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Mass of the Higgs is around 125 GeV 
Higgs is parity even and spin-0 
Higgs properties in Run-1 look “SM-like”
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Discovery of 125 GeV Higgs at LHC puts 
constraints on the MSSM parameters.
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Testing SUSY

Direct Search
producing sparticles  
at the colliders like LHC, ILC

insists constraints on 
sparticle masses like 
• gluinos are ruled out up 
to masses 1−1.25 TeV 
• stops, sbottoms are > 
600 GeV 
• first two generations of 
squarks are > 0.9 TeV
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Figure 3: Diagrams for the four SUSY models considered (A1, A2, B1, and B2).

with e• = 0.65 (0.69), e20 = 0.35 (0.48), and s = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efficiency, shown in Fig. 2 (right), is e = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of �0.0004
(�0.0047)GeV�1.

8 Limits on models of new physics

The results of the search are used to constrain specific models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efficiency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efficiency, trigger efficiency, luminosity, jet energy
scale, and b-tagging efficiency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, s(pp ! tt + tt) from SR1, and s(pp ! tt) from SR2. Here s(pp ! tt + tt)
is shorthand for the sum s(pp ! tt) + s(pp ! tt). Note that in most new physics scenarios
pp ! tt is suppressed with respect to pp ! tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp ! tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29 ± 0.04%. We find upper limits s(pp !
tt + tt) < 0.87 pb and s(pp ! tt) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.

Scenarios A1 and A2 represent models of gluino pair production resulting in the ttttec0
1 ec0

1 final
state, where ec0

1 is the lightest neutralino [12, 29, 30, 33, 34]. In model A1, the gluino undergoes a
three-body decay eg ! ttec0

1 mediated by an off-shell top squark. In model A2, the gluino decays
to a top quark and and an anti-top squark, with the on-shell anti-squark further decaying into
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Flavor
sparticles in the  
loops 
of the SM flavor  
processes 
like, Br(b → s𝛾), 
Br(Bs → μμ),  
Br(μ → e𝛾) etc.

Recently, the LHCb Collaboration announced the first
evidence for the decay BRðBs ! !þ!#Þ with the branching
ratio (Aaij et al., 2013):

BRðBs ! !þ!#Þ ¼ ½3:2þ1:4
#1:2ðstatÞþ0:5

#0:3ðsystÞ' ( 10#9:

(14)

This new measurement is a major step which will hopefully
be followed by more precise results. The present accuracy,
however, does not lead to improved constraints on supersym-
metry as compared to the one from the previous upper limit.
Nevertheless, as we will see, the lower bound has consequen-
ces on the constraints on the Wilson coefficients in the MFV
framework.

All these results are very close to the SM prediction, which
is BRðBs ! !þ!#Þ ¼ ð3:53) 0:38Þ ( 10#9 (Mahmoudi,
Neshatpour, and Orloff, 2012). The main theoretical uncer-
tainty comes from the Bs decay constant, which is now in the
focus of the lattice gauge theory community; see Davies
(2011), Neil et al. (2011), Bazavov et al. (2012),
Dimopoulos et al. (2012), McNeile et al. (2012), and Na
et al. (2012).

The theoretical prediction does not directly correspond to
the experimental branching ratio. There are two correction
factors of Oð10%Þ: one includes the effect of the !Bs-Bs

oscillation (De Bruyn et al., 2012a, 2012b), and the other
takes into account effects of soft radiation (Buras et al.,
2012).

FIG. 12 (color online). SUSY spread of AFB (left) and the AFB zero crossing q20 (right) as a function of the lightest stop mass in the CMSSM
for tan" ¼ 50 and A0 ¼ 0.

FIG. 13 (color online). The theoretical errors (left) for Að2Þ
T are compared to the experimental errors (right) as a function of q2. Light bands

include an estimated "=mb uncertainty at a )5% level and the dark bands correspond to a )10% correction. The curves (a)–(d) correspond
to different benchmark SUSY scenarios. In the right plot, the light and dark bands correspond to 1# and 2# statistical errors with a yield
corresponding to 10 fb#1 data from LHCb, respectively. From Egede et al., 2008.

FIG. 14 (color online). Contributions to the rare decay Bs ! !þ!# in the SM (black) and in the MSSM (light).
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predictions of flavor mixing like rare decays. The success of
the CKM theory was honored by the Nobel Prize in physics in
2008.

