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The challenges

• The ultimate challenge: 

• answering the big questions about the fundamental laws of 
the universe

• The technological challenge: 

• accelerators, detectors, data acquisition and processing

• The socio-political challenge:

• human resources & timescales, 

• costs & competition with other expanding fields of science,

•  ...
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The ultimate challenge:
answering the big questions

• What’s the origin of Dark matter / energy ?

• What’s the origin of matter/antimatter asymmetry in the 
universe?

• What’s the origin of neutrino masses?

• What’s the origin of EW symmetry breaking?

• What’s the solution to the hierarchy problem?

• ...
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• The answer to the big questions will likely come from a series of 
partial steps, addressing issues that, step by step, will emerge from 
data

• E.g. the discovery of neutrino masses and of the Higgs are not a 
final word, they are just the beginning of new lines of exploration 

• Neutrinos:

• Majorana or Dirac?

• Do they violate CP? Enough to allow for leptogenesis?

• ...

• Higgs:

• see next ...

4



Run 1 of the LHC determined, with a precision of ±20%, 
that the Higgs boson gives a mass to SM particles
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Open Higgs issues for LHC run 2 and beyond
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Open Higgs issues for LHC run 2 and beyond

1. This limited precision, due to low statistics, is not sufficient to probe most possible scenarios 
alternative to the SM: will the SM withstand more accurate tests?

Example: BR[H→μτ] = (0.89 ± 0.40)% reported by CMS, needs more statistics to confirm 
(In the SM should be 0) 

2. The Higgs mechanism has only been tested on a fraction of the SM particles, due to low 
statistics: do the other particles (e.g. muon, charm, etc) interact with the 
Higgs as predicted by the SM? 

Example: more than 300 fb–1 required to establish H→μμ at 5σ 

3. Neutrino masses are not a SM ingredient: how do neutrinos acquire their mass?

The LHC plays a role in exploring possible answers

4. Are there more Higgs bosons?

Most theories beyond the SM have more Higgs bosons
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5. What gives mass to the Higgs ??
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7

Obvious question, with a trivial answer in the SM: the Higgs gives mass to itself!

But less trivial answers can arise in beyond-the-SM scenarios

Testing how the Higgs interacts with itself (this is how we probe the origin of the Higgs mass) will 
require the full High Luminosity programme, and possibly more 

The measurement of Higgs self-interactions has broad implications on 
issues such as the nature of the EW phase transition during the Big Bang



What is Dark Matter?
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Galaxy cluster Abell 2218

dark matter
23%

dark energy
73%

non-luminous atoms 
(e.g. planets, dead 

stars, dust, etc), ~4%
stars, neutrinos, 
photons ~0.5%

The modeling of Dark Matter has become more and more 
articulate. From a single source (WIMP, axion, neutrino, ...) 
to the possibility of dark hidden worlds



Evidence building up for self-interacting DM
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Evidence building up for self-interacting DM

DM

DM

gas

Growing interest in models with rich sectors of “dark” particles, 
coupled to the SM ones via weakly interacting “portals” 
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6. Can the Higgs be the portal between the visible 
and the hidden world?

10

Plausible BSM theories of this type exist. They may also

•solve the hierarchy problem in a natural way

•connect the mechanisms that create the matter-over-antimatter 
asymmetry in the Universe, with those generating Dark Matter

•explain why there are similar amounts of visible and dark matter 
in the Universe

The opportunities for testing and discovering such 
scenarios at the LHC, and beyond, are being studied

The search for Dark Matter particles at the LHC continues, independently 
of these scenarios, and remains one of the key goals of future runs ....



The experimental directions

• Direct exploration of physics at the weak scale

• High-energy colliders (e+e–, pp, ep; linear/circular; muons?)

