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Defining the goal of my talk
One question we might ask: 
Is run 2 going to discover(kill) X (X≈SUSY)?

I don’t know.

However, I am very excited about run 2, because it will 

Significantly extend our energy frontier. 

Exploring new direction, testing new ideas.

Setting the stage for the next step beyond the LHC.
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What do we want to see?

- In some sense, our wish list has not changed 
much from 10 years ago.

All the papers we have written before 2009.

minus technicolor. 

- However, the discovery of Higgs and non-
discovery of anything else do change our 
thinking, added to our confusion. 

- Instead of repeating everything, I will try to 
reflect more of the recent thinking. 
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Run 2, impressive extension of the mass reach

20 5 Discovery Potential: Supersymmetry

channel [34], performed in pp collisions at a center-of-mass energy of
p

s = 8 TeV and corre-
sponding to an integrated luminosity of 19.4 fb�1.

The numbers of signal and background events are scaled from the 8 TeV analysis based on
Eq. (3). As the background is dominated by tt production, it is scaled up based on the tt cross
section ratio between 14 TeV and 8 TeV, which is about a factor of 3.9. For Scenario A, the same
relative systematic uncertainties as for the 8 TeV analysis are kept, which is a conservative as-
sumption. Nevertheless, the dominant uncertainty of the analysis is the statistical uncertainty
from the control regions used for the background estimation, which is reduced by 1/

p
Rbkg.

Thus, even a more aggressive treatment of the systematic uncertainties would not lead to a
sizable improvement on the sensitivity.
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Figure 17: (a) The simplified model topology for gluino production, where the gluinos decay
to two top quarks and an LSP each, and (b) the projected 5s discovery reaches for this model.

The expected significance is calculated using the profile likelihood method and the signal
Monte Carlo samples generated with PYTHIA 6 [43] with a CMS custom underlying event tun-
ing [44]. Figure 17b shows the 5s significance line in the 2-dimensional plane of neutralino
versus gluino mass for the different scenarios investigated. Gluino masses up to ⇠ 1.9 TeV for
neutralino masses around 0.9 TeV or less can be discovered at 14 TeV with an integrated lumi-
nosity of 300 fb�1. It should be noted that the current results are obtained without performing
any optimization on the current analysis [34], and further improvements in the sensitivities are
expected by re-optimizing the analysis selection for the different scenarios.

5.2 Gluino-Pair Production with Four Bottom Quarks in the Final State

Similar to the gluino decay to four top quarks and two LSPs in the previous section, one can
also investigate a model for gluino-pair production, where each gluino decays to bb and the
LSP (see Fig. 18a). The projection of the sensitivity for 14 TeV is studied based on the results of
the search in events with multiple jets, large missing transverse energy, and b tags [35].

The signal and background yields are scaled based on the cross section ratios for the different
center-of-mass energies, and the luminosity increase. The systematic uncertainty is conserva-
tively kept the same as for the 8 TeV analysis, corresponding to the Scenario A described above.
The signal samples produced with PYTHIA 6 [43] are used for this projection. Figure 18b shows
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Figure 1-27. Estimated reach of LHC run 2 for chargino production followed by �± ! W±�0, assuming
Bino LSP.

Figure 1-28. Estimated reach of LHC for 300/fb and 3000/fb for mSUGRA model.

Community Planning Study: Snowmass 2013

Will turn a big corner.
New physics could be right there!
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Will do well for weakly coupled NP too!

- Such NP generic, could be the only thing out there.

- Crucial role in several cases (detailed later).

DRAFT

1.3 Discovery Stories 29

5.5 Chargino-Neutralino Production 23

the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 19 shows the topology of the investigated simplified model and the 5� discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of c̃±

1 and c̃0
2, which decay via W and Z

bosons into the LSP (c̃0
1) [37], are presented. This production becomes dominant if sleptons are

too massive and c̃±

1 and c̃0
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. 20. 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 20: The simplified model topology for direct c̃±

1 c̃0
2 production (a), and the projected 5�

discovery projections for this model (b).

Figure 1-26. Estimated reach for chargino-neutralino production followed by �±
1 ! W±�0

1 and �0
2 ! Z�0

1

with 100% branching ratio.

from W+W� + MET (see Fig. 1-27) from chargino pair production and subsequent �±
1

! W±�0

1

, and753

W±h + MET from chargino-neutralino production followed by �0

2,3 ! �0

1

h [45].754

In fact, the channel W±h + MET ! `bb̄ + MET plays increasingly important role [32] as the integrated755

luminosity of the LHC increases (see Fig. 1-28).756

In the case of very small splitting between gauginos, the final state would be essentially invisible, but analysis757

of events in which a jet or photon recoils from the initial state (see Section 1.3.2) would be sensitive at high758

integrated luminosities.759

Recently, studies have shown that vector-boson-fusion production of winos, with a final state of two for-760

ward jets and missing transverse energy could be sensitive to models with small splittings between the761

electroweakinos with masses of a few hundred GeV [91, 92, 101].762

LHC sensitivity to the EWKino states greatly increases with integrated luminosity, owing to their relatively763

low masses and very low production cross-sections.764

Beyond Run 2 of the LHC An excess at the LHC could be studied in detail at the HL-LHC, revealing765

the mass splittings via the dilepton mass edges. Together with the cross sections and assuming high higgsino766

fraction, a rough estimate of the absolute masses might be possible.767

The HL-LHC would also extend the sensitivity to colored states from about 2 to 2.5 TeV (see Section 1.3.4),768

but to make significant gains in mass reach a higher energy hadron collider will be required. A 33 (100) TeV769

collider will be able to push the SUSY squark/gluino discovery reach to 7 (15) TeV [147].770

Studies at the ILC At ILC the reaction e+e�
! �̃+

1

�̃�
1

should be easily seen above background provided771

that
p

s > 2m�̃+
1
. Since the beam energy is precisely known, this allows for extraction of the masses m�̃+

1
772

and m�̃1 to high precision. In addition, mixed production e+e�
! �̃±

1

�̃⌥
2

can allow access to the heavier773

�̃±
2

chargino state even if
p

s < 2m�̃+
2
. Also, the ten �̃j�̃j0 reactions should be easy to spot provided that774

p

s > m�̃j + m�̃j0 . Threshold scans and beam polarization will help to di↵erentiate these reactions and775

to discriminate the Higgsino/gaugino components of each �̃j state which is accessible. Even in the case776

Community Planning Study: Snowmass 2013

assumptions and analysis strategies.

6.1 Direct Production of Weak Gauginos

Weak gauginos can be produced in decays of squarks and gluinos or directly in weak production.
For weak gaugino masses of several hundred GeV, as expected from naturalness arguments [20],
the weak production cross section is rather small, ranging from 10�2 to 10 pb, and a dataset
corresponding to high integrated luminosity is necessary to achieve sensitivity to high-mass
weak gaugino production. Results with the 2012 data exclude charginos masses of 300 to
600 GeV for small LSP masses, depending on whether sleptons are present in the decay chain.
For LSP masses greater than 100 GeV there are currently no constraints from the LHC if the
sleptons are heavy .

The weak gauginos can decay via �̃0
2 ! Z�̃0

1 or �̃±1 ! W±�̃0
1, and both of these decays

lead to a final state with three leptons and large missing transverse momentum. SM back-
ground for this final state is dominated by the irreducible WZ process, even with a high missing
transverse momentum requirement of 150 GeV. Boosted decision trees can be trained to use
kinematic variables, such as the leptons0 transverse momenta, the pT of the Z-boson candidate,
the summed ET in the event, and the transverse mass mT of the lepton from the W and the
missing transverse momentum.

The expected sensitivity for the search is calculated using a simplified model in which the
�̃0

2 and �̃±1 are nearly degenerate in mass. With a ten-fold increase in integrated luminosity
from 300 to 3000 fb�1, the discovery reach extends to chargino masses above 800 GeV, to be
compared with the reach of 350 GeV from the smaller dataset. The extended discovery reach
and comparison are shown in Fig. 10.
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Example: SUSY EWinos
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Expectations for Run 2: 

Of course, there are gaps in to be filled, new 
signals to be looked at. 
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Instead of enumerating them, I will organize my 
talk around the kind of questions that LHC run 2 
will help us address 

- EWSB

- Naturalness.

- Dark matter.

