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BSM AND NATURALNESS 

We have a number of reasons to believe the SM is not complete

For collider searches of new particles, the naturalness argument is crucial, as it 
requires new physics to exist close to the electroweak scale

A superheavy particles coupling to the Higgs with strenght g contributes to the 
Higgs mass as  

To avoid a (mH/M)2 cancellation with the bare mass we need new phenomena at 
scale mNP. This reduces the fine tuning to

Thus Δ < 10(100) requires mNP < 1.5(5) TeV (and lower if big logarithm) 

La comprensione della scala elettrodebole

• μ2 parametro del potenziale di Higgs (tree level)

• M2  O(1016 GeV) massa particella con accoppiamento g all’Higgs

• La comprensione della scala elettrodebole richiede l’introduzione di 
nuova fisica ad una scala mNP « M, correlata a mH
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SOLUTION TO THE FINE TUNING

There is new physics at a scale mNP 

We can quantify the future facilities sensitivity to mNP and Δ (for hadron colliders this is often a range 
reflecting the dependence on model parameters) 

Eventually we will either find something, or disprove naturalness, which would have a major impact to our 
understanding of Nature

The Higgs not an elementary scalar (composite Higgs models). => Compositeness scale should be close to 
EWK scale, giving top partners (in some models) and new spin-1 bosons at TeV scale.  

Can we build a model without a superheavy scale at all (and still account for gravity, inflation, etc.) ? => Answers 
to all SM issues should be at low scale

The Higgs mass might really be fine-tuned (multiverse + anthropic selection?) => need an other guide to NP 
(Dark Matter, coupling unification, ...)  
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WHAT’S NEXT ? EXISTING STUDIES

A substantial amount of studies has been performed in the context of the world-wide 
efforts of planning for large new facilities (LHC upgrade, higher energy hadron colliders, 
circular and linear lepton colliders)

As a general rule, lepton colliders can produce and study very well new particles with 
mass smaller than  √s/2.

The sensitivity of hadron colliders is more model-dependent and also requires more effort 
to assess. 
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CAVEAT

The current projections of LHC experiments makes quite simplifying assumptions 
and can be expected in general to be conservative

2 2 LHC Physics Landscape (2013)
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Figure 1: Left: LHC integrated luminosity delivered to CMS during the 2010 (green), 2011 (red),
and 2012 (blue) running periods. Right: ratio of parton luminosities at the LHC for center-of-
mass energies of 8 and 14 TeV relative to 7 TeV. Luminosities are shown separately for processes
initiated by gg, qg, and qq collisions [2].

projections is based on the assumption that the planned upgrades of the CMS detector will
achieve the goal of mitigating the increased radiation damage and complications arising from
higher luminosity and higher pile-up. With this primary assumption, existing public results
based on current data are extrapolated to higher energy and luminosities. In most cases, the
analyses are assumed to be unchanged, which is a conservative assumption given the fact that
all analyses will be reoptimized to maximally exploit the higher energy and luminosity. This
white paper updates and extends the conclusions summarized in the CMS report [3] submitted
to the European Strategy Preparatory Group in October, 2012, and is organized as follows. Sec-
tion 2 summarizes the current physics landscape at the Energy Frontier, while Sec. 3 describes
the CMS upgrade plans for LHC Phases 1 and 2. Section 4 presents the projected measurement
sensitivity of Higgs boson properties, while Secs. 5 and 6 summarize the discovery reach for
supersymmetry and exotic resonances, respectively. Sections 7-9 summarize the physics poten-
tial for top-quark, electroweak, and heavy-ion physics, respectively, and concluding remarks
are given in Sec. 10.

2 LHC Physics Landscape (2013)
By the end of the 2010 LHC data-taking period at 7 TeV, all of the SM particles had been redis-
covered by both CMS and ATLAS (neutrinos through missing energy). By the end of 2011 the
search for the SM Higgs boson had excluded a wide range of masses, leaving only a narrow
allowed region around 125 GeV where an indication of a signal had appeared. Increasingly
precise measurements of top quark and electroweak processes continued to confirm the stan-
dard model, and the absence of any signals in the search for new particles beyond the standard
model (BSM) motivated a new class of simplified supersymmetric (SUSY) models to test in the
8 TeV data.

In July of 2012 the landscape changed fundamentally when the ATLAS [4] and CMS [5] col-
laborations announced the discovery of a new particle with a mass near 125 GeV possessing
properties consistent with that of the long-sought Higgs boson. Since that time, both experi-
ments have analyzed the full 8 TeV dataset, comprising approximately 20 fb�1 of proton-proton
collision data, and reported preliminary results for the main boson decay channels [6–9]. CMS

1 Introduction

From 2015 to 2017, the ATLAS experiment will collect about 100 fb�1 of data, with a peak in-
stantaneous luminosity of 1034cm�2s�1, and at a center-of-mass energy between 13 and 14 TeV,
nearly twice the energy of the 2012 LHC running. Following this so-called “Run 2,” the ac-
celerator will be upgraded to deliver two to three times the instantaneous luminosity at

p
s=14

TeV and the ATLAS detector will undergo the “Phase-I” upgrade to maintain the detector capa-
bilities at the increased luminosities. A total of 300-350 fb�1 of data is expected to be collected
by the end of Run 3 in 2021. The final focus magnets in the interaction regions will begin to
su↵er radiation damage by this stage, and a Phase-II upgrade to the LHC is proposed to provide
an instantaneous luminosity of 5 ⇥ 1034cm�2s�1 beginning in 2023. The ATLAS experiment
will also require upgrades for this High Luminosity LHC (HL-LHC) program, to maintain its
capabilities at the planned instantaneous luminosity, which corresponds to an a average of 140
interactions per crossing. The ATLAS Phase-II upgrades for HL-LHC are described in the Let-
ter of Intent [1] and are summarized below. A specific subset of instrumentation studies being
performed in the U.S. is given in a separate contribution to the Snowmass Community Planning
Study [2].

Hadron colliders have a major role as exploration and discovery machines, and the HL-
LHC is required to fully exploit the opportunities at the LHC for discovery of physics beyond
the Standard Model (“BSM physics”). Precision studies of the newly discovered Higgs boson,
which may provide a portal to BSM physics, and direct searches for additional Higgs particles,
are a very high priority at the LHC and the HL-LHC provides a significant increase in discovery
reach for new Higgs particles and sensitivity to non-Standard Model e↵ects in Higgs boson
couplings. These opportunities also exist in other direct searches for BSM physics, such as
supersymmetry (SUSY) or new heavy gauge bosons (Z0 and W 0).

In this Whitepaper we summarize studies that examine the physics capabilities of ATLAS at
the HL-LHC for a number of key physics processes. These studies were started in the context
of developing the European Strategy for Particle Physics [3, 4], a process that a�rmed the
HL-LHC program as a top priority in particle physics. This note summarizes both the results
used as input for the European Strategy and results that have been updated since then. We
contrast the projected results at two benchmark values of integrated luminosity: the 300 fb�1

expected by the end of Run 3, and the 3000 fb�1 expected to be delivered by the HL-LHC.
These projections are based on extrapolating the current detector performance from the current
pile-up conditions in the data of an average number, µ, of 20 interactions per crossing, and
from simulation of pile-up for Run 3 with up to µ = 69, to the conditions at HL-LHC of
µ = 140. The parameterizations used for the extrapolation are described in detail in Ref. [5].
These parameterizations provide rather conservative estimates of the reach and precision of
measurements. Except where otherwise noted, they do not include improvements due to new
techniques, improved understanding of backgrounds, or reduced theoretical uncertainties.

