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Conclusions

• What unites us: focus on discovery

• Lepton and proton colliders are remarkably
  complementary

• A choice between unknowns



Conclusions (cont’d)
100 TeV pp machine:

• Unprecedented reach for new physics,
but there are low-energy loopholes

• Best guess: most sensitive probe of tuning
in SUSY

High energy lepton machines:

• Less energy reach, essentially no loopholes

• Precision program (Higgs, top)

• Best guess: most sensitive probe of tuning
in composite Higgs models



The Standard Model

With the discovery of the Higgs, we have 
experimentally established a theory that can be 
consistently extrapolated to the Planck scale.

Can we justify continued exploration with 
expensive particle colliders?

There is no guarantee of discovery.
We are exploring the unknown.



New physics at TeV scale

Unanswered Questions

• Dark matter

• Unification

• Naturalness

• Inflation

• Origin of masses and mixings

...

• Matter-antimatter asymmetry



Naturalness

Elementary scalars are unnatural

K. Wilson

1262 = 175992038487088835203904637364744757
– 175992038487088835203904637364728881



Two Ideas

SUSY Compositeness

(includes extra dimensions)

tuning

in standard model



SUSY
The most successful paradigm for physics beyond the
standard model

Most general feature of spectrum:

High scale SUSY breaking: RGE + unification

Low scale SUSY breaking: gauge mediation

⇒ jets + MET signature



SUSY at LHC
LHC run 1 searches: no sign of SUSY
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14

LHC run 2 & HL-LHC: tremendous increase in reach

assumptions and analysis strategies.

6.1 Direct Production of Weak Gauginos

Weak gauginos can be produced in decays of squarks and gluinos or directly in weak production.
For weak gaugino masses of several hundred GeV, as expected from naturalness arguments [19],
the weak production cross section is rather small, ranging from 10�2 to 10 pb, and a dataset
corresponding to high integrated luminosity is necessary to achieve sensitivity to high-mass
weak gaugino production. Results with the 2012 data exclude charginos masses of 300 to
600 GeV for small LSP masses, depending on whether sleptons are present in the decay chain.
For LSP masses greater than 100 GeV there are currently no constraints from the LHC if the
sleptons are heavy .

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

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

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

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

2 and �̃±1 are nearly degenerate in mass. With a ten-fold increase in integrated luminosity
from 300 to 3000 fb�1, the discovery reach extends to chargino masses above 800 GeV, to be
compared with the reach of 350 GeV from the smaller dataset. The extended discovery reach
and comparison are shown in Fig. 10.
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Figure 13: Discovery reach and 95% CL limits in a simplified squark–gluino model with a massless
neutralino. The color scale shows the

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

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

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

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

model 300 fb�1 1000 fb�1 3000 fb�1

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

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

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

7.2 Searches for Dilepton Resonances

For studies of the sensitivity to a Z0 boson [20], the dielectron and dimuon channels are con-
sidered separately since their momentum resolutions scale di↵erently with pT and the detector
acceptances are di↵erent. The background is dominated by the SM Drell-Yan production, while
tt̄ and diboson backgrounds are substantially smaller. Therefore, only the Drell-Yan background
is considered in this study. There is an additional background from non-prompt electrons due

18



5.3 Stop-Pair Production 21

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

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

p
Rbkg, as it is assumed that the

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

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

SUSY Naturalness?
Tuning:                          ⇒

My rough summary:

LHC run 1: probes 10% tuning
LHC run 2: 1% tuning
HL-LHC: another factor of 4

Many sensitive stop searches...



Scenarios

Discovery: we know what to do...

• “We told you so”
• Study the %#**! out of the signal

• Assess what future facilities best leverage discovery

• Drink champagne

No discovery:

Do we keep going?

SUSY



Cosmic Mysteries

1991: Limits on the cosmic microwave anisotropy were 
pushing the limits of cold dark matter cosmology...