Expectations for Run 2: 

Of course, there are gaps in to be filled, new 
signals to be looked at. 
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Question to be addressed:

1. EWSB
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Nailing the Higgs properties

- An elementary spin 0 particle, first of its kind. 
Want/need to measure as much as we can. 

- LHC run 2 can make solid gains. 

- Possible to make discovery here. 

- At the same time, LHC run 2 won’t reach the 
kind of precision we really want to.

Looking Further Ahead to Phase 2 (HL-LHC)!

LHCP 2014 tsv! 56!

Topmost Priority – exploitation of the full potential of the LHC!
High luminosity upgrade of the machine and detectors with a view to collecting 

ten times more data than in the initial design !

Conduct detailed studies of the properties of the found Higgs boson. !
How much does it contribute to restoring unitarity in VBF, rare decays 
(e.g. H�µµ) !
LHC � HL-LHC (HL-LHC will be a Higgs factory! 100M produced 3ab-1)!

Couplings Precision ~ 2-10%, H self coupling ~30% (further study)!

Continue searching for new physics. If new physics has been found by 
the end of Phase 1, associated particle(s) will be heavy. Then conduct 
detailed studies in Phase 3 (HL-LHC).!

...

2009

2010

2011 Run 1

2012 ~25 fb-1

Phase 0
2013

LS1
2014

2015

2016
Run 2

2017
~75-100 fb-1

2018
LS22019 Phase I

2020

2021 Run 3

2022 ~350 fb-1

2035? ~3000 fb-1

2023
LS32024

2025

Phase II

L(fb�1) Exp. �� �W �Z �g �b �t �� �Z� ���
300 ATLAS [8,13] [6, 8] [7, 8] [8, 11] N/a [20, 22] [13, 18] [78, 79] [21, 23]

CMS [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23]

3000 ATLAS [5, 9] [4, 6] [4, 6] [5, 7] N/a [8, 10] [10, 15] [29, 30] [8, 11]

CMS [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8]

Possible to even measure self coupling at 30%.
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Not just a simple Higgs?

- Solid gains, potential to make discovery.

- Not quite “covering” the possible parameter space 
yet. 
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FIG. 2: Expected exclusions from H/A → τ+τ− and A → hZ.

particular for lower tanβ and τ+τ− decays, which are our primary concern. Hence, for the rest of the study we
focus on the mmax

h scenario.

The heavy MSSM Higgs bosons have been searched for in the H/A → τ+τ− decay channel at ATLAS with 4.7 fb−1

at 7 TeV [16] and at CMS with 4.9 fb−1 at 7 TeV plus 12.1 fb−1 at 8 TeV [17]. The published bounds in the tanβ−MA

plane are for the original mmax
h scenario [7], which differs from the new benchmark in the choice of the Mg̃. We recast

the bounds for the new mmax
h scenario and extrapolate the expected bounds to 300 and 3000 fb−1 by simply scaling

the current expected cross section limits with the square root of luminosity. Recasting the current bounds into the
new mmax

h scenario makes little change to the current bounds.

• The results of bounds in the tanβ −MA plane from the τ+τ− extrapolation in the mmax
h scenario are shown

in Fig. 2(a,b). We show the up-to-date expected bounds (black solid), the up-to-date observed bounds (black
dashed), and the expected bounds extrapolated to 300 fb−1 (red) and 3000 fb−1 (blue). The area above and to
the left of the curves are the projected exclusion. The dash-dot-dot lines surrounding the extrapolation account
for a theoretical error of ±25% in the calculation of σ(H/A) × BR(H/A → τ+τ−) [18, 19]. The dip in the
300 fb−1 projections at MA ≈ 320 GeV is due to the cusp in the gg → H/A production cross section at low
tanβ, as shown in Fig. 1(d). The purple dots indicate regions for which the mmax

h scenario correctly reproduces
the measured Higgs mass within 3 GeV. A 3 GeV mass window is chosen to account for theoretical errors in
the Higgs mass calculation. The region in the tanβ − MA plane that correctly reproduces Mh in the mmod±

h
scenario fills above and most of the mmax

h region. As can be seen, with 300 fb−1 (3000 fb−1) ATLAS can exclude
MA ! 200− 230 GeV (MA ! 260− 290 GeV) and CMS can exclude MA ! 230 − 260 GeV (MA ! 290− 360
GeV) in the H/A → τ+τ− channel for the mmax

h scenario with MSUSY = 1 TeV.

• By increasing the value of M2, the neutralino and chargino masses increase making the decay of H and A
into neutralinos and charginos kinematically impossible for much of the MA range presented here. Hence the
branching ratio of H,A into τ+τ− increases. In Figs. 2(d) and (e) we show the ATLAS and CMS current and
extrapolated expected bounds re-evaluated with M2 = 2 TeV. For MA " 350 GeV the tt̄ decay is available and is
dominant, decreasing the reach of the τ+τ− bounds in this mass range. However, the bounds from τ+τ− signals
are still significantly increased. In fact, in this channel with 3000 fb−1 ATLAS can exclude MA < 360 − 390
GeV and CMS can exclude MA < 410− 460 GeV for the mmax

h scenario with MSUSY = 1 TeV.

Lewis, 1308.1742

10 New Particles Working Group Report

Figure 1-5. 5� discovery reach for 300 GeV A ! Zh ! (``)(bb) or (⌧⌧) The Type I and Type II 2HDM
models as shown in the left and right panels respectively. Dark and the two light yellow regions are the 5�
reach by direct searches at LHC14 with 300 fb�1, 3000 fb�1) and HE-LHC with 3000 fb�1 respectively [50].
The region expected to be allowed at a 95% CL by complementary precision Higgs coupling measurements,
is shown as dark (light) blue for 300 fb�1 (3000 fb�1) [37].

Extended Higgs sector discovery story: We now discuss one discovery story in detail. We consider a
signal at LHC14/300 for A ! Zh ! (``)(bb). There is significant reach for discovery in this channel, as can
be seen in Fig. 1-5. For this scenario, we assume a type-II 2HDM with mA = 300 GeV, and ↵ = �0.475,
tan � = 2.

By the end of the 14 TeV run with 300 fb�1 of integrated luminosity, an excess is observed in searches for
anomalous Zh production in the ``bb final state consistent with a production cross section times branching
ratio of ⇠ 10 fb. The full m``bb invariant mass distribution peaks around 300 GeV. The lepton pair production
is consistent with the leptonic decay of a Z boson, while the invariant mass of the bottom quark pair
is consistent with the decays of the observed SM-like Higgs boson at 125 GeV. The signal significance is
⇠ 2.5�. There is also a mild ⇠ 1� excess in the ``⌧+⌧� channel where the lepton pairs are again consistent
with leptonic decay of a Z boson, but without su�cient mass resolution to conclusively relate to the excess
in the ``bb final state. The final states and approximate mass reconstruction in the ``bb final state are
consistent with the production of a pseudoscalar Higgs boson with decay to Zh.

At the same time, there are no meaningful excesses in searches for resonant WW and ZZ di-boson production
in this mass range, nor are there any meaningful signals in the ongoing searches for additional MSSM Higgs
bosons in the bb and ⌧⌧ final states at large tan �. In the context of a two-Higgs-doublet model, the natural
interpretation is the CP-odd pseudoscalar A at low tan �, where the branching ratio for A ! Zh may be
appreciable but the rates for gluon fusion or bbA associated production with A ! bb, ⌧⌧ are not large enough
to be distinguished from background.

Motivated by these excesses, a search conducted in the 300 fb�1 data set for ``+�� consistent with anomalous
Zh production yields ⇠ 3 events whose m``�� accumulate at 300 GeV, further suggesting the presence of a
new state decaying to Zh but not substantially increasing the significance of the excess. Given that these
signals in the Zh final state are consistent with a pseudoscalar Higgs at low tan �, both collaborations
consequently extend their inclusive diphoton resonance searches to close the gap in coverage between the
endpoint of the SM-like Higgs search at 150 GeV and the beginning of the KK resonance search at 500 GeV.
Upon unblinding the analysis, they detect a signal consistent with the production and decay of a 300 GeV

Community Planning Study: Snowmass 2013

Craig et al, snowmass report
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Question to be addressed:

1. Naturalness
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Naturalness
We searched for simple and natural models

Not found yet. We will continue to look

Natural, yet
complicated, 

“unconventional”
models

Simple, but
not so natural

models

Monday, August 4, 14



Naturalness
We searched for simple and natural models

Not found yet. We will continue to look

Natural, yet
complicated, 

“unconventional”
models

Simple, but
not so natural

models

Bifurcation point!
How close we

 are to this point?
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Naturalness: top partner (SUSY)

DRAFT

26 New Particles Working Group Report

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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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

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 of668

these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable669

in accomplishing this task.670

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be671

carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension672

(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there673

will be competing interpretations. To distinguish them, model independent measurements of spin and mass674

are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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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%
systematic error is assumed and pileup is not included.