2 Detector Requirements and Upgrade Designs

The promise of the rich physics program at the HL-LHC cannot be fulfilled without essential
improvements to the ATLAS apparatus. In particular, the studies summarized below depend
on robust tracking peformance, moderate trigger rates for single leptons, good resolution on
missing transverse energy measurements, and enhanced jet tagging and ⌧ identification. The

3

ATLAS uses 14 TeV truth level samples with detector performance parametrizations derived from a few simulated samples. 

CMS uses 8 TeV samples scaled according to the 14/8 TeV cross section ratio and luminosity.  

Run-I analyses in many cases have done much better than expected from pre-data studies - see the backup for some examples.  
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WHICH NEW PHYSICS ?

I will do an arbitrary sampling of the NP 
theory space.

lepton resonances

heavy charged stable particles (HCSP)

heavy vector-like quarks

supersymmetry (strong and weak production)

1.2 Introduction 5
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Figure 1-2. Overlap between the questions and ideas discussed in the text.

equivalent (or ‘dual’) to composite theories. This has led to a deeper understanding of both extra
dimensions and compositeness, and led to many interesting and detailed proposals for new phyics
based on these ideas.

• Unification of forces. The idea that all elementary interactions have a unified origin goes back to
Einstein, and has its modern form in grand unification and string theory. There is experimental
evidence for the unification of gauge couplings at short distances, and string theory generally predicts
additional interactions that may exist at the TeV scale.

• Hidden Sectors. Additional particle sectors that interact very weakly with standard model particles
are a generic feature of string theory, and may play an important role in cosmology, for example dark
matter.

• ‘Smoking Gun’ Particles. Some kinds of new particles give especially important clues about the big
questions and ideas discussed here. Top partners are required in most solutions to the naturalness
problem; additional Higgs bosons are present in many models of electroweak symmetry breaking;
contact interactions of dark matter with standard model particles are the minimal realization of WIMP
dark matter; and unified theories often predict new gauge bosons (W 0/Z 0) that mix with the electroweak
gauge bosons.

• The Multiverse. String theory apparently predicts a ‘landscape’ of vacua, and eternal inflation gives
a plausible mechanism for populating them in the universe. The implications of this for particle
physics and cosmology are far from clear, but it has the potential to account for apparently unnatural
phenomena, such as fine-tuning.

These questions and ideas are summarized in Fig. 1-2, along with the connections between them.

Community Planning Study: Snowmass 2013

References: the New Particles working group report of Snowmass 2013 (arXiv:1311.0299v1), the Snowmass 
input from ATLAS (ATLAS-PHYS-PUB-2013-007,) and CMS (arXiv:1307.7135v2), the update for SUSY 
searches from ATLAS (ATLAS-PHYS-PUB-2013-011, september 2013)
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DILEPTON RESONANCES

Foreseen by many SM extensions 

Clean, energy-driven sensitivity at 
hadron colliders. Accessible with 
asymmetry measurements at lepton 
colliders.

18 New Particles Working Group Report
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�

SSM in the sequential standard model (SSM) can be discovered
with 300 fb�1 of 14 TeV data. A 5 TeV Z�

� can be discovered with with 1000 fb�1 of 14 TeV
data. In the muon channel, Z�

� with a mass of 5 TeV can be discovered with approximately 900
fb�1. These results are in good agreement with estimates of discovery potential prior to LHC
operations [46].

6.2 Searches for Monoleptons+MET

In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W� [48] and a dark matter
effective theory [49, 50]. In the SSM, the W� boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W� masses ranging from
0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /

10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are

Community Planning Study: Snowmass 2013
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Figure 21: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

required that the number of signal events in a mass window gives a p-value, calculated using
Poisson statistics, less than than 3 ⇥ 10�7, with a minimum of 5 events required. The mass
window is defined such that it contains 95% of the signal peak after resolution effects. This
strategy leads to conservative estimates at high luminosity for Z� production at low mass due
to large background levels, but preserves discovery sensitivity at high mass where background
is minimal.

The discovery reach in the electron and muon channels is shown in Fig. 21. In both cases, the
leading order cross section times branching ratio for various Z� models is also shown. In the
electron channel, a 5.1 TeV Z�
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operations [46].
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In searches for new physics involving a high pT lepton (` = e, µ) and missing energy, two dif-
ferent models are considered for extrapolation to HL-LHC: the SSM W� [48] and a dark matter
effective theory [49, 50]. In the SSM, the W� boson is considered to be a heavy analog of the
SM W boson and thus can decay into a lepton and a neutrino, the latter giving rise to miss-
ing transverse energy as the observable detector signature. The branching fraction is expected
to be 8% for each leptonic channel. In the dark matter model, a pair of dark matter particles
(c) are produced in association with a lepton and a neutrino deriving from an intermediate
standard model W. Depending on the couplings (vector or axial-vector type), a scenario with
constructive (� = �1) or destructive (� = +1) interference would be possible. Both signatures
result in an excess of events in the transverse mass (MT) spectrum.

The estimate of discovery reach is based on the 8 TeV search performed by CMS [51]. The signal
acceptance at 14 TeV is assumed to be the same as at 8 TeV, which for W� masses ranging from
0.5 TeV to 2.5 TeV was found to be around 70% with a variation of ±5% in both channels,
including 90% geometrical acceptance. The primary source of background is the off-peak, high
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Figure 1-13. Reaches for Z0 at colliders. Left and middle panel: the reach at the LHC [153] and HL-LHC
[120]. Right Panel: the reach at the ILC [118, 110].

Figure 1-14. A Z0discovery story at the LHC [120]. Left: Drell-Yan backgrounds and the emerging signal
for a LR Z0 at 3 TeV, for e+e� pairs after 100 fb�1. Middle: Drell-Yan backgrounds and the emerging
signal for a LR Z0 at 3 TeV, for µ+µ� pairs after 100 fb�1. While the muon line shape is much broader
due to resolution e↵ects, the observation would be definitive, confirming evidence of a discovery. Right: The
Drell-Yan backgrounds and signal for a LR Z0 at 3 TeV, for e+e� pairs after 300 fb�1.

over years. While acceptances are good for both electrons and muons (better than 80% and independent of
pileup, mass resolutions are quite di↵erent between electrons (�M/M / a percent) and muons (�M/M /

10%) and precision measurements will eventually rely on the former. But the observation of a signal in both
channels would be definitive and so the muon states will be an important part of a discovery story for a new
vector resonance.

a possible evolution of a 3 TeV Z discovery at the LHC in electron pair final states. A potential signal will
begin to emerge with the first half year of data in 2015 (at about 30 fb�1 with a few 10s of events. By itself,
such a small bump could be overlooked as a background fluctuation. But a broader, similarly-populated
enhancement would have started to emerge in the µ+µ� invariant mass distributions and this would be a
major focus by the end of Run 2. The left panel of Fig. 1-14 shows shows the nature of such a signal in
electron pairs by the end of Run 2, while the middle panel of Fig. 1-14 shows shows the same object as
it would appear in muon pair combinations. By the end of LHC Run 2 with 100 fb�1, a discovery would
be declared but without much information available for deciphering its source. The right panel of Figure
1-14 shows how the next run (corresponding to the Phase 1 upgrades) of 300 fb�1 could begin the process
of discriminating a dynamical source. Of course after 3000 fb�1 at the HL-LHC precision measurements of
such a new state could be made.