The absence of any unambiguous sign for NP in the flavor
data but also in the high-pT data of the ATLAS and CMS
experiments (ATLAS Collaboration; CMS Collaboration)
guides our attention to the well-known flavor problem of NP:
in the model-independent approach using the effective elec-
troweak Hamiltonian, the contribution to one six-dimensional

specific operator Oi can be parametrized via ½Ci
SM=ðMWÞ2 þ

Ci
NP=ð!NPÞ2% &Oi, where the first term represents the

SM contribution at the electroweak scale MW and the second
one the NP contribution with an unknown couplingCi

NP and an
unknown NP scale !NP. The nonexistence of large NP effects
in FCNC observables in general asks for an explanation
why FCNCs are suppressed. This famous flavor problem of
NP can be solved in twoways: either the mass scale of the new
degrees of freedom!NP is very high or the newflavor-violating

FIG. 2 (color online). Historical CKM fits of Ali and London (1995)) (left) and of Plazczynski and Schune (BABAR Collaboration, 1998)
(right).
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FIG. 3 (color online). Constraints from CP conserving (left) and CP violating (right) quantities only. From Charles et al., 2005.
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FIG. 4 (color online). Constraints from ‘‘tree’’ (left) and ‘‘loop’’ (right) quantities only. From Charles et al., 2005.

FIG. 5 (color online). Loop-induced "B ! Xs! decay via the SM particles, W' boson, and top quark t (left), via new particle, namely,
charged Higgs H' and top quark t (middle), or via new supersymmetric particles, chargino ~"', and stop ~t (right).
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Figure 1.3: BR(µ ! e�) contribution in SM (left) and in MSSM (right). The photon is
connected to the charged internal line.

breaking scenarios or distinguish among di↵erent types of neutrino mass generation one
needs to calculate all the relevant flavor violating decays in that model. The observation
of flavor violation is not only limited to the indirect searches but also flavor violation
could a↵ect the observation at the colliders. Due to flavor violation, in the following
decay chain �̃0

2 ! `i ˜̀?j ! `±i `⌥j �̃
0
1 the final state leptons will be di↵erent in flavor and

comparing with the standard flavor conserving decay chain one can precisely measure
the mass di↵erences between the sleptons of two di↵erent generations.

1.7 Dark Matter

Identification of DM is one of the most urgent problem in cosmology as well as in particle
physics. The SM does not have a suitable DM candidate and we need to extend the
SM to address the issue of DM. Hence pinpointing the DM will provide important clue
to the nature of the physics beyond the Standard Model. At this time we know little
about DM, namely it has only electro-weak and gravitational interaction, it is electrically
neutral, non-relativistic and stable or have lifetime at least of the order of the age of the
Universe. Our present understanding of the Universe treats DM as thermal relic. This
allows us to understand its current relic abundance in the Universe via a mechanism.
This mechanism does not depend on the detailed history of the Universe at early times
instead rests on the microscopic properties of DM itself. The key assumptions which
goes into this mechanism is at early stages of the Universe the DM was in chemical
equilibrium with the SM particles. As the Universe cools down with time, the density
of massive particles drops exponentially, following the Maxwell–Boltzmann distribution.
At the same time, the Universe is expanding which eventually led the interactions of
DM with the SM particles falling out of equilibrium. Hence, the quantity of DM present
at that time freezes out from the ‘cosmic soup’. With the expansion of the Universe this
number density of DM remains same from that time and experiments measure it in the
present day.

Assuming a standard thermal history for the Universe, the resulting DM relic density is
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Figure 3: Diagrams for the four SUSY models considered (A1, A2, B1, and B2).

with e• = 0.65 (0.69), e20 = 0.35 (0.48), and s = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efficiency, shown in Fig. 2 (right), is e = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of �0.0004
(�0.0047)GeV�1.

8 Limits on models of new physics

The results of the search are used to constrain specific models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efficiency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efficiency, trigger efficiency, luminosity, jet energy
scale, and b-tagging efficiency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, s(pp ! tt + tt) from SR1, and s(pp ! tt) from SR2. Here s(pp ! tt + tt)
is shorthand for the sum s(pp ! tt) + s(pp ! tt). Note that in most new physics scenarios
pp ! tt is suppressed with respect to pp ! tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp ! tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29 ± 0.04%. We find upper limits s(pp !
tt + tt) < 0.87 pb and s(pp ! tt) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.

Scenarios A1 and A2 represent models of gluino pair production resulting in the ttttec0
1 ec0

1 final
state, where ec0

1 is the lightest neutralino [12, 29, 30, 33, 34]. In model A1, the gluino undergoes a
three-body decay eg ! ttec0

1 mediated by an off-shell top squark. In model A2, the gluino decays
to a top quark and and an anti-top squark, with the on-shell anti-squark further decaying into

CMS same sign dileptons and b-jets analysis 
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The parametrization of the simulated b-tagging efficiency, shown in Fig. 2 (right), is e = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of �0.0004
(�0.0047)GeV�1.
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The results of the search are used to constrain specific models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efficiency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efficiency, trigger efficiency, luminosity, jet energy
scale, and b-tagging efficiency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, s(pp ! tt + tt) from SR1, and s(pp ! tt) from SR2. Here s(pp ! tt + tt)
is shorthand for the sum s(pp ! tt) + s(pp ! tt). Note that in most new physics scenarios
pp ! tt is suppressed with respect to pp ! tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp ! tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29 ± 0.04%. We find upper limits s(pp !
tt + tt) < 0.87 pb and s(pp ! tt) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.

