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The equations of the [SM] have been tested with far greater accuracy, 
and under far more extreme conditions, than are required for 
applications in chemistry, biology, engineering, or astrophysics. While 
there certainly are many things we don’t understand, we do 
understand the Matter we’re made from, and that we encounter in 
normal life – even if we’re chemists, engineers, or astrophysicists (sic: 
DM!)

2

A unique moment in the history of physics
The Higgs discovery is the triumph of XXth century physics

combination of Quantum Mechanism + Special Relativity

For the first time in the history of physics,
we have a *consistent* description of the fundamental constituents of matter and their 
interactions and this description can be extrapolated to very high energy (up MPlanck?)

1
2

Only a description of EW symmetry breaking, not an explanation

No place for the particle(s) that make up the cosmic DM

Does not explain the asymmetry matter-antimatter3

The SM is not free of inadequacies: (without forgetting flavor and neutrinos)

we do not understand the Matter the Universe is made from

➠ What separates the EW scale from the Planck scale?

➠ What are the DM particles?

➠ Are the conditions realized to allow for EW baryogenesis?

http://arxiv.org/abs/1503.07735
http://arxiv.org/abs/1503.07735
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Only a description of EW symmetry breaking, not an explanation

No place for the particle(s) that make up the cosmic DM

Does not explain the asymmetry matter-antimatter3

The SM is not free of inadequacies: (without forgetting flavor and neutrinos)

we do not understand the Matter the Universe is made from

Where and how does the SM break down?
Which machine(s) will reveal (best)  this breakdown?

➠ What separates the EW scale from the Planck scale?

➠ What are the DM particles?

➠ Are the conditions realized to allow for EW baryogenesis?
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http://arxiv.org/abs/1503.07735


Christophe Grojean Future Colliders Strasbourg, Sept. 25, 2o15

Which Machine(s)?

3

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

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

          (w/ optimized design) 

 ➾ couplings to quarks and gluons

Hadrons Leptons

 S/B ~ 1 
 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
 but only pdf access to √s

Circular Linear

 larger √s, energy scanning
 easier to upgrade in energy 
 greener: less power consumption
 easier polarized beams
 large beamsthralung ^
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1. Should we wait for the results of LHC-run 2 to decide?
➠ no model independent answer!

2. If LHC sees new physics @ 1 TeV, does it still make sense to go for a Higgs factory?
➠ the LHC is unlikely to discover the full set of new particles
➠ indirect sensitivity via precision measurements
➠ study the correlations
➠ fill the time gap till the next machine is ready

3. If the LHC doesn’t see new physics, does it still make sense to go for a Higgs factory?
➠ legacy measurements + stress test of the SM structure
➠ indirect search for NP (more robust that flavor)

4. Which energy? Which luminosity?
5. In any case, our priority should be to continue exploring the unknown and to push the 
frontiers of knowledge

Which Strategy(ies)?
European Strategy 
approved by CERN Council, June 2013

!

!

 CERN-Council-S/106 
 Original: English 
 7 May 2013 
!

!

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE 

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 
 
!

!

 Action to be taken Voting Procedure 
 

 
For Approval 

 

 
EUROPEAN STRATEGY SESSION  

OF COUNCIL 
16th Session - 30 May 2013 

European Commission 
Berlaymont Building - Brussels 

 
Simple Majority of 

Member States 
represented and voting 

 
!

!

!

The European Strategy for Particle Physics  
Update 2013 

 
 
 
 

Having finalised its text by consensus at its Session of 22 March 2013, the Council is now 
invited to formally adopt the Update of the European Strategy for Particle Physics set out 
in this document. 

In the meantime:
➠ confirmation of a very SM-like Higgs boson
➠ more and more stringent bounds on New Physics

             ➠ where is everybody else?

http://council.web.cern.ch/council/en/EuropeanStrategy/esc-e-106.pdf
http://council.web.cern.ch/council/en/EuropeanStrategy/esc-e-106.pdf
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What can be discovered @ 100/fb-14TeV 
knowing what is excluded @ 20/fb-8TeV?

5

The world according to LHC
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http://collider-reach.web.cern.ch/collider-reach/
http://collider-reach.web.cern.ch/collider-reach/
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Future colliders comparison

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013

Energy Frontier Snowmass study (1311.0299)
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http://collider-reach.web.cern.ch/collider-reach/
http://arxiv.org/pdf/1311.0299v1.pdf
http://arxiv.org/pdf/1311.0299v1.pdf
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The future collider landscape

0

1) to which extent the various concepts are competitive, complementary, realistic or 
redundant, in terms of both physics and technology?

2) should the community continue with its current R&D efforts  or consider adopting other 
programmes?

3) what should be the priorities in view of what we know today and the physics cases?
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SHiP(TBA: 2018-2030)

beam dump experiment: 400 GeV SPS protons on fixed target
L = 1039 cm�2 s�1√s~28 GeV   1020 protons over 10 years, i.e.   

!"!#$%&'($)'))*%(+$,-./$01('+$,234$ ,5$
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——————————————————————————–
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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Anurag Tripathi,59 Sean Tulin,61 Francesco Vissani,16,62 Martin W. Winkler,63

Kathryn M. Zurek64,65

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

http://arxiv.org/abs/arXiv:1504.04855
http://arxiv.org/abs/arXiv:1504.04855
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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)

(350)/500/1000 GeV   -   5/ab

O(106) Higgs produced and reconstructed

*ready for construction once approved
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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.
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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].
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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 offer 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 τ̃ -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 difficult 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

1
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CLIC (TBA: 2025-?)

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

(350)/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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! 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 
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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 
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Rich physics perspectives for e+e- machines
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Figure 3. Instantaneous luminosity, in units of 1034 cm−2s−1, expected at TLEP (full red line),
in a configuration with four interaction points operating simultaneously, as a function of the centre-
of-mass energy. For illustration, the luminosities expected at linear colliders, ILC (blue line) and
CLIC (green line), are indicated in the same graph. As explained in the text, the TLEP luminosity
at each interaction point would increase significantly if fewer interaction points were considered.
The possible TLEP energy upgrade up to 500GeV, represented by a dashed line, is briefly discussed
in section 5.