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
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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]:
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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 with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
CM

= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682

Community Planning Study: Snowmass 2013

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

p
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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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

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 /
p

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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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.

 [GeV]
1t

~m

400 500 600 700 800 900 1000 1100 1200

 [
G

e
V

]
10

χ∼
m

0

100

200

300

400

500

600

700

800

900

1000

ATLAS =14 TeVs Simulation 

1

0
χ∼+m

t
 < m
1t~m

 
1

±
χ∼+m

b
 < m
1t~m

 discovery reach-13000 fb

 exclusion 95% C.L.-13000 fb
 discovery reach-1300 fb

) + jetsµ): 1-lepton (e,
1t

~ >> m
1

±
χ∼

 (m
1

0
χ∼ t+→ 1t

~

)µ = 20 GeV): 2-lepton (e
1

±
χ∼

 - m
1t

~ ( m
1

±
χ∼ b+→ 1t

~

-1=7 TeV,  4.7 fbs):  
1
t
~ >> m

1

±
χ
∼

 (m
1

0
χ∼ t+→ 

1
t
~

Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

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 of668

these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable669

in accomplishing this task.670

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be671

carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension672

(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there673

will be competing interpretations. To distinguish them, model independent measurements of spin and mass674

are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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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%
systematic error is assumed and pileup is not included.

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
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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]:
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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.

13

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 with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
CM

= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682
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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

p
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.

 [GeV]
1t

~m

400 500 600 700 800 900 1000 1100 1200

 [
G

e
V

]
10

χ∼
m

0

100

200

300

400

500

600

700

800

900

1000

ATLAS =14 TeVs Simulation 

1

0
χ∼+m

t
 < m
1t~m

 
1

±
χ∼+m

b
 < m
1t~m

 discovery reach-13000 fb

 exclusion 95% C.L.-13000 fb
 discovery reach-1300 fb

) + jetsµ): 1-lepton (e,
1t

~ >> m
1

±
χ∼

 (m
1

0
χ∼ t+→ 1t

~

)µ = 20 GeV): 2-lepton (e
1

±
χ∼

 - m
1t

~ ( m
1

±
χ∼ b+→ 1t

~

-1=7 TeV,  4.7 fbs):  
1
t
~ >> m

1

±
χ
∼

 (m
1

0
χ∼ t+→ 

1
t
~

Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

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 /
p

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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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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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

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 of668
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are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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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%
systematic error is assumed and pileup is not included.

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
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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]:
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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 with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
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= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682
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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

p
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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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

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 /
p

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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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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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

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.

P
1

P
2

t̃�

t̃

t̄

�̃0

1

�̃0

1

t

(a)

  [GeV]t~ m
200 300 400 500 600 700 800 900 1000

  [
G

eV
]

10 χ∼
m

0

100

200

300

400

500

600

Based on SUS-13-011
 discovery reachσEstimated 5

0
1
χ∼t→t~*, t~t~→pp

1-lepton channel
-18 TeV, 20 fb

 (scenario A)-114 TeV, 300 fb
 (scenario B)-114 TeV, 300 fb

CMS Preliminary

t
 = m

0
1χ∼

 - mt~m

W
 = m

0
1χ∼

 - mt~m

(b)

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 of668

these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable669

in accomplishing this task.670

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be671

carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension672

(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there673

will be competing interpretations. To distinguish them, model independent measurements of spin and mass674

are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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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%
systematic error is assumed and pileup is not included.

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
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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]:
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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 with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
CM

= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682
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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

p
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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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

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 /
p

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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Here the second square brackets is dimensionless and is roughly determined only by couplings (in
the high energy limit, most cross-sections will go as ŝ�1). The first object in square brackets has
the dimensions of a cross-section and has absorbed the kinematic cross-section information. The
parton luminosity is

dLij

d⌧
=

1

1 + �ij

Z
1

0

dx
1

dx
2

[fi(x1

)fj(x2

) + fi(x2

)fj(x1

)]�(⌧ � x
1

x
2

) (12)

Using the delta-function for the x
2

integral and renaming x
1

as x we find x
1

! x and x
2

! ⌧/x.

dLij

d⌧
=

1

1 + �ij

Z
1

⌧

dx

x
[fi(x)fj

⇣⌧

x

⌘
+ fi

⇣⌧

x

⌘
fj(x)] (13)

The quantity below is also sometimes called the parton luminosity

ŝ
dLij

dŝ
= ⌧

dLij

d⌧
=

1

1 + �ij

Z
1

⌧

dx

x
[xfi(x)

⌧

x
fj

⇣⌧

x

⌘
+

⌧

x
fi

⇣⌧

x

⌘
xfj(x)] (14)

If we are interesting in extracting information about the rate at a given ŝ, the di↵erential quantity
is more useful. We would then write

�(s) =
X

ij

Z
1

⌧0

d⌧

⌧

✓
⌧
dLij

d⌧

◆
�̂ij =

X

ij

Z
1

⌧0

dŝ

ŝ

✓
⌧
dLij

d⌧

◆
�̂ij (15)

The di↵erential cross-section is

d�(s)

dŝ
=

1

ŝ

X

ij

✓
⌧
dLij

d�

◆
�̂ij (16)

Using N = �L we write
dN(s)

dŝ
=

1

ŝ

X

ij

✓
⌧
dLij

d�

◆
N̂ij (17)

C Salam/Weiler Collider Reach

http://collider-reach.web.cern.ch/collider-reach/

Gavin Salam and Andreas Weiler have written a web interface to PDF libraries for a “quick and
dirty” estimate of collider reach under the assumptions: signal and background scale in the same

15

hadronic RPV stop

8 TeV result, Bai, Tweedie, 1309.6631
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Compositeness and top partner

- Plays a crucial role in EWSB. 
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ε = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).

11

Contino, Da Rold, Pomarol, 2006

prefers a light T’

For a comprehensive discussion, see
De Simone, Matsedonskyi, Rattazzi, Wulzer, 1211.5663
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Variation on the BR.

24

eqs. (2.3), (2.4) and (5.1) is









0 Mν

MT
ν 0









, where MT
ν =









ML hNvd 0

kNvu MN εNvU









, (5.3)

with the masses of the Standard Model neutrinos neglected. The corresponding mass eigenstates
are a Standard Model neutrino ν and two extra massive neutrino states ν ′

1 and ν ′
2. The mass

matrix for the charged leptons is

Me =









−ML εEvd

0 yτvd









. (5.4)

Formulas for the resulting decay widths for ν ′
1 → W τ and Zν and h0ν are given in Appendix B.

If one assumes that εE # εN , then the decay ν ′
1 → W τ has a nearly 100% branching ratio. If the

opposite limit applies, εN # εE, then the branching ratios as a function of mν′
1

are as shown in
the right panel of Figure 12. Note that in the limit of large mν′

1
, the branching ratios for W τ ,

Zν, and h0ν asymptote to 0.5, 0.25, 0.25 respectively when εN dominates, again in accordance
with Goldstone boson equivalence with equal charged and neutral currents. So, depending on
which Yukawa coupling dominates, one could have interesting hadron collider signatures from

ν ′
1ν̄

′
1 production, such as W+W−τ+τ−, and h0h0 + Emiss

T , and ZZ + Emiss
T , and Wh0 + Emiss

T

and Zh0 + Emiss
T . So far, there are no published limits specifically on mν′ based on collider pair

production with these final states. If ML ∼< MN in this model, then τ ′ will be not much heavier

than ν ′
1, and so there will be additional contributions to the signal from τ ′ν ′

1 production and τ ′+τ ′−

production, followed by τ ′ → W (∗)ν ′. It should also be noted that production of ν ′
1,2 and τ ′

1 might

well be dominated by cascade decays from heavier strongly interacting superpartners.

