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HEP landscape after the Higgs discovery
The Higgs discovery has been a great success...
...but the experimentalists haven’t found what the 
BSM theorists told them they will find in addition 

to the Higgs boson:  
no susy, no BH, no extra dimensions, nothing ...
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Origin of quark and lepton flavor, origin of neutrino masses

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-antimatter
4

Furthermore we are left with big questions that the SM cannot address

2
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➠ What separates the EW scale from the Planck scale?

➠ What are the DM particles?

➠ Are the conditions realized to allow for EW baryogenesis?

➠ Are there some global flavor symmetry (incl. lepton #)?
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Furthermore we are left with big questions that the SM cannot address

2
➠ What separates the EW scale from the Planck scale?

➠ What are the DM particles?

➠ Are the conditions realized to allow for EW baryogenesis?

➠ Are there some global flavor symmetry (incl. lepton #)?

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

?
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Which Machine(s)?

3

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

Leptons

 S/B ~ 1 ➾ measurement?
 polarized beams 

    (handle to chose the dominant process)
 limited (direct) mass reach
 identifiable final states 
 ➾ EW couplings  

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

      (O(0.1MeV) @ FCC-ee via resonant depolarization) 

Circular Linear

 easier to upgrade in energy 
 easier to polarize beams
 large beamsthralung 
 greener: less power consumption

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

                (w/ optimized design) 

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

Hadrons

^
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9/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

Why new colliders ? Why FCC-ee ?Why new colliders ? Why FCC-ee ?

CIRCULAR

LINEAR

■ Is new physics at larger masses? Or at smaller couplings? Or both?

 ➨ Direct searches for new heavy particles in p-p,e+e- colliders at larger ÷s. 

 ➨ Indirect searches through loops in high-stat W, Z, H, top precision studies at 
     very high-luminosity electron-positron colliders with sub-1% accuracy

FCC-ee (R~80 km):

 ➨ 10–104 more lumi 
  than linear option for 
  √s = 90–400 GeV:
   ×3 LEP radius
   ×104 LEP bunches
   +crab-waist collisions

 ➨ Accurate √s within
   ±0.1 MeV (2 MeV
   at LEP) through
  resonant depolarization

[See M.Koratzinos,
 next talk]
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Dashed lines : Possible energy and luminosity upgrades
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Energy vs. Luminosity

LINEAR
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Test of SM bones

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%
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High-precision W,Z,top: BSM constraintsHigh-precision W,Z,top: BSM constraints

■  Indirect constraints on new weakly-coupled physics: 

     Precision ~ 1/L2   , i.e. L2 ~ O(30 TeV)

   ■

NPNP

best test of QM beyond QED (and indirect probe of new physics up to ~ 30 TeV)

➾ ➾➾

d’Enterria Lomonosov ’15

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf


Christophe Grojean Physics Highlights of future ee colliders CERN, Nov. 19, 2o15/365

Test of SM bones

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%

18/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: BSM constraintsHigh-precision W,Z,top: BSM constraints

■  Indirect constraints on new weakly-coupled physics: 

     Precision ~ 1/L2   , i.e. L2 ~ O(30 TeV)

   ■

NPNP

best test of QM beyond QED (and indirect probe of new physics up to ~ 30 TeV)

➾ ➾➾

d’Enterria Lomonosov ’15

Testing self-consistency
Present 

precision
TLEP stat

Syst Precision TLEP key Challenge

MZ
[MeV]

91187.5 
±2.1 Z Line shape scan 0.005 MeV

<±0.1 MeV E_cal QED corrections

ΓZ
[MeV]

2495.2  
±2.3 Z Line shape scan 0.008 MeV

<±0.1 MeV E_cal QED corrections

Rl
20.767 
± 0.025 Z Peak 0.0001 ±  0.002 -   

0.0002 Statistics QED corrections

Nν
2.984 

±0.008
Z Peak

Z+γ(161 GeV) 

0.00008
±0.004   

0.0004-0.001 
->lumi meast

Statistics
QED corrections to 

Bhabha scat.

Rb
0.21629  

±0.00066 Z Peak 0.000003
±0.000020 - 60 Statistics, small IP Hemisphere 

correlations

ALR
0.1514

±0.0022 Z peak, polarized ±0.000015 4 bunch scheme Design experiment

MW
[MeV]

80385
 ± 15

Threshold 
(161 GeV)

0.3 MeV
<1 MeV

E_cal &
Statistics QED corections

Mtop
[MeV]

173200
 ± 900 Threshold scan 10 MeV E_cal &

Statistics
Theory limit at 100 

MeV?

Requires a significant theory program
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://agenda.linearcollider.org/event/6662/session/8/contribution/251/2/material/slides/0.pdf
http://agenda.linearcollider.org/event/6662/session/8/contribution/251/2/material/slides/0.pdf
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Accessing SM input parameters
   QED(mZ)𝜶    QCD(mZ)𝜶

Patrick Janot 

The*FCC4ee*potential*for*αQED(mZ)**
!  Is*the*large*luminosity*of*FCC4ee*sufficient*to*improve*?**

*
◆  Could*use*the*FCC4ee*to*measure*σ(e+e-→*µ+µ-)*and*AFB

µµ at*(a)*judicious*√s*

●  The*γ*exchange*term*is*proportional*to*α2
QED(√s)****

●  The*Z*exchange*term*is*proportional*to*G2
F,*hence*independent*of*αQED**

●  The*γZ*interference*is*proportional*to*αQED(√s)*×*GF*
➨  The*run*at*the*Z*pole*is*of*course*not*well*suited*to*the*αQED(mZ)*measurement*

*
◆  If*the*chosen*√s*is*close*to*mZ*(say,*between*50*and*150*GeV)*

●  The*extrapolation*to*mZ*is*not*affected*by*e+e-*resonances*at*small*energies*
➨  The*theoretical*uncertainty*from*the*limited*running*becomes*negligible*

29 June 2015 
FCC-ee physics meeting 

3 

γ, Ζ See for example: 
•  Leike, Riemann, hep-ph/9508390 
•  L. Berthier, M. Trott, arXiV:1502.0257 
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!  Combination*of*cross*section*(µµ)*and*AFB*(µµ*and*ττ),*in*a*year*(CW,*4IPs)*