These luminosity values are obtained in a configuration of the collider with four inter-

action points, for which the beam-beam parameters can be obtained directly from measure-

ments performed at LEP1 and LEP2 in the 1990’s. For this reason, the luminosity summed

over the four interaction points, the only relevant quantity when it comes to evaluating

the physics potential, is shown in figure 3. Should TLEP operate with fewer detectors, the

larger damping time between collisions would tend to push the beam-beam limit, with the

effect of increasing the luminosity at each interaction point by a factor (4/nIP)0.4 [15]. For

example, the use of two detectors instead of four would only reduce the total luminosity

by 35% (as opposed to a naive factor 2 reduction), hence would increase the statistical

uncertainties reported in this article by about 20%. The physics potential of either config-

uration is summarized in table 8 (section 3.3) and table 9 (section 4). Although there is

some debate as to the functional dependence of the beam-beam parameter on the damp-

ing decrement, any modifications to the formula of ref. [15] will have minor effects on the

conclusions of this analysis.

Also displayed in figure 3 are the luminosities expected for the two linear collider

projects, ILC [16, 17] and CLIC [18], as a function of the centre-of-mass energy. It is

remarkable that the luminosity expected at TLEP is between a factor 5 and three orders

of magnitude larger than that expected for a linear collider, at all centre-of-mass energies

from the Z pole to the tt̄ threshold, where precision measurements are to be made, hence

where the accumulated statistics will be a key feature. Upgrades aimed at delivering

luminosities well beyond the values given above are also being investigated — although

they cannot be guaranteed today. Similar upgrades are also contemplated for the ILC [19].

Possibilities for TLEP include beam charge compensation and the use of the “crab-waist”

– 5 –

TLEP (physics case) ’13
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 106 H
 1012 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)
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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: 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

    

 

IHEP-CEPC-DR-2015-01 

IHEP-AC-2015-01  
 
 
 
 
 

 
 
 

CEPC-SPPC 
Preliminary Conceptual Design Report 

Volume II - Accelerator 
 

 
 
 
 
 
 
 
 
 
 

 

The CEPC-SPPC Study Group 

March 2015 

 

http://arxiv.org/abs/arXiv:1308.6176
http://arxiv.org/abs/arXiv:1308.6176
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/Pre-CDR_final_20150317.pdf
http://cepc.ihep.ac.cn/preCDR/Pre-CDR_final_20150317.pdf
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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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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 ....)

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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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 ....)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%

Projections

FCC-hh

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
10 ab–1 at 100 TeV imply:

=>1012 W bosons from top decays => probe rare W decays ?

1010 Higgs bosons => 104 x today

1012 top quarks => 5 104 x today

=>1011 t → W → taus  => can solve the B(W→τν) puzzle ?

=> few x1011 t → W → charm hadrons

=>1012 b hadrons from top decays (particle/antiparticle tagged)

62

=> plenty of new studies and opportunities for 
measurements become available ..... few examples
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Higgs physics

1
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HEP with a Higgs boson
The successes have been breathtaking

 in O(2) 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 LEP accuracy (10-3)

~

Profound change in paradigm: 
missing SM particle ➪ tool to explore SM and venture into physics landscape beyond

The meaning of the Higgs

Particle physics is not so much about particles but more about fundamental principles

 About 10-10s after the Big Bang, the Universe filled with the 
Higgs substance because it saved energy by doing so: the 
vacuum is not empty (even when    → 0, not a Casimir effect)!

 The masses are emergent quantities due to a non-trivial 
vacuum structure
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Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, CepC, SppC, SHiP

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 rare Higgs decays: h→µµ, h→γZ
 Higgs flavor violating couplings: h→µτ and t→hc
 Higgs CP violating couplings
 exclusive Higgs decays (e.g. h→J/Ψ+γ ) and measurement of couplings to light quarks 
 exotic Higgs decay channels: 

h→ ET, h→4b, h→2b2µ, h→4τ,2τ2µ, h→4j, h →2γ2j, h→4γ, h→γ/2γ+ ET, 

h→isolated leptons+ ET, h→2l+ ET, h→one/two lepton-jet(s)+X, h→bb+ ET, h→ττ+ ET ...

 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width
 Higgs/axion coupling?
 ...

15

HEP with a Higgs boson
The successes have been breathtaking

 in O(2) 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 LEP accuracy (10-3)

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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Higgs boson & New Physics
The Higgs is related to some of the deepest problems of HEP 

➠ test for extended Higgs sectors

~~ Higgs interactions ~~
many different couplings not set by any gauge symmetry

(are fundamental interactions all linked to gauge symmetry?)

➠ test for extended Higgs sectors
➠ test for Higgs compositeness

➠ test for flavor models, origin of fermion masses

1) proportionality:

2) factor of proportionality:

3) flavor alignment:  

but they obey 3 basic structures
ghff / mf ghV V / m2

V

ghff/mf =
p
2/v

ghfifj / �ij

triviality/stability
of EW vacuum

mass and mixing 
hierarchy flavour & CP

LHiggs = V0 � µ2H†H + �
�
H†H

⇥2
+
�
yij⇤̄Li⇤RjH + h.c.

⇥

vacuum energy
cosmological constant

V0 ⇥ (2� 10�3 eV)4 ⇤ M4
PL

hierarchy problem
mH � 100 GeV ⇥ MPl
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

21

Fingerprinting

Supersymmetry 
(MSSM)

Composite Higgs 
(MCHM5)

Elementary v.s. Composite 

ILC 250+500 LumiUP

18

Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model

ILC Physics WG, ’15

http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.05992
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

21

Fingerprinting

Supersymmetry 
(MSSM)

Composite Higgs 
(MCHM5)

Elementary v.s. Composite 

ILC 250+500 LumiUP

18

Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model

ILC Physics WG, ’15

Precise Measurement of Higgs Coupling 

Supersymmetry 
(MSSM)�

Composite Higgs 
(MCHM5)�

Higgs boson: elementary or composite? 