B. The QUE model

In the QUE model, the lightest of the new quarks is always the charge 2/3 quark t′1. After being

pair-produced at hadron colliders, it can decay due to mixing with the Standard Model fermions
through the superpotential

W = εUHuq3U + ε′UHuQu3 − εDHdQd3, (5.5)

where εU , ε′U , and εD are new Yukawa couplings that are assumed here to be small enough to treat
as perturbations compared to other entries in the mass matrices. The resulting mass matrices for

Extended top partner sector.   
U: singlet, Q: doublet 

e.g.,  S. Martin, 0910.2732
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FIG. 13: Branching ratios for the lightest extra quark, t′1, in the QUE model with MQ = MU , to final states
Wb, Zt, and h0t, as a function of mt̃1 . The left panel shows the “democratic” case that arises when εU

dominates (with equal charged and neutral currents), and the right panel shows the “W -phobic” (mostly
neutral current) case that arises when ε′

U
dominates. In the “W -philic” case that arises when εD dominates,

then BR(t′ → Wb) = 1 (not shown).

the up-type quarks and down-type quarks are

Mu =















MQ kUvu ε′Uvu

hUvd MU 0

0 εUvu ytvu















, Md =









−MQ εDvd

0 ybvd









, (5.6)

with mass eigenstates t, t′1, t
′
2 and b, b′ respectively. Formulas for the resulting decay widths for t′1

to Wb, Zt, and h0t are presented in Appendix B. I will concentrate on the three cases where one

of the mixing Yukawa couplings in eq. (5.5) dominates over the other two. The branching ratios
depend on the mass of t′1 and on the type of mixing. If εD provides the dominant effect, then

the decays are dominantly charged-current, or “W -philic”, with BR(t′1 → Wb) = 1. This is the
scenario for which the Tevatron limit is now mt′ > 311 GeV [42]. If instead ε′U dominates, then
the decays are dominantly neutral-current, or “W -phobic”; in the limit of large mt′ , the branching

ratios asymptote to BR(t′1 → Wb) = 0 and BR(t′1 → Zt) = BR(t′1 → h0t) = 0.5. Finally, if εU

dominates, the the decays are “democratic”, with branching ratios for Wb, Zt, and h0 approaching
0.5, 0.25, and 0.25 respectively in the large mt′

1
limit. Numerical results are shown in Figure 13

as a function of mt′
1
, for the case that kU is at its fixed point value, and hU = 0, and MQ = MU .

(The results are only mildly sensitive to the last two assumptions.) By taking the different mixing

Yukawa couplings εU , ε′U , and εD to be comparable, one can get essentially any result one wants for
the branching ratios, but it seems reasonable to assume that one of the individual mixing Yukawa
couplings dominates in the absence of some organizing principle. So the possible signatures will

include W+W−bb̄, (similar to the Standard Model tt̄ signature, but with larger invariant masses;
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FIG. 13: Branching ratios for the lightest extra quark, t′1, in the QUE model with MQ = MU , to final states
Wb, Zt, and h0t, as a function of mt̃1 . The left panel shows the “democratic” case that arises when εU

dominates (with equal charged and neutral currents), and the right panel shows the “W -phobic” (mostly
neutral current) case that arises when ε′

U
dominates. In the “W -philic” case that arises when εD dominates,

then BR(t′ → Wb) = 1 (not shown).

the up-type quarks and down-type quarks are
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, (5.6)

with mass eigenstates t, t′1, t
′
2 and b, b′ respectively. Formulas for the resulting decay widths for t′1

to Wb, Zt, and h0t are presented in Appendix B. I will concentrate on the three cases where one

of the mixing Yukawa couplings in eq. (5.5) dominates over the other two. The branching ratios
depend on the mass of t′1 and on the type of mixing. If εD provides the dominant effect, then

the decays are dominantly charged-current, or “W -philic”, with BR(t′1 → Wb) = 1. This is the
scenario for which the Tevatron limit is now mt′ > 311 GeV [42]. If instead ε′U dominates, then
the decays are dominantly neutral-current, or “W -phobic”; in the limit of large mt′ , the branching

ratios asymptote to BR(t′1 → Wb) = 0 and BR(t′1 → Zt) = BR(t′1 → h0t) = 0.5. Finally, if εU

dominates, the the decays are “democratic”, with branching ratios for Wb, Zt, and h0 approaching
0.5, 0.25, and 0.25 respectively in the large mt′

1
limit. Numerical results are shown in Figure 13

as a function of mt′
1
, for the case that kU is at its fixed point value, and hU = 0, and MQ = MU .

(The results are only mildly sensitive to the last two assumptions.) By taking the different mixing

Yukawa couplings εU , ε′U , and εD to be comparable, one can get essentially any result one wants for
the branching ratios, but it seems reasonable to assume that one of the individual mixing Yukawa
couplings dominates in the absence of some organizing principle. So the possible signatures will

include W+W−bb̄, (similar to the Standard Model tt̄ signature, but with larger invariant masses;
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Fermionic T’ at the LHC run 1
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 Wb)→BR(T 

 H
t)

→
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Figure 10: ATLAS summary plot for their top partner searches for the 8 TeV, ⇡ 19 fb�1 dataset.

plot is https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsB2G/b2g_summary_updated.
pdf. All of their Q = +2/3 results are in a single paper and they also have a paper for Q = +5/3
results.

First we summarize the Q = +2/3 search (http://arxiv.org/abs/1311.7667)

• Decays are T ! bW , T ! th, and T ! tZ, where at least one of the W decays leptonically.

• Backgrounds are W + jets, Z + jets, tt̄W , tt̄Z (Madgraph), tt̄, single t (Powheg), WW , WZ,
ZZ, and tt̄h (Pythia 6).

• Uses b-tagging at point ✏s = 0.66 and ✏b = 0.01.

• Event clustered with anti-kT R = 0.5 and with Cambridge/Aachen R = 0.8 to look for
W jets (pT > 200 GeV and 60 GeV < mj < 130 GeV) and for top jets (pT > 200 GeV,
140 GeV < mj < 250 GeV, n

subjets

� 3, and min(m
sub,ij) > 50 GeV).

• Single-lepton channel: 1 lepton, � 3 jets (at least one is a W jet) or � 4 jets, and /ET >
20 GeV. BDT is used including n

jet

, n
b-jet

, HT , /ET , pT (`), pT (j
3

), and pT (j
4

).

• Multilepton channel: 4 regions by leptons

– OS1 Dilepton:

– OS2 Dilepton:

– SS Dilepton:

– Trilepton:

9

Reasonable coverage up to 650 GeV.
Getting into the interesting region.
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LHC 14 should cover it.
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More focus needed on single production

� [fb] @ NNLO

pair production

M [GeV]
⇢
s = 7 TeV

⇢
s = 8 TeV

400 (0.920) 1.41 ⇤103 (1.50) 2.30 ⇤103

500 (218) 330 (378) 570

600 (61.0) 92.3 (113) 170

700 (19.1) 29.0 (37.9) 56.9

800 (6.47) 9.88 (13.8) 20.8

900 (2.30) 3.55 (5.33) 8.07

1000 (0.849) 1.33 (2.14) 3.27

1100 (0.319) 0.507 (0.888) 1.37

1200 (0.122) 0.196 (0.375) 0.585

1300 (4.62) 7.60 ⇤10�2 (0.160) 0.253

Table 2: Cross sections for the NNLO pair production of heavy fermions at
⇢
s = 7, 8 TeV (the LO values

are in brackets), with HATHOR [24].

t

X
V

b

X
V

Figure 3: The single-production diagrams.

and for this reason it will not be reported here, however it is easily implemented in a Mathematica

package.