Scenarios A1 and A2 represent models of gluino pair production resulting in the ttttec0
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1 final
state, where ec0

1 is the lightest neutralino [12, 29, 30, 33, 34]. In model A1, the gluino undergoes a
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1 mediated by an off-shell top squark. In model A2, the gluino decays
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Indirect Search

Flavor
sparticles in the  
loops 
of the SM flavor  
processes 
like, Br(b → s𝛾), 
Br(Bs → μμ),  
Br(μ → e𝛾) etc.

Recently, the LHCb Collaboration announced the first
evidence for the decay BRðBs ! !þ!#Þ with the branching
ratio (Aaij et al., 2013):

BRðBs ! !þ!#Þ ¼ ½3:2þ1:4
#1:2ðstatÞþ0:5

#0:3ðsystÞ' ( 10#9:

(14)

This new measurement is a major step which will hopefully
be followed by more precise results. The present accuracy,
however, does not lead to improved constraints on supersym-
metry as compared to the one from the previous upper limit.
Nevertheless, as we will see, the lower bound has consequen-
ces on the constraints on the Wilson coefficients in the MFV
framework.

All these results are very close to the SM prediction, which
is BRðBs ! !þ!#Þ ¼ ð3:53) 0:38Þ ( 10#9 (Mahmoudi,
Neshatpour, and Orloff, 2012). The main theoretical uncer-
tainty comes from the Bs decay constant, which is now in the
focus of the lattice gauge theory community; see Davies
(2011), Neil et al. (2011), Bazavov et al. (2012),
Dimopoulos et al. (2012), McNeile et al. (2012), and Na
et al. (2012).

The theoretical prediction does not directly correspond to
the experimental branching ratio. There are two correction
factors of Oð10%Þ: one includes the effect of the !Bs-Bs

oscillation (De Bruyn et al., 2012a, 2012b), and the other
takes into account effects of soft radiation (Buras et al.,
2012).

FIG. 12 (color online). SUSY spread of AFB (left) and the AFB zero crossing q20 (right) as a function of the lightest stop mass in the CMSSM
for tan" ¼ 50 and A0 ¼ 0.

FIG. 13 (color online). The theoretical errors (left) for Að2Þ
T are compared to the experimental errors (right) as a function of q2. Light bands

include an estimated "=mb uncertainty at a )5% level and the dark bands correspond to a )10% correction. The curves (a)–(d) correspond
to different benchmark SUSY scenarios. In the right plot, the light and dark bands correspond to 1# and 2# statistical errors with a yield
corresponding to 10 fb#1 data from LHCb, respectively. From Egede et al., 2008.

FIG. 14 (color online). Contributions to the rare decay Bs ! !þ!# in the SM (black) and in the MSSM (light).
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predictions of flavor mixing like rare decays. The success of
the CKM theory was honored by the Nobel Prize in physics in
2008.

The absence of any unambiguous sign for NP in the flavor
data but also in the high-pT data of the ATLAS and CMS
experiments (ATLAS Collaboration; CMS Collaboration)
guides our attention to the well-known flavor problem of NP:
in the model-independent approach using the effective elec-
troweak Hamiltonian, the contribution to one six-dimensional

specific operator Oi can be parametrized via ½Ci
SM=ðMWÞ2 þ

Ci
NP=ð!NPÞ2% &Oi, where the first term represents the

SM contribution at the electroweak scale MW and the second
one the NP contribution with an unknown couplingCi

NP and an
unknown NP scale !NP. The nonexistence of large NP effects
in FCNC observables in general asks for an explanation
why FCNCs are suppressed. This famous flavor problem of
NP can be solved in twoways: either the mass scale of the new
degrees of freedom!NP is very high or the newflavor-violating

FIG. 2 (color online). Historical CKM fits of Ali and London (1995)) (left) and of Plazczynski and Schune (BABAR Collaboration, 1998)
(right).
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FIG. 3 (color online). Constraints from CP conserving (left) and CP violating (right) quantities only. From Charles et al., 2005.
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FIG. 4 (color online). Constraints from ‘‘tree’’ (left) and ‘‘loop’’ (right) quantities only. From Charles et al., 2005.