ILC 250+550 LumiUp�

Δ�hhh Coupling�   ~30%  at 500 GeV       ~10%   at 1 TeV�
���

http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.05992
http://arxiv.org/abs/1506.05992


Christophe Grojean Future Colliders Strasbourg, Sept. 25, 2o15

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
 = 700 GeV)A = 5, M`MSSM (tan

%

%

%

%

%
Z W b o c t

 Projected Higgs coupling precision (model-independent)ILC
-1 250 GeV, 2000 fb�-1 350 GeV, 200 fb�-1500 GeV, 4000 fb

Model prediction

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
= 1.5 TeV)fMCHM5 (

%

%

%

%

%
Z W b o c t

 Projected Higgs coupling precision (model-independent)ILC
-1 250 GeV, 2000 fb�-1 350 GeV, 200 fb�-1500 GeV, 4000 fb

Model prediction

Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.
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Higgs couplings measurement projections
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@ 100 TeV

M. Mangano, HXSWG ’15

the Higgses produced are not the Higgses reconstructed
but fantastic playground for rare/exotic decays

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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Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

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

Effective Higgs
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M = g* f

NP
EW scale v=246GeV

g, g’, yt
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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*
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Higgs & New Physics 
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
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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

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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 indirect searches at ILC over-perform direct searches at HL-LHC for g > 2
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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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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
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ILC and TLEP at
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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
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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

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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Flavor alignment
In SM, the Yukawa interactions are the only source of the fermion masses

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj

mass higgs-fermion interactions

both matrices are simultaneously diagonalizable 

no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like partners  or for non-SM Yukawa 

yij

✓
1 + cij

|H|2

f2

◆
f̄LiHfRj =

yijvp
2

✓
1 + cij

v2

2f2

◆
f̄LifRj +

✓
1 + 3cij

v2

2f2

◆
yijp
2
hf̄LifRj

(*) e.g. Buras, Grojean, Pokorski, Ziegler ’11 

(*) 

Look for SM forbidden Flavor Violating decays h → µτ and t→hc

weak indirect constrained by flavor data (e.g. µ→ eγ): BR<10%
ATLAS and CMS have the sensitivity to set bounds O(1%)
ILC/CLIC/FCC-ee can certainly do much better 

 Blankenburg, Ellis, Isidori ’12

Harnik et al ’12
Davidson, Verdier ’12

CMS-PAS-HIG-2014-005

http://arXiv.org/abs/1105.3725
http://arXiv.org/abs/1105.3725
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://arXiv.org/abs/1211.1248
http://arXiv.org/abs/1211.1248
http://arXiv.org/abs/1209.1397
http://arXiv.org/abs/1209.1397
http://arXiv.org/abs/1202.5704
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Figure 6: Constraints on the flavor violating Yukawa couplings, |Yµt|, |Ytµ|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! µt) from
the present analysis. The diagonal Yukawa couplings are approximated by their SM values.
The black dashed lines are contours of B(H ! µt) for reference. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green).
The orange diagonal line is the theoretical naturalness limit YijYji  mimj/v2. The yellow line
is the limit from a reinterpretation, by a theoretical group [8], of an ATLAS H ! tt search.

Off-diagonal Higgs couplings can reveal the origin of flavor

Importance of efficient flavor tagging!

CMS-PAS-HIG-2014-005

by the way:
2.3σ excess!
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http://arXiv.org/abs/1105.3725
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
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Assuming a simple universal scaling: Yij ~ √(mimj/v2), 

BR(h→µτ)=(0.89±0.40)% implies BR(t→hc)~0.25% 

while direct constraint is currently ~0.5%, but can improve by combining various channels

Flavor changing Higgs couplings @ LHC

h→µτ

t→hq w/  h→γγ

                 h→multilepton

                 h→bb

ATLAS CMS

✔✔

✔✔

✔

✔
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Flavor changing Higgs couplings @ LHC
In SM, the Yukawa interactions are the only source of the fermion masses

Not the case in e.g. generic 2HDM
Omura, Senaha and Tobe ’15 

Botella and Branco ‘in progress
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Lepton-flavor-violating Higgs decay h → µτ and muon anomalous magnetic moment
in a general two Higgs doublet model

Yuji Omura,1 Eibun Senaha,1 and Kazuhiro Tobe1, 2

1Department of Physics, Nagoya University, Nagoya, 464-8602, Japan
2Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya, 464-8602, Japan

A two Higgs doublet model (2HDM) is one of the minimal extensions of the Standard Model (SM),
and it is well-known that the general setup predicts the flavor-violating phenomena, mediated by
neutral Higgs interactions. Recently the CMS collaboration has reported an excess of the lepton-
flavor-violating Higgs decay in h → µτ channel with a significance of 2.5 σ. We investigate the CMS
excess in a general 2HDM with tree-level Flavor Changing Neutral Currents (FCNCs), and discuss
its impact on the other physical observations. Especially, we see that the FCNCs relevant to the
excess can enhance the neutral Higgs contributions to the muon anomalous magnetic moment, and
can resolve the discrepancy between the measured value and the SM prediction. We also find that
the couplings to be consistent with the muon g-2 anomaly as well as the CMS excess in h → µτ
predict the sizable rate of τ → µγ, which is within the reach of future B factory.

