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The SM and... the LHC data so far

[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!

the same set of eqs. describe phenomena over 15 orders of magnitude
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The SM and... the rest of the Universe

[and we all have to return our royalties!]
is not enough

+...

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

 Dark Matter
 Dark Energy
 Quantum gravity{
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Where and how does the SM break down?
Which machine(s) will reveal (best)  this breakdown?
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Which Machine(s)?

4

Without knowing the properties of New Physics BSM, 
opting for one option a delicate question

Leptons
 S/B ~ 1 ➾ measurement?

 polarized beams 
        (handle to chose the dominant process)

 limited (direct) mass reach

 identifiable final states 

 ➾ EW couplings  

 √s limited by synchroton radiation
 higher luminosity 
 several interaction points
 precise E-beam measurement

  ( O(0.1MeV) via resonant depolarization) 

Circular Linear

 easier to upgrade in energy 

 easier to polarize beams

 large beamsthralung 

 greener: less power consumption

 large mass reach ➾ exploration?
 S/B ~ 10-10 (w/o trigger)
 S/B ~ 0.1 (w/ trigger)
 requires multiple detectors 

                (w/ optimized design) 

 only pdf access to √s
 ➾ couplings to quarks and gluons

Hadrons

^
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HL-LHC (2023-2035)

14 TeV   -   3/ab

14

Summary by A.Apyan at 
ECFA HL-LHC workshop

Coupling fit, assuming no BSM decays

• ATLAS: [ no theory uncert.,   full theory uncert.]
• CMS: [ δTH scaled by 1⁄2, δexp scaled by 1/ √L  ,  Syst as run 1]
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HE-LHC (TBD)

28 TeV   -   O(10)/ab

main issue:
16T magnets

(same magnets as in FCC-hh)

not many results available yet
the work is starting (kick-off meeting early Nov.)

it is your turn to understand what this machine could teach us
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SHiP(TBC: 2020-2030)

beam dump experiment: 400 GeV SPS protons on fixed target

L = 1039 cm�2 s�1

!"!#$%&'($)'))*%(+$,-./$01('+$,234$ ,5$

The SHiP experiment 
( as implemented in Geant4 ) intensity frontier

Where is new physics?

– p. 3

7

8x1017 D mesons
1014 B mesons

3x1015 !  leptons

√s~28 GeV   1020 protons over 10 years, i.e.   

Search for rare events triggered 
by light and weakly coupled new particles, 

e.g. in decays of B and D mesons
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SHiP(TBC: 2020-2030)

beam dump experiment: 400 GeV SPS protons on fixed target

L = 1039 cm�2 s�1
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The SHiP experiment 
( as implemented in Geant4 ) 

Scalar portal: phenomenology

Typical Lagrangian:

(!1S + !S2)H†H + LSM + Lhidden

Production

Direct production p + target ! S + ...

Production via intermediate (hadronic) state

p + target ! mesons + ..., and then hadron ! S + ....

– p. 10

Higgs portal

Decays

Subsequent decay of S to SM particles
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Through mixing with Higgs Example of constraints,

g! = !1V/m2
h

– p. 11

SHiP

——————————————————————————–
CERN-SPSC-2015-017 (SPSC-P-350-ADD-1)

A facility to Search for Hidden Particles at the CERN

SPS: the SHiP physics case

Sergey Alekhin,1,2 Wolfgang Altmannshofer,3 Takehiko Asaka,4 Brian Batell,5

Fedor Bezrukov,6,7 Kyrylo Bondarenko,8 Alexey Boyarsky?,8 Nathaniel Craig,9
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Abstract: This paper describes the physics case for a new fixed target facility at CERN SPS. The
SHiP (Search for Hidden Particles) experiment is intended to hunt for new physics in the largely
unexplored domain of very weakly interacting particles with masses below the Fermi scale, inacces-
sible to the LHC experiments, and to study tau neutrino physics. The same proton beam setup can
be used later to look for decays of tau-leptons with lepton flavour number non-conservation, ⌧ ! 3µ
and to search for weakly-interacting sub-GeV dark matter candidates. We discuss the evidence for
physics beyond the Standard Model and describe interactions between new particles and four di↵er-
ent portals — scalars, vectors, fermions or axion-like particles. We discuss motivations for di↵erent
models, manifesting themselves via these interactions, and how they can be probed with the SHiP
experiment and present several case studies. The prospects to search for relatively light SUSY and
composite particles at SHiP are also discussed. We demonstrate that the SHiP experiment has a
unique potential to discover new physics and can directly probe a number of solutions of beyond the
Standard Model puzzles, such as neutrino masses, baryon asymmetry of the Universe, dark matter,
and inflation.

?Editor of the paper
§Convener of the Chapter
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Physics case

7

8x1017 D mesons
1014 B mesons

3x1015 !  leptons

√s~28 GeV   1020 protons over 10 years, i.e.   

http://arxiv.org/abs/arXiv:1504.04855
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O(106) Higgs produced and reconstructed

Future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15

8

ILC (TBA: 2025-2045*)

Christophe Grojean FCC-ee phenomenology CERN, June 20, 2o1422

Higgs coupling measurements

412/11/2013 Philipp Roloff Higgs physics at CLIC 2

Reminder: Higgs production at CLIC

Higgs- 
strahlung

WW
fusion

σ ~ 1/s

ZZ
fusion

σ ~ log(s)

250/350/500/1000 GeV   -   5/ab

*ready for construction once approved



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 2017

Future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15

8

ILC (TBA: 2025-2045*)

Precision at 𝑒 𝑒  colliders 

Double Higgs-strahlung (DHS) 

VBF HH production  

Zh 𝑡𝑡̅ Zhh(DHS) 

∼250 GeV ∼350 GeV ∼ 500 GeV Center of Mass Energy ∼ 1 TeV 

𝑍ℎℎ (DHS) 
𝜈�̅�ℎℎ(VBF) 

Top Yukawa via 𝑡𝑡̅h 

VBF at 1 TeV  
improves HHH coupling  
by combining with Zhh 

HHH opens up! 

Three important thresholds 

Tian, Fujii 1311.6528, ILC TDR 

mh

Γh

higgs couplings

mt

top Yuk.
ZZhh coupling

h3 coupling
direct top Yuk

h3 coupling

250/350/500/1000 GeV   -   5/ab

*ready for construction once approved
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Precis of the Physics Case for the ILC

LCC Physics Working Group

†

October 2014

1 Introduction

The physics potential of the International Linear Collider has been documented in
a number of reports. Most recently, it is presented in some detail in Volume 2 of the
ILC Technical Design Report [1] and in a series of reports to the American Physical
Society’s study of the future of US particle physics (Snowmass 2013) [2–5]. However,
we thought that it might be valuable to add to these a brief and accessible review of
the main points of these documents. You will find that here.

The most important aspects of the ILC physics program are: (1) measurement
of the properties of the newly-discovered Higgs boson with very high precision; (2)
measurement of the properties of the top quark with very high precision; (3) searches
for and studies of new particles expected in models of physics at the TeV energy scale.
The specific capabilities of the ILC in these areas are reviewed in the various sections
of this report. The physics program of the ILC is still broader, encompassing precision
electroweak measurements, detailed studies of the W and Z boson couplings, tests of
Quantum Chromodynamics, and other topics. A complete survey is given in Ref. [1].

Before we begin, we should make two general points about the role of the ILC in
the current situation in particle physics. The first is that the discovery of the Higgs
boson at the CERN Large Hadron Collider [6,7] is a milestone in the history of particle
physics that changed our perspective on the goals of this field. We now have in hand
the complete particle spectrum of a “Standard Model” that could be correct up to very
high energies. It is possible that this theory of particle physics could be correct up to
energies thirteen orders of magnitude higher than our current experiments. However,
this would be unfortunate, because this model is inadequate in several important
respects. First, it does not explain the most basic fact about the Higgs field, why it
is that this field forms a condensate that fills space and gives rise to the masses of
all known particles. Second, it has no place for the particle or particles that make
up cosmic dark matter, a neutral, weakly interacting substance that, according to
astrophysical observation, makes up 85% of the mass in the universe. Third, it does
not explain the asymmetry in the amount of matter and antimatter in the universe.
One might add to this list many more fundamental questions, for example, why the
matter that we observe has precisely the quantum numbers of quarks and leptons.

1

Scientific Motivation for the ILC

LCC Physics Working Group†

March 2015

Introduction

In this note, we give a broad overview of the physics case for the International
Linear Collider (ILC). The ILC will explore the fundamental interactions of parti-
cles operating at distances ten thousand times smaller than the atomic nucleus. It
will give us, for the first time, detailed pictures of the two of the most elusive and
mysterious elementary particles, the Higgs boson and the top quark. Through these
measurements, it will address some of the most important questions in the study of
elementary particles and forces. These questions are interesting in their own right,
and, increasingly, they are connected to the major open questions about the structure
of the universe. We will explain that the ILC o↵ers new and unique experimental
methods to answer these questions.

The arguments presented here are described in more technical terms, suitable for
evaluation by high-energy physicists, in the accompanying document, “A Precis of
the ILC Physics Case”. Estimates of the projected ILC capabilities and comparison
to the expected capabilities of the CERN Large Hadron Collider (LHC) are given in
that paper and in the references cited there.

To explain the role of the ILC, we must first explain the current situation of
elementary particle physics. The goal of particle physics is to describe the widest
variety of phenomena in terms of a small number of compact mathematical laws.
Much progress has been made toward this goal, and physicists are not shy about
celebrating this achievement. According to the Nobel laureate David Gross, “by
the end of the twentieth century, building on the work of Tomonaga, Yukawa, and
many others, we have a comprehensive, fundamental theory of all the observed forces
of nature which has been tested and might be valid from the Planck length scale
[10�33 cm] to the edge of the universe [10+28 cm]” [1].

Other fields of science with equally profound success describe their situation in
di↵erent terms. Recently, the mathematician Jordan Ellenberg described the state of
number theory in the following way: “We know nothing. Right now we are standing
in a tiny circle of light around our feet, and every thousand years, we push that circle
out just a little bit. Every time someone sticks his toe out beyond that circle, it opens
up whole worlds of inquiry” [2].

1

The International Linear Collider 
 

Jim Brau†, Paul Grannis‡, Mike Harrison#, Michael Peskin*, Marc Ross*, Harry Weerts§ 

for the ILC Collaboration 
April 9, 2013 

 
submitted to the Community Summer Study (Snowmass on the Mississippi), July 2013 

 
The motivation for the ILC is driven by important physics goals for the TeV energy 
scale: the need to measure precisely the properties of the newly discovered Higgs-like 
boson, including its couplings to fermions and bosons, the need to bring our knowledge 
of the top quark to a high level of precision, and the need to pursue possible signals of 
new physics through the electroweak production of new particles and through signals of 
these interactions in W, Z, and two-fermion processes.   The ILC experiments will be 
sensitive to phenomena such as supersymmetric partners of known particles, new heavy 
gauge bosons, extra spatial dimensions, and particles connected with strongly-coupled 
theories of electroweak symmetry breaking [1].   In all of these sectors, the ILC will yield 
substantial improvements over LHC measurements.   Knowledge of Higgs boson 
couplings at the few percent level is needed to determine whether this object is that 
expected in the Standard Model, if it arises from new physical mechanisms, or if it 
couples to new particles inaccessible in other ways.  Detailed simulations with realistic 
detector designs show that the ILC can reach this precision.   While we recognize that the 
LHC experiments are now making more precise measurements than were originally 
predicted (as was also the case with the Tevatron, LEP and SLC experiments), we should 
also expect that ILC experiments will bring qualitatively new capabilities and will 
similarly exceed the performance levels based on simulations when data are in hand. 
 
