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Energy frontier working groups

- The Higgs boson.

- Precision Study of Electroweak Interaction.

- Fully understanding the top quark

- The Path Beyond the SM

- QCD and the strong force

- Flavor and CP violation at high energy

http://www.snowmass2013.org/tiki-index.php?page=Energy%20Frontier
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Energy frontier working groups

- The Higgs boson.

- Precision Study of Electroweak Interaction.

- Fully understanding the top quark

- The Path Beyond the SM

- QCD and the strong force

- Flavor and CP violation at high energy

http://www.snowmass2013.org/tiki-index.php?page=Energy%20Frontier

My focus here
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The Charge:

With the completion of the Tevatron program, the High 
Energy Frontier is now located at CERN, where the Large 
Hadron Collider offers a program of discovery that may 
continue for twenty years or longer.

The task of the High Energy Frontier study group is to 
investigate the major areas of particle physics relevant to 
possible high energy accelerators, to review their current 
state, and to map the opportunities they provide for future 
discoveries. In addition, these studies should explore the 
motivations for other possible energy frontier accelerators 
that may complement the LHC.
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- In particular, no prioritization. 
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Or: Goals of the Energy Frontier study:

We need to articulate a scientific program and its motivation:

I.   What scientific targets can be achieved before 2018 ?

II.   What are the science cases that motivate the High Luminosity LHC ?

III.   Is there a scientific necessity for a “Higgs Factory” ?

IV.   Is there a scientific case today for experiments at higher energies
                       beyond 2030 ?

For these issues, we must clarify in our own minds:

Where is the physics beyond the Standard Model ?  
 
What did we learn from LHC    7/8  TeV  ?

What does this tell us about the next step ?

slide from M. Peskin
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Current progress of Snowmass

- Main meeting in Minneapolis, July 29 - Aug. 6. 

- Working group reports drafted, circulating and 
collecting comments. 

Will finalize on Aug. 30. 

- Presentation at DPF meeting in Santa Cruz.

https://indico.bnl.gov/getFile.py/access?contribId=4&sessionId=0&resId=0&materialId=slides&confId=603

https://indico.fnal.gov/conferenceTimeTable.py?confId=6890#20130729.detailed
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A large amount of valuable contributions

Incomplete list of contributing authors

DRAFT

1

New Particles Working Group Report
Conveners: Yuri Gershtein, Markus Luty, Meenakshi Narain,1

Lian-Tao Wang, Daniel Whiteson2

Authors: L. Apanasevich, G. Artoni, A. Avetisyan, H. Baer, C. Bartels, D. Berge, M. Berggren, S.3

Bhattacharya, K. Black, T. Bose, J. Brau, R. Brock, E. Brownson, M. Cahill-Rowley, A. Cakir, T. Cohen,4

R. Cotta, N. Craig, K. Dienes, B. Dobrescu, D. Duggan, R. Essig, J. Evans, A. Drlica-Wagner, S. Funk, Y.5

Gershtein, J. George, S. G., T. Golling, T. Han, A. Haas, M. Hance, D. Hayden, U. Heintz, A. Henrichs, J.6

Hewett, J. Hirschauer, K. Howe, A. Ismail, Y. Kats, K. Kaadze, B. Coleppa, F. Kling, D. Kolchmeyer, K.7

C. Kong, A. Kumar, G. Kribs, P. Langacker, A. Lath, J. List, T. Lin, L. Linssen, T. Liu, Z. Liu, J. Loyal,8

M. Luty, A. Martin, I. Melzer-Pellmann, M. Narain, M. M. Nojiri, S. Padhi, N. Parashar, B. Penning, M.9

Perelstein, M. Peskin, A. Pierce, W. Porod, C. Potter, T. Rizzo, G. Sciolla, J. Stupak III, S. Su, T.M.P.10

Tait, T. Tanabe, B. Thomas, S. Thomas, S. Upadhyay, N. Varelas, A. Venturini, J. Wacker, M. Walker,11

L.-T. Wang, D. Whiteson, M. Wood, F. Yu, N. Zhou12

This version is an incomplete working version, with many details to be filled in. Please send13

questions, comments, and suggestions to the conveners.14

1.1 Executive Summary15

• With the discovery of the Higgs, we have experimentally established the standard model with a scalar16

particle that appears to be elementary. This gives us a model that can be extrapolated to very high17

energy scales and forces the question of the naturalness of elementary scalars. Additional motivation18

for further exploration of the TeV scale comes from supersymmetry, Higgs compositeness, and dark19

matter, as well as connections to the other frontiers through flavor and neutrino physics.20

• The LHC run 1 new physics program is extremely broad, and has out-performed expectations due21

to innovative search techniques and advances in theory. It has provided strong constraints on a wide22

variety of new physics models.23

• 14 TeV LHC with 300 fb�1 will provide an enormous gain in sensitivity to a wide range of new24

physics models due to increase of both energy and luminosity. Roughly this corresponds to an order25

of magnitude in tuning in supersymmetry and composite models.26

• At the high-luminosity LHC, any preceding LHC run 2 discovery can be extensively studied. The27

high-luminosity LHC also extends the reach for new physics. For most models the improvements are28

in the electroweak sector and improvement in tuning can be achieved by a factor of 2 to 4 from the29

supersymmertic sector.30

• The ILC new physics program has been studied in great detail, and has excellent capabilities to31

discover and measure the properties of new physics, including dark matter, with almost no loopholes.32

A necessary requirement is that the new physics must be accessible. Essentially this means particles at33

su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through34
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Some Highlights
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EF: establishing new laws of physics
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Energy frontier in 2013

- LHC Run 1 finished.

- Higgs discovered. 
Standard Model like.

- We now have a theory which can be valid up to 
Planck scale. 

- At the same time, many important questions 
remain. 
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LHC 7-8 TeV “Run 1” searches

- Broad physics program, out performed 
expectations.

Many innovative searches, advances in theory
ATLAS Supersymmetry Searches 

4!*similar results obtained by CMS!

CMS Exotics Searches 

5!

q* (qg), dijet
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q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
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*similar results obtained by ATLAS!
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However, only scratched the surface

- For example, still plenty of room for natural 
SUSY.

At the LHC, naturalness = top partner.