While a Higgs boson has been discovered at the Large
Hadron Collider (LHC) experiment [1, 2], the whole
structure of the Higgs sector is still unknown. Theo-
retically there is no apparent reason why a Higgs sector
with one Higgs doublet is better than the one with more
Higgs doublets. Thus, only the experimental research
will reveal the true answer.
A two Higgs doublet model (2HDM) is a simple ex-

tension of the minimal Higgs sector in the SM. In gen-
eral, both Higgs doublets couple to fermions, and hence
the flavor-changing Higgs interaction is predicted. This
is one of the main differences from the SM. Recently
the CMS collaboration has reported an excess of lepton-
flavor-violating Higgs decay in h → µτ mode [3]. The SM
cannot accommodate such an excess, however, the gen-
eral 2HDM 1 can explain the excess, as pointed out in
Refs. [4–6]. 2 Therefore, it is worth studying it further,
and we find that the µ − τ lepton-flavor-violating Higgs
interaction can enhance the neutral Higgs contributions
to an anomalous magnetic moment of muon (muon g-2),
and hence it can explain the long-standing anomaly of
the muon g-2 [8].
In the general 2HDM, we can always take a basis where

only one Higgs doublet gets a vacuum expectation value
(VEV), so that we can parametrize the Higgs doublets
as follows;

H1 =

(

G+

v+φ1+iG√
2

)

, H2 =

(

H+

φ2+iA√
2

)

, (1)

where G+ and G are Nambu-Goldstone bosons, and H+

and A are a charged Higgs boson and a CP-odd Higgs
boson, respectively. CP-even neutral Higgs bosons φ1

and φ2 can mix and form mass eigenstates, h and H

1 Sometimes, it is called the Type III two Higgs doublet model.
2 Multi-Higgs doublet model has been also considered [7].

(mH > mh),
(

φ1

φ2

)

=

(

cos θβα sin θβα
− sin θβα cos θβα

)(

H
h

)

. (2)

Here θβα is the mixing angle. In mass eigenbasis for
the fermions, the Yukawa interactions are expressed as
follows;

L = −Q̄i
LH1y

i
dd

i
R − Q̄i

LH2ρ
ij
d d

j
R

− Q̄i
LV

ij
CKMH̃1y

j
uu

j
R − Q̄i
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ij
CKMH̃2ρ

jk
u uk

R

− L̄i
LH1y

i
ee

i
R − L̄i

LH2ρ
ij
e e

j
R, (3)

where Q = (V †
CKMuL, dL)T , L = (VMNSνL, eL)T ,

VCKM(VMNS) is the Cabbibo-Kobayashi-Maskawa (Maki-
Nakagawa-Sakata) matrix and the fermions (fL, fR)
(f = u, d, e, ν) are mass eigenstates. ρijf are general
3-by-3 complex matrices and can be sources of the Higgs-
mediated Flavor Changing Neutral Currents (FCNC)
processes. In the following discussions, we do not adopt
the so-called Cheng-Sher ansatz [9] for ρijf in order to
explore wider parameter space.
In the mass eigenstate of Higgs bosons, the interactions

are expressed as

L = −
∑

φ=h,H,A

yφij f̄LiφfRj − ν̄Li(V
†
MNSρe)

ijH+eRj

− ūi(VCKMρdPR − ρ†uVCKMPL)
ijH+dj + h.c., (4)

where

yhij =
mi

f

v
sβαδij +

ρijf√
2
cβα, (5)

yHij =
mi

f

v
cβαδij −

ρijf√
2
sβα, (6)

yAij =







− iρij
f√
2
, (f = u),

iρ
ij
f√
2
, (f = d, e),

(7)

NB: Flavor Changing decays of H and A can easily dominate
would explain why even light H/A hasn’t been found at LHC directly 

consequences: 
 (g-2)µ

 τ→µγ

even small mixing (cβα~0.1) 
and moderate FCYC (ρ~0.3) 

can explain 
BR(h→µτ)=(0.89±0.40)%

http://arxiv.org/abs/1502.07824
http://arxiv.org/abs/1502.07824
mailto:christophe.grojean@cern.ch?subject=Flavour%20changing%20Yukawa%20couplings
mailto:christophe.grojean@cern.ch?subject=Flavour%20changing%20Yukawa%20couplings
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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 

Couplings: κV, κf 

43 Chiara Mariotti 

@ fitted mH 
 
 Γ(H! γγ) ~ |α κV + β κf|

2  ,  α/β = � 0.2
 ΓBSM = 0 

Assume all fermion couplings scale as κF while all vector boson couplings scale as κV. 

Couplings: κV, κf 

43 Chiara Mariotti 

@ fitted mH 
 
 Γ(H! γγ) ~ |α κV + β κf|

2  ,  α/β = � 0.2
 ΓBSM = 0 

Assume all fermion couplings scale as κF while all vector boson couplings scale as κV. 
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But... off-shell Higgs data do not probe new corrections 
that cannot be constrained by on-shell data

29

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 

on-shell Z @ LEP1 off-shell Z @ LEP2

constraints on 
S and T oblique corrections

constraints on 
W and Y oblique corrections

(same order as S and T but cannot be probed @ LEP1)

Probing new corrections to the SM Lagrangian?
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy
but notoriously difficult channel

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
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Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.

5

the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 

http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
http://inspirehep.net/record/283530
http://inspirehep.net/record/283530
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panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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 Harlander et al  ’12 

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%.

6

Don’t think it is easy to produce a Higgs with high pT
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00
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Grojean, Salvioni, Schlaffer, Weiler  ‘13

http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/13012.3317
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panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.
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high-pT tail “sees” the top partners that are missed by the inclusive rate
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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
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h

t

q q

g h
t

q
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g

h

t

g
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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 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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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, ⌧⌧ .
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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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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.

10

µ0

boost

= 0.8

µ0

boost

= 1.0
µ0

boost

= 1.2

t


g .

http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/13012.3317
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arXiv.org/abs/1309.5273
http://arxiv.org/abs/arXiv:1405.4295
http://arxiv.org/abs/arXiv:1405.4295


Christophe Grojean Future Colliders Strasbourg, Sept. 25, 2o1533

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

➾➾

G
ro

je
an

, S
al

vi
on

i, 
Sc

hl
af

fe
r, 

W
ei

le
r 

 ‘1
3

p
s = 14 TeV,

Z
dtL = 3ab�1, pT > 650 GeV

se
e 

al
so

 A
za

to
v,

 P
au

l ’
13

 

(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 

0.6 0.8 1.0 1.2 1.4
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

kt

k g

R.0= 2.19 ◊ 10-3

R.0= 1.23 ◊ 10-3

R.0= 0.692 ◊10-3

m0
incl=0.8 ± 20%

˜

(a) µ0
incl = 0.8

0.6 0.8 1.0 1.2 1.4
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

kt

k g

R.0= 2.71 ◊ 10-3

R.0= 1.69 ◊ 10-3

R.0= 0.985 ◊10-3

m0
incl=1.0 ± 20%

˜

(b) µ0
incl = 1.0

0.6 0.8 1.0 1.2 1.4
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

kt

k g

R.0= 3.14 ◊ 10-3

R.0= 2.10 ◊ 10-3

R.0= 1.31 ◊ 10-3

m0
incl=1.2 ± 20%

˜

(c) µ0
incl = 1.2

0.8 0.9 1.0 1.1 1.2 1.3

-0.2

-0.1

0.0

0.1

kt

k g

mren = 0.5 mT
mren = 1.0 mT
mren = 2.0 mT
m0

incl=1.0 ± 20%

˜

(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.