The high level parameters of the ILC were established in 2003 [2] for a machine that can 
be tuned to run between 200 and 500 GeV, and is capable of rapid changes in energy over 
a limited range for threshold scans.   The luminosity required should exceed 1034 cm��s�� 
at 500 GeV, roughly scaling in proportion to the collision energy.  The key characteristics 
of the ILC accelerator are the relatively long interval between collisions of bunches 
(allowing localization of signals to a specific bunch crossing), narrow beam energy 
spread, beam position and energy stability, and the ability to polarize both electrons and 
positrons.  The TDR design [3] meets these specifications.  In a staged approach starting 
with 250 GeV e+e� operation for the Higgs boson study, it should be possible to reach the 
physics goals for Higgs branching ratios and properties with about five years of operation, 
including an initial ramp up to full luminosity.  Raising the energy to 500 GeV will allow 
precision measurements of the top quark mass and its properties well beyond those 
possible at the LHC and Tevatron.  Measurements of the top coupling to the Higgs and 
the Higgs self coupling would begin at 500 GeV.  Should there be accessible new 
particles such as supersymmetric partners of gauge bosons and leptons, the ILC is the 
only place where they can be studied in full detail. If there are multiple Higgs bosons, the 
ILC would be needed to measure their branching fractions and the mixing angle tanE.  
Further details of the Higgs spectrum, such disentangling the nearly-degenerate heavy CP 
even and odd Higgs particles expected in supersymmetric models, could be achieved with 
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1 Introduction

The physics motivation for an e+e� linear collider (LC) has been studied in detail for more than 20 years [1]-
[10]. These studies have provided a compelling case for a LC as the next collider at the energy frontier. The
unique strengths of a LC stem from the clean experimental environment arising from e+e� collisions. In
particular, the centre-of-mass energy and initial-state polarisations [11] are precisely known and can be
adjusted, and backgrounds are many orders of magnitude lower than the QCD backgrounds that challenge
hadron collider environments. The low backgrounds permit trigger-free readout, and the measurements and
searches for new phenomena are unbiased and comprehensive. Full event reconstruction is possible. These
favourable experimental conditions will enable the LC to measure the properties of physics at the TeV scale
with unprecedented precision and complementarity to the LHC.

Thanks to the extraordinary achievements of the LHC machine and of the ATLAS and CMS experiments,
our field witnessed a deep revolution in the middle of 2012: the discovery of a new boson. The observation
at the LHC of this new particle compatible with a light Higgs boson strengthens the physics case for a LC
even more.

The main goals of the LC physics programme are:

• precise measurements of the properties of the Higgs sector;

• precise measurements of the interactions of top quarks, gauge bosons, and new particles;

• searches for physics beyond the Standard Model (SM), where, in particular, the discovery reach of the
LC can significantly exceed that of the LHC for the pair-production of colour-neutral states; and

• sensitivity to new physics through tree-level or quantum e↵ects in high-precision observables.

The complementarity of the LC and LHC has been established over many years by a dedicated worldwide
collaborative e↵ort [9]. It has been shown in many contexts that for new particles found at the LHC, the LC
will be essential in determining the properties of these new particles and unraveling the underlying structure
of the new physics.

The development of the SM was a triumph for modern science. The experimental confirmation of the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y gauge structure of the SM and the precise measurement of its parameters were
achieved through a combination of analyses of data from e+e� and hadron colliders and from deep-inelastic
lepton-nucleon scattering. These precision measurements are compatible with the minimal Brout-Englert-
Higgs mechanism of Electroweak Symmetry Breaking (EWSB), through which the masses of all the known

†See Addendum for this committee’s origin and charge. The committee also wishes to express thanks to the many reviewers of
earlier drafts of this report whose input has been very helpful.
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The International Linear Collider (ILC) has recently proven its technical maturity with the publication of
a Technical Design Report, and there is a strong interest in Japan to host such a machine. We summarize
key aspects of the Beyond the Standard Model physics case for the ILC in this contribution to the US High
Energy Physics strategy process. On top of the strong guaranteed physics case in the detailed exploration
of the recently discovered Higgs boson, the top quark and electroweak precision measurements, the ILC
will o!er unique opportunities which are complementary to the LHC program of the next decade. Many
of these opportunities have connections to the Cosmic and Intensity Frontiers, which we comment on
in detail. We illustrate the general picture with examples of how our world could turn out to be and
what the ILC would contribute in these cases, with an emphasis on value-added beyond the LHC. These
comprise examples from Supersymmetry including light Higgsinos, a comprehensive bottom-up coverage
of NLSP-LSP combinations for slepton, squark, chargino and neutralino NLSP, a !̃ -coannihilation dark
matter scenario and bilinear R-parity violation as explanation for neutrino masses and mixing, as well
as generic WIMP searches and Little Higgs models as non-SUSY examples.

1 Introduction

Experiments at the International Linear e+e! Collider (ILC) may be sensitive to new phenomena such as
supersymmetric partners of known particles (SUSY), new heavy gauge bosons, extra spatial dimensions
and particles connected with strongly-coupled theories of electroweak symmetry breaking [1]. For accessible
particles, ILC can yield substantial improvements over LHC measurements. In addition, ILC will have a
qualitative advantage on signatures that have high backgrounds at LHC or are di!cult to trigger on.

In planning for future facilities relevant to exploring physics beyond the Standard Model (BSM), the
proposed ILC stands out as a mature and shovel-ready project which would provide unique features, making
it complementary to the impending program of exploration by the LHC during the coming decade. After more
than twenty years of study, the ILC design has now achieved a state of maturity culminating recently with the
publication of the Technical Design Report [2]. Indeed, detailed simulations with realistic detector designs
show that the ILC can achieve impressive precision [3]. The requirements of the ILC [4] include tunability
between center-of-mass energies of

!
s = 200 and 500 GeV, with rapid changes in energy over a limited

range for threshold scans. Ultimately, expansion of the center-of-mass energy to " 1 TeV is envisioned. The
luminosity, which must exceed 1034 cm!2 s!1 at 500 GeV, roughly scales proportionally with center-of-mass
collision energy. Highly polarized electrons (>80%) are specified, with polarized positrons desirable. In this
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CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15

380/1000/3000 GeV   -   5/ab
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The$CLIC$project$

Outline:$
•  Reminders$(strategy,$=mescales,$CDR$

2012,$project$=meline$and$collabora=on)$$
•  Goals$for$2018$across$the$main$ac=vi=es$$
•  Summary$and$main$concerns$

Key features:  
•  High gradient (energy/length) 
•  Small beams (luminosity) 
•  Repetition rates and bunch 

spacing (experimental 
conditions) 

 sub-percent Higgs coupling measurements 
 few percents Higgs width
 top mass, top EW couplings
 direct BSM sensitivity in the multi-TeV region 

(direct and indirectly via precision) 
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Operation plans

8

FCC-hh

β* (m) tturnaround 
(hr) BX pileup L/year

phase 1 1 5 25ns 170 250 fb–1

phase 2 0.3 4 25(5)ns 1000 
(200) 1000 fb–1 ∫L=20-30ab–1

plus possible runs at the Z peak (125 GeV) and around the Z pole 
(extraction of αQED at MZ)

FCC-ee
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 106 H
 1012 Z possible upgrade to 1013 Z  (line-shape, mass & width, probe rare (FCNC) decays)
 108 W (mass)
 3x1010 tau/muon pairs
 2x1011 b/c quarks ⇒ >20’000 Bs→τ+τ-

 TLEP@340/500: 106 top pairs (pole mass, probe FCNC decays, top Yukawa)

@FCC-ee

Observations and Issues (WG) – Big rings

The FCC and CepC are essentially equivalent proposals with different 
emphasis;  FCC – hadrons via e+e-, CepC – e+e- then hadrons

Not surprisingly the R&D challenges are similar – high field magnets, 
high power SRF.  Also beam power, vacuum,  etc….

Competitive with each other, but compatible with lepton colliders

Feasibility: e+e- probably OK, hadrons TBD

21

 physics case: JHEP01(2014)164  arXiv:1308.6176
 CDR and cost review due in 2018

 pre-CDR: 

CEPC-SPPC
Preliminary Conceptual Design Report

Volume I - Physics & Detector

The CEPC-SPPC Study Group

March 2015

IHEP-CEPC-DR-2015-01

IHEP-EP-2015-01

IHEP-TH-2015-01
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CEPC-SPPC 
Preliminary Conceptual Design Report 

Volume II - Accelerator 
 

 
 
 
 
 
 
 
 
 
 

 

The CEPC-SPPC Study Group 

March 2015 
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! collider aka project X (TBD: ?-?)

126/1’000/10’000 GeV   -   O(1)/ab

Why Muons? 

