supersymmetric contribution
to BR(Bs,d → µ+µ−), as preferred by the data.

For both fits including the LHC 13-TeV data (solid lines), the ∆χ2 function ∼ 1
for most of the range Min ∈ (105, 1011) GeV, apart from localised dips, whereas ∆χ2

rises to & 2 for Min & 1012 GeV. As already mentioned and discussed in more detail
later, the reduction in the global χ2 function for Min . 1012 GeV arises because for
these values of Min the sub-GUT model can accommodate better the measurement
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Figure 6.4: One-dimensional profile likelihood function for Min. Here and in sub-
sequent one-dimensional plots, the solid lines include the constraints from ∼ 36/fb
of LHC data at 13 TeV and the dashed lines drop them, and the blue lines include
(g − 2)µ, whereas the green lines drop these constraints. Here and in subsequent
two-dimensional plots, the red (blue) (green) contours are boundaries of the 1-, 2-
and 3-σ regions and the shadings correspond to the DM mechanisms indicated in the
legend.

of BR(Bs,d → µ+µ−), whose central experimental value is somewhat lower than in
the SM.

When the (g− 2)µ constraint is dropped, as shown by the green lines in Fig. 6.4,
there is a minimum of χ2 around Min ' 1.6 × 105 GeV, whether the LHC 13-TeV
constraint is included, or not. The values of the other input parameters at the best-
fit points with and without these data are also very similar, as are the values of
∆χ2. On the other hand, the values of ∆χ2 for Min ∈ (105, 108) GeV are generally
smaller when the LHC 13-TeV constraints are dropped, the principal effect is due
to the H/A→ τ+τ− constraint.

In contrast, when Min & 109 GeV the ∆χ2 function in Fig. 6.4 is quite similar
whether the LHC 13-TeV and (g − 2)µ constraints are included or not, though
∆χ2 & 0.5 lower when the (g − 2)µ constraint is dropped, as seen by comparing
the green and blue lines. This is because the tension between (g − 2)µ and LHC
data is increased when M3/M1 is reduced, as occurs because of the smaller RGE
running when Min < MGUT. Conversely, lower Min is relatively more favoured when
(g− 2)µ is dropped, leading to this increase in ∆χ2 at high Min though the total χ2

is reduced. The best-fit points without (g − 2)µ are very similar with and without
the LHC 13-TeV constraint. On the other hand, the best-fit points with (g − 2)µ
have quite different values of the other input parameters, as well as larger values
of Min, particularly when the LHC 13-TeV data are included. The best-fit point
parameter values were given in Table 6.1.

The one-dimensional profile likelihood functions for m0 and m1/2 are shown in
Fig. 6.5. One can note once again the similarities between the results with/without
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(g − 2)µ (blue/green lines) and the LHC13 constraints (solid/dashed lines). The
flattening of the χ2 function for m0 at small values reflects the extension to m0 = 0
of the 95% CL region in Fig. 6.1. On the other hand, the χ2 function for m1/2

rises rapidly at small values, reflecting the close spacing of the 95 and 99.7% CL
contours for m1/2 ∼ 1 TeV seen in the same figure. The impact of the LHC13
constraints is visible in the differences between the solid and dashed curves at small
m0, in particular. The (g − 2)µ constraint has less impact, as shown by the smaller
differences between the green and blue curves. The χ2 function for m0 rises by & 1
at large mass values, whereas for m1/2, it falls monotonically at large values. The χ2

function for m1/2 exhibits a local maximum at m1/2 ∼ 3 TeV, which corresponds to
the separation between the two 68% CL regions in the Fig. 6.1. These are dominated
by chargino coannihilation (larger m1/2, green shading) and by rapid annihilation
via A/H bosons (smaller m1/2, blue shading) and other mechanisms, respectively.
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Figure 6.5: One-dimensional profile likelihood functions for m0 and m1/2. The solid
lines include the constraints from ∼ 36/fb of LHC data at 13 TeV and the dashed
lines drop them, and the blue lines include (g − 2)µ, whereas the green lines drop
these constraints.

6.3.2 Sparticle masses

Squarks and gluinos

The various panels of Fig. 6.6 show the limited impact of the LHC 13-TeV
constraints on the possible masses of strongly-interacting sparticles in the sub-GUT
model, comparing the solid and dashed curves. The upper left panel shows that
the 95% CL lower limit on mg̃ ∼ 1.5 TeV, whether the LHC 13-TeV data and the
(g − 2)µ constraint are included or not. However, the best-fit value of mg̃ increases
from ∼ 2 TeV to a very large value when (g−2)µ is dropped, although the ∆χ2 price
for mg̃ ∼ 2 TeV is ∼ 1. The upper right panel shows similar features in the profile
likelihood function for mq̃R (that for mq̃L is similar), with a 95% CL lower limit
of ∼ 2 TeV, which is again quite independent of the inclusion of (g − 2)µ and the
13-TeV data. The lower panels of Fig. 6.6 show the corresponding profile likelihood
functions for mt̃1 (left panel) and mb̃1

(right panel). One can see that these could
both be considerably lighter than the gluino and the first- and second-generation
squarks, with 95% CL lower limits mt̃1 ∼ 900 GeV and mb̃1

∼ 1.5 TeV, respectively.
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Figure 6.6: One-dimensional profile likelihood functions for mg̃ (upper left panel),
mq̃R (upper right panel), mt̃1 (lower left panel) and mb̃1

(lower right panel).

Sleptons

The upper left panel of Fig. 6.7 shows the profile likelihood function for mµ̃R

(that for mẽR is indistinguishable, the µ̃L and ẽL are slightly heavier). One can
see that in the sub-GUT model small values of mµ̃R were already disfavoured by
earlier LHC data (dashed lines), and that this tendency has been reinforced by the
LHC 13-TeV data (compare the solid lines). The same is true whether the (g − 2)µ
constraint is included or dropped (compare the blue and green curves).

The upper right panel Fig. 6.7 shows the corresponding profile likelihood function
for mτ̃1 , which shares many similar features. However, note that the χ2 function for
mτ̃1 is generally lower than that for mµ̃R ∈ (1, 2) TeV, though the 95% lower limits
on mτ̃1 and mµ̃R are quite similar, and both are ' 1 TeV when the LHC 13-TeV
constraints are included in the fit.

The lower left panel of Fig. 6.7 shows that very small values of mτ̃1 − mχ̃0
1

in

the stau coannihilation region are allowed at the ∆χ2 ∼ 1 level in all the fits with
the (g − 2)µ constraint, rising to ∆χ2 & 2 for mτ̃1 −mχ̃0

1
& 20 GeV when the LHC

13-TeV data are included.
The lower right panel of Fig. 6.7 shows the (mτ̃1 , ττ̃1) plane, where it can be seen

that ττ̃1 ∈ (10−7, 103) s is allowed at the 68% CL, for 1600 GeV . mτ̃1 . 2000 GeV
and at the 95% CL also for mτ̃1 ∼ 1100 GeV. This region of parameter space is close
to the tip of the stau coannihilation strip. Lower τ̃1 masses are strongly disfavoured
by the LHC constraints, particularly at 13 TeV, as seen in the upper right panel of
Fig. 6.7. The heavier τ̃1 masses with lower ∆χ2 seen there do not lie in the stau
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Figure 6.7: One-dimensional profile likelihood functions for mµ̃R (upper left panel),
mτ̃1 (upper right panel) and mτ̃1 − mχ̃0

1
(lower left panel). The lower right panel

shows the (mτ̃1 , ττ̃1) plane, colour-coded as indicated in the right-hand legend. The
68 (95) (99.7)% CL regions in 2 dimensions, i.e., ∆χ2 < 2.30(5.99)(11.83), are
enclosed by the red (blue) (green) contours.

coannihilation strip, and have larger mτ̃1 −mχ̃0
1

and hence smaller lifetimes that are
not shown in the lower right panel of Fig. 6.7. Because of the lower limit on mτ̃1 seen
in this panel, neither the LHC search for long-lived charged particles [166] nor the
LHC search for (meta-)stable massive charged particles that exit the detector [167]
are relevant for this global fit.

Given this, and the fact that the search for long-lived particles [166] is also
insensitive in the chargino coannihilation region, as discussed above, the results
of [166, 167] are not included in the calculation of the global likelihood function.

6.3.3 Neutralino composition

One can examine the profile likelihood functions for the fractions of Bino, Wino and
Higgsino in the χ̃0

1 composition:

χ̃0
1 = N11B̃ +N12W̃

3 +N13H̃u +N14H̃d , (6.6)

which are shown in Fig. 6.8. As usual, results from an analysis including the 13-TeV
data are shown as solid lines and without them as dashed lines, with (g − 2)µ as
blue lines and without it as green lines. The top left panel shows that in the LHC
13-TeV case with (g − 2)µ an almost pure B̃ composition of the χ̃0

1 is preferred,
N11 → 1, though the possibility that this component is almost absent is only very
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slightly disfavoured. Conversely, before the LHC 13-TeV data there was a very mild
preference forN11 → 0, and this is still the case if (g−2)µ is dropped. The upper right
panel shows that a small W̃ 3 component in the χ̃0

1 is strongly preferred in all cases.
Finally, the lower panel confirms that small H̃u,d components are preferred when the
LHC 13-TeV and (g − 2)µ constraints are applied, but large H̃u,d components are
preferred otherwise.
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Figure 6.8: Plots of the one-dimensional profile likelihood for the B̃ fraction in the
LSP χ̃0

1 (upper left), for the W̃ 3 fraction (upper right) and for the H̃u,d fraction
(lower panel).

The χ̃0
1 compositions favoured at the 1-, 2- and 3-σ levels (blue, yellow and red)

are displayed in Fig. 6.9 for fits including LHC 13-TeV data with (without) the
(g − 2)µ constraint in the left (right) panel. It can be seen that these regions are
quite similar in the two panels, and correspond to small Wino admixtures. On the
other hand, the Bino fraction N2

11 and the Higgsino fraction N2
13 +N2

14 are relatively
unconstrained at the 95% CL. Green stars indicate the best-fit points, and the left
panel shows again that in the fit with (g − 2)µ the LSP is an almost pure Bino,
whereas an almost pure Higgsino composition is favoured in the fit without (g−2)µ,
as it can also be seen in Table 6.2. These two extremes have very similar χ2 values
in each of the fits displayed.

The global χ2 function is minimised for mχ̃0
1
' 1.0 TeV, which is typical of

scenarios with a Higgsino-like LSP whose density is brought into the Planck 2015
range by coannihilation with a nearly-degenerate Higgsino-like chargino χ̃±1 . Indeed,
it is visible in the top right panel of Fig. 6.14 that χ2 is minimised when also
mχ̃±1

' mχ̃0
1
' 1.0 TeV. Table 6.2 displays the LSP composition of the sub-GUT

model at the best-fit points with and without (g − 2)µand the LHC 13-TeV data.

135



CHAPTER 6. SUB-GUT 6.3. 1D LIKELIHOOD FUNCTIONS

0.0

1.0

1.0

0.0

0.0 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Pure higgsino

P
ur

e
bi

no

P
ure

w
ino

N
213 +

N
214

N
2

11

N 2
12

sub-GUT w/o (g − 2)µ χ0
1 composition

0.0

1.5

3.0

4.5

6.0

7.5

9.0

10.5

∆
χ

2

0.0

1.0

1.0

0.0

0.0 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Pure higgsino

P
ur

e
bi

no

P
ure

w
ino

N
213 +

N
214

N
2

11

N 2
12

sub-GUT w/o (g − 2)µ χ0
1 composition

0.0

1.5

3.0

4.5

6.0

7.5

9.0

10.5

∆
χ

2

Figure 6.9: Triangular presentations of the χ̃0
1 composition in the fit with LHC 13-

TeV including (dropping) the (g− 2)µ constraint in the left (right) panel. The 1-, 2-
and 3-σ regions in the plots are coloured blue, yellow and red, and the best-fit points
are indicated by green stars.