The single production cross-sections are quadratic polynomials in the couplings, with coe⌥cients

that encapsulate the e⌅ect of the QCD interactions, the integration over the phase-space and the

convolution with the parton distribution functions. These coe⌥cients depend uniquely on the mass

of the partner and can be computed by Monte Carlo integration. Once the latter are known we obtain

semi-analytical formulae for the cross-sections. The production in association with the b is simply

proportional to g2
Xb

L

while the one with t would be, a priori, the sum of three terms proportional

to g2
Xt

L

, g2
Xt

R

and g
Xt

L

· g
Xt

R

which account, respectively, for the e⌅ect of the left-handed coupling,

of the right-handed one and of the interference among the two. However in the limit of massless

top quark, m
t

⌦ m
X

, the processes mediated by the left-handed and by the right-handed couplings

become physically distinguishable because the anti-top produced in association with X will have

opposite chirality in the two cases. Therefore in the limit m
t

� 0 the interference term can be

neglected. Moreover, the coe⌥cients of the g
Xt

L

2 and g
Xt

R

2 terms will be equal because the QCD
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Figure 7: Left panel: cross sections for the di⌅erent production mechanisms of eT for the models M15 and

M114 for ⇠ = 0.2. Red dashed: pair production; green line: T̃ b production with the maximal allowed coupling,

green band: T̃ b production for 0.5 < c2 < 2; blue line: T̃ t production for the maximal allowed coupling, blue

band: T̃ t production for 0.5 < c2 < 2. Right panel: maximal allowed y for the models M15 (in yellow) and

M114 (in red).

while single production with the t is rather small. The role of kinematics is especially important

in this result, as the large T̃ b cross section is dominated by the emission of a soft b, with

energy in the tens of GeV, a regime obviously unattainable in the similar process wih a t.

Indeed by performing a hard cut of order m
t

on the p
T

of the b, the T̃ b cross section would

become comparable to that for T̃ t. Unfortunately the current LHC searches do not exploit the

large inclusive rate of production with the b quark because they are designed to detect pair

production. We will show in the following section that the acceptance of single production,

with the cuts presently adopted is extremely low. We believe there is space for substantial

improvement in the search strategy.

Also concerning decays, all the possible channels are important in the case of eT . It decays to
Wb, Zt and ht at zeroth order in ✏, with a fixed ratio of couplings. By looking at eq. (3.9)

we obtain BR( eT � Z t)  BR( eT � h t)  1

2

BR( eT � W b)  0.25. Actually the branching

fraction to Wb is even further enhanced by the larger phase space, though this is only relevant

for low values of me
T

. Given that the branching fraction is larger, ideally the resonant Wb

production would be the best channel to detect the eT . However one should manage to design

a search strategy to reject the background while retaining the signal. In particular one should

retain as much as possible the contribution from the large single production in association with

the b. A possibly cleaner decay channel could then be eT � Z t with leptonic Z.

4 LHC Bounds

In this section we derive bounds on our models using the presently available LHC searches. Given

that the top partners are heavy fermions coupled to top and bottom, we focus on the experimental

searches for 4th family quarks, which present a somewhat similar phenomenology 14. We will make

14Significant bounds on the top partners could also emerge from unrelated studies like the searches of SUSY performed

with the ”razor” variable [35]. We thank M. Pierini for suggesting this possibility, obviously this is an interesting

direction to explore.

25

+ . . .

T ′

T ′

De Simone, Matsedonskyi, Rattazzi, Wulzer, 1211.5663

bT’

T’T’

tT’

Importance of the single production have been emphasized
For example: Perelstein, Peskin, Pierce, 2003;  Han, Logan, McElrath, LTW, 2003
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Naturalness: Higgsino

- In addition to top partner, masses of particles 
with only electroweak int. could enter in EWSB in 
a more direct way.

- Example: SUSY Higgsino

The ratio of the VEVs is traditionally written as

tan β ≡ vu/vd. (7.7)

The value of tanβ is not fixed by present experiments, but it depends on the Lagrangian parameters
of the MSSM in a calculable way. Since vu = v sinβ and vd = v cos β were taken to be real and positive
by convention, we have 0 < β < π/2, a requirement that will be sharpened below. Now one can write
down the conditions ∂V/∂H0

u = ∂V/∂H0
d = 0 under which the potential eq. (7.2) will have a minimum

satisfying eqs. (7.6) and (7.7):

m2
Hu

+ |µ|2 − b cot β − (m2
Z/2) cos(2β) = 0, (7.8)

m2
Hd

+ |µ|2 − b tanβ + (m2
Z/2) cos(2β) = 0. (7.9)

It is easy to check that these equations indeed satisfy the necessary conditions eqs. (7.3) and (7.4).
They allow us to eliminate two of the Lagrangian parameters b and |µ| in favor of tan β, but do not
determine the phase of µ. Taking |µ|2, b, m2

Hu
and m2

Hd
as input parameters, and m2

Z and tan β as
output parameters obtained by solving these two equations, one obtains:

sin(2β) =
2b

m2
Hu

+ m2
Hd

+ 2|µ|2
, (7.10)

m2
Z =

|m2
Hd

− m2
Hu

|
√

1 − sin2(2β)
− m2

Hu
− m2

Hd
− 2|µ|2. (7.11)

(Note that sin(2β) is always positive. If m2
Hu

< m2
Hd

, as is usually assumed, then cos(2β) is negative;
otherwise it is positive.)

As an aside, eqs. (7.10) and (7.11) highlight the “µ problem” already mentioned in section 5.1.
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2

Z . However, in the MSSM, µ is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m2

Hu
, m2

Hd
are supersymmetry-breaking parameters. This has lead to a

widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the effective value of µ to the supersymmetry-breaking mechanism in some way; see section 10.2
and refs. [57]-[59] for examples.

Even if the value of µ is set by soft supersymmetry breaking, the cancellation needed by eq. (7.11)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan β,
eq. (7.11) becomes

m2
Z = −2(m2

Hu
+ |µ|2) +

2

tan2 β
(m2

Hd
− m2

Hu
) + O(1/ tan4 β). (7.12)

Typical viable solutions for the MSSM have −m2
Hu

and |µ|2 each much larger than m2
Z , so that signif-

icant cancellation is needed. In particular, large top squark squared masses, needed to avoid having
the Higgs boson mass turn out too small [see eq. (7.25) below] compared to the direct search limits
from LEP, will feed into m2

Hu
. The cancellation needed in the minimal model may therefore be at the

several per cent level. It is impossible to objectively characterize whether this should be considered
worrisome, but it could be taken as a weak hint in favor of non-minimal models.

The discussion above is based on the tree-level potential, and involves running renormalized La-
grangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections ∆V to the effective potential Veff(vu, vd) = V + ∆V as a

66

also the Higgsino mass

Fine tuning ∝	 MZ2/μ2

To reduce fine tuning, Higgsino should be light.
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Naturalness: Higgsino

DRAFT

1.3 Discovery Stories 29

5.5 Chargino-Neutralino Production 23

the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 19 shows the topology of the investigated simplified model and the 5� discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of c̃±

1 and c̃0
2, which decay via W and Z

bosons into the LSP (c̃0
1) [37], are presented. This production becomes dominant if sleptons are

too massive and c̃±

1 and c̃0
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. 20. 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 20: The simplified model topology for direct c̃±

1 c̃0
2 production (a), and the projected 5�

discovery projections for this model (b).

Figure 1-26. Estimated reach for chargino-neutralino production followed by �±
1 ! W±�0

1 and �0
2 ! Z�0

1

with 100% branching ratio.

from W+W� + MET (see Fig. 1-27) from chargino pair production and subsequent �±
1

! W±�0

1

, and753

W±h + MET from chargino-neutralino production followed by �0

2,3 ! �0

1

h [45].754

In fact, the channel W±h + MET ! `bb̄ + MET plays increasingly important role [32] as the integrated755

luminosity of the LHC increases (see Fig. 1-28).756

In the case of very small splitting between gauginos, the final state would be essentially invisible, but analysis757

of events in which a jet or photon recoils from the initial state (see Section 1.3.2) would be sensitive at high758

integrated luminosities.759

Recently, studies have shown that vector-boson-fusion production of winos, with a final state of two for-760

ward jets and missing transverse energy could be sensitive to models with small splittings between the761

electroweakinos with masses of a few hundred GeV [91, 92, 101].762

LHC sensitivity to the EWKino states greatly increases with integrated luminosity, owing to their relatively763

low masses and very low production cross-sections.764

Beyond Run 2 of the LHC An excess at the LHC could be studied in detail at the HL-LHC, revealing765

the mass splittings via the dilepton mass edges. Together with the cross sections and assuming high higgsino766

fraction, a rough estimate of the absolute masses might be possible.767

The HL-LHC would also extend the sensitivity to colored states from about 2 to 2.5 TeV (see Section 1.3.4),768

but to make significant gains in mass reach a higher energy hadron collider will be required. A 33 (100) TeV769

collider will be able to push the SUSY squark/gluino discovery reach to 7 (15) TeV [147].770

Studies at the ILC At ILC the reaction e+e�
! �̃+

1

�̃�
1

should be easily seen above background provided771

that
p

s > 2m�̃+
1
. Since the beam energy is precisely known, this allows for extraction of the masses m�̃+

1
772

and m�̃1 to high precision. In addition, mixed production e+e�
! �̃±

1

�̃⌥
2

can allow access to the heavier773

�̃±
2

chargino state even if
p

s < 2m�̃+
2
. Also, the ten �̃j�̃j0 reactions should be easy to spot provided that774

p

s > m�̃j + m�̃j0 . Threshold scans and beam polarization will help to di↵erentiate these reactions and775

to discriminate the Higgsino/gaugino components of each �̃j state which is accessible. Even in the case776
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assumptions and analysis strategies.