Physics 
Frontiers 

• Intense and cold muon beams  unique physics reach 
• Tests of Lepton Flavor Violation 
• Anomalous Magnetic Moment (g-2) 
• Precision sources of neutrinos 
• Next generation lepton collider 

Colliders 

• Opportunities 
• s-channel production of scalar objects 
• Strong coupling to particles like the Higgs  
• Reduced synchrotron radiation  multi-pass acceleration feasible 
• Beams can be produced with small energy spread 
• Beamstrahlung effects suppressed at IP 

• BUT accelerator complex/detector must be able to handle the impacts of µ decay 

Collider 
Synergies 

• High intensity beams required for a long-baseline Neutrino Factory 
are readily provided in conjunction with a Muon Collider Front End 

• Such overlaps offer unique staging strategies to guarantee physics  
output while developing a muon accelerator complex capable of  
supporting collider operations 

September 14, 2015 CERN SPC Working Group on Future Colliders 4 
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Muon Collider Feasibility 

• Muon Colliders 
– Energy efficient route to high energy lepton collisions 
– Luminosities >1034 for TeV-class collisions 
– Superb energy resolution (e.g. offer direct probe of Higgs width) 
– May offer the only practical path to lepton collider capabilities in 

the >3TeV range (if required by the physics) 
• MAP Feasibility Assessment to Date: 

– No showstoppers have been identified 
– Key performance targets have now been met with preliminary designs 
– Engineering of key prototypes could begin if resources available 

September 14, 2015 CERN SPC Working Group on Future Colliders 33 



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 201712

FCC-hh/SppC (TBC: 2035-2060)

Future circular colliders

CEPC+SppC

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

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
Thursday, April 23, 15

Future circular colliders

CEPC+SppC

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

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
Thursday, April 23, 15

80/100 TeV   -   30/ab

Preliminary Conceptual Design Reports from:
http://cepc.ihep.ac.cn/preCDR/volume.html
- Vol 2: Accelerator (ready)
- Vol 1: Physics and detectors (any day soon ....)
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3

arXiv:1607.01831

arXiv:1606.09408 

arXiv:1606.00947

arXiv:1605.01389 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider

• FCC-hh events: http://indico.cern.ch/category/5258/

To appear anytime now as a bound volume of CERN Yellow Reports

<— Fig H-xx
<— Fig SM-xx

<— Fig BSM-xx

in the slides, 
these refer to 

entries from the 
relevant volume

Hadron collider key parameters

Parameter FCC-hh SPPC LHC HL LHC

collision energy cms [TeV] 100 71.2 14
dipole field [T] 16 20 8.3
# IP 2 main & 2 2 2 main & 2

bunch intensity  [1011] 1 1 (0.2) 2 1.1 2.2

bunch spacing  [ns] 25 25 (5) 25 25 25

luminosity/Ip [1034 cm-2s-1] 5 25 12 1 5

events/bx 170 850 (170) 400 27 135

stored energy/beam [GJ] 8.4 6.6 0.36 0.7

synchr. rad. [W/m/apert.] 30 58 0.2 0.35
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 Disagreements between theory predictions and experimental data
↪ e.g. Newton mechanics and constant speed of light

 Apparent fine-tunings
↪ charm quark to screen the Kaon mass difference

 Theoretical inconsistencies
↪ W boson to regularize Fermi theory,  Higgs boson to unitarize WW scattering

 Serendipity
↪ CMB discovery

 Surprises
↪ muon

Discovering New Physics: the way forward
new discoveries follow from 

Post-Higgs discovery: SM has no (major) theoretical inconsistencies 
apart maybe black hole information paradox which might require soft hairs i.e. massless particles with 

zero momentum located at the infinite future boundary of the horizon 
(Hawking, Perry, Strominger ’16)

Need powerful machines to explore the unknown 
through the intensity and energy frontiers

http://arxiv.org/abs/1601.00921
http://arxiv.org/abs/1601.00921
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He had a theoretical model
‣the Earth is round, 
‣Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia
‣other measurements later found smaller values ☞Toscanelli’s map
‣lost in unit-conversion or misled by post-truth statements, Columbus thought it was 
only 70’000 stadia, so he believed he could reach India in 4 weeks

He had the right technology
‣Caravels were the only ships at that time to sail against the wind, necessary tool to 
fight the prevailing winds, aka Alizée. Actually, the Vikings had the right technology too 
but the knowledge was lost 

14

Sailing to the East with the right tool...
Once upon a time...

Columbus had a great proposal: “reaching India by sailing from the West”
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He had a theoretical model
‣the Earth is round, 
‣Eratosthenes of Cyrene first estimated its circumference to be 250’000 stadia
‣other measurements later found smaller values ☞Toscanelli’s map
‣lost in unit-conversion or misled by post-truth statements, Columbus thought it was 
only 70’000 stadia, so he believed he could reach India in 4 weeks

He had the right technology
‣Caravels were the only ships at that time to sail against the wind, necessary tool to 
fight the prevailing winds, aka Alizée. Actually, the Vikings had the right technology too 
but the knowledge was lost 

“theorists don’t need to be right! 
but progress needs theoretical models to motivate exploration”

“if your proposal is rejected, submit it again”

“you need the right technology to beat your competitors”

14

Sailing to the East with the right tool...
Once upon a time...

Columbus had a great proposal: “reaching India by sailing from the West”

His proposal was scientifically rejected twice (by Portuguese’s & Salamanca U.)
by the decision was overruled by Isabel ... and America became great (already)

Moral(s)
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What is the scale of New Physics?

Wo? Wenn? Wie? Was? Warum?
even new physics at few hundreds of GeV might be difficult to see and could escape our detection

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncolored new physics

   

 

 

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)

 Relaxion

small FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes

gFµ⌫ ̄H�
µ⌫ 

M2
NP

(LH)2

MNP

UUDE

M2
NP

Low Scale Wishes

↪ light susy?

small EDMs:

tiny vacuum energy:

light Higgs boson:

argdetY  10�10

m2
H ⇡ M2

NP � (125GeV)2

⇤ ⇡ M4
NP �

�
10�3eV

�4
↪ axion?

↪?
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What is the scale of New Physics?

Wo? Wenn? Wie? Was? Warum?
even new physics at few hundreds of GeV might be difficult to see and could escape our detection

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncolored new physics

   

 

 

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)

 Relaxion

small FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes

gFµ⌫ ̄H�
µ⌫ 

M2
NP

(LH)2

MNP

UUDE

M2
NP

Low Scale Wishes

↪ light susy?

small EDMs:

tiny vacuum energy:

light Higgs boson:

argdetY  10�10

m2
H ⇡ M2

NP � (125GeV)2

⇤ ⇡ M4
NP �

�
10�3eV

�4
↪ axion?

↪?

need for a versatile machine 
capable to adjust to very different new physics scenario
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Future colliders as BSM probes
in order to address the physics questions outside the SM boundaries

the physics program of the future colliders is built around five key goals

1

2

3

Measurement of the properties of the newly-discovered Higgs boson with very high 
precision. ➾ Is it elementary? Does it have siblings/relatives? What keeps it light? Why does it 
freeze in?

Measurement of the properties of the top quark with very high precision to indirectly 
constrain new physics

Precision measurements of the EW observable: the Z boson will be the atomic clock of High 
Energy Physics.

Direct searches for and studies of (uncolored) new particles expected in models of 
physics at the TeV energy scale. Complementary to LHC searches.

Provide definitive answers to broad physics questions: e.g. (i) new physics at TeV scale? 
(ii) TeV-scale solution to the hierarchy pb? (iii) DM=WIMP? (iv) electroweak baryogenesis?

4

5
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5

Guaranteed deliverables

Exploration potential

Physics answers
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3

The FCC complex is designed to provide precision, 
sensitivity, and extended mass reach

• Guaranteed results:
• precision study of Higgs and top quark properties, and study 

of EW interactions at energies above the scale of symmetry 
breaking

• Exploration potential: relies on
• increased energy reach
• increased statistics
• increased precision
• increased sensitivity

• Potential to provide conclusive answers: relies on the above, plus
• broad coverage of final states, sensitivity to a large class of 

alternative models and their possible manifestations, from new 
particles, to new interactions, to new features of the final 
states

The way forward

• increased energy • increased statistics

• increased precision • increased sensitivity

• High rates allow the exploration of rare phenomena and extreme phase space configurations

• High rates also shift the balance between systematic and statistical uncertaintites. It can be 
exploited to define different signal regions, with better S/B, better systematics, pushing the 
potential for better measurements beyond the “systematic wall” of low stat. measurements
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Higgs

(i) Guaranteed deliverables

similar discussions can be done for top and EW gauge bosons
see physics reports for detailed presentation
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complementarity and synergy 
needed to achieve the full program

 rare Higgs decays: h→!!, h→"Z
 Higgs flavor violating couplings: h→!# and t→hc
 Higgs CP violating couplings
 exclusive Higgs decays (e.g. h→J/!+" ) and measurement of couplings to light quarks 

 exotic Higgs decay channels: 
h→ ET, h→4b, h→2b2!, h→4#,2#2!, h→4j, h →2"2j, h→4", h→"/2"+ET, 

h→isolated leptons+ET, h→2l+ET, h→one/two lepton-jet(s)+X, h→bb+ET, h→##+ET ...
 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width
 Higgs/axion coupling?
 ...

Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, CepC, SppC

multiple independent, synergetic and complementary approaches to achieve precision (couplings), 
sensitivity (rare and forbidden decays) and perspective (role of Higgs dynamics in broad issues like 

EWSB and vacuum stability, baryogenesis, inflation, naturalness, etc)

M.L. Mangano, Washington ’15

19

HEP with a Higgs boson
breathtaking successes

 in O(5) years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)

http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
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multiple independent, synergetic and complementary approaches to achieve precision (couplings), 
sensitivity (rare and forbidden decays) and perspective (role of Higgs dynamics in broad issues like 

EWSB and vacuum stability, baryogenesis, inflation, naturalness, etc)

M.L. Mangano, Washington ’15

19

HEP with a Higgs boson
breathtaking successes

 in O(5) years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)The Higgs discovery has been an important milestone for HEP

but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→!#)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics
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Higgs programme at future colliders

๏ better measurements of Higgs properties: mass, width
๏ precision measurements of Higgs couplings
๏ access to rare decay modes
๏ access at rare production modes/kinematical distributions
๏ discovery of extended Higgs sectors

more energy  + more luminosity = more Higgses

More Higgs physics at hadron collider 

 [TeV]s
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 WH (NNLO QCD)
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 ZH (NNLO QCD)

App 

H (NLO QCD)

t tA
pp 

 = 125 GeVHM
MSTW2008

100 TeV > 2 billion

33 TeV > 500 million

14 TeV > 150 million

# of Higgses in 3 ab-1

In comparison,  O(million) 
Higgs at Higgs factories

Can look for very rare and distinct Higgs signal.

gHXY FCC-ee
ZZ 0.16%

WW 0.85%
γ γ 1.7%
Zγ
tt
bb 0.88%
τ τ 0.94%
cc 1.0%
ss H→Vγ, in progr.

μμ 6.4%
uu,dd H→Vγ, in progr.

ee e+e–→H, in progr.

HH
BRexo 0.48%

Guessed projections

FCC-hh

<1% ?
1% ?
1% ?

2% ?

5% ?
< 10–6 ?

FCC-hh ambitious but 
possible targets?

→ from ttH/ttZ

→ extrapolation from HL-LHC estimates

→ from HH → bb γγ
→ for specific channels, like H→eμ, ...

→ extrapolation from HL-LHC estimates

gg→H 740 pb 7.4 G

VBF 82 pb 0.8 G

WH 16 pb 160 M

ZH 11 pb 110 M

ttH 38 pb 380 M

gg→HH 1.4 pb 14 M

N / 10ab–1σ

→ from γ γ/ ZZ and ZZ from FCC-ee

@ 100 TeV

M. Mangano, HXSWG ’15

N100 N100 /N8 N100 /N14

gg→H 16 G 4.2 × 104 110

VBF 1.6 G 5.1 × 104 120

WH 320 M 2.3 × 104 66

ZH 220 M 2.8 × 104 84

ttH 760 M 29 × 104 420

gg→HH 28 M 280

Rate comparisons at 8, 14, 100 TeV

N100 = σ100 TeV × 20 ab–1

N8 = σ8 TeV × 20 fb–1

N14 = σ14 TeV × 3 ab–1

Statistical precision:
- O(100 - 500) better w.r.t Run 1
- O(10 - 20) better w.r.t HL-LHC

http://indico.cern.ch/event/350628/contribution/3/attachments/1128006/1611304/Mangano-HXSWG.pdf
http://indico.cern.ch/event/350628/contribution/3/attachments/1128006/1611304/Mangano-HXSWG.pdf
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Rare H production modes

P.Torrielli, MadGraph5-aMC@NLO

Which opportunities for new 
measurements and probes of Higgs 

properties are made possible by 
these new channels ?

