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Introduction

•

•

•
•

The landscape: see Arkani Hamed and Grojean’s talks !
Why 100 TeV ?

•

Need for O(100 TeV) in the cards since the SSC days: fully
explore EWSB, probing in particular unitarization of WW
scattering at m(WW)> TeV, and explore dynamics well above
EWSB

Prospects at 100 TeV ?

•

Studied in the SSC years, in the framework of what was known at
the time.

Why we need new studies of “the physics case” ?

•
•
•
•

We learned many things since the SSC days.
Pinned down many unknowns: mtop, EWPT, CKM/CPV and
FCNCs, mH , DM, ν masses, gauge couplings (⇾ unification ?), ....
Strongly constrained the options/room for new physics
Developed many new BSM scenarios ...... although with a focus on
the implications for the LHC, ILC, CLIC, TLEP → no thoughts
about 100 TeV !!

There is a strong motivation for a fresh look
at the possible role of phenomena taking
place at the 10 TeV scale

This process is starting now, a lot of work is
required, and it premature to draw conclusions now

pp at 100 TeV opens three windows:
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➥ Access to new particles in the few→30 TeV
mass range, beyond LHC reach
➥ Immense rates for phenomena in the
sub-TeV mass range
increased precision w.r.t. LHC
➥ Access to very rare processes in the sub-TeV
mass range
search for stealth phenomena, invisible at the LHC
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o https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider
Mailing list exist (see e.g. header of any of the mtgs in the
Indico category above) => register to be kept uptodate
So far:
• 5 preparatory mtgs of the pp WG => sample results
presented in talks in the FCC-hh parallel sessions, Friday
• 2 preparatory mtgs of the HI subgroup => sample results
presented in talks in the FCC-hh parallel sessions, Friday
• “BSM opportunities at 100 TeV” Workshop:
• http://indico.cern.ch/event/284800/
PLAN: prepare a report documenting the physics opportunities at
100 TeV, on the time scale of end-2015, ideally in cooperation with
efforts in other regions
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Study limiting systematics:
define priorities for development of theoretical modeling tools
define programme of ancillary measurements to reduce theoretical/
experimental systematics (e.g. PDF measurements, validation of MC
generators, validation of higher-order calculations)
Examine prospects for improved measurements of SM quantities: W/
Z/, top, b: fundamental EW parameters (sin2θW, mW, mtop), rare decays
Identify new scenarios and opportunities specific to 100 TeV

•
•

In particular:
Focus on exposing what are the qualitative changes brought by the access to the 100
TeV region. Address obvious questions such as:
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if we haven't seen something by 14 Tev, why should it show up by 100 Tev?
what are the origins and the motivations of mass scales in the range beyond the
LHC, but within the reach of 100 TeV?
what are the new rare processes that become interesting to explore with the
increased statistics possible at 100 TeV?
are there BSM scenarios for which one can formulate sort of no-lose theorems at
100 Tev ? E.g. Is there any conclusive statement that we'll be able to make on DM
after 1-10 ab–1 at 100 TeV ?
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For phenomena that could already be probed at the LHC, which new observables and
states that may open up for exploration at 100 TeV.
How do these interplay with other probes that could be available 30 years from now
(e.g. from the cosmos, from an e+e– collider, etc)?
Do not feel too constrained by assumed detector performance. We have no clue as to
what the 100 Tev detectors will be like. Ideally the design of the detectors will adapt to
the physics opportunities, so let's not bias ourselves early on with projected detector
performance assumptions.

FHC: physics topics list => WG structure (preliminary)
FHC.1.1 Exploration of EW Symmetry Breaking (EWSB)
FHC.1.1.1 High-mass WW scattering, high mass HH production
FHC.1.1.2 Rare Higgs production/decays and precision studies of Higgs properties
FHC.1.1.3 Additional BSM Higgs bosons: discovery reach and precision physics programme
FHC.1.1.4 New handles on the study of non-SM EWSB dynamics (e.g. dynamical EWSB and
composite H, etc)
FHC.1.2 Exploration of BSM phenomena
FHC.1.2.1 discovery reach for various scenarios (SUSY, new gauge interactions, new quark and
leptons, compositeness, etc.)
FHC.1.2.2 Theoretical implications of discovery/non-discovery of various BSM scenarios,
e.g. address questions such as:

• FHC.1.2.2.1 what remains of Supersymmetry if nothing is seen at the scales accessible at
100 TeV?

• FHC.1.2.2.2 which new opportunities open up at 100 TeV for the detection and study of dark
matter?

• FHC.1.2.2.3 which new BSM frameworks, which are totally outside of the HL-LHC reach,
become accessible/worth-discussing at 100 TeV ?