B̃ W̃3 H̃u H̃d

With (g − 2)µ
With 13-TeV 0.999 -0.010 0.041 -0.025

Without 13-TeV 0.007 -0.011 0.707 -0.707
Without (g − 2)µ

With 13-TeV 0.006 -0.010 0.707 -0.707
Without 13-TeV 0.007 -0.011 0.707 -0.707

Table 6.2: Composition of the χ̃0
1 LSP at the best-fit points with and without (g−2)µ

and the LHC 13-TeV data.

One can see again that the χ̃0
1 LSP is mainly a Higgsino with almost equal H̃u and

H̃d components, except in the fit with both LHC 13-TeV data and (g−2)µ included,
in which case it is an almost pure Bino.

Looking at the middle left panel of Fig. 6.14, one can see that the best-fit point
has a chargino-LSP mass difference that may be O(1) GeV or ∼ 200 to 300 GeV,
with similar χ2 in all the cases considered, namely with and without the (g − 2)µ
and LHC13 constraints. As seen in the middle right panel of Fig. 6.14, in the more
degenerate case the preferred chargino lifetime τχ̃±1 ∼ 10−12 s. The current LHC

searches for long-lived charged particles [166] therefore do not impact this chargino
coannihilation region, and are also not included in this global fit.

The top right panel of Fig. 6.14 displays an almost-degenerate local minimum
of χ2 with mχ̃±1

∼ 1.3 TeV, corresponding to a second, local minimum of χ2 where
mχ̃±1

−mχ̃0
1
∼ 200 to 300 GeV, as seen in the middle left panel. In this region the

relic density is brought into the Planck 2015 range by rapid annihilation through
A/H bosons, as can be inferred from the bottom left panel of Fig. 6.14, where one
can see that at this secondary minimum MA ' 2 TeV ' 2mχ̃0

1
. The χ̃±1 lifetime in

this region is too short to appear in the middle and bottom-right panels of Fig. 6.14,
and too short for a separated vertex signature at the LHC.

Finally, the bottom right panel of Fig. 6.14 shows the regions of the (mχ̃±1
, τχ̃±1 )

plane with τχ̃±1 ∈ (10−16, 10−10) s that are allowed in the fit including the (g − 2)µ
and LHC 13-TeV constraints at the 68 (95) (99.7) % CL in 2 dimensions, i.e.,
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∆χ2 < 2.30(5.99)(11.83). Since the chargino would decay into a very soft track and
a neutralino, detecting a separated vertex in the region around the best-fit point
would be very challenging.
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Figure 6.10: One-dimensional profile likelihood function for (g−2)µ, where the dotted
line shows the χ2 contribution due to the (g − 2)µ constraint alone.

It can be seen in Fig. 6.10 that only a small contribution to (g−2)µ is possible in
sub-GUT models, the profile likelihood functions with and without the LHC 13-TeV
data and (g − 2)µ being all quite similar. This is because in the sub-GUT model
with low Min the LHC searches for strongly-interacting sparticles constrain the µ̃
mass more strongly than in the GUT-scale CMSSM. The dotted line shows the ∆χ2

contribution due to the implementation of the (g − 2)µ constraint alone. One can
see that in all cases it contributes ∆χ2 & 9 to the global fit.

6.3.5 Flavour observables

It is visible in the left panel of Fig. 6.11 that values of BR(Bs,d → µ+µ−) smaller
than that in the SM are favoured. The sub-GUT models with µ > 0 studied in this
analysis can accommodate comfortably the preference seen in the data (dotted line)
for such a small value of BR(Bs,d → µ+µ−), which is not the case in models such as
the CMSSM that impose universal boundary conditions on the soft supersymmetry-
breaking parameters at the GUT scale, if µ > 0. The right panel of Fig. 6.11
shows how the contributions of the flavour (blue shading) and other observables to
the global likelihood function depend on Min for values between 104 and 1016 GeV.
This variation in the flavour contribution (which is dominated by BR(Bs,d → µ+µ−))
is largely responsible for the sub-GUT preference for Min < MGUT seen in Fig. 6.4.
Values of Min ∈ (105, 1012) GeV can accommodate very well the experimental value
of BR(Bs,d → µ+µ−).
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Figure 6.11: Left panel: One-dimensional profile likelihood function for BR(Bs,d →
µ+µ−), where the dotted line shows the χ2 contribution due to the BR(Bs,d → µ+µ−)
constraint alone. Right panel: Breakdown of the contributions to the global χ2 as
functions of Min. The shadings correspond to the different classes of observables, as
indicated in the legend.

This preference is made possible by the different RGE running in the sub-GUT
model, which can change the sign of the product Atµ that controls the relative signs
of the SM and SUSY contributions to the Bs,d → µ+µ− decay amplitudes, permitting
negative interference that reduces BR(Bs,d → µ+µ−). As already discussed, the
reduction in BR(Bs,d → µ+µ−) and the global χ2 function for 108 GeV . Min .
1012 GeV is associated with the blue 68% CL regions with Min . 1012 GeV seen in
the panels of Fig. 6.2. On the other hand, one can see in Fig. 6.12 that sub-GUT
models favour values of BR(b→ sγ) that are close to the SM value.

The contributions to the global χ2 function of other classes of observables as
functions of Min are also exhibited in the right panel of Fig. 6.11. In addition to
the aforementioned reduction in the flavour contribution when Min . 1012 GeV
(blue shading), there is a coincident (but smaller) increase in the contribution of
the electroweak precision observables (orange shading) related to tension in the
electroweak symmetry-breaking conditions. The other contributions to the global
χ2 function, namely the nuisance parameters (red shading), Higgs mass (light green),
(g − 2)µ (teal) and DM (red), vary smoothly for Min ∼ 1012 GeV.

6.3.6 Higgs mass

It can be seen in Fig. 6.13 that the profile likelihood function for Mh lies within the
contribution of the direct experimental constraint convoluted with the uncertainty
in the FeynHiggs calculation of Mh (dotted line). One can infer that there is no ten-
sion between the direct experimental measurement of Mh and the other observables
included in this global fit.
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Figure 6.12: One-dimensional profile likelihood function for BR(b → sγ), showing
the experimental constraint as a dotted line.
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Figure 6.13: One-dimensional profile likelihood function for Mh, where the dotted
line shows the χ2 contribution due to the (g − 2)µ constraint alone.

6.4 The lightest neutralino and lighter chargino

The top left panel of Fig. 6.14 shows the profile likelihood function for mχ̃0
1
, and the

top right panel shows that for mχ̃±1
. It can be seen that in all the cases considered

(with and without the (g − 2)µ and LHC13 constraints), the value of ∆χ2 calcu-
lated using the LHC constraints on strongly-interacting sparticles is larger than
4 for mχ̃0

1
. 750 GeV and mχ̃±1

. 800 GeV. Therefore, the LHC electroweakino

searches [127] have no impact on the 95% CL regions in the 2-dimensional projec-
tions of the sub-GUT parameter space, and the results of [127] are not included in
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Figure 6.14: One-dimensional profile likelihood functions for mχ̃0
1

(top left panel)

and mχ̃±1
(top right panel), mχ̃±1

−mχ̃0
1

(middle left panel) the χ̃±1 lifetime (middle

right panel) and MA (bottom left panel). The bottom right panel shows the regions
of the (mχ̃±1

, τχ̃±1 ) plane with τχ̃±1 ≥ 10−15 s that are allowed in the fit including the

(g − 2)µ and LHC 13-TeV constraints at the 68 (95) (99.7)% CL in 2 dimensions,
i.e., ∆χ2 < 2.30(5.99)(11.83), enclosed by the red (blue) (green) contour.

this global fit.
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6.5 Searches for Dark Matter Scattering
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Figure 6.15: Left panel: Two-dimensional profile likelihood function for the nomi-
nal value of σSI

p calculated using the SSARD code [71] in the (mχ̃0
1
, σSI

p ) plane, dis-
playing also the upper limits established by the LUX [82], XENON1T [83] and
PandaX-II Collaborations [84] shown as solid black, blue and green contours, re-
spectively. The projected future 90% CL sensitivities of the LUX-Zeplin (LZ) [194]
and XENON1T/nT [83] experiments are shown as dashed magenta and blue lines,
respectively, and the neutrino background ‘floor ’ [198] is shown as a dashed or-
ange line with yellow shading below. Right panel: Two-dimensional profile likelihood
function for the nominal value of σSD

p calculated using the SSARD code [71] in the
(mχ̃0

1
, σSD

p ) plane, also showing the upper limit established by the PICO Collabora-
tion [94].The indirect limits from the Icecube [97] and Super-Kamiokande [196] ex-
periments are also shown, assuming χ̃0

1χ̃
0
1 → τ+τ− dominates, as well as the ‘floor”

for σSD
p calculated in [195].

The left panel of Fig. 6.15 shows the nominal predictions for the spin-independent
DM scattering cross-section σSI

p obtained using the SSARD code [71]. There are
considerable uncertainties in the calculation of σSI

p , which are taken into account
in the global fit. Thus points with nominal values of σSI

p above the experimental
limit may nevertheless lie within the 95% CL range for the global fit. One can
see that sub-GUT models favour a range of σSI

p close to the present limit from the
LUX, XENON1T and PandaX-II experiments 2. Moreover, at the 95% CL,
the nominal sub-GUT predictions for σSI

p are within the projected reaches of the
LZ and XENON1/nT experiments. However, they are subject to the considerable
uncertainty in the σSI

p matrix element, and might even fall below the neutrino ‘floor”
shown as a dashed orange line in [198].

The right panel of Fig. 6.15 shows that the sub-GUT predictions for the spin-
dependent DM scattering cross-section σSD

p lie somewhat below the present upper
limit from the PICO direct DM search experiment. Indirect searches also probe

2it is also shown, for completeness, the CRESST-II [191], CDMSlite [192] and CDEX [193]
constraints on σSI

p , which do not impact the range of mχ̃0
1

found in this analysis.
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Spin-dependent DM scattering for neutrinos produced by the annihilations of neu-
tralinos trapped inside the Sun after scattering on protons in its interior. If the
neutralinos annihilate into τ+τ−, the IceCube experiment sets the strongest such
indirect limit [97], and the constraint from Super-Kamiokande [196] are also shown.
These constraints are currently not sensitive enough to cut into the range of the
(mχ̃0

1
, σSD

p ) plane allowed in this work. Also shown, is the neutrino ‘floor” for σSD
p ,

taken from [195]. values of σSD
p below this floor are quite possible in the sub-GUT

model.

6.6 Impacts of the LHC 13-TeV and New Direct

Detection Constraints

Figure 6.16 displays some two-dimensional projections of the regions of sub-GUT
MSSM parameters favoured at the 68% (red lines), 95% (blue lines) and 99.7%
CL (green lines), comparing the results of fits including the LHC 13-TeV data and
recent direct searches for spin-independent dark matter scattering (solid lines) and
discarding them (dashed lines). The upper left panel shows the (mq̃R ,mg̃) plane,
the upper right plane shows the (mq̃R ,mχ̃0

1
) plane, the lower-left plane shows the

(mg̃,mχ̃0
1
) plane, and the lower right panel shows the (mχ̃0

1
, σSI

p ) plane. One can see
that in the upper panels that the new data restrict the favoured parameter space
for mq̃R ∼ 2 TeV, the two left panels show a restriction for mg̃ ∼ 1.3 TeV, and the
right and lower panels show that the new data also restrict the range of mχ̃0

1
to

& 800 GeV. However, the lower right panel does not show any new restriction on
the range of possible values of σSI

p .
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Figure 6.16: Two-dimensional projections of the global likelihood function for the
sub-GUT MSSM in the (mq̃R ,mg̃) plane (upper left panel), the (mq̃R ,mχ̃0

1
) plane

(upper right panel), the (mg̃,mχ̃0
1
) plane (lower left panel), and the (mχ̃0

1
, σSI

p ) plane
(lower right panel). In each panel, the projections of the sub-GUT parameter regions
favoured at the 68% (red lines), 95% (blue lines) and 99.7% CL (green lines) in global
fits are compared with the LHC 13-TeV data and results from LUX, XENON1T, and
PandaX-II [82, 83, 84] (solid lines), and without them (dashed lines).