HH

HHjj HHtt
1000 fb
100 fb

100 fb

Rare H production modes

P.Torrielli, MadGraph5-aMC@NLO

Which opportunities for new 
measurements and probes of Higgs 

properties are made possible by 
these new channels ?

HH

HHjj HHtt
1000 fb
100 fb

100 fb

x 40
x 100-1000

FCC-hh = H+X factory

(Plots from P. Torrielli and MLM, CERN’14)

Patrick Janot 

Higgs%Physics%with%(V)HECLHC%
!  What’s%new%at%higher%energy%?%

◆  The%Higgs%cross%sections%increase%substantially%

●  HECLHC%would%do%like%1%ab-1 of%HLCLHC%for%HVV,%Hbb,%Hγγ,%Hgg%and%Hbb%
➨  But%about%the%same%as%HLCLHC%on%Htt%and%HHH%

●  VHECLHC%would%do%like%6%ab-1 of%HLCLHC%for%HVV,%Hbb,%Hγγ,%Hgg%and%Hbb%
➨  But%much%better%on%Htt%(2%)%and%HHH%(10%)%

◆  Possibly%a%whole%lot%of%new%physics%becomes%accessible%
●  The%larger%the%energy,%the%better%

14 Nov 2012 
HF2012 : Higgs beyond LHC (Experiments) 

31 

[18] 
H production @ FCC-hh

relative importance of 
production modes 
modified in favor of 
VBF and ttH

https://indico.cern.ch/event/304759/contribution/35/material/slides/0.pdf
https://indico.cern.ch/event/304759/contribution/35/material/slides/0.pdf
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SM Higgs rates at 100 TeV

21

N100 = σ100 TeV × 20 ab–1

N8 = σ8 TeV × 20 fb–1

N14 = σ14 TeV × 3 ab–1

Tab H-20

H rates @ FCC-hh
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H coupling determinationHiggs couplings @ FCC

gHXY ee [240+350 (4IP)] pp [100 TeV] 30ab–1 ep [60GeV/50TeV], 1ab–1

ZZ 0.15%
WW 0.19%
bb 0.42% 0.2%
cc 0.71% 1.8%
gg 0.80%
ττ 0.54%
μμ 6.2% <1%
γγ 1.5% <0.5%
Ζγ <1%
tt ~13% 1%

HH ~30% 3.5% under study
uu,dd H->ργ, under study

ss H->φγ, under study
BRinv < 0.45% < 0.1%
Γtot 1%
- detailed study, stat+syst 
- rather detailed, stat only (understood/limited/negligible theory syst)  
- parton level S and B (from ratios, negligibleTH syst, small exp syst) 
- very preliminary estimates of exp/th syst (not stat-limited)

see M.Tanaka at 
FCC wshop

un
de

r s
tu

dy

20

compiled by MLM @LHCP’17
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Higgs multiplicty 

Single h Double h Triple H 

Je
t m

ul
tip

lic
ty

 

h 
h+j 
h+jj 

hh 
hh+j 
hh+jj 

hhh 

How to organize? 

The entire Higgs business is all about extracting the Higgs 
properties as precise as possible 

- also roughly indicates possible initial states/related kinematics 
- Jet  multiplicity  might  be  replaced  with  V=W,Z,  top,  etc… 

∼ 44  ab  ∼ 50  pb  ∼ 34  fb  

∼ 2  fb  ∼ 15  pb  

∼ 2  fb ( )  

(adapted from M. Son@Planck2014)

~"2"pb

~"4.2"pb

24

Producing one Higgs is good. Producing H+X is better

Beyond single Higgs processes

LHC2012

LHC2025 FCC2035

@"14"TeV

LHC>2015

http://indico.cern.ch/event/272860/session/12/contribution/178/material/slides/0.pdf
http://indico.cern.ch/event/272860/session/12/contribution/178/material/slides/0.pdf
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Rare Higgs production/decay

FCC-hh = H+X factoryFCC-hh = 
probe extreme kinematic regimes

8

Why Higgs physics at a 100 TeV pp collider

2. FCC-hh is an energy frontier experiment

- discovery of extended Higgs sectors 

- physics studies in extreme kinematic regimes

Fig. 40: Integrated Higgs transverse momentum rates, for various production channels, with 20 ab�1. The light-
dotted horizontal lines in the left (right) panel correspond to the production of 105 (10) events with a Higgs decay
to the indicated final states.

emerges as the most abundant source of large-pT Higgses. Moving to yet larger pT , even VBF and
eventually associated V H production come to be more important than gg � H . The key reason for this
is the form-factor-like suppression of the ggH vertex at large virtuality, when the finite-mtop effects are
properly accounted for.

This observation has important implications for the measurements. For example, while dedicated
cuts are needed to extract the VBF Higgs-production signal from the inclusive gg � H + X Higgs
sample, at large pT the dominant source of irreducible background is top production. The separation of
tt̄H from VBF when pT (H) > 1 TeV can rely on kinematic and event-shape discriminators, which are
likely more powerful and efficient than the usual VBF cuts. This may also have important implications on
the detector, since optimal acceptance to VBF cuts requires instrumentation in the very difficult forward
⇥ region.

Large Higgs pT values, furthermore, make it possible to consider using the otherwise disfavoured
H � bb̄ decay mode, thanks to the higher and higher discrimination power of jet-structure techniques.
The ability to use this high-BR decay, extends considerably the accessible pT (H) range. Lower-BR final
states, such as H � ��, ZZ⇥, Z� or µ+µ�, remain nevertheless usable for precision measurements (i.e.
event rates in excess of 104), over a broad range of pT .

In this Section we shall elaborate in some more detail on these ideas. One could organize the
discussion according to final state (e.g. addressing the issue of how to best measure a given BR from a
global fit of several production channels), or according to production channel (e.g. to compare different
decays in the same channel, in order to remove possible production systematics from the precise determi-
nation of BR ratios). We shall adopt a mixed approach and, as emphasized above, we shall not analyze in
quantitative terms all sources of theoretical and experimental uncertainties. Several of the studies shown
here were done including only the leading relevant order of pertubation theory. We include the dominant
sources of backgrounds, and make crude, and typically optimistic, assumptions about the relevant de-
tector performance issues. The key purpose is to show what is in principle possible, and postpone more
rigorous studies to future work.
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Rare modes
• At 100 TeV, production cross-sections for very rare modes become 

non-negligible

• Huge increase for pp→Htj: 250x 8 TeV (no cuts)

• Could use HVV to constrain possible anomalous Higgs couplings to 

vector-boson (and fermion) pairs?,

• perturbative unitarity at high energy

• anomalous triple-vector-boson vertices 

11

1.7 Rare production modes
The first section of table 19 [106], obtained with the code [102], reports the rate
for associated production of a SM Higgs boson with a single top. The cross section is in excess of 5
picobarns at 100 TeV, and displays a considerable increase with collider energy.

This remarkable growth, together with the sensitivity of this process to the sign of the top Yukawa
coupling yt [107], makes this reaction a golden channel for a precise measurement of the latter. It has
been shown [108] that already at the 14-TeV LHC it is possible to put loose bounds on the sign of yt,
mainly with a semileptonically decaying top quark, and in the H ! bb̄ and H ! �� decay channels.
At 100 TeV the situation will improve considerably: the NLO cross section for the main irreducible
background to tH(! ��)j production, namely t��j QCD production, has a growth ⇢ comparable to
that of the signal, hence the significance of the signal, in comparison with the LHC, is expected to scale
at least with the square root of the number of events. Moreover, the sensitivity of the signal to yt is only
slightly reduced at 100 TeV with respect to 8 TeV, as shown explicitly in the left panel of figure 39.

The second part of table 19 and the right panel of figure 39 [106] detail the cross section for a
Higgs in association with a pair of gauge bosons (see also [109] for a recent analysis). Rates for these
channels are smaller than for single top, of the order of a few tens of femtobarns at 100 TeV, but still
accessible. Theoretical systematics are typically below 10%, and the rate growth with energy is mild,
compatibly with the fact that these processes are qq̄-driven.

These rare channels are interesting as they can add some power to constrain possible anomalous
Higgs couplings to vector-boson (and fermion) pairs, which in turn has implications on the analysis of
perturbative unitarity at high energy and strong links with the study of anomalous triple-vector-boson
vertices [110, 111]. In particular the pp ! HW+W� process, the one with the largest cross section in
this category, has been shown [112] to be promising in this respect already at the high-luminosity LHC,
and will considerably benefit from the rate increase of a factor of roughly forty at 100 TeV.

Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

pp ! Htj 2.07 · 101 +2%
�1%

+2%
�2% 5.21 · 103 +3%

�5%
+1%
�1% 252

pp ! HW+W� (4FS) 4.62 · 100 +3%
�2%

+2%
�2% 1.68 · 102 +5%

�6%
+2%
�1% 36

pp ! HZW± 2.17 · 100 +4%
�4%

+2%
�2% 9.94 · 101 +6%

�7%
+2%
�1% 46

pp ! HW±� 2.36 · 100 +3%
�3%

+2%
�2% 7.75 · 101 +7%

�8%
+2%
�1% 33

pp ! HZ� 1.54 · 100 +3%
�2%

+2%
�2% 4.29 · 101 +5%

�7%
+2%
�2% 28

pp ! HZZ 1.10 · 100 +2%
�2%

+2%
�2% 4.20 · 101 +4%

�6%
+2%
�1% 38

Table 19: Production of a Higgs boson at 8 and 100 TeV. The rightmost column reports the ratio ⇢ of the 100-
TeV to the 8-TeV cross sections [106]. Theoretical uncertainties are due to scale and PDF variations, respectively.
Processes pp! Htj does not feature any jet cuts.
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FCC-hh wiki

100 TeV/8 TeV

Exotic Higgs Decays
• Can expect HL-HLC to 

determine Higgs couplings 
to ~<10% precision

• Br(H→invisible) only 

constrained to 10%

• Room for exotic Higgs 

decays with 10% BR

• Well-motivated 

theoretically

• Can probe Higgs mixing via 

the exotic decay H→ZDZD

• with 3 ab-1, get 10-8 

sensitivity

• Direct searches beat EWPT

19
D. Curtin

Naive Reach Estimates

E
(Tev)

lumi
(/fb)

Nhiggs

(all)
Nhiggs

(clean)

Br sensitivity for 
very 

conspicuous 
decays 

Br sensitivity for 
very 

difficult 
decays

LHC run 1 7,8 25 500k 0 10-4 O(1) or worse

LHC run 2 14 300 10 million 0 10-5 O(0.1) - O(1)

HL-LHC 14 3000 100 million 0 10-6 ?