• Quarks: flavour physics, EDM’s

• Neutrinos: CP violation, mass hierarchy and absolute scale, 
majorana nature

• Charged leptons: flavour violation, g–2, EDMs

• Axions, axion-like’s (ALPs), dark photons, ....
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First remark: 

there is no experiment/facility, proposed or conceivable, 
in the lab or in space, accelerator or non-accelerator 
driven, which will guarantee an answer to any of the 
questions above



First remark: 

there is no experiment/facility, proposed or conceivable, 
in the lab or in space, accelerator or non-accelerator 
driven, which will guarantee an answer to any of the 
questions above

⇒
• target broad and well justified scenarios
• consider the potential of given facilities to provide 

conclusive answers to relevant (and answerable!) questions
• weigh the value of knowledge that will be acquired, no 

matter what, by a given facility (the value of “measurements”)



The near and long-term future of fields like 
neutrinos, flavour, cosmology, ... have clear 

priorities and defined facilities. 

The future of the energy frontier, beyond the 
LHC, is still in the process of being defined

I will therefore focus here on the discussion of 
future facilities at the high-energy frontier .... 
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Most of the “big questions” touch directly on weak scale physics.

There are relevant, well defined questions, whose answer can be 
found exploring the TeV scale, and which can help guide the 

evaluation of the future exptl facilities. E.g.
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• Dark matter 

‣ is TeV-scale dynamics (e.g. WIMPs) at the origin of Dark Matter ?

• Baryogenesis 

‣ did it arise at the cosmological EW phase transition ?

• EW Symmetry Breaking

‣ what’s the underlying dynamics? weakly interacting? strongly interacting ? 
other interactions, players at the weak scale besides the SM Higgs ?

• Hierarchy problem

‣ “natural” solution, at the TeV scale?

Most of the “big questions” touch directly on weak scale physics.

There are relevant, well defined questions, whose answer can be 
found exploring the TeV scale, and which can help guide the 

evaluation of the future exptl facilities. E.g.
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Key issue in addressing these 
questions, after LHC8 
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Why don’t we see the new physics ?
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Key issue in addressing these 
questions, after LHC8 

(and, hopefully not, but possibly after LHC14)

• Is the mass scale beyond the LHC reach ?

• Is the mass scale within LHC’s reach, but final states are 
elusive to the direct search ?

Why don’t we see the new physics ?

These two scenarios are a priori equally likely, but they impact in 
different ways the future of HEP, and thus the assessment of the physics 
potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
• precision
• sensitivity (to elusive signatures)
• extended energy/mass reach
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The known faces at the energy frontier, beyond 
HL-LHC, are CLIC, ILC

The new kids in town: 
circular colliders

The context



Dec 2011 Latest LHC data corner the Higgs boson to within 
a small mass window in the 115-130 GeV range
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Summer 2012. 
Higgs discovery => submissions to European Strategy Group Symposium

From the upgrade of the accelerator infrastructure in the LHC tunnel .....

..... to the development of more ambitious goals 

18



Fall 2012
The idea caught up ...

(IHEP)

19



Fall 2012
The idea caught up ...

(IHEP)

19



Fall 2012
The idea caught up ...

(IHEP)

FNAL
16km circumference 19



Fall 2012
The idea caught up ...

Final report:
http://www-bd.fnal.gov/
icfabd/HF2012.pdf

(IHEP)

FNAL
16km circumference 19



... and two efforts are formalized and develop into 
studies towards Conceptual Design Reports

http://cern.ch/fcc http://cepc.ihep.ac.cn

 

Yifang 

CepC, 50 km

SppC, 70 km
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Physics workshops spontaneously organized all 
over the world document better than anything else 

the physics results, and the interest of the 
community ....

Aspen

SLAC

FNAL

Hong Kong
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• Thorough measurements of the Higgs boson and its dynamics

• Significant extension, via direct and indirect probes, of the 
search for physics phenomena beyond the SM

Fulfilling these goals will also require  dedicated attention to crucial 
ingredients, such as 
• the progress of theoretical calculations for precision physics
• the experimental data needed to improve the knowledge of 

fundamental inputs such as SM parameters, PDFs and to assess/
reduce theoretical systematics
‣ relevance of running e+e– at Z pole and tt threshold
‣ relevance of ep programme

• Maximal exploitation of the facility, e.g.

