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New Physics Searches

ATLAS exotic 
August 25, 2014! J. Pilcher!41!

CMS SUSY 
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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Where Are We Now?

๏ Our wish list has not change much from 10 years ago.

๏ Discovery of Higgs 

➡ Exclude technicolor 

➡ Narrow down parameter space 

๏ Non-discovery of anything else  

➡ New physics gets heavier 

➡ A bit uncomfortable, big picture unchanged 



S. Su 4

Then What? 

Where is New Physics? 
larger mass? Small Coupling? Too much BG? 
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Then What? 

Where is New Physics? 
larger mass? Small Coupling? Too much BG? 

  

๏ Direct search for new particles

   Need colliders with larger energies (pp or e+e- with large Ecm)

๏ Indirect search for imprints on W, Z, top and Higgs 

   Need colliders/measurements with unprecedented accuracy

   (e+e- or pp with high luminosity)
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FCC

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV
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CEPC-SPPC

Qinhuangdao (〜ⲽዑε

50 km 

70 km 

easy access
300 km from Beijing
3 h by car
1 h by train 

Yifang Wang

CepC, SppC

“Chinese Toscana”

e+e-: 240 GeV
pp: 70-100 TeV
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CEPC-SPPC

Qinhuangdao (〜ⲽዑε

50 km 

70 km 

easy access
300 km from Beijing
3 h by car
1 h by train 

Yifang Wang

CepC, SppC

“Chinese Toscana”

e+e-: 240 GeV
pp: 70-100 TeV

PRe-CDR
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Machine Options

e+e-: 90 - 400 GeV

NATURE |  NEWS

China plans super collider
Proposals for two accelerators could see country become collider capital of the world.

22 July 2014

For decades, Europe and the United States have led the way when it comes to high-energy particle colliders. But
a proposal by China that is quietly gathering momentum has raised the possibility that the country could soon
position itself at the forefront of particle physics.

Scientists at the Institute of High Energy Physics (IHEP) in Beijing, working with international collaborators, are
planning to build a ‘Higgs factory’ by 2028 — a 52-kilometre underground ring that would smash together
electrons and positrons. Collisions of these fundamental particles would allow the Higgs boson to be studied with

Elizabeth Gibney

Martial Trezzini/epa/Corbis

The 27-kilometre Large Hadron Collider at CERN could soon be overtaken as the world’s largest particle
smasher by a proposed Chinese machine.

Nature News, July
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Physics opportunity at FCC-pp/SppC
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Physics opportunity at FCC-pp/SppC

  

๏ new particles: a few TeV - 30 TeV, beyond LHC reach

๏ increased rate for sub-TeV particle: increased 

precision wrt LHC: Z, W, top,...

๏ rare process in sub-TeV mass range

๏ Higgs and EWSB: more Higgs couplings, WW 

scattering, Higgs self-coupling,...
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๏ Higgs-related

๏ dark matter

๏ top partners 
   (naturalness)

๏ other BSM

FCC-pp
SppC

๏ Cosmo 
connectionWhy is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.

 

 
 

 
5 (26) 

that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 − 𝜆଴
6   (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle

Friday, October 11, 13

๏ SM physics

๏ precision   
   tests
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-Higgs related

๏ SM-like Higgs
➡ Deviation of SM Higgs couplings
➡ New coupling structures, beyond the SM
➡ Higgs couples to new particles

๏ non-SM like Higgs sector
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Higgs Production @ pp 
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MCFM + Higgs European Strategy

Snowmass QCD Working Group: 1310.5189

21

Higgs pair production in gg fusion

Grober and Muhlleitner,  arXiv:1012.1562

A typical feature of composite Higgs models is the appearance of a ttHH effective 
coupling, which contributes to gg→HH

gttHH = Δ (ytop / v) 
g3H = g3HSM

A ⇠ m2
t
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g3H = (1+Δ) g3HSM

Contino et al, arXiv:1205.5444

Process    σ (100 TeV)/σ (14 TeV) 
 
Total pp       1.25 
 
W                 ~7  
Z                  ~7 
WW             ~10 
ZZ               ~10 
tt                ~30     
 
H                  ~15     (ttH  ~60)  
 

HH               ~40 
 
stop              ~103 

(m=1 TeV)  

λt : 1%
λ :  8%
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non-SM Higgs

๏ Models with extended Higgs sector

   Discovery of extra Higgs: direct evidence for BSM new physics
๏ Conventional search channel (even for non-SM neutral Higgs):

   γγ, ZZ, WW, ττ, bb, tt

๏ Charged Higgs is challenge! H± ➞ τν,  tb

๏ New Higgs decay modes open for (non-)SM Higgs decay
➡Higgs ➞ light Higgs + gauge boson 

➡ Higgs ➞ two light Higgses  

    Complementary to conventional channels 
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Searching for Other Higgses

New channels open up for non-SM Higgs decay

neutral 
Higgs

HH type (bb/ττ/WW/ZZ/ɣɣ)(bb/ττ/
WW/ZZ/ɣɣ)

hSM ➞ AA
H ➞ AA 

neutral 
Higgs

H+H- type (τν/tb)(τν/tb) H ➞ H+H- 
neutral 
Higgs

ZH type (ll/qq/νν)(bb/ττ/WW/ZZ/
ɣɣ)
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 − 𝜆଴
6   (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
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symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  
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Naturalness and Top Partner

๏ LHC: TeV scale for top partner, ε~1%
๏ HL-LHC: 
   increase the reach by 10-20%, measure top partner property
๏ 100 TeV FCC-pp/SppC: 10 TeV level, ε~10-4

1.3 Discovery Stories 43

1.3.12.2 Naturalness

If nature is described by the standard model with an elementary Higgs boson up to the Planck scale, then
the observed Higgs boson mass is the sum of di↵erent contributions that must cancel to an accuracy of
✏ ⇠ (125 GeV/M

Planck

)2 ⇠ 10�30. This arises because the mass-squared parameter in the SM Lagrangian
is quadratically sensitive to large mass scales. If this divergence is cut o↵ by new physics at a scale M

NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional

Community Planning Study: Snowmass 2013

(mH2)physical ∼ (mH2)bare    
        + Λcutoff2                                   - Λcutoff2                                



-

Naturalness and Top Partner

๏ LHC: TeV scale for top partner, ε~1%
๏ HL-LHC: 
   increase the reach by 10-20%, measure top partner property
๏ 100 TeV FCC-pp/SppC: 10 TeV level, ε~10-4

1.3 Discovery Stories 43

1.3.12.2 Naturalness

If nature is described by the standard model with an elementary Higgs boson up to the Planck scale, then
the observed Higgs boson mass is the sum of di↵erent contributions that must cancel to an accuracy of
✏ ⇠ (125 GeV/M

Planck

)2 ⇠ 10�30. This arises because the mass-squared parameter in the SM Lagrangian
is quadratically sensitive to large mass scales. If this divergence is cut o↵ by new physics at a scale M

NP

the tuning is reduced to ✏ ⇠ (125 GeV/M
NP

)2. This is the basic naturalness argument for new physics at
the TeV scale. The normalization and quantitative interpretation of naturalness estimates are not clear, but
the quadratic scaling with M

NP

is robust, and fine tuning can be used as a rough guide for where to expect
new physics. This argument is independent of supersymmetry or any other scenario for physics beyond the
standard model.

In the standard model, the largest contribution to the Higgs mass that must be cut o↵ by new physics comes
from the top loop. Although this is a loop e↵ect, the coe�cient is large because of the large top coupling and
the QCD color factor. This directly motivates searches for new physics in the top sector, such as searches for
stops in SUSY and fermionic top partners in composite scenarios. These are discussed in §1.3.5 and §1.3.9
of this report, respectively. The summary is that LHC14 with 300 fb�1 has sensitivity for these new states
to approximately the TeV scale. Taken at face value, this implies roughly a tuning of ✏ ⇠ 1%.

Should this be taken as evidence that nature is unnatural? A possibly useful historical analogy from
cosmology is that in the early 1990s the quadrupole anisotropy of the cosmic microwave background appeared
to be below expectations from cold dark matter cosmology. This was arguably the ‘discovery mode’ for this
cosmological model, and the reason it was not found earlier is that it is coindidentally small, with a probability
from cosmic variance of roughly 1%. The lesson may be that unfavorable accidents at the 1% level do happen
in discovery modes for fundamental new physics.

We can therefore ask how well future experiments will probe naturalness. A rough summary is that the HL-
LHC increases the reach for new heavy particles by 10% to 20%. This does not make a dramatic impact on
naturalness, although it should be kept in mind that the new mass range that is being probed is in the most
interesting range in a wide range of well-motivated models, as discussed above. In addition, the HL-LHC
can close many (but not all) low-mass loopholes due to higher luminosity and improved systematics.

If we push to higher energies with a 100 TeV VLHC, we can probe colored SUSY partners at the 10 TeV
scale. Based on the scaling of tuning, we expect this to probe tuning to the level ✏ ⇠ 10�4. This is a very
strong motivation to expect the discovery of new physics.

On the other hand, in the scenario we are considering it may be that the top partners or other new particles
have been missed at the LHC14 with 300 fb�1 because of highly compressed spectrum or other low-mass
loopholes. At an e+e� collider, new particles can be searched for in a nearly loophole-free way, typically for
masses of up to

p

s/2. In SUSY e+e� colliders can directly probe another source of tuning: the Higgsino
mass generically contributes directly to the Higgs mass, and therefore SUSY models with heavy Higgsinos
require tuning at the level of ✏ ⇠ (125 GeV/m

˜H)2. An e+e� collider can search for Higgsinos in a model-
independent way up to essentially

p

s/2. At a 1 TeV e+e� collider, we can therefore probe tuning at the
level of ✏ ⇠ 1% in SUSY [30]. Precision studies of the Higgsino sector may also allow indirect indications of
the electroweak gaugino masses even if the associated particles in the multi-TeV range [44].

1.3.12.3 Flavor, CP, and Precision Measurements

Many models of new physics have potential contributions to flavor, CP, and precision electroweak observables
at a level that may point to new physics at a scale of roughly 10 TeV. For example, SUSY has additional

Community Planning Study: Snowmass 2013

(mH2)physical ∼ (mH2)bare    
        + Λcutoff2                                   - Λcutoff2                                

No L
ose

!



S. Su 19

-

100 TeV pp: Stop

๏ 100 TeV pp: stop-stop-h production

T. Cohen et. al, 1406.4512
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100 TeV pp: SUSY
T. Cohen et. al, 1311.6480, 1406.4512

  exclusionexclusion discoverydiscovery  

14 TeV
300 fb-1

100 TeV
3000 fb-1

14 TeV 
300 fb-1

100 TeV 
3000 fb-1

uncompressed 2.3 TeV 13.5 TeV 1.9 TeV 11 TeV

compressed 600 GeV 4.8 TeV 900 GeV 5.7 TeV
uncompressed 1.5 TeV 10 TeV 800 GeV 8 TeV

compressed 650 GeV 4 TeV 500 GeV 3 TeV

msq=mgluino 2.8 TeV 16 TeV 2.5 TeV 15 TeV

mgluino 2.4 TeV 16 TeV 2 TeV 15 TeV

msq 2.1 TeV 14 TeV 1.5 TeV 12  TeV

mgluino 1.9 TeV 8 TeV 1.6 TeV 6.4 TeV

mstop 8 TeV 5.5 TeV

138 NEW PHYSICS SEARCHES AT SPPC

using the “Snowmass” detector parameter card [50]. Total production cross sections were computed at3898

NLO using a modified version of Prospino v2.1 [51–53]. The stop cross sections were computed at3899

NLL using [54].3900

Gluino-neutralino with light flavor decays3901

In the “gluino-neutralino model with light flavor decays”, the gluino eg is the only kinematically acces-3902

sible colored particle. The squarks are completely decoupled and do not contribute to gluino production3903

diagrams. The gluino undergoes a prompt three-body decay through off-shell stops, eg ! q q e�0