DRAFT

1.3 Discovery Stories 23

motivated to search for these. In our example model, a 3 TeV CLIC [13, 97] would easily discover an 800552

GeV ẽR, but 1.6 TeV ⌧̃
1

and heavier sleptons would remain out of reach.553

The higher mass colored superpartners can only be searched for at a higher energy hadron machine, either554

a 33 TeV LHC or a VLHC (see Fig. 1-18).555

1.3.5 SUSY with a light stop556

One of the essential elements of any solution to the naturalness problem is a top-partner, which is responsible557

for temper the quantum corrections to the Higgs mass generated by the top quark. In SUSY, the superpartner558

of the top quark, stop, plays this role. Therefore, search for the stop is directly connected to the test of559

naturalness.560

The simplest stop decay channel is t̃ ! t+ LSP, giving rise to signature tt̄ + 6ET . The simplest stop decay

our discussion to the subset of models wherein the NLSPs produce a visible signal (prompt
or not), the search e�ciencies are found to be similarly improved. This is explicitly shown
for the case of light stops as well as for the ũL in Fig. 12.

Figure 11: Search e�ciencies for light stops (left) and sbottoms (right) in the gravitino LSP
model set as a function of their masses and that of the NLSP.

2.3 Low-Fine Tuned Model Set

As discussed above, we also have generated a small (⇠ 10.2k) set of models with low-Fine
Tuning where the neutralino LSP saturates the thermal relic density (with a Higgs mass of
126±3 GeV); this sample was selected from an initial sample of 3.3⇥108 points. This implies
that satisfying the additional constraints of the ‘correct’ relic density and the observed Higgs
mass (in addition to all of the standard collider, precision electroweak, DM search and flavor
constraints) is non-trivial to accomplish. One reason for this is that while ⇠ 20% of the
original neutralino LSP models gave the correct Higgs mass, the range we now allow for the
relic density around its central value (⇠ ±0.095) is quite narrow compared to the overall
range of possible values which extends over several orders of magnitude [6]. Figure 13 displays
the resulting distributions of the Higgs mass, relic density and amount of fine-tuning (�, the
Barbieri-Giudice parameter [14]) for this model set. Here we see that the set is dominated
by models which have larger values of � and somewhat smaller Higgs masses as we might
expect. The smallest value of � we obtain is ⇠ 30 and to go much lower would likely require
a dedicated Markov chain Monte Carlo study using our low � points as seeds.

These low-FT models necessarily have a relatively light stop and a bino-like LSP along
with Higgsinos with masses below ⇠ 450 GeV. Well-tempered bino-Higgsino mixing is mostly
responsible for achieving the correct relic density in this model set, although co-annihilation
with a light slepton below the stop (⇠ 30% of the models) or annihilation through either
the Z or Higgs funnel is also rather common. Figure 14 shows the electroweak content

18

Figure 1-21. Limits on the pMSSM parameter space from current LHC stop searches.

561

channel is t̃! t+ LSP, giving rise to signature tt̄+ 6ET . LHC run 1 has made significant progress in exploring562

the relevant parameter region of light stop. At the same time, there are still large portion of model space563

left unconstrained, as demonstrated in the pMSSM scan shown in Fig. 1-21. This channel is going to be one564

of the foci of the LHC Run 2 program. The reach is estimated in ATLAS and CMS white papers [109, 112],565

as shown in Fig. 1-22566

If an excess is observed in this channel in LHC Run 2, it may be evidence for SUSY with a light stop quark.567

During the subsequent run and the operation of HL-LHC, the significance of this excess will grow and reach568

discovery level. This would be a major discovery which marks the beginning of an new era. It gives solid569

evidence to naturalness, and hints at many new particles to be discovered in the coming decades. In addition570

to the stop discovery, the presence of tt̄+MET signal implies the presence of a stable neutral particle. This571

would the first collider signal for dark matter as well!572

The immediate goal after this discovery would be to measure the properties of the new particle, and check573

it is consistent with that of the stop. The most important properties include its mass and couplings. With574

some simplifying assumptions which can be checked later, we can get an initial estimate of the stop mass575

just from the measured production cross section.576

Community Planning Study: Snowmass 2013

pMSSM scan
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Looking towards the future:
Big questions to address
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Careful Study of the Higgs need to 
be vigorously pursued.

- We have a new particle, but we don’t understand it 
very well yet!

A new kind of particle: spin-0, key role in EWSB

- High luminosity LHC,  ILC, Higgs factories, CLIC, μμ...
shift of Higgs coupling δ ≈ v2/M2NP,                     
e.g. δ ≈ 5% MNP ≈ TeV
Complementary to collider searches for resonances

Direct searches for extended Higgs sector (+VLHC)

- Possible surprises: exotic decays, connection to 
baryogenesis... 
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Search for extended Higgs sector

- Higher luminosity, cleaner environment helps.

1.7 Direct searches for BSM Higgs bosons H0, A0, H± 39

ILC1000 

CLIC1400 

Figure 1-9. MSSM Higgs sector search reach in the mA–tan � plane for e+e� colliders compared to the
expected LHC 7+8 TeV upper limits (95% C.L.).

1.7.4 Resonant production at a muon collider

The neutral heavy Higgs bosons H0 and A0 can be produced as s-channel resonances in µ+µ� or �� collisions.
They can also be pair produced via electroweak processes as at e+e� machines.

If the heavy Higgs bosons H0 and A0 are not very light, resonant production at a muon collider may be
the best opportunity to study their properties in detail. This was studied in Ref. [112] for the “Natural
Supersymmetry” benchmark point of Ref. [113], which has MA0 ' MH0 ' 1.55 TeV and tan � = 23. The
mass di↵erence between A0 and H0 is about 10 GeV and their decay widths are around 20 GeV.