FIG. 5 (color online). Loop-induced "B ! Xs! decay via the SM particles, W' boson, and top quark t (left), via new particle, namely,
charged Higgs H' and top quark t (middle), or via new supersymmetric particles, chargino ~"', and stop ~t (right).
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Figure 1.3: BR(µ ! e�) contribution in SM (left) and in MSSM (right). The photon is
connected to the charged internal line.

breaking scenarios or distinguish among di↵erent types of neutrino mass generation one
needs to calculate all the relevant flavor violating decays in that model. The observation
of flavor violation is not only limited to the indirect searches but also flavor violation
could a↵ect the observation at the colliders. Due to flavor violation, in the following
decay chain �̃0

2 ! `i ˜̀?j ! `±i `⌥j �̃
0
1 the final state leptons will be di↵erent in flavor and

comparing with the standard flavor conserving decay chain one can precisely measure
the mass di↵erences between the sleptons of two di↵erent generations.

1.7 Dark Matter

Identification of DM is one of the most urgent problem in cosmology as well as in particle
physics. The SM does not have a suitable DM candidate and we need to extend the
SM to address the issue of DM. Hence pinpointing the DM will provide important clue
to the nature of the physics beyond the Standard Model. At this time we know little
about DM, namely it has only electro-weak and gravitational interaction, it is electrically
neutral, non-relativistic and stable or have lifetime at least of the order of the age of the
Universe. Our present understanding of the Universe treats DM as thermal relic. This
allows us to understand its current relic abundance in the Universe via a mechanism.
This mechanism does not depend on the detailed history of the Universe at early times
instead rests on the microscopic properties of DM itself. The key assumptions which
goes into this mechanism is at early stages of the Universe the DM was in chemical
equilibrium with the SM particles. As the Universe cools down with time, the density
of massive particles drops exponentially, following the Maxwell–Boltzmann distribution.
At the same time, the Universe is expanding which eventually led the interactions of
DM with the SM particles falling out of equilibrium. Hence, the quantity of DM present
at that time freezes out from the ‘cosmic soup’. With the expansion of the Universe this
number density of DM remains same from that time and experiments measure it in the
present day.

Assuming a standard thermal history for the Universe, the resulting DM relic density is
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Figure 3: Diagrams for the four SUSY models considered (A1, A2, B1, and B2).

with e• = 0.65 (0.69), e20 = 0.35 (0.48), and s = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efficiency, shown in Fig. 2 (right), is e = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of �0.0004
(�0.0047)GeV�1.

8 Limits on models of new physics

The results of the search are used to constrain specific models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efficiency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efficiency, trigger efficiency, luminosity, jet energy
scale, and b-tagging efficiency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, s(pp ! tt + tt) from SR1, and s(pp ! tt) from SR2. Here s(pp ! tt + tt)
is shorthand for the sum s(pp ! tt) + s(pp ! tt). Note that in most new physics scenarios
pp ! tt is suppressed with respect to pp ! tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp ! tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29 ± 0.04%. We find upper limits s(pp !
tt + tt) < 0.87 pb and s(pp ! tt) < 0.30 pb at the 95% CL; the median expected limits are 0.72
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Figure 3: Diagrams for the four SUSY models considered (A1, A2, B1, and B2).
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Indirect Search

Flavor
sparticles in the  
loops 
of the SM flavor  
processes 
like, Br(b → s𝛾), 
Br(Bs → μμ),  
Br(μ → e𝛾) etc.

Recently, the LHCb Collaboration announced the first
evidence for the decay BRðBs ! !þ!#Þ with the branching
ratio (Aaij et al., 2013):

BRðBs ! !þ!#Þ ¼ ½3:2þ1:4
#1:2ðstatÞþ0:5

#0:3ðsystÞ' ( 10#9:

(14)

This new measurement is a major step which will hopefully
be followed by more precise results. The present accuracy,
however, does not lead to improved constraints on supersym-
metry as compared to the one from the previous upper limit.
Nevertheless, as we will see, the lower bound has consequen-
ces on the constraints on the Wilson coefficients in the MFV
framework.

All these results are very close to the SM prediction, which
is BRðBs ! !þ!#Þ ¼ ð3:53) 0:38Þ ( 10#9 (Mahmoudi,
Neshatpour, and Orloff, 2012). The main theoretical uncer-
tainty comes from the Bs decay constant, which is now in the
focus of the lattice gauge theory community; see Davies
(2011), Neil et al. (2011), Bazavov et al. (2012),
Dimopoulos et al. (2012), McNeile et al. (2012), and Na
et al. (2012).

The theoretical prediction does not directly correspond to
the experimental branching ratio. There are two correction
factors of Oð10%Þ: one includes the effect of the !Bs-Bs

oscillation (De Bruyn et al., 2012a, 2012b), and the other
takes into account effects of soft radiation (Buras et al.,
2012).

FIG. 12 (color online). SUSY spread of AFB (left) and the AFB zero crossing q20 (right) as a function of the lightest stop mass in the CMSSM
for tan" ¼ 50 and A0 ¼ 0.