1

, where3904

q is one of the light quarks and e�0

1

is a neutralino LSP. The only two relevant parameters are the gluino3905

mass meg and the neutralino mass me�0

1

.3906

The background is dominated by W/Z + jets, with subdominant contributions from t t production.3907

Single top events and W/Z events from vector boson fusion processes are negligible. In all cases, there3908

are decay modes which lead to multi-jet signatures. The Emiss

T

can come from a variety of sources, such3909

as neutrinos, jets/leptons which are lost down the beam pipe, and energy smearing effects.3910

The gluino-neutralino model with light flavor decays can be probed with an analysis inspired by3911

the ATLAS analysis in [55]. After an event preselection, rectangular cuts on one or more variables3912

are optimized at each point in parameter space to yield maximum signal significance. Specifically, we3913

simultaneously scan a two-dimensional set of cuts on Emiss

T

and H
T

, where Emiss

T

is the magnitude of3914

the missing transverse momentum and H
T

is defined as the scalar sum of jet p
T

. Following a standard3915

four jet pre-selection, the search strategy is given by3916

SEARCH STRATEGY: Simultaneous optimization over H
T

and Emiss

T

3917

Emiss

T

/
p

H
T

> 15 GeV1/2

3918

The leading jet pT must satisfy pleading
T < 0.4 H

T

3919

Emiss

T

> (Emiss

T

)optimal3920

H
T

> (H
T

)optimal3921

These cuts are applied to our realistic simulated events. The discovery reach and limits for all four3922

collider scenarios in the full meg versus me�0

1

plane can be seen in Fig. 6.1. The 14 TeV 300 fb�1 limit3923

with massless neutralinos is projected to be at a gluino mass of 2.3 TeV (corresponding to 110 events),3924

while the 14 TeV 3000 fb�1 limit is projected to be at 2.7 TeV (corresponding to 175 events). The3925

14 TeV LHC with 3000 fb�1 could discover a gluino as heavy as 2.3 TeV if the neutralino is massless,3926

while for me�0

1

& 500 GeV the gluino mass reach rapidly diminishes. At a 33 TeV machine with3927

3000 fb�1, the limit with massless neutralinos is projected to be 5.8 TeV (corresponding to 61 events).3928

The 33 TeV proton collider with 3000 fb�1 could discover a gluino as heavy as 4.8 TeV if the neutralino3929

is massless, while for me�0

1

& 1 TeV the gluino mass reach rapidly diminishes. Finally, for a 100 TeV3930

collider with 3000 fb�1, the limit with massless neutralinos is projected to be 13.5 TeV (corresponding3931

to 60 events). The 100 TeV proton collider with 3000 fb�1 could discover a gluino as heavy as 11 TeV3932

if the neutralino is massless, while for me�0

1

& 1 TeV the gluino mass reach rapidly diminishes.3933

Compressed Strategy3934

This section is devoted to analyses which target the compressed region of parameter space for the gluino-3935

neutralino with light-flavor decays Simplified Model where3936

meg � me�0

1

⌘ �m ⌧ meg. (6.2)

For models with this spectrum, the search strategy of the previous section does not provide the optimal3937

reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing the3938

140 NEW PHYSICS SEARCHES AT SPPC

The discovery reach and limits for all four collider scenarios in the full meg versus me�0

1

plane can be3966

seen in Fig. 6.2. With 300 fb�1 of data this search can exclude gluino masses of up to approximately3967

900 GeV for a mass difference of 5 GeV, with reduced reach for larger mass differences. The limits3968

increase to around 1 TeV with a factor of 10 more data. This improves the reach near the degenerate3969

limit by roughly 200 GeV compared to the H
T

+Emiss

T

-based analysis; the H
T

+Emiss

T

-based searches3970

do not begin to set stronger limits until � & 50 GeV. The discovery reach of this search is gluino3971

masses up to 800 GeV near the degenerate limit. Unlike the exclusion reach, the discovery reach for3972

this search is not a substantial improvement over the H
T

+Emiss

T

-based analysis, even in the degenerate3973

limit. This occurs because the signal efficiency using these searches is such that there are not enough3974

events to reach 5� confidence.3975

For a 33 TeV proton collider with 3000 fb�1 of data, the exclusion reach for a mass difference3976

of 5 GeV covers gluino masses of up to approximately 1.8 TeV, with reduced reach for larger mass3977

differences. For very small mass differences in the range of 5 to 50 GeV discoveries could be made for3978

gluino masses up to 1.4 TeV. This search improves the exclusion (discovery) reach near the degenerate3979

limit by roughly 800 GeV (400 GeV) compared to the H
T

+Emiss

T

-based analysis; the H
T

+Emiss

T

-based3980

searches do not begin to set stronger limits until � & 50 GeV.3981

For a 100 TeV proton collider with 3000 fb�1 of data, the exclusion reach for a mass difference3982

of 5 GeV covers gluino masses of up to approximately 5.7 TeV, with reduced reach for larger mass3983

differences. For very small mass differences discoveries could be made for gluino masses up to 4.83984

TeV. This search improves the exclusion (discovery) reach near the degenerate limit by roughly 1.7 TeV3985

(1.3 TeV) compared to the H
T

+ Emiss

T

-based analysis; the H
T

+ Emiss

T

-based searches do not begin to3986

set stronger limits until � & 500 GeV.3987
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Figure 6.2 Results for the gluino-neutralino model with light flavor decays for the analyses that target the
compressed region of parameter space. The left [right] panel shows the 5 � discovery reach [95% CL exclusion]
for the four collider scenarios studied here. A 20% systematic uncertainty is assumed and pileup is not included.