‣ physics with heavy ion collisions

‣ physics with the injector complex
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FCC-ee energy and lum goals



P.Janot 27NB: TLEP = FCC-ee
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175 GeV e- beam from FCC-ee and 50 TeV p beam from FCC-hh
Highest centre-of-mass energy ep collider, ~6 TeV
Luminosity ~1034cm-2s-1

FCC-eh parameters and lum goals



• FCC-ee: “First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164 

• FCC-eh: no document as yet, see however

• “A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for Machine 
and Detector”, J.Phys. G39 (2012) 075001 

• FCC-hh: no document as yet (in progress, expected by end of 2015). See Twiki page:

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

• CEPC/SPPC: Physics and Detectors pre-CDR completed, see:

• http://cepc.ihep.ac.cn/preCDR/volume.html

See also:

• Physics Briefing Book to the European Strategy Group (ESG 2013)

• Planning the Future of U.S. Particle Physics (Snowmass 2013): Chapter 3: Energy Frontier, arXiv:1401.6081

Reference literature
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Higgs couplings programme

• Precise measurement of main Higgs couplings: 

• W,Z bosons, 3rd generation fermions (⇒probe existence of 

BSM effective couplings, e.g. due to non-elementary nature of 
H, determine CP properties, etc.)

• Couplings to 2nd and 1st generation (⇒universality of Higgs 

mass-generation mechanism)

• Higgs selfcouplings (⇒probe Higgs potential, to test possible 

underlying structure of Higgs, deviations from “mexican hat”, 
etc)

• Couplings to non-SM objects (e.g. invisible decays)

• non-SM couplings (e.g. forbidden decays)
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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 arXiv:1507.08169

→ extrapolation from HL-LHC estimates

→ from HH → bb 

→ 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
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More in general ...

• Statistics allows to bring the precision in the measurement of BR ratios to 
sub-% level (e.g. B(→γγ)/B(H→ZZ*).  Relying on the sub-% measurement 
of benchmark BR’s from FCC-ee, FCC-hh can export this precision to 
other channels it has access to.

• Experimental feasibility, and theoretical implications,  of these 
measurements are under study

• Several of these new ideas can be already explored at HL-LHC
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D.Curtin @ 
FCC week
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Interplay of EW precision tests (Tera-Z@FCC-ee), Higgs BR measurements 
(H@FCC-ee) and direct resonance searches (10-30 TeV, @ FCC-hh)

D.Curtin @ 
FCC week
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Dark Matter search
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Dark Matter search

• DM could be explained by BSM models that would leave no 
signature at any future collider (e.g. axions). 

• More in general, no experiment can guarantee an answer to the 
question ”what is DM?”

• Scenarios in which DM is a WIMP are however compelling and 
theoretically justified

• We would like to understand whether the FCC can answer more 
specific questions, such as:

• do WIMPS contribute to DM?

• can WIMPS, detectable in direct and indirect (DM annihilation) 
experiments, be discovered at future colliders?

• what are the opportunities w.r.t. new DM scenarios (e.g. 
interacting DM, asymmetric DM, ....)?
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Towards no-lose arguments for Dark Matter scenarios: 

disappearing tracks L.Wang @ FCC week
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Extension of the discovery reach at high mass

Example: discovery reach of W’ with SM-like couplings

At L=O(ab–1),  Lum x 10 ⇒ ~ M + 7 TeV

NB For SM-like Z’ , σZ‘ BRlept ~ 0.1 x σW‘ BRlept , ⇒ rescale lum by ~ 10

39



Lum x 10 ⇒ relative gain much larger at low mass than at high mass

20% return

40

pp→W
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pp→QQ

100 evts/10ab–1

Example: discovery reach for 
pair production of strongly-
interacting particles

20% return



SM observables
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Global FCC-ee programme, beyond the Higgs: 1–2 orders 
of magnitude more precise measurements of EW 

parameters

43
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Rates at 8 - 100 TeV



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  => reach for tau rare decays?