6.1 Direct Production of Weak Gauginos

Weak gauginos can be produced in decays of squarks and gluinos or directly in weak production.
For weak gaugino masses of several hundred GeV, as expected from naturalness arguments [20],
the weak production cross section is rather small, ranging from 10�2 to 10 pb, and a dataset
corresponding to high integrated luminosity is necessary to achieve sensitivity to high-mass
weak gaugino production. Results with the 2012 data exclude charginos masses of 300 to
600 GeV for small LSP masses, depending on whether sleptons are present in the decay chain.
For LSP masses greater than 100 GeV there are currently no constraints from the LHC if the
sleptons are heavy .

The weak gauginos can decay via �̃0
2 ! Z�̃0

1 or �̃±1 ! W±�̃0
1, and both of these decays

lead to a final state with three leptons and large missing transverse momentum. SM back-
ground for this final state is dominated by the irreducible WZ process, even with a high missing
transverse momentum requirement of 150 GeV. Boosted decision trees can be trained to use
kinematic variables, such as the leptons0 transverse momenta, the pT of the Z-boson candidate,
the summed ET in the event, and the transverse mass mT of the lepton from the W and the
missing transverse momentum.

The expected sensitivity for the search is calculated using a simplified model in which the
�̃0

2 and �̃±1 are nearly degenerate in mass. With a ten-fold increase in integrated luminosity
from 300 to 3000 fb�1, the discovery reach extends to chargino masses above 800 GeV, to be
compared with the reach of 350 GeV from the smaller dataset. The extended discovery reach
and comparison are shown in Fig. 10.
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Figure 10: Discovery reach (solid lines) and exclusion limits (dashed lines) for charginos and neutralinos
in �̃±1 �̃

0
2 ! W(?)�̃0

1Z(?)�̃0
1 decays. The results are shown for the 300 fb�1 and 3000 fb�1 datasets.
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Run 2 will make significant progress here!

We should also consider new channels, such as b+g ⇒ stop + higgsino, 

which could be important at Run 2 energies.
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Question to be addressed:

1. dark matter
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“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM

SUSY, UED, etc. 
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“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM

No discovery
 yet

SUSY, UED, etc. 
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“standard” story.

DM

No discovery
 yet

Of course, still plausible at the LHC, will keep looking.
Higher energy ⇒ higher reach

SUSY, UED, etc. 
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Dark matter: basic channel monoX
- pair production + additional radiation.

- Mono-jet, mono-photon, mono-Higgs...

- Have become “Standard” LHC searches.

- Parameterized DM SM interaction with effective 
operators. 

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

DM

DM

SM

Beltran, Hooper, Kolb, Krusberg, Tait,  1002.4137
Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1005.1286
Bai, Fox, Harnik, 1005.3797 
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Is this simple approach effective?
- Valid as field theory? 

Already questionable in run 1, will be quite 
problematic at for run 2.

- More over, is this representative of possible UV 
completion? And, representative of possible signals?

- For both reasons, need to consider simple models 
beyond effective operators. In particular for run 2.

- Two ways of going beyond. 
DM in a weak multiplet.

New mediators.
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Dark matter could be in a weak multiplet

- Have weak interaction. 
Mediated by W/Z/h.

- Generic. Original meaning of “W” in WIMP.
- Typical and representative example: SUSY

Higgsino: doublet, wino: triplet.

Can mix with bino (singlet).

q

q̄

W±

χ±

χ0

q

q̄

Z/γ/h

χ±, χ0

χ∓, χ0
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Dark matter could be in a weak multiplet

- Typical and representative example: SUSY
Higgsino: doublet, wino: triplet.

Can mix with bino (singlet).
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Dark matter could be in a weak multiplet

- Typical and representative example: SUSY
Higgsino: doublet, wino: triplet.

Can mix with bino (singlet).

DRAFT

1.3 Discovery Stories 29

5.5 Chargino-Neutralino Production 23

the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 19 shows the topology of the investigated simplified model and the 5� discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of c̃±

1 and c̃0
2, which decay via W and Z

bosons into the LSP (c̃0
1) [37], are presented. This production becomes dominant if sleptons are

too massive and c̃±

1 and c̃0
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. 20. 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 20: The simplified model topology for direct c̃±

1 c̃0
2 production (a), and the projected 5�

discovery projections for this model (b).

Figure 1-26. Estimated reach for chargino-neutralino production followed by �±
1 ! W±�0

1 and �0
2 ! Z�0

1

with 100% branching ratio.

from W+W� + MET (see Fig. 1-27) from chargino pair production and subsequent �±
1

! W±�0

1

, and753

W±h + MET from chargino-neutralino production followed by �0

2,3 ! �0

1

h [45].754

In fact, the channel W±h + MET ! `bb̄ + MET plays increasingly important role [32] as the integrated755

luminosity of the LHC increases (see Fig. 1-28).756

In the case of very small splitting between gauginos, the final state would be essentially invisible, but analysis757

of events in which a jet or photon recoils from the initial state (see Section 1.3.2) would be sensitive at high758

integrated luminosities.759

Recently, studies have shown that vector-boson-fusion production of winos, with a final state of two for-760

ward jets and missing transverse energy could be sensitive to models with small splittings between the761

electroweakinos with masses of a few hundred GeV [91, 92, 101].762

LHC sensitivity to the EWKino states greatly increases with integrated luminosity, owing to their relatively763

low masses and very low production cross-sections.764

Beyond Run 2 of the LHC An excess at the LHC could be studied in detail at the HL-LHC, revealing765

the mass splittings via the dilepton mass edges. Together with the cross sections and assuming high higgsino766

fraction, a rough estimate of the absolute masses might be possible.767

The HL-LHC would also extend the sensitivity to colored states from about 2 to 2.5 TeV (see Section 1.3.4),768

but to make significant gains in mass reach a higher energy hadron collider will be required. A 33 (100) TeV769

collider will be able to push the SUSY squark/gluino discovery reach to 7 (15) TeV [147].770

Studies at the ILC At ILC the reaction e+e�
! �̃+
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should be easily seen above background provided771

that
p

s > 2m�̃+
1
. Since the beam energy is precisely known, this allows for extraction of the masses m�̃+
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and m�̃1 to high precision. In addition, mixed production e+e�
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can allow access to the heavier773
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chargino state even if
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. Also, the ten �̃j�̃j0 reactions should be easy to spot provided that774

p

s > m�̃j + m�̃j0 . Threshold scans and beam polarization will help to di↵erentiate these reactions and775

to discriminate the Higgsino/gaugino components of each �̃j state which is accessible. Even in the case776
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assumptions and analysis strategies.

6.1 Direct Production of Weak Gauginos

Weak gauginos can be produced in decays of squarks and gluinos or directly in weak production.
For weak gaugino masses of several hundred GeV, as expected from naturalness arguments [20],
the weak production cross section is rather small, ranging from 10�2 to 10 pb, and a dataset
corresponding to high integrated luminosity is necessary to achieve sensitivity to high-mass
weak gaugino production. Results with the 2012 data exclude charginos masses of 300 to
600 GeV for small LSP masses, depending on whether sleptons are present in the decay chain.
For LSP masses greater than 100 GeV there are currently no constraints from the LHC if the
sleptons are heavy .