6.7 Best-Fit Points, Spectra and Decay Modes

The input parameter values at the best-fit points with and without the (g − 2)µ
and LHC 13-TeV constraints have been shown in Table 6.1. The best fits have Min

between 1.6× 105 and 4.1× 108 GeV, and one can note that the input parameters
are rather insensitive to the inclusion of the 13-TeV data when (g− 2)µ is dropped.
Table 6.3 displays the mass spectra obtained as outputs at the best-fit point includ-
ing the 13-TeV data (quoted to 3 significant figures) and including (left column) or
dropping (right column) the (g−2)µ constraint. As could be expected, the sparticle
masses are generally heavier when (g− 2)µ is dropped. However, the differences are
small in the cases of the χ̃0

1, χ̃
0
2 and χ̃±1 , being generally < 10 GeV. The next-to-last

line of Table 6.3 gives the values of the global χ2 function at these best-fit points,
dropping the HiggsSignals contributions to avoid biasing the analysis. The contri-
butions of different observables to the global likelihood function at the best-fit points
including LHC13 data are shown in Fig. 6.17. The pink histograms show the con-
tributions when (g− 2)µis included and the blue histograms show the contributions
without (g − 2)µ. Note, in particular, that the contribution of BR(Bs,d → µ+µ−) is
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With (g − 2)µ Without (g − 2)µ

MH,A,H+ 2060 2220

d̃L, ũL, s̃L, c̃L 2510 5050

d̃R, ũR, s̃R, c̃R 2450 4835

b̃1 1830 4100

b̃2 2190 4210
t̃1 1130 3430
t̃2 1850 4150

ẽL, ν̃eL , µ̃L, ν̃µL 2040 3740
ẽR, µ̃R 1980 3510
τ̃1 1380 2740
τ̃2 1780 3390
ν̃τL 1770 3390
g̃ 2120 7240
mχ̃0

1
1040 1060

mχ̃0
2

1270 1060

mχ̃0
3

1740 6010

mχ̃0
4

1740 6300

mχ̃±1
1270 1060

mχ̃±2
1740 6310

χ2 without
HiggsSignals 28.86 18.02

Number of d.o.f. 24 23

p-value 23% 76%

Table 6.3: The spectra at the best-fit points including the LHC 13-TeV data and
including (left column) or dropping (right column) the (g − 2)µ constraint. The
masses are quoted in GeV. The three bottom lines give the values of the χ2 func-
tion dropping HiggsSignals, the numbers of degrees of freedom (d.o.f.) and the
corresponding p-values.

very small in both cases, which is a distinctive feature of sub-GUT models.

The last line of Table 6.3 shows the p-values for the best fits with and without
(g−2)µ, which were calculated as follows. In the case with (without) (g−2)µ, setting
aside HiggsSignals so as to avoid biasing the analysis, the number of constraints
making non-zero contributions to the global χ2 function (not including nuisance
parameters) is 29 (28), and the number of free parameters is 5 in each case. Hence
the numbers of degrees of freedom are 24 (23) in the two cases. The values of the
total χ2 function at the best-fit points, dropping the HiggsSignals contribution,
are 28.9 (18.0) and the corresponding p-values are 23% (76%). The qualities of the
global fits with and without (g − 2)µ are therefore both good. and the fit including
(g − 2)µ is not poor enough to reject this fit hypothesis.

The spectra for the best fits are displayed graphically in Fig. 6.18, including the
(g − 2)µ constraint (upper panel) and dropping it (lower panel). Also shown are
the decay modes with branching ratios > 5%, as dashed lines whose intensities
increase with the branching ratios. The heavy Higgs bosons decay predominantly
to SM final states; hence, no dashed lines are shown. One can see that in both
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the sub-GUT analysis including LHC 13-TeV data, in the cases with and without
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cases the squarks and gluino are probably too heavy to be discovered at the LHC,
and the sleptons are too heavy to be discovered at any planned e+e− collider. The
best prospects for sparticle discovery may be for χ̃±1 and χ̃0

2 production at CLIC
running at ECM & 2 TeV [197]. The global likelihood function is quite flat at large
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Figure 6.18: The spectra of Higgs bosons and sparticles at the best-fit points in the
sub-GUT model including LHC 13-TeV data, including the (g−2)µ constraint (upper
panel) and dropping it (lower panel), with dashed lines indicating the decay modes
with branching ratios > 5%.

sparticle masses and very different spectra are consistent with the data within the
current uncertainties. The 68 and 95% CL ranges of Higgs and sparticle masses
are displayed in Fig. 6.19 as orange and yellow bands, respectively, with the best-fit
values indicated by blue lines. The upper panel is for a fit including the (g − 2)µ
constraint, which is dropped in the lower panel. At the 68% CL there are possibilities
for squark and gluino discovery at the LHC and the τ̃1, µ̃R and ẽR become potentially
discoverable at CLIC if it operates at ECM = 3 TeV [197].
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Figure 6.19: The spectra in the sub-GUT model including LHC 13-TeV data, with
(upper panel) and without (lower panel) the (g−2)µ constraint, displaying the best-fit
values as blue lines, the 68% CL ranges as orange bands, and the 95% CL ranges as
yellow bands.
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Chapter 7

Dark matter simplified models

This chapter presents the results of a global analysis of dark matter simplified mod-
els (DMSMs) with leptophobic mediator particles of spin one, considering the cases
of both vector and axial-vector interactions with dark matter (DM) particles and
quarks. Each of these DMSMs has four free parameters, the masses of the DM
particle and the mediator, mχ and mY , and the mediator couplings to the DM and
SM particles, gDM and gSM . The DMSMs are required to provide all the cosmolog-
ical DM density indicated by Planck and other observations, and the upper limits
on spin-independent and -dependent scattering from direct DM search experiments
are imposed. All relevant LHC constraints from searches for monojet events and
measurements of the dijet mass spectrum are also imposed. The analyses presented
here model the likelihood functions for all the constraints and combine them within
the MasterCode framework, and probe the full DMSM parameter spaces by scan-
ning over the mediator and DM masses and couplings, not fixing any of the model
parameters. The implementation of the constraints applied to the DMSMs has been
described in Sects. 3.3.1, 3.3.2 and 3.3.3.

The layout of this chapter is as follow. The results for the vector case are
presented in Sect. 7.1, and Sect. 7.2 presents the results for the axial-vector case.
Possible UV completions are discussed in Sect. 7.3.

7.1 Vector DM Couplings

Fig. 7.1 displays the (mY ,mχ) plane in the vector-like model after application of the
constraints discussed above. The parameter regions with ∆χ2 < 2.30 (5.99), which
are favoured at the 68% (95%) CL and regarded as proxies for 1- (2-)σ regions, are
delineated by red (blue) contours, respectively. In this and subsequent figures, the
dominant mechanism bringing the DM density into the allowed range at the point
that minimises χ2 in the displayed 2-dimensional projection of the four-dimensional
parameter space is illustrated using colour coding:
• Green: annihilation via t-channel χ exchange into pairs of mediator particles Y
that subsequently decay into SM particles, in the region where mχ ≥ mY ;
• Yellow: rapid annihilation directly into SM particles via the s-channel Y resonance,
in the region where 0.9 < mY /(2mχ) < 1.1.
Two separated favoured regions can be clearly seen, one with mχ ' mY /2 where
rapid annihilation via the Y funnel dominates, and another with mχ > mY where
annihilation into pairs of mediator particles Y dominates. The boundaries of both
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allowed regions are very sharp, reflecting the steepness of the resonance peak in the
s-channel case and the phase-space limit in the t-channel case 1.

Once can see that the t-channel region is located at smallermY than the s-channel
region for any value of mχ, subject to the kinematic constraint mY < mχ. In this
region the annihilation cross-section of this channel, χχ → Y Y , is proportional to
g4

DM and independent of gSM. Therefore, the relic abundance can be brought to
the observed value by tuning gDM, unless mχ . 100 GeV, whilst the experimental
constraints from the LHC and the direct DM detection can be avoided by taking
gSM small enough. As can be seen in Fig. 7.1, the lower limit mY > 100 GeV in the
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Figure 7.1: Preferred regions in the (mY ,mχ) plane in the vector-like model. The
red (blue) contours delineate the parameter regions with ∆χ2 < 2.30(5.99), which are
favoured at the 68% (95%) CL and regarded as proxies for 1- (2-)σ regions, respec-
tively. Colour coding is also used to illustrate the dominant mechanisms bringing the
DM density into the allowed range: green for annihilation via t-channel exchange
into pairs of mediator particles Y that subsequently decay into SM particles, and yel-
low for rapid annihilation directly into SM particles via the s-channel Y resonance.

sample enforces a corresponding lower limit mχ & 100 GeV in the t-channel region.
This because the annihilation process χχ→ Y Y is kinematically blocked for mχ <
mY , so the cross-section for χχ annihilation becomes very small, resulting in DM
overdensity. On the other hand, in the s-channel region the relic density constraint
requires gDM to be very small for mY ∼ 100 GeV, in which case ΓY /mY � 1 and
χχ annihilations are rapid enough only if mχ ' mY /2 & 50 GeV, the inequality
being due to our scanning limit on mY . The uncoloured vertical band at small mass
in this and subsequent figures is a reflection of this restriction on the range of mY

sampled.
It has been found that the ∆χ2 function is negligible for all values of mY above

the 100 GeV cut, and that the ∆χ2 function is also very small and essentially
featureless for mχ > 50 GeV. Moreover, no upper limits on mχ,Y have been found

1In other projections, the s- and t-channel regions may overlap, and have quite similar χ2, so
that points with different colours appear interspersed.
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within the ranges sampled. The numerical results indicate that

Ωχh
2 ∼ 0.1

( mY

2 TeV

)2 (gDM

0.01

)−2

(7.1)

for intermediate values of gSM, with larger values of Ωχh
2 when gSM is either large or

small. Extrapolation of this approximation suggests that the upper bound on mY

in the s-channel region is mY ∼ O(700) TeV for gDM .
√

4π.

Fig. 7.2 uses logarithmic scales to show the (gSM, gDM) plane in the vector-like
model. Again, two distinct preferred regions can be immediately distinguished,
separated where gSM . 3 × 10−4 and gDM & 0.3. As can be seen from the colour
coding, the region at small gSM and large gDM corresponds to the triangular t-
channel region in Fig. 7.1, whereas the larger values of gSM and gDM outside this
region appear in the s-channel funnel region 2. This region is bounded at large
values of the product gSMgDM by the upper limit on σSI

p and the limited scanning
range mY < 5 TeV, as indicated [see Eq. (3.5)]: the upper right portion of the
figure with larger values of gSMgDM would be allowed for larger mY . In the region
0.07 > gDM > 3× 10−4, Ωh2 ∝ m2

Y /g
2
DM and can be sufficiently small if mχ ' mY /2

and mY < 5 TeV. In this case, Eqs. (3.5) and (7.1) imply

gSM . 0.1 ·
( mχ

1 TeV

)[ σUL
SI (mχ)

10−45[cm−2]

] 1
2

(7.2)

where σUL
SI (mχ) is the mass-dependent experimental upper bound on σSI

p . Note also
that the dijet constraint is the strongest at the largest value of gSM ∼ 0.3. Thus the
lower right part of the figure is excluded by the upper limit on the elastic scattering
cross section. Finally, the apparent exclusion in the lower region in the figure,
where gDM . 3 × 10−4, rising at smaller gSM, is also an artefact of the scanning
limit mY > 100 GeV combined with the relic density constraint, as indicated. The
diagonal dotted line indicates where gDM = gSM. As discussed later, one might
expect gDM and gSM to be similar in magnitude in many UV completions of DMSMs.
Section 7.3 studies the restriction to the band between the dashed lines in Fig. 7.2
that is shaded darker yellow, where 1/3 < gDM/gSM < 3.