The parton-level analysis [112] was based on a center-of-mass energy scan over a 200 GeV range centered at
1550 GeV in 100 steps, collecting a total of 500 fb�1. Signal and background cross sections in the bb̄ and ⌧⌧
final states were computed using PYTHIA6 modified to include a Gaussian beam energy spread of 0.1%. The
overlapping lineshapes were then fitted with two Breit-Wigners in the bb̄ final state (a single Breit-Wigner
is ruled out at high confidence) allowing extraction of the masses to ±0.5 GeV, the widths to ⇠ 3.5%, and
the peak �⇥BR(bb̄) to 9% for the two states. The ⌧⌧ channel can then be used to measure BR(⌧⌧)/BR(bb̄)
with an uncertainty of about 10%. As a bonus, decays of H0 and A0 to charginos or neutralinos may provide
the largest sample of the heavier ones of these particles, whose direct production cross sections can be quite
small at lepton colliders [112].

The CP quantum numbers of the states can be determined if the muon beams can be transversely polarized,
see Sec. 1.4 for details. This would allow identification of the two resonances as A0 and H0 as well as probing
for CP -violating mixing between the states. Similar techniques are possible at a photon collider.

Community Planning Study: Snowmass 2013

DRAFT

8 New Particles Working Group Report
16 Heavy Neutral Higgses of the Two Higgs Doublet Model
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Figure 1-12. The region of parameter space which could yield a 5� signal significance for various H mass
hypotheses in a type I (left) and type II (right) 2HDM. The blue region corresponds to

�
Ldt = 300 fb�1atp

s = 14 TeV with < NPU >= 50, and the green region corresponds to
�

Ldt = 3000 fb�1at
p

s = 14 TeV
with < NPU >= 140.

Community Planning Study: Snowmass 2013

Figure 1-3. 5� discovery reach for 300 GeV H decaying via H ! ZZ ! 4`. Blue (green) region is for
LHC14 with 300/fb (3000/fb) [39]. The star denotes the parameter point used in the discovery story below.
[should be at tan � = 2]

30 Heavy Neutral Higgses of the Two Higgs Doublet Model
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Figure 1-23. The region of parameter space which could yield a 5� signal significance for various A mass
hypotheses in a type I (left) and type II (right) 2HDM. The blue region corresponds to

�
Ldt = 300 fb�1atp

s = 14 TeV with < NPU >= 50, and the green region corresponds to
�

Ldt = 3000 fb�1at
p

s = 14 TeV
with < NPU >= 140.

Community Planning Study: Snowmass 2013

Figure 1-4. 5� discovery reach for 300 GeV A decaying via A ! Zh0 ! (``)(bb or ⌧⌧ . Blue (green) region
is for LHC14 with 300/fb (3000/fb) [39]. The star denotes the parameter point used in the discovery story
below. [should be at tan � = 2]
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Investigate the WIMP dark matter: 
cover all the ground

- Dark matter is the only known new physics 
beyond the Standard Model. 

-  

LHC VLHC 
100 TeV

ILC/CLIC

MDM ~102s GeV MDM ~TeV(s)
MDM ~ 0.5 Ecm 

Spin, coupling
Is it WIMP?

for physics beyond the standard model, including supersymmetry, composite models, and extra
dimensions.

Very roughly, all these extensions reduce the scale ⇤ to which the Higgs boson mass is sensitive
to the TeV range. The LHC14/300 will perform a wide range of searches for many kinds of new
physics with reach extending to several TeV. Although fine-tuning is notoriously di�cult to quantify
precisely, it is probably fair to say that these null results imply some degree of fine-tuning in all
of these models, perhaps at the level of 10�2. Even if this is the case, it is worth keeping in mind
that this represents a tuning of a single parameter, and 1% accidents are not uncommon in nature.
For example, the leading quadrupole moment anisotropy in the cosmic microwave background is
tuned by more than 1%, even with cosmic variance taken into account. Before the other multipole
moments were measured, this was seen as a problem for the standard cold dark matter cosmology,
but the measurements of 100’s of other multipoles have spectacularly confirmed this picture in
detail. Similarly, while not finding any new physics at the LHC14/300 would be an unwelcome
surprise, it does not diminish the importance of investigating the ideas that eliminate the 10�32

tuning of the standard model.
Particle physicists have also investigated the possibility that tuning in the Higgs mass as well

as the (much larger) tuning of the cosmological constant are the result of the fact that fundamental
parameters may be tuned by anthropic selection e↵ects. Even in such a scenario, the existence of
dark matter and gauge coupling unification still motivate new physics at the electroweak scale.

Dark Matter One of the best motivated dark matter candidate is the Weakly Interacting Massive
Particle (WIMP). It begins with the simple assumption that dark matter couples weakly to the
Standard Model particles, and they are in thermal equilibrium in the early universe. In this scenario,
there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

 
g2

e↵

0.3

!

, (1)

where g
e↵

is the coupling strength between dark matter and the Standard Model particles. The
most model independent collider search relies on the associated production of a pair of WIMPs
together with a hard radiation, e.g., a jet, a photon, etc []. LHC14/300 will only cover the WIMPs
up to a couple hundred GeV, while LHC14/3000 can probably double the reach. At the same
time, a higher energy VLHC at 33/100 TeV can really extend the reach of WIMPs into the TeV(s)
regime and cover the main parameter region of the WIMP scenario.

Little Hierarchy Naturalness arguments point towards TeV scale as the place for new physics.
However, there is a well known tension between this expectation and the outcome of a host of low
energy precision measurements, including flavor changing neutral current processes, CP violation,
as well as electroweak precision measurements. In the simplest new physics models, the absence
of any deviation from the Standard Model predictions in those measurements seems to prefer at
least 10 TeV as the scale of new physics. This is known as the little hierarchy problem, which is
ubiquitous (in somewhat di↵erent forms) among new physics scenarios. Many delicate models have
been constructed in the past two decades to address it. However, it remains a distinct possibility
that the lesson from the simplest models needs to be taken seriously. In this case, the new physics
is beyond the reach of the LHC14, and but within the reach of LHC33 and LHC100.

Supersymmetry: Supersymmetry predicts superpartner particles for all standard model parti-
cles. Superpartners with QCD color are expected to be heavier than those with only electroweak

8
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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.
Can have blind spots/regions especially at pp collider.

DM
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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.
Can have blind spots/regions especially at pp collider.

DM

No discovery
 yet
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“standard” story.

DM

No discovery
 yet

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

Lepton collider ⇒ better cover possible blind spots
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mono-jet

Brock/Peskin Snowmass 2013

close the thermal relic range?