FHC.1.3 Continued exploration of SM particles
FHC.1.3.1 Physics of the top quark (rare decays, FCNC, anomalous couplings, ...)
FHC.1.3.2 Physics of the bottom quark (rare decays, CPV, ...)
FHC.1.3.2 Physics of the tau lepton (e.g. tau -> 3 mu, tau -> mu gamma and other LFV
decays)
FHC.1.3.2 W/Z physics
FHC.1.3.3 QCD dynamics
FHC.1.4 Opportunities other than pp physics:
FHC.1.4.1 Heavy Ion Collisions
FHC.1.4.2 Fixed target experiments:
FHC.1.4.2.1 "Intensity frontier": kaon physics, mu2e conversions, beam dump experiments
and searches for heavy photons, heavy neutrals, and other exotica...
FHC.1.4.2.2 Heavy Ion beams for fixed-target experiments
FHC.1.5 Theoretical tools for the study of 100 TeV collisions
FHC.1.5.1 PDFs
FHC.1.5.2 MC generators
FHC.1.5.3 N^nLO calculations
FHC.1.5.4 EW corrections

Few examples

Additional Higgs bosons
commonly present in most SM extensions. E.g. at least 2 H doublets
is mandatory in SUSY
implications for flavour, CPV, ....
Difficult scenarios for searches at LHC:
- suppressed couplings to W/Z
- large masses

Problems addressed at 100 TeV
thanks to higher rates, higher M reach

Additional Higgs bosons
commonly present in most SM extensions. E.g. at least 2 H doublets
is mandatory in SUSY
implications for flavour, CPV, ....
Difficult scenarios for searches at LHC:
- suppressed couplings to W/Z
- large masses

Problems addressed at 100 TeV
thanks to higher rates, higher M reach

E.g. 2HDM in SUSY

FIne tuning and naturalness: (N.Craig, BSM@100 Wshop)

Extra H can be heavy, well above LHC
reach, but cannot be arbitrarily heavy

Example: associated H± t b production
(N.Craig, BSM@100 Wshop)

Generic features of very heavy H production/decay

Decoupling from W/Z
- “narrow”, since Γ∝ mH (cfr Γ∝ mH3 when decaying to W/Z)
- H/A →hh, tt dominate (boosted regime)
will there be no-lose scenarios ?
how will, in these scenarios, naturalness constraints from the
stop/gluino sectors compare to those from the Higgs sector?
Studies of such questions and of
discovery reach just starting.

The role of Dark Matter

ASPEN 2014: https://indico.cern.ch/event/276476/

Evidence building up for self-interacting DM

Hai-BoYu, ASPEN 2014:
https://indico.cern.ch/event/276476/

More in general, interest is growing in scenarios for EWSB with rich sectors
of states only coupled to the SM particles via weakly interacting “portals”
(see e.g. R.Harnik, BSM@100 TeV workshop)

N.B.
Quantum Mechanics =>

Mmax(white

*
3/2
/
dwarf ) ~ 1/mproton2 x (hc/G
)
N

..... but the mere astronomical measurement of WDs
masses would not have been an effective way to
discover QM !

* ~ mPlank x (mPlank / mproton)2 ~ 1.4 Msun

DM overclosure upper limits:
MWIMP < 1.8 TeV (g2/0.3)
wino: m≲3 TeV
higgsino: m≲1.1 TeV

In anomaly-mediated SUSY or
split SUSY
mgluino ≲ 10 TeV

L.T. Wang, (see also P.Schwaller and T.Cohen) BSM@100 TeV Workshop

Typical requirements for detection of DM candidates:

• detect soft leptons, soft tracks, short tracks (10-20 cm)
➡large boosts to increase pt, decay path
➡large rates
➡low trigger pt thresholds
• use of mono-X + missing ET (X=jet, γ, W/Z)
➡need large rates at large ET

Snowmass 2013 study

T.Cohen, BSM@100 TeV Workshop,
http://indico.cern.ch/event/284800/

Energy vs luminosity. Ex: production of new heavy quark pairs
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Production and study of
SM particles and processes

10 ab–1 at 100 TeV imply, e.g.:

1010

Higgs bosons =>

104

precision measurements

x today

rare decays, FCNC probes

1012 top quarks => 5 104 x today

(H→eμ, t→cV (V=Z,g, γ), t→cH, ....)
CP violation

=>1012 W bosons from top decays
First explorations presented at BSM@100 TeV workshop:
Curtin (exotic H decays)
Zupan (FCNC top int’s)
Kamenik (CPV top int’s)

The possibility of detectors dedicated to final states in
the 0.1 - 1 TeV region deserves very serious thinking:
focus on Higgs, DM and weakly interacting new particles, top, W

* Off-shell W/Z production above 10 TeV DY mass. E.g.
- measure the running of EW couplings, sensitive to new
weakly-interacting particles, possibly hidden from direct
discovery ( Rudermann at BSM@100 TeV wshop)
-104 pp → W* → top+ bottom with M(tb) > 7 TeV
* QCD jets up to 25-30 TeV

running of αS , ...