Fig. 7.3 displays the planes of mY and the two couplings gSM, gDM. We see
in the left panel that within the t-channel region there is a strong upper limit on
gSM . 10−3, which is enforced by the combination of the upper limit on σSI

p , which
constrains the product gDM gSM, and the lower limit on gDM visible in the right panel,
which is another result of the limited scan to mY > 100 GeV. Since σSI

p scales as
g2

DMg
2
SM/m

4
Y , the limit is stronger for smaller mY , and gSM must be smaller than 10−4

for mY . 100 GeV. The upper limit on mY in the t-channel region visible for small
gSM is an artefact of the limited scanning range mχ < 2.5 TeV. The upper limit on
gSM in the s-channel region comes mainly from the LHC dijet constraint, with the σSI

p

constraint also playing a role when mY . 500 GeV. It can be seen in the left panel of
Fig. 7.3 that gSM . 10−2 for mY ∼ 100 GeV and . 0.1 for mY > 1 TeV. Comparing
with Fig. 11 of [61], where leptophobic models with universal quark couplings were
analysed, and identifying gSM with the combination gY ′q of the parameters defined

2Close to the boundary between these regions there is an area left unshaded because of incom-
plete sampling.
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mY > 100 GeV

mY < 5000 GeV
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Figure 7.2: Preferred regions in the (gSM, gDM) plane (on logarithmic scales) in
the vector-like model. Again the colour coding is used to illustrate the dominant
mechanisms bringing the DM density into the allowed range: green for annihilation
via t-channel exchange into pairs of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihilation directly into SM particles via
the s-channel Y resonance. The diagonal dotted line indicates where gDM = gSM,
and the band where 1/3 < gDM/gsm < 3 is bounded by dashed lines and shaded a
darker yellow.
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Figure 7.3: The likelihood functions for gSM (left panel) and gDM (right panel) as
functions of mY in the vector-like model. The colour coding illustrates the dominant
mechanisms bringing the DM density into the allowed range: green for annihilation
via t-channel χ exchange into pairs of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihilation directly into SM particles via
the s-channel Y resonance.

in those models, one can see that the precision electroweak data do not constrain
the model sample. 3

3Even in the leptophobic models considered here, couplings to leptons will be generated at the
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In the right panel of Fig. 7.3, the lower bound on gDM in the t-channel region
at low mY is due to the DM density constraint. In the s-channel region the relic
constraint imposes a weaker bound on gDM, which is given roughly by

( mY

2 TeV

)2(gDM

0.01

)−2

. 1 , (7.3)

as follows from Eq. (7.1) for 2mχ ∼ mY . Fig. 7.4 displays the (mχ, gSM) plane in

0 500 1000 1500 2000 2500

mχ [GeV]

10-6

10-5

10-4

10-3

10-2

10-1

100

g S
M

DMSM spin-1 vector: 1σ, 2σ

0 500 1000 1500 2000 2500

mχ [GeV]

10-4

10-3

10-2

10-1

100

g D
M

DMSM spin-1 vector: 1σ, 2σ

Figure 7.4: The likelihood functions for gSM (left panel) and gDM (right panel) as
functions of mχ in the vector-like model. Again, the colour coding illustrates the
dominant mechanisms bringing the DM density into the allowed range: green for
annihilation via t-channel χ exchange into pairs of mediator particles Y that subse-
quently decay into SM particles, and yellow for rapid annihilation directly into SM
particles via the s-channel Y resonance.

the left panel and the (mχ, gDM) plane in the right panel. The upper bounds on gSM

and the lower bounds on gDM are the same as in Fig. 7.3, all increasing with mχ.
Fig. 7.5 shows the likelihood function in the (mχ, σ

SI
p ) plane for the vector-like

model. As already visible in the left panel of Fig. 7.4, only values of mχ & 50 GeV are
allowed, for the reason mentioned previously, namely the interplay of the cut mY >
100 GeV (as indicated) and the relic density constraint. Above this value, a large
range of values of σSI

p is allowed in both the t- and s-channel regions. The combined
experimental likelihood determines the upper limits on σSI

p at various confidence
levels for the LUX [82], PANDAX-II [99] and XENON1T [100] experiments, which
have been rescaled to account for the different local DM density that has been
assumed. In the s-channel region, small values of σSI

p are allowed when mχ ∼ mY /2
and small values of gDM and/or gSM are favoured by the relic density constraint, and
small values of σSI

p are allowed in the t-channel region because small values of gSM

are allowed, as discussed previously. On the other hand, we see that σSI
p may well

lie within the range to be probed by upcoming experiments such as LUX-ZEPLIN
(LZ) [199] and XENONnT [200], though σSI

p may also be much smaller than the
current experimental sensitivity, even below the neutrino ‘floor’ indicated by the
dashed orange line in Fig. 7.5, which is based on [103], updating [201].

one-loop level but, because of the lack of interference, would contribute to cross-sections and rates
only at the two-loop level, and hence can be neglected.
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Figure 7.5: Contours of the likelihood in the (mχ, σ
SI
p ) plane for the vector-like

model, showing the current upper limits from the LUX [82], PANDAX-II [99] and
XENON1T [100] experiments (rescaled to account for the different local DM density
assumed), together with the neutrino ‘floor’ [201] (shown as the dashed orange line),
and the range of σSI

p that will be probed by the upcoming experiments LZ [199] and
XENONnT [200]. The colour coding is used to illustrate the dominant mechanisms
bringing the DM density into the allowed range: green for annihilation via t-channel
χ exchange into pairs of mediator particles Y that subsequently decay into SM par-
ticles, and yellow for rapid annihilation directly into SM particles via the s-channel
Y resonance. We indicate the effective lower limit on mχ that is imposed by our
sampling limit on mY .

7.2 Axial-Vector DM Couplings

Figure 7.6 displays the (mY ,mχ) plane in the case of DM with axial-vector cou-
plings. It is also colour-coded according to the dominant DM annihilation mech-
anism using the same shading scheme as for the vector case, and the 1- and 2-σ
contours are indicated by red and blue lines, respectively. One can see an s-channel
funnel feature that is rather broader than in the case of DM with vector couplings
shown in Fig. 7.1, and in this case, the region where 0.6 < mY /(2mχ) < 2 is shaded
yellow.

This broadening occurs because, whereas the direct detection constraint is very
severe for the vector mediator, so that gDM gSM cannot be large and the parameters
should be near the peak of the resonance where mY ∼ 2mχ, in order for the DM
particles to annihilate sufficiently (see Fig. 2 of [20] and the accompanying text), the
strong σSI

p constraint is absent in the axial-vector case, so that off-resonance regions
of parameter space with larger values of gSM gDM are allowed where annihilation is
p-wave or mq suppressed (see the discussion around Eq. (7) of [21]). This opens up
more parameter space in the (mY ,mχ) plane, with the deviation from mY ∼ 2mχ

bounded only by the dijet constraint. This constraint is weaker when mY > 2mχ

because the decay channel Y → χχ is open. As in the vector case, at low masses the
funnel region merges with the t-channel annihilation region where mχ > mY , so that

153



CHAPTER 7. DMSMS 7.2. AXIAL-VECTOR DM COUPLINGS

the preferred parameter space is simply connected also in the axial-vector case. Also
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Figure 7.6: Preferred regions in the (mY ,mχ) plane in the model with axial-
vector DM couplings. The red (blue) contours delineate the parameter regions with
∆χ2 < 2.30(5.99), which are favoured at the 68% (95%) CL and regarded as proxies
for 1- (2-)σ regions, respectively. Colour coding is used to illustrate the dominant
mechanisms bringing the DM density into the allowed range: green for annihilation
via t-channel exchange into pairs of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihilation directly into SM particles via
the s-channel Y resonance.

as in the vector-like case, it can be seen again in the axial case in Fig. 7.6 the lower
bound mχ & 50 GeV due to the interplay of the sampling limit mY > 100 GeV
and the relic density constraint. Above this value of mχ, the one-dimensional ∆χ2

likelihood function for mχ is featureless, as is that for mY > 100 GeV.
Figure 7.7 shows the (gSM, gDM) plane in the axial-vector model, using logarith-

mic scales. The s-channel region extends to larger values of gSM and gDM than in
the vector case, because of the suppression of axial-vector-mediated s-channel an-
nihilation discussed above. Values of gDM as large as the sampling limit

√
4π are

allowed. One can see a separation between the regions of this plane where the s- and
t-channel mechanisms are dominant when gSM ∼ 10−2 and gDM ∼ 10−1. The upper
bound on gSM comes from the dijet constraint. As in the vector case, the dotted line
is where gSM = gDM, and the deeper shading indicates where 1/3 < gSM/gDM < 3,
favouring the large-gSM part of the s-channel annihilation region, see the discussion
in Sect. 7.3. As in the vector case, there is a region at low gDM, rising at small
gSM, whose exclusion by the relic density constraint is an artefact of the sampling
restriction mY > 100 GeV. Figure 7.8 displays the (mY , gSM) and (mY , gDM) planes
(left and right panels, respectively) in the scenario with axial-vector couplings. It
can be seen in the left panel that the t-channel DM mechanism is important for
mY . 2.6 TeV. The limit visible in Fig. 7.6, which is due to the sampling limit
mχ < 2.5 TeV. Annihilation via the s-channel becomes more important as mY in-
creases, as also seen in Fig. 7.6, and is the only mechanism for mY & 2.6 TeV up
to the sampling limit of 5 TeV. The upper limit on gSM for mY < 5 TeV is due
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mY > 100 GeV
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Figure 7.7: Preferred regions in the (gSM, gDM) plane (on logarithmic scales) in the
model with axial-vector DM couplings, again using colour coding to illustrate the
dominant mechanisms bringing the DM density into the allowed range: green for
annihilation via t-channel exchange into pairs of mediator particles Y that subse-
quently decay into SM particles, and yellow for rapid annihilation directly into SM
particles via the s-channel Y resonance. The diagonal dotted line indicates where
gDM = gSM, and the band where 1/3 < gDM/gSM < 3 is bounded by dashed lines and
shaded a darker yellow.

to the dijet constraint. Unlike the vector case seen in the left panel of Fig. 7.3,
the s-channel region is excluded for small gSM, due to the p-wave nature of the s-
channel annihilation via the axial mediator, which leads to the scaling behaviour
Ωh2 ∝∼ m2

Y /(g
2
SMg

2
DM), as discussed around Eq. (2.35).

It can be seen again in the right panel that the t-channel mechanism is relevant
for mY . 3 TeV, whereas the s-channel mechanism is dominant for larger mY . The
lower limit on gDM is given by the relic density constraint since. even exactly at
mY = 2mχ, Ωh2 ∝∼ m2

Y /(g
2
SMg

2
DM) and DM is overproduced for sufficiently small

gDM.

Figure 7.9 shows the (mχ, gSM) and (mχ, gDM) planes (left and right panels,
respectively) in the axial-vector model. It is visible in the left panel that values of
mχ up to the sampling limit of 2.5 TeV are allowed both at smaller gSM where the
t-channel mechanism dominates and at larger gSM where the s-channel mechanism
dominates. There is a region at low mχ where the s-channel mechanism dominates.
The lower limit on gDM comes from the relic density constraint as can be seen in
Eqs. (2.38), (2.39) and (2.40).

The one-dimensional ∆χ2 function for gDM in the axial case rises sharply below
∼ 4× 10−3, and that for gSM rises above ∼ 0.3. The ∆χ2 functions for mχ and mY

are featureless above 50 and 100 GeV, respectively.