◆  Get*to*2×1045at*√s*≤*70*GeV*(cross*section)*and*88*/*95*GeV*(forward4backward*asym.)*
●  Also*with*cross*section*at*125*GeV*(5×1045),*160*GeV*(8×1045)*or*240*GeV*(1.2×1044)*

Summary*(1)*

29 June 2015 
FCC-ee physics meeting 

22 

One%crabbed:waist%year%
Four%IP’s%

Janot ’15

LEP measurements with 
(1) new N3LO results
(2) improved mtop

(3) mHiggs

stat. limited

TLEP statistics

Dam @ EPS’15

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/event/401698/contribution/4/attachments/804695/1102847/alphaQEDFCCee.pdf
https://indico.cern.ch/event/401698/contribution/4/attachments/804695/1102847/alphaQEDFCCee.pdf
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/event/356420/session/6/contribution/673
https://indico.cern.ch/event/356420/session/6/contribution/673
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Key goals of the ee machines as BSM probes
in order to address the physics questions outside the SM boundaries

the physics program of the future ee colliders is built around three key goals

Higgs and top properties are fundamental SM input parameters 
that need to be measured as precisely 

to reduce theoretical systematics in searches for BSM 

1

2

3

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

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

Direct searches for and studies of (uncolored) new particles expected in models 
of physics at the TeV energy scale. Complementary to LHC searches.
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(350)/500/1000 GeV   -   5/ab    
+ Giga-Z for the measurement of polarization asymmetries

 O(106) H
 O(106) top pairs

ILC&luminosity&and&running&scenario&

DESY&G&02/10/2015& K.&Desch&G&Future&Colliders& 12&

ILC Operating Scenario
ILC Parameters Joint Working Group, arXiv:1506.07830v1 [hep-ex]

‰ studied impact of running scenarios on

physics output

optimise

‰ Higgs precision measurements

‰ top physics

‰ new physics searches

‰ studied for running time of 20 years

! then possible 1TeV upgrade

‰ energy stages between (250 - 500) GeV

preferred scenario full program

2000 fb-1 at 250GeV

200 fb-1 at 350GeV

4000 fb-1 at 500GeV

actual running scenario will depend on
physics results of LHC and early ILC

Stage ILC500 ILC500 LumiUP

p
s [GeV] 500 350 250 500 350 250

L [fb-1] 500 200 500 3500 - 1500

time [a] 3.7 1.3 3.1 7.5 - 3.1

Integrated Luminosities  [fb]
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[ILC&Parameters&Joint&WG&arXiv:1506.07830]&

possible&20&year&running&scenario&ILC Parameter WG ’15, arXiv 1506.07830

Main linac Main linac

electron beam positron beam

31 km

J.List  7 

Operating the ILC 

l  pulsed operation: 
l  trains of Nbunch = 1315 (baseline) -> 2625  (upgrade) bunches 
l  train repetition rate: 5 Hz (baseline) –> 10 (upgrade) 

l  collisions: 
l  luminosity grows with energy 

l  Key parameters of various ILC configurations: 

ILC Running Scenarios, LCForum, Nov. 17 2015 

ECM [GeV] 250 250 500 250 500 1000 

rep. rate [Hz] 5 10 5 10  5 5 

Nbunch 1315 1315 1315 2625 2625 2625 

inst. lumi [1034 / cm2 / s] 0.75 1.5 1.8 3 3.6 3.6-4.9 

total power [MW] 100  160 160 190 200 300 

TDR TDR Staged 
ILC 

4
2450

ILC (2027?*-2047?)

Giga-Z running precision Z-physics:
 ALR(e): 0.00008 (vs. 0.001 now)
 ALR(b): 0.001  (vs. 0.02 now)
 Rb: 0.00014  (vs 0.00069 now)

*ready for construction once approved
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The International Linear Collider 
 

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

for the ILC Collaboration 
April 9, 2013 

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

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

(a)Center for High Energy Physics, University of Oregon, USA; (b)Centre for High Energy Physics, Indian
Institute of Science, Bangalore, India; (c)Laboratoire de l’Accélérateur Linéaire, IN2P3/CNRS et
Université Paris-Sud, France; (d)Cavendish Laboratory, University of Cambridge, UK; (e)Argonne National
Laboratory, Argonne, USA; ( f )DESY, Hamburg, Germany; (g)CERN, Geneva, Switzerland; (h)Tohoku
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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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July 22, 2013

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
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ILC Operating Scenarios

ILC Parameters Joint Working Group
T. Barklow, J. Brau, K. Fujii, J. Gao, J. List, N. Walker, K. Yokoya

Abstract

The ILC Technical Design Report documents the design for the construction of a linear
collider which can be operated at energies up to 500 GeV. This report summarizes the out-
come of a study of possible running scenarios, including a realistic estimate of the real time
accumulation of integrated luminosity based on ramp-up and upgrade processes. The evo-
lution of the physics outcomes is emphasized, including running initially at 500 GeV, then
at 350 GeV and 250 GeV. The running scenarios have been chosen to optimize the Higgs
precision measurements and top physics while searching for evidence for signals beyond
the standard model, including dark matter. In addition to the certain precision physics on
the Higgs and top that is the main focus of this study, there are scientific motivations that
indicate the possibility for discoveries of new particles in the upcoming operations of the
LHC or the early operation of the ILC. Follow-up studies of such discoveries could alter
the plan for the centre-of-mass collision energy of the ILC and expand the scientific impact
of the ILC physics program. It is envisioned that a decision on a possible energy upgrade
would be taken near the end of the twenty year period considered in this report.
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Physics Case for the International Linear Collider
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Keisuke Fujii1, Christophe Grojean2,3 Michael E. Peskin4(conveners);
Tim Barklow4, Yuanning Gao5, Shinya Kanemura6, Hyungdo Kim7,
Jenny List2, Mihoko Nojiri1, Maxim Perelstein8, Roman Pöschl9,
Jürgen Reuter2, Frank Simon10, Tomohiko Tanabe11, Jaehoon Yu12
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ABSTRACT