Squark-neutralino3988

In the “squark-neutralino model”, the first and second generation squarks eq are all allowed to be kine-3989

matically accessible. The squarks undergo prompt two-body decays, eq ! q e�0

1

, where t is the top quark3990

and e�0

1

is a neutralino LSP. The only two relevant parameters are the squark mass meq and the neutralino3991

mass me�0

1

.3992

The backgrounds are essentially identical to those that were relevant for the gluino-neutralino with3993

light flavor decays model. Since the final state is two (or more) hard jets and missing energy, this3994

model also serves to test the power of jets+Emiss

T

style analyses. The mass reach is not be nearly as3995
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is taken to be universal for the first two generations, the gluino mass meg , and the neutralino mass me�0 .4051

For this study we fix the neutralino mass me�0

= 1 GeV, which captures the relevant kinematics for4052

meg, meq � me�0 . The decay mode is chosen depending on the mass hierarchy.4053

This model is a good proxy for comparing the power of searches which rely on the traditional jets and4054

Emiss

T

style hadron collider search strategy to discriminate against background. The final state ranges4055

from two to four (or more) hard jets from the decay (depending on the production channel) and missing4056

energy. The current preliminary limits on this model using 20 fb�1 of 8 TeV data are meg = 1750 GeV4057

and meq = 1600 GeV (ATLAS [64]) assuming a massless neutralino.4058

The results for the gluino-squark-neutralino model are given in Fig. 6.5. The 14 TeV 300 fb�1 limits4059

are projected to be meg = meq = 2.8 TeV (corresponding to 155 events); meg = 2.4 TeV (corresponding4060

to 43 events) and the squark mass is at the edge of the region simulated; meq = 2.1 TeV (corresponding4061

to 774 events) and the gluino mass is at the edge of the region simulated. The 14 TeV 3000 fb�1 limits4062

are projected to be meg = meq = 3.2 (corresponding to 293 events); meg = 3.0 TeV (corresponding to4063

23 events) and the squark mass is at the edge of the region simulated; meq = 2.7 TeV (corresponding4064

to 953 events) and the gluino mass is at the edge of the region simulated. The 33 TeV 3000 fb�1 limits4065

are projected to be meg = meq = 6.8 (corresponding to 132 events); meg = 6.1 TeV (corresponding to4066

21 events) and the squark mass is at the edge of the region simulated; meq = 5.5 TeV (corresponding to4067

473 events) and the gluino mass is at the edge of the region simulated. The 100 TeV 3000 fb�1 limits4068

are projected to be meg = meq = 16 (corresponding to 136 events); meg = 16 TeV (corresponding to4069

13 events) and the squark mass is at the edge of the region simulated; meq = 14 TeV (corresponding to4070

169 events) and the gluino mass is at the edge of the region simulated. Clearly the search does better4071

with light gluinos. Note that we find that we are closer to the ideal limit than in the 14 TeV and 33 TeV4072
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Figure 6.5 Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left
[right] panel shows the 5 � discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%
systematic uncertainty is assumed and pileup is not included.

Gluino-neutralino with heavy flavor decays4074

In the “gluino-neutralino model with heavy flavor decays”, the gluino eg is the only kinematically acces-4075

sible colored particle. The squarks are completely decoupled and do not contribute to gluino production4076

diagrams. The gluino undergoes a prompt three-body decay through off-shell stops, eg ! t t e�0

1

, where4077

t is the top quark and e�0

1

is a neutralino LSP. The only two relevant parameters are the gluino mass meg4078

and the neutralino mass me�0

1

.4079
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Higgs” theory [41]. Any scenario along these lines, with compositeness and supersymmetry at scales3859

near 10 TeV, would provide dramatic and exciting new physics at SppC.3860

To summarize, in many of the supersymmetric scenarios that are still viable in light of the 125 GeV3861

Higgs mass, there are key physics targets that are within reach of SppC but not of the LHC. In the3862

MSSM itself, these are the stops (at least the heavier of the two, in the highly mixed case), which3863

for most values of tan � would be discovered and have their properties measured at SppC. This could3864

experimentally confirm our theoretical understanding of the Higgs mass in the MSSM. Alternatively,3865

in D-term extensions of the MSSM, the discovery of new heavy gauge bosons—for example, a Z 0—3866

and the study of their couplings to Higgs bosons could be a crucial channel. F -term scenarios come3867

in a wider variety, but in addition to an extended Higgs sector, also frequently predict strong coupling3868

and possibly compositeness at the several TeV scale. Almost any scenario in which supersymmetry3869

exists near the weak scale, then, would provide great opportunities for the SppC, going well beyond the3870

capabilities of the LHC.3871

Summary of Simplified Model Results3872

The following sections summarize the work performed in [42, 43]. These were studies of the mass3873

reach for various particles at future hadron colliders. The focus was on Simplified Models [44–46] that3874

are motivated by Supersymmetry (SUSY). Simplified Models are by a Lagrangian field theory using3875

a minimal number of new physics states. The goal is to isolate the particles that generate a particular3876

signature of interest. Then the goal is to design a set of searches that cover the range of kinematic3877

possibilities which can arise as a function of the particle masses. Based on our prejudice for which3878

models should be prioritized, below we will present results for the following:3879

Simplified Model Decay Channel 100 TeV reach

Gluino-neutralino (light flavor) eg ! q q e�0

1

11 TeV

Squark-neutralino eq ! q e�0

1

8 TeV

Gluino-squark with a massless neutralino
eg ! �

q q e�0

1

/q eq⇤�;
15.5 TeVeq ! �

q e�0

1

/q eg
�

Gluino-neutralino (heavy flavor) eg ! t t e�0

1

6.4 TeV

Stop-neutralino et ! t e�0

1

5.5 TeV

3880

In this table, “100 TeV reach” corresponds to the maximum discovery potential at a future 100 TeV3881

proton collider with 3000 fb�1 of integrated luminosity.3882

These models were chosen as they are expected to represent the most likely first signatures of SUSY3883

at a hadron collider. The gluino-neutralino with light flavor decays, squark-neutralino, and gluino-3884

squark with a massless neutralino are classic examples of models that yield “jets + Emiss

T

”, where3885

Emiss

T

is missing transverse energy. These models are motivated by their large production cross sec-3886

tion which implies that a large regions of SUSY parameter space would yield this as the first signature.3887