If a Z 0 has been discovered, the immediate next step would be to measure its properties as much as we
can. There have been studies on this topic, for example [90, 88, 89, 94, 114, 56]. The useful observables are
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Figure 1-15. Distinguishing Z0 models at colliders [118, 110]. Left panel: ��2 = 4 contours of the
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�
prod

⇥BR in various channels and the total width. Many Z 0 candidates are chiral. To reveal this nature of
their couplings, it is useful to consider the forward backward asymmetry variable. In addition, we can also
include the left right asymmetry variable at lepton collider with polarized beams. As a concrete example,
we consider a benchmark with MZ0 = 3 TeV, which is within the discovery reach of the LHC Run 2. The
predicted value as well as experimental precision for the �

prod

⇥BR(Z 0
! dilepton ) and A

FB

(A
LR

) at the
LHC (ILC) are shown in the left panel of Fig. 1-15. We can see that combining the measurements at a
Hadron collider and lepton collider can be very valuable in distinguishing di↵erent models. For example,
Z 0

LR

and Z 0
B�L

cannot be clearly distinguished at LHC Run 2. HL-LHC can start to discern their di↵erences.
On the other hand, ILC with polarized beams can clearly tell them apart.

Discovery of a Z 0 leads to many new implications which can lead to further searches at colliders. There
should be (at least) an associated Higgs with the Z 0. Discovering this new Higgs would be much harder than
discovering the Z 0, similar to the discovery of W/Z vs the Higgs in the Standard Model. The understanding
of the nature of Z 0 couplings, even if a partial one, will give us insight about its embedding in the high scale
(UV) and more fundamental theory. Such UV completions of Z 0 usually leads to additional predictions. A
Z 0 with the Standard Model fermions could be anomalous, in which case there have to be new fermions that
may be produced by colliders. If a Z 0 is consistent with the one from the Left-Right symmetric model, there
should also be additional heavy resonances, such as W 0

R and exotic Higgses, with similar masses. Z 0 can
also play an important role in the dynamics of electroweak symmetry breaking, and decaying into SM gauge
bosons will give us a smoking gun signal in this scenario.

Community Planning Study: Snowmass 2013
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�
prod

⇥BR in various channels and the total width. Many Z 0 candidates are chiral. To reveal this nature of
their couplings, it is useful to consider the forward backward asymmetry variable. In addition, we can also
include the left right asymmetry variable at lepton collider with polarized beams. As a concrete example,
we consider a benchmark with MZ0 = 3 TeV, which is within the discovery reach of the LHC Run 2. The
predicted value as well as experimental precision for the �

prod

⇥BR(Z 0
! dilepton ) and A

FB

(A
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) at the
LHC (ILC) are shown in the left panel of Fig. 1-15. We can see that combining the measurements at a
Hadron collider and lepton collider can be very valuable in distinguishing di↵erent models. For example,
Z 0

LR

and Z 0
B�L

cannot be clearly distinguished at LHC Run 2. HL-LHC can start to discern their di↵erences.
On the other hand, ILC with polarized beams can clearly tell them apart.

Discovery of a Z 0 leads to many new implications which can lead to further searches at colliders. There
should be (at least) an associated Higgs with the Z 0. Discovering this new Higgs would be much harder than
discovering the Z 0, similar to the discovery of W/Z vs the Higgs in the Standard Model. The understanding
of the nature of Z 0 couplings, even if a partial one, will give us insight about its embedding in the high scale
(UV) and more fundamental theory. Such UV completions of Z 0 usually leads to additional predictions. A
Z 0 with the Standard Model fermions could be anomalous, in which case there have to be new fermions that
may be produced by colliders. If a Z 0 is consistent with the one from the Left-Right symmetric model, there
should also be additional heavy resonances, such as W 0

R and exotic Higgses, with similar masses. Z 0 can
also play an important role in the dynamics of electroweak symmetry breaking, and decaying into SM gauge
bosons will give us a smoking gun signal in this scenario.

Community Planning Study: Snowmass 2013

Ldt( fb−1)∫√s (TeV)
discovery 

reach

pp 14 300 4.5-5.1
pp 14 3000 5.6-6.2

pp 33 3000 12.1-16

ee 0.5 500 2.7-8.4

ee 1.0 1000 4.7-14.7
Current limits on SSM Z’ are 2.9 TeV
The range is the model dependence
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HCSP

Some of the non-SM particles might 
easily be stable on detector time of flight 
scales

This kills backgrounds and dependence 
on decay mode !

Energy driven and hadron collider driven 
sensitivity for benchmark scenarios (but 
beware of HCSP with reduced couplings)

6.3 Searches for Heavy Stable Charged Particles 29

fects. It is therefore assumed that the backgrounds scale linearly with integrated luminosity,
resulting in a constant signal over background ratio. By scaling the signal yields linearly with
integrated luminosity from the 8 TeV result, a conservative assumption about the signal ac-
ceptance is introduced, since 14 TeV kinematics are expected to yield increased acceptance.
Several changes are accounted for in LHC and detector operating conditions anticipated in the
future. First, since the LHC has operated at 50 ns bunch spacing to date, the 8 TeV search
was able to utilize a wide muon trigger time window, accepting candidates that arrive one
LHC bunch-crossing after the collision. The LHC is expected to run with 25 ns bunch-spacing
from 2015 onwards, resulting in a reduced trigger time window, so the signal efficiency used
in these projections has been adjusted, based on fully simulated 8 TeV Monte-Carlo events.
Secondly, the current dE/dx measurement relies on analog readout of the CMS Tracker, which
will almost certainly not be possible after the CMS Tracker is upgraded during LS3. To ac-
count for this, the sensitivity with 3000 fb�1 is presented based on the combination of long
time-of-flight and highly ionizing signatures, corresponding to an assumption that the dE/dx
performance remains unchanged, and the sensitivity using the long time-of-flight signature
alone, corresponding to an assumption that dE/dx measurements cannot be performed with
the upgraded CMS Tracker.

These assumptions allow us to rescale the results of [56] to both higher center of mass energy
and integrated luminosity with little difficulty. The results of this exercise are presented in
terms of cross section reach defined as the cross section for which an observed signal is expected
with a significance of at least 5 standard deviations (5s). Figures 26 and 27 show the expected
reach as a function of HSCP mass for hadron-like HSCP (stops and gluinos) and for lepton-like
staus (direct and inclusive production), respectively.
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Figure 26: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the pair production of gluinos (left) and of stops (right).

The results show that the additional integrated luminosity will allow us to be sensitive to long-
lived particles produced with a cross sections at least one order of magnitude lower than what
has been excluded by [56]. It should be noted that the models considered in this search are
simple benchmarks and the search for long-lived particles even in the already excluded massLdt( fb−1)∫√s (TeV) charged scalar quark color octet

current limits 8 20 0.34 TeV 0.9 TeV 1.3 TeV
discovery reach 14 300 0.8 TeV 1.6 TeV 2.0 TeV
discovery reach 33 3000 2 TeV ? 4.5 TeV ? 7 TeV ?

Sensitivity to mass, in GeV. In parenthesis, the corresponding fine tuning in supersymmetry (see slide 12)

30 6 Discovery Potential: Exotic New Particles
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Figure 27: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the direct pair production of staus (left) and direct+indirect
production of staus (right) in the context of GMSB.

range must be continued. This is because the exclusion results rely entirely on theoretical cross
section predictions made in the context of a given model (e.g., Split SUSY, GMSB), while the
analysis itself is signature-based and mostly decoupled from any given theoretical model. For
example, it is known from past studies [57] that the sensitivity to lepton-like HSCPs in Uni-
versal Extra Dimension (UED) models is significantly less due to their lower production cross
sections. The cross section limits should therefore be pushed as low as possible regardless of
the excluded mass range as interpreted in the context of a few popular benchmark models.