=> few x1011 t → W → charm hadrons

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

45

=> plenty of new studies and opportunities for 
measurements become available ..... few examples
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Example: dijet production at large mass
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Example: dijet production at large mass

• 1 pb–1 to recover sensitivity of HL-LHC ⇒< 1 day @ 1032

• 50pb–1 to 2x the sensitivity of HL-LHC ⇒< 1 month @ 1032

• 1fb–1 to 3x the sensitivity of HL-LHC ⇒< 1 year @ 2x1032
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Jet properties at high ET



Average particle multiplicity shape: Npart (r<R)

ET > 1 TeV ET > 5 TeV ET > 10 TeV

top→bjj

b jet
incl
jet

W→jj

RR R

20 particles 
within R<0.02

similar profile 
for t and j

20 particles 
within R<0.01
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Energy shape: E(r<R) / E(r<1)

ET > 1 TeV ET > 5 TeV ET > 10 TeV

top→bjj

b jet
incl
jet

W→jj

RR R
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Discovery reach in dijet channel, weakly coupled case

R.Torre, talk at H&BSM@100 TeV

Δ=dijet mass resolution
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R.Torre, talk at H&BSM@100 TeV 51



EWSB probes: high mass WW/HH in VBF

dσ/dM(WW) (pb/200 GeV)

(pTfwd jet > 50 GeV)

mHH

dσ/dM(HH) (pb/200 GeV)

(pTfwd jet > 50 GeV)

100 fb with M(WW) ≳ 3 TeV 1 fb with M(HH) ≳ 2 TeV

SM rates at 100 TeV
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Fwd jet η spectrum



Muons
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Results	  by	  Clement	  Helsens,	  
FCC	  mtg	  Febr	  6	  2014,
h1p://indico.cern.ch/event/297201/
and	  updates

impact of different assumptions on muon 
momentum resolution at 10 TeV
(nominal: natural Z’ width, 3% in this case)
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To follow the ongoing studies on the design of FCC-hh 
detectors, see

FCC-hh Detector subgroup (Werner Riegler): 
https://indico.cern.ch/category/6069/

FCC-hh Detector magnets subgroup (Herman ten Kate): 
https://indico.cern.ch/category/6244/

https://indico.cern.ch/category/6069/
https://indico.cern.ch/category/6069/
https://indico.cern.ch/category/6244/
https://indico.cern.ch/category/6244/


Conclusions and final remarks

• Major progress in the last year in the definition of the physics 
opportunities and challenges for future circular colliders

• ee and eh assessment of physics potential very mature, clear path outlined 
for the required theoretical efforts (precision!!) and well-defined detector 
requirements

• hh a bit behind, much work to be done, but concrete efforts to develop 
physics-driven performance benchmarks for detector design have started

• From the BSM perspective, the future circular collider facility is not just a 
quantitative upgrade of the LHC, but allows a deeper, and in some cases 
conclusive, exploration of fundamental theoretical issues

• For the Higgs, the future circular collider complex will be more than a 
factory. Rather a “Higgs valley*”: 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, naturalness, etc)  

* in the sense of Silicon Valley ....
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Running Electroweak Couplings as a Probe of New Physics
D.Alves, J. Galloway, J.Ruderman, J.Walsh arXiv:1410.6810
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Pb Pb

u Lattice QCD predicts phase 
transition at Tc~170 MeV

       à Quark-Gluon Plasma
u Confinement is removed

high temperature
high energy density
low baryonic density

High-density QCD in the final state: 
the Quark Gluon Plasma

FCC Kickoff WS, Geneva, 14.02.14                               Andrea Dainese 1

u Partonic degrees of freedom
u Unique opportunity to study in the 

laboratory spatially-extended multi-
particle QCD system



Pb-Pb 5.5 TeV
Pb-Pb 39 TeV

Hydrodynamic freeze-out curves  
(S. Flörchinger)

Properties of QGP:
uQGP volume increases strongly
uQGP lifetime increases
uCollective phenomena enhanced (better tests of QGP transport)
uInitial temperature higher
uEquilibration times reduced

Quark-Gluon Plasma studies at FCC

FCC Kickoff WS, Geneva, 14.02.14                               Andrea Dainese 2

size
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Questions to be addressed in future studies include:

uLarger number of degrees of freedom in QGP at FCC 
energy?      à g+u+d+s+charm ?
uChanges in the quarkonium spectra? does Y(1S) 
melt at FCC?
uHow do studies of collective flow profit from higher 
multiplicity and stronger expansion? More stringent 
constraints on transport properties such as shear 
viscosity or other properties not accessible at the LHC
uHard probes are sensitive to medium properties. At 
FCC, longer in-medium path length and new, rarer 
probes become accessible. How can both features be 
exploited? 