FIG. 13 (color online). The theoretical errors (left) for Að2Þ
T are compared to the experimental errors (right) as a function of q2. Light bands

include an estimated "=mb uncertainty at a )5% level and the dark bands correspond to a )10% correction. The curves (a)–(d) correspond
to different benchmark SUSY scenarios. In the right plot, the light and dark bands correspond to 1# and 2# statistical errors with a yield
corresponding to 10 fb#1 data from LHCb, respectively. From Egede et al., 2008.

FIG. 14 (color online). Contributions to the rare decay Bs ! !þ!# in the SM (black) and in the MSSM (light).
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predictions of flavor mixing like rare decays. The success of
the CKM theory was honored by the Nobel Prize in physics in
2008.

The absence of any unambiguous sign for NP in the flavor
data but also in the high-pT data of the ATLAS and CMS
experiments (ATLAS Collaboration; CMS Collaboration)
guides our attention to the well-known flavor problem of NP:
in the model-independent approach using the effective elec-
troweak Hamiltonian, the contribution to one six-dimensional

specific operator Oi can be parametrized via ½Ci
SM=ðMWÞ2 þ

Ci
NP=ð!NPÞ2% &Oi, where the first term represents the

SM contribution at the electroweak scale MW and the second
one the NP contribution with an unknown couplingCi

NP and an
unknown NP scale !NP. The nonexistence of large NP effects
in FCNC observables in general asks for an explanation
why FCNCs are suppressed. This famous flavor problem of
NP can be solved in twoways: either the mass scale of the new
degrees of freedom!NP is very high or the newflavor-violating

FIG. 2 (color online). Historical CKM fits of Ali and London (1995)) (left) and of Plazczynski and Schune (BABAR Collaboration, 1998)
(right).
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FIG. 3 (color online). Constraints from CP conserving (left) and CP violating (right) quantities only. From Charles et al., 2005.
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FIG. 4 (color online). Constraints from ‘‘tree’’ (left) and ‘‘loop’’ (right) quantities only. From Charles et al., 2005.

FIG. 5 (color online). Loop-induced "B ! Xs! decay via the SM particles, W' boson, and top quark t (left), via new particle, namely,
charged Higgs H' and top quark t (middle), or via new supersymmetric particles, chargino ~"', and stop ~t (right).
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ℓi ℓj ℓi ℓjUik
U⋆

jkνL

W−

γ γ

χ0(χ±)

ℓ̃(ν̃L)

Figure 1.3: BR(µ ! e�) contribution in SM (left) and in MSSM (right). The photon is
connected to the charged internal line.

breaking scenarios or distinguish among di↵erent types of neutrino mass generation one
needs to calculate all the relevant flavor violating decays in that model. The observation
of flavor violation is not only limited to the indirect searches but also flavor violation
could a↵ect the observation at the colliders. Due to flavor violation, in the following
decay chain �̃0

2 ! `i ˜̀?j ! `±i `⌥j �̃
0
1 the final state leptons will be di↵erent in flavor and

comparing with the standard flavor conserving decay chain one can precisely measure
the mass di↵erences between the sleptons of two di↵erent generations.

1.7 Dark Matter

Identification of DM is one of the most urgent problem in cosmology as well as in particle
physics. The SM does not have a suitable DM candidate and we need to extend the
SM to address the issue of DM. Hence pinpointing the DM will provide important clue
to the nature of the physics beyond the Standard Model. At this time we know little
about DM, namely it has only electro-weak and gravitational interaction, it is electrically
neutral, non-relativistic and stable or have lifetime at least of the order of the age of the
Universe. Our present understanding of the Universe treats DM as thermal relic. This
allows us to understand its current relic abundance in the Universe via a mechanism.
This mechanism does not depend on the detailed history of the Universe at early times
instead rests on the microscopic properties of DM itself. The key assumptions which
goes into this mechanism is at early stages of the Universe the DM was in chemical
equilibrium with the SM particles. As the Universe cools down with time, the density
of massive particles drops exponentially, following the Maxwell–Boltzmann distribution.
At the same time, the Universe is expanding which eventually led the interactions of
DM with the SM particles falling out of equilibrium. Hence, the quantity of DM present
at that time freezes out from the ‘cosmic soup’. With the expansion of the Universe this
number density of DM remains same from that time and experiments measure it in the
present day.

Assuming a standard thermal history for the Universe, the resulting DM relic density is
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SUSY Flavor Violation

(a)

γ

e−µ− B̃

µ̃R ẽR

(b)

γ

e−µ−

W̃−

ν̃µ ν̃e

(c)

γ

e−µ− B̃

µ̃L ẽR

Figure 6.6: Some of the diagrams that contribute to the process µ− → e−γ in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by ×). Diagrams (a), (b), and
(c) contribute to constraints on the off-diagonal elements of m2

e , m
2
L, and ae, respectively.