6.4 Search for Heavy Vector-like Charge 2/3 Quarks

Vector-like quarks differ from SM quarks in their electroweak couplings. Whereas SM quarks
have a V-A coupling to the W boson, i.e. their left and right-handed states couple differently to
the W boson, vector-like quarks have only vector coupling to the W boson. One can thus write
a mass term for them that does not violate gauge invariance without the need for a Yukawa
coupling to the Higgs boson. Vector-like quarks are predicted, for example, by Little Higgs
models [58, 59]. They can cancel the diverging contributions of top quark loops to the Higgs
boson mass offering an alternative solution to the hierarchy problem.

We search for a vector-like T quark with charge +2/3, which is pair produced together with its
antiquark in proton-proton collisions through the strong interaction. Thus its production cross
section can be calculated using perturbative QCD. The T quark can decay into three different
final states: bW, tZ, or tH. If it is an electroweak singlet the branching fractions are predicted
to be 50% into bW and 25% each into tZ and tH [60]. At low masses the tZ and tH modes are
kinematically suppressed. All T quark decays produce final states with b quarks and W bosons.
Signal events therefore have large numbers of jets from b-quarks and hadronic W, Z, or H boson
decays. For large T quark masses it becomes likely that the jets from one or more boson decay
are not resolved which gives rise to jets that have substructure and a large invariant mass.

6.3 Searches for Heavy Stable Charged Particles 29

fects. It is therefore assumed that the backgrounds scale linearly with integrated luminosity,
resulting in a constant signal over background ratio. By scaling the signal yields linearly with
integrated luminosity from the 8 TeV result, a conservative assumption about the signal ac-
ceptance is introduced, since 14 TeV kinematics are expected to yield increased acceptance.
Several changes are accounted for in LHC and detector operating conditions anticipated in the
future. First, since the LHC has operated at 50 ns bunch spacing to date, the 8 TeV search
was able to utilize a wide muon trigger time window, accepting candidates that arrive one
LHC bunch-crossing after the collision. The LHC is expected to run with 25 ns bunch-spacing
from 2015 onwards, resulting in a reduced trigger time window, so the signal efficiency used
in these projections has been adjusted, based on fully simulated 8 TeV Monte-Carlo events.
Secondly, the current dE/dx measurement relies on analog readout of the CMS Tracker, which
will almost certainly not be possible after the CMS Tracker is upgraded during LS3. To ac-
count for this, the sensitivity with 3000 fb�1 is presented based on the combination of long
time-of-flight and highly ionizing signatures, corresponding to an assumption that the dE/dx
performance remains unchanged, and the sensitivity using the long time-of-flight signature
alone, corresponding to an assumption that dE/dx measurements cannot be performed with
the upgraded CMS Tracker.

These assumptions allow us to rescale the results of [56] to both higher center of mass energy
and integrated luminosity with little difficulty. The results of this exercise are presented in
terms of cross section reach defined as the cross section for which an observed signal is expected
with a significance of at least 5 standard deviations (5s). Figures 26 and 27 show the expected
reach as a function of HSCP mass for hadron-like HSCP (stops and gluinos) and for lepton-like
staus (direct and inclusive production), respectively.
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Figure 26: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the pair production of gluinos (left) and of stops (right).

The results show that the additional integrated luminosity will allow us to be sensitive to long-
lived particles produced with a cross sections at least one order of magnitude lower than what
has been excluded by [56]. It should be noted that the models considered in this search are
simple benchmarks and the search for long-lived particles even in the already excluded mass
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VECTOR LIKE QUARKS

Strong link with naturalness, as most 
solutions of the hierarchy problems 
feature top partners

 Wb, tZ and tH decays occur in most 
models (often with a 2:1:1 ratio at 
high mass)

6.4 Search for Heavy Vector-like Charge 2/3 Quarks 31

This sensitivity is based on an estimate on the T quark search carried out by CMS based on
19.6 fb�1 of pp collision data collected at a center of mass energy of 8 TeV [61]. This search
considers eight channels which differ in their selection criteria. All require at least one electron
or muon, together with a number of jets, which may be identified as originating from a b-quark
or a boosted W or Z. The same selections are used for the projection to HL-LHC, with one
simplification. For the single lepton channels, the 8 TeV results are based on the full spectrum
of a boosted decision tree discriminant. Here, the same BDT discriminant is used, but simply
accept events above a threshold, that was optimized for the expected significance.

In order to compute the expected sensitivity for pp-collisions at
p

s = 14 TeV, the same selection
efficiencies are used for signal and background as for the CMS analysis for

p
s = 8 TeV. The

signal yields are scaled using the calculated cross section from HATHOR. The backgrounds are
scaled by the ratio of their NLO cross section. For the W+jets background this is 1.8, for the tt
background it is 3.9, for the ttW background it is 3.3, and for the ttZ background it is 4.8. All
other backgrounds are scaled by a factor 3. All yields are scaled proportionally to integrated
luminosity assumed.

A simplified treatment of systematic uncertainties is applied. A flat 30% uncertainty is applied
to the background yields in the multilepton channels. In the single lepton channels a 10% un-
certainty is assigned to the tt background and 50% uncertainty to all other backgrounds. When
estimating the sensitivity the background estimate is increased by the size of the uncertainties.

To determine the sensitivity, 10000 random pseudoexperiments are generated based on the
expected number of signal and background events in each channel. For each channel i in each
pseudoexperiment the p-value pi is determined for the observed number of events under the
background only hypothesis. The combined p-value of all channels is then computed, P =
k Ân�1

i=0 (� ln ki/i!), where k = ’n
i=1 pi and n is the number of channels to be combined.

Figure 28 shows plots of the discoverable T quark pair production cross section as a function of
T quark mass, for the nominal branching fractions of 50%/25%/25% to bW/tZ/tH. The sensi-
tivity is not expected to vary substantially if the branching fractions deviate from the nominal
values. For the CMS analysis at

p
s = 8 TeV the mass limits vary inside a 100 GeV interval

for any combination of branching fractions. At 14 TeV, T quarks with mass below 1 TeV could
be discovered with 300 fb�1 of data, with the discovery reach extending to nearly 1.2 TeV with
3000 fb�1 accumulated.
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Figure 28: Expected sensitivity for a T quark pair production signal in the multilepton channels
only (left), and in all channels combined (right).

Ldt( fb−1)∫√s (TeV) mass (TeV) fine tuning

current limits 8 20 0.7-0.8 ~2
discovery reach 14 300 1.3 ~7
discovery reach 14 3000 1.5 ~10
discovery reach 33 3000 3.2 ~40
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SUPERSYMMETRY

At hadron colliders we can classify 
SUSY processes in:

18 

A Natural Spec)um
M
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The “Nuclear Family” 
of the Higgs
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“Distant 
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Bottom-up natural spectrum

Fig. from L.Hall’s talk
13

L’accoppiamento dell’Higgs ai fermioni 
è proporzionale alla loro massa => i  
vincoli di naturalezza sulla massa del 
top scalari sono molto più stringenti di 
quelli sulla massa degli squark delle 
prime generazioni 
 
Le particelle che devono essere 
leggere sono in effetti 
#  higgsini (livello albero) 

#  µ = massa degli higgsini 
#  Top e bottom scalari (a 1-loop) 

#  Q3 = termine di massa comune per I 
partner di top e bottom left-handed 

#  U3 = termine di massa dei partner di 
top e bottom right-handed 

#  At = termine di mixing right-left  
#  Gluino (a 2-loop) 

#  M3 = massa del gluino 

NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.