We summarize the physics case for the International Linear Collider
(ILC). We review the key motivations for the ILC presented in the lit-
erature, updating the projected measurement uncertainties for the ILC
experiments in accord with the expected schedule of operation of the ac-
celerator and the results of the most recent simulation studies.
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CLIC (post HL-LHC-x+20)

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” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15

(350)/1000/3000 GeV   -   5/ab

1 

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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Physics at the CLIC e+e� Linear Collider
Input to the Snowmass process 2013

July 22, 2013
This paper summarizes the physics potential of the CLIC high-energy e+e� linear collider. It provides
input to the Snowmass 2013 process for the energy-frontier working groups on The Higgs Boson (HE1),
Precision Study of Electroweak Interactions (HE2), Fully Understanding the Top Quark (HE3), as well as
The Path Beyond the Standard Model – New Particles, Forces, and Dimensions (HE4). It is accompanied
by a paper describing the CLIC accelerator study, submitted to the Frontier Capabilities group of the
Snowmass process [1].
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 106 H
 1012 Z possible upgrade to 1013 Z  (line-shape, mass & width, probe rare (FCNC) decays)
 108 W (mass)
 3x1010 tau/muon pairs
 2x1011 b/c quarks ⇒ >20’000 Bs→τ+τ-

 TLEP@340/500: 106 top pairs (pole mass, probe FCNC decays, top Yukawa)
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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
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The Higgs is related to some of the deepest problems of HEP 
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➠ test for extended Higgs sectors

~~ Higgs interactions ~~
gauge symmetry is the organizing principle for interactions in the gauge sector

not in the Higgs sector ➾ many free parameters!

➠ test for extended Higgs sectors
➠ test for Higgs compositeness

➠ test for flavor models, origin of fermion masses

but they obey 3 basic structures

(1) proportionality:

(2) factor of proportionality:

(3) flavor alignment:  

ghff / mf ghV V / m2
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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)

Precision at 𝑒ା𝑒ି colliders 

Double Higgs-strahlung (DHS) 

VBF HH production  

Zh 𝑡𝑡̅ Zhh(DHS) 

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

𝑍ℎℎ (DHS) 
𝜈𝜈̅ℎℎ(VBF) 

Top Yukawa via 𝑡𝑡̅h 

VBF at 1 TeV  
improves HHH coupling  
by combining with Zhh 

HHH opens up! 

Three important thresholds 

Tian, Fujii 1311.6528, ILC TDR 

mh

Γh

higgs couplings
mt

top Yuk.
Γh

ZZhh coupling
h3 coupling

direct top Yuk.

h3 coupling
direct top Yuk.

VBF Higgs

The Higgs thresholds
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(1) Higgs kinematic parameters: mH and ΓH
↠ reduce parametric uncertainties in xs and BR
↠ control the fate of EW vacuum within the SM
↠ constrain new physics models (e.g. MSSM) 

(2) Precise and model-independent access to Higgs couplings
↠ 1% level
↠ identification of correlation patterns among deviations
↠ indirect test of extended Higgs sectors/composite nature
↠ ultimate test of naturalness 

(3) Access to decays modes that are background dominated @ LHC
↠ bb/cc/gg
↠ exotic decay modes (⤷ portal models of Dark Matter)

(4) Constraints on Higgs flavor violating couplings
↠ shed light on the origin of fermion masses and flavors

15

~~ significant steps in precision study of Higgs properties ~~

Higgs: ee colliders vs. LHC
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adapted from M. Mangano, HXSWG ’15

CLIC

Topic Parameter Initial Phase Full Data Set units ref.
Higgs m

h

25 15 MeV [15]
g(hZZ) 0.58 0.31 % [2]
g(hWW ) 0.81 0.42 % [2]
g(hbb) 1.5 0.7 % [2]
g(hgg) 2.3 1.0 % [2]
g(h��) 7.8 3.4 % [2]

1.2 1.0 %, w. LHC results [17]
g(h⌧⌧) 1.9 0.9 % [2]
g(hcc) 2.7 1.2 % [2]
g(htt) 18 6.3 %, direct [2]

20 20 %, tt threshold [34]
g(hµµ) 20 9.2 % [2]
g(hhh) 77 27 % [2]
�
tot

3.8 1.8 % [2]
�
invis

0.54 0.29 %, 95% conf. limit [2]
Top m

t

50 50 MeV (m
t

(1S)) [33]
�
t

60 60 MeV [34]
g�
L

0.8 0.6 % [42]
g�
R

0.8 0.6 % [42]
gZ
L

1.0 0.6 % [42]
gZ
R

2.5 1.0 % [42]
F �

2 0.001 0.001 absolute [42]
FZ

2 0.002 0.002 absolute [42]
W m

W

2.8 2.4 MeV [62]
gZ1 8.5⇥ 10�4 6⇥ 10�4 absolute [63]

�

9.2⇥ 10�4 7⇥ 10�4 absolute [63]
�
�

7⇥ 10�4 2.5⇥ 10�4 absolute [63]
Dark Matter EFT ⇤: D5 2.3 3.0 TeV, 90% conf. limit [61]

EFT ⇤: D8 2.2 2.8 TeV, 90% conf. limit [61]

Table 1: Projected accuracies of measurements of Standard Model parameters at the two
stages of the ILC program proposed in the report of the ILC Parameters Joint Working
Group [7]. This program has an initial phase with 500 fb�1 at 500 GeV, 200 fb�1 at 350 GeV,
and 500 fb�1 at 250 GeV, and a luminosity-upgraded phase with an additional 3500 fb�1

at 500 GeV and 1500 fb�1 at 250 GeV. Initial state polarizations are taken according to
the prescriptions of [7]. Uncertainties are listed as 1� errors (except where indicated),
computed cumulatively at each stage of the program. These estimated errors include both
statistical uncertainties and theoretical and experimental systematic uncertainties. Except
where indicated, errors in percent (%) are fractional uncertainties relative to the Standard
Model values. More specific information for the sets of measurements is given in the text.
For each measurement, a reference describing the technique is given.
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Higgs mass