Br(µ → eγ) =

⎛

⎝
|m2

µ̃∗
R ẽR

|
m2
ℓ̃R

⎞

⎠
2 (

100 GeV

mℓ̃R

)4

10−6 ×

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

15 for mB̃ ≪ mℓ̃R
,

5.6 for mB̃ = 0.5mℓ̃R
,

1.4 for mB̃ = mℓ̃R
,

0.13 for mB̃ = 2mℓ̃R
,

(6.4.1)

where it is assumed for simplicity that both ẽR and µ̃R are nearly mass eigenstates with almost degener-
ate squared masses m2

ℓ̃R
, that m2

µ̃∗
R ẽR

≡ (m2
e)21 = [(m2

e)12]
∗ can be treated as a perturbation, and that

the bino B̃ is nearly a mass eigenstate. This result is to be compared to the present experimental upper
limit Br(µ → eγ)exp < 5.7 × 10−13 from [108]. So, if the right-handed slepton squared-mass matrix
m2

e were “random”, with all entries of comparable size, then the prediction for Br(µ → eγ) would be
too large even if the sleptons and bino masses were at 1 TeV. For lighter superpartners, the constraint
on µ̃R, ẽR squared-mass mixing becomes correspondingly more severe. There are also contributions to
µ → eγ that depend on the off-diagonal elements of the left-handed slepton squared-mass matrix m2

L,
coming from the diagram shown in fig. 6.6b involving the charged wino and the sneutrinos, as well as
diagrams just like fig. 6.6a but with left-handed sleptons and either B̃ or W̃ 0 exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for ẽL, µ̃L either.

Furthermore, after the Higgs scalars get VEVs, the ae matrix could imply squared-mass terms that
mix left-handed and right-handed sleptons with different lepton flavors. For example, LMSSM

soft contains
ẽaeL̃Hd + c.c. which implies terms −⟨H0

d⟩(ae)12ẽ∗Rµ̃L − ⟨H0
d⟩(ae)21µ̃∗

RẽL + c.c. These also contribute
to µ → eγ, as illustrated in fig. 6.6c. So the magnitudes of (ae)12 and (ae)21 are also constrained
by experiment to be small, but in a way that is more strongly dependent on other model parameters
[87]. Similarly, (ae)13, (ae)31 and (ae)23, (ae)32 are constrained, although more weakly [88], by the
experimental limits on Br(τ → eγ) and Br(τ → µγ).

There are also important experimental constraints on the squark squared-mass matrices. The
strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K

0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ≡ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10−12 MeV, ref. [97] obtains:

|Re[(m2
s̃∗Rd̃R

)2]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.04 for mg̃ = 0.5mq̃,
0.10 for mg̃ = mq̃,
0.22 for mg̃ = 2mq̃.

(6.4.2)
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•In exact SUSY, equal 
masses for particles 
and its super-partners. 

•To realize in nature, 
SUSY must be broken.

•3 kinds of soft-breaking terms introduced in the Lagrangian. 

• soft-masses and tri-linear couplings => New sources of flavor 
violation. Flavor-changing neutral currents (e.g. b → sγ, μ → eγ) 

a discrete Z2 symmetry. In fact, the matter parity version of R-parity makes clear that there is really
nothing intrinsically “R” about it; in other words it secretly does commute with supersymmetry, so its
name is somewhat suboptimal. Nevertheless, the R-parity assignment is very useful for phenomenology
because all of the Standard Model particles and the Higgs bosons have even R-parity (PR = +1), while
all of the squarks, sleptons, gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [75] for the non-baryonic dark matter that
seems to be required by cosmology.

• Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

• In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P , charge conjugation C,
time reversal T , etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [76] can exist provided that they satisfy certain anomaly cancellation
conditions [77] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B−L is a continuous gauge symmetry that is spontaneously broken at some very high energy
scale. A continuous U(1)B−L forbids the renormalizable terms that violate B and L [78, 79], but this
gauge symmetry must be spontaneously broken, since there is no corresponding massless vector boson.
However, if gauged U(1)B−L is only broken by scalar VEVs (or other order parameters) that carry
even integer values of 3(B−L), then PM will automatically survive as an exactly conserved discrete
remnant subgroup [79]. A variety of extensions of the MSSM in which exact R-parity conservation is
guaranteed in just this way have been proposed (see for example [79, 80]).

It may also be possible to have gauged discrete symmetries that do not owe their exact conservation
to an underlying continuous gauged symmetry, but rather to some other structure such as can occur
in string theory. It is also possible that R-parity is broken, or is replaced by some alternative discrete
symmetry. We will briefly consider these as variations on the MSSM in section 11.1.

6.3 Soft supersymmetry breaking in the MSSM

To complete the description of the MSSM, we need to specify the soft supersymmetry breaking terms.
In section 5, we learned how to write down the most general set of such terms in any supersymmetric
theory. Applying this recipe to the MSSM, we have:

LMSSM
soft = −1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c.

)

60

−
(
ũau Q̃Hu − d̃ad Q̃Hd − ẽae L̃Hd + c.c.