SUSY e la naturalezza  

3rd generation and naturalness 
2 

So far SUSY search strategy has been driven by the 
need to optimise the chances of discovery from the 
very first analyses, significantly pushing limits on the 
first two generation squarks. 

!  However the naturalness of the theory can be 
achieved even with the first two generations 
squarks with masses around the TeV scale. 

The Higgs boson mass is regularized by the scalar 
top mass and is still possible to have a natural SUSY 
with a relatively light stop. 
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Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

Naturalness requires the following particles to 
be light: 
!  Higgsinos (µ�mZ at tree level) 

!  Stop up to 600 GeV  
(1-loop radiative corrections) 

!  Gluinos up to 1.5 TeV  
(2-loop radiative corrections) 

FOCUS OF  
THE TALK 

1.3 Selected results from searches for R-parity conserving SUSY at the LHC

In the framework of generic R-parity conserving supersymmetric extensions of the SM, SUSY particles
are produced in pairs and the lightest supersymmetric particle (LSP) is stable. In a large fraction of the
parameter space the LSP is the lightest neutralino, where neutralinos (�̃0

j , j = 1, 2, 3, 4) and charginos
(�̃±i , i = 1, 2) are the mass eigenstates originating from the superposition of the SUSY partners of Higgs
and electroweak gauge bosons (higgsinos and gauginos). The scalar partners of right-handed and left-
handed fermions can mix to form two mass eigenstates, nearly degenerate in the case of first and second
generation squarks and sleptons (q̃ and l̃), whilst possibly split in the case of bottom and top squarks
(sbottom, b̃ and stop, t̃) and tau sleptons (stau, ⌧̃). The lighter stop mass eigenstate can be significantly
lighter than the other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

The searches in the initial phases of the LHC (in particular those corresponding to the 35 pb�1 and
the 1 fb�1 datasets) targeted processes with large expected cross-section, such as production of gluinos
and 1st, 2nd generation squarks (Fig. 1). As the integrated luminosity increased, the search strategy was
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Figure 1: Next-to-leading order cross-sections for the production of supersymmetric particles at the
LHC as a function of the average mass of the pair-produced supersymmetric particles. The �̃±1 and �̃0

2 are
assumed to be wino-like.

refined to access processes with either smaller cross-section or a-priori lower sensitivity. The ATLAS
Collaboration is currently carrying out a broad programme of searches [5] including searches for light-
flavour squarks and gluinos, weakly produced sparticles, and third generation squarks.

Results from the searches mentioned above have excluded 1st and 2nd generation squark and gluino
masses below about 0.7 TeV and 1.3 TeV, respectively, under the assumption of a very light LSP [6].
Less stringent limits are placed on third generation squarks [7], weak gauginos [8] and sleptons [9]. The
mass constraints strongly depend on the assumed SUSY mass spectrum.

1.4 Searches for R-parity conserving SUSY at the HL–LHC

If a signal of new physics is found at the LHC, the HL-LHC will be essential to determine the properties
of the underlying physics and a large programme of measurements would be undertaken. This note
focuses on the discovery and exclusion reach of the LHC and HL-LHC for a few illustrative examples.
Further scenarios will be studied in upcoming notes.

Previous studies of the discovery and exclusion reach of the HL-LHC have been carried out for
squark and gluino production, for the production of stops and for the production of charginos and neu-

2
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

stop and sbottom pair production
Intermediate cross section
Signature: jets+MET(+X)  
gaugino and slepton pair production
lowest cross section
Signature: Leptons+MET(+no jets)  

The higgsinos, stop and gluinos are related to the Higgs mass at tree level, 1 loop, 2 loop 

respectively and thus are constrained to be light by naturalness. 
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GLUINO SEARCHES

Current limits on the gluino mass are between 0.6 TeV (nearly degenerate gluino and LSP) and 1.4 TeV (massless LSP)

Expected discovery reach in the massless LSP scenario is 1.9(2.3) TeV for 300(3000) $-1

Snowmass study provides the reach for higher energy collider and also for the degerate case (not sure if the analysis is 
really optimized for the latter). Notice how the reach scales roughly with collision energy.

Run 2+3 improves the reach by about 50% in mass (2x in fine tuning) compared to run 1.

For low SUSY breaking scale the gluino might be quite heavy and still natural. For  Λ= 10 TeV  I get Δ =10(100) for 4(13) 
TeV mass... 

22 New Particles Working Group Report

Figure 1-18. Estimated reach of ATLAS run 2 for squarks and gluinos. CMS has similar sensitivity.
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Figure 1-19. Estimated reach for gluinos using DELPHES simulation [147]. Only gluino and LSP are
assumed to be light. Left panel shows the result of multijet search, right panel - monojet search optimized
for squeezed spectrum.

Another way to assess SUSY reach is to study scans over complete models. This approach is taken in
the ‘phenomenological minimal supersymmetric standard model’ (pMSSM) [53, 54]. Here 19 independent
superpartner masses are independently uniformly scanned. This scan shows that of the models that are not
excluded at the LHC with 300/fb, 75% are in 95% confidenct level reach of the HL-LHC, see Fig. 1-20.
Similar conclusions are reached when surveying other complete models, i.e. SO(10) SUSY GUT models [20]

Another important caveat to the LHC sensitivity is Majorana vs Dirac nature of gauginos. The naturalness
bounds on gaugino masses are dramatically relaxed for Dirac gaginos [109, 126]. For example, gluinos as
heavy as 3-4 TeV may not result in significant fine-tuning. One of the consequences of high gluino masses is
the suppression of squark production by almost two orders of magnitude [127].

An example model To illustrate the potential impact of a discovery in this channel, we discuss a scenario
based on model 2750334 of the pMSSM scan [54]. The spectrum of the model is given in Fig. 1-21. Complete
details of the model can be found in [54]. This model has light neutralinos and charginos clustered around
200 GeV; the lightest neutralino is a mixture of bino and Higgsino (‘well-tempered Bino-Higgsino’), and
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Figure 13: Discovery reach and 95% CL limits in a simplified squark–gluino model with a massless
neutralino. The color scale shows the

p
s = 14 TeV NLO cross-section. The solid (dashed) lines show

the 5� discovery reach (95% CL exclusion limit) with 300 fb�1 and with 3000 fb�1, respectively.

The statistical analysis is performed by a likelihood fit of templates of these distributions, using
background plus varying amounts of signal, to the simulated data. The HT and mtt̄ distribu-
tions and the resulting limits as a function of the gKK pole mass for the dilepton and lepton+jets
channel are shown in Fig. 14 and Fig. 15, respectively.

The 95% CL expected limits in the absence of signal, using statistical errors only, are shown
in Table 6. The increase of a factor of ten in integrated luminosity, from 300 to 3000 fb�1 raises
the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

model 300 fb�1 1000 fb�1 3000 fb�1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)
Z0topcolor 3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 6: Summary of the expected limits for gKK ! tt̄ and Z0topcolor ! tt̄ searches in the lepton+jets
(dilepton) channel for pp collisions at

p
s = 14 TeV. All limits are quoted in TeV.

7.2 Searches for Dilepton Resonances

For studies of the sensitivity to a Z0 boson [21], the dielectron and dimuon channels are con-
sidered separately since their momentum resolutions scale di↵erently with pT and the detector
acceptances are di↵erent. The background is dominated by the SM Drell-Yan production, while
tt̄ and diboson backgrounds are substantially smaller. Therefore, only the Drell-Yan background
is considered in this study. There is an additional background from non-prompt electrons due
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STOP SEARCHES

Currents limits are 740 GeV for decays to a top and massless LSP, ~250 GeV for small stop-LSP mass differences. 