10

µ0

boost

= 0.8

µ0

boost

= 1.0
µ0

boost

= 1.2

t


g .

5

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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Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be
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where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering
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ŝ

m2

t

SM: cancelation forced by unitarity
BSM: deviations of Higgs couplings at large s will be amplified

Glover, van der Bij ’89

ˆ

off-shell effects enhanced by the particular couplings of H to VL

A
za

to
v,

 G
ro

je
an

, P
au

l, 
Sa

lv
io

ni
 ’1

4

http://inspirehep.net/record/268478
http://inspirehep.net/record/268478
http://arxiv.org/abs/1406.6338
http://arxiv.org/abs/1406.6338


Christophe Grojean Future Colliders Strasbourg, Sept. 25, 2o1536

Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.

12

Kauer, Passarino,arXiv:1206.4803

c t

g

g

Z

Z
g

g
Z

Z

c g

g

g

Z

Z

Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
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where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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interpretations in terms of bounds of the Higgs width are limited/model-dependent
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Figure 2: 68%, 95% and 99% probability contours in the ct,cg plane, using the 8TeV CMS

data set. A 10% systematic uncertainty was assumed on the qq̄ background.

only to compute the signal and the interfering background in gg ! ZZ, whereas for the

non-interfering background qq̄ ! ZZ the results presented by CMS were used.

The resulting constraints in the (ct, cg) plane are shown in Fig. 2. In order to explore

the power of resolving the ct vs. cg degeneracy, we assume that the inclusive measurement is

consistent with the SM and therefore we impose the condition ct+cg = 1. The resulting pos-

terior probability is presented in Fig. 3: with 68% probability the coupling ct is constrained

within [�4,�1.5] [ [2.9, 6.1]. These results were obtained using the nonlinear analysis. The

CMS bound allows cg,y to be of O(1), thus no interpretation of the results in terms of the

EFT can be made. The bounds we quote here should therefore be understood as holding

under the assumption that Eq. (2.4) fully encodes the e↵ects on gg ! ZZ of the new physics,

even though the latter is allowed to be at the weak scale. Finally, notice that our results

were obtained using only the four-charged lepton final state and without the MELA, so upon

a more refined analysis one can easily expect a factor of two improvement on the bounds on

the couplings.
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Figure 4: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for

the injected SM signal: 68%, 95% and 99% expected probability regions in the (ct, cg) plane.

The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis,

respectively. No theoretical uncertainty is included.

3.3 Bounds on top partners

The ct vs. cg degeneracy arises in models with fermionic top partners, in particular it is

generic in the composite Higgs models [45–49]. As a prototype of the models with this

degeneracy we can introduce just one vector-like top partner T , transforming as a singlet of

SU(2)L

� L = yQ̄L
eHtR + Y⇤Q̄L

eHTR +M⇤T̄LTR + h.c. . (3.21)

In this model, loops of the heavy fermion T generate an e↵ective interaction of the Higgs

with the gluons, and at the same time the top Yukawa coupling is modified due to the mixing

with the top partner. Due to the Higgs low-energy theorem, the on-shell Higgs production

cross section is predicted to be the same as in the SM, since it can easily be checked [47,48]

that, after integrating out the heavy top partner, ct + cg = 1. Besides modifying the Higgs-

mediated amplitude for gg ! ZZ, the T also enters in the box diagrams, generating a

contribution to the interfering background which in the EFT must be parameterized by

16

LHC14TeV-3/ab

http://inspirehep.net/record/268478
http://arxiv.org/abs/1406.6338
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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 ?
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A long term plan?
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FCC = H+X factory

(Plots from P. Torrielli and MLM, CERN’14)
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Producing one Higgs is good. Producing more Higgses is better

Multi Higgs processes

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] 

The two difficult processes @ LHC (tth and hh) are the real winners of the energy boost
(these 2 processes have to do with the top Yukawa coupling

one of the most promising probes of new physics)
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HH@LHC
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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
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Christophe Grojean Future Colliders Strasbourg, Sept. 25, 2o15

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

40

HH production as a probe of HE couplingsDouble Higgs production via gluon fusion
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ŝ

!

g

g h

h

h

g

g h

h

⇠ cgc

3

↵s

4⇡

⇥ const. ⇠ c

2g
↵s

4⇡

ŝ
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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

41

see also Goertz, Papaefstathiou, Yang, Zurita ’14
Remarks:
• unique access to c3 but sensitivity is limited (within the validity of EFT?). 
• statistically limited, with more luminosity 

➾ access to distribution
➾ discriminating power c3 vs. c2t vs cg

HH production as a probe of HE couplings

Azatov, Contino, Panico, Son  ’15

Constraining the dim.-6 operators: cu and c6
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‚ only O(1) determination possible at LHC
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14P.Torrielli, arXiv:1407.1623

Rare associated-production processes
Are they good for something? Reduced systematics? Complementary information?