Finally, Figure 7.10 compares the experimental constraints, as well as the ranges
favoured in the axial-vector DMSM analysis and prospective experimental sensitiv-
ities to the cross-section for spin-dependent scattering on a proton (σSD

p , inferred
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Figure 7.8: The likelihood functions for gSM (left panel) and gDM (right panel) as
functions of mY in the model with axial-vector couplings. The colour coding has
been used again to illustrate the dominant mechanisms bringing the DM density into
the allowed range: green for annihilation via t-channel χ exchange into pairs of
mediator particles Y that subsequently decay into SM particles, and yellow for rapid
annihilation directly into SM particles via the s-channel Y resonance.
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Figure 7.9: The likelihood functions for gSM (left panel) and gDM (right panel) as
functions of mχ in the model with axial-vector couplings. The colour coding illus-
trates the dominant mechanisms bringing the DM density into the allowed range:
green for annihilation via t-channel χ exchange into pairs of mediator particles Y
that subsequently decay into SM particles, and yellow for rapid annihilation directly
into SM particles via the s-channel Y resonance.

from the PICO-60 search with a C3F8 target) [94] (left panel) and to that on a
neutron (σSD

n , inferred from a search with the XENON1T detector) [101] (right
panel), again accounting for the different local DM density assumed. Since only lep-
tophobic mediators are considered here, the constraints on σSD

p provided by Super-
Kamiokande [202] and IceCube [203] limits on the annihilations into τ+τ− of DM
particles trapped in the Sun are not relevant, and the limits on hadronic annihi-
lations are not competitive with the direct constraints on σSD

p . It is also shown
in the left panel the estimated neutrino ‘floor’ applicable to experiments using a
C3F8 target (shaded blue), adapted from [204] using a similar factor as in [103].
One can see that σSD

p approaches the PICO-60 limit most closely for a small range
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100 GeV . mχ . 200 GeV, and that σSD
p may be accessible to the LZ experi-

ment [199] or the PICO-500 experiment [204] for mχ . 1 TeV. However, it can
be seen in the right panel that the XENON1T currently sets the most sensitive
limit on spin-dependent scattering experiment, which is sensitive to σSD

n , and that
the LZ experiment may be able to increase this sensitivity significantly. It has also
been displayed the neutrino ‘floor’ for an experiment using a Xenon target [204]
(shaded blue). Encouragingly, there are significant regions of the axial-vector pa-
rameter space where both σSD

p and σSD
n may be detectable above the corresponding

neutrino ‘floors’, in both the s- and the t-channel regions. However, whereas the
short-term advantage may lie with searches for σSD

n since that currently provides the
stronger constraint, the longer-term advantage may lie with searches for σSD

p since
the expected ‘floor’ is lower in that case.
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Figure 7.10: Predictions for σSD
p and σSD

n in the DMSM with axial couplings. Left
panel: Contours of the likelihood function in the (mχ, σ

SD
p ) plane for the axial-

vector model, showing the rescaled upper limit from the PICO-60 experiment [94]
and the prospective sensitivity of the PICO-500 [204] and LZ [199] experiments to
σSD
p , as well as the neutrino ‘floor’ applicable to an experiment such as PICO-500

that uses C3F8 (shaded blue). Right panel: Contours of the likelihood function in the
(mχ, σ

SD
n ) plane for the axial-vector model, showing the rescaled upper limit from the

XENON1T experiment [101] and the prospective sensitivity of the LZ [199] exper-
iment to σSD

n , as well as the neutrino ‘floor’ applicable to an experiment that uses
Xenon (shaded blue).

7.3 Possible Ultraviolet Completions

The vector- and axial-like leptophobic DMSMs analysed here were chosen following
the recommendations of the LHC Dark Matter Working Group [12, 13, 14, 15,
16], on the basis of their phenomenological simplicity and without regard for their
possible ultraviolet (UV) completions. In any such UV completion, the spin-one
boson could be expected to have comparable couplings to SM and DM particles,
modulo possible group-theoretical factors and mixing angles.

Looking beyond the requirements of specific grand unified or string scenarios,
one should consider the critical consistency conditions on gauge couplings that are
imposed by the cancellation of anomalous triangle anomalies required for renor-
malizability. These entail, characteristically, that the gauge couplings to different
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particle species are related by rational algebraic factors that are O(1) before mixing.
Supersymmetry is an important example of a framework where such mixing factors
are essential, but the couplings of supersymmetric WIMPs to the SU(2)×U(1) gauge
bosons of the SM are typically not much smaller than those of SM particles.

The construction of DMSMs with anomaly-free U(1)′ gauge bosons has been
studied in [205], where it was found that in order to be leptophobic, such DMSMs
would necessarily contain non-trivial dark sectors containing other particles besides
the DM particle. Explicit examples have been given of leptophobic DMSMs with
purely vector- or axial-like couplings to quarks, and DMSMs with purely vector-
or axial-like couplings to the DM particle would be subject to further constraints.
The construction of such models is not discussed here, but one can expect based
on the argument in the previous paragraph that they would, in general, have
gDM/gSM = O(1). Additionally, one might expect that in a UV completion featur-
ing unification in a non-Abelian gauge group the spin-1 mediator couplings would
be & O(0.1), favouring parts of the funnel regions away from the regions where
t-channel annihilation is dominant.

Figures 7.2 and 7.7 include diagonal dotted lines where gDM = gSM. They also
include dashed lines, which bound regions where 1/3 < gSM/gDM < 3. In the vector,
the bounded strip traverses the funnel region where the DM particles annihilate via
the s-channel, and it does not approach the regions where DM particles annihilate
mainly via t-channel exchanges into pairs of mediator particles, which are dominant
when gDM � gSM. On the other hand, in the axial-vector case both t- and s-channel
annihilations are possible in the strip with 1/3 < gSM/gDM < 3, as discussed later. A
more detailed discussion about the implications of the constraint 1/3 < gSM/gDM < 3
for the DMSM parameter spaces is given below.

Figure 7.11 displays various parameter planes for the vector-coupling case with
the selection 1/3 < gSM/gDM < 3. It can be seen that both gSM and gDM are > 10−3

when this selection is imposed, and that values of gSM and gDM . 0.3 lie within the
favoured range, consistent with unification scenarios. The ranges mY & 2 TeV and
mχ & 1 TeV are compatible with gSM, gDM > 0.1. The lower bound comes from the
DM density condition, which requires s-channel annihilation to be fast enough. The
upper bounds on gSM and gDM are, on the other hand, are largely due to the spin-
independent DM-nucleus scattering constraint, with the dijet constraint also playing
a role in constraining gSM for mY & 1.8 TeV (mχ & 0.9 TeV). These features are
also visible in the region of Fig. 7.2 with the darker yellow band.

Fig. 7.12 shows the corresponding parameter planes for the axial-coupling case
with the selection 1/3 < gSM/gDM < 3. In the upper panels, one can see that the
t-channel region is confined to a small region where mY . 500 GeV and gSM &
0.1. It can be seen from the right panel of Fig. 7.8 that gDM must be larger than
∼ 0.3 (0.9) at mY = 500 GeV (2 TeV) to account for the DM density. The 1/3 <
gSM/gDM < 3 condition then implies that gSM & 0.1 (0.3) for mY = 500 GeV (2 TeV).
However, such a large value of gSM is not compatible with the dijet constraint in
this range of mY . Therefore, no region with mY & 500 GeV is allowed in the t-
channel annihilation region. As discussed above, s-channel annihilation undergoes
a p-wave or mq suppression in the axial-vector mediator case, and gSM & 10−3 and
gDM & 3× 10−3 (see the darker yellow band in Fig. 7.7), are needed to compensate
this suppression. However, there is a narrow band of gSM values that are also
compatible with the dijet constraint for all the sampled range of mY . The s-channel
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Figure 7.11: The likelihood functions for gSM (left panel) and gDM (right panel)
as functions of mχ in the model with vector couplings after the selection 1/3 <
gSM/gDM < 3. Again the colour coding is used to illustrate the dominant mecha-
nisms bringing the DM density into the allowed range: green for annihilation via
t-channel χ exchange into pairs of mediator particles Y that subsequently decay into
SM particles, and yellow for rapid annihilation directly into SM particles via the
s-channel Y resonance.

region is allowed for all the sampled range of mY , for the most part also if gSM > 0.1.

In the lower panels of Fig. 7.12 there are the corresponding (mχ, gSM) and
(mχ, gDM) planes. It can be seen in the left plot that in this projection the t-channel
region appears in the coupling range 0.03 . gSM . 0.3, and in the right plot, its
range is 0.05 . gDM . 0.5, sandwiched by the DM density condition from below
and the LHC dijet constraint from above. As seen in this projection, the t-channel
region is less restricted in the mχ direction, and any value of mχ & 300 GeV is in
principle compatible with this mechanism. In the s-channel region all values of mχ

between 50 GeV and 2.5 TeV are allowed. We note also that gDM, gSM > 0.1 are
possible for all the range of mχ.

In the vector-like case, the main changes in the one-dimensional ∆χ2 functions
for gDM and gSM due to the selection 1/3 < gSM/gDM < 3 are reductions in their
upper limits to ∼ 0.3, and there are negligible changes in the one-dimensional ∆χ2

functions for mY and mχ. In the axial case the main changes when the selection is
made are that gDM . 0.5 and gSM & 10−3, while all values of mχ & 50 GeV and
mY & 100 GeV still have very low ∆χ2.

Finally, Figure 7.13 shows the preferred ranges of (mχ, σ
SI
p ) in the vector-like

model (left panel) and (mχ, σ
SD
n ) in the axial model (right panel) after the selection

159



CHAPTER 7. DMSMS 7.3. UV COMPLETIONS

0 1000 2000 3000 4000 5000

mY [GeV]

10-6

10-5

10-4

10-3

10-2

10-1

100

g S
M

DMSM spin-1 axial-vector: 1σ, 2σ

0 1000 2000 3000 4000 5000

mY [GeV]

10-4

10-3

10-2

10-1

100

g D
M

DMSM spin-1 axial-vector: 1σ, 2σ

0 500 1000 1500 2000 2500

mχ [GeV]

10-6

10-5

10-4

10-3

10-2

10-1

100

g S
M

DMSM spin-1 axial-vector: 1σ, 2σ

0 500 1000 1500 2000 2500

mχ [GeV]

10-4

10-3

10-2

10-1

100

g D
M

DMSM spin-1 axial-vector: 1σ, 2σ

Figure 7.12: The likelihood functions for gSM (left panel) and gDM (right panel)
as functions of mχ in the model with axial-vector couplings after the selection
1/3 < gSM/gDM < 3. The colour coding illustrates the dominant mechanisms bring-
ing the DM density into the allowed range: green for annihilation via t-channel χ
exchange into pairs of mediator particles Y that subsequently decay into SM parti-
cles, and yellow for rapid annihilation directly into SM particles via the s-channel
Y resonance.

1/3 < gSM/gDM < 3. There are good prospects for detecting spin-independent DM
scattering in the vector-like case, since σSI

p lies partially above the neutrino ‘floor’
within the range of mχ sampled, though smaller values of σSI

p could also occur for
any value of mχ > 50 GeV. In the case of spin-dependent scattering after the
selection 1/3 < gSM/gDM < 3, it can be seen in the right panel of Fig. 7.13 that in
the t-channel exchange region the predicted values of σSD

n are relatively close to the
XENON1T limit [101], and hence may offer prospects for detection with the planned
LZ experiment [199] within the sampled range of DM masses. However, values of
σSD
n may be considerably lower in the s-channel exchange region. This can be traced

to features visible in Fig. 7.12: one can see in the upper panels that the t-channel
region corresponds to small values of mY with larger values of gSM and gDM than
in the s-channel region, and in the lower panels these projections show that the
t-channel region may have larger values of gSM and gDM than in the s-channel region
for a large range of values of mχ. The intermediate ‘hole’ is enforced by the LHC
dijet constraint, in particular.

It is interesting that, with the selection 1/3 < gSM/gDM < 3 motivated by the
prospect of UV completion, searches for σSI

p and σSD
n are able to probe both the s-

and t-channel regions of the DMSM parameter spaces
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Figure 7.13: Predictions for σSI
p and σSD

n after the selection 1/3 < gSM/gDM < 3.
Left panel: Contours of the likelihood function in the (mχ, σ

SI
p ) plane for the vector-

like model, showing the current upper limits from the LUX [82], PANDAX-II [99]
and XENON1T [100] experiments together with the neutrino ‘floor’ [201] (shown as
the dashed orange line), and the range of σSI

p that will be probed by the upcoming
experiments LZ [199] and XENONnT [200]. Right panel: Contours of the likelihood
function in the (mχ, σ

SD
n ) plane for the axial-like model, showing the upper limit from

the XENON1T experiment [101] and the prospective sensitivity of the LZ experiment
that also uses a Xenon target [199].
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Chapter 8

Conclusions

The work presented in this thesis has explored the experimental, phenomenological,
astrophysical and cosmological constraints on the minimal SUSY SU(5) GUT model,
the pMSSM11, the sub-GUT MSSM and on the dark matter simplified models with
leptophobic spin-one mediator particles with either vectorial or axial couplings to
SM particles and to the dark matter particle. The MasterCode tool has been used
to analyse the constraints on the parameter spaces of each model, taking into ac-
count the available constraints on relevant searches from 36/fb of LHC data at 13
TeV, and the most recent limits from the LUX, PICO, XENON1T and PandaX-II
experiments. The dark matter annihilation mechanisms responsible for bringing the
relic density into the allowed region have been identified, and comparisons with and
without the (g − 2)µconstraint (when applicable) have been made. The following
sections summarise the main conclusions for each model studied.