ΔmH~240 MeV

ΔmH~120 MeV (30 MeV with VBF and bb mass distribution)
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now

ΔmH~40 MeV (tbc)
14Tev/3ab-1

350Gev/0.5ab-1

ΔmH~15 MeV
H20@20years

ΔmH<10 MeV
ILC+FCC/CepC

ZH @ee: tag Higgs events independently of its decay modes➾

Remember that ∆mH = 200 MeV shifts prediction for BR(H → VV) by 2%
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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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Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model
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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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hff hVV hγγ hγZ hGG h

MSSM √ √ √ √
NMSSM √ √ √ √ √

PGB Composite √ √ √ √
SUSY Composite √ √ √ √ √ √

SUSY partly-composite √ √ √ √
“Bosonic TC” √

Higgs as a dilaton √ √ √ √

Expected largest corrections to Higgs couplings:
~~ expected largest relative deviations ~~ 

A. Pomarol, Naturalness ’15

3
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http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf


Christophe Grojean Physics Highlights of future ee colliders CERN, Nov. 19, 2o15/36

estimates done soon after Higgs discovery, a lot of work since then and results have been refined
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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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Higgs couplings measurement projections

Rich experimental program of (sub)percent precision
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estimates done soon after Higgs discovery, a lot of work since then and results have been refined
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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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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%
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` 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%
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Higgs couplings measurement projections

Nice synergy/complementarity LHC-ILC (hγγ) 

use BR ratios from hh with absolute precise BR from ee 
to export ee precision to Higgs decays that are limited by statistics in ee
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 (CMS-1, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
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-1 250 GeV,   500 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV,   500 fbILC
-1 250 GeV, 2000 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV, 4000 fbILC

 combination-1 3000 fbHL-LHC ⊕ ILC

%
%
%
%
%
%
%
%
%
%
%

Zκ Wκ bκ gκ γκ µ ,τκ t c,κ
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Rich experimental program of (sub)percent precision
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Higgs couplings as a test of naturalness
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Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]
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Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  
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Higgs couplings to electrons (unique to FCC-ee)
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23/2817
th
 Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

Higgs physics at FCC-ee(125): eHiggs physics at FCC-ee(125): e±± Yukawa Yukawa

■ Higgs-e± Yukawa g
Hee 

unobservable via decay: BR(He+e-)~5.3·10-9 

■ Resonant s-channel production considered so far only for µµ collider 

    (sµµ H
 ~ 70 pb).  Tiny g

Hee
 Yukawa cou     fi Tiny s(ee H)

= 1.6 fb                                                (m
H
=125 GeV, G

H
=4.2 MeV)

Including ISR + ÷s
spread 

~ G
H
 = 4.2 MeV:

■ Is the measurement of Higgs to electron coupling completely hopeless ?

s(eeÆH) = 280 ab
Reduction

factor: ~45%

24/2817
th
 Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

Higgs physics at FCC-ee(125): eHiggs physics at FCC-ee(125): e±± Yukawa Yukawa

■ Higgs-e± Yukawa g
Hee 

unobservable via decay: BR(He+e-)~5.3·10-9 

■ Resonant s-channel production considered so far only for µµ collider 

    (sµµ H
 ~ 70 pb).  Tiny g

Hee
 Yukawa cou     fi Tiny s(ee H)

■ Exploit huge luminosities available at FCC-ee:

→ ÷s
spread

 reduceable with mono-

     chromators (but <20 MeV challenging).

→ Analysis of 7 Higgs decay channels:

     L
int 

= 10 ab-1, S=0.65:

     BR(Hee) < 4.6×BR
SM

 (3σ)

     g
hee 

< 2.2 × g
Hee,SM

 (3σ)
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H
 )

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
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operators with top: 
already severely constrained 

by e and q EDMs
Brod, Haisch, Zupan ’13 ΛCP > 2.5 TeV

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

�g̃htt  0.01

3

⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.

of ỸS , ✓, and m :
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where the loop function is given by

g(z) =
z
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dx
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x(1 � x)

z

◆
, (14)

which satisfies g(1) ⇠ 1.17 and g ⇠ 1

2

ln z for large z. We
show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di↵erent limits of
(13). When mh ⌧ m ,mS , to logarithmic accuracy
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h), where m
min

is the smaller of mS and m . In this limit, the heavy
fields can be integrated out sequentially, with S and  
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for  , @µ ̄�µ�5 =
2i ̄�
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 Fµ⌫ F̃µ⌫ . This leads to the following iden-
tification:
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UV
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Apart from a smaller value for the logarithmic cuto↵,
the result in this limit di↵ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min

/m2

h) ⇠ O(1), the corrections to
the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di↵erent near-degenerate limit,
|mh � mS | ⌧ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di↵erence between the masses is small, we can ap-
proximate

sin(2✓)(m2
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h) ! 2Av, (16)

and the EDM becomes
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where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

hm ) in the O(10�2 � 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ! �� rate can be significant, and
enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
like corrections to the Fµ⌫Fµ⌫ amplitudes that can en-
hance or suppress the e↵ective rate, the CP -odd chan-
nel always adds to R�� . Assuming that the mass di↵er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
|mS � mh| ⇠< 3 GeV with current statistics [5]), the ap-
parent increase in the diphoton rate in this model is

Re↵
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and �
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ˆS!�� then R�� simplifies to a ✓-
independent expression,
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The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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operators with γ: 
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz ’12 ΛCP > 25 TeV

̃�� ⇠ ̃�Z  10�4

e,q e,q
h

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
http://arxiv.org/abs/arXiv:1310.1385
http://arxiv.org/abs/arXiv:1310.1385
http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1208.4597
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they can have large (renormalizable) couplings to hidden/dark sector that could 
(i) make up the DM relic abundance 

or (ii) be key agents in models of neutral naturalness
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Higgs portals and Higgs exotic decays
|H|2 and HL are SM-singlet of low dimension

they can have large (renormalizable) couplings to hidden/dark sector that could 
(i) make up the DM relic abundance 

or (ii) be key agents in models of neutral naturalness

new exotic/invisible decay modes: ee sensitivity BRexo<1%
(if mNP < mH/2, possible production via off-shell Higgs but limited reach Craig et al ’14 )