Even below 250 GeV, loopholes exist for long decay chains and particular masses of the particles in the decay chain (so 
in principle a discovery is still possible at ILC500 )

Future sensitivity studies are optimized for the easy case, giving discovery reach to 1000(1200) GeV with 300(3000) $-1 
of LHC data, and 3.2/5.5 TeV with a 33/100 TeV hadron collider. It would be interesting to evaluate the sensitivity to the 
worst (for hadron colliders) cases

For  Λ= 10 TeV,  Δ can get as low as 10(100) for 1(3) TeV mass... 
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

�
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ � t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ � b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ � t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ � b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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1 (red) and the t̃ � b + �̃±1 , �̃
±
1 � W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e�ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
�

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [34]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [43] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
Rbkg, as it is assumed that the

uncertainty is largely driven by the statistical precision from the control samples, which will
improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 18: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (left), and the projected 5� discovery reaches for this model (right).

The results are summarized in Fig. 18. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

Figure 1-23. ALTAS [151] and CMS [153] projections of reaches for stop in direct pair production LHC
Run 2 and HL-LHC.

channels to charginos and neutralinos. Measuring them will paint a full picture of stop couplings. Many of
these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable
in accomplishing this task.

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be
carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension
(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there
will be competing interpretations. To distinguish them, model independent measurements of spin and mass
are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.
Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the
level of HL-LHC will great enhance our capability of carrying out these measurements.
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Figure 7: Results for the stop-neutralino model using the single lepton analysis strategy. The left [right]
panel shows the 5 � discovery reach [95% CL exclusion] for the four Snowmass collider scenarios. A 20%
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100 TeV proton collider could discover a ⇠ 5.5 TeV stop.

The tuning in models where m�t > mt derives from the Renormalization Group Equations (RGE)
for the up-type Higgs boson soft mass squared m2

Hu
; in the one-loop leading log approximation

there is a contribution from each stop of at least

�m2

Hu
' �

3 y2

t

8 �2

m2

�t log

✓
�

TeV

◆
, (2)

Note that for � � TeV, the one-loop leading log approximation breaks down.

Given a bound on the lightest stop mass, Eq. (2) can be translated into a naive lower bound on
tuning ��1 [10]:

� m�t
1 TeV

��2

� mh

125 GeV

�
2

sin2 �

✓
log(�/ TeV)

3

◆�1

'

✓
��1

10%

◆
. (3)

Non-zero A-terms, RG effects of heavy gluinos, and tree-level tunings from the µ term all tend
to increase the overall tuning. Therefore, Eq. (3) gives a conservative rough estimate of the “least
tuned” an MSSM-like model can be given a collider constraint on the lightest stop mass. Assuming
a SUSY breaking scale of � = 300 TeV and a massless neutralino, the results in Fig. 7 can be used
to estimate the minimum tuning implied by a null result at each collider scenario:

14 TeV (300 fb�1) 14 TeV (3000 fb�1) 33 TeV 100 TeV

2 ⇥ 10�2 1 ⇥ 10�2 2 ⇥ 10�3 1 ⇥ 10�3

Note that we have included a factor of two to account for the tuning from both stops — the heavier
stop will also make a contribution to the tuning at least of the same order.
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Figure 1-24. Reaches for stop-neutralino simplified model using the single lepton channel [71]. The left
[right] panel shows discovery reach [95% CL exclusion].

The most interesting coupling of stop is probably with the Higgs boson. Confirming its consistency with
SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To
directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has
an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E

CM

= 100 TeV. At the
same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum
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DIRECT EWKINO SEARCHES

Dark Matter requires a weakly interacting lightest supersymmetric particle. 
Natural models have light higgsinos (related to Higgs mass at tree level).

Hadron collider can look for neutralino to gravitino + X, with X=Z, h, or γ. If 
neutralino LSP, they can see heavier ewkinos decay, like N2C1 to WZN1N1 or 
hZN1N1. Luminosity significantly extends the reach

For the natural spectrum with light Higgsinos (nearly degenerate N1,N2,C1) 
and out-of-reach heavier winos/zinos lepton colliders would be best. With high 
luminosity, theory papers suggest LHC should have sensitivity to higgsino 
production with ISR monojet or with VBF production for 100-200 GeV 
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0
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plane via a WZ signal. The shaded area corresponds to the 8 TeV limits from the ATLAS three-lepton
analysis [29].

discovery reach from ⇠1050 to ⇠1250 GeV comparing 300 and 3000 fb�1.

5 Conclusions

The sensitivity to heavy SUSY particles will be increased significantly when the centre-of-mass-energy
of the LHC reaches a value close to the design of

p
s = 14 TeV. Feasibility studies on two benchmark

SUSY scenarios, stop pair production and chargino neutralino production, are carried out with 14 TeV
MC samples and by applying detector response corrections to generator level particles. An increase
of integrated luminosity from 300 fb�1 to 3000 fb�1 extends the sensitivity potential for stop quarks
decaying in top and �̃0

1 by about 200 GeV, and by about 300 GeV for �̃±1 �̃
0
2 production assuming �̃±1 (�̃0

2)
decaying via W(Z) and �̃0

1. In addition projections from existing 8 TeV analyses are pursued for pair
production of sbottoms and pair production of charginos, showing improvements of the discovery reach
by 200 GeV and 150 GeV for the two cases respectively. Future improvements in the understanding of
experimental and theoretical systematic uncertainties on the SM background would provide additional
potential for sensitivity gains at high luminosity on SUSY scenarios reported here and beyond.
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too massive and c̃

±
1 and c̃

0
2 are wino-like, which suppresses neutralino-pair production relative

to neutralino-chargino production.

The analysis is based on a three-lepton search, with electrons, muons, and at most one hadron-
ically decaying t lepton. In order to get an estimate for the sensitivity at 14 TeV two different
Scenarios (A and B) are considered, as discussed earlier. The results are shown in Fig. 21. The
chargino mass sensitivity can be increased to 500–600 GeV, while discovery potential for neu-
tralinos ranges from 150 to almost 300 GeV.
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Figure 21: The simplified model topology for direct c̃

±
1 c̃

0
2 production decaying to the WZ+Emiss

T
final state (a), and the projected 5s discovery projections for this model (b).

5.6 Chargino-Neutralino Production with Decays to a Higgs Boson

In this section we also consider chargino-neutralino pair production with a signature that is
similar to the one considered in Sec. 5.5, except that here the c̃

0
2 instead decays to a Higgs boson

and the c̃

0
1 LSP. Hence we target the process c̃

±
1 c̃

0
2 ! (W±

c̃

0
1)(Hc̃

0
1) as indicated in Fig. 22(a),

and extrapolate the discovery reach based on the analysis of Ref. [47].

The projections are based on the analysis in the single lepton final state, which targets the
process c̃

±
1 c̃

0
2 ! (W±

c̃

0
1)(Hc̃

0
1) ! `nbb̄ + Emiss

T . The dominant background in this search is
from tt production; W bosons produced in association with b-quarks are also relevant. SM
backgrounds are suppressed with requirements on Emiss

T and related quantities, and we search
for a peak in the mbb̄ mass distribution consistent with mH = 126 GeV. For the projections,
in the conservative scenario we assume ssyst = 25% as in the current analysis, while in the
optimistic scenario we assume a reduction in the systematic uncertainty by a factor of 2.