The weak gauginos can decay via �̃0
2 ! Z�̃0

1 or �̃±1 ! W±�̃0
1, and both of these decays

lead to a final state with three leptons and large missing transverse momentum. SM back-
ground for this final state is dominated by the irreducible WZ process, even with a high missing
transverse momentum requirement of 150 GeV. Boosted decision trees can be trained to use
kinematic variables, such as the leptons0 transverse momenta, the pT of the Z-boson candidate,
the summed ET in the event, and the transverse mass mT of the lepton from the W and the
missing transverse momentum.

The expected sensitivity for the search is calculated using a simplified model in which the
�̃0

2 and �̃±1 are nearly degenerate in mass. With a ten-fold increase in integrated luminosity
from 300 to 3000 fb�1, the discovery reach extends to chargino masses above 800 GeV, to be
compared with the reach of 350 GeV from the smaller dataset. The extended discovery reach
and comparison are shown in Fig. 10.
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Figure 10: Discovery reach (solid lines) and exclusion limits (dashed lines) for charginos and neutralinos
in �̃±1 �̃

0
2 ! W(?)�̃0

1Z(?)�̃0
1 decays. The results are shown for the 300 fb�1 and 3000 fb�1 datasets.
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Run 2 can improve a lot!
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Basic channel

- Very challenging. Systematics dominated
No limit from the 8 TeV run. 

Weak discovery reach at 14 TeV, 3 ab-1 .

- Still, a solid step beyond LEP. 
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Consider new mediators

!  can be scalar or Z’ 

IIT-CAPP-13-06, ANL-HEP-PR-13-38

Dark matter with t-channel mediator: a simple step beyond contact interaction
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E↵ective contact operators provide the simplest parameterization of dark matter searches at
colliders. However, light mediator can significantly change the sensitivity and search strategies.
Considering simple models of mediators is an important next-step for collider searches. In this
paper, we consider the case of a t-channel mediator. Its presence opens up new contributions to the
monojet+ 6 ET searches and can change the reach significantly. We also study the complementarity
between searches for processes of monojet+ 6 ET and direct pair production of the mediators. There
is a large region of parameter space in which the monojet+ 6 ET search provides the stronger limit.
Assuming the relic abundance of the dark matter is thermally produced within the framework of
this model, we find that in the Dirac fermion dark matter case, there is no region in the parameter
space that satisfies the combined constraint of monojet+ 6 ET search and direct detection; whereas
in the Majorana fermion dark matter case, the mass of dark matter must be larger than about 100
GeV. If the relic abundance requirement is not assumed, the discovery of the t-channel mediator
predicts additional new physics.

PACS numbers: 95.35.+d,95.30.Cq

I. INTRODUCTION

The identity of dark matter (DM) is one of the central
questions in particle physics and cosmology. Many exper-
imental e↵orts are underway to search for the answer. It
is also one of the main physics opportunities of the Large
Hadron Collider (LHC). In recent years, there have been
significant progress in using simple e↵ective field theory
to combine the results of the LHC searches with limits
from direct detection experiments [1–17]. There have also
been earlier studies for similar search channels [18–20].
The contact operator approach is based on the sim-

plified assumption that the particles conducting the in-
teraction between DM and the SM particles are heavy,
and therefore can be integrated out. The constraints on
the energy scale of these e↵ective operators from the LHC
searches are around several hundred GeV scale. However,
with the ability to probe up to TeV energy scale, the uni-
tarity constraints might be violated at the LHC. As a re-
sult, the constraints from contact operator studies cannot
be applied directly to UV complete models. Therefore,
it is useful to consider the case in which the mediator
is lighter and within its energy reach. This would in-
evitably introduce more model dependence. Therefore,
it is useful to consider the simplest extensions first.
One such simple scenario is the so-called “s-channel”

model, in which the scattering of the DM with nucleus
is mediated by the exchange of a mediator particle �, as
shown in the left panel of Fig. 1. At colliders, it can
be produced as a s-channel resonance through the qq̄ !
� ! ��̄ process. Hence, the limit from monojet+ 6 ET
type searches can be a↵ected significantly. At the same
time, direct searches for resonance �, such as in the di-jet

� �

�

q q q q
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FIG. 1: Diagrams for direct detection mediated by s-channel
(left panel) and t-channel (mediators).

channel, provides complementary information. This has
been demonstrated in the case that the mediator � is a
massive spin-1 particle [21–23].

In this paper, we consider the other simple possibility
in which the DM nucleus interaction is mediated by go-
ing through a intermediate state. We call this t-channel
mediator. We focus on the cases that the DM is ei-
ther a Dirac or Majorana fermion. In this case, the
light mediator also plays an important (and di↵erent)
role in the collider searches. In particular, it contributes
to the monojet+ 6 ET searches by being directly produced
and decaying into q + �, as shown in (d1-d4) of Fig. 2.
Moreover, in the most monojet+ 6 ET search by the CMS
collaboration [24] , a second hard jet is also allowed to
increase the signal rate. As a result, this search is also
sensitive to the di-jet+ 6 ET processes, especially in the re-
gion where the mediator can be pair-produced. At the
meanwhile, the process of the pair-production of the me-

!  squark like
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MonoX vs direct search for mediator

- Bottom line, it is (almost) always more effective 
to directly search for the mediator than using 
Mono-X in this set of models. 
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Figure 4: Monojet and dijet constraints on direct detection cross sections for gZ� = gD and MD = 5
GeV. The solid, dashed and dotted red curves are for Atlas Monojet constraints with VeryHighPT,
HighPT and LowPT cuts described in Table 2. The green solid curve is the monojet constraint
from CDF. The dashed green and blue curves are constraints from CDF and Atlas dijet resonance
searches. The solid blue curve is LHC 5� reach assuming a centre-of-mass energy of 14 TeV and a
luminosity of 100 fb�1.
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Figure 5: Monojet constraints on direct detection cross sections in the case of small MZ� , assuming
gZ� = gD and MD = 5 GeV.

matter nucleon reduced mass M� = MNM�/(MN + M�). However, this dependence is
rather weak for M� � O(10) GeV since M� � MN . Putting this together, we expect the
limits derived from collider searches are rather insensitive to the dark matter mass M�.
In contrast with the steep weakening of the direct detection bound for light dark matter,
collider searches are particularly powerful in this regime. In order to be quantitative,
we present results assuming gZ� = gD for several values of MZ� . The visible ”kink”-
like feature around 2M� ⇤ MZ� in the curves are due to the transition from 2 ⇥ 2
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FIG. 4: The constraints on the t-channel mediator model for
both the Dirac (upper panel) and Majorana (lower panel)
cases from the CMS monojet+ 6 ET search. The contours are
upper limits on the dark matter-mediator-quark coupling �.
In the lower panel, the region above the black dashed curve
is excluded by the SD direct detection experiment of the Ma-
jorana fermion DM. Nearly all of the parameter space of the
Dirac fermion DM case is ruled out by the direct detection
experiments except for very light DM ( . 6 GeV ). The red
band shows the region where the relic abundance of DM can
be produced within 3� region of the observed value [39]. In
the shadowed region, the constraint from squark search is
stronger than from the monojet+ 6 ET search (see Fig. 5).

a similar argument, one can see that for a fixed M�, as
we increase M�, the constraint on � becomes stronger at
the beginning, then weakens. This e↵ect is more obvious
especially in the large M� region.
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FIG. 5: The constraints on the t-channel mediator model for
the Dirac (upper panel) and Majorana (lower panel) cases
from the CMS squark search at the 8 TeV LHC with 19.5
fb�1 integral luminosity. The contours are upper limits on
the dark matter-mediator-quark coupling �. This constraint
is stronger than the monojet+6 ET constraint in the region
above the black dashed line.

The Majorana case is qualitatively di↵erent from the
Dirac case. For fixed M�, with the increasing of M�, the
upper limit on � becomes weaker at the beginning. It
becomes stronger in the region where M� is about M�/2,
and then weakens again. For example, for M� ⇠ 1200
GeV, there is a strengthening of the limit around M� ⇠
600 GeV. This behavior is caused by the exchange of the
Majorana � in the pair-production process. In the region
where M� is relatively large, but not large enough so that
the jet from the decay of � is too soft, the pair-production
process becomes the dominant contribution. Moreover,

s-channel
An, Ji, LTW, 1202.2894

See also: 
Chang,  Edezhath, Hutchinson, Luty, 1307.8120
Bai, Berger, 1308.0612
DiFranzo, Nagao, Rajaraman, Tait, 1308.2679
Papucci, Vichi, Zurek, 1402.2285

Haipeng An, Hao Zhang,  LTW, 1308.0592
t-channel

See also
Busoni, De Simone, Jacques, Morgante, Riotto, 1405.3101  
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My favorite? 
(time-dependent)
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A promising scenario.

t̃, b̃
ũ, d̃, ...

g̃

Ñ

Heavy squarks 

Light gaugino

10s - 100s TeV

TeV-ish

C̃±

Effective, Mini-split, spread, zprime-mediation,  ...