Rare Higgs decays
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Top programme @ ILC
The top programme at ILC is three-fold

1) study of the threshold for     production around 350 GeV = “hydrogen atom 
for strong interactions”, ie bound state free of nonperturbative quark 
confining interactions 
2) measure the top-Higgs coupling
3) study of top quark production and decay at 500 GeV

tt̄
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Figure 7: Top quark pair production threshold, including the luminosity spectrum of the
ILC, and simulated data points, corresponding in total to one year at design luminosity.
From Ref. [25].

quantity than can be extracted from the threshold measurements. It can be measured
to about 30MeV (a precision below 2⇥10�4) in 1 year of ILC running at the required
energy [25]. This mass value is connected to other theoretically precise definitions of
the top quark mass, such as the MS mass, to an accuracy of about 100MeV [1], which
is expected to further improve in the future with a higher precision of other parame-
ters. In contrast, the value of the top quark mass usually quoted from Tevatron and
LHC data is simply the input value used in a popular Monte Carlo event generator; its
connection to theoretically precise values is not understood. At the high-luminosity
LHC, it is estimated that the MS top quark mass can be extracted in a theoretically
precise way by the measurement of the jet-lepton endpoint in leptonic top decays, to
an accuracy of about 500MeV [26].

The top quark mass is a basic input parameter for the Standard Model. Other
precision tests of the Standard Model are compared to predictions that require an
accurate value of the top quark mass. For example, an error of 600MeV in the top
quark mass corresponds to an error of 5MeV for the prediction of the mass of the
W boson. At the ILC, we expect to measure the mass of the W boson to a few
MeV, a level that gives sensitivity to loop corrections from a variety of predicted new
particles [27].

14

�mt ⇠ 30 MeV

�mt ⇠ 500 MeV

to be compared to HL-LHC prospect
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Top-Higgs coupling
The top-Higgs controls the fate of the EW vacuum

Degrassi et al ’12Bezrukov et al ’12Buttazzo et al ’13

Access ttH @ ILC

see talk by J. Brau yesterday
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Top EW couplings
important to access the EW top couplings

chiral gauge symmetries are the only one to be spontaneously broken?
probe various scenarios of physcs beyond the SM

1
2

ILC sensitivity down to 0.5% (factor 10 improvement over TESLA estimates) 
➾ probe New Physics resonances up to 15-20 TeV, way above direct LHC access
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Figure 9: The heavy dots display the shifts in the left- and right-handed top quark couplings
to the Z boson predicted in a variety of models with composite Higgs bosons, from Ref. [31].
The ellipses show the 68% confidence regions for these couplings expected from the LHC [26]
and the ILC [30].

the strong and electromagnetic interactions, and the feature that requires the inter-
vention of the Higgs field, is that the couplings depend on polarization. Making use
of the unique capability of the ILC for polarized electron and positron beams, we will
be able to measure the individual couplings of each polarization state of the top quark
to the weak interaction bosons W and Z. The measurement accuracies from the ILC
should improve by about an order of magnitude over what is projected for the LHC.
The discrimination of the left- and right-handed couplings to the Z boson is a unique
feature of the ILC measurements. With 500 fb�1 at 500GeV, the ILC experiments
should achieve a relative precision of 0.7% in the coupling of the left-handed top quark
and 1.8% in the coupling of right-handed top quark [29–31].

These polarization-dependent couplings receive corrections in most models of new
physics beyond the Standard Model. The e↵ects are particularly large in models in
which the Higgs boson is a composite built of some more fundamental constituents. In
such models, the shifts of the ttZ couplings can be 20% or larger and are expected to
be di↵erent between the couplings to the two top quark polarization states. Figure 9
shows a survey of theoretical predictions collected in Ref. [31]. The separate values of
these couplings provide a powerful diagnostic of the model. The measurement accu-
racies expected at the ILC and the LHC are also shown in the figure. Measurements
with the ILC accuracy will not only establish the shifts of the Z couplings with high
significance but also pin down properties of the model that gave rise to them. A 1%

16
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Dark Matter
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The energy scale(s) of new physics

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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Exploring TeV-scale DM
➠ 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

– 9 –
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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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to avoid overclosing the Universe
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Exploring TeV-scale DM
➠ 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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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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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

– 11 –
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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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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.

– 6 –

1.4 TeV 0.8 TeV

to avoid overclosing the Universe

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

– 11 –

Once a DM particle is discovered
it remains to be seen if its relic abundance 

can match the cosmological data
➠  needs to precisely “weight” DM 
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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 

51

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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Higgs self-couplings and Naturalness
In the SM, |H|2 is the only relevant operator 

and it is the source of the hierarchy/naturalness/fine-tuning problem 
It presence has never been tested!

Reconstructing the Higgs potential before EW symmetry breaking 
from measurements around the vacuum is difficult in general

but we can easily test gross features, like the presence of the relevant operator

V = �µ2|H|2 + �|H|4 V (h) =
1

2
m2

hh
2 +

1

6

3m2
h

v
h3 + . . .SM

V = ��|H|4 + 1

⇤2
|H|6 V (h) =

1

2
m2

hh
2 +

1

6

7m2
h

v
h3 + . . .

200% correction
to SM prediction

+
allows 1st phase transition

EW
SB

W
/O

 H
2
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Dynamics of EW phase transition

Ch!"o#e Grojean Beyond the Higgs To!no, January‘08

EW Phase Transition in the Standard Model

V
V

In the SM, a 1st order phase transition could occur due 

to thermally generated cubic Higgs interactions: 

V (φ, T ) !
1

2

(

−µ2
h + cT 2

)

φ2 +
λ

4
φ4

− ETφ 3
−

T

12π

∑

bosons

m3(φ)

In the SM:
∑

i

!

∑

W,Z
not enough E =

4m3
W

+ 2m3
Z

12πv3
0

∼ 6·10
−3

〈φ(Tc)〉

Tc

=
2 E v2

0

λ v2
0

=
4 E v2

0

m2
h

〈φ(Tc)〉

Tc

≥ 1 mh ≤ 47 GeV

2nd order 1st order

or

T=0 T=0

TC

TC

the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access at in colliders (LHC≠Big Bang machine)

finite T
Higgs potential

Higgs couplings
at T=0

SM: first order phase transition iff mH < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition
(not the only option but the only one that can be tested at colliders)
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➾➾

New physics in loops

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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mixing with other scalars modify the tree-level Higgs potential
5

FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.