The estimated 14 TeV discovery reach is shown in Fig. 22. Sensitivity to charginos and neutrali-
nos with masses up to 400–500 GeV is achieved, for LSP masses up to 60–150 GeV. Note that
realistic models contain a mixture of the decays c̃

0
2 ! Zc̃

0
1 and c̃

0
2 ! Hc̃

0
1, so the sensitivity lies

between the projections in this section and those in Sec. 5.5.

25

P1

P2
�̃0
2

�̃±
1

W±

�̃0
1

�̃0
1

H

1

(a)

 [GeV]0

2
χ∼

 = m±

1
χ∼

m
100 150 200 250 300 350 400 450 500

 [G
eV

]
0 1χ∼

m

0

50

100

150

200

250

300
)0

1
χ∼)(H 0

1
χ∼ (W → 0

2
χ∼
±

1
χ∼ →pp 

1-lepton channel
Based on SUS-13-017

 discovery reachσEstimated 5

CMS Preliminary

H
 < M

0
1χ∼

 - m0
2χ∼m

 (scenario A)-114 TeV, 300 fb

 (scenario B)-114 TeV, 300 fb

(b)

Figure 22: The simplified model topology for direct c̃

±
1 c̃

0
2 production decaying to the WH +

Emiss
T final state (a), and the projected 5s discovery projections for this model (b).

6 Discovery Potential: Exotic New Particles
In this section the discovery potential for exotic signs of new physics with the 14 TeV HL-LHC
dataset at CMS is explored. The benchmark channels presented below include searches for
additional gauge bosons (Z0 and W0), dark matter in the monolepton + MET channel, heavy
stable charged particles, and vector-like top partners.

6.1 Searches for Heavy Gauge Bosons Decaying to Lepton Pairs

A search for additional heavy gauge bosons decaying to lepton pairs has been performed with
the existing 7 and 8 TeV datasets [48]. In order to project the discovery potential of this search
to the HL-LHC scenarios, the background and signal yields are predicted using generator level
simulation parameterized by the efficiencies and resolutions measured in the 8 TeV data. The
POWHEG event generator and CT10 PDF sets were used to generate tt and the dominant Drell-
Yan backgrounds, while WW events were generated using PYTHIA. Samples of Z0 events were
also generated using PYTHIA and no interference effects were considered.

The same acceptance is assumed as in the 8 TeV search. In the electron channel, each electron
is required to have ET >35 GeV and be reconstructed with |h| < 1.442 (ECAL barrel region) or
1.56 < |h| < 2.5 (ECAL endcap region). At least one electron must be found in the barrel region.
Also studied is a case of reduced acceptance due to the degradation of the ECAL endcaps at
high luminosity, where both electrons are required to be in the barrel region. In the muon
channel, both muons are required to have pT > 45 GeV; one muon must be within |h| < 2.1 and
the other within |h| < 2.4. The effects of lepton isolation are simulated by requiring DR > 0.8
between the leptons and jets in tt background events.

Signal and background events are simulated at generator level and smeared to simulate the
detector response. The electron identification efficiency is taken to be 88% per electron, from
the 8 TeV analysis. The pT of electrons within the ECAL barrel (endcap) acceptance is smeared
by 0.8% (1.6%). Very high energy deposits in a single ECAL crystal (above ⇠1.7 TeV in the
barrel and above ⇠3.0 TeV in the endcap) will result in saturation of electronics readout. While
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Figure 22: The simplified model topology for direct c̃

±
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2 production decaying to the WH +

Emiss
T final state (a), and the projected 5s discovery projections for this model (b).

6 Discovery Potential: Exotic New Particles
In this section the discovery potential for exotic signs of new physics with the 14 TeV HL-LHC
dataset at CMS is explored. The benchmark channels presented below include searches for
additional gauge bosons (Z0 and W0), dark matter in the monolepton + MET channel, heavy
stable charged particles, and vector-like top partners.

6.1 Searches for Heavy Gauge Bosons Decaying to Lepton Pairs

A search for additional heavy gauge bosons decaying to lepton pairs has been performed with
the existing 7 and 8 TeV datasets [48]. In order to project the discovery potential of this search
to the HL-LHC scenarios, the background and signal yields are predicted using generator level
simulation parameterized by the efficiencies and resolutions measured in the 8 TeV data. The
POWHEG event generator and CT10 PDF sets were used to generate tt and the dominant Drell-
Yan backgrounds, while WW events were generated using PYTHIA. Samples of Z0 events were
also generated using PYTHIA and no interference effects were considered.

The same acceptance is assumed as in the 8 TeV search. In the electron channel, each electron
is required to have ET >35 GeV and be reconstructed with |h| < 1.442 (ECAL barrel region) or
1.56 < |h| < 2.5 (ECAL endcap region). At least one electron must be found in the barrel region.
Also studied is a case of reduced acceptance due to the degradation of the ECAL endcaps at
high luminosity, where both electrons are required to be in the barrel region. In the muon
channel, both muons are required to have pT > 45 GeV; one muon must be within |h| < 2.1 and
the other within |h| < 2.4. The effects of lepton isolation are simulated by requiring DR > 0.8
between the leptons and jets in tt background events.

Signal and background events are simulated at generator level and smeared to simulate the
detector response. The electron identification efficiency is taken to be 88% per electron, from
the 8 TeV analysis. The pT of electrons within the ECAL barrel (endcap) acceptance is smeared
by 0.8% (1.6%). Very high energy deposits in a single ECAL crystal (above ⇠1.7 TeV in the
barrel and above ⇠3.0 TeV in the endcap) will result in saturation of electronics readout. While

excluded by improved analysis in paper 
w.r.t. the preliminary results
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COMPOSITE HIGGS

Two classes of models: 1) the Higgs is a pseudo-Goldstone model from a broken symmetry 
2) a specific mechanism is introduced to generate the fermion masses (partial 
compositeness) 

Both foresee spin-1 states at the compositeness scale M. EWPT imply M > 2.5 TeV. Decays 
to leptons are suppressed, best sensitivity would be from VV and VH decays.

 In (2) there is a vector-like top parner as well. If lighter than M, allows a reduced fine 
tuning, and in this case     

Currents limits are of the order of 0.7 TeV, which does not constrain naturalness much 
yet                                . 

replaced by a sensitivity to m2
NP (the mass of appropriate resonances in composite Higgs models or

of the mass of the stop in supersymmetric models) and in order for the Higgs mass to be computable,

mNP should not be too far from the TeV scale, as seen in Sect. 2. The dependence of the Higgs

mass on the parameters at the scale mNP and on M is model dependent, but a contribution to

the Higgs mass comes from the radiative corrections involving the SM particles in unavoidable.

Depending on the form of the latter, models addressing the naturalness problem can schematically

(and qualitatively) be classified in two classes:

�m2
H ⇡

⇣ mNP

0.5TeV

⌘2
supersoft theories (3.1)

�m2
H ⇡

⇣ mNP

0.5TeV

⌘2
log

✓
M2

m2
NP

◆
soft theories. (3.2)

Clearly, the lack of signal at the LHC is most puzzling for soft theories with very large M , for

which the radiative correction to the Higgs mass is enhanced by a large logarithm. This is the case

of supersymmetric models with large messenger scale, such as supergravity, in which M is to be

identified with the Planck scale (log(M2
Pl/TeV

2) ⇠ 70). From this point of view supersoft models

and soft models with low M are preferable. Examples of the latter are supersymmetric theories

with low messenger scale M []. Composite Higgs models are supersoft because the Higgs potential

is completely generated at the strong sector confinement scale, mNP , with no residual logarithmic

sensitivity to superheavy scales. However it can also be interpreted as a soft theory if mNP is

identified with the mass of the lighter resonates that cancel the quadratic top loop divergence, while

M is the confinement scale, i.e. the typical mass of the other bound states. In the presence of a little

hierarchy among mNP and M , which is welcome because EWPT generically require M & 2.5 TeV

and thus a considerable tuning � ⇠ 30, the tuning follows Eq. (3.2) and � . 10 for mNP . 1 TeV.