These will be followed by the gluino-neutralino with heavy flavor decays and stop-neutralino models,3888

which are motivated by the expectation that they would represent the first manifestation of “natural3889

SUSY” models.3890

Parton level events were generated using Madgraph5 v1.5.10 [47]. All signals involve the pair3891

production of SUSY particles and are matched using MLM matching up to 2 additional jets. The3892

kT -ordered shower scheme with a matching scale of qcut=xqcut=100 GeV was used. Note that3893

we do not account for any possible inadequacies inherent in the current Monte Carlo technology, e.g.3894

electroweak gauge bosons are not included in the shower.3895

The gluinos and squarks were treated as stable at the parton level. These events were subsequently3896

decayed and showered using Pythia6 [48] and passed through the Delphes detector simulation [49]3897
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38 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-studied possibil-1102

ity for dark matter by giving a clear answer to this question: the dark matter particles interact with the1103

Standard Model, and are thermalized in the early universe. Assuming a standard cosmological history,1104

the present abundance of dark matter can be unambiguously computed once the underlying particle1105

physics is fixed, in much the same way as the abundance of light elements is predicted in big bang1106

nucleosynthesis.1107

The relic abundance of dark matter particles is set by their annihilation cross-section in the early1108

universe: in order to avoid overclosure, we must have [64–66]1109
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DM , this leads us to a limit on the dark matter mass1110
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0.3

◆
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As has been long appreciated, it is quite remarkable that the TeV scale emerges so naturally in this way,1111

assuming dark matter couplings comparable in strength to the electroweak gauge interactions. This1112

gives a strong, direct argument for new physics at the TeV scale, independent of any theoretical notions1113

of naturalness.1114

Compellingly, dark matter often falls out of theories of physics beyond the Standard Model without1115

being put in by hand. Indeed, if the Standard Model is augmented by new physics, not even necessarily1116

close to the weak scale, but far beneath the GUT scale, the interactions with new states should respect1117

Baryon and Lepton number to a very high degree. Since all Standard Model particles are neutral under1118

the discrete symmetry (�1)

B+L+2S , any new particles that are odd under this symmetry will be exactly1119

stable. This is the reason for the ubiquitous presence of dark matter candidates in BSM physics. It is1120

thus quite plausible that the dark matter is just one part of a more complete sector of TeV-scale physics;1121

this has long been a canonical expectation, with the dark matter identified as e.g. the lightest neutralino1122

in a theory with TeV-scale supersymmetry. The dominant SUSY processes at hadron colliders are of1123

course the production of colored particles—the squarks and gluinos—which then decay, often in a long1124

cascade of processes, to Standard Model particles and the LSP, resulting in the well-known missing1125

energy signals at hadron colliders. This indirect production of dark matter dominates, by far, the direct1126

production of dark matter particles through electroweak processes.1127

However, as emphasized in our discussion of naturalness, it is also worth preparing for the possibility1128

of a much more sparse spectrum of new particles at the TeV scale. Indeed, if the idea of naturalness fails1129

even slightly, the motivation for a very rich set of new states at the hundreds of GeV scale evaporates,1130

while the motivation for WIMP dark matter at the TeV scale still remains. This is for instance part of the1131

philosophy leading to models of split SUSY: in their minimal incarnation, the scalars and second Higgs1132

doublet of the MSSM are pushed to ⇠ 10

2 � 10

3 TeV, but the gauginos (and perhaps the Higgsino)1133

are much lighter, protected by an R-symmetry. The scalars are not so heavy as to obviate the need for1134

R-parity, so the LSP is still stable, and must be set at the TeV scale in order not to overclose the universe,1135

thereby making up some or perhaps all of the dark matter.1136

In exploring dark matter at colliders, therefore, it is most prudent to first look for direct production
of dark matter, rather than dark matter arising in the decay products of other states that may not be
accessible. We will therefore explore the reach of the SppC to the production of new states with only
electroweak quantum numbers, which also certainly give the simplest possible picture for what the dark
matter could be. The simplest case of all would be a single new state: a real triplet or vector-like doublet
add the fewest possible number of degrees of freedom to the Standard Model, and no new interactions,
so the only free parameter are the particle masses. We can be slightly more general and allow for
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However, as emphasized in our discussion of naturalness, it is also worth preparing for the possibility1128

of a much more sparse spectrum of new particles at the TeV scale. Indeed, if the idea of naturalness fails1129

even slightly, the motivation for a very rich set of new states at the hundreds of GeV scale evaporates,1130

while the motivation for WIMP dark matter at the TeV scale still remains. This is for instance part of the1131

philosophy leading to models of split SUSY: in their minimal incarnation, the scalars and second Higgs1132

doublet of the MSSM are pushed to ⇠ 10

2 � 10

3 TeV, but the gauginos (and perhaps the Higgsino)1133

are much lighter, protected by an R-symmetry. The scalars are not so heavy as to obviate the need for1134

R-parity, so the LSP is still stable, and must be set at the TeV scale in order not to overclose the universe,1135

thereby making up some or perhaps all of the dark matter.1136

In exploring dark matter at colliders, therefore, it is most prudent to first look for direct production
of dark matter, rather than dark matter arising in the decay products of other states that may not be
accessible. We will therefore explore the reach of the SppC to the production of new states with only
electroweak quantum numbers, which also certainly give the simplest possible picture for what the dark
matter could be. The simplest case of all would be a single new state: a real triplet or vector-like doublet
add the fewest possible number of degrees of freedom to the Standard Model, and no new interactions,
so the only free parameter are the particle masses. We can be slightly more general and allow for
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Figure 1-6. 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.

exploration of non-standard corners of MSSM Higgs parameter space, as well as other natural theories of
extended electroweak symmetry breaking. On the experimental side, a high-luminosity e+e� collider could
reduce the uncertainty on �ghbb to less than a percent, turning the tension into a discovery of new physics.