ILC 0.25 - 1 7000 1 million 40k 10-4 - 10-5 10-2

TLEP 0.25ish 10000 3 million 300k 10-5 10-3

100 TeV 100 3000 few billion 0 10-7 - 10-8 10-2 ????

e.g. 
h → ZDZD → 4l

e.g. 
h → 2a → 4b
or even h → jets

100 TeV collider is an intensity frontier 
experiment to study the Higgs!

3

Probing Higgs Mixing
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The only* way to probe higgs mixing 
is via the exotic Higgs decay

h→ ZD ZD .

At 100 TeV, get expected ~ 10-8 Br 
sensitivity for a conspicuous decay.

Probe couplings smaller than 10-5.

Lumi = 3/ab

7

Lesson: Hierarchy of production channels 
changes at large pT(H):

• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT

29

Fig H-40

two important handles to access rare/exotic channels
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 

access to Higgs couplings @ mH 

κV  κF Contours (1) 
All vector and fermion couplings are scaled by!κV and!κF 

All results in agreement with SM (κV = κf = 1) within 1� 

22 

κV  κF Contours (2) 
Allow for negative κF (which changes the sign of t-W loop interference) 

Note: all physical quantities depend on a product of two κ’s ⇔ 
          other two quadrants are symmetric with respect to (0,0)  

•  Almost 5s exclusion  
    of kF < 0  !!! 
 
•  Some decays in least 

significant production 
channels pulled towards 
inverted interference 

27 
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1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

26

Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale μ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

access to Higgs couplings @ mH 
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Boosted Higgs

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g

g

g

h

t

q q

g h
t

q

q̄

g

h

t

g

g

g

h

Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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Feynman diagrams contributing to this process are shown in figure 1. When the Lagrangian

in Eq. (1.2) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Sec. 3 for a more precise assessment. The corresponding matrix

element is obtained from the SM one by sending to infinity the mass of the quark running in

the loop. Thus the matrix element squared for each partonic subprocess can be written as

|M|2 / |t MIR

(mt) + g MUV

|2 (2.3)

where M
IR

denotes the amplitude mediated by top loops, and M
UV

the amplitude mediated

by the e↵ective point-like interaction. It follows that the hadronic cross section for pp ! hj

can be written as a quadratic polynomial in t and g . Given a transverse momentum cut

pmin

T and summing over all partonic subprocesses, we can write

�pmin
T

(t,g)

�SM

pmin
T

= (t + g)
2 + � t g + ✏ 2

g (2.4)

where � is the cross section for pp ! hj and the numerical coe�cients {� , ✏} depend on pmin

T .

Their values are listed in Table 1 for an LHC center of mass energy of
p
s = 14TeV and

6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [17]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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large pT, small rates
need to focus on dominant decay modes

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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non-isolated “ditau-jets”
(separation between the 2 tau’s:                             )

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency
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we assign to the measurement of µ
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uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio
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(t,g)K650GeV
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150GeV
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, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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VHE-LHC is the machine 
to decipher the gg→h process

http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
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Boosted Higgs

high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on !t

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.
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high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on !t

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.
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Breaking the degeneracy: 14 vs 100 TeV
• Rough estimate: combine boosted and inclusive measurements using

simple χ (no backgrounds)

• For boosted regime consider ℎ → 𝜏𝜏, and take ratio of cross sections to 

reduce theory uncertainty:

• Discrimination power on 𝜅 improves strongly at 100 TeV

Grojean, ES, Schlaffer and Weiler

A perfect case for a very energetic 
machine

tth increases by 10 from 14 to 100TeV
h+jpT>600GeV increases by 210 
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• Discrimination power on 𝜅 improves strongly at 100 TeV
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Boosted SUSY Higgs
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find
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Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2
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+m2
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), then (for large tan �) X2
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Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt
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r⌧1' rXtmt
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So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.
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... or not if Δt≈0, e.g. light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)

 Higgs rates
 flavor constraints (εK, B→Xs+γ)
 RG evolution
 DM

 Delgado et al  ’12 

difficult direct search (trigger on stop+extra jet)
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Fig. 15. A selection of published limits on the production of third-generation squarks from the ATLAS experiment.
All limits are given in the form of SMS limits on individual production processes (see references in the plot). Similar
results are obtained from the CMS experiment (see e.g. Ref. [79]). (Adapted from Refs. [78, 81, 83, 86, 90–92].)

that carry a fraction of more than 0.05 of the transverse momentum of the large-R jet, an invariant mass is
reconstructed. The distribution of this reconstructed mass is shown in figure 14(a) after preselection cuts.
Flavour tagging is then applied to the sub-jets, which should contain a b-quark jet. It can be seen that
for signal events, the jet-mass distribution shows a very broad peak-like structure around the top-quark
mass. The remaining backgrounds are tt̄ and single top quark production, tt̄ production in association
with a vector boson, Z+jets, and diboson production. The data show a slight, but insignificant excess
over the background.

An example is a search from the CMS experiment, which is both sensitive to t̃
1

! t�̃0

1

and to non-
resonant t̃

1

! bW �̃0

1

at intermediate values of m
˜t1

[79]. There, the variable m
T

already introduced in
the previous section is used as a discriminator against events where the real missing transverse energy is
exclusively stemming from a W ! `⌫ decay, such as semileptonic tt̄ events. No excess over the background
is observed, and the variable is used as an input to a multivariate selection, from which limits are derived.

An overview of the currently published search results and limits is given in figure 15 using examples
from the ATLAS collaboration [78, 81, 83, 86, 90–92]. Similar results are available from CMS [79].
As expected, the observed sensitivity is governed by the kinematic regions defined in figure 13. The
strongest limits reach up to m

˜t1
> 700 GeV for the assumption of the full strong-production cross section

and, more importantly, of 100% branching ratio into the given decay. This limit by itself is already
touching the areas which could be considered theoretically interesting for an elaboration on the natural
ability of SUSY to explain the hierarchy problem of the SM, without unduly fine-tuning the SUSY-
parameters themselves. For m

˜

11
⇡ O(1 TeV) and higher, the di↵erence between the SUSY scale and

the electroweak scale becomes too large to explain the hierarchy problem of the SM Higgs mass without
additional assumptions. However, as explained in section 4.1, the kinematics of the decays close to the

` inclusive Higgs measurements cannot rule out light stop
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of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2

˜t1
+m2

˜t2
), then (for large tan �) X2

t is bounded by

X2

t < a
m2

˜t1
+m2

˜t2

m
˜t1m˜t2

r⌧1' a

r
, r =

m
˜t1

m
˜t2

. (6)

Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.

4

natural susy calls for light stop(s) that can affect the Higgs physics
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� X2

t

m2

S

!

. (4)

Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2

˜t1
+m2

˜t2
), then (for large tan �) X2

t is bounded by

X2

t < a
m2

˜t1
+m2

˜t2

m
˜t1m˜t2

r⌧1' a

r
, r =

m
˜t1

m
˜t2

. (6)

Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.

4

... or not if Δt≈0, e.g. light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)

100 200 300 400 500
0.9

1.0

1.1

1.2

1.3

1.4

1.5

pT
min@GeVD

s
M

SS
M
ês SM

P1: mt1=395, mt2=2412, At=2420, Dt=0.002

P2: mt1=192, mt2=1224, At=1220, Dt=0.01

P3: mt1=259, mt2=1212, At=0, Dt=0.12

P4: mt1=226, mt2=484, At=532, Dt=0.015

but O(10%) sensitivity on boosted h+j can 
close up the light stop window

inclusive Higgs measurements cannot rule out light stop

Grojean, Salvioni, Schlaffer, Weiler  ‘13
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The Higgs self-couplings plays important roles

1) controls the stability of the EW vacuum
2) dictates the dynamics of EW phase transition and potentially conditions the 
generation of a matter-antimatter asymmetry via EW baryogenesis 

30

Higgs self-couplings

Does it need to be measured with high accuracy?

difficult to design new physics scenarios that dominantly affect the Higgs self-couplings 
and leave the other Higgs coupling deviations undetectable

Summary on H self-coupling 

HL LHC 3/ab ILC/CLIC FCC 100TeV 

Precision  

on 𝜆  

𝑏𝑏𝛾𝛾: poor, only ∼ 𝑂(1)  
determination 

 

Other channels: needs more 

detailed studies 

ILC 

• DHS alone at 500 GeV and 1TeV 

gives only ∼ 𝑂(1) determination 

•  ~28%  via VBF at 1TeV, 1/ab 

CLIC at 3TeV, 2/ab 

• ~12% via VBF  

𝑏𝑏𝛾𝛾: golden channel. 5-10% 

determination might be 

possible with 30/ab.  

 

~3x less sensitivity with 3/ab 

Comments Combining various channels 

might be important 

The role of VBF is important 

High CM energy and high luminosity 

are crucial 

Improvements on heavy flavor 

tagging, fakes, mass resolution 

etc are crucial to achieve our 

goal 

Summary on High energy scattering/probe of EWSB 

Benefits 
of FCC & 
Exclusive 
analysis 

• PDF luminosity ratio 100TeV/14TeV indicates a large enhancement of cross sections at 
the tail of invariant mass 

• 𝜹𝝈𝟐→𝟐
𝝈𝑺𝑴

∼ 𝒈∗𝟐

𝒈𝑺𝑴
𝟐

𝑬𝟐

𝒎∗
𝟐   𝐯. 𝐬. 𝜹𝒄

𝒄𝑺𝑴
∼ 𝒈∗𝟐

𝒈𝑺𝑴
𝟐

𝒎𝒉
𝟐

𝒎∗
𝟐     𝐟𝐫𝐨𝐦  𝐨𝐧𝐬𝐡𝐞𝐥𝐥  𝐩𝐫𝐨𝐜𝐞𝐬𝐬  

• BSM effects appear in various E-dependent terms  
• Exclusive analysis is required  to  break  “degeneracy”  among  various  BSM  coefficients 
 

Detector 

Issue 

• More events leak into forward region due to the boost along the beam axis 

• Forward jets are more forward 

M. Son, Washington ’15

ILC current studies:
(4b and 2b2W modes)
29%@4/ab, 500GeV

16%@2/ab, 1TeV
10%@5/ab, 1TeV

Higgs self-coupling prospects
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HH@LHC

others

Decay Issues Expectation  
3000 ifb References

• Signal small
• BKG large & 

difficult to asses
• Simple reconst.

• tau rec tough
• largest bkg tt
• Boost+MT2 might help

• looks like tt
• Need semilep. W  

to rec. two H
• Boost + BDT proposed
• Trigger issue  

(high pT kill signal)
• 4b background large  

difficult with MC
• Subjets might help

[Baur, Plehn, Rainwater]

[Yao 1308.6302]

[Papaefstathiou, Yang, 
Zurita 1209.1489]

[Dolan, Englert, MS]
[Barr, Dolan, Englert, MS]
[Baglio et al. JHEP 1304]

[Baglio et al. JHEP 1304]
[Dolan, Englert, MS]

[Dolan, Englert, MS]
[Ferreira de Lima, 

Papaefstathiou, MS]
[Wardrope et al, 

1410.2794]
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• Many taus/W not 
clear if 2 Higgs

• Zs, photons no 
rate

[Baglio et al. JHEP 1304]

5

Where is sensitivity located?