We thank J. Cline, J.R. Espinosa, A. Hebecker, A. Nel-
son, M. Quirós and C. Wagner for useful comments. This
work was supported by the Department of Energy and
the Michigan Center for Theoretical Physics. C.G. is sup-
ported in part by the RTN European Program HPRN-
CT-2000-00148 and the ACI Jeunes Chercheurs 2068.
G. S. was supported in part by the US Department of En-
ergy, High Energy Physics Division, under contract W-
31-109-Eng-38 and also by the David and Lucille Packard
Foundation.
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We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction

Grojean, Servant, Wells ’04
Noble, Perelstein ’07

 Higgs couplings for 1st order EW phase transition
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New physics in loops

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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mixing with other scalars modify the tree-level Higgs potential
5

FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.
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We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction

Grojean, Servant, Wells ’04
Noble, Perelstein ’07

 Higgs couplings for 1st order EW phase transition

New physics in loops

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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SM neutral scalars

O(1%) deviation in σ(ee→Zh)

(10%LHC14, 2%HL-LHC,0.25%ILC,0.05%TLEP)

➾colored scalars

O(20%) deviation in h→gg

(8%LHC14, 5%HL-LHC,1%ILC,<1%TLEP)

➾ electrically charged scalars

O(5%) deviation in h→γγ
(5%LHC14, 2%HL-LHC,2%ILC,1%TLEP)
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Minimal stealthy model for a strong EWPT

Unmixed SM+S. No exotic higgs decays, no higgs-singlet mixing, no EWPO, ....

1409.0005 DC, Patrick Meade, Tien-Tien Yu

Nonperturbative �S required
for V (v,0) < V (0,w)

(tree-level)

One-Loop
Analysis of EWPT
breaks down

�S2> 0

Nonperturbative �S required to avoid
negative runaways (tree-level)

�S
2 < 0

tw
o-
ste
p E
W
PT

one
-ste
p EW

PT

�S2> 0

��� ��� ��� ��� ����
-�

-�

�

�

�

�

�

�� [��	]

� �
�

Two regions with strong EWPT

Only Higgs Portal signatures:
h*→SS direct production
Higgs cubic coupling
σ(Zh) deviation (> 0.6% @ TLEP)

100 TeV collider could cover 
entire parameter space.

TLEP (super ILC) can cover 
some of parameter space.

Potential complimentarily!
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Searching for New Physics directly
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These bounds are not “robust” and don’t exclude weak scale SUSY 
but call for non-minimal models

DESY
LC2013 G. Dissertori

Interpretations of generic searches

24

in the context of a concrete model, here MSUGRA/cMSSM
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N
F-2013-047

here: example of scenario compatible with a low-mass Higgs as recently discovered 

in the context of a simplified MSSM scenario

eg. for m(squark) = m(gluino), exclude below ~1800 GeV

these searches typically target large Meff and large 

difference m(SUSY) - m(LSP)

the very inclusive searches keep sensitivity even for m(LSP) 

up to several hundreds of GeV (at some stage trigger-

constrained) 

recently also targeting more compressed 

spectra and higher jet multiplicities

ATLA
S

-C
O

N
F-2013-047
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Test naturalness at 100 TeV collider

- tune proportional to (mNP)2 . !
Much better test than LHC, by orders of magnitude! !
Potential for discovery (would be a victory for 
naturalness). 

11

neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events

Cohen et. al., 2014

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.,
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the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in
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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
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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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Pappadopulo, Thamm, Torre,  Wulzer, 2014

LHC

Pushing the boundaries

Cohen, d’Agnolo, Hance, Lou, Wacker ’14
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Good coverage of 

hidden natural susy

 mono-top searches (DM, flavored 

naturalness - mixing among different squark 

flavors-, stop-higgsino mixings)

 mono-jet searches with ISR 

recoil (compressed spectra)

 precise tt inclusive measurement+ 
spin correlations

59

Saving SUSY
Should be priority #1

SUSY is Natural
but not plain vanilla

 CMSSM
 pMSSM
 NMSSM
 Hide SUSY, e.g. smaller phase space

 reduce production (eg. split families)

 reduce MET (e.g. R-parity,   compressed 
spectrum)

 dilute MET (decay to invisible particles 
with more invisible particles)

 soften MET (stealth susy, stop -top 
degeneracy)

Mahbubani et al

Csaki et al

Fan et al
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Fully exclude SUSY @ weak scale

LHCQHL&prospects&
ATLQPHYSQPUBQ2013Q011&

ATLQPHYSQPUBQ2014Q010&

Will&be&in&the&posi5on&&
to&“kill&natural&SUSY”&

Sensi5vity&up&to&3&–&3.5&TeV&&

HL-LHC can exclude squark up 

to 3.5 TeV

but there are holes

in particular for compressed 

spectra that are particularly 

relevant for DM.

ILC can complement and close 

these holes
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Going up to 100 TeV

- Room for improvement by using single production, 
boosted technique, etc. 

5� discovery projection for mT comparing analysis and parton luminosity scaling

using arXiv:1309.0026 (Bhattacharya, et al.) with 3000 fb�1

PDF set 14 TeV 33 TeV 100 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 1.5 TeV 2.8 TeV 5.8 TeV 2.6 TeV 5.5 TeV

NNPDF23 nnlo as 0018 1.5 TeV 2.8 TeV 5.9 TeV 2.6 TeV 5.5 TeV

CT10nlo 1.5 TeV 2.7 TeV 5.8 TeV 2.6 TeV 5.4 TeV

95% exclusion projection for mT with 3000 fb�1 comparing analysis

and parton luminosity scaling using arXiv:1311.7667 (CMS, 19.5 fb�1)

PDF set 8 TeV 14 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 0.7 TeV 2.1 TeV 4.0 TeV 8.9 TeV