Fermionic partners still tend to be light.

pp ! g̃g̃ ! tt̄tt̄, tt̄bb̄, tt̄tb̄ ...
LHC signal

Markus Stoye, CERN  
CMS 

M. Stoye 
CMS 2010 Highlights 8 March, 2011 1 
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Minimal Flavor Violation

- For SUSY (or almost anything) to be light, some 
story of flavor must be told. 

- Minimal flavor violation is an interesting way of 
thinking about it. 

- Can make RPV consistent. 

SU(3)C SU(2)L U(1)Y U(1)B U(1)L ZR
2

(QQQ) 1 ⇤⇤⇤ 1/2 1 0 �
(QQ)Q 8 ⇤ 1/2 1 0 �

(Yuū)(Yuū)(Ydd̄) 8� 1 1 �1 �1 0 �
(Yuū)(Ydd̄)(Ydd̄) 8� 1 1 0 �1 0 �

det ū 1 1 �2 �1 0 �
det d̄ 1 1 1 �1 0 �
QYuū 8� 1 �1/2 0 0 +
QYdd̄ 8� 1 1/2 0 0 +
LYeē 1 1/2 0 0 +
Hu 1 1/2 0 0 +
Hd 1 �1/2 0 0 +

Table 3: The irreducible holomorphic flavor singlets. We omit flavor-singlet spurions (irrel-
evant to our analysis) as well as flavor singlets formed from SU(3)C ⇥ SU(2)L contractions
of products of the operators listed here.

proton stability will only constrain the neutrino sector, as discussed in §6.4
In addition to the R-parity conserving terms (2.1), MFV allows only one additional

renormalizable correction to the superpotential:

W
BNV

=
1

2
w00(Yu ū)(Yd d̄)(Yd d̄) , (2.4)

where w00 is an unknown O(1) coe�cient. In combination with the MFV structure of the soft
terms, most of the interesting phenomenology of our model arises from this baryon-number
and R-parity violating term.

The Kähler potential need not be canonical, and is subject to non-universal corrections.
At the renormalizable level, these take the form:

K = Q†
h
1 + fQ(YuY

†
u , YdY

†
d )

T + h.c.
i
Q+ ū†

h
1 + Y †

u fu(YuY
†
u , YdY

†
d )Yu + h.c.

i
ū

+d̄†
h
1 + Y †

d fu(YuY
†
u , YdY

†
d )Yd + h.c.

i
d̄

+L† ⇥1 + fL(YeY
†
e )

T + h.c.
⇤
L+ ē†

⇥
1 + fe(Y

†
e Ye) + h.c.

⇤
ē , (2.5)

where the fi are polynomials in the indicated (Hermitean) matrices. While the renormal-
izable Kähler potential can be made canonical by an appropriate change of basis, such a
change of basis is not compatible with the holomorphy of the spurions. The situation is
analogous to that of the supersymmetric beta function, where the one-loop NSVZ result
can be shown to be exact in an appropriate holomorphic basis, but the “physical” all-loop

4The situation changes if the gravitino (or another unflavored fermion, such as an axino) is lighter than
mp. We discuss the resulting constraints on m

3/2 in §6.

6

t̃

b̄

s̄

b̃R
b̃L

t̄

s̄

Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.
A right-handed sbottom decays similarly, without the mass insertion.

will involve only the O(1) top Yukawa coupling, and, in particular, it is very easy to make one
of the stops very light. Since other non-universal terms are suppressed by Yukawa couplings
and/or CKM factors, the remaining squarks are expected to be nearly degenerate. A similar
argument applies to down-type squarks, where the bottom squark can be made light. In
the charged slepton sector, the leading non-universal term comes from the y⌧ suppressed
left/right mixing, implying a nearly degenerate spectrum, except at very large tan�. The
sneutrinos will be even more degenerate, since this left/right term is absent, and the leading
non-universality comes from y2⌧ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the sbottom to be the LSP. A stau (or tau
sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and is somewhat
less natural in this context. Other squarks or sleptons are not likely to be the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
�(t̃ ! d̄id̄j) are given by

�ij ⇠ m
˜t

8⇡
sin2 ✓

˜t|�00
3ij|2 , (7.2)

where ✓
˜t is the stop mixing angle. To estimate the lifetime numerically, we use the renor-

malized quark masses at a scale mt ⇠ v ⇠ 174 GeV, which are approximately [36,37]:

mu ⇠ 1.2 MeV , mc ⇠ 600 MeV , mt ⇠ v ⇠ 174 GeV ,

md ⇠ 3 MeV , ms ⇠ 50 MeV , mb ⇠ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

⌧
˜t ⇠ (2 µm)

✓
10

tan �

◆
4

✓
300 GeV

m
˜t

◆✓
1

2 sin2 ✓
˜t

◆
. (7.4)

Thus no displaced vertices are expected except for very small values of tan� and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number

21
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Flavored Dark Matter [Batell, Pradler, Spannowsky]
[Batell, Lin, Wang]

Basic Idea:  Give dark matter a flavor!

• MFV implies a Z3 symmetry, flavor triality, under which 

all SM fields are neutral and Dark Matter is charged

•        MFV can stabilize Dark Matter!

W = � Xi Y ūiExample
 model:

Dark Matter
(3 flavors) Mediator up-type quark

(3 flavors)

Can make viable models of Dark Matter! 
Monday, August 4, 14



At the LHC

- May find “heavy stop”, but theory is natural. 

pp ! �Y �
⇤
Y , �Y ! t+ �

But not the stop.

pp !  Y �̄Y ,  Y ! t̃+ �

t̃ ! jj (udd RPV)

“hidden” stop

t
t̃R, t̃L, b̃L

H̃u, H̃d

g̃

χt

χu,χc

h0

η, η

ψ

φ

φ̄
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If we made a discovery at run 2
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If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

Monday, August 4, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

Monday, August 4, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

Monday, August 4, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

- Typically, going from 8 TeV to 14 TeV increase the 
reach by a factor of 2. 

Monday, August 4, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

- Typically, going from 8 TeV to 14 TeV increase the 
reach by a factor of 2. 

- However, many models feature particles with masses 
spread at least factor of several apart. 

Monday, August 4, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

- Typically, going from 8 TeV to 14 TeV increase the 
reach by a factor of 2. 

- However, many models feature particles with masses 
spread at least factor of several apart. 

- Won’t be able to see everything. 

Monday, August 4, 14



If we made a discovery at run 2

- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

- Typically, going from 8 TeV to 14 TeV increase the 
reach by a factor of 2. 

- However, many models feature particles with masses 
spread at least factor of several apart. 

- Won’t be able to see everything. 

- LHC discovery will set the stage for our next 
exploration. Such as at a future 100 TeV pp collider.
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Example: SUSY

- Run 2 may be able to see gluino, light neutralinos 
and charginos, some squarks, but not the rest. 

1.3 Discovery Stories 23

Figure 1-20. Projections for pMSSM model coverage e�ciency [53] shown in gluino-LSP pane for 14 TeV
LHC and integrated luminosity of 300/fb (left) and 3000/fb (right)

Figure 1-21. Spectrum of the pMSSM model used for discovery scenario.

Community Planning Study: Snowmass 2013
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Similar story in composite Higgs

Light top partner
“As natural as possible”

the rest

O(TeV)
Hard to see the full spectrum 
with the increase of reach 
from 8 to 14 TeV
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No discovery?

- Disappointing. But should be the starting point 
for the next stage of our long journey into ever 
smaller distance scales. 

- Run 2 won’t have the final word on many 
questions.

Won’t nail the Higgs properties.

Not enough for naturalness yet (for me). 

Not even close for WIMP dark matter. 

- We should certainly go further. 
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Next steps
CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

Shufang’s talk later
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I am eagerly waiting for the Run 2.

H
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