4

Where is sensitivity located?

4

Where is sensitivity located?

4

M. Spannowsky, Mainz ’15
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HH@FCC-hhSignal:  double Higgs production via gluon fusion (             )gg!hh
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New analysis of HH production for the FCC report

• Goals: 1. improve on previous studies and 
get a commonly-agreed estimate

2. study dependence on efficiencies 
and systematics

R.C., C. Englert, G. Panico, A. Papaefstathiou, J. Ren, M. Selvaggi, M. Son, M. Spannowsky, W. Yao

Previous analyses:
W. Yao  arXiv:1308.6302 (Snowmass Summer Study 2013) 
Barr, Dolan, Englert, de Lima, Spannowsky  JHEP 1502 (2015) 016
Azatov, R.C., Panico, Son   PRD 92 (2015) 035001
H-J. He, J. Ren, W. Yao PRD 93 (2016) 015003
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Compared to the LHC, pair 
production cross section 
grows by a factor of 40.  Note 
that this is a much greater 
increase than in CM energy…

Huge increase in event 
numbers translates 
directly to a precise 
measurement of the 
nature of the Higgs 
potential!

The Higgs Potential…

From FCC Report

increase of xs by O(40)

Compared to the LHC, pair 
production cross section 
grows by a factor of 40.  Note 
that this is a much greater 
increase than in CM energy…

Huge increase in event 
numbers translates 
directly to a precise 
measurement of the 
nature of the Higgs 
potential!

The Higgs Potential…

From FCC Report
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The Higgs self-couplings plays important roles
1) controls the stability of the EW vacuum
2) dictates the dynamics of EW phase transition and potentially conditions 
the generation of a matter-antimatter asymmetry via EW baryogenesis 

Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs 
self-couplings and leave the other Higgs coupling deviations undetectable

33

HH@FCC-hh: probe of HE couplings
Double Higgs production via gluon fusion
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more important to determine the other operators

Reach in mhh and pT : Boosted events
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The highest accessible m
hh

and p
T

can be estimated by requiring
at least 5 events beyond the threshold
(we use L = 3 ab

�1 and assume 10% e�ciency)

channel bbWW

⇤ (24.9%) bb⌧

+

⌧

� (7.35%) bb�� (0.264%)

Cross section > 0.067 fb > 0.227 fb > 6.31 fb

mhh [GeV] < 1280 (4170) < 1039 (3235) < 558 (1552)

pT [GeV] < 575 (2000) < 550 (1890) < 210 (664)

[numbers in parenthesis are for the 100 TeV collider]

Azatov, Contino, Panico, Son  ’15
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Precision on c3, c2t and c2g

The non-linear Higgs couplings c
3

, c
2t

, c
2g

can only be directly accessed
in double Higgs production
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• Higgs trilinear c
3

can only be extracted at FCC (at LHC only O(1)
determination)

• good precision on c
2t

and c
2g

34

see also Goertz, Papaefstathiou, Yang, Zurita ’14

Remarks:
• statistically limited @ HL-LHC, not at FCC-hh 

➾ access to distribution (mhh)
➾ discriminating power c3 vs. c2t vs cg

Azatov, Contino, Panico, Son  ’15

Constraining the dim.-6 operators: cu and c6

¯

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

-4

-2

0

2

4

6

8

cu

c6

LHC

HL-LHC

FCC

14

100

-5 0 5 10
0.00

0.05

0.10

0.15

0.20

0.25

c6

100

14LHC

HL-LHC

FCC

68% probability intervals on c
6

LHC
14

HL-LHC FCC
100

[�1.2, 6.1] [�1.0, 1.8] [ [3.5, 5.1] [�0.33, 0.29]

‚ only O(1) determination possible at LHC

HH@FCC-hh: probe of HE couplings
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New Physics

(ii) Exploration potential

e.g. susy searches, vector resonances, extended Higgs sectors, searches for new interactions
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100-ish TeV pp collider
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone

16

Hinchliffe, Kotwal, Mangano, Quigg, LTW 

A factor of at least 5 increase in reach 
beyond the LHC, with modest luminosity

The power of PDF

Hinchliffe, Kotwal, Mangano, Quigg, Wang ’15
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In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 

(Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96 ......) 
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Λ = “messenger scale,” a 
UV scale where the soft 
masses are generated

What should we expect?

} well tested @ LHC
but most questionable predictions

(RG effects)

}
light Higgsinos!

very low sensitivity @ LHC
ILC needed to probe the other side 

I. Probing natural SUSY
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I. Probing natural SUSY
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Fig. 16: 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 pile-up is not included.

3.4.2.2 Associated production with meq > meg

The gluino-squark-neutralino model in the previous section was probed in a region where meg ⇠ meq. In
this section, we consider squark-gluino associated production in a region of parameter space in which
the gluinos are relatively light, while the squarks are heavier, but not completely decoupled. This work
is documented more completely in [150], where we have analysed the prospects for squark-gaugino
associated production at a 100 TeV collider.

Squark-gluino associated production is interesting because it has the potential to probe much
higher squark masses than those reached in pair production. Spectra with a hierarchy between the gluino
and the first two generation squarks are predicted in many scenarios, such as anomaly-mediated SUSY
breaking [151, 152], or in “mini-split"-type models [33, 153, 154].

We consider two simplified models for squark-gluino associated production. In both, the particle
content consists only of first and second generation squarks, gluino, and a Bino LSP (e�0

1

=

˜B). The two
models correspond to different choices of the LSP mass:

– Non-compressed: M
1

= 100 GeV (results in Fig. 18(a))
– Compressed: meg � me�0

1
= 15 GeV (results in Fig. 18(b))

where we take the first and second generation squarks to be degenerate in mass, and decouple all other
superpartners. Our results are insensitive to the choice of M

1

= 100 GeV in the non-compressed spectra,
as the LSP is effectively massless for me�0

1
⌧ meg. The compressed spectra are consistent with the gluino-

neutralino dark matter (DM) coannihilation region [155, 156].
Events from squark-gluino associated production have distinctive event topologies, with a hard

leading jet and significant E/T . Both arise primarily from the decay of the heavy squark, since the gluino
is produced at relatively low pT . As in the gluino simplified models above, the dominant sources of
background are top pair production and production of an SM boson + jets [78]. However, both of these
backgrounds fall off rapidly both with increasing pT (j

1

), E/T , and E/T
p

HT (where HT is the scalar sum
of the jet transverse energies). This can be seen for an example spectrum point in Fig. 17.

The leading jet typically has a pT (j
1

) ⇠ meq/2, while the decay of the squark into the LSP
eq ! qeg ! 3 qe�0

1

results in a highly boosted neutralino and large E/T . As such, heavy squark - light
gluino associated production events have a striking collider signature with very low SM backgrounds.

We impose the following baseline cuts for both spectra:

HT > 10 TeV, E/T /
p

HT > 20 TeV

1/2.
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb

�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/
T

cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),
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these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
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– Require that both tops have pT > 500 GeV (97%),

25



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 201738

II. Vector resonances

Christophe Grojean Effective Higgs Zurich, 7th.Jan. 2o1311

Effective Higgs

typical mass scale
M = g* f

NP
EW scale v=246GeV

g, g’, yt

SM

g2  /g*
SM

effective approach valid iff
mass gap: M >> gSM v

weakly coupled NP strongly coupled NP

MSSM in the decoupling limit composite Higgs models

in both cases, Higgs couples to NP with g*

g* ~ gSM g* >> gSM

 Precision Higgs study: 

 Direct searches for resonances:

Composite Higgs : Reach 
Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Note: the two approaches cannot be directly compared since the spectra of 
the heavy resonances are heavily model-dependent.  Higgs couplings provide 
a model-independent probe of Higgs compositeness. 

Mass (TeV)
0 1 2 3 4

vector-like quark

 resonancett

WZ resonance

LHC Projection -1300 fb -13000 fb

LHC direct search 
�#�

ILC Higgs couplings 
Scale Reach (TeV)

0 1 2 3 4

MCHM14

MCHM5

MCHM4

via Yukawa 

model-independent ⇠ ⌘ �g

g
=

v2

f2

m⇢ ⇡ g⇤f

Which one is doing best?
it depends on value of g*

Precision /indirect searches (high lumi.) vs. direct searches (high energy)



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 201738

II. Vector resonances

Christophe Grojean Effective Higgs Zurich, 7th.Jan. 2o1311

Effective Higgs

typical mass scale
M = g* f

NP
EW scale v=246GeV

g, g’, yt

SM

g2  /g*
SM

effective approach valid iff
mass gap: M >> gSM v

weakly coupled NP strongly coupled NP

MSSM in the decoupling limit composite Higgs models

in both cases, Higgs couples to NP with g*

g* ~ gSM g* >> gSM

 Precision Higgs study: 

 Direct searches for resonances:

Composite Higgs : Reach 
Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Note: the two approaches cannot be directly compared since the spectra of 
the heavy resonances are heavily model-dependent.  Higgs couplings provide 
a model-independent probe of Higgs compositeness. 

Mass (TeV)
0 1 2 3 4

vector-like quark

 resonancett

WZ resonance

LHC Projection -1300 fb -13000 fb

LHC direct search 
�#�

ILC Higgs couplings 
Scale Reach (TeV)

0 1 2 3 4

MCHM14

MCHM5

MCHM4

via Yukawa 

model-independent ⇠ ⌘ �g

g
=

v2

f2

m⇢ ⇡ g⇤f

Which one is doing best?
it depends on value of g*

Mass reach:

Rattazzi, BSM@100TeV, CERN ’14

Higgs couplings

direct searches

0 5 10 15 20

0.01

0.1

1.

0.002

0.02

0.2

0.005

0.05

0.5

m�in TeV

⌅

g
� ⇥4

g
� ⇥2

g�⇥4⇤HL-LHC

ILC/TLEP

a deviation in Higgs 
couplings also teaches us on 
the maximum mass scale to 

search for!
e.g. 10% deviation ➾ 

mV < 10TeV i.e. resonance 
within the reach of FCC-hh

Precision /indirect searches (high lumi.) vs. direct searches (high energy)



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 201739

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
g2

96⇡2

⇠ log

✓
⇤

mh

◆
+

m2

W

m2

⇢
+ ↵

g2

16⇡2

⇠ ,

�T̂ = � 3g0 2

32⇡2

⇠ log

✓
⇤

mh

◆
+ �

3y2t
16⇡2

⇠ ,

(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �2 as a function of ⇠, m⇢, ↵, �, i.e. �2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �2 due to the contribution of the UV terms, we
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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for the W0 ! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to
1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W0 ! WLZL and Gbulk ! WLWL. The
compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.