A high-energy proton collider can also continue exploration of the extended Higgs sector by producing a large
sample of heavier Higgs scalars. In this example, although the heavy CP-even scalar H primarily decays
to tt̄ pairs, it also exhibits rarer decay modes such as H ! ZA and H ! H±W⌥ that are kinematically
squeezed but nonetheless observable provided the large number of H bosons produced at a high-energy pp
machine. More generally, a high-energy proton collider has the potential to discover additional Higgs bosons
that lie well beyond the reach of the LHC and ILC.

1.3.2 WIMP Dark Matter

Though the presence of dark matter in the universe has been well-established, little is known of its particle
nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly
interacting massive particle (WIMP), denoted as �, and interactions with standard model particles via some
as-yet-unknown mediator.

WIMPs appear in many theories of physics beyond the standard model (e.g. SUSY), or other theories which
posit a rich dark sector complete with dynamical self-interactions and striking features at colliders [95]. For
other examples, see Refs. [60, 16, 107, 122, 39, 104].

However, this section focusses on a phenomenological approach, searching directly for WIMPs rather than
on other states which may appear in the theory. Specifically, this section describes the sensitivity of searches
for pair-production of WIMPs at particle colliders, pp ! ��̄ at the LHC or e+e�

! ��̄ at a lepton collider
via some unknown mediator.

If the mediator is too heavy to be resolved, the interaction can be modeled as an e↵ective field theory with
a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state
WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation
of a standard model particle [39, 108, 115], see Fig 1-6, recoiling against the dark matter pair.

In this section, we describe the sensitivity of future pp and e+e� colliders in various configurations to WIMP
pair production using the mono-jet final state (in the pp case) or mono-photon final state (in the e+e� case).
We consider both e↵ective operators and one example of a real, heavy Z 0-boson mediator.
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particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T )1, the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on

cosmological time scales and hence a DM candidate. In some supersymmetric models,

WIMPs are expected to be dominantly produced in cascade decays of heavier unstable

supersymmetric particles along with high transverse momentum (pT = |pT|) SM particles.

In a more model-independent approach, WIMP pair production at colliders is proposed to

yield detectable Emiss
T if the WIMP pair is tagged by a jet or photon from initial- or final-

state radiation (ISR/FSR) [13, 31]. Even though this approach does not rely on a specific

BSM scenario, it does have assumptions: WIMPs are pair-produced at the LHC and all

new particles mediating the interaction between WIMPs and the SM are too heavy to be

produced directly; they can thus be integrated out in an effective field theory approach.

The resulting interaction is hence a contact interaction between the dark sector and the

SM. It is worth noting that the DM particles are not explicitly assumed to interact via the

weak force. They may also couple to the SM via a new force. Throughout this work, the

terms WIMP and DM particle (candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
⋆
χ̄χq̄q

D5 qq vector 1
M2

⋆
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

1Letters in bold font are used for vector quantities.

– 3 –

ZHou, Berge, Tait, Wang, Whiteson, Snowmass (2013)

LHC/100 TeV: Higgs 
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Model Dependent DM Searches

๏ WIMP: part of a complete model

๏ Last particle in the cascade decay 
chain of parent particle, MET

Discovering dark matter:

- DM candidate embedded in an extended TeV new 
physics scenario

- Could be early discovery.

DM candidate

Lightest superpartner (LSP)
Neutral and stable. 

Tuesday, March 27, 2012

 Very challenging.  

 weak discovery @ 14 TeV, 3 ab-1

38 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-studied possibil-1102

ity for dark matter by giving a clear answer to this question: the dark matter particles interact with the1103

Standard Model, and are thermalized in the early universe. Assuming a standard cosmological history,1104

the present abundance of dark matter can be unambiguously computed once the underlying particle1105

physics is fixed, in much the same way as the abundance of light elements is predicted in big bang1106

nucleosynthesis.1107

The relic abundance of dark matter particles is set by their annihilation cross-section in the early1108

universe: in order to avoid overclosure, we must have [64–66]1109

⌦h2

= 0.11 ⇥
✓ h�vi

freeze

2.2 ⇥ 10

�26

cm

3/s

◆�1

, (2.30)

with � / g4

eff/M2

DM , this leads us to a limit on the dark matter mass1110

M
DM

< 1.8 TeV

✓
g2

e↵

0.3

◆
. (2.31)

As has been long appreciated, it is quite remarkable that the TeV scale emerges so naturally in this way,1111

assuming dark matter couplings comparable in strength to the electroweak gauge interactions. This1112

gives a strong, direct argument for new physics at the TeV scale, independent of any theoretical notions1113

of naturalness.1114

Compellingly, dark matter often falls out of theories of physics beyond the Standard Model without1115

being put in by hand. Indeed, if the Standard Model is augmented by new physics, not even necessarily1116

close to the weak scale, but far beneath the GUT scale, the interactions with new states should respect1117

Baryon and Lepton number to a very high degree. Since all Standard Model particles are neutral under1118

the discrete symmetry (�1)

B+L+2S , any new particles that are odd under this symmetry will be exactly1119

stable. This is the reason for the ubiquitous presence of dark matter candidates in BSM physics. It is1120

thus quite plausible that the dark matter is just one part of a more complete sector of TeV-scale physics;1121

this has long been a canonical expectation, with the dark matter identified as e.g. the lightest neutralino1122

in a theory with TeV-scale supersymmetry. The dominant SUSY processes at hadron colliders are of1123

course the production of colored particles—the squarks and gluinos—which then decay, often in a long1124

cascade of processes, to Standard Model particles and the LSP, resulting in the well-known missing1125

energy signals at hadron colliders. This indirect production of dark matter dominates, by far, the direct1126

production of dark matter particles through electroweak processes.1127

However, as emphasized in our discussion of naturalness, it is also worth preparing for the possibility1128

of a much more sparse spectrum of new particles at the TeV scale. Indeed, if the idea of naturalness fails1129

even slightly, the motivation for a very rich set of new states at the hundreds of GeV scale evaporates,1130

while the motivation for WIMP dark matter at the TeV scale still remains. This is for instance part of the1131

philosophy leading to models of split SUSY: in their minimal incarnation, the scalars and second Higgs1132

doublet of the MSSM are pushed to ⇠ 10

2 � 10

3 TeV, but the gauginos (and perhaps the Higgsino)1133

are much lighter, protected by an R-symmetry. The scalars are not so heavy as to obviate the need for1134