3.2 Composite Higgs models

The idea of a Composite Higgs boson is as old as the Naturalness problem, which is typical of

theories with elementary scalar particles. All the scalars aside from the Higgs, which we have

just discovered, have turned out being composite particles with a compositeness scale not far from

their mass and the same could be true for the Higgs. For a composite scalar, like the QCD scalar

hadrons, there is no Naturalness Problem because their mass is generated by the mechanism of

Dimensional Transmutation and thus it is insensitive to energies much above the confinement scale.

As of today, we have developed a rather specific framework implementing the general idea of a

Composite Higgs, based on two paradigms. The first one is that the Higgs is not a generic bound

state, but a Goldstone boson associated with a spontaneous symmetry breaking taking place in the

strong sector. Alternative might also be considered, but they typically su↵er of large fine-tuning to

explain why the Higgs is lighter than the other resonances. Furthermore a non-Goldstone Higgs is

by now disfavoured by the LHC Higgs coupling measurements. Both these issues are addressed in

the Goldstone boson case at the price of a mild tuning. The second paradigm is a specific mechanism

giving mass to the fermions, which is called “Partial Compositeness”. Focusing in particular on the

top sector, this leads to predict the existence of fermionic coloured with vector-like mass, the “Top

Partners” responsible for the generation of the top quark mass and of the Higgs potential.

An assessment of the viability of the Composite Higgs scenario, in view of the present and future

(given our working hypothesis of no discovery) constraints could develop by discussing the following

5
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Existing studies deal with pair production of 
top partners

In the composite Higgs model, the dominant 
process at high mass is single production, 
which could give much better sensitivity

Evaluation of the sensitivity is in progress, but 
seems promising. See the talks of  
Matsedonsky and Panizzo in the parallel 
session yesterday

COMPOSITE HIGGS DETAILS

Production mechanisms
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Fine tuning is of the order of 
20%(5%) for 1.2(2.4) TeV mass
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NATURAL SUPERSYMMETRY

Define a realistic model with small fine tuning as possible

In the MSSM an Higgs mass of 125 GeV can only be obtained with relatively heavy 
stop quarks, which imply high fine tuning. Adding a singlet (NMSSM)  allows the 
correct Higgs mass with light stop quarks. 

Have symmetry breaking at relatively low scale, to minimize the logarithm, and 
split the third and first two generation masses

Consider mass spectra/decays which allow light stop and gluinos (i.e. difficult to see at 
LHC) and evaluate the sensitivity of future data. Since existing studies focus on easier 
cases, generate MC samples with public codes and evaluate the sensitivity ourselves.

See the presentations of Romanino and Polesello at the parallel session yesterday 
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INTERACTIONS WITH OTHER WGS

Dark Matter: for models which include DM candidates and can be explored at 
colliders, evaluate the complementarity of direct, indirect and collider searches 

SM: define a framework to parametrize the effect of New Physics on the Higgs 
couplings - define a set of higher dimensional operators motivated by new physics 
scenarios ? 
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CONCLUSIONS

Naturalness points to the presence of new physics near the EWK scale

The run-1 results have eaten some part of the natural theory space, but by no means all of 
it. >10% fine tuning and direct searches constraints can be reconciled for example for 

0.3-1.0 TeV stop and 0.6-fewTeV gluinos in SUSY

0.7-1.8 TeV top partners in composite Higgs models

run 2/3 will cover much, but not all, of available space, as documented by existing studies 
in some benchmark scenarios

The BSM group is planning to adress future facilities sensitivity for some well motivated 
scenarios not adressed by the Snowmass/ECFA studies 
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The derivation of upper bounds on the different SUSY particles from naturalness 
was first discussed in a paper of Barbieri and Giudice in 1987 (Nucl. Phys. B306, 63)

After the 2011 LHC results pushed limits on squark and gluinos around 1 TeV, lots 
of discussion on naturalness-based susy spectra. In this talk I started from the 
formulas in Papucci, Rudermann and Weiler, arXiv:1110.6926v1

SUSY FINE TUNING FORMULAS

can be reduced to a one-dimensional problem as in the Standard Model,

V = m2
H |H|2 + �|H|4 (2)

where m2
H will be in general a linear combination of the various masses of the Higgs fields with

coe�cients that depend on mixing angles, e.g. � in the MSSM.2 Each contribution, �m2
H ,

to the Higgs mass should be less than or of the order of m2
H , otherwise various contributions

need to be finely tuned to cancel each other. Therefore �m2
H/m2

H should not be large. By

using m2
h = �2m2

H one can define as a measure of fine-tuning [26],

� ⌘ 2�m2
H

m2
h

. (3)

Here, m2
h reduces to the physical Higgs boson mass in the MSSM in the decoupling regime. In

fully mixed MSSM scenarios, or in more general potentials, m2
h will be a (model-dependent)

linear combination of the physical neutral CP-even Higgs boson masses. As is well known,

increasing the physical Higgs boson mass (i.e. the quartic coupling) alleviates the fine-

tuning [34, 35].

If we specialize to the decoupling limit of the MSSM and approximate the quartic coupling

by its tree level value � / (g2 + g02) cos2 2�, then we find that m2
h = cos2 2� m2

Z . We then

recover the usual formula for fine tuning in the MSSM, Eq. 1, in the large tan � limit.

In a SUSY theory at tree level, m2
H will include the µ term3. Given the size of the

top quark mass, m2
H also includes the soft mass of the Higgs field coupled to the up-type

quarks, mHu . Whether the soft mass for the down-type Higgs, mHd
, or other soft terms in

an extended Higgs sector, should be as light as µ and mHu is instead a model-dependent

question, and a heavier mHd
can even lead to improvements [48]. The key observation that

is relevant for SUSY collider phenomenology is that higgsinos must be light because their

mass is directly controlled by µ,

µ <⇠ 200 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(4)

2 It is straightforward to extend this discussion to include SM singlets that receive vevs, see for example [35].
3 In theories where the µ-term is generated by the vev of some other field, its e↵ective size is generically

bound to be of the order of the electroweak scale by naturalness arguments. For a proof in the NMSSM

see, e.g., [35].
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Tree-level Higgs mass relation to Higgsinos. Very simple, just solve for delta. 

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
+ m2

u3
+ |At|2

⌘
log

✓
⇤

TeV

◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

, (6)

where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
, (7)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
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⇣
m2

Q3
+ m2

u3
+ |At|2

⌘
log

✓
⇤

TeV

◆
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at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2
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3
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where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
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⇡

◆
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✓
⇤

TeV

◆
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh
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��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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One loop Higgs mass relation to stops. The 
minimum fine tuning for a given lightest stop mass 
occurs for sinb =1, no mixing, and mt1 = mt2. I put 
these conditions and solved for delta.

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
+ m2
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⌘
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◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has
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where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,
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In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,
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at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has
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where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �
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In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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Two loop contribution from gluinos. The minimum 
fine tuning for a given gluino mass occurs for sinb =1. 
I put these conditions and solved for delta.
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