  

Beyond the SM Higgs couplings...          
                                     

13/15                                                                                                                                                              S.Gori

Z
D
, S, N

DM

SM

New forces
New Higgses

New matter
 fields

Mediator

The interactions can be mediated by a 
(small set of) renormalizable "portals":

 The Higgs can easily couple to NP particles:
 since |H|2 is a singlet with respect to the SM gauge group, the Higgs
 can couple to NP that are neutral w.r.t the SM (e.g. hidden valleys)

 If these NP particles are light ( m
NP 

< m
H
/2 ), 

the Higgs will have new decay modes: H  NP particles

 Unique opportunity to test (light) "dark sectors":

Models for DM, 
neutral naturalness, 
baryogenesis, ...

new force new Higgses new matter

http://arxiv.org/abs/arXiv:1412.0258
http://arxiv.org/abs/arXiv:1412.0258
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|H|2 and HL are SM-singlet of low dimension

they can have large (renormalizable) couplings to hidden/dark sector that could 
(i) make up the DM relic abundance 

or (ii) be key agents in models of neutral naturalness

  

Higgs (rare) exotic decays                       
                                     

14/15                                                                                                                                                              S.Gori

Looking "directly" for rare new decays of the Higgs:

Background limited at the LHC.
Theory studies show that BRs ~ 0.1
might be reached

Example: 
h  ZZ

D
  4l

Example: 
h  ss  4b

These can be seen
by the LHC pretty easily:
BRs ~ 10-6 – 10-7 can be 
probed by the HL-LHC

Curtin, Essig, SG, 
Shelton 1412.0018

Cao et al, 1309.4939

What can e+e- colliders say about 
these difficult decay modes?

(as in the NMSSM)

Possibility to discover Higgs branching ratios to NP particles below 2%?

Final aim: maximize the coverage!

See Liu, Potter,
1309.0021
for a ILC
h  4τ
analysis
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Complementarity 
with LHC 
searches

new exotic/invisible decay modes: ee sensitivity BRexo<1%
(if mNP < mH/2, possible production via off-shell Higgs but limited reach Craig et al ’14 )
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Higgs and Flavor Origin
it is core property of the origin of fermion masses in the SM 

that the Higgs doesn’t mediate FCNC at tree-level
Seeing any large flavor violating Higgs channels, we’ll have unique implications
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FCC week, Mar 26 2015, Washington DCJ. Zupan   BSM discovery… 9

h→!e

• what can  one do with 
109 Higgses  @100TeV?

• indirect 
bounds better 
than LHC

• h→!e very 
clean channel

FCC week, Mar 26 2015, Washington DCJ. Zupan   BSM discovery… 11

h→τ!

CMS-HIG-14-005

• right now: 2j channel statistics 
limited, 0j+1j not

• how about with ~109 h? 
LHC8  ⇒ 100 TeV 3 ab

-1

• assume same scaling  for 
signal and bckg

• Br~10-2 ⇒ Br~10-4

• Λ~0.2 TeV ⇒Λ~2TeV
• if bckg free

• Br~10-2 ⇒Br~10-6

• Λ~0.2 TeV ⇒Λ~20TeV  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Higgs and Flavor Origin
it is core property of the origin of fermion masses in the SM 

that the Higgs doesn’t mediate FCNC at tree-level
Seeing any large flavor violating Higgs channels, we’ll have unique implications

http://indico.cern.ch/event/340703/session/41/contribution/116/attachments/668802/919310/Zupan_DC_100TeV_print.pdf
http://indico.cern.ch/event/340703/session/41/contribution/116/attachments/668802/919310/Zupan_DC_100TeV_print.pdf
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Collision energy and statistics

Expected limits on BR(t ! ch)⇥ BR(h ! bb̄)

Jet energy resolution 50%

Top pairs produced
510 610
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LCWS15 @ Whistler 20Marcel Vos (marcel.vos@i�c.uv.es)

Linear Collider t → cH prospects

F. Zarnecki: Parton-level study in WHIZARD with 2HDM signal and major SM backgrounds

Basic event selection:

● 1 lepton + Etmiss + 4 jets, among which 3 b-jets

● 0 lepton, no Etmiss, 6 jets, among which 3 b-jets

Reconstruction:

Create spectator top candidate (blv, or bqq) and signal top (bbq)

Higgs candidate is bb combination in signal top candidate

SM background can be controlled using 

b-tagging and kinematic constraints 

even with imperfect b-tagging and finite 

jet energy resolution 

Limits improve proportional to # top pairs

Order of magnitude better sensitivity wrt 

LHC after complete ILC programme

F. Zarnecki, Valencia’15

FCC week, Mar 26 2015, Washington DCJ. Zupan   BSM discovery… 9
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Higgs and Flavor Origin
it is core property of the origin of fermion masses in the SM 

that the Higgs doesn’t mediate FCNC at tree-level
Seeing any large flavor violating Higgs channels, we’ll have unique implications

JES 50%

https://indico.cern.ch/event/381148/session/5/contribution/4/attachments/759420/1674930/toplc2015.pdf
https://indico.cern.ch/event/381148/session/5/contribution/4/attachments/759420/1674930/toplc2015.pdf
http://indico.cern.ch/event/340703/session/41/contribution/116/attachments/668802/919310/Zupan_DC_100TeV_print.pdf
http://indico.cern.ch/event/340703/session/41/contribution/116/attachments/668802/919310/Zupan_DC_100TeV_print.pdf


Christophe Grojean Physics Highlights of future ee colliders CERN, Nov. 19, 2o15/3623

Higgs @ high thresholds (unique to ILC/CLIC)

ttH Higgs self-coupling
direct access to top Yukawa coupling

(vacuum stability, Higgs mass hierarchy)
Higgs potential

(dynamics of phase transition, baryogenesis)

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

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

CLIC studies:
(VBF w/ 80% e--pola)
24%@1.5/ab, 1.4TeV

12%@2/ab, 3TeV

LCWS15 @ Whistler Marcel Vos (marcel.vos@i�c.uv.es)

ttH

Roloff: 

ttH overview at LC

Excellent detectors

Are our reconstruction 

tools ready for  the 

high-multiplicity 

challenge?