Dark Matter Connection
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Figure 1-5. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

1.3.2 WIMP Dark Matter323

Though the presence of dark matter in the universe has been well-established, little is known of its particle324

nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly325

interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some326

as-yet-unknown mediator.327

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which328

posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [70]. For329

other examples, see Refs. [46, 17, 79, 89, 32, 76].330

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than331

on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches332

for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e� ! ��̄ at a lepton collider333

via some unknown mediator.334

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with335

a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state336

WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation337

of a standard model particle [32, 80, 84], see Fig 1-5, recoiling against the dark matter pair.338

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP339

pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).340

We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.341

1.3.2.1 Searches at pp colliders342

The LHC collaborations have reported limits on the cross section of pp ! ��̄ + X where X is a hadronic343

jet [10, 47], photon [11, 48], and other searches have been repurposed to study the cases where X is a W [29]344

or Z boson [9, 44]. In each case, limits are reported in terms of the mass scale M? of the unknown interaction345

expressed in an e↵ective field theory [33, 32, 80, 84, 106, 43, 85, 28, 103] though the limits from the mono-jet346

mode are the most powerful [116].347

In Ref. [115], the sensitivity of possible future proton-proton colliders is studied in various configurations348

(see Table 1-1) to WIMP pair production using the mono-jet final state. Both e↵ective operators and one349

example of a real, heavy Z 0-boson mediator are considered.350
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mono-jet

- Possible link to a possible dark sector.

- Strategy at EF strongly correlated with potential 
discovery at in direct/indirect detection. 
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Figure 1-5. Pair production of WIMPs (��̄) in e+e� collisions (left), or pp collisions (right), both via
an unknown intermediate state, with initial-state radiation of a standard model particle.

1.3.2 WIMP Dark Matter323

Though the presence of dark matter in the universe has been well-established, little is known of its particle324

nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly325

interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some326

as-yet-unknown mediator.327

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which328

posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [70]. For329

other examples, see Refs. [46, 17, 79, 89, 32, 76].330

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than331

on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches332

for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e� ! ��̄ at a lepton collider333

via some unknown mediator.334

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with335

a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state336

WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation337

of a standard model particle [32, 80, 84], see Fig 1-5, recoiling against the dark matter pair.338

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP339

pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).340

We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.341

1.3.2.1 Searches at pp colliders342

The LHC collaborations have reported limits on the cross section of pp ! ��̄ + X where X is a hadronic343

jet [10, 47], photon [11, 48], and other searches have been repurposed to study the cases where X is a W [29]344

or Z boson [9, 44]. In each case, limits are reported in terms of the mass scale M? of the unknown interaction345

expressed in an e↵ective field theory [33, 32, 80, 84, 106, 43, 85, 28, 103] though the limits from the mono-jet346

mode are the most powerful [116].347

In Ref. [115], the sensitivity of possible future proton-proton colliders is studied in various configurations348

(see Table 1-1) to WIMP pair production using the mono-jet final state. Both e↵ective operators and one349

example of a real, heavy Z 0-boson mediator are considered.350
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Fully test the idea of naturalness 

- Naturalness is at the foundation of our understanding 
of field theory. 

- Tuning, scales with energy-2

 ∝ m-2top-partner, W/h partner

- 14 TeV LHC(HL) can push fine tuning limit to at least 
10-2.

- 100 TeV VLHC can push this to about 10-4.

- ILC/CLIC can discover and study Higgs/W partners 
very well.
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If top partner is discovered

- Discovery in tt+MET, discovery of a potential 
dark matter candidate at the same time!

DM can be studied at HL-LHC, ILC, CLIC

- We want to measure
spin. (SUSY or others).

higher luminosity pp, lepton collider with enough 
energy.

- Higgs coupling: addressing the naturalness?
Need VLHC 
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Looking towards the future:
Machines and scenarios 
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14 TeV LHC (300 fb-1 ).  “LHC Run 2”

- Great enhancement in reach.
x 2-3 in mass, 10 in tuning

Gluino reach if decay via top/bottom 

26!

!  With 300 fb-1 will reach about 2 TeV in gluino mass 
both in top- and b-decay signatures 
!  3000 fb-1 study ongoing 

Top squark discovery potential 
!  Challenging analysis due 

to large top background 
!  Systematic uncertainties 

matter 

!  300 fb-1: 
!  Discovery up to 800-900 

GeV in direct production 

!  3000 fb-1: 
!  Reach improved by ~140 

GeV in m(stop) and ~100 
GeV in m(LSP) 

!  Expect further 
improvements with 
reoptimization 27!

gluino stop
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LHC Run 2 sees nothing?

- Plenty of reason to go further!

- Fine tuning. 
worth going further than 10-2 

- WIMP dark matter
 Can not explore most of the parameter space at 
14 TeV. Need to go to higher energy.

for physics beyond the standard model, including supersymmetry, composite models, and extra
dimensions.

Very roughly, all these extensions reduce the scale ⇤ to which the Higgs boson mass is sensitive
to the TeV range. The LHC14/300 will perform a wide range of searches for many kinds of new
physics with reach extending to several TeV. Although fine-tuning is notoriously di�cult to quantify
precisely, it is probably fair to say that these null results imply some degree of fine-tuning in all
of these models, perhaps at the level of 10�2. Even if this is the case, it is worth keeping in mind
that this represents a tuning of a single parameter, and 1% accidents are not uncommon in nature.
For example, the leading quadrupole moment anisotropy in the cosmic microwave background is
tuned by more than 1%, even with cosmic variance taken into account. Before the other multipole
moments were measured, this was seen as a problem for the standard cold dark matter cosmology,
but the measurements of 100’s of other multipoles have spectacularly confirmed this picture in
detail. Similarly, while not finding any new physics at the LHC14/300 would be an unwelcome
surprise, it does not diminish the importance of investigating the ideas that eliminate the 10�32

tuning of the standard model.
Particle physicists have also investigated the possibility that tuning in the Higgs mass as well

as the (much larger) tuning of the cosmological constant are the result of the fact that fundamental
parameters may be tuned by anthropic selection e↵ects. Even in such a scenario, the existence of
dark matter and gauge coupling unification still motivate new physics at the electroweak scale.