8.1 SUSY SU(5) GUT

In the minimal SUSY SU(5) GUT model, the GUT-scale universal soft SUSY-
breaking scalar massm0 is replaced by independent masses for the 10 and 5̄ sfermions.
This flexibility introduces some features that are novel compared to the GUT-
universal CMSSM, NUHM1 and NUHM2.

In general, one can observe that many best-fit values of the coloured particles
are within reach of the HL-LHC, but that the preferred regions extend beyond the
reach of the final stage of the LHC. On the other hand, the best-fit masses of some
electroweakly-interacting particles are ∼ 500 GeV, offering the possibility of pair
production at a collider with

√
s ∼ 1 TeV, as envisaged for the final stage of the

ILC. Going to higher centre-of-mass energies,
√
s <∼ 3 TeV as anticipated for CLIC,

significant fractions of the 68% CL ranges of electroweak sparticle masses can be
covered.

One novelty is the appearance of a ũR/c̃R−χ̃0
1 coannihilation region that appears

where m2
5 is large and positive, m2

10 is small and negative, and m2
Hu

and m2
Hd

are

large and negative. On the other hand, it was found that t̃1 − χ̃0
1 coannihilation is

not important in the SUSY SU(5) GUT model, nor are the focus-point region and
rapid χ̃0

1χ̃
0
1 annihilation via direct-channel h and Z poles. The ũR/c̃R − χ̃0

1 coanni-
hilation region is not yet excluded by searches for /ET events at the LHC, because
the production rate is reduced compared to the case where all eight squarks are
mass degenerate and the small ũR/c̃R− χ̃0

1 mass difference suppresses this signature.
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However, this region may be accessible with future LHC runs.
The possibility that a ν̃τ NLSP might have an important coannihilation role

has also been highlighted. Another novelty is the composition of the τ̃1 NLSP in
a significant region of the model parameter space. In the GUT-universal CMSSM,
NUHM1 and NUHM2 models, the universality of m0 and the greater normalisation
for SU(2) doublets impose a substantial mass difference between the τ̃2 and the τ̃1,
with the latter being predominantly a τ̃R. However, in the SUSY SU(5) GUT model
with m5 6= m10, the τ̃R and τ̃L may have similar masses, and the off-diagonal entries
in the τ̃ mass matrix may cause large mixing and repulsion between the τ̃1 and τ̃2

masses.
On the other hand, one experimental signature that is shared by the SUSY SU(5)

GUT model and GUT-universal models is the possible appearance of a long-lived
(metastable) τ̃1. This is a feature of a significant fraction (but not all) of the τ̃1− χ̃0

1

coannihilation region.
The prospects for direct DM detection are mixed: they are relatively good in

the χ̃±1 − χ̃0
1 coannihilation region, but less promising in the rapid H/A annihilation

and hybrid regions, though potentially detectable in the planned LUX-Zeplin exper-
iment. On the other hand, the τ̃1 − χ̃0

1 coannihilation region probably lies beyond
the reach of this experiment, as does part of the hybrid region. Indeed, portions of
these regions lie below the neutrino ‘floor’. On the other hand, substantial parts of
these regions are accessible to LHC searches for long-lived particles and /ET .

8.2 pMSSM11

In the pMSSM11 model, the soft SUSY-breaking contributions to the masses of
the first- and second-generation sleptons are allowed to vary independently from
the third-generation slepton mass. The global fit results have been presented, one
including the (g− 2)µ constraint and another without it. Various comparisons with
fits without the LHC 13-TeV data have been made. The freedom for m˜̀ 6= mτ̃ plays
an essential role in best fits. Furthermore, there is a big difference between M1 and
M2 at the best-fit point without (g − 2)µ.

The most visible impact of the LHC 13-TeV constraints has been on the masses
of the strongly-interacting sparticles. On the other hand, the impact of the LHC
constraints on electroweak inos has been less marked. As was to be expected, the
importance of the (g − 2)µ constraint is seen in the likelihood functions for charged
slepton masses and electroweak inos. The composition of the LSP χ̃0

1 is also different
in the cases with and without (g−2)µ: a B̃ LSP is preferred when (g−2)µ is included,
whereas a H̃ LSP is preferred when (g − 2)µ is dropped. Moreover, the inclusion
of the (g − 2)µ constraint also has significant indirect implications for the squark
masses.

The importance of different mechanisms for bringing the relic LSP density into
the range favoured by Planck 2015 and other data have also been analysed. Prin-
cipal roles are played by chargino coannihilation, slepton coannihilation and rapid
annihilation via direct-channel H/A boson exchange, though other mechanisms such
as stau and squark coannihilation may be necessary for limited regions of parameter
space. In the case where the (g− 2)µ constraint is dropped, there is a preference for
a region where mχ̃0

1
∼ mχ̃±1

∼ mq̃ ∼ mg̃ where multiple coannihilation processes play
a role, and the compressed spectrum reduces the sensitivity of the LHC sparticle
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searches.

In general, this analysis favours quite small deviations from the SM predictions
for electroweak, flavour and Higgs observables. The pMSSM11 predictions for the
A∆Γ and τ(Bs → µ+µ−) observables recently measured for the first time by the
LHCb Collaboration [137] have also been analysed. The pMSSM11 predictions for
these observables are similar to the SM, deviating by less than the current experi-
mental uncertainties. Accordingly, the A∆Γ and τ(Bs → µ+µ−) were not included
in the global fits. It was found that current LHC searches for long-lived particles
do not impact the scan of the pMSSM11 parameter space. However, the pMSSM11
still offers significant prospects for the discovery of long-lived particles. When the
(g − 2)µ constraint is imposed, one can find that ∆χ2 & 4 for τNLSP & 10−10 s.
However, when the (g − 2)µ constraint is dropped, values of τNLSP as long as 103 s
are allowed at the ∆χ2 . 4 level,

The pMSSM11 offers exciting prospects for the detection of supersymmetric
DM. In both the spin-independent and -dependent cases, cross-sections close to
the present experimental upper limits are favoured at the 68% CL, whether or not
(g − 2)µ is included in the set of constraints. Interestingly, in the case of σSI

p with
(g − 2)µ included, there is a lower limit that is not far below the neutrino ‘floor’,
whereas σSI

p may be much lower when (g− 2)µ is dropped, and low values of σSD
p are

allowed in both cases.

Concerning the prospects for discovering sparticles in future runs of the LHC, or
with a future linear e+e− collider, the third-generation squarks may well be within
reach of future LHC runs, and the first- and second-generation squarks and the
gluino may also be accessible if the (g − 2)µ constraint is dropped. If it is included,
on the other hand, there are also good prospects for discovering electroweakly-
interacting sparticles at an e+e− collider, in particular the ẽ, µ̃, χ̃0

1, χ̃
0
2 and χ̃±1 .

8.3 sub-GUT MSSM

In the sub-GUT models, the soft supersymmetry-breaking parameters are assumed
to be universal at some input scale Min < MGUT.

Compared to the best fits with Min = MGUT, it was found that the minimum
value of the global χ2 function may be reduced by ∆χ2 ∼ 2 in the sub-GUT model,
with the exact amount depending whether the (g − 2)µ constraint and/or LHC13
data are included in the fit. Whether these observables are included or not, the
global χ2 minimum occurs for Min ∼ 107 GeV and is due to the sub-GUT model’s
ability to provide a better fit to the measured value of BR(Bs,d → µ+µ−) than in
the CMSSM.

In all the scenarios studied (with/without (g − 2)µ and/or LHC13), the profile
likelihood function for mg̃ (mq̃) varies by . 1 for mg̃ & 1.9 TeV (mq̃ & 2.2 TeV).
The corresponding slowly-varying ranges of χ2 for mt̃1 (mb̃1

) start at ∼ 1 TeV (∼
1.6 TeV), respectively. On the other hand, a more marked preference for mχ̃0

1
∼

1 TeV was found, with the χ̃±1 and χ̃0
2 being slightly heavier and large mass values

being disfavoured at the ∆χ2 ∼ 3 level. The best-fit point is in a region where rapid
annihilation via H/A poles is hybridised with stop coannihilation, with chargino
coannihilation and stau coannihilation also playing roles in both the 68 and 95%
CL regions. Within the 95% CL region, the chargino lifetime may exceed 10−12 s,
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and the τ̃ lifetime may be as long as one second, motivating continued searches for
long-lived sparticles at the LHC.

The spin-independent DM cross-section σSI
p , when including the LHC13 con-

straints, is just below the present upper limits from the LUX, XENON1T and
PandaX-II experiments, and within the reaches of the planned XENONnT and LZ
experiments. On the other hand, the spin-dependent DM cross-section, σSD

p , may
be between some 2 and 5 orders of magnitude below the current upper limit from
the PICO experiment.

Within the sub-GUT framework, therefore, new perspectives for LHC searches
for strongly-interacting sparticles via the conventional missing-energy signature where
found. Future /ET searches for electroweakly-interacting sparticles, and long-lived
massive charged particles may also have exciting prospects. The best-fit region of
parameter space accommodates the observed deviation of BR(Bs,d → µ+µ−) from
its value in the SM, and it will be interesting to see further improvement in the pre-
cision of this measurement. A future e+e− collider with centre-of-mass energy above
2 TeV, such as CLIC [197], would have new perspectives for discovering and mea-
suring the properties of electroweakly-interacting sparticles. There are also exciting
perspectives for direct DM searches via spin-independent scattering.

8.4 DMSMs

In this thesis, the MasterCode tool has been used to make a global analysis of
the parameter spaces of dark matter simplified models with leptophobic spin-one
mediator particles Y with either vectorial or axial couplings to SM particles and
the dark matter particle χ. Four free parameters characterise each of these models:
mY and mχ, the coupling gDM of the mediator to the dark matter particle, and the
coupling gSM of the mediator particle to quarks, which is assumed to be independent
of flavour.

The implemented constraints on the model parameter spaces are due to LHC
searches for monojet events and measurements of the dijet invariant mass spec-
trum, as well as the cosmological constraint on the dark matter density and di-
rect upper limits on spin-independent and -dependent scattering on nuclei. The
mediator masses scanned was mY ≤ 5 TeV and the dark matter particle masses
mχ ≤ 2.5 TeV. The regions of the model parameters with ∆χ2 < 2.30(5.99) were
delineated, which are favoured at the 68% (95%) CL and regarded as proxies for 1-
(2-)σ regions, respectively. Within these regions, two main mechanisms for bring-
ing the cosmological dark matter density into the range allowed by cosmology were
identified, namely annihilation via t-channel χ exchange and annihilation via the
Y boson in the s channel. With an eye to possible ultraviolet completions of the
simplified models studied here, the portions of the favoured parameter space where
1/3 < gDM/gSM < 3 were also explored.

In the vector-like case, a relatively clear separation between the regions where
the t- and s-channel mechanisms dominate was found, with the former being more
important at smaller mediator masses, small values of gSM and relatively large values
of gDM. The one-dimensional likelihood functions for both mχ and mY are quite
small and flat above thresholds ∼ 50 GeV and ∼ 100 GeV. Thus the LHC still has
interesting prospects for discovering DM and mediator particles in these simplified
models. Any value of gSM between ∼ 10−6 and the dijet limit of ∼ 0.3 is possible
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without any χ2 penalty, as is the case for gDM & 10−3, where the lower limit is due to
the upper limit on the sampling range for mY . The spin-independent dark matter
scattering cross-section σSI

p may be very close to the present experimental upper
limit, within the range accessible to the upcoming LZ and XENONnT experiments.
However, in both the s- and the t-channel cases σSI

p may also be much below the
neutrino ‘floor’.

In the axial case the t- and s-channel regions are more connected. The one-
dimensional likelihood functions for mχ and mY are again featureless above thresh-
olds ∼ 50 GeV and 100 GeV, respectively, and that for gSM is quite featureless, as is
that for gDM & 10−2. It was found that the spin-dependent dark matter scattering
cross-sections σSD

p and σSD
n may also be very close to the present experimental upper

limit, within the range accessible to the upcoming PICO-500 and LZ experiments,
though much lower values below the corresponding ‘floors’ are also possible.