Vertex/jet charge?

Differential distributions 

can be explored to study 

CP properties

550 GeV known to be 

much better than 500 GeV

top WG @ Snowmass’13 arXiv:1311.2028

need to disentangle
𝜆HHH and gHHVV 

LCWS15 @ Whistler Marcel Vos (marcel.vos@i�c.uv.es)

ttH

Roloff: 

ttH overview at LC

Excellent detectors

Are our reconstruction 

tools ready for  the 

high-multiplicity 

challenge?

Vertex/jet charge?

Differential distributions 

can be explored to study 

CP properties

550 GeV known to be 

much better than 500 GeV

final states analyzed:

crucial assets of ee colliders:
•jet reconstruction in complex final states
•flavor tagging
•charged lepton identification
•missing energy reconstruction

Can high thresholds be probed by combining LHC+low threshold ee?

• 6.3% (update)
•3% if √s↗550GeV

http://arxiv.org/abs/arXiv:1311.2028
http://arxiv.org/abs/arXiv:1311.2028
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Top physics 

2
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three-fold programme

(1) study of the threshold for     production around 350 GeV = “hydrogen 
atom for strong interactions”, i.e. bound state free of nonperturbative 
quark confining interactions 
(2) measure the top-Higgs coupling (see ttH discussion in Higgs chapter)

(3) study of top quark production and decay (at high energy) to access 
top EW couplings

25

Top programme @ ee colliders

tt̄

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

Higher Order Calculations

11

• Two key steps forward this year:

• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

• NNNLO QCD calculations of thresholdPotential non-relativistic QCD

N3LO QCD corrections
[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 2015]A decade of work to get the 3rd order:

Top-quark couplings at the FCC Patrick Janot

It is shown in Ref. [11] that a likelihood fit of the anomalous couplings to the double differ-
ential cross section is statistically optimal at the FCC-ee for

p
s = 365 GeV, without beam polar-

ization. With conservative assumptions on lepton identification, b-tagging efficiencies, and lepton
angular and momentum resolutions, it is estimated therein that absolute precisions of the order of
1[3] ⇥ 10�3 (1[2] ⇥ 10�2) can be expected after three FCC-ee years at

p
s = 365 GeV on dAg[Z]

(dBg[Z]), if dCg[Z] = 0. A full simulation of the CLIC/ILD detector operated in the FCC-ee envi-
ronment [13] has recently confirmed these analytical preliminary estimates.

These target precisions will be met only if the theoretical prediction for the top-pair cross sec-
tion can be kept under control to better than ±2%, perhaps a serious challenge only 20 GeV above
the production threshold. It is inferred in Ref. [14], however, that the total theoretical uncertainty
is, already today, at the level of ±4% at

p
s = 365 GeV. A factor 2 improvement might be beyond

the current state of the art, but is probably within reach on the time scale required by the FCC-ee.
The sensitivity of these projections to new physics is evaluated under the mild additional as-

sumption that the electric charge of the top quark is +2/3. New physics information is then entirely
contained in the ttZ axial and vector couplings AZ and BZ or, equivalently ( as is done for example
in Ref. [15]), in the couplings to the left-handed and right-handed top quark, gL and gR, trivially
related to AZ and BZ:

gR +gL = gAZ and gR �gL = gBZ, (2.2)

where g is the weak coupling constant. The relative precision expected at FCC-ee for gL and gR is
displayed in Fig. 2, and is compared to the projections made for the LHC, the HL-LHC [16] and
the ILC [9, 17]. The most exotic new physics models – represented by purple dots in Fig. 2 – will

10% 20% 30%

10%
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 -20% -30%

 -20%
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20%

� gR/gR(%)

  gL/gL(%)�
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Figure 2: (Adapted from Ref. [15]) Expected relative precision on the ZtLtL and ZtRtR couplings at the
LHC (lighter green), the HL-LHC (darker green), the ILC (blue) and the FCC-ee (orange, red). The left
plot is a zoom of the right plot in the ±10% window. Typical deviations from the standard model in various
new physics models are represented by the purple dots. The black dots indicate the deviations expected for
different parameter choices of 4D Composite Higgs Models, with f < 2 TeV. For the FCC-ee, the orange
ellipse is obtained from an analysis of the lepton angular and energy distributions, while the smaller red
ellipse is obtained if the angular and energy distributions of the b jets can be exploited.

already be explored by the modest precision expected at the HL-LHC, but an e+e� collider will be
needed to disentangle the standard model from, e.g., 4D composite Higgs models (4DCHM, black

4



Christophe Grojean Physics Highlights of future ee colliders CERN, Nov. 19, 2o15/3626

Top pair production @ threshold

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015
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The Top Pair Threshold

8

• The cross-section around the 
threshold is affected by several 
properties of the top quark and by 
QCD

• Top mass, width, Yukawa 

coupling

• Strong coupling constant

mt

Γt

yt, αs

• Effects of some parameters are correlated; 
dependence on Yukawa coupling rather weak - 
precise external αs helps

Frank Simon (fsimon@mpp.mpg.de)Top/QCD Summary 
LCWS2015, Whistler, BC, November 2015

Higher Order Calculations

• Two key steps forward this year:

• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

10

MS–on-shell relation at four-loop order

MS → on-shell

Mt = mt

(

1 + 0.4244αs + 0.8345α
2
s + 2.375α

3
s

+(8.49 ± 0.25)α4
s

)

= 163.643 + 7.557 + 1.617 + 0.501 + 0.195 ± 0.005 GeV

small remaining error of about 3% due to numerical integration of the
master integrals using FIESTA [A. Smirnov]

Mb = mb

(

1 + 0.4244αs + 0.9401α
2
s + 3.045α

3
s + (12.57 ± 0.38)α4

s

)

= 4.163 + 0.401 + 0.201 + 0.148 + 0.138 ± 0.004 GeV .