R-parity, so the LSP is still stable, and must be set at the TeV scale in order not to overclose the universe,1135

thereby making up some or perhaps all of the dark matter.1136

In exploring dark matter at colliders, therefore, it is most prudent to first look for direct production
of dark matter, rather than dark matter arising in the decay products of other states that may not be
accessible. We will therefore explore the reach of the SppC to the production of new states with only
electroweak quantum numbers, which also certainly give the simplest possible picture for what the dark
matter could be. The simplest case of all would be a single new state: a real triplet or vector-like doublet
add the fewest possible number of degrees of freedom to the Standard Model, and no new interactions,
so the only free parameter are the particle masses. We can be slightly more general and allow for
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๏ Dark matter at TeV scale (Wino or Higgsino LSP)
➡ can not be explored at LHC 14 with 300 fb-1

➡ enhanced reach of 1 TeV or higher at pp 100 TeV
๏ Smaller dark matter mass

➡ low mass loopholes of suppressed coupling or compressed 
spectrum, small MET
➡ e+e- collider, reach Ecm/2.

1.3 Discovery Stories 41

Whether a 33 TeV or a 100 TeV pp machine will be able to see such a resonance in the t t̄ final state or in the
dijet mass spectrum depends on the localization of the quarks, which control the branching fraction of the KK
gluon as well as the flavor violating couplings of KK resonances to quarks. In contrast to supersymmetric
models in which the flavor sector is in principle disconnected from collider observables, for RS models,
measurements at the intensity frontier can set a roadmap for future direct searches.

Reference [13] shows, how the recent discovery of the Bs ! µ+µ� decay mode at LHCb constrains the
parameter space of warped models and how projected improvements in measurements of rare Kaon decays
will further narrow down these parameters. In particular the expected precision measurements from ORKA
[79] and KEK [1] have the potential to not only determine these localization parameters but also identify the
underlying electroweak bulk gauge group of the RS model. Figure 1-37 shows the reach of dijet searches in
dependence on the localization of the right-handed top quark (cu3), the orthogonal correlation of B(KL !

µ+µ�) and B(K+

! ⇡+⌫⌫̄) for the minimal and custodial model as well as the cu3 dependence of the size
of e↵ects in B(K+

! ⇡+⌫⌫̄) and B(KL ! ⇡0⌫⌫̄) in these two classes of models.

Models with further structure in the gauge and flavor sectors can lead to lower KK mass scales, which could
be in the reach of the 14 TeV LHC [12] or lead to interesting signatures like the flavor violating decay of the
KK gluon into top and charm quarks, testable at the an upgraded pp machine [99].

1.3.12 ‘Only’ the Standard Model

We now consider an ‘anti-discovery’ scenario where LHC14 with 300 fb�1 does not discover any additional
particles or observe any anomalies. Such a run will have significant acheivements: the LHC will have not
only discovered the Higgs boson, but will have made impressive progress in the program of precision Higgs
measurements. Projections for these are discussed in the Higgs working group report. The scenario we are
now considering also assumes that the improved measurements of Higgs couplings from LHC14 300 fb�1 are
consistent with their standard model values. It also assumes that there is no discovery of physics beyond the
standard model from the intensity frontier program (e.g. new flavor violation) or the cosmic frontier program
(e.g. dark matter direct detection). Any such discovery would be a sign of new physics that could be at the
TeV scale, giving additional motivation for continued exploration of the energy frontier. But if there is no
discovery of new fundamental physics, is our motivation for exploring the TeV scale reduced?

As discussed throughout this report, there are a number of big questions and big ideas that can be explored
at the TeV scale. The big questions that have the strongest link to the TeV scale are the origin of dark
matter and the naturalness of the Higgs boson. We discuss these questions in the context of the no-discovery
scenario below.

1.3.12.1 Dark Matter

Probably the best-motivated dark matter candidate is a weakly interacting massive particle (WIMP). This
requires only that the dark matter is a neutral stable particle that couples weakly to the standard model,
and that the dark matter particles are in thermal equilibrium with the standard model particles in the early
universe. In this scenario, there is an upper limit on the WIMP mass

m
WIMP

 2 TeV

✓
g2

e↵

0.3

◆
, (1.2)

where g
e↵

is the coupling strength between dark matter and the SM particles, which we have normalized to
the weak coupling in the SM. The dark matter mass can easily be at the TeV scale, and LHC14 with 300 fb�1
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๏ understanding QCD
๏ search for new physics

 Jet Physics

100 TeV: significant pileup, more than 200 (LHC Run I: 30)
affect energy and direction of jet
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W/Z/H/t radiation
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Process P(pT ) P(1 TeV) P(10 TeV)
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Table 6.2 An illustrative set of approximate total electroweak splitting rates in final-state showers [139].
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Figure 6.15 Partonic luminosities at the 100 TeV SPPC, illustrating the relative contributions from weak bosons
when treated as partons in the PDFs [139].

QCD showers [138]. The electroweak case is further complicated by the nontrivial propagator structure4459

as the Z pole is approached and the need to match onto QED. Ultimately, the final production rate of an4460

exclusive (un-split) � or Z state from any process at E � mZ can only be properly assessed after first4461

evolving down from the hard process scale in this manner.4462

Table 6.2 provides a few estimates for total splitting rates of individual final-state particles, including4463

approximate numerical values for particles produced at pT = 1 TeV and 10 TeV. The SU(2) self-4464

interactions amongst transverse gauge bosons tend to give the largest rates, quickly exceeding 10% as4465

the energy is raised above 1 TeV. This has significant impact on processes with prompt transverse boson4466

production such as W/Z/�+jets, and especially on multiboson production including transverse boson4467

scattering. Generally, it is important to appreciate that any particle in an event, whether initial-state or4468

final-state, or even itself produced inside of a parton shower, can act as a potential electroweak radiator.4469