NNPDF23 nnlo as 0018 0.7 TeV 2.1 TeV 4.0 TeV 9.0 TeV

CT10nlo 0.7 TeV 2.1 TeV 4.0 TeV 9.0 TeV

95% exclusion projection for mT with 3000 fb�1 comparing analysis and

parton luminosity scaling using CONF-2013-060 (ATLAS, 14.3 fb�1 ATLAS)

PDF set 8 TeV 14 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 0.7 TeV 1.9 TeV 3.7 TeV 8.1 TeV

NNPDF23 nnlo as 0018 0.7 TeV 1.9 TeV 3.7 TeV 8.1 TeV

CT10nlo 0.7 TeV 2.0 TeV 3.7 TeV 8.2 TeV

Figure 11: CMS triangle plot showing their expected limits and the corresponding projection using
the Salam/Weiler parton luminosity tool for 100 TeV.
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Looking for fermionic top partners

LT Wang @ SUSY’15
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Is there a loophole for TeV-scale new physics?

6
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Naturalness & TeV scale new physics
Following the arguments of Wilson, ‘t Hooft (and others):

only small numbers associated to the breaking of a symmetry survive quantum corrections
( others are not necessarily theoretically inconsistent 
but they require some conspiracy at different scales )

Natural vs. unnatural

m  ̄

m ! 0

 ! ei✓ 
 ̄! e�i✓ ̄ �m / m

m2AµA
µ

Aµ ! Aµ + @µ↵

m2|H|2
�m / ⇤

m

⇤

Field Symmetry as Implication

(chiral symmetry)

(gauge invariance)
�m / m

None

Spin-1/2

Spin-1

Natural!

Natural!

Spin-0
Unnatural!

Hierarchy problem is not a “just-so story”

3

courtesy to N. Craig  @ Blois ’15

The Higgs mass in the SM doesn’t break any (quantum*) symmetry

* it does break classical scale invariance, as the running of the gauge couplings does too!
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Naturalness principle @ work
Following the arguments of Wilson, ‘t Hooft (and others): 

only small numbers associated to the breaking of a symmetry survive quantum corrections
( others are not necessarily theoretically inconsistent 
but they require some conspiracy at different scales )

Beautiful examples of naturalness  to understand the need of “new” physics
see for instance Giudice ’13 (and refs. therein) for a recent account

 the need of the positron to screen the electron self-energy: 

 the rho meson to cutoff the EM contribution to the charged pion mass: 

 the kaon mass difference regulated by the charm quark:

 the light Higgs boson to screen the EW corrections to gauge bosons self-energies

 ...

 new physics at the weak scale to cancel the UV sensitivity of the Higgs mass?

⇤ < me/↵em

⇤2 <
�mK

mK

6⇡2

G2
F f

2
K sin2 ✓C

⇤2 < �m2
⇡/↵em
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The Darwinian solution to the Hierarchy 
Other origin of small/large numbers according to Weyl and Dirac:

hierarchies are induced/created by the time evolution/the age of the Universe

 Higgs mass-squared promoted to a field
 The field evolves in time in the early universe
 The mass-squared relaxes to a small negative value
 The electroweak symmetry breaking stops the time-dependence

Graham, Kaplan, Rajendran ’15

Self-organized criticality
when the Higgs mass becomes negative, it 

back-reacts and generates a potential barrier 
that stops the evolution of the scanning field

see also Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ’15

Hierarchy problem solved
by light weakly coupled new physics 

and not by TeV scale physics
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

⇤/g

Cosmological evolution:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

⟨h⟩ = 0
hhi = 0 hhi 6= 0

66

Higgs-axion cosmological relaxation

slowly rolling field (inflation provides friction) that scans the Higgs mass!
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✓
�1 + f
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potential needed to force! to roll-down in time
(during inflation)

Higgs mass 
depends on ! axion-like coupling

that will seed the potential barrier 
stopping the rolling when the Higgs 

develops its vev

⇤

3
QCD h cos

�

f

Graham, Kaplan, Rajendran ’15

see also Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ’15
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Hierarchy problem solved
by light weakly coupled new physics 

and not by TeV scale physics

~interesting cosmology signatures~
◎ BBN constraints

◎ decaying DM signs in "-rays background
◎ ALPs

◎ superradiance

~interesting signatures @ SHiP~
◎ production of light scalars 

by B and K decays

see also Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ’15
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Phenomenological signatures
Nothing to be discovered at the LHC/ILC/CLIC/CepC/SppC/FCC!

only BSM physics below Λ 
two (very) light and very weakly coupled axion-like scalar fields

m� ⇠ (10�20 � 102)GeV

m� ⇠ (10�45 � 10�2)GeV

interesting signatures in cosmology
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Conclusions
 What are the weak points in our current 

understanding and practices?

 What are the growth areas in technique 
and capability?

 Where are the sweet spots where those 
two meet?

More than ever: 
importance of 

the synergy and 
complementarity 

of the 
experimental 
programme

4 

The outstanding questions are compelling, difficult and interrelated can only be  
successfully addressed through the variety of approaches we have developed  (thanks also to  
strong advances in accelerator and detector technologies): particle colliders, neutrino  
experiments (solar, short/long baseline, reactors, 0νββ decays, …), cosmic surveys, dark  
matter direct and indirect detection, precision measurements of rare processes, dedicated  
searches (e.g. axions, dark-sector particles), …  

Combination of these complementary approaches is crucial to explore the largest range of 
E scales (directly and indirectly) and couplings, and properly interpret signs of new physics  
 hopefully build a coherent picture of the underlying theory.  

                              High-E      Dedicated          Neutrino       Dedicated   Cosmic  
                              colliders   high-precision    experiments   searches    surveys 
                                              experiments  

H, EWSB                   x                  x                                             x 
Neutrinos                  x (νR)                                                          x                     x              x 
Dark Matter              x                                                                 x              x                     
Flavour,  CP,               x                  x                      x                     x              x 
matter/antimatter                                     
New particles,             x                   x                                            x 
forces, symmetries  
Universe                     x 
acceleration   

Main questions and main approaches to address them 
F. Gianoti EPS ’15
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