)

−Q̃†m2
Q Q̃− L̃†m2

L L̃− ũm2
u ũ

† − d̃m2
d
d̃
†
− ẽm2

e ẽ
†

−m2
Hu

H∗
uHu −m2

Hd
H∗

dHd − (bHuHd + c.c.) . (6.3.1)

In eq. (6.3.1), M3, M2, and M1 are the gluino, wino, and bino mass terms. Here, and from now on,
we suppress the adjoint representation gauge indices on the wino and gluino fields, and the gauge
indices on all of the chiral supermultiplet fields. The second line in eq. (6.3.1) contains the (scalar)3

couplings [of the type aijk in eq. (5.1)]. Each of au, ad, ae is a complex 3× 3 matrix in family space,
with dimensions of [mass]. They are in one-to-one correspondence with the Yukawa couplings of the
superpotential. The third line of eq. (6.3.1) consists of squark and slepton mass terms of the (m2)ji type
in eq. (5.1). Each of m2

Q, m
2
u, m

2
d
, m2

L, m
2
e is a 3 × 3 matrix in family space that can have complex

entries, but they must be hermitian so that the Lagrangian is real. (To avoid clutter, we do not put
tildes on the Q in m2

Q, etc.) Finally, in the last line of eq. (6.3.1) we have supersymmetry-breaking

contributions to the Higgs potential; m2
Hu

and m2
Hd

are squared-mass terms of the (m2)ji type, while b
is the only squared-mass term of the type bij in eq. (5.1) that can occur in the MSSM.§ As argued in
the Introduction, we expect

M1, M2, M3, au, ad, ae ∼ msoft, (6.3.2)

m2
Q, m

2
L, m

2
u, m

2
d
, m2

e , m
2
Hu

, m2
Hd

, b ∼ m2
soft, (6.3.3)

with a characteristic mass scale msoft that is not much larger than 103 GeV. The expression eq. (6.3.1)
is the most general soft supersymmetry-breaking Lagrangian of the form eq. (5.1) that is compatible
with gauge invariance and matter parity conservation in the MSSM.

Unlike the supersymmetry-preserving part of the Lagrangian, the above LMSSM
soft introduces many

new parameters that were not present in the ordinary Standard Model. A careful count [81] reveals
that there are 105 masses, phases and mixing angles in the MSSM Lagrangian that cannot be rotated
away by redefining the phases and flavor basis for the quark and lepton supermultiplets, and that
have no counterpart in the ordinary Standard Model. Thus, in principle, supersymmetry breaking (as
opposed to supersymmetry itself) appears to introduce a tremendous arbitrariness in the Lagrangian.

6.4 Hints of an Organizing Principle

Fortunately, there is already good experimental evidence that some powerful organizing principle must
govern the soft supersymmetry breaking Lagrangian. This is because most of the new parameters in
eq. (6.3.1) imply flavor mixing or CP violating processes of the types that are severely restricted by
experiment [82]-[107].

For example, suppose that m2
e is not diagonal in the basis (ẽR, µ̃R, τ̃R) of sleptons whose superpart-

ners are the right-handed parts of the Standard Model mass eigenstates e, µ, τ . In that case, slepton
mixing occurs, so the individual lepton numbers will not be conserved, even for processes that only
involve the sleptons as virtual particles. A particularly strong limit on this possibility comes from the
experimental bound on the process µ → eγ, which could arise from the one-loop diagram shown in
Figure 6.6a. The symbol “×” on the slepton line represents an insertion coming from −(m2

e)21µ̃
∗
RẽR

in LMSSM
soft , and the slepton-bino vertices are determined by the weak hypercharge gauge coupling [see

Figures 3.3g,h and eq. (3.4.9)]. The result of calculating this diagram gives [84, 87], approximately,

§The parameter called b here is often seen elsewhere as Bµ or m2
12 or m2

3.
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510  M. Claudson et al. / Low-energy supergravity 

a local minimum in which only H and H '  have non-zero vevs For A > 3, there 
is a deeper  minimum in which 

Iol=lTl=lnl= v, 
with 

rn  3 / 2 [ A + ~/--A--Q-- 8] /9 = - -~----  (3.2) 

The field directions in group space make each D- term vanish in this minimum, and 
the phases of the fields make the trilinear term real and negative. The potential 
along this direction is illustrated in fig. 2. For A < 3 ,  the origin is the true vacuum, 
but, for A > 3 ,  it is a false vacuum. 

We now take A > 3  and consider the lifetime for the decay of the false vacuum 
at the origin. The tunnelling rate per unit volume is given by [30] F / V  = M 4 e - s  

in which M is estimated to be of order of 100 GeV.  The exponent S is the euclidean 
action of the 0 (4 )  symmetric field configuration (the bounce) which extremizes the 
action and which takes the form of a bubble of true vacuum. In the standard 
cosmology, the probability that a given point will now be in the true vacuum phase 
is given roughly by 

Ptrue = 1-- exp ( - - - ~  r 4 )  . (3.3) 

Taking the age of the universe T as 101° years, we find that S > 4 0 0  is sufficient to 
make this probability negligible. 