Dark Matter One of the best motivated dark matter candidate is the Weakly Interacting Massive
Particle (WIMP). It begins with the simple assumption that dark matter couples weakly to the
Standard Model particles, and they are in thermal equilibrium in the early universe. In this scenario,
there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

 
g2

e↵

0.3

!

, (1)

where g
e↵

is the coupling strength between dark matter and the Standard Model particles. The
most model independent collider search relies on the associated production of a pair of WIMPs
together with a hard radiation, e.g., a jet, a photon, etc []. LHC14/300 will only cover the WIMPs
up to a couple hundred GeV, while LHC14/3000 can probably double the reach. At the same
time, a higher energy VLHC at 33/100 TeV can really extend the reach of WIMPs into the TeV(s)
regime and cover the main parameter region of the WIMP scenario.

Little Hierarchy Naturalness arguments point towards TeV scale as the place for new physics.
However, there is a well known tension between this expectation and the outcome of a host of low
energy precision measurements, including flavor changing neutral current processes, CP violation,
as well as electroweak precision measurements. In the simplest new physics models, the absence
of any deviation from the Standard Model predictions in those measurements seems to prefer at
least 10 TeV as the scale of new physics. This is known as the little hierarchy problem, which is
ubiquitous (in somewhat di↵erent forms) among new physics scenarios. Many delicate models have
been constructed in the past two decades to address it. However, it remains a distinct possibility
that the lesson from the simplest models needs to be taken seriously. In this case, the new physics
is beyond the reach of the LHC14, and but within the reach of LHC33 and LHC100.

Supersymmetry: Supersymmetry predicts superpartner particles for all standard model parti-
cles. Superpartners with QCD color are expected to be heavier than those with only electroweak

8
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LHC Run 2  sees nothing?

- Little Hierarchy.
Flavor, CP, precision measurements seem to point 
to a higher scale (about 10 TeV). 

This is the reason we have seen nothing?

Clearly out of reach at LHC 14 ⇒ Higher energy 

- Loopholes at the LHC.
Electroweak-ino, compressed spectrum, stealth...

ILC/CLIC, if accessible. 
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High luminosity LHC

- Any run 2 anomalies can be studied.

- Extends reach, especially in the EW sector.

DRAFT

1.3 Discovery Stories 27

Figure 1-26. Estimated reach of LHC for 300/fb and 3000/fb for mSUGRA model.

As a general point, LHC sensitivity to the EWKino states greatly increases with integrated luminosity,639

owing to their relatively low masses and very low production cross-sections. For example [26, 36] channels640

like `bb̄ + MET play increasingly important role at HL-LHC (see Fig. 1-26).641

Recently, studies have shown that vector-boson-fusion production of winos, with a final state of two for-642

ward jets and missing transverse energy could be sensitive to models with small splittings between the643

electroweakinos with masses of a few hundred GeV [67, 66].644

An excess at the LHC could be studied in detail at the HL-LHC, revealing the mass splittings via the dilepton645

mass edges. Together with the cross sections and assuming high higgsino fraction, a rough estimate of the646

absolute masses might be possible.647

A lepton collider such as the ILC or CLIC, would produce the complementary to LHC reactions of chargino648

pair production and / or mixed neutralino production, and would be able to measure masses and quantum649

numbers of the observed states, owing to the unique kinematics of e+e� collisions, and will search for partners650

of leptons [27], see Figure 1-27.651

The HL-LHC would also extend the sensitivity to colored states from about 2 to 2.5 TeV (see Section 1.3.4),652

but to make significant gains in mass reach a higher energy hadron collider will be required. A 33 (100) TeV653

collider will be able to push the SUSY squark/gluino discovery reach to 7 (15) TeV [107].654

1.3.7 R-parity violating SUSY655

Naturalness suggests that superpartners must be su�ciently light to produced at the TeV scale. In particular,656

it suggests that m
˜t < 500 GeV and mg̃ < 1 TeV, which larger values requiring tuning to explain the small657
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Extend the reach for colored states

- More data can make us smarter! Expecting 
surprises. 

gluino/squark

DRAFT

34 New Particles Working Group Report

“triangle” of branching fractions, with only a few points considered. The second looks at the specific case of822

little Higgs models, where the T 0 is taken to be a singlet.823

With LHC running at
p

s = 14 TeV and a dataset corresponding to an integrated luminosity of 300 fb�1,824

the reach for discovering heavy vector-like quarks with charge 2/3 and exotic charge 5/3 will be extended825

significantly. As demonstrated in Fig. 1-32, the 5� (3�) reach for discovering heavy top-like quarks with mass826

around 1.3 (1.4) TeV is achievable [38, 23]. In the absence of such heavy quarks, we can probe masses up to827

1.5 TeV. Similar conclusion is also reached in the whitepaper by CMS [6]. At the HL-LHC with
p

s = 14 TeV828

and 3000/fb vector-like quarks up to masses of around 1.5 TeV can be observed or alternatively in the absence829

of such quarks we can exclude masses up to 1.8 TeV (see Fig.1-32). With HE-LHC, the reach increases to830

heavy top-like quark with masses up to 2.5 TeV.831
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Figure 1-32. Discovery reach (left and middle panel) and exclusion (right panel) as a function of the mass
of a heavy vector-like quark at

p
s = 14 TeV

For completeness, we note that there may be other exotic decays of T 0s to non-SM particles (or flavor832

violating decays) which may reduce the sum of these three BF’s below 1. For example, in the Littlest Higgs833

model with T-parity [54, 55, 90], there is a T 0
! T�AH ! tAHAH , decay mode with the AH playing the834

role of a “neutralino.” This stop-like final state reduces sensitivity in the Wb, Zt, and Ht channels, but also835

o↵ers a complementary final state that is part of ongoing searches [7].836

If there is a vector-like T quark with a mass of 1200 GeV an excess of events should appear at the LHC837

with 14 TeV pp collisions after 300/fb have been collected. In events with a single electron or muon and838

several high-pT jets of which at least one shows substructure consistent with originating from a hadronic W -839

or Z-boson decay one may see an excess of 500 events over an expected background of about 2000 events.840