In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the
global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W0 ! WLZL. The preferred mass range for the excess after the
combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands
represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue
lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.
From left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and
Gbulk ! ZLZL selections and signal hypotheses.

Figure 11 shows the evolution of observed and expected limits when the signal is com-
posed by ZLZL and WLWL components.

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)
bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and
blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-
only. We also show the result of the combination without use of the fudge factors in dashed. From

left to right we show respectively the results for Gbulk ! WLWL, W0 ! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,
compared with the best fitted cross section from the individual results for ATLAS-only (red) and
CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit
with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,
W0 ! WLZL and Gbulk ! ZLZL selections and signal hypotheses.
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,
Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual
ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed
(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the
ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value
to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and
not including them (dashed).
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F. Dias et al. http://arxiv.org/abs/1512.03371
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:
The ATLAS Dijet Diboson excess  

4

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

2−10

1−10

1

10

210

310

410
Data
Background model
1.5 TeV EGM W', c = 1
2.0 TeV EGM W', c = 1
2.5 TeV EGM W', c = 1
Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(a)

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

WW Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(b)

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

ZZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

(c)

Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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• ATLAS reported an excess in the Run I all-jet Diboson search 

• Excess seen at ≈2 TeV in three overlapping analyses (i.e., not 
independent results)


• 3.4� in the WZ channel, 2.6� in WW, 2.9� in ZZ


• Global significance evaluated to 2.5� after Look Elsewhere effect
ATLAS arXiv:1506.00962 
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as

�Ŝ =
g2
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(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �2 as a function of ⇠, m⇢, ↵, �, i.e. �2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �2 due to the contribution of the UV terms, we
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.
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small rate) direction. In particular we see that the impact of the high luminosity extension of
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vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
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where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new
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or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend
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and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In
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12

Search for Extended Higgs sectors

Extended Higgs sectors are a prediction of many BSM scenarios. 
They may play a role in the following open questions:

- (EW) Baryogenesis 

- Identity of Dark Matter

- Smallness of the neutrino masses

- Naturalness of the EW scale

Modified scalar potential can lead 
to a 1st order EW phase transition

Type-II see-saw through extra scalars

Scalar DM with TeV mass 

Scalar mediators in hidden-sector 
DM coupled to Higgs portal

Extended scalar sectors follows in natural theories: 
i) SUSY 
ii) Neutral Naturalness

A 100TeV pp collider offers the unique opportunity to discover EW-charged 
or SM-singlet scalars with a few TeV mass 

☞

20.

Fig. 88: 95% C.L. exclusion bounds for neutral (left panel, from [517]) and charged (right panel, from [296])
Higgses of the MSSM at a 100 TeV collider. The blue and orange regions are probed by the channels pp !
bbH0/A ! bb⌧⌧ and pp ! bbH0/A ! bbtt for the neutral Higgses and pp ! tbH± ! tb⌧⌫ pp ! tbH± ! tbtb

for the charged Higgses, respectively. The red region is probed by heavy Higgs production in association with one
or two top quarks, with subsequent decay to t̄t, yielding a same-sign dilepton signature. Given the same channel
or the same color, the two different opacities indicate the sensitivities w.r.t. a luminosity of 3 ab�1 and 30 ab�1 at
a 100 TeV pp collider, respectively. The cross-hatched and diagonally hatched regions are the predicted exclusion
contours for associated Higgs production at the LHC for 0.3 ab�1, and 3 ab�1, respectively.

Parent Higgs Decay Possible Final States Channels in 2HDM
HH type (bb/⌧⌧/WW/ZZ/��)(bb/⌧⌧/WW/ZZ/��) H0 ! AA, h0h0

Neutral Higgs HZ type (``/qq/⌫⌫)(bb/⌧⌧/WW/ZZ/��) H0 ! AZ, A ! H0Z, h0Z
H0, A H+H� type (tb/⌧⌫/cs)(tb/⌧⌫/cs) H0 ! H+H�

H±W⌥ type (`⌫/qq0)(tb/⌧⌫/cs) H0/A ! H±W⌥

Charged Higgs HW± type (`⌫/qq0)(bb/⌧⌧/WW/ZZ/��) H± ! h0W, H0W, AW

Table 44: Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays (second
column), we present possible final states (third column) and relevant channels in 2HDM. Note that H in column
two refers to any of the neutral Higgs, e.g. h0, H0 or A in 2HDM.

In addition to their decays to the SM particles, non-SM Higgses can decay via exotic modes, i.e.,
heavier Higgs decays into two light Higgses, or one light Higgs plus one SM gauge boson. Clearly this
happens in the case when the splitting between the various heavy higgses is not small. This can happen
in the alignment limit of the 2HDM without decoupling. As outlined above, this limit is less generic than
the decoupling limit, but still worth a detail study.

Five main exotic decay categories for Higgses of the 2HDM are shown in Table 44. Once these
decay modes are kinematically open, they typically dominate over the conventional decay channels.
Recent studies on exotic decays of heavy Higgs bosons can be found in Refs. [518–529].

Theoretical and experimental constraints restrict possible mass hierarchies in 2HDM. At high
Higgs mass and close to the alignment limit, unitarity imposes a relation between the soft Z2-breaking
term and the heavy CP-even neutral Higgs mass m2

12 = m2
H0

s�c�
33. In this limit, the decay branching

fraction H0 ! h0h0, AA, H+H� vanishes and vacuum stability further requires the CP-even non-SM
33Note that this is automatically fulfilled in the MSSM.
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33Note that this is automatically fulfilled in the MSSM.

150

0.3/fb

3/fb

3/ab

30/abContino FCC@Rome ’16

just one example 
for illustration:

charged Higgs 95%CL exclusion 

J. Hajer et al ’15

III. Searches for extended Higgs sectors
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Panel discussion
• Not really “illuminating” 

• Everybody on the defensive side 

• CepC representative “we should all go separate to the 
funding agencies so that at least one gets funded” ?!?! 

• Nima: “If you do particle physics with the goal of 
discovering a new particle, better you think what to do with 
your life now.” (in the context of “direct discovery” vs 
“indirect/precision physics” at future colliders) 

• …. + other personal comments ….

14

LHCP ‘2017

IV. Particle or not Particle?

New physics doesn’t necessarily mean new particle, 
it could also mean new dynamics.  

And it could reveal through precision measurements
m⇤ = g⇤f⇤

g* weak: 

resonances before interactions

energy helps accuracy

at high energy, you can be sensitive without having to be precise

�O
O / E2 precision of 0.1% @ 100GeV ≈ precision of 10% @ 1TeV

same sensitivity to new physics

Farina et al ’16

g* strong: 

interactions before resonances
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g* strong: 

interactions before resonances

Tail parameters:  W and Y

High-energy lepton colliders can further improve the constraints

✦ ILC bounds:       500 GeV

✦ CLIC bounds:    1 TeV  
                        3 TeV

LEP LHC13 FCC 100 ILC TLEP CEPC ILC 500 CLIC 1 CLIC 3

luminosity 2⇥ 107 Z 0.3/ab 3/ab 10/ab 109 Z 1012 Z 1010 Z 3/ab 1/ab 1/ab

W ⇥104 [�19, 3] ±0.7 ±0.45 ±0.02 ±4.2 ±1.2 ±3.6 ±0.3 ±0.5 ±0.15

Y ⇥104 [�17, 4] ±2.3 ±1.2 ±0.06 ±1.8 ±1.5 ±3.1 ±0.2 ⇠ ±0.5 ⇠ ±0.15

✦ Low-energy lepton machines not competitive with HL-LHC

[Farina, GP, Pappadopulo, Rudermann Torre, Wulzer ’16]FCC 100 would give 
much stronger bounds

|W | < 0.3⇥ 10�4 , |Y | < 0.2⇥ 10�4

|W |, |Y | . 0.5⇥ 10�4

|W |, |Y | . 0.15⇥ 10�4

Recast from  
[CLIC Design Report ’12]

Recast from [Harigaya et al. ’15]

e.g. measurement of p4 EW oblique parameters 
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µ⌫ Ŝ =

m2
w

m2
⇤
< 10�4

S-parameter @ee: [De Blas et. al.] (LEP:        )

g2⇤
m2

⇤
@µ|H|2@µ|H|2 �V,F =

g2⇤v
2

m2
⇤

< 3 10�3

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%)

10�3

IV. Composite Higgs

Grojean-Wulzer @ FCC physics week ’17

10 20 30 40

1

3

10

m* [TeV]

g *

EW+Higgs Measurements

Assuming composite Higgs, elementary gauge bos.:

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤H, gwVµ, @µ]

S@ee

Hc@ee
gwg

0

m2
⇤
H†�aHW a

µ⌫B
µ⌫ Ŝ =
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µ⌫ Ŝ =

m2
w

m2
⇤
< 10�4

S-parameter @ee: [De Blas et. al.] (LEP:        )

g2⇤
m2

⇤
@µ|H|2@µ|H|2 �V,F =

g2⇤v
2

m2
⇤

< 3 10�3

Higgs Couplings @ee: [ee Report] (HL-LHC: 5%)

10�3

10�5



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 2017

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

44

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

IV. Composite Top

Grojean-Wulzer @ FCC physics week ’17

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g2⇤
m2

⇤
H† !D µH tR�

µtR
�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Zbb coupling @ee: [ee Report] (LEP:        )

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g2⇤
m2

⇤
H† !D µH tR�

µtR
�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

�gb
gb

=
m2

t

m2
⇤
< 2 10�4y2t

m2
⇤
H† !D µH qL�

µqL+..
Zbb@ee

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

10�3



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 2017

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

44

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

IV. Composite Top

Grojean-Wulzer @ FCC physics week ’17

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g2⇤
m2

⇤
H† !D µH tR�

µtR
�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Zbb coupling @ee: [ee Report] (LEP:        )

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

Same hh reach from en. + acc.?

g2⇤
m2

⇤
H† !D µH tR�

µtR
�gtV
gtV

=
g2⇤v

2

m2
⇤

< 10�2

ttV@ee/hh

�gb
gb

=
m2

t

m2
⇤
< 2 10�4y2t

m2
⇤
H† !D µH qL�

µqL+..
Zbb@ee

ttV coupling @ee/hh: [Janot / Farina et.al.]

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)

10�3

5 10 15 20

1

3

10

m* [TeV]

g *

EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge

ttH@hh/ee

Ld=6
BSM =

1

m2
⇤

1

g2⇤
bL[g⇤tR, ytqL, g⇤H, gwVµ, @µ]

Diff. oper.s comb. in ee and hh!!

ytg
2
⇤

m2
⇤
|H|2qLHtR

�yt
yt

=
g2⇤v

2

m2
⇤

< 2 10�2

4-top contact interactions @hh:
g2⇤
m2

⇤
(tR�µtR)

2

y2t
m2

⇤
<

1

⇤2
4t

g2⇤
m2

⇤
<

1

⇤2
4t

No study available (?)