[H. Murayama Lepton-Photon 2013]

COBE:



Fine Tuning!
uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• Before 1998, the universe 
appeared younger than 
oldest stars

• cosmologists got antsy
• “crisis in standard 

cosmology”
• it turned out a little “fine-

tuned”
• low quadrupole
• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

Times, Jan 14 (1991)

1% tuning



SUSY at 100 TeV pp
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SUSY at         Colliders

Tuning:

Energy reach:

• Hermetic “EW-ino scan”

• Masses measured to 1%

• Similar for sleptons 

Best hope for making quantitative connection between
collider MET and DM

⇒



Compositeness
Version 2.0: Higgs as pseudo Nambu-Goldstone boson

Tuning: from Higgs couplings

How far can we probe?

and precision EW



Compositeness at Colliders
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Fig. 13: Summary plot of the current constraints and prospects for direct and indirect probes of the strong
interactions triggering electroweak symmetry breaking. m

r

is the mass of the vector resonances and
x = (v/ f )2 measures the strengths of the Higgs interactions. The dark brown region on the left shows
the current combined limit from direct production of the charged r

± at the LHC decaying to `n and
WZ ! 3`n final states. The dark (medium light) horizontal purple bands indicate instead the sensitivity
on x expected at the LHC from double (single) Higgs production with 300 fb�1 of integrated luminosity.
The pink horizontal band reports the sensitivity reach on x from the study of double Higgs processes
alone at CLIC with 1 ab�1 of integrated luminosity. Finally, experimental electroweak precision tests
(EWPT) favor the region below the orange thick line with and without additional contribution to e1.
The Higgs mass is assumed to be 125 GeV and the vector resonance contribution to e3 is taken to be
De3 = m2

W/m2
r

. The domain of validity of our predictions, g
r

< 4p , is below the upper red line.

The phenomenology of composite Higgs theories is very similar to the phenomenology of the SM Higgs
boson. The only difference is that every observable has relative corrections to it that are proportional to
x = (v/ f )2, where v ' 246 GeV is the normal vacuum expectation value of the “Higgs”, and f is the
(higher) scale of compositeness. The scale f cannot be too small otherwise corrections to normal Higgs
production and decay are x = O(1) which is forbidden by current data. Therefore, x ⌧ 1 is required.
Exactly how low needs to be derived carefully from data.

Figure 13 (from [5]) shows the sensitivities at LHC and CLIC for observing non-SM signatures from
the composite nature of the Higgs boson in the plane of x and m

r

, where r is the vector resonance of the
composite theory in direct analogy to the r of QCD, which regularizes composite pion phenomenology.

A detailed description of Figure 13 is given in the caption, but it should be remarked that CLIC, with
an integrated luminosity of 1 ab�1 accumulated at 3 TeV, can reach x ⇡ 0.03 independent of m

r

due
to the relatively clean environment for studying double Higgs boson production. The reach on x can
be improved when single and double Higgs processes are combined and was estimated to be around
x = 0.002 [20], a number that is in rough agreement with the values reported in Table 4. In comparison,
the LHC with an integrated luminosity of 300 fb�1 at 14 TeV can reach only down to x ⇡ 0.1, given the
most recent estimates.

4.4 Search for Exotic Physics through Direct Production and Precision Studies

CLIC is a precision e+e� machine, and as such it is able to study many different observables with sub-
percent accuracy. For example e+e�! f f observables can be key to seeing small deviations with respect

23

300/fb

300/fb

3 TeV 3/ab

VLHC can discover resonances to ??? 
Probes naturalness only indirectly



Dark Matter

Motivates dark matter at TeV scale

Thermal relic ⇒             observed value  
for 

collider production

freeze-out,
indirect detection

direct detection



DM at 100 TeV pp
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Leptons vs. Hadrons

VLHC

ILC 250

10% 1%

ILC 500CLIC
1 TeV

10 TeV

Precision

Energy

muon
ILC 1000



Data Makes us Smarter

Markus Klute

Projections in HEP

8

1.1 GeV19 MeV

Assumptions on systematic uncertainties
Scenario 1: no change
Scenario 2: Δ theory / 2, rest � 1/√L

Large statistics allows to: 
- be selective, use your best events.
- calibrate data in situ.

Theory calculations are work in 
progress, e.g. Annastasio et al 
working on NNNLO, PDF constrains 
from LHC data. 

systematics



More Study Needed!
The ILC community has set the gold standard for
documenting their machine and its physics reach.

CLIC is also in good shape, but there are few
studies for VLHC and muon collider.

More such studies are needed as input to the
decision about the next big step forward in the 
energy frontier.



How do we Decide?
“Guaranteed discovery” is guaranteed mediocrity

High energy lepton and proton colliders are
extremely complementary

Neither has a guarantee of discovery

We have to decide.

If X finishes its run and we have seen nothing beyond
the measurements that are guaranteed, I will say:
“We did the right thing.”