If such an excess is seen in a search for vector-like heavy quark one would first want to determine the841

properties of the new particle, such as production process (single or pair-production) and cross section,842

mass, charge, decay modes and branching fractions. The first order of business would be to establish the843

nature of the new particle. Additional evidence for a new particle could come from events with two or more844

leptons. If the production cross section is consistent with strong production the particle likely is colored.845

One would identify whether the decay modes are consistent with vector-like quarks. Vector-like quarks with846

charge 5/3 decay to tW, those with charge 2/3 decay to bW , tZ, and tH,and those with charge 1/3 decay847

to tW , bZ, and bH.848

Most interestingly, observation of a vector-like quark would most likely indicate that there are other heavy849

new particles. In little Higgs models there would be W and Higgs boson partners, in compositeness models850

there would likely be other vector-like quarks.851

Depending on the mass of the vector-like quark and the other new particles, collisions at higher energy might852

be needed to produce the particles in su�cient numbers to understand their properties. This could be done853

at HE-LHC or VLHC pp colliders or at the CLIC e+e� collider. Given the existing mass limits it is not854

likely that the ILC or TLEP could contribute significantly to their study.855
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ILC program

- Excellent reach for discovery and measurements.
Essentially loophole free within accessible energy 
regime. 

ILC 500\1000 GeV 500\1000 fb-1
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Z Prime: A Story

A Boson, A Paper Detector, and a Future Accelerator
draft 1: figures and few words

Figure 1-1. Drell-Yan backgrounds and the
emerging signal for a LR Z’ at 3 TeV for e+e�

pairs after 30 fb�1.

Figure 1-2. Emerging signal for a LR Z’ at 3
TeV, background subtracted for e+e� pairs after
30 fb�1.

Figure 1-3. Drell-Yan backgrounds and the
emerging signal for a LR Z’ at 3 TeV for e+e�

pairs after 50 fb�1.

Figure 1-4. Emerging signal for a LR Z’ at 3
TeV, background subtracted for e+e� pairs after
50 fb�1.

Community Planning Study: Snowmass 2013

1.4 Source Analysis 5

Figure 1-11. Drell-Yan backgrounds and the
emerging signal for a LR Z’ at 3 TeV, background
subtracted for e+e� pairs after 300 fb�1.

Figure 1-12. Emerging signal for a LR Z’ at 3
TeV, background subtracted for e+e� pairs after
100 fb�1.

Figure 1-13. Drell-Yan backgrounds and the
emerging signal for a LR Z’ at 3 TeV, background
subtracted for µ+µ� pairs after 300 fb�1.

Figure 1-14. Emerging signal for a LR Z’ at 3
TeV, background subtracted for µ+µ� pairs after
100 fb�1.

Community Planning Study: Snowmass 2013
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Figure 1-19. figure Figure 1-20. figure

Figure 1-21. figure Figure 1-22. figure

Figure 1-23. figure Figure 1-24. figure
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Figure 1-13. A Z0discovery story at the LHC. []
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Figure 1-14. Distinguishing Z0 models at colliders. Left panel: ��2 = 4 contours of the simulated
forward-backward asymmetry versus cross section for the benchmark models at LHC Run 2 (solid) and
HL-LHC (dashed). Right panel: Right panel: ��2 = 1(red) and ��2 = 4(blue) contours of polarization
asymmetry in dimuon final state and all di-fermion final states (excluding e�e+ and ⌫⌫) at the ILC.

include the left right asymmetry variable at lepton collider with polarized beams. As a concrete example,439

we consider a benchmark with MZ0 = 3 TeV, which is within the discovery reach of the LHC Run 2. The440

predicted value as well as experimental precision for the �
prod

⇥BR(Z 0
! dilepton ) and A

FB

(A
LR

) at the441

LHC (ILC) are shown in the left panel of Fig. 1-14. We can see that combining the measurements at a442

Hadron collider and lepton collider can be very valuable in distinguishing di↵erent models. For example,443

Z 0
LR

and Z 0
B�L

cannot be clearly distinguished at LHC Run 2. HL-LHC can start to discern their di↵erences.444

On the other hand, ILC with polarized beams can clearly tell them apart.445

Discovery of a Z 0 leads to many new implications which can lead to further searches at colliders. There446

should be (at least) an associated Higgs with the Z 0. Discovering this new Higgs would be much harder than447
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Figure 1-9. Sensitivity as a function of WIMP pair-production cross sections, for two beam polarization
options and two uncertainty scenarios. From Ref. [31]

Studies at lepton colliders o↵er two important advantages compared to similar studies at pp machines. First,383

the polarization of the initial state may be controlled, which gives power to distinguish between the WIMP384

signal and the backgrounds, which may have distinct polarization-dependent couplings.385

Following the analysis of Ref. [31], three coupling scenarious are considered:386

• equal: couplings are independent of the helicity of the initial state,387

• helicity: couplings conserve helicity and parity, and388

• anti-SM: WIMPs couple oly to right-handed electrons (left-handed positrons)389

where the final case has the greatest power to disentangle the SM backgrounds from WIMP production. The390

relative sensitivity of two of these scenarios is shown in Fig 1-9.391

The second major advantage of a lepton collider is its sensitivity to the WIMP mass through its e↵ect on392

the observed photon total energy, see Fig 1-10 for an ILC study. In addition, the ILC can determine spin393

properties of a WIMP [?].394

Such studies were possible at LEP, but the small integrated luminosity of the dataset and lack of control395

over beam polarization results in a significant decrease in sensitivity.396

Figure 1-10. Left, dependence of the photon energy spectrum on the dark matter mass, m�. Right,
expected relative uncertainty on m� as a function of m� for three coupling scenarios. From Ref. [31]

1.3.2.3 Connections to Cosmic and Intensity Frontiers397

The search for WIMPs via their interactions with the standard model is clearly an area where the energy398

frontier overlaps with the cosmic frontier, where there are dedicated direct-detection experiments searching399
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VLHC: 33 TeV and 100 TeV

- Big leap in reach. 
fine tuning to 10-4, TeV dark matter. 
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Figure 1-17. Estimated reach of ATLAS run 2 for squarks and gluinos. CMS has similar sensitivity.

Figure 1-18. Estimated reach for gluinos using DELPHES simulation. Only gluino and LSP are assumed
to be light.