Finally, the possibility that 1/3 < gDM/gSM < 3 has also been explored, as might
be suggested in some ultraviolet completions of the dark matter simplified models
considered here. In this case, the values of gSM, gDM ∼ 0.1 are possible, as might
also be suggested in some scenarios with unified gauge interactions, and wide ranges
of DM and mediator masses are again accessible to the LHC experiments. In the
case of vector-like couplings, this reduced range of gDM/gSM disfavours the t-channel
mechanism. However, in the axial case the t-channel mechanism is still possible,
yields values of σSD

n that are relatively close to the upper limit set by the PICO-
60 experiment, and may well be within reach of the upcoming PICO-500 and LZ
experiments, whereas lower values of σSD

n are possible if the t-channel mechanism
dominates.

These models here studied are undoubtedly over-simplified, and it would be
interesting and useful to extend this type of analysis to other models that may be
more realistic, which generally contain more parameters. For example, one should
study models with spin-one mediators that are not leptophobic, and also models with
spin-zero mediators that may be either scalar or pseudoscalar. One could also study
models that are not flavour-universal in the quark sector, which may be motivated
by the anomalies reported in B meson decays. Consistent ultraviolet completions
of DMSMs should include a mechanism for anomaly cancellation, which typically
includes more ‘dark’ particles whose possible phenomenological signatures could also
be considered.
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[76] M. Backović et al. DMsimp. http://feynrules.irmp.ucl.ac.be/wiki/.

[77] G.Bélanger et al. “micrOMEGAs 5.0: Freeze-in”. In: Comp. Phys. Commun.
231 (2018), pp. 173–186. doi: https://doi.org/10.1016/j.cpc.2018.04.
027.

[78] F. Feroz and M. P. Hobson. “Multimodal nested sampling: an efficient and
robust alternative to Markov Chain Monte Carlo methods for astronomical
data analyses”. In: Monthly Notices of the Royal Astronomical Society 384.2
(2008), pp. 449–493. doi: https://doi.org/10.1111/j.1365-2966.2007.
12353.x.

[79] F. Feroz et al. “Challenges of profile likelihood evaluation in multi-dimensional
SUSY scans”. In: J. High Energ. Phys. 2011.42 (2011). doi: https://doi.
org/10.1007/JHEP06(2011)042.

[80] H. Goldberg. “Constraint on the Photino Mass from Cosmology”. In: Phys.
Rev. Lett. 50.19 (1983), pp. 1419–1422. doi: https://doi.org/10.1103/
PhysRevLett.50.1419.

[81] CMS Collaboration. “Search for new physics in final states with an ener-
getic jet or a hadronically decaying W or Z boson and transverse momentum
imbalance at

√
s = 13 TeV”. In: Phys. Rev. D 97.9 (2018), pp. 1–36. doi:

https://doi.org/10.1103/PhysRevD.97.092005.

[82] LUX Collaboration. “Results from a Search for Dark Matter in the Complete
LUX Exposure”. In: Phys. Rev. Lett. 118.2 (2017), pp. 1–8. doi: https:

//doi.org/10.1103/PhysRevLett.118.021303.

[83] XENON Collaboration. “Physics reach of the XENON1T dark matter exper-
iment”. In: Cosm. Astro. Phys. 2016 (2016), pp. 1–34. doi: https://doi.
org/10.1088/1475-7516/2016/04/027.

172



BIBLIOGRAPHY BIBLIOGRAPHY

[84] PandaX-II Collaboration. “Dark Matter Results from First 98.7 Days of Data
from the PandaX-II Experiment”. In: Phys. Rev. Lett. 117.12 (2016), pp. 1–7.
doi: https://doi.org/10.1103/PhysRevLett.117.121303.

[85] K. A. Olive J. Ellis and C. Savage. “Hadronic uncertainties in the elastic
scattering of supersymmetric dark matter”. In: Phys. Rev. D 77.6 (20018),
pp. 1–15. doi: https://doi.org/10.1103/PhysRevD.77.065026.

[86] B. Borasoy and Ulf-G. Meißner†. “Chiral Expansion of Baryon Masses and
σ-Terms”. In: Ann. Phys. 254.1 (1997), pp. 192–323. doi: https://doi.
org/10.1006/aphy.1996.5630.

[87] J. Martin Camalich J. M. Alarcón and J. A. Oller. “Chiral representation
of the πN scattering amplitude and the pion-nucleon sigma term”. In: Phys.
Rev. D 85.5 (2012), pp. 1–6. doi: https://doi.org/10.1103/PhysRevD.
85.051503.

[88] X. Ling X. Ren and L. Geng. “Pion–nucleon sigma term revisited in covariant
baryon chiral perturbation theory”. In: Phys. Lett. B 783 (2018), pp. 7–12.
doi: https://doi.org/10.1016/j.physletb.2018.05.063.

[89] M. Hoferichter et al. “High-Precision Determination of the Pion-Nucleon σ
Term from Roy-Steiner Equations”. In: Phys. Rev. Lett. 115.9 (2015), pp. 1–
5. doi: https://doi.org/10.1103/PhysRevLett.115.092301.

[90] J. R. de Elvira et al. “Extracting the σ-term from low-energy pion-nucleon
scattering”. In: J. Phys. G 45.2 (2017), pp. 1–16. doi: https://doi.org/
10.1088/1361-6471/aa9422.

[91] J. Martin Camalich J. M. Alarcón and J. A. Oller. “Chiral representation of
the σN scattering amplitude and the pion-nucleon sigma term”. In: Phys.
Rev. D 85.5 (2012), pp. 1–6. doi: https://doi.org/10.1103/PhysRevD.
85.051503.

[92] R. D. Young and A. W. Thomas. “Octet baryon masses and sigma terms
from an SU(3) chiral extrapolation”. In: Phys. Rev. D 81.1 (2010), pp. 1–5.
doi: https://doi.org/10.1103/PhysRevD.81.014503.

[93] GAMBIT Collaboration. “Global fits of GUT-scale SUSY models with GAM-
BIT”. In: Eur. Phys. J. C 88.824 (2017), pp. 1–44. doi: https://doi.org/
10.1140/epjc/s10052-017-5167-0.

[94] PICO Collaboration. “Dark Matter Search Results from the PICO-60 C3F8

Bubble Chamber”. In: Phys. Rev. Lett. 118.25 (2017), pp. 1–6. doi: https:
//doi.org/10.1103/PhysRevLett.118.251301.

[95] R. A. Flores J. Ellis and S. Ritz. “Implications for dark matter particles
of searches for energetic solar neutrinos”. In: Phys. Lett. B 198.3 (1987),
pp. 391–402. doi: https://doi.org/10.1016/0370-2693(87)90686-1.

[96] K. A. Olive J. Ellis and V. C. Spanos. “Galactic-centre gamma rays in
CMSSM dark matter scenarios”. In: J. Cosm. Astro. Phys. 2011 (2011),
pp. 1–30. doi: http://dx.doi.org/10.1088/1475-7516/2011/10/024.

[97] M. G. Aartsen et al. “Search for annihilating dark matter in the Sun with
3 years of IceCube data”. In: Eur. Phys. J. C 77.146 (2017), pp. 1–12. doi:
https://doi.org/10.1140/epjc/s10052-017-4689-9.

173



BIBLIOGRAPHY BIBLIOGRAPHY

[98] J. Ellis et al. “Neutrino fluxes from constrained minimal supersymmetric
standard model lightest supersymmetric particle annihilations in the Sun”.
In: Phys. Rev. D 81.8 (2010), pp. 1–21. doi: https://doi.org/10.1103/
PhysRevD.81.085004.

[99] PandaX-II Collaboration. “Dark Matter Results from 54-Ton-Day Exposure
of PandaX-II Experiment”. In: Phys. Rev. Lett. 119.18 (2017), pp. 1–7. doi:
https://doi.org/10.1103/PhysRevLett.119.181302.

[100] XENON Collaboration. “Dark Matter Search Results from a One Ton-Year
Exposure of XENON1T”. In: Phys. Rev. Lett. 121.11 (2018), pp. 1–8. doi:
https://doi.org/10.1103/PhysRevLett.121.111302.

[101] XENON Collaboration. “Constraining the Spin-Dependent WIMP-Nucleon
Cross Sections with XENON1T”. In: Phys. Rev. Lett. 122.14 (2019), pp. 1–6.
doi: https://doi.org/10.1103/PhysRevLett.122.141301.

[102] N. Nagata J. Ellis and K. A. Olive. “Uncertainties in WIMP dark matter
scattering revisited”. In: 78.569 (2018), pp. 1–14. doi: https://doi.org/
10.1140/epjc/s10052-018-6047-y.

[103] C. A. J. O’Hare N. W. Evans and C. McCabe. SHM++: A Refinement of the
Standard Halo Model for Dark Matter Searches in Light of the Gaia Sausage.
https://arxiv.org/abs/1810.11468. 2018.

[104] M. Lisanti L. Necib and V. Belokurov. Dark Matter in Disequilibrium: The
Local Velocity Distribution from SDSS-Gaia. https://arxiv.org/abs/

1807.02519. 2018.

[105] S. C. Leung J. Buch and J. Fan. “Using Gaia DR2 to constrain local dark
matter density and thin dark disk”. In: 2019 (2019), pp. 1–34. doi: https:
//doi.org/10.1088/1475-7516/2019/04/026.

[106] J. I. Read. “The local dark matter density”. In: 41.6 (2014), pp. 1–53. doi:
https://doi.org/10.1088/0954-3899/41/6/063101.

[107] CMS Collaboration. “Search for narrow and broad dijet resonances in proton-
proton collisions at

√
s = 13 TeV and constraints on dark matter mediators

and other new particles”. In: J. High Energ. Phys. 2018.130 (2018), pp. 1–55.
doi: https://doi.org/10.1007/JHEP08(2018)130.

[108] ATLAS Collaboration. Search for new light resonances decaying to jet pairs
and produced in association with a photon or a jet in proton-proton collisions
at
√
s = 13 TeV with the ATLAS detector. http://cds.cern.ch/record/

2206221.

[109] ATLAS Collaboration. Search for light dijet resonances with the ATLAS de-
tector using a Trigger-Level Analysis in LHC pp collisions at

√
s = 13 TeV.

https://cds.cern.ch/record/2161135.

[110] CMS Collaboration. “Search for low mass vector resonances decaying into
quark-antiquark pairs in proton-proton collisions at

√
s = 13 TeV”. In: J.

High Energ. Phys. 2018.97 (2018), pp. 1–40. doi: https://doi.org/10.
1007/JHEP01(2018)097.

174



BIBLIOGRAPHY BIBLIOGRAPHY

[111] ATLAS Collaboration. “Search for new phenomena in dijet events using
37fb−1 of pp collision data collected at

√
s = 13 TeV with the ATLAS de-

tector”. In: Phys. Rev. D 96.5 (2017), pp. 1–26. doi: https://doi.org/10.
1103/PhysRevD.96.052004.

[112] CMS Collaboration. “Search for Narrow Resonances in the b-Tagged Di-
jet Mass Spectrum in Proton-Proton Collisions at

√
s = 8 TeV”. In: Phys.

Rev. Lett. 120.20 (2018), pp. 1–19. doi: https : / / doi . org / 10 . 1103 /

PhysRevLett.120.201801.

[113] ATLAS Collaboration. Search for New Phenomena in Dijet Events using
139fb−1 of pp collisions at

√
s = 13 TeV collected with the ATLAS Detector.

http://cds.cern.ch/record/2668385.

[114] ATLAS Collaboration. Further searches for squarks and gluinos in final states
with jets and missing transverse momentum at

√
s = 13 TeV with the ATLAS

detector. http://cdsweb.cern.ch/record/2206252. 2016.

[115] CMS Collaboration. Search for new physics in the all-hadronic final state
with the MT2 variable. https://cds.cern.ch/record/2205162?ln=en.
2016.