7 / 16
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Higher Order Calculations

11

• Two key steps forward this year:

• Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

• NNNLO QCD calculations of thresholdPotential non-relativistic QCD

N3LO QCD corrections
[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 2015]A decade of work to get the 3rd order:

�mt ⇠ 30 MeV

�mt ⇠ 500 MeV

to be compared to HL-LHC prospect

Beneke et al ‘15

Marquard et al ’15
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http://arxiv.org/abs/arXiv:1506.06864
http://arxiv.org/abs/arXiv:1506.06864
http://arxiv.org/abs/arXiv:1502.01030
http://arxiv.org/abs/arXiv:1502.01030
http://agenda.linearcollider.org/event/6662/session/8/contribution/89/material/slides/0.pdf
http://agenda.linearcollider.org/event/6662/session/8/contribution/89/material/slides/0.pdf
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Finally, I should remind you of some properties of 

                     above threshold.

The important properties are

events are fully reconstructable, 

               all final parton angles can be measured

production is from γ-Z interference, 

               asymmetries are of order 1

decay is by weak interactions,

              asymmetries are of order 1

e+e� ! tt Top EW couplings
Important properties of tt production above threshold
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Testing the Chiral Structure of the Standard Model

Manifestation of New Physics:

- Modification of Ztt coupling 
  Mixing between top and partners
  Mixing Z/Z'

- s-channel exchange of New Z' 
  Including interference effects  

- Fermion mass generation closely related to the origin electroweak symmetry breaking

- Expect residual effects for particles with masses closest to symmetry breaking scale
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Testing the Chiral Structure of the Standard Model

Manifestation of New Physics:

- Modification of Ztt coupling 
  Mixing between top and partners
  Mixing Z/Z'

- s-channel exchange of New Z' 
  Including interference effects  

- Fermion mass generation closely related to the origin electroweak symmetry breaking

- Expect residual effects for particles with masses closest to symmetry breaking scale

Khiem et al ’15, 
arXiv:1503.04247

Janot ’15, 
arXiv:1503.01325

. stast. error only

. no beam polarization

. use final-state polarization 
instead

. cross-over region (365GeV) 
well under control?

. syst. error included

. show feasibility of kinematic 
reconstruction of the di-lepton 
final state: e+e-→ tt → 6f 

. extract all ten form factors 
simultaneously using ME 
method

LCWS15 @ Whistler Marcel Vos (marcel.vos@i�c.uv.es)

sophisticated methods (parton level)

P. Janot, arXiv:1503.01325, assesses potential of circular machine
- run right above threshold; study assumes 2.4 ab-1 at ÷s = 365 GeV

(theory systematics close to threshold to be evaluated)

- no beam polarization, use final-state polarization instead

(ILC beam polarization expected to be known to 10-3, can one understand final state polarization to that level?)

Fast simulation analysis based on lepton 

energy and angle yields:
- similar precision for Z couplings, except F1AZ

- better than ILC for photon couplings

Khiem, Kou, Kurihara, le Diberder, Probing new phyiscs using top quark polarization in the e+e- → tt 

process at future Linear Colliders, arXiv:1503.04247 [hep-ph]

- show feasibility of kinematic reconstruction of the di-lepton final state: e+e-→tt→ l+vl-vbb

- extract all ten form factors – simultaneously – using ME method

See next-to-next talk by François le Diberder

http://agenda.linearcollider.org/event/6662/session/0/contribution/85/material/slides/0.pdf
http://agenda.linearcollider.org/event/6662/session/0/contribution/85/material/slides/0.pdf
http://arxiv.org/abs/1503.04247
http://arxiv.org/abs/1503.04247
http://arxiv.org/abs/1503.04247
http://arxiv.org/abs/1503.04247
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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 physics beyond the SM2

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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http://arxiv.org/abs/arXiv:1403.2893
http://arxiv.org/abs/arXiv:1403.2893
http://arxiv.org/abs/arXiv:1311.2028
http://arxiv.org/abs/arXiv:1311.2028
http://arxiv.org/abs/1510.09056
http://arxiv.org/abs/1510.09056
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New Physics Searches

3
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ee colliders as NP discovery machines
no BSM particle discovered @ LHC: is it still worth searching?

LHC searches left territories unexplored
DM, neutral naturalness come with light uncolored particles 

that are best searched for at ee colliders!
Even compressed gluinos are good ee-targets
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ee colliders as NP discovery machines
no BSM particle discovered @ LHC: is it still worth searching?

LHC searches left territories unexplored
DM, neutral naturalness come with light uncolored particles 

that are best searched for at ee colliders!
Even compressed gluinos are good ee-targets

(1) compressed spectra (mLSP~mNLSP)
↠ well-tempered neutralino DM
↠ weak LHC bounds (soft decay, small MET)

(2) light staus (similarly for higgsinos)
↠ weak LHC bound (~90GeV)
↠ DM with stau-neutralino co-annihilation
↠ enhance di-photon Higgs decay rate

(3) heavy neutral leptons (aka as 𝝂R)
↠ neutrino masses
↠ possibly DM and matter-antimatter asymmetry

~~ a few examples for illustration ~~
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(1) compressed spectra (mLSP~mNLSP)
↠ well-tempered neutralino DM
↠ weak LHC bounds (soft decay, small MET)

31

ee colliders as NP discovery machines

LHC:
Difficulty when mass difference is small

ILC:
Good sensitivity up to kinematic limit for
(essentially) any mass difference
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ee colliders as NP discovery machines
(2) light staus (similarly for higgsinos)

↠ weak LHC bound (~90GeV)
↠ DM with stau-neutralino co-annihilation
↠ enhance di-photon Higgs decay rate

[GeV]jetE
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ts
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.7
G
ev

1

10

210

310

Figure 10: Energy distribution of hadronic decay products of the tau lepton in events
selected for e⌧+e⌧� pair production at the ILC, from Ref. [52].