* SM violation of B+L via EW anomaly (not viable below 30 TeV)
(

Khoze and Ringwald at BSM@100 TeV wshop)

* Growth of heavy flavour densitie inside proton (c, b and ultimately
top) new opportunities for studies within and beyond the SM (
Perez at BSM@100 TeV wshop)

* .........

Plenty of room for new ideas

Ions at the FCC
• A discussion group on “Ions at the FCC” started: coordinated by A. Dainese, S.
Masciocchi, U. Wiedemann
- sub-group of “FHC Physics, Experiments, Detectors”
• Two meetings up to now, Dec 16-17 and Jan 29
- https://indico.cern.ch/conferenceDisplay.py?ovw=True&confId=288576
- https://indico.cern.ch/conferenceDisplay.py?confId=290413
• Participation from CERN accelerator team, theory, ALICE, ATLAS, CMS
• Goal: explore opportunities with heavy ions at the FCC

- Saturation (contacts: N. Armesto, M. van Leeuwen)
- Soft physics (contact: U. Wiedemann)
- Hard probes (contacts: A. Dainese, C. Roland, C. Salgado)
- UPC (contact: D. d’Enterria)
• Work is in progress! Just few ideas presented here

Talk by A. Dainese in Friday parallel session

High-density QCD in the final state:
the Quark Gluon Plasma
high temperature
high energy density
low baryonic density
Pb

u Lattice

QCD predicts phase
transition at Tc~170 MeV
à Quark-Gluon Plasma
u Confinement is removed

FCC Kickoff WS, Geneva, 14.02.14

Pb

u Partonic

degrees of freedom
u Unique opportunity to study in the
laboratory spatially-extended multiparticle QCD system

Andrea Dainese
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Quark-Gluon Plasma studies at FCC
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Properties of QGP:
size
uQGP volume increases strongly
uQGP lifetime increases
uCollective phenomena enhanced (better tests of QGP transport)
uInitial temperature higher
uEquilibration times reduced
FCC Kickoff WS, Geneva, 14.02.14

Andrea Dainese

2

Quark-Gluon Plasma studies at FCC
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 ?
Higher uChanges in the quarkonium spectra? does Y(1S)
Temp. 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
Higher uHard probes are sensitive to medium properties. At
energy FCC, longer in-medium path length and new, rarer
probes become accessible. How can both features be
exploited?
FCC Kickoff WS, Geneva, 14.02.14

Andrea Dainese

3

Saturation-studies at FHC in p+Pb
To access high parton densities
-decrease x
-increase A
Saturation affects processes with

Goals:

-determine
-test non-linear QCD evolution
Non-Linear evolution for
Q2 < Q2sat
Low Q2:
initial conditions
FCC Kickoff WS, Geneva, 14.02.14

Andrea Dainese

Q2sat,p(x)

A1/3

First expressions of interest for
physics with the injectors

Final remarks

Final remarks

•

New physics can show up at low energy, in the form of low-mass
BSM particles (vMSM neutral leptons, sterile ν’s, axions, low-mass
WIMPS) or high-scale phenomena revealed by low-scale processes
(B, D decays/mixings, μ→eγ, g–2, EDM, etc)

Final remarks

•

New physics can show up at low energy, in the form of low-mass
BSM particles (vMSM neutral leptons, sterile ν’s, axions, low-mass
WIMPS) or high-scale phenomena revealed by low-scale processes
(B, D decays/mixings, μ→eγ, g–2, EDM, etc)

•

None of these observations would reduce the interest in expanding
the energy reach of direct exploration

Final remarks

•

New physics can show up at low energy, in the form of low-mass
BSM particles (vMSM neutral leptons, sterile ν’s, axions, low-mass
WIMPS) or high-scale phenomena revealed by low-scale processes
(B, D decays/mixings, μ→eγ, g–2, EDM, etc)

•

None of these observations would reduce the interest in expanding
the energy reach of direct exploration

•

The direct understanding of the true nature of EWSB remains a
critical component of the programme (among many reasons, cfr e.g.
remarks on EW phase transition and baryogenesis, by Nima and Christophe)

Final remarks

•

New physics can show up at low energy, in the form of low-mass
BSM particles (vMSM neutral leptons, sterile ν’s, axions, low-mass
WIMPS) or high-scale phenomena revealed by low-scale processes
(B, D decays/mixings, μ→eγ, g–2, EDM, etc)

•

None of these observations would reduce the interest in expanding
the energy reach of direct exploration

•

The direct understanding of the true nature of EWSB remains a
critical component of the programme (among many reasons, cfr e.g.
remarks on EW phase transition and baryogenesis, by Nima and Christophe)

•

Naturalness remains an ever-growing concern, which cries for an
extension of the energy reach of our facilities

Naturalness is not a recent “fashion”: it’s a
problem almost as old as the SM itself, first
raised by one of the fathers of the SM
Aug 1979. 23 pp.
NATO Adv.Study Inst.Ser.B Phys. 59 (1980) 135

We’re finally
there, at 1 TeV,
facing the fears
about a light
SM Higgs
anticipated
long ago