[116] T. Cohen et al. “Dissecting jets and missing energy searches using n-body
extended simplified models”. In: J. High Energ. Phys. 2016.38 (2016), pp. 1–
42. doi: https://doi.org/10.1007/JHEP08(2016)038.

[117] W. Beenakker et al. “NLO+NLL squark and gluino production cross sections
with threshold-improved parton distributions”. In: Eur. Phys. J. C 76.53
(2016), pp. 1–15. doi: https://doi.org/10.1140/epjc/s10052-016-
3892-4.

[118] CMS Collaboration. “Search for new phenomena with the MT2 variable in
the all-hadronic final state produced in proton–proton collisions at

√
s = 13

TeV”. In: Eur. Phys. J. C 77.710 (2017), pp. 1–34. doi: https://doi.org/
10.1140/epjc/s10052-017-5267-x.

[119] CMS Collaboration. “Search for Supersymmetry in pp Collisions at
√
s =

13 TeV in the Single-Lepton Final State Using the Sum of Masses of Large-
Radius Jets”. In: Phys. Rev. Lett. 119.15 (2017), pp. 1–18. doi: https://
doi.org/10.1103/PhysRevLett.119.151802.

[120] W. J. Waalewijn F. J. Tackmann and L. Zeune. “Impact of Jet Veto Re-
summation on Slepton Searches”. In: J. High Energ. Phys. 2016.119 (2016),
pp. 1–29. doi: https://doi.org/10.1007/JHEP07(2016)119.

[121] GAMBIT Scanner Workgroup. “ColliderBit: a GAMBIT module for the cal-
culation of high-energy collider observables and likelihoods”. In: Eur. Phys. J.
C 77.795 (2017), pp. 1–36. doi: https://doi.org/10.1140/epjc/s10052-
017-5285-8.

[122] B. Fuks E. Conte and G. Serret. “MadAnalysis 5, a user-friendly framework
for collider phenomenology”. In: Comp. Phys. Commun. 184.1 (2013), pp. 22–
256. doi: https://doi.org/10.1016/j.cpc.2012.09.009.

[123] M. Papucci et al. “Fastlim: a fast LHC limit calculator”. In: Eur. Phys. J. C
74.3163 (2014), pp. 1–28. doi: https://doi.org/10.1140/epjc/s10052-
014-3163-1.

175



BIBLIOGRAPHY BIBLIOGRAPHY

[124] S. Kraml et al. “SModelS: a tool for interpreting simplified-model results
from the LHC and its application to supersymmetry”. In: Eur. Phys. J. C
74.2868 (2014), pp. 1–23. doi: https://doi.org/10.1140/epjc/s10052-
014-2868-5.

[125] F. Ambrogi et al. “SModelS v1.1 user manual: Improving simplified model
constraints with efficiency maps”. In: Comp. Phys. Comm. 277 (2018), pp. 72–
98. doi: https://doi.org/10.1016/j.cpc.2018.02.007.

[126] I. Antcheva et al. “ROOT - A C++ framework for petabyte data storage,
statistical analysis and visualization”. In: 180.12 (2009), pp. 2499–3512. doi:
https://doi.org/10.1016/j.cpc.2009.08.005.

[127] CMS Collaboration. “Search for electroweak production of charginos and
neutralinos in multilepton final states in proton-proton collision at

√
s =

13 TeV”. In: J. High Energ. Phys. 2018.166 (2018), pp. 1–62. doi: https:
//doi.org/10.1007/JHEP03(2018)166.

[128] E. A. Bagnaschi et al. EWKfast. in preparation.

[129] ATLAS Collaboration. “Search for dark matter and other new phenomena in
events with an energetic jet and large missing transverse momentum using
the ATLAS detector”. In: J. High Energ. Phys. 2008.126 (2018), pp. 1–52.
doi: https://doi.org/10.1007/JHEP01(2018)126.

[130] CMS Collaboration. “Search for new physics in dijet angular distributions
using proton–proton collisions at

√
s = 13 TeV and constraints on dark

matter and other models”. In: J. High Energ. Phys. 78.789 (2018), pp. 1–26.
doi: https://doi.org/10.1140/epjc/s10052-018-6242-x.

[131] E. Accomando et al. “Z ′ physics with early LHC data”. In: Phys. Rev. D 83.7
(2011), pp. 1–23. doi: https://doi.org/10.1103/PhysRevD.83.075012.

[132] C. Y. Park K. Maruyoshi and W. Yan. “BPS spectrum of Argyres-Douglas
theory via spectral network”. In: J. High Energ. Phys. 2013.92 (2013), pp. 1–
55. doi: https://doi.org/10.1007/JHEP12(2013)092.

[133] CMS Collaboration. “Measurement of the B0
s → µ+µ− Branching Fraction

and Search for B0 → µ+µ− with the CMS Experiment”. In: Phys. Rev. Lett.
111.10 (2013), pp. 1–17. doi: https://doi.org/10.1103/PhysRevLett.
111.101804.

[134] LHCb Collaboration. “Measurement of the B0
s → µ+µ− Branching Fraction

and Search for B0 → µ+µ− at the LHCb Experiment”. In: Phys. Rev. Lett.
111.10 (2013), pp. 1–9. doi: https://doi.org/10.1103/PhysRevLett.111.
101805.

[135] CMS and LHCb Collaborations. “Observation of the rare B0
s → µ+µ− decay

from the combined analysis of CMS and LHCb data”. In: Nature 522 (2015),
pp. 68–72. doi: 10.1038/nature14474.

[136] ATLAS Collaboration. “Study of the rare decays of B0
s and B0 into muon

pairs from data collected during the LHC Run 1 with the ATLAS detector”.
In: Eur. Phys. J. C 76.513 (2016), pp. 1–31. doi: https://doi.org/10.
1140/epjc/s10052-016-4338-8.

176



BIBLIOGRAPHY BIBLIOGRAPHY

[137] LHCb Collaboration. “Measurement of the B0
s → µ+µ− Branching Frac-

tion and Effective Lifetime and Search for B0 → µ+µ− Decays”. In: Phys.
Rev. Lett. 118.19 (2017), pp. 1–11. doi: https : / / doi . org / 10 . 1103 /

PhysRevLett.118.191801.

[138] CMS ATLAS CDF and D0 Collaborations. First combination of Tevatron
and LHC measurements of the top-quark mass. https://arxiv.org/abs/
1403.4427. 2014.

[139] Particle Data Group. “Review of Particle Physics”. In: Chinese Phys. C 38.9
(2014), pp. 1–1676. doi: doi:10.1088/1674-1137/38/9/090001.

[140] LEP Electroweak Working Group. Precision Electroweak Measurements and
Constraints on the Standard Model. https://arxiv.org/abs/1012.2367.
2010.

[141] Gfitter Collaboration. “Review of electroweak fits of the SM and beyond,
after the Higgs discovery – with Gfitter”. In: EPS-HEP 2013 180 (2014).
doi: https://doi.org/10.22323/1.180.0203.

[142] T. Hahn et al. “High-Precision Predictions for the Light CP-Even Higgs
Boson Mass of the Minimal Supersymmetric Standard Model”. In: Phys. Rev.
Lett. 112.14 (2014), pp. 1–5. doi: https://doi.org/10.1103/PhysRevLett.
112.141801.

[143] ATLAS and CMS Collaborations. “Combined Measurement of the Higgs Bo-
son Mass in pp Collisions at

√
s = 7 and 8 TeV with the ATLAS and CMS

Experiments”. In: Phys. Rev. Lett. 114.19 (2015), pp. 1–33. doi: https:

//doi.org/10.1103/PhysRevLett.114.191803.

[144] M. Misiak et al. “Updated Next-to-Next-to-Leading-Order QCD Predictions
for the Weak Radiative B-Meson Decays”. In: Phys. Rev. Lett. 114.22 (2015),
pp. 1–5. doi: https://doi.org/10.1103/PhysRevLett.114.221801.

[145] Heavy Flavor Averaging Group. Averages of b-hadron, c-hadron, and τ -lepton
properties as of summer 2014. https://arxiv.org/abs/1412.7515. 2014.

[146] C. Bobeth. “Bs,d → l+l− in the Standard Model with Reduced Theoretical
Uncertainty”. In: Phys. Rev. Lett. 112.10 (2014), pp. 1–5. doi: https://
doi.org/10.1103/PhysRevLett.112.101801.

[147] Belle Collaboration. “Measurement of the branching fraction of B+ → τ+ντ
decays with the semileptonic tagging method”. In: Phys. Rev. D 92.5 (2015),
pp. 1–8. doi: https://doi.org/10.1103/PhysRevD.92.051102.

[148] T. Hurth T. Huber and E. Lunghi. “Inclusive B → Xs`
+`− : complete angular

analysis and a thorough study of collinear photons”. In: J. High Energ. Phys.
2015.176 (2015), pp. 1–60. doi: https://doi.org/10.1007/JHEP06(2015)
176.

[149] W. J. Marciano. “Precise determination of |V (us)| from lattice calculations
of pseudoscalar decay constants”. In: Phys. Rev. Lett. 93.23 (2004), pp. 1–4.
doi: https://doi.org/10.1103/PhysRevLett.93.231803.

[150] A. J. Buras et al. “K+ → π+νν and KL → π0νν in the Standard Model:
status and perspectives”. In: J. High Energ. Phys. 2015.33 (2015), pp. 1–33.
doi: https://doi.org/10.1007/JHEP11(2015)033.

177



BIBLIOGRAPHY BIBLIOGRAPHY

[151] E949 Collaboration. “New measurement of the K+ → π+νν̄ branching ratio”.
In: Phys. Rev. Lett. 101.19 (2008), pp. 1–4. doi: https://doi.org/10.1103/
PhysRevLett.101.191802.

[152] A.J.Buras et al. “ε ′/ε and rare K and B decays in the MSSM”. In: Nucl.
Phys. B 592.1-2 (2001), pp. 55–91. doi: https://doi.org/10.1016/S0550-
3213(00)00582-4.

[153] CMS Collaboration. Search for heavy stable charged particles with 12.9 fb−1

of 2016 data. https://cds.cern.ch/record/2205281?ln=en. 2016.

[154] CMS Collaboration. “Constraints on the pMSSM, AMSB model and on other
models from the search for long-lived charged particles in proton-proton col-
lisions at

√
s = 8 TeV”. In: Eur. Phys. J. C 75.325 (2015), pp. 1–29. doi:

https://doi.org/10.1140/epjc/s10052-015-3533-3.

[155] CMS Collaboration. “Search for neutral MSSM Higgs bosons decaying to a
pair of tau leptons in pp collisions”. In: J. High Energ. Phys. 2014.160 (2014),
pp. 1–53. doi: https://doi.org/10.1007/JHEP10(2014)160.

[156] P. Bechtle et al. “Applying exclusion likelihoods from LHC searches to ex-
tended Higgs sectors”. In: Eur. Phys. J. C 75.421 (2015), pp. 1–14. doi:
https://doi.org/10.1140/epjc/s10052-015-3650-z.

[157] ATLAS Collaboration. Search for Minimal Supersymmetric Standard Model
Higgs Bosons H/A in the ττ final state in up to 13.3 fb−1 of pp collisions
at
√
s= 13 TeV with the ATLAS Detector. https://atlas.web.cern.ch/

Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-085/. 2016.

[158] HEPFit Collaboration. Talk given at the First FCC Physics Collaboration.
https : / / indico . cern . ch / event / 550509 / contributions / 2413788 /

attachments/1396663/2130440/1stFCC/_Ph/_W/_deBlas.pdf. 2017.

[159] Particle Data Group. “Review of Particle Physics”. In: Chinese Phys. C 40.10
(2016), pp. 1–1809. doi: https://doi.org/10.1088/1674-1137/40/10/
100001.

[160] ATLAS Collaboration. Search for additional heavy neutral Higgs and gauge
bosons in the ditau final state produced in 36.1 fb−1 of pp collisions at

√
s =

13 TeV with the ATLAS detector. http://cds.cern.ch/record/2273866.
2017.

[161] CMS Collaboration. Search for a neutral MSSM Higgs boson decaying into
ττ with 12.9 fb−1 of data at

√
s = 13 TeV. https://cds.cern.ch/record/

2231507?ln=en. CMS-PAS-HIG-16-037. 2016.
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