4t[6TeV]

4t[3TeV]

y2t
m2

⇤
(qL�µqL)(tR�µtR)

y4t
g2⇤m

2
⇤
(qL�µqL)

2 y4t
g2⇤m

2
⇤
<

1

⇤2
4t

ttH coupling @hh/ee: [Reports] (HL-LHC:10%)



Christophe Grojean Future Hadron Colliders CERN, Sept. 6 201745

(iii) Physics questions

e.g. neutral naturalness, DM
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The hierarchy problem made easy

we don’t know why gravity is so weak?
we don’t know why the masses of particles are so small?

only a few electrons are enough to lift your hair (~ 1025 mass of e-) 
the electric force between 2 e- is  1043 times larger than their gravitational interaction

Several theoretical hypothesis
new dynamics? new symmetries? new space-time structure?

 modification of special relativity? of quantum mechanics?

46

We need an experimental answer!
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I. Neutral Naturalness

SM + Higgs

Mass

SM New�m2
H = + ⇠ 0

The more natural the theory the more the Higgs rates deviate from SM
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+ +
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charged 
particles

Colorful naturalness probed @ LHC
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16⇡2
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�
@µ|H|2

�2

BR(h ! ii) = BRSM � =

✓
1� g2⇤v
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16⇡2m2
⇤

◆
�SM

nice to be able to measure Zh & Γ

neutral 
particles

Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]

cH
m2

�

�
@µ|H|2

�2 ! ��Zh = �2cH
v2

m2
�

Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  

14

��Zh = � g2?
8⇡2

v2

m2
?

Neutral naturalness (invisible?) @ LHC
aka twin Higgs
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“Looking and not finding is different than not looking”
giving the null search results, the top partners should either be

‣heavy (harder to produce because of phase space)
‣stealthy (easy to produce but hard to distinguish from background, e.g.  mstop~mtop)
‣colorless (hard to produce, unusual decay)

Neutral Naturalness
• Top partners are color neutral 

• Charged under a different, ‘mirror’, color 

• Have a discrete symmetry  
that does not commute with SM color 

• Prime examples are Twin Higgs,  
Folded SUSY, and Quirky Little Higgs 

• Span much of the NN model space

Scalar  
Top Partner

Fermion 
Top Partner

All SM 
Charges SUSY pNGB/RS

EW 
Charges

Folded 
SUSY

Quirky 
Little Higgs

No SM 
Charges ??? Twin Higgs

require hidden QCD
with a higher confining scale:

⇒ 1) hidden glueball (0++) that can mix with Higgs
h➛G0G0➛4l with displaced vertices

⇒ 2) emerging jets
}

need to go beyond
traditional searches  

(C. Verhaaren@N
K

PI’16)

Curtin, Verhaaren ’15
Schwaller, Stolarski, Weiler ’15

only little corner
of theory/model space

has been explored so far 

I. Neutral Naturalness
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I. Neutral Naturalness

Exotic Higgs Decays
• Occurs whenever the hidden sector does not have light states 

• Guaranteed for EW charged top partners, can occur in Fraternal TH 

• Displaced decays on detector length scales
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Figure 11. Summary of discovery potential at LHC run 1, LHC14 with 300 fb

�1, HL-LHC and 100 TeV
if the searches in Table 4, or similar, are approximately background-free, and ⇠ 10 events allow for dis-
covery. We omit the HCAL search since it likely is not background-free. Note different scaling of vertical
axes. For comparison, the inclusive TLEP h ! invisible limit, as applied to the perturbative prediction for
Br(h ! all glueballs), is shown for future searches as well. Lighter and darker shading correspond to the
optimistic (pessimistic) signal estimates  = 

max

(
min

), under the assumption that h decays dominantly to
two glueballs. Effect of glueball lifetime uncertainty is small and not shown. m

0

is the mass of the lightest
glueball 0

++; the vertical axes correspond to mirror stop mass in Folded SUSY (see Eq. (3.8)) and mirror top
mass in Twin Higgs and Quirky Little Higgs (see Eq. (3.12)). Vertical solid (dashed) lines show where  might
be enhanced (suppressed) due to non-perturbative mixing effects, see Section 3.5.

pointed out explicitly in [57] with a primary focus on the Fraternal Twin Higgs model, is in fact the
smoking gun for models with electroweak-charged mirror sectors.

– 30 –

displaced vertices

Curtin, Verhaaren ’15
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II. DM

42! Joe Lykken | WIN2015 Conference, MPIK Heidelberg!

• #Superpartner#parHcles:#Wino,#Bino,#Higgsino,#sneutrino,#…#

• #Axions#
• #KaluzaTKlein#parHcles#from#extra#dimensions#

• #Sterile#neutrinos#
• #Asymmetric#dark#maVer#

• #WIMPzillas#(don’t#ask…)##

#

Dark matter bestiary!

13.06.15!
T. Tait, DM@LHC ’14

The prediction about the mass scale of DM comes with large error bars:

10�22 eV < mDM < 1020 GeV
(ALPs) (Wimpzillas, Q-balls)
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➠ monojet searches
➠ soft lepton searches (compressed spectra)
➠ disappearing track searches (long chargino lifetime)

Low, Wang ’14Dark matter (mono-jet)

- LHC only coverage very limited. Rate, systematics…!

- 100 TeV pp collider can probe the “bulk” of WIMP 
parameter space.

inaccessible to the LHC. While a 100 TeV collider can come much closer to the thermal value,

it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

lower energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.
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Figure 4: Reach in the pure higgsino scenario.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. Like

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative

to the LHC. The reach is weaker than for winos, mainly due to the reduction in production

cross-section.
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Figure 5: Charged track distributions for the pure wino scenario showing the number of

tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. B and containing at least one chargino track

with pT > 500 GeV are considered.

While not as long as the wino lifetime, the charged higgsino still travels a macroscopic
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winos to have a mass m�̃ . 1.6 TeV3. Future independent detection experiments, like CTA,

could move this bound down to m�̃ . 1.1 TeV [74, 75]. These limits, however, are subject to

a number of astrophysics uncertainties. Choosing di↵erent halo profile can move the HESS

limit as low as m�̃ ⇠ 0.5 TeV and as high as m�̃ ⇠ 2.2 TeV [70]. Non-thermally produced, but

relic density saturating, winos are ruled out across the parameter space up to m�̃ . 25 TeV.

Direct detection is another avenue through winos could be discovered. In the heavy

wino limit, the spin-independent scattering cross-section has been calculated to be �SI =

1.3 ⇥ 10�47 cm2 [76]. Future experiments are projected to probe this cross-section for dark

matter masses of a few hundred GeV [77]. TeV-scale dark matter is not only beyond the

predicted reach, but also sits along the neutrino coherent scattering floor [77].

As direct detection cannot probe thermally-saturating winos and indirect detection in-

volves astrophysics uncertainties, there is a potentially interesting window in parameter space

left open. As will be shown, the LHC will not be able to cover it, as it is only sensitive to

m�̃ ⇠ 280 � 380 GeV winos. A 100 TeV collider, on the other hand, may be able to reach

1.4� 2.9 TeV and cover the parameter space.

The wino is an electroweak triplet which results in one neutral and one charged state at

low energies. The pair production of charginos proceeds via the Drell-Yan-like process of

an s-channel Z going to a pair of charginos, which subsequently decay to the LSP and soft

standard model particles. Charginos can also be produced directly along with a neutralino

via an s-channel W±.
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Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

3Thermally produced winos with a mass m�̃ . 3.1 TeV would only comprise part of the relic abundance.
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➠ monojet searches
➠ soft lepton searches (compressed spectra)
➠ disappearing track searches (long chargino lifetime)

Low, Wang ’14Dark matter (mono-jet)

- LHC only coverage very limited. Rate, systematics…!

- 100 TeV pp collider can probe the “bulk” of WIMP 
parameter space.
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it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

lower energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.
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Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. Like

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative
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tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. B and containing at least one chargino track

with pT > 500 GeV are considered.
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winos to have a mass m�̃ . 1.6 TeV3. Future independent detection experiments, like CTA,

could move this bound down to m�̃ . 1.1 TeV [74, 75]. These limits, however, are subject to

a number of astrophysics uncertainties. Choosing di↵erent halo profile can move the HESS

limit as low as m�̃ ⇠ 0.5 TeV and as high as m�̃ ⇠ 2.2 TeV [70]. Non-thermally produced, but

relic density saturating, winos are ruled out across the parameter space up to m�̃ . 25 TeV.

Direct detection is another avenue through winos could be discovered. In the heavy

wino limit, the spin-independent scattering cross-section has been calculated to be �SI =

1.3 ⇥ 10�47 cm2 [76]. Future experiments are projected to probe this cross-section for dark

matter masses of a few hundred GeV [77]. TeV-scale dark matter is not only beyond the

predicted reach, but also sits along the neutrino coherent scattering floor [77].

As direct detection cannot probe thermally-saturating winos and indirect detection in-

volves astrophysics uncertainties, there is a potentially interesting window in parameter space

left open. As will be shown, the LHC will not be able to cover it, as it is only sensitive to

m�̃ ⇠ 280 � 380 GeV winos. A 100 TeV collider, on the other hand, may be able to reach

1.4� 2.9 TeV and cover the parameter space.

The wino is an electroweak triplet which results in one neutral and one charged state at

low energies. The pair production of charginos proceeds via the Drell-Yan-like process of

an s-channel Z going to a pair of charginos, which subsequently decay to the LSP and soft

standard model particles. Charginos can also be produced directly along with a neutralino

via an s-channel W±.
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Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

3Thermally produced winos with a mass m�̃ . 3.1 TeV would only comprise part of the relic abundance.
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of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [61], has a negligible

impact4.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require d

track
> 30 cm and there be tens of signal events

passing all cuts, which is roughly where the 8 TeV ATLAS limit is set. We choose to attempt

a more systematic approach and naively extrapolate the dominant ATLAS background of

mismeasured tracks. The ATLAS search selects events with one or two hard jets and large
/

ET where neither of the jets can be too close to the /

ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets rate. Additional details on our scaling procedure are found in App. A. The

results of the extrapolation are shown in Fig. 3 with � = 10% and � = 20%. The band is

generated by varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

The results are summarized in Table 1. In the monojet channel, we find that a 100 TeV

collider extends the wino mass reach about 4�5 times that of the LHC entering the TeV mass

range. A much more promising search, however, is the disappearing track search. Already at

4The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case
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Conclusions: breaking the HEP frontiers

* no BSM major discovery  without a thorough understanding  of SM background

new machines much wanted to 
~~ open new horizons beyond LHC ~~

no lack of theoretical motivations
& plenty of physics issues outside the SM frame

from deep QFT questions ~~ to pressing phenomenological puzzles

* challenge: control theoretical uncertainty to the level of experimental sensitivity

* complementarity and synergy of electron and hadron machines

finite lifetime 
(and awareness of it)

~~ 2 human characteristics to balance ~~

When thinking about any future big projects

capacity of dreaming
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The future is yours
You can make it exciting

Good luck for your studies

if you have question/want to know more

do not hesitate to send me an email

christophe.grojean@desy.de