The e⌧ pair production signal, shown in yellow in the figure, stands out clearly above
the various backgrounds. In the analysis of this model, the masses of the e⌧ and � are
determined to a precision of 200MeV and 400MeV, respectively. The electroweak
quantum numbers of the e⌧ are determined from the production rates with polarized
beams. By combining this information with other information available from ILC
measurements in this model, the annihilation rate of the � can be determined and
the cosmic density of � dark matter can be predicted to 0.2% accuracy.

4.2 Hidden Higgsino

Supersymmetry is an especially attractive principle to extend the Standard Model.
It gives a framework for the unification of the coupling constants of the strong, weak,
and electromagnetic interactions and a raison d’être for the appearance of fundamen-
tal scalar fields such as the Higgs field. New particles predicted by supersymmetry
have been searched for intensively at the LHC, though none have been found so far.
Supersymmetry at the weak interaction scale is often motivated by its possible role in
explaining the form of the Higgs potential. For this, some supersymmetric particles
must have masses near the weak interaction mass scale. The strongest arguments
can be made that the supersymmetric partners of the Higgs boson, called Higgsinos,
should be relatively light and accessible to collider experiments [53].

However, the Higgsinos are especially di�cult to discover at the LHC. They have
all of the problems described for dark matter in the previous section. They are
produced only by electroweak interactions. Though there must be both charged and
neutral Higgsinos, supersymmetry predicts that their masses are naturally compressed

21

stau pair production dominates over background
mass determination: stau~200 MeV, neutralino~400 MeV

EW quantum numbers of stau determined by production rates with polarized beams
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(3) heavy neutral leptons (aka as 𝝂R)
↠ neutrino masses
↠ possibly DM and matter-antimatter asymmetry

33

ee colliders as NP discovery machines

Sterile neutrino masses

Neutrino masses below EW scale is appealing to explain simultaneously Dark Matter, 
neutrino oscillations, baryon-antibaryon asymmetry without a new mass scale —> 
nuMSM (Asaka and Shaposhnikov arXiv:hep-ph/0505013)!

Seesaw formula mD ⇠ YI↵ < � > and m⌫ =

m2
D

M

• Assuming m⌫ = 0.1eV

• if Y ⇠ 1 implies M ⇠ 1014GeV

• if MN ⇠ 1GeV implies Y⌫ ⇠ 10�7

remember Y
top

⇠ 1. and Y
e

⇠ 10�6

4

νR are produced in the 1012 TLEP Z decays

27/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

New physics constraints (3): RH neutrinosNew physics constraints (3): RH neutrinos

   ■

(Also through H decays)

[A. Blondel et al. arXiv:1411.5230]

27/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

New physics constraints (3): RH neutrinosNew physics constraints (3): RH neutrinos

   ■

(Also through H decays)

[A. Blondel et al. arXiv:1411.5230]

or

FCC-ee - SHiP 
complementarity 

to probe the interesting region

A. Blondel et al. ’14

http://arxiv.org/abs/arXiv:1411.5230
http://arxiv.org/abs/arXiv:1411.5230
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Sensitivity to SUSY

0 1 2 3
Gluino mass M3 (TeV)

Bino LSP
(Gravity 

mediation

Wino LSP
(Anomaly 
mediation

Higgsino LSP

Gluino search at LHC
Chargino/Neutralino search at ILC

à Comparison assuming gaugino mass relations

ILC 500 GeV
ILC 1 TeV

LHC 8 TeV (heavy squarks)
           LHC 300 fb-1, √s=14 TeV

                     LHC 3000 fb-1, √s=14 TeV

4 5

* Assumptions: MSUGRA/GMSB relation M1 : M2 : M3 = 1 : 2 : 6;  AMSB relation M1 : M2 : M3 = 3.3 : 1 : 10.5
21

Probing heavy SUSY (model-dependent)
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http://agenda.linearcollider.org/event/6662/session/8/contribution/95/material/slides/0.pdf
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Probing high scale NP @ CLIC
1 CLIC PHYSICS POTENTIAL

Table 1.6: Discovery reach of various theory models for different colliders and various levels of inte-
grated luminosity, L [73]. LHC14 and the luminosity-upgraded SLHC are both at

p
s =14 TeV. LC800

is an 800 GeV e+e� collider and CLIC3 is
p

s =3 TeV. TGC is short for Triple Gauge Coupling, and “µ

contact scale” is short for LL µ contact interaction scale L with g = 1 (see Section 1.4).

New particle collider: LHC14 SLHC LC800 CLIC3
L : 100 fb�1 1 ab�1 500 fb�1 1 ab�1

squarks [TeV] 2.5 3 0.4 1.5
sleptons [TeV] 0.3 - 0.4 1.5

Z0 (SM couplings) [TeV] 5 7 8 20
2 extra dims MD [TeV] 9 12 5-8.5 20-30
TGC (95%) (l

g

coupling) 0.001 0.0006 0.0004 0.0001
µ contact scale [TeV] 15 - 20 60

Higgs compos. scale [TeV] 5-7 9-12 45 60

successfully. This claim is substantiated in Figure 1.12 in Section 1.3, where it is shown how, in a special
example, one can reconstruct the neutralino relic density from CLIC measurements. In this case, the
accurate CLIC measurements will enable us not only to deduce that neutralinos constitute dark matter,
but also to identify the process that turned them into fossils of the primordial universe.

We have focused here on supersymmetry because it provides an explicit and computable setup, but
similar considerations can be made for a variety of specimen theories beyond the SM. The extended dis-
covery reach and the enhanced precision measurements provided by CLIC are likely to be the necessary
tools to address many of the fundamental questions about the weak scale left unanswered by the LHC.

The reach of CLIC in comparison with other colliders for a few representative theories is shown in
Table 1.6. On the precision side, the ability to measure the Higgs boson couplings at the linear collider
is the most well known capability. The excellent sensitivity to new particles and to higher dimensional
operators induced by heavy states, is what leads to this unprecedented reach in parameter space at 3 TeV
CLIC.
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Conclusions



Christophe Grojean Physics Highlights of future ee colliders CERN, Nov. 19, 2o15/3636

Conclusions

there is a enticing case for Higgs/top factory 
and we need a continuity in the field with a running machine

and more than ever importance of the synergy and 
complementarity  of experimental program

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 
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