Consequently, the total rate for finding one or more electroweak splittings within a given event must be4470

compounded, and can sometimes add up to O(1).4471

electroweak splitting rate

Chen et. al. (2015)
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Running EW Couplings

 1 TeV 10 TeV

α1/α1(mZ) 2.7% 5.5%
α2/α2(mZ) 3.9% 7.4%
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๏ dijet resonance: 
   color singlet, color octet, UED KK gluon, RS gluon, quark compositeness  
๏ minimal requirement on machine luminosity and trigger
๏ calibrating detector response in hadronic environment

New Resonance

Yu et. al. (2013)
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Higgs Portal

Curtin et. al. (2014)
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̄q
p

s [TeV]
R L dt [fb�1] # of events (SM) ̄q > (<) ̄stat.

q > (<)

̄u e+e�
2 · 10

6 · H’s O(40) 1.1 (�1.5) 0.88 (�1.2)

̄d e+e�
2 · 10

6 · H’s O(40) 1.2 (�1.4) 0.96 (�1.1)

̄s 14 3000 770 0.56 (�1.2) 0.27 (�0.81)

̄s 33 3000 1380 0.54 (�1.2) 0.22 (�0.75)

̄s 100 3000 5920 0.54 (�1.2) 0.13 (�0.63)

̄c 14 3000 45 0.56 (�5.7) 0.54 (�5.4)

̄c 33 3000 81 0.49 (�4.7) 0.47 (�4.4)

̄c 100 3000 348 0.39 (�3.6) 0.35 (�3.3)

Table 6.6 Three future hadron colliders with expected center of mass energies, integrated luminosities, number
of h ! ��, J/ � events for ̄s,c = ̄SM

s,c = ms,c/mb , the minimal (maximal) values of ̄s,c that can be probed
with present (4th column) and negligible (last column) theory error, see text.

This portal is motivated from a purely bottom-up perspective as one of only two marginal couplings al-5128

lowed between the SM and SM-singlet states, as well as from the top-down by a wide range of beyond-5129

the-SM scenarios including dark matter, electroweak naturalness, and electroweak baryogenesis. Ex-5130

ploration of the Higgs portal is a high priority at the LHC and future colliders.5131

Here we consider the possible collider probes of a scalar Higgs portal of the form5132

L = LSM � 1

2

@µ�@µ� � 1

2

M2�2 � c�|H|2�2 (6.56)

where H is the SM-like Higgs doublet and � is a real scalar neutral under the Standard Model. In5133

Higgs portals motivated by baryogenesis, dark matter, or naturalness, the dimensionless Higgs portal5134

coupling is expected to be O(1). The most experimentally challenging scenario is one in which the5135

theory respects a Z
2

symmetry, � ! ��, in which case there is no mixing between the Higgs and �. In5136

this case the theory at the weak scale is5137

L = LSM � 1

2

@µ�@µ� � 1

2

m2

��2 � c�vh�2 (6.57)

where m2

� = M2

+ c�v2 with v = 246 GeV. The sole means of producing � at colliders is via the5138

Higgs boson We will assume that � has no SM decay modes, consistent with the Z
2

symmetry, and5139

appears solely as missing energy at colliders. Consequently, the primary signatures at hadron colliders5140

involve associated production modes of an off-shell Higgs in conjunction with missing energy. The most5141

promising associated production channels include vector boson fusion, gluon fusion with an associated5142

jet, and top pair associated production. Production in association with a W or Z boson may also be5143

useful, but the relatively small cross sections for these processes at 100 TeV renders them less promising.5144

If m� < mh/2, the Higgs can decay into � pairs and the Higgs portal may be constrained by bounds5145

on the non-SM Higgs width. When m� > mh/2, however, such decays are kinematically forbidden5146

and � pair production instead proceeds solely via an off-shell Higgs, pp ! h⇤
+ X ! �� + X . The5147

rate for this process is suppressed relative to decays of an on-shell Higgs by both an additional factor of5148

|c�|2 and two-body phase space, leading to a small rate and poor prospects at the LHC. In this respect a5149

high-energy, high-luminosity hadron collider such as SPPC is ideally suited to probe the Higgs portal.5150
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What if  still nothing else @ 100 TeV pp?
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What if  still nothing else @ 100 TeV pp?

Naturalness ???
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-Discovery of new particles 

relevant for naturalness

Yes No

Complete understanding of 

EWSB (+ much much more)

Fundamental change of 

paradigm
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Conclusion

๏ the discovery of Higgs is a remarkable triumph in particle physics

๏ a light weakly coupled Higgs argues for new physics beyond SM

๏ Search for new physics calls for both high precision machine and high 
energy machine

๏ 100 TeV pp machine: 

- probe energy frontier: non-SM Higgs, naturalness connection, dark 
matter, BSM particles,...

- precision, H coupling, V3,V4 couplings (cosmo connection), EW couplings

- SM physics: new phenomena

An exciting journey ahead of us!
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๏ Higgs-related

๏ dark matter

๏ top partners 
   (naturalness)

๏ other BSM๏ SM physics

Future

Colliders

๏ Cosmo 
connectionWhy is Higgs puzzling

- μh, ! measured, not PREDICTED. - Like phase transition in 
superconductor. However

Not in known material.
Nobody dials the 
temperature from “outside”.- Parameters in V(") need to come 

from a (unknown) fundamental 
theory.

 

 
 

 
5 (26) 

that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 − 𝜆଴
6   (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

particle spin

quark: u, d,... 1/2
lepton: e... 1/2

photon 1
W,Z 1
gluon 1
Higgs 0

h:  a new kind of 
elementary particle

Friday, October 11, 13

๏ SM tests
An exciting journey ahead of us!
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Conclusion

An exciting journey ahead of us!
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Conclusion

An exciting journey ahead of us!

LHC
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Conclusion

An exciting journey ahead of us!

LHC FCC-ee/CEPC
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Conclusion

An exciting journey ahead of us!

LHC FCC-pp/SppCFCC-ee/CEPC
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Beginning of new era ...
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Beginning of new era ...