Quark-Gluon Plasma studies at FCC

FCC Kickoff WS, Geneva, 14.02.14                               Andrea Dainese 3
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Higgs selfcouplings
The Higgs sector is defined in the SM by 

two parameters, μ and λ:

VSM (H) = �µ2 |H|2 + � |H|4

@VSM (H)
@H

|H=v = 0 and m2
H =

@2VSM (H)
@H@H⇤ |H=v )

µ = mH

� =
m2

H

2v2

These relations uniquely determine the 
strength of Higgs selfcouplings in terms of 

mH

Testing these relations is therefore an important 
test of the SM nature of the Higgs mechanism

) 6� =
3m2

H

v2
) 6� v =

3m2
H

v

g3

H

g4

H

~O(m
top)

~O(1)

v

V(H)



dλ
d log μ ∝ λ4 – yt4

Degrassi et al, http://arxiv.org/pdf/1205.6497

(meta)Stability of the Higgs potential

Higgs selfcoupling and coupling to the top are the key 
elements to define the stability of the Higgs potential
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Higgs selfcouplings: pp→HH

• gg→HH (most promising?) , qq→HHqq (via VBF)

• Reference benchmark process: HH→bb γγ
• Goal: 5% (or better) precision for SM selfcoupling

M.Son, HH summary at 
FCC weekWork in progress to compare studies, harmonize 

performance assumptions, optimize, etc
⇒ ideal benchmarking framework
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ttH/ttZ

• Potential % theory precision for 
ttH coupling

•Goal: % level exptl precision ⇒ 

> 10 K events

• reference benchmark procs: H→bb and H→γγ
• establish requirements to cancel exptl syst’s in ratios ttH/ttZ
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ttH/ttZ

• Potential % theory precision for 
ttH coupling

•Goal: % level exptl precision ⇒ 

> 10 K events

• reference benchmark procs: H→bb and H→γγ
• establish requirements to cancel exptl syst’s in ratios ttH/ttZ

tt + (H→γγ): b tagging, lept eff/acc, γ eff, mγγ, ....

(H-S Shao, preliminary,
H&BSM@100 TeV wshop)

In 30ab–1 
~100K (semi-)leptonic ttH signal events
~12K irreducible bg (ttγγ)
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t

t
H

t

t
Z

vs

- Identical production dynamics:

o correlated QCD corrections, correlated scale dependence
o correlated αS systematics

- mZ~mH ⇒ almost identical kinematic boundaries:

o correlated PDF systematics
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) 
to be predicted with great precision

t

t

H

t

t

Z
t

t

Z

+

+

ytop from pp→tt H/pp→tt Z
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δσ(ttH) δσ(ttZ) δ[σ(ttH)/σ(ttZ)]

14 TeV ± 4.8% ± 5.3% ±0.75%

100 TeV ± 2.7% ± 2.3% ±0.48%

PDF dependence (CTEQ6.6 -- similar for others)

NLO scale dependence: 
Scan μR and μF independently, at μR,F = [0.5, 1, 2] μ0 , with μ0 = mH+2mt 

δσ(ttH) δσ(ttZ) σ(ttH)/σ(ttZ) δ[σ(ttH)/σ(ttZ)]

14 TeV ± 9.8% ± 12.3% 0.608 ±2.6%

100 TeV ± 9.6% ± 10.8% 0.589 ±1.2%

* The uncertainty reduction survives after applying kinematical cuts to 
the final states

* Both scale and PDF uncertainties will be reduced further, well before FCC!
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T>TC T≳TC T=TC T<TC

〈ΦC〉
Strong 1st order phase transition ⇒〈ΦC〉> TC

In the SM this requires mH ≲ 80 GeV ⇒ new physics, coupling to the Higgs and 

effective at scales O(TeV), must modify the Higgs potential to make this possible

Chung et al, 
http://arxiv.org/abs/1209.1819
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• Experimental probes:

• study of triple-Higgs couplings (... and quadruple, etc)

• search for components of an extended Higgs sector (e.g. 2HDM, extra 
singlets, ...)

• search for new sources of CP violation, originating from (or affecting) 
Higgs interactions

Understanding the role of the EWPT in the evolution or 
generation of the baryon asymmetry of the Universe is a key 
target for future accelerators
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