WhitePapers [109, 112], and also using the Delphes Snowmass LHC detector [107]. The reach is shown in504

Fig.1-17 and 1-18. Based on these results, we can expect squarks and gluinos with masses up to around 2505

TeV to be visible at LHC run 2, provided there is no significant dilution due to other decays.506

Another way to assess SUSY reach is to study scans over complete models. This approach is taken in507

the ‘phenomenological minimal supersymmetric standard model’ (pMSSM) [42]. Here 19 independent508

superpartner masses are independently uniformly scanned. This scan shows that of the models that are509

not excluded at the LHC with 300/fb, 75% are in 95% confidenct level reach of the HL-LHC, see Fig. 1-19.510

An example model To illustrate the potential impact of a discovery in this channel, we discuss a scenario511

based on model 2750334 of the pMSSM scan [42]. The spectrum of the model is given in Fig. 1-20. Complete512

details of the model can be found in [42]. This model has light neutralinos and charginos clustered around513

200 GeV; the lightest neutralino is a mixture of bino and Higgsino (‘well-tempered Bino-Higgsino’), and514
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SUSY at 100 TeV pp
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Finally, access TeV WIMPs

DM at 100 TeV pp
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Figure 1-7. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities when requiring a b-quark in the final state, as a function of m�. From Ref. [22].

of the proposed facilities to a model in which the heavy mediator is a Z 0 which couples to ��̄ as well as371

qq̄ [20] is discussed. The coupling of the Z 0 is a free parameter in this theory, but particularly interesting372

values are those which correspond to the limit of previous facilities on M⇤. That is, an EFT model of the373

Z 0 interaction has 1

M⇤
= gZ0

MZ0
fixing the relationship between gZ0 and MZ0 . Figure 1-8 shows the expected374

limits in terms of gZ0 on the Z 0 model at the variety of pp facilities under consideration. The g0 expected375

limits can be compared to the curve with gZ0 = MZ0
M⇤

.376
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Figure 1-8. Sensitivity of various pp facilities to a dark matter pairs produced through a real Z0 mediator.
In each case, expected limits on the coupling gZ0 versus Z0 mass for two choices of m� as well as the values
of gZ0 which satisfy g0/mZ0 = 1/M⇤, where M⇤ are limits from a lower-energy facility. From Ref. [115]

1.3.2.2 Searches at lepton colliders377

The same mechanism which allows pp colliders to be sensitivie to the coupling of the initial-state quarks to378

WIMP pairs allows e+e� colliders to proble the couplings of electrons to WIMP pairs, see Fig 1-5.379

The final state is a high-pT photon with missing momentum due to the invisible � pair. The dominant380

background is production of neutrino pairs via a Z boson, with a photon from initial state radiation. The381

sensitivity reaches up to nearly
p

s/2.382
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for physics beyond the standard model, including supersymmetry, composite models, and extra
dimensions.

Very roughly, all these extensions reduce the scale ⇤ to which the Higgs boson mass is sensitive
to the TeV range. The LHC14/300 will perform a wide range of searches for many kinds of new
physics with reach extending to several TeV. Although fine-tuning is notoriously di�cult to quantify
precisely, it is probably fair to say that these null results imply some degree of fine-tuning in all
of these models, perhaps at the level of 10�2. Even if this is the case, it is worth keeping in mind
that this represents a tuning of a single parameter, and 1% accidents are not uncommon in nature.
For example, the leading quadrupole moment anisotropy in the cosmic microwave background is
tuned by more than 1%, even with cosmic variance taken into account. Before the other multipole
moments were measured, this was seen as a problem for the standard cold dark matter cosmology,
but the measurements of 100’s of other multipoles have spectacularly confirmed this picture in
detail. Similarly, while not finding any new physics at the LHC14/300 would be an unwelcome
surprise, it does not diminish the importance of investigating the ideas that eliminate the 10�32

tuning of the standard model.
Particle physicists have also investigated the possibility that tuning in the Higgs mass as well

as the (much larger) tuning of the cosmological constant are the result of the fact that fundamental
parameters may be tuned by anthropic selection e↵ects. Even in such a scenario, the existence of
dark matter and gauge coupling unification still motivate new physics at the electroweak scale.

Dark Matter One of the best motivated dark matter candidate is the Weakly Interacting Massive
Particle (WIMP). It begins with the simple assumption that dark matter couples weakly to the
Standard Model particles, and they are in thermal equilibrium in the early universe. In this scenario,
there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

 
g2

e↵

0.3

!

, (1)

where g
e↵

is the coupling strength between dark matter and the Standard Model particles. The
most model independent collider search relies on the associated production of a pair of WIMPs
together with a hard radiation, e.g., a jet, a photon, etc []. LHC14/300 will only cover the WIMPs
up to a couple hundred GeV, while LHC14/3000 can probably double the reach. At the same
time, a higher energy VLHC at 33/100 TeV can really extend the reach of WIMPs into the TeV(s)
regime and cover the main parameter region of the WIMP scenario.

Little Hierarchy Naturalness arguments point towards TeV scale as the place for new physics.
However, there is a well known tension between this expectation and the outcome of a host of low
energy precision measurements, including flavor changing neutral current processes, CP violation,
as well as electroweak precision measurements. In the simplest new physics models, the absence
of any deviation from the Standard Model predictions in those measurements seems to prefer at
least 10 TeV as the scale of new physics. This is known as the little hierarchy problem, which is
ubiquitous (in somewhat di↵erent forms) among new physics scenarios. Many delicate models have
been constructed in the past two decades to address it. However, it remains a distinct possibility
that the lesson from the simplest models needs to be taken seriously. In this case, the new physics
is beyond the reach of the LHC14, and but within the reach of LHC33 and LHC100.