A < 2~/2 

~2~2<A(3 

Fig. 2. Potential of the toy model of sect. 3 plotted for H = Q = T. 
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Smuon-stau mixing leads to a potentially significant enhancement in dµ, because it breaks
naive scaling by introducing contributions with a tau mass insertion so that dµ ∝ mτ/m̃2.
However, to evaluate the significance of this enhancement, we must first determine how
large the flavor violation may be. This effect may be isolated by assuming that all charged
sleptons are roughly degenerate with characteristic mass mℓ̃. In the basis with lepton mass
eigenstates and flavor-diagonal gauge interactions, slepton flavor violation enters through
off-diagonal masses in the slepton mass matrix. As usual, we parameterize the chirality-
preserving off-diagonal masses by δLL

23 ≡ m2
L23/m2

ℓ̃
and δRR

23 ≡ m2
E23/m2

ℓ̃
. There may also

be flavor violation in the left-right couplings; we parameterize these by δLR
23 and δRL

23 . We
begin by assuming real δs; however, very large effects are possible for imaginary δs, and we
consider this possibility at the end of this section.

The off-diagonal masses induce τ → µγ transitions. Eight contributions are paramet-
rically enhanced by mτ/mµ (retaining the possibility that δLR,RL

23 ∝ mτ ). Their Feynman
diagrams and amplitudes are
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where the amplitudes Ai
ℓ are given in Eq. (15). The branching ratio may then be written as
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Equations (15), (16), (21) and (22) provide a compact form for the branching ratio for
radiative lepton decays in the mass insertion approximation and are well-suited to numerical
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•Flexible open-source C++ code to do calculations with various 
observables in the SM and beyond: 

•  Simple user-defined models and/or observables  
•  Stand-alone or library modes to compute single observables. 
•  Optional Bayesian fitting framework to do global statistical analyses 

(run-time optimized, parallelized; can be replaced by a different one) 
For more details, look at the talk by J. de Blas this afternoon
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Conclusion

Unlike the FCNC bounds, the strength of the CCB 
and UFB bounds does not decrease as the scale of 
supersymmetry breaking increases.  

meta-stability relaxes the bounds on the flavor 
violating tri-linear couplings. 

Future flavor factories, e.g. Belle-II will be able to 
probe large factions of the meta-stable region for 
Al23. 



Thank You!!
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2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 cτ(NLSP)<0.1 mm 1507.054931.29 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<900 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.3 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 20.3 m(χ̃
0
1)<850 GeV, cτ(NLSP)<0.1 mm, µ>0 1507.054931.25 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290850 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7/20.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.0861690-191 GeVt̃1 210-700 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493124-361 GeVW̃

Direct χ̃
+

1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332482 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′
311

=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686870 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 ATLAS-CONF-2015-026100-308 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7 TeV

√
s = 8 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: July 2015

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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• The Standard model has 
passed almost all the  
experimental tests 
over decades. 

• In spite of these successes 
SM has quite a few  
shortcomings, like 

• Neutrino mass 
• Dark matter 
• Baryon asymmetry of the  
Universe 
• Fine tuning .... 

  
• To address these issues SM 
has to be extended.  

• Many possible extensions are proposed, like SUSY, Composite 
Higgs, Extra Dimensions ...

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012



Supersymmetry

• Symmetry between fermions and bosons. One supersymmetric 
multiplet for every standard model particle. 

• In conserved SUSY particles in a multiplet share the same 
couplings and masses.  

• To realize in nature SUSY must be broken.

Supersymmetry

SM is an extremely successful theory but there is strong evidence it’s incomplete:
does not provide a dark matter candidate
suffers from hierarchy problem in Higgs boson mass

A theory with additional symmetry between forces and matter provides solutions:
and ⇠doubles number of particles

SUperSYmmety: Brief Overview!

June 11, 2013! EWK SUSY with Higgs! 7 

u      c      t       g!

d      s      b      B!

νe     νμ    ν�     W0!

e       μ      �     W±!
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Hd!

quarks!

leptons! gauge bosons!
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squarks!

sleptons! gauginos!

higgsinos!

•  SUSY introduces partners to each SM particle with Δ(spin) = ½!
•  Wide variety of signatures � rich phenomenology!

Higgs bosons!

SUSY!
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Advantages of SUSY
 protects the Higgs mass by introducing a new physics 

scale. 

 calculable and thus in principle, predictable. 

 provides a viable Dark Matter candidate if R-parity is 
conserved. 

 lightest Higgs boson can be SM-like in regions of 
parameter space. 

 unifies the SM gauge couplings.