Supersymmetry: Supersymmetry predicts superpartner particles for all standard model parti-
cles. Superpartners with QCD color are expected to be heavier than those with only electroweak

8
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discovering the Z 0, similar to the discovery of W/Z vs the Higgs in the Standard Model. The understanding448

of the nature of Z 0 couplings, even if a partial one, will give us insight about its embedding in the high scale449

(UV) and more fundamental theory. Such UV completions of Z 0 usually leads to additional predictions. A450

Z 0 with the Standard Model fermions could be anomalous, in which case there have to be new fermions that451

may be produced by colliders. If a Z 0 is consistent with the one from the Left-Right symmetric model, there452

should also be additional heavy resonances, such as W 0
R and exotic Higgses, with similar masses. Z 0 can453

also play an important role in the dynamics of electroweak symmetry breaking, and decaying into SM gauge454

bosons will give us a smoking gun signal in this scenario.455

In the context of supersymmetry, Z 0 can play an important role, such as the solution of the µ problem and456

the mediator of the supersymmetry breaking. Z 0 decaying into superpartners can be an important discovery457

channel.458

1.3.3.2 New hadronic resonances459
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Figure 1-15. Hadronic resonance discovery sensitivity at hadron colliders. Left panel: Z0
B . Right panel:
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Figure 1-16. Left panel, the discovery reaches for KK-gluon in minimal UED model at hadron colliders.
Right panel, the discovery reaches for KK-gluon in next-to-minimal UED model at hadron colliders.

Hadron colliders are also ideal for searching for new leptophobic resonances by looking for a peak in the460

dijet invariant mass distribution. Aside from serving as a standard candle for understanding experimental461
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Figure 1-34. Left: distributions of �jj for QCD and contact interactions with a variety of choices of
⇤ for the case of pp interactions with with

p
s = 100 TeV and L = 3000 fb�1. Right: summary of mjj

thresholds and sensitivity to the contact interaction scale ⇤.

that are strongly peaked at low values of �jj . The distortion of the �jj shape is most distinct at large mjj .885

However, the cross section falls sharply with mjj , reducing the statistical power of the data. These two886

e↵ects are in tension, and there is an optimum value of the minimum mjj threshold.887

As seen in Fig. 1-34, higher center-of-mass energies bring significant increases in sensitivity to the mass scale,888

⇤, such that a collider with
p

s = 100 TeV would be expected to probe scales above ⇤ = 125 TeV.889

If a deviation from QCD production is seen at the LHC with
p

s = 14 TeV, then a facility with higher890

energy will be needed to directly produce the new heavy particle that mediates the interaction of the quark891

constituents, dependening on the mass scale. This would appear as a dijet resonance in qq̄ ! qq̄ events.892

Specifically, we can relate the exclusion of the compositeness scale ⇤ to that of the mass of a Z 0 mediator as:893

g2Z0

36M2

Z0
=

2⇡

⇤2

.

For example, at
p

s = 14 TeV with =3000 fb�1, an exclusion of ⇤ > 18 TeV would correspond to excluding894

a Z 0 with (mZ0 = 1200 GeV , gZ0 = 0.12). Figure 1-15 shows the sensitivity and current limits.895

1.3.11 ‘Only’ the Standard Model896

We now consider an ‘anti-discovery’ scenario where LHC14 with 300/fb does not discover any additional897

particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not898

only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs899

measurements. Projections for these are discussed in the Higgs working group report. The scenario we are900

now considering also assumes that the improved measurements of Higgs couplings from LHC14 300/fb are901

consistent with their standard model values. It also assumes that there is no discovery of physics beyond the902

standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program903

(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the904
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We now consider an ‘anti-discovery’ scenario where LHC14 with 300/fb does not discover any additional897

particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not898

only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs899

measurements. Projections for these are discussed in the Higgs working group report. The scenario we are900

now considering also assumes that the improved measurements of Higgs couplings from LHC14 300/fb are901

consistent with their standard model values. It also assumes that there is no discovery of physics beyond the902

standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program903

(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the904
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Further more, 

- Higgs factory. (Covered by Jianmin’s talk)

- Higher energy ee and muon collider offer a long 
term program that can extend the precision and 
reach of a wide range of physics. 

- There are interesting complementarity between 
direct collider searches and indirect precision 
measurements.

Connection to Flavor/CP. Complementary.
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Go for the most exciting adventure!
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Energy Frontier Facilities List:

Hadron Colliders: 

      LHC 13 TeV, 300/fb , spacing: 25 ns (50 ns), pileup: 19 (38) events/crossing

      LHC 13 TeV, 3000/fb (HL-LHC) , spacing: 25 ns, pileup: 95 events/crossing

      LHC 33 TeV, 3000/fb (HE-LHC) , spacing: 50 ns, pileup: 225 events/crossing

      VHE-LHC 100 TeV, 3000/fb, spacing: 50 ns, pileup: 263 events/crossing

      VLHC at 100 TeV, 1000/fb , spacing: 19 ns, pileup: 40 events/crossing

50

140

190
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Lepton Colliders:

    e+e- at 250 GeV (ILC: 500/fb , LEP3: 500/fb, TLEP: 2500/fb), 

                         e-/e+ polarization: ILC: 80%/30%, LEP3, TLEP: 0/0

    e+e- at 350 GeV (ILC: 350/fb, CLIC: 350/fb, TLEP: 350/fb) , 

                          e-/e+ polarization: ILC: 80%/30%, CLIC: 80%/0, TLEP: 0/0

    e+e- at 500 GeV (ILC: 500/fb), e-/e+ polarization: ILC: 80%/30%

    e+e- at 1000 GeV (ILC: 1000/fb) , e-/e+ polarization: ILC: 80%/20%

    e+e- at 1400 GeV (CLIC: 1400/fb) , e-/e+ polarization: CLIC: 80%/0%

    e+e- at 3000 GeV (CLIC: 3000/fb) , e-/e+ polarization: CLIC: 80%/ 0%

    mu+mu- at 125 GeV 2/fb , 0 polarization

    mu+mu- at 1500 GeV 1000/fb , 0 polarization

    mu+mu- at 3000 GeV 3000/fb , 0 polarization
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Gamma Colliders:

    gamma-gamma at 125 GeV, 100/fb , 
           80% e- polarization to generate the photon beams

    gamma-gamma at 200 GeV, gamma-e at 225 GeV, 200/fb , 
            80% e- polarization to generate the photon beams

     gamma-gamma at 800 GeV, gamma-e at 900 GeV, 800/fb , 
            80% e- polarization to generate the photon beams

Electron-Hadron Colliders:

     LHeC 60 GeV e- or e+ on 7 TeV p 50/fb , 90% e- / 0% e+